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ABSTRACT 

A problem of interest in the power industry is the mitigation of interarea and torsional 

oscillations.  Interarea oscillations are due to the dynamics of interarea power transfer 

and often exhibit poor damping when the aggregate power transfer over a corridor is 

high relative to the transmission strength.  These oscillations can severely restrict system 

operations and, in some cases, can lead to widespread system disturbances.  Torsional 

oscillations are induced due to the interaction between transmission system disturbances 

and turbine-generator shaft systems.  The high torsional stresses induced due to some of 

these disturbances reduce the life expectancy of the turbine-generators and, in severe 

cases, may cause shaft damage. 

This thesis reports the development of novel control techniques for Flexible AC 

Transmission System (FACTS) devices for the purpose of damping power system 

interarea and torsional oscillations.  In this context, investigations are conducted on a 

typical three-area power system incorporating FACTS devices.  The Genetic Algorithm 

(GA) and fuzzy logic techniques are used for designing the FACTS controllers.  

Although attention is focused in the investigations of this thesis on the Unified Power 

Flow Controller (UPFC), studies are also conducted on two other FACTS devices, a 

three voltage-source converter Generalized Unified Power Flow Controller (GUPFC) 

and a voltage-source converter back-to-back HVdc link. 

The results of the investigations conducted in this thesis show that the achieved control 

designs are effective in damping interarea oscillations as well as the high torsional 

torques induced in turbine-generator shafts due to clearing and high-speed reclosing of 

transmission system faults.  The controller design procedures adopted in this thesis are 

general and can be applied to other FACTS devices incorporated in a power system.  

The results and discussion presented in this thesis should provide valuable information 

to electric power utilities engaged in planning and operating FACTS devices. 
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1. INTRODUCTION 

Growth of electric power transmission facilities is restricted despite the fact that bulk 

power transfers and use of transmission systems by third parties are increasing.  

Transmission bottlenecks, non-uniform utilization of facilities and unwanted parallel-

path or loop flows are not uncommon.  Transmission system expansion is needed, but 

not easily accomplished.  Factors that contribute to this situation include a variety of 

environmental, land-use and regulatory requirements.  As the result, the utility industry 

is facing the challenge of the efficient utilization of the existing AC transmission lines. 

Flexible AC Transmission Systems (FACTS) technology is an important tool for 

permitting existing transmission facilities to be loaded, at least under contingency 

situations, up to their thermal limits without degrading system security [1]-[3].  The 

most striking feature is the ability to directly control transmission line flows by 

structurally changing parameters of the grid and to implement high-gain type controllers, 

based on fast switching. 

FACTS controllers are power electronic based controllers which can influence 

transmission system voltage, currents, impedances and/or phase angle rapidly.  Thus, 

such controllers can improve the security of a power system by enhancing its steady-

state and transient stability or by damping the subsynchronous resonance oscillations.  

FACTS application studies require an understanding of the individual FACTS 

controllers as well as openness to the application of novel approaches. 

1.1. FACTS 

The development of FACTS controllers has followed two distinctly different technical 

approaches, both resulting in a comprehensive group of controllers able to address 

targeted transmission problems.  The first group employs reactive impedances or tap-

changing transformers with thyristor switches as controlled elements; the second group 

use self-commutated static converters as controlled voltage sources. 
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1.1.1. Thyristor controlled FACTS controllers 

The first group of controllers, the Static VAR Compensator (SVC), Thyristor- 

Controlled Series Capacitor (TCSC) and phase shifter, employ conventional thyristors in 

circuit arrangements which are similar to breaker-switched capacitors and reactors and 

conventional (mechanical) tap-changing transformers, but have much faster response 

and are operated by sophisticated control [4]-[17].  Each of these controllers can act on 

one of the three parameters determining power transmission, voltage (SVC), 

transmission impedance (TCSC) and transmission angle (phase shifter), as illustrated in 

Figure 1.1 [2]. 
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Figure 1.1  Conventional Thyristor-Based FACTS Controller. 

Except for the thyristor-controlled phase shifter, all of these controllers have a common 

characteristic in that the necessary reactive power required for the compensation is 

generated or absorbed by traditional capacitor or reactor banks, and the thyristor 
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switches are used only for the control of the combined reactive impedance these banks 

present to the system.  Conventional thyristor-controlled compensators present a variable 

reactive admittance to the transmission network and, therefore, generally change the 

character of the system impedance.  The SVC is applied as a shunt impedance to 

produce the required compensating current.  Therefore, the shunt compensation provided 

is a function of the prevailing line voltage.  The TCSC is inserted in series with the line 

for the purpose of developing a compensating voltage to increase the voltage across the 

series impedance of the given physical line that ultimately determines the line current 

and power transmitted.  This dependence on the line variables is detrimental to the 

compensation when large disturbances force the TCSC and SVC to operate outside their 

normal control range.  The basic operating principles and characteristics of the 

conventional thyristor-controlled FACTS controllers can be summarized as follow. 

1.1.1.1. Static var compensator 

Thyristor-controlled static var compensators are the prototypes of today’s FACTS 

controllers.  These controllers were developed in the early 70’s for ac furnace 

compensation, they were later adapted for transmission applications.  A typical shunt 

connected static var compensator is composed of Thyristor-Switched Capacitors (TSCs) 

and Thyristor Controlled Reactors (TCRs) as shown in Figure 1.2 [2].  The compensator 

is normally operated to regulate the voltage of the transmission system at a selected 

terminal.  The V-I characteristic of the SVC indicates that regulation with a given slope 

around the nominal voltage can be achieved in the normal operating range defined by 

the maximum capacitive and inductive currents of the SVC as shown in Figure 1.3.  

However, the maximum obtained capacitive current decreases linearly with the system 

voltage since the SVC becomes a fixed capacitor when the maximum capacitive output 

is reached.  Therefore, the voltage support capability of the conventional thyristor-

controlled static var compensator rapidly deteriorates with decreasing system voltage. 
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Figure 1.2  Static var compensator employing thyristor-switched capacitors and 
thyristor-controlled reactors. 

 

I
L

I
C

I
C

max I
L
max

Transient
ratingV

T

0

Capacitive Inductive

1

 

Figure 1.3  V-I characteristic of the Static Var Compensator. 



 5 

1.1.1.2. Thyristor-controlled series capacitor 

Thyristor-switched capacitors and a fixed capacitor in parallel with a thyristor-controlled 

reactor are the two fundamental types of thyristor-controlled series capacitors.  In the 

thyristor-switched capacitor scheme shown in Figure 1.4 (a), the degree of series 

compensation is controlled by increasing or decreasing the number of capacitor banks in 

series.  Each capacitor bank is inserted or bypassed by a thyristor switch in order to 

accomplish certain degree of compensation.  The operation of the thyristor switches is 

coordinated with the voltage and current zero crossing to minimize switching transients.  

In the fixed-capacitor thyristor-controlled reactor scheme shown in Figure 1.4 (b), the 

degree of series compensation in the capacitive operating region (the admittance of the 

TCR is kept below that of the parallel connected capacitor) is increased or decreased by 

increasing or decreasing the thyristor conduction period and, thereby, the current in the 

TCR.  Minimum series compensation is reached when the TCR is off. 
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Figure 1.4  (a) Controllable series compensator scheme using thyristor-switched 
capacitors and (b) a thyristor-controlled reactor in parallel with a series 
capacitor. 

The two schemes may be combined by connecting a number of TCRs plus fixed 

capacitors in series in order to achieve greater control range and flexibility. 
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1.1.1.3. Phase-shifter 

Figure 1.5 shows a thyristor-controlled phase-shifter transformer arrangement.  It 

consists of a shunt-connected excitation transformer with appropriate taps, a series 

insertion transformer and a thyristor switch arrangement connecting a selected 

combination of tap voltages to the secondary of the insertion transformer. 
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Figure 1.5  Thyristor-controlled phase shifting transformer scheme for transmission 
angle control. 

The phase angle requirements for power flow control can be determined from angle 

measurements, if available, or from power measurements.  The thyristor-controlled 

phase-shifting transformer could be applied to regulate the transmission angle to 

maintain balanced power flow in multiple transmission paths, or to control it to increase 

the transient and dynamic stability of the power system. 



 7 

1.1.2. Converter-based FACTS controllers 

This FACTS controller group employs self-commutated, voltage-sourced switching 

converters to achieve rapidly controllable, static, Synchronous ac Voltage Source (SVS) 

or synchronous ac current sources.  This approach, when compared to conventional 

compensation methods using thyristor-switched capacitors and thyristor-controlled 

reactors, generally provides superior performance characteristics and uniform 

applicability for transmission voltage, effective line impedance, and angle control.  It 

also offers the unique potential to exchange real power directly with the ac system, in 

addition to providing the independently controllable reactive power compensation, 

thereby giving a powerful new option for flow control and the counteraction of dynamic 

disturbances.  Static Synchronous Compensators (STATCOM), Static Synchronous 

Series Compensators (SSSC), Unified Power Flow Controllers (UPFC), and Interline 

Power Flow Controllers (IPFC) form the group of FACTS controllers employing 

switching converter-based synchronous voltage sources.  The STATCOM, like its 

conventional matching part, the SVC, controls transmission voltage by reactive shunt 

compensation.  The SSSC offers series compensation by directly controlling the voltage 

across the series impedance of the transmission line, thereby controlling the effective 

transmission impedance.  The UPFC can control, individually or in combination, all 

three effective transmission parameters (voltage, impedance, and angle) or directly, the 

real and reactive power flow in the line.  The IPFC is able to transfer real power between 

lines, in addition to providing reactive series compensation, and, therefore, can facilitate 

a comprehensive overall real and reactive power management for a multi-line 

transmission system. 

1.1.2.1. Static synchronous compensator (STATCOM) 

If the SVS is used strictly for reactive shunt compensation, like a conventional static var 

compensator, the dc energy source can be a relatively small dc capacitor, as shown in 

Figure 1.6.  The size of the capacitor is primarily determined by the “ ripple”  input 

current encountered with the particular converter design.  In this case, the steady-state 

power exchange between the SVS and the ac system can only be reactive.  When the 

SVS is used for reactive power generation, the converter itself can keep the capacitor 

charged to the required voltage level.  This is achieved by making the output voltages of 
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the converter lag the system voltage by a small angle.  In this way, the converter absorbs 

a small amount of real power from the ac system to replenish its internal losses and keep 

the capacitor voltage at the desired value.  The same control mechanism can be used to 

increase or decrease the capacitor voltage, and thereby the amplitude of the output 

voltage of the converter, for the purpose of controlling the var generation or absorption.  

The dc capacitor also has the function of establishing an energy balance between the 

input and output during the dynamic changes of the var output.  The SVS, operated as a 

reactive shunt compensator, exhibits operating and performance characteristics similar 

to those of an ideal synchronous compensator and for this reason this arrangement is 

called a Static Synchronous Compensator. 

dc terminal

AC system

Coupling 
transformer

Vdc
Idc

+ -

ac terminal

VT

Iq

dc terminal

AC system

Coupling 
transformer

Vdc
Idc

+ -

ac terminal

VT

Iq

 

Figure 1.6  Synchronous voltage source operated as a STATCOM. 

1.1.2.2. Static synchronous series compensator (SSSC) 

The concept of using the solid-state synchronous voltage source for series reactive 

compensation is based on the fact that the impedance versus frequency characteristic of 

the conventionally employed series capacitor, in contrast to filter applications, plays no 

part in accomplishing the desired line compensation.  The function of the series 

capacitor is simply to produce an appropriate voltage at the fundamental ac system 

frequency to increase the voltage across the inductive line impedance, and, thereby the 

fundamental line current and the transmitted power.  Therefore, if an ac voltage source 

of fundamental frequency, which is locked with a quadrature (lagging) relationship to 

the line current and whose amplitude is made proportional to that of the line current, is 
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injected in series with the line, a series compensation equivalent to that provided by a 

series capacitor at the fundamental frequency is obtained.  Mathematically, this voltage 

source can be defined as follows: 

IjkXVc −=  (1-1) 

where, Vc is the injected compensated voltage phasor, I  is the line current phasor, X is 

the series reactive line impedance, k is the degree of series compensation, and 1−=j .  

Thus, kX = Xc represents a virtual series capacitor generating the same compensating 

voltage as its real counterpart.  However, in contrast to the real series capacitor, the SVS 

is able to maintain a constant compensating voltage in the face of variable current, or 

control the amplitude of the injected compensating voltage independent of the amplitude 

of the line current. 

For normal capacitive compensation, the output voltage lags the line current by 90 

degrees.  However, the output voltage of the SVS can be reversed by a simple control 

action to make it lead the line current by 90 degree.  In this case, the injected voltage 

decreases the voltage across the inductive line impedance and, thus, the series 

compensation has the same effect as if the reactive line impedance was increased.  

Therefore, a generalized expression for the injected voltage, Vq, can be written: 

( )
I

I
jVV qq ζ±=  (1-2) 

where Vq(ζ) is the magnitude of the injected compensating voltage (0 ≤  Vq(ζ) ≤ Vqmax), ζ 

is a chosen control parameter and I is the line current magnitude.  The series reactive 

compensation scheme, based on Equation (1-2), is illustrated in Figure 1.7. Such a series 

compensation scheme is termed the Static Synchronous Series Compensator (SSSC). 

1.1.2.3. Unified Power Flow Controller (UPFC) 

The Unified Power flow Controller (UPFC) is the most versatile FACTS device that has 

emerged for the control and optimization of power flow in electrical power transmission 

systems.  Its concept was proposed by Gyugyi in 1991 [18].  It offers major potential 

advantages for the static and dynamic operation of transmission lines since it combines 

the features of both the Static Synchronous Compensator (STATCOM) and the Static 

Synchronous Series Compensator (SSSC).  The UPFC is able to control, simultaneously 
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or selectively, all the parameters affecting power flow in the transmission line (voltage, 

impedance, and phase angle), and this unique capability is signified by the adjective 

“unified”  in its name.  Alternatively, it can independently control both the real and 

reactive power flows in the line. 
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Figure 1.7  A synchronous voltage source operated as a Static Synchronous Series 
Compensator. 

The UPFC can be represented at the fundamental power system frequency by voltage 

phasor Vpq with controllable magnitude Vpq ( )max0 pqpq VV ≤≤  and angle ( )πρρ 20 ≤≤ , 

in series with the transmission line. 

In the presently used practical implementation, the UPFC consists of two voltage-

sourced converters, as illustrated in Figure 1.8.  These back-to-back converters, labeled 

“Converter 1”  and “Converter 2”  in the figure, are operated from a common dc link 

provided by a dc storage capacitor.  This arrangement functions as an ideal ac-to-ac 

power converter in which the real power can freely flow in either direction between the 

ac terminals of the two converters, and each converter can independently generate (or 

absorb) reactive power at its own ac terminal.  Converter 2 provides the main function of 

the UPFC by injecting the voltage Vpq and phase angle ρ in series with the line via an 

insertion transformer.  This injected voltage acts essentially as a synchronous ac voltage 

source.  The transmission line current flows through this voltage source resulting in 

reactive and real power exchange between it and the ac system.  The reactive power 

exchange at the ac terminal is generated internally by the converter.  The real power 

exchange at the ac terminal is converted into dc power, which appears at the dc link as a 

positive or negative real power demand. 
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Figure 1.8  Implementation of the UPFC by two back-to-back voltage-sourced 
converters. 

The basic function of Converter 1 is to supply or absorb the real power demanded by 

Converter 2 at the common dc link to support the real power exchange resulting from the 

series voltage injection.  This dc link power demand of Converter 2 is converted back to 

ac by Converter 1 and coupled to the transmission line bus via a shunt-connected 

transformer.  In addition to the real power need of Converter 2, Converter 1 can also 

generate or absorb controllable reactive power, if it is desired, and thereby provide 

independent shunt reactive compensation for the line. 

1.2. Interarea Oscillations 

A problem of interest in the power industry in which FACTS controllers could play a 

major role is the mitigation of low frequency oscillations that often arise between areas 

in a large interconnected power network [19]-[28].  These oscillations are due to the 

dynamics of interarea power transfer and often exhibit poor damping when the aggregate 

power transfer over a corridor is high relative to the transmission strength [29]-[32].  

Interarea oscillations can severely restrict system operations by requiring the curtailment 

of electric power transfers as an operational measure.  These oscillations can also lead to 

widespread system disturbances if cascading outages of transmission lines occur due to 

oscillatory power swings.  As power system reliability became increasingly important, 

the requirement for a system to be able to recover from a fault cleared by a relay action 

was added to the system design specifications.  Rapid automatic voltage control was 

used to prevent the system’s generators loosing synchronism following a system fault.  
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Fast excitation systems, however, tend to reduce the damping of system oscillations.  

Originally, the oscillations most affected were those between electrically closely coupled 

generators.  Special stabilizing controls were designed to damp these oscillations.  In 

1950s and 1960s, electric power utilities found that they could achieve more reliability 

and economy by interconnecting to other utilities, often through quite long transmission 

lines.  In some cases, when the utilities connected, low frequency growing oscillations 

prevented the interconnection from being retained.  From an operating point of view, 

oscillations are acceptable as long as they decay.  However, oscillations are a 

characteristic of the system; they are initiated by the normal small changes in the 

system’s load.  There is no warning to the operator if a new operating condition causes 

an oscillation to increase in magnitude.  An increase in tie line flow of a small value may 

make the difference between decaying oscillations, which are acceptable and increasing 

oscillations, which have the potential to cause system collapse.  Of course, a major 

disturbance may finally result in growing oscillations and a system collapse.  Such was 

the case in the August 1996 collapse of the Western US/Canada interconnected power 

system.  The progress of this collapse was recorded by the extensive monitoring system 

which has been installed, and its cause is explained clearly in [33]-[34].  The stability of 

electromechanical oscillations between interconnected synchronous generators is 

necessary for secure system operation.  The oscillations of one or more generators in an 

area with respect to the rest of the system are called local modes, while those associated 

with groups of generators in different areas oscillating against each other are called 

interarea modes.  As an example, in a two-area system, where each area consists of two 

generators as shown in Figure 1.9, the two local modes of each area and the interarea 

mode are the three fundamental modes of oscillation.  They are each due to the 

electromechanical torques, which keep the generators in synchronism.  The frequencies 

of the oscillations depend on the strength of the system and on the moment of inertia of 

the generator rotors.  These frequencies are in the range of 0.1-2.5 Hz, in most practical 

cases.  These oscillations are usually observed from generator speed deviations, and they 

also can be observed in other system variables such as voltage signal at each tie line end.  

However, the frequencies of the local modes may be very close, and it may not be 

possible to recognize them separately in the tie bus voltage responses.  Local modes are 
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largely determined and influenced by local states.  Interarea modes are more difficult to 

study as they require detailed representation of the entire interconnected system and are 

influenced by global states of larger areas of the power network.  This has led to an 

increased interest in the nature of these modes and in developing methods to damp them. 

G2

G1

G4

G3

Area 1 Area 2

G2

G1

G4

G3

Area 1 Area 2

 

Figure 1.9  A two-area power system. 

1.3. Turbine-Generator  Shaft Torsional Torques 

Until the mid seventies, short circuits in the network or power stations and faulty 

synchronization were regarded as the only disturbances which could cause severe 

torsional stresses in the turbine-generator shaft.  In this aspect, short circuits are more 

hazardous the closer to the generator terminal they occur.  In most of the international 

standards, the three-phase terminal short circuit has thus been considered to be the most 

severe disturbance for which the turbine-generator must be designed to withstand 

without damage [35].  This criterion has been also applied to the design of the shafts and 

couplings of both the generator and the turbine. 

The occurrence of several incidents in different countries during the seventies and the 

eighties has put in doubt the validity of the above mentioned practice and promoted 

investigations into the cause of turbine-generator torsional excitation and the effect of 

the stimulated oscillations on the machine shafts and couplings.  The best known 

incidents are the two shaft failures that occurred in the Mohave station in Nevada, 

U.S.A. in 1970 and 1971, which were caused by subsynchronous resonance [36]-[38].  

These are the only reported incidents of actual shaft failure in the United States that can 

be attributed directly to the interaction between the generator unit and the electrical 

network.  These failures were caused by sustained oscillations due to the 

subsynchronous resonance between the turbine-generator shaft system and the series 
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compensated transmission network.  Because of the resonance phenomenon, transient 

torques in excess of the high-cycle shaft fatigue limit (a large number of low amplitude 

oscillations) were sustained long enough to result in the shaft failure. 

These incidents and others captured the attention of the industry at large and stimulated 

greater interest in the interaction between power plants and electric systems [39]-[41].  

They also fostered the development of advanced analytical methods and sophisticated 

computer programs to simulate this interaction under transient conditions.  Intensive 

investigations carried out with these programs during the early seventies have led to the 

realization that the combination of the larger generating units, extra high voltage 

transmission systems with fewer exits from power plant sites and closed coupled 

electrical grids can make it possible for some electrical disturbances to inflict more 

severe torsional stressing on the turbine-generator shafts than the three-phase terminal 

short circuit for which the machines are designed [42]-[43].  These disturbances include 

breaker operations associated with synchronizing, fault clearing and high-speed 

reclosing. 

In the case of clearing a fault close to a turbine-generator in a strong electrical network, 

an additional torsional shock is superimposed on the already oscillating shaft system due 

to the fault.  This may lead to the amplification of the turbine-generator torsional torques 

depending on the instant of the superimposition [44]. 

Similarly, automatic high-speed reclosure, especially unsuccessful reclosure in the case 

of close-in multi-phase system faults, aggravates the potential impact on the turbine-

generator shafts due to the large number of rapidly succeeding torsional shocks when 

magnified by unfavorable superimposition [45].  Hence, unsuccessful high-speed 

reclosure can inflict vastly different magnitudes of torsional stresses depending on the 

actual timing of the breaker operation within the wide spectrum of possible fault clearing 

and reclosing time combinations. 

The basic mechanism of the torsional excitation lies in the sudden change in the turbine-

generator electromagnetic torque through alternation in the generator current as it can 

occur during faults, transmission line switching, load rejection, faulty synchronization, 

fault clearing and automatic reclosing.  Such a torque has many components, namely 
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unidirectional, exponentially decaying and oscillatory components.  The frequencies of 

the oscillatory components range from subsynchronous to multiples of the network 

frequency.  If one of these frequencies coincides with one of the natural torsional 

frequencies of the turbine-generator shaft system, torsional torque amplification will 

develop.  However, such coincidence is unusual. 

1.4. Scope and Objective of the Thesis 

The problem of interarea oscillations in a large interconnected power network is 

explained in Section 1.2.  These oscillations can severely restrict system operations.  As 

it has been pointed out, studying and damping of these oscillations is difficult as they 

require detailed representation of the entire interconnected system and are influenced by 

global states of larger areas of the power network.  Another problem of concern is the 

interaction between the turbine-generator shaft system and the electrical network 

disturbances.  This is discussed in Section 1.3.  Damping of such oscillations is very low 

compared with the damping in the electrical system.  Therefore, during such events, the 

shaft connecting the turbine and the generator may undergo heavy stresses and 

considerable deformation. 

The main objectives of this research work are to: 

1- Design robust centralized controllers for UPFC for damping interarea oscillations 

using Genetic Algorithm (GA) and fuzzy logic techniques. 

2- Investigate the performance of the designed controllers in damping power system 

interarea oscillations with respect to their locations in the system. 

3- Investigate the performance of a simplified controller for UPFC based on a 

reduced number of stabilizing signals in damping power system interarea 

oscillations. 

4- Extend the application of the GA technique to design controllers for other 

voltage source converter FACTS devices.  Moreover, the potential of tuning the 

fuzzy logic controller for the UPFC using the GA technique is investigated. 

5- Investigate the possibility of using a GA controller for a VSC back-to-back dc 

link in damping turbine-generator shaft torsional torques. 
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1.5. Thesis Outline 

The thesis consists of seven chapters.  In this chapter, an introduction to the phenomena 

of interarea oscillations and turbine-generator torsional oscillations is presented.  A brief 

discussion of the different types of FACTS devices is also presented.  In Chapter 2, the 

mathematical model of a single-machine infinite-bus power system equipped with a 

UPFC is presented.  Proposed UPFC controllers based on GA and fuzzy logic 

techniques are developed and their performances are evaluated. 

Chapter 3 presents the application of GA technique in designing a UPFC controller for a 

multi-area power system.  Development of the mathematical model of the multi-area 

power system equipped with UPFCs is also presented.  To demonstrate the effectiveness 

of the developed controllers, time simulation results for the power system under 

different system disturbances are presented. 

In Chapter 4, a fuzzy logic UPFC controller is developed and its effectiveness in 

damping interarea oscillations is tested.  In Chapter 5, the developed GA technique is 

utilized to design controllers for two other FACTS devices, namely a Generalized 

Unified Power Flow Controller (GUPFC) and a Voltage-Source Converter Back-to-Back 

HVdc link (VSC BtB).  The effectiveness of these controllers in damping interarea 

oscillations is presented. 

In Chapter 6, studies are presented on the possibility of using the UPFC and the VSC 

BtB for damping turbine-generator shaft torsional torques. 

Conclusions of this thesis are finally presented in Chapter 7.  The work presented in this 

thesis is summarized in this chapter and some general conclusions are drawn. 
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2. DAMPING POWER SYSTEM OSCILLATIONS IN A SINGLE-
MACHINE INFINITE-BUS POWER SYSTEM USING A UPFC 

2.1. Introduction 

This chapter presents new control methods based on Genetic Algorithm (GA) and fuzzy 

logic techniques to control a Unified Power Flow Controller installed in a single-

machine infinite-bus power system [46]-[52].  The objective of these controllers is to 

damp power system oscillations.  The Phillips-Herffron model of a single-machine 

infinite-bus power system equipped with a UPFC is used to model the system in these 

studies.  The GA based UPFC controller is designed based on combining a traditional 

control technique (eigenvalue shifting technique) with an artificial intelligence technique 

such as GA.  A simple GA using the tournament selection method is used to mimic the 

GA technique.  For this purpose, a GA package is developed using MATLAB.  On the 

other hand, the UPFC based fuzzy controller is based on a simple fuzzy logic controller 

using the Mamdani-type inference system.  The effectiveness of the new controllers is 

demonstrated through time-domain simulation studies. 

2.2. Modeling of a Single-Machine Infinite-Bus Power System Equipped with a 
UPFC 

There are three types of modeling a UPFC.  The first model is the electromagnetic 

model for detailed equipment investigation [53].  The second model is the steady-state 

model for system steady-state operation evaluation [54].  The third model is the dynamic 

model which is used in power system stability studies [55]-[56].  The first model is more 

suitable for studying electromagnetic transients in the range of milliseconds.  In this 

model, the UPFC is represented using switches.  This type of modeling is not 

appropriate for power system oscillation studies. 

The steady-state and dynamic models are used to represent the single-machine infinite-

bus power system equipped with a UPFC in this chapter.  The steady-state model is 
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developed to study the steady-state performance of the power system as well as 

calculating the initial operating conditions.  The dynamic model is developed based on 

combining the dynamic equations of the power system with the UPFC dynamic 

equations.  This model is used to simulate the dynamic performance of the power system 

under study using small signal stability studies. 

2.2.1. Steady-state model of the UPFC 

A UPFC installed between buses “ i”  and “ j”  can be represented at steady-state by two 

voltage sources with appropriate impedances as shown in Figure 2.1.  The series and 

shunt UPFC impedances are assumed to be pure reactances.  The total real power 

injected to the power system by the two voltage sources is equal to zero at steady-state.  

However, there is a real power exchange between the two sources.  For power flow 

studies, the two-voltage source model of the UPFC is converted into three power 

injections as shown in Figure 2.2.  Moreover, the shunt reactance is removed as it has 

been considered in the injected reactive power Qio and it is removed also from the 

system admittance matrix.  Pio and Qio represent the shunt voltage source while Pi, Qi, Pj 

and Qj represent the series voltage source.  These injected powers are dependent on the 

injected voltage as well as on the bus voltages.  Buses i and j are considered to be load 

buses in the load flow analysis with some modifications as the injected powers are not 

constant.  These injected powers are given as follow: 

( ) ( )pqjpqjijioiinji effeBPPP −=−=   

( ) ( ) ( )shishiiiopqipqiijioiinji ffeeVBffeeBQQQ −−++=−= 2   

( )pqjpqjijj feefBP −=   

( )pqjpqjijj ffeeBQ −−=  (2-1) 

Where: fi and ei are the imaginary and real components of the bus voltage Vi 

respectively.  The losses associated with the UPFC operation are typically neglected 

and, therefore, it neither absorbs nor injects real power with respect to the system during 

steady-state operation.  Physical interpretation of this statement is that the voltage of the 

dc link capacitor remains constant at the pre-specified value Vdc.  This constraint that 

must be satisfied by the UPFC at steady-state is expressed mathematically as: 

{ } 0Re ** =+ pqpqshsh IVIV  (2-2) 



 19 

Pij

Qij

V�Vi
i

Zij

Zi0

Vpq

Vsh

+

-

- +

I i0

Pdc

Pij

Qij

V�Vi
i

Zij

Zi0

Vpq

Vsh

+

-

- +

I i0

Pdc

 

Figure 2.1  A two-voltage source UPFC model. 

Pj Qj

VjVii
xij

Pi

Qi

Pi0

Qi0

j

Pj Qj

VjVii
xij

Pi

Qi

Pi0

Qi0

j

 

Figure 2.2  UPFC injected voltage model. 

The injected real and reactive powers shown in Equation (2-1) can be represented as 

follows: 

( )shi
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shi
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x
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Q δδ −−= cos

2
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ij
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i x

VV
P δδ −
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ij

pqi

i x

VV
Q δδ −= cos   

( )pqj
ij
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j x

VV
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ij

pqj

j x

VV
Q δδ −
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= cos  (2-3) 

With the help of Equations (2-3), the power constraint in Equation (2-2) can be 

represented as: 

( ) ( )[ ]








−−−−= −
jpqjipqi

ioish

ijpq

ish VV
xVV

xV
δδδδδδ sinsinsin 1  (2-4) 

The Newton-Raphson technique is used to solve the power system load flow. Equation 

(2-4) is used to modify the power flow program to update the value of δsh during 

consecutive iterations in order to satisfy the power constraint of Equation (2-2). 



 20 

2.2.2. Dynamic model of the UPFC 

Figure 2.3 shows a single-machine infinite-bus power system equipped with a UPFC.  

mE, mB and δE, δB are the amplitude modulation ratio and phase angle of the control 

signal of each voltage source converter respectively, which are the input control signals 

of the UPFC. 

 

VEt

VBt
XB

XE
VEt

+

+

IE

IB

mE δE mB δB

VSC-BVSC-E

XE2

VbVt X1E
I1E VEt

VBt
XB

XE
VEt

+

+

IE

IB

mE δE mB δB

VSC-BVSC-E

XE2

VbVt X1E
I1E

 
 

Figure 2.3  A UPFC installed in a single-machine infinite-bus power system. 

The three-phase dynamic differential equations of the UPFC can be written as follows: 
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By applying Park’s transformation, Equations (2-5) to (2-7) are transformed to: 
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A linearized model of the power system can be used in studying power system 

oscillation stability and control.  The dynamic model of the UPFC is required in order to 

study the effect of the UPFC on enhancing the small signal stability of the power 

system.  For the study of power system oscillation stability, the resistance and transient 

of the transformers of the UPFC can be ignored.  The above equations can then be 

written as: 
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(2-11) 

From Figure 2.3: 
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These equations can be expressed in the d-q reference frame as: 
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Using Equations (2-11), (2-12) and (2-13) yields 
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The complete dynamic model of a single-machine infinite-bus power system equipped 

with a UPFC can be developed by combining Equations (2-14) with the machine 

dynamic equations shown below. 

ωωδ ∆= 0
&   

( ) HDPP em 2/ωω ∆−−=∆ &   

( ) doqeqq TEEE ′+−=′ /&   

( ) ( )AttoAqe sTVVKE +−= 1/&  (2-15) 

Where 

ddqqee IVIVPT +==   

( ) dtddqq ixxEE ′−+′=   
22
qtdtt vvv +=   

qtqdt ixv =   

dtdqqt ixEv ′−′=   

BdEddt iii +=   

BqEqqt iii +=  (2-16) 

By combining and linearizing Equations (2-14), (2-15) and (2-16), the state variable 

equations of the power system equipped with the UPFC can be represented as: 
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where ∆mE, ∆mB, ∆δE and ∆δB are the deviations of the input control signals of the 

UPFC.  The detailed equations for the state matrix constants are given in Appendix A. 

2.3. System under Study 

The system used in the investigations in this chapter is shown in Figure 2.4.  It consists 

of a synchronous generator connected via two transformers to an infinite bus system 

through a transmission line.  A UPFC is installed in the midpoint of the transmission 

line.  The system model developed in Section 2.2.2 is used to represent and study the 

dynamic performance of the single-machine infinite-bus power system. 
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Figure 2.4  Single-machine infinite-bus power system. 

From Equations (2-17), the block diagram of the single-machine infinite-bus power 

system equipped with a UPFC can be represented as shown in Figure 2.5. 
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Figure 2.5  Block diagram of a single-machine infinite-bus power system. 

Where: 

[ ]BBEEdc mmvf δδ ∆∆∆∆∆=∆   
T

bppbeppepd
p M

K

M

K

M

K

M

K

M

K
K 




= δδ   

T

do

bq

do

qb

do

eq

do

qe

do

qd
q T

K

T

K

T

K

T

K

T

K
K 




′′′′′
= δδ   

T

A

bvA

A

vbA

A

evA

A

veA

A

vdA
v T

KK

T

KK

T

KK

T

KK

T

KK
K 




= δδ  (2-18) 

The block diagram of Figure 2.5 can be used in small signal stability investigations of 

the power system.  The MATLAB Simulink toolbox can be used to study the system 

performance under different disturbances. 

Different controller types are investigated in this chapter to study the potential of the 

UPFC controller in damping power system oscillations.  Controller designs based on 

both conventional and artificial intelligence techniques are conducted. 
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2.4. UPFC Controller  Per formance 

Generator angular speed is a commonly used signal to damp power system oscillations.  

In order to investigate the potential of the UPFC controller in damping power system 

oscillations, a simple proportional UPFC controller based on the generator angular speed 

as a stabilizing signal is considered.  For simplicity, the UPFC controller is considered to 

employ a unity feedback proportional controller as shown in Figure 2.6. 

Kp1
∆ω ∆mb

Kp1 = 1

Kp1
∆ω ∆mb

Kp1 = 1
 

Figure 2.6  A UPFC proportional feedback controller. 

The performance of this controller is examined with respect to the performance of the 

power system without a UPFC installed.  Two system disturbances are considered for 

each case, a step change in the mechanical input power (∆Tm = 0.1 p.u.) and a step 

change in the reference voltage (∆Vref = 0.1 p.u.).  The power system dynamic 

performances due to these disturbances are shown in Figures 2.7 and 2.8.  It can be seen 

from these figures that the Proportional UPFC Controller (P-UPFC) significantly damps 

power system oscillations. 

2.5. GA Based UPFC Controller  Design 

The proposed design of the UPFC controller is based on a technique that combines the 

pole shifting method and the GA principles (a brief GA overview is given in Appendix 

B).  In such a technique, a fitness function is defined such that it will be maximum when 

the dominant eigenvalues are located in the left half of the s-plane as far from the 

imaginary axis as the physical constraints permit in order to achieve high damping [57].  

The fitness function used by the proposed technique searches for the optimum controller 

design that depends upon the system parameters.  It is selected such that it combines the 

effect of the real and imaginary parts of the eigenvalues on the time response.  

Moreover, this fitness function does not depend on the order of the system but on the 

dominant eigenvalues.  In selecting such a fitness function, the closed loop system must 

satisfy the following requirements: 
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1-  The system is stable. 

2-  The damping ratio is maximum and preferably greater than a prespecified design 

value. 

3-  The settling time is minimum (maximize the negative real part). 

The fitness function is defined as follows: 

( ) ( )[ ]{ }


>+
>

=
0tan//1/

00
,, 2

dddd

d
dd for

for
F

σβσωσ
σ

βωσ  (2-19) 

Where: 

σd is the real part of the dominant eigenvalues 

ωd is the imaginary part of the dominant eigenvalues 

cosβ is the lower limit of the desired damping coefficient. 
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Figure 2.7  Power angle deviation during a step change in the mechanical input power. 
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Figure 2.8  Power angle deviation during a step change in the reference voltage. 

The area shown in Figure 2.9 represents the design area defined by the fitness function.  

For a stable system, the second constraint of the fitness function is to maximize the 

damping ratio.  When ωd/σd is less than tanβ, the fitness function will have a bigger 

value, and when ωd/σd is greater than tanβ, the fitness function will have a smaller value.  

The second constraint is applied when the most dominant eigenvalues are conjugate 

complex roots.  In the case of a real dominant eigenvalue, the fitness function is |σd| 

(maximizing settling time as possible). 

Two UPFC controller structures are considered in these investigations.  The first 

controller is a Lead-Lag controller, shown in Figure 2.10.  ∆ω is used as an input signal 

for the Lead-Lag controller.  The second controller is a Proportional Integral (PI) 

controller with ∆ω and ∆δ as input signals as shown in Figure 2.11.  The controller 

parameters are optimized using the GA technique described above.  Table 2-1 shows the 

controller parameters and the corresponding system eigenvalues. 
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Figure 2.9  Design area for eigenvalues. 
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Figure 2.10  GA Lead-Lag controller. 
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Figure 2.11  GA PI controller. 
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Table 2-1  GA controller parameters and the corresponding system eigenvalues 

Controller parameters 
GA Lead-Lag controller 
Kg1 = 1.0673 Tg11 = 5.9818 Tg12 = 0.227 
Kg2 = 2.8692 Tg21 = 2.34 Tg22 = 2.4342×10-4 
GA PI controller 
K i1 = -0.0428 Kp1 = 37.613 
K i2 = -40.6239 Kp2 = -0.0075 
System eigenvalues 
No UPFC P-UPFC GA Lead-Lag UPFC GA PI UPFC 
-2.7×10-5 ± j7.0181 -0.4891 ± j9.31 -4.5917 -1.6184 
-8.3878 -4.1815 -4.5938 ± j14.4415 -1.6256 ± j6.5887 
-11.8788 -15.1071 -5.1427 ± j2.9786 -7.4292 
  -2667.837 -9.9327 

It can be seen from Table 2-1 that the dominant system eigenvalue is shifted from a near 

critically stable location (-2.7×10-5, in the case of an uncontrolled power system) to a 

more stable location in the case of the power system equipped with the UPFC controller.  

It can also be seen that the GA Lead-Lag and the PI UPFC controllers have higher 

damping coefficients. 

2.6. GA Based UPFC Controller  Per formance 

In order to demonstrate the effectiveness of the designed UPFC controllers on damping 

power system oscillations, the same system disturbances considered in Section 2.4 are 

used again in this section.  It can be seen from Figures 2.12 to 2.15, that the designed 

UPFC controllers significantly damp power system oscillations compared to the P-

UPFC.  Moreover, comparing Figures 2.12 and 2.13 with Figures 2.14 and 2.15, shows 

that the PI controller has the ability to reduce the power angle deviation to zero.  This is 

due to the action of the integral part of such a controller. 

2.7. Fuzzy Logic UPFC Controller  Design 

Fuzzy logic provides a general concept for description and measurement.  Most fuzzy 

logic systems encode human reasoning into a program to make decisions or control a 

system [51]-[52].  Fuzzy logic comprises fuzzy sets, which are a way of representing 

non-statistical uncertainty and approximate reasoning, which includes the operations 

used to make inferences in fuzzy logic  [58]-[59]. 
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Figure 2.12  Power angle deviation due to a step change in the mechanical input power. 
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Figure 2.13  Power angle deviation due to a step change in the reference voltage. 
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Figure 2.14  Power angle deviation due to a step change in the mechanical input power. 
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Figure 2.15  Power angle deviation due to a step change in the reference voltage. 
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2.7.1. Fuzzy control 

There are two major types of fuzzy controllers, namely Mamdani type and Takagi-

Sugeno (TS) type [60].  The classification depends on the type of fuzzy rules used.  If a 

fuzzy controller uses the TS type of fuzzy rules, it is called a TS fuzzy controller.  

Otherwise, the controller is named a Mamdani fuzzy controller.  Throughout the thesis, 

attention is focused on the Mamdani type fuzzy controller.  Figure 2.16 depicts the 

structure of a fuzzy control system, which is comprised of a typical Single Input Single 

Output (SISO) Mamdani fuzzy controller and a system under control.  The major 

components of a typical fuzzy controller are fuzzification, fuzzy rule base, fuzzy 

inference, and defuzzification. 

2.7.1.1. Fuzzification [58]  

Fuzzification is the process of decomposing a system input and/or output into one or 

more fuzzy sets.  Many types of curves can be used, but triangular or trapezoidal shaped 

membership functions are the most common because they are easier to represent in 

embedded controllers.  Each fuzzy set spans a region of input (or output) values graphed 

with the membership.  Any particular input is interpreted from this fuzzy set and a 

degree of membership is interpreted.  The membership functions may overlap to allow 

smooth mapping of the system.  The process of fuzzification allows the system inputs 

and outputs to be expressed in linguistic terms so that rules can be applied in a simple 

manner to express a complex system. 

2.7.1.2. Fuzzy sets [58]  

A fuzzy set is represented by a membership function defined on the universe of 

discourse.  The universe of discourse is the space where the fuzzy variables are defined.  

The membership function gives the grade, or degree, of membership within the set, of 

any element of the universe of discourse.  The membership function maps the elements 

of the universe onto numerical values in the interval [0, 1].  A membership function 

value of zero implies that the corresponding element is definitely not an element of the 

fuzzy set, while a value of unity means that the element fully belongs to the set.  A grade 

of membership in between corresponds to the fuzzy membership to the set.  Figure 2.17 

shows four commonly used membership functions. 
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Figure 2.16  Structure of a SISO Mamdani fuzzy control system, which is comprised of 
a typical Mamdani fuzzy controller and a system under control. 

2.7.1.3. Fuzzy rules [58]  

Fuzzy rules represent the control strategy. They are linguistic if-then statements 

involving fuzzy set, fuzzy logic, and fuzzy inference.  Fuzzy rules play a key role in 

representing expert control knowledge and experience and in linking the input variables 

of fuzzy controllers to output variable (or variables).  A general Mamdani fuzzy rule, for 

M input-one output, can be expressed as 

I f  x1 is A
~

 and … and xM is B
~

 Then U1 is C
~

 (2-20) 

where x1, …,xM are input variables, U1 is the output variable, “and”  is a fuzzy logic 

AND operator and A
~

, B
~

 and C
~

 are fuzzy sets.  Fuzzy sets can also be represented by 

linguistic terms, for example, “Positive, Negative and Zero” .  In theory, these variables 

can be either continuous or discrete; practically speaking, however, they should be 

discrete because virtually all fuzzy controllers are implemented using digital computers.  

The first part of the fuzzy rule “ I f  x1 is A
~

 and … and xM is B
~

”  is called the rule 

antecedent, whereas the remaining part is named the rule consequent. 

2.7.1.4. Fuzzy inference [58]  

Fuzzy inference is used in a fuzzy rule to determine the rule outcome from the given rule 

input information.  When specific information is assigned to input variables in the rule 

antecedent, fuzzy inference is needed to calculate the outcome for output variable(s) in 
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the rule consequent.  A number of fuzzy inference methods can be used to accomplish 

this task, but only four of them are popular in fuzzy control.  They are the Mamdani 

minimum inference method, the Larsen product inference method, the drastic product 

inference method and the bounded product inference method.  These methods are 

denoted here by RM, RL, RDP and RBP respectively.  The definitions of these methods are 

given in Table 2-2, where ( )z
C
~µ  is the membership function of the fuzzy set C

~
 in the 

fuzzy rule expressed in Equation (2-20), µ is the combined membership in the rule 

antecedent and z is the output variable. 
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Figure 2.17  Commonly used membership functions. 

These definitions are illustrated graphically in Figure 2.18.  The results of the four fuzzy 

inference methods are the fuzzy sets formed by the shaded areas.  The resulting fuzzy 

sets can be explicitly determined since the formulas describing the shaded areas can be 

derived mathematically.  Among the four methods, the Mamdani minimum inference 

method is used most widely in fuzzy control and is used in the investigations of this 

thesis. 
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Table 2-2  Definitions of four popular fuzzy inference methods for fuzzy control 

Fuzzy inference method Definition* 
Mamdani minimum inference, RM ( )( )z

C
~,min µµ , for all z 

Larsen product inference, RL ( )z
C
~µµ × , for all z 

Drastic product inference, RDP ( )
( )

( )



<<
=

=

11,0

1,

1,

~

~

~

zandfor

forz

zfor

C

C

C

µ
µµ

µµ
 

Bounded product inference, RBP ( )0,1max ~ −+
C

µµ  

*General Mamdani fuzzy rule Equation (2-20) is utilized in the definition,  ( )z
C
~µ  is the 

membership function of fuzzy set C
~

 in the rule consequent, where µ is the final 
membership yielded by fuzzy logic AND operators in the rule antecedent. 
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Figure 2.18  Graphical illustration of the definitions of the four popular fuzzy inference 
methods. 

2.7.1.5. Defuzzification [58]  

Fuzzy inference yields a linguistic output variable which needs to be translated into a 

crisp value. The objective is to derive a single crisp numeric value that best represents 

the inferred fuzzy values of the linguistic output variable. Defuzzification is such inverse 

transformation which maps the output from the fuzzy domain back into the crisp 

domain. Some defuzzification methods tend to produce an integral output considering all 

the elements of the resulting fuzzy set with the corresponding weights. Other methods 

take into account just the elements corresponding to the maximum points of the resulting 

membership functions. The following defuzzification methods are of practical 

importance: 
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Center-of-Area 

The Center-of-Area method is often referred to as the Center-of-Gravity method because 

it computes the centroid of the composite area representing the output fuzzy term. 

Center-of-Maximum 

In the Center-of-Maximum method only the peaks of the membership functions are 

used. The defuzzified crisp compromise value is determined by finding the place where 

the weights are balanced. Thus the areas of the membership functions play no role and 

only the maxima (singleton memberships) are used. The crisp output is computed as a 

weighted mean of the term membership maxima, weighted by the inference results. 

Mean-of-Maximum 

The Mean-of-Maximum is used only in some cases where the Center-of-Maximum 

approach does not work. This occurs whenever the maxima of the membership functions 

are not unique and the question is as to which one of the equal choices one should take. 

2.7.2. Controller design 

A simple fuzzy logic controller based on a Mamdani type fuzzy logic controller is used 

in this section to damp power system oscillations in the study system.  Two controller 

structures are considered in this study.  The first is a proportional fuzzy logic controller 

using generator speed as a stabilizing signal.  Figure 2.19 shows the Proportional fuzzy 

logic UPFC (PF-UPFC) controller structure.  Single-input single-output fuzzy logic 

controller is considered.  The membership functions of the input and output signals are 

shown in Figure 2.20. 

The rules used in this controller are chosen as follows: 

   I f ∆ω is P then ∆mb is P. 

   I f ∆ω is N then ∆mb is N. 

The second controller is a Hybrid fuzzy logic UPFC (HF-UPFC) controller.  The 

structure of this controller is similar to the PF-UPFC controller with the addition of a 

conventional integrator.  The HF-UPFC controller structure is shown in Figure 2.21. 
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Figure 2.20  Input and output membership functions. 

2.8. Fuzzy Logic UPFC Controller  Per formance 

The performance of the designed PF-UPFC and HF-UPFC controllers after sudden 

changes in the reference mechanical power and reference voltage are shown in Figures 

2.22 to 2.25.  It can be seen from these figures, that the designed fuzzy logic UPFC 

controllers significantly damp power system oscillations compared to the P-UPFC.  
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Moreover, comparing Figures 2.22 and 2.23 with Figures 2.24 and 2.25, shows that the 

HF-UPFC controller has the ability to reduce the power angle deviation to zero.  This is 

again due to the action of the integral part of such a controller. 
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Figure 2.21  Hybrid fuzzy logic controller structure. 
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Figure 2.22  Power angle deviation due to a step change in the mechanical input power. 
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Figure 2.23  Power angle deviation due to a step change in the reference voltage. 
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Figure 2.24  Power angle deviation due to a step change in the mechanical input power. 
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Figure 2.25  Power angle deviation due to a step change in the reference voltage. 

2.9. Summary 

In this chapter, a complete state-space model for a single-machine infinite-bus power 

system equipped with a UPFC is developed to study power system oscillations.  

Different controllers based on both conventional and artificial intelligence techniques 

have been developed and investigated.  Novel control techniques based on GA and fuzzy 

logic were examined.  Eigenvalue analysis as well as time simulations based on small 

system disturbances show the effectiveness of these controllers in damping power 

system oscillations.  It should be noted that a system block diagram based on a 

linearized model is not suitable for simulating large system disturbances such as system 

faults.  Large system disturbances are required to validate the controller’s ability to 

damp power system oscillations.  These types of disturbances are considered in the 

subsequent chapters. 
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3. DAMPING INTERAREA OSCILLATIONS USING GA BASED 
UPFC CONTROLLERS 

3.1. Introduction 

Large power systems typically exhibit multiple dominant interarea swing modes, which 

are associated with the dynamics of power transfers and involve groups of machines 

oscillating relative to each other.  With the power industry moving toward deregulation, 

long-distance power transfers are steadily increasing, outpacing the addition of new 

transmission facilities and causing the interarea oscillations to become more lightly 

damped [61].  Power System Stabilizers (PSSs) have been used to damp interarea 

oscillations using different methodologies such as GA, small signal stability and robust 

control [62]-[64].  However, PSSs are designed individually for each generator that is 

likely to be affected by these oscillations.  Due to the complexity of present day power 

systems, the number of modes of oscillation experienced by a particular generator has 

become large and the frequency of these modes has begun to vary over a wide range.  

Therefore, the design of an effective PSS has become extremely complex and difficult.  

During the last decade, FACTS based stabilizers have been employed to damp power 

system swing oscillations [12]-[23], [65]-[70].  Several approaches were used to design 

and control FACTS devices, for example, H �  and nonlinear PID control [65]-[67]. 

In this chapter, the GA technique is used to design centralized UPFC controllers to damp 

interarea oscillations in a typical three-area power system.  Digital simulation studies on 

the study system are conducted to investigate the effectiveness of the designed 

controllers during system disturbances. 

3.2. Modeling of a Multi-Area Power System Incorporating UPFCs 

Without loss of generality, assume that in an n-machine power system, a UPFC is 

installed between nodes i and j in the network as shown in Figure 3.1.  In order to 

include the function of the UPFC in the network admittance matrix Y, where only n 
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generator nodes are kept, an initial system admittance matrix Yt containing nodes i and j 

is formed according to the following equation [2]: 
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Figure 3.1  An n-machine power system incorporating a UPFC. 

After installing the UPFC between nodes i and j, the network equation of the power 

system given by Equation (3-1) becomes: 

0=++′ gikiEiii VYIVY   

0=+−′ gjkEjjjj VYIVY   

ggkkjkjiki IVYVYVY =++  (3-2) 

where iiY′  and jjY′  are obtained from iiY  and jjY  by excluding xij = xiE + xEj. The 

following equations can be also obtained from Figure 3.1: 
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EjiEEEtiEiEi IIIVIjxV −=+= ,   

jBtEjEjEt VVIjxV ++=  (3-3) 

Equation (2-11) can be written as: 
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where ( )( ) 2
EBEjEEiE xxxxxxx −+++=� . 

By substituting Equation (3-5) into Equation (3-2), the generator currents can be 

represented as: 

BBEEgg VFVFCVI ++=  (3-6) 
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The generator terminal voltages of the n-machine power system can also be expressed in 

the d-q reference frame as: 

( ) qdqgdqg IxxjIxjEV ′−−′−′=  (3-7) 

where 
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Using Equations (3-6) and (3-7), generator currents can be expressed as: 

( )[ ]BBEEqdqqdg VCVCIxxjECI ++′−−′=  (3-8) 

Where ( ) BBEEdd FCCFCCxjCC 1111 ,, −−−− ==′+=  

Equation (3-8) can also be represented in the d-q reference frame as: 
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Linearizing Equation (3-10) gives 

BBdEEdBBdEEddcdqddd RRmHmHvGEFYI δδδ ∆+∆+∆+∆+∆+′∆+∆=∆   

BBqEEqBBqEEqdcqqqqq RRmHmHvGEFYI δδδ ∆+∆+∆+∆+∆+′∆+∆=∆  (3-11) 

The linearized equations model of an n-machine power system can be written as follows: 

ωωδ ∆=∆ 0
&   

( ) HDTe 2/ωω ∆−∆−=∆ &   

( )[ ] 0/ dfddddqq TEIxxEE ′∆+∆′−−′∆−=′∆ &   

( ) ATAfdfd TVKEE /∆−∆−=∆ &   

( ) ( ) 0000 qdqdddqqqqqqe IxxIIxxIEIEIT ′−∆+′−∆+′∆+′∆=∆   

ddqTqqqTd IxEVIxV ∆′−′∆=∆∆=∆ ,  (3-12) 

where variables with prefix ∆ are n-order vectors. Others are n-order diagonal matrices. 

Substituting Equations (3-11) into Equations (3-12) yields 

BpdbBpbEpdeEpedcpdqe KmKKmKvKEKKT δδδ ∆+∆+∆+∆+∆+′∆+∆=∆ 21   

BqdbBqbEqdeEqedcqdqq KmKKmKvKEKKE δδδ ∆+∆+∆+∆+∆+′∆+∆=∆ 34   

BvdbBvbEvdeEvedcvdqT KmKKmKvKEKKV δδδ ∆+∆+∆+∆+∆+′∆+∆=∆ 65  (3-13) 

The linearized model for the n-machine power system can be obtained by substituting 

Equations (3-13) into Equations (3-12) as follows: 
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Equation (3-14) has the general form of the state-space equation 

[ ] [ ][ ] [ ][ ]UBXAX +=&  (3-15) 
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3.3. System under Study 

The multi-area power system used in the investigations of this thesis is shown in Figure 

3.2.  It consists of three control areas connected through three tie lines.  Each area is 

represented by an equivalent generator and a local load. 

The transient model for the generators, a first-order simplified model for the excitation 

systems and linear models for the loads and AC network are used.  UPFCs are assumed 

to be installed at different locations on the tie lines.  The system data and the detailed 

equations for the state matrix [A] and the input matrix [B] are given in Appendix C. 
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Figure 3.2  System under study. 

3.4. GA Based UPFC Controller  Design 

Figure 3.3 shows the transfer function of a PI controller whose output Ui controls the 

magnitude |Vinj| and the phase angle δinj of the injected voltage Vinj of a voltage-source 

converter.  A UPFC, therefore, would have two such controllers.  The PI controller 

parameters are assumed to be adjustable.  The GA technique developed in this thesis is 

used to adjust these parameters. 

The selection of the appropriate stabilizing signal is a fundamental issue in the design of 

an effective and robust controller.  The variation in generator speeds (∆ω1, ∆ω2 and 

∆ω3) are selected in the controller design as they are the best stabilizing signals to 
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observe the interarea modes.  With this selection, the UPFC controller is a centralized 

three-input, four-output controller with global signals. 

With the help of the Global Positioning System (GPS), time synchronization between 

Intelligent Electronic Devices (IED) is achievable with an accuracy of less than 1 µs.  

Measurements of electrical values taken at different locations that received a time-tag 

when they were recorded permit complete phasor information exchange in real-time 

[71].  Existing Phasor Measurement Units (PMU) are able to exchange phasor 

information with a frequency up to 60 Hz. 
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Figure 3.3  A PI controller structure for each voltage-source converter of the UPFC. 

3.4.1. GA parameters selection 

The choice of the GA parameters is application dependent.  The suitable values of these 

parameters are selected by trial and error. 

Consider the case of a UPFC installed in the middle of tie-line L1.  Figures 3.4 to 3.6 

depict respectively the results of parametric studies carried out to investigate the effect 

of the population size (Ps), the crossover probability (Pc) and the mutation probability 

(Pm) on the final optimized value of the fitness function.  As it can be seen from Figure 

3.4, increasing the population size over 100 strings does not significantly affect the 

controller design as the differences among the final values of the fitness function are 

relatively small.  It can also be seen from Figure 3.4 that the value of the fitness function 

converges to its optimum value within 40 to 60 generations when using a population size 

greater than 100 strings.  It can be seen from Figure 3.5 that, a crossover probability 

between 0.5 and 0.9 results in small differences in the final value of the fitness function. 
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Figure 3.4  Effect of the population size on the variation of the fitness function with the 
number of generations (a UPFC is installed in the middle of tie-line L1). 
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Figure 3.5  Effect of the crossover probability on the variation of the fitness function 
with the number of generations (a UPFC is installed in the middle of tie-line 
L1). 
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Figure 3.6  Effect of the mutation probability on the variation of the fitness function with 
the number of generations (a UPFC controller is installed in the middle of 
tie-line L1). 

From the control point of view, a crossover probability in the range of 0.7 to 0.77 results 

in a good system response.  Regarding the effect of the mutation probability on the final 

value of the fitness function, Figure 3.6 shows that, selecting a mutation probability 

between 0.03 and 0.07 results in a desirable convergence for the fitness function and, 

therefore, a better design for the UPFC controller.  The effect of selecting the value of 

the angle β on the controller design and consequently on the system response is 

illustrated in Figure 3.7.  This figure shows the relative generator speeds due to a three-

cycle three-phase fault at bus 1.  As can be seen from the figure, the value of β does not 

significantly affect the system response. 

During the course of this research, the GA operators are selected as follows [46]-[50]: 

     ● Population size = 100 to 500 strings (each string represents a controller design). 

     ● Maximum number of generations = 30 to 100 (iterations). 

     ● Crossover probability = 0.77 

     ● Mutation probability = 0.05 
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     ● Selection method is tournament selection. 

     ● β = 45° (cosβ = 0.707) [57]. 
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Figure 3.7  Effect of the angle β on the relative generator speeds due to a 3-cycle three-
phase fault at bus 1 (a UPFC controller is installed in the middle of tie-line L1). 
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3.5. GA Based UPFC Controller  Per formance dur ing System Faults 

To demonstrate the effectiveness of the designed UPFC controller, several simulation 

studies representing small and large disturbances are carried out on the system under 

investigations.  The system pre-disturbance operating condition is such that area 1 is 

importing 440 MW through tie-line L1.  The detailed system pre-disturbance operating 

condition is given in Appendix D. 

3.5.1. Effect of the Fault Location 

In this case, a UPFC controller is assumed to be installed in the middle of tie-line L1 

(LOC1).  Table 3-1 shows the system eigenvalues with and without employing the 

designed UPFC controller.  It can be seen from Table 3-1 that the dominant eigenvalues 

are shifted to the left, which results in a better system performance.  To validate the 

eigenvalues analysis, the designed UPFC controller is tested through simulating large 

system disturbances, namely three-phase faults at different system locations.  These 

faults are assumed to occur on a weak tie-line and to be cleared by circuit breaker 

operations that leave the main tie-lines intact. 

Table 3-1  System eigenvalues with the UPFC controller installed in tie-line L1 

System eigenvalues 
No UPFC GA PI UPFC 
-0.1649 ± j4.6393 -1.6088 
-0.2309 ± j6.6423 -1.6213 ± j5.7847 
-0.5410 ± j5.2272 -1.8029 ± j1.2063 
-1.4757 -2.8255 ± j7.0481 
-2.0865 -3.2365 ± j1.9593 
-4.6719 -16.3615 
-14.7535 -16.7835 
-17.7718 -18.6242 
-18.7702  

 

Figures 3.8 to 3.11 illustrate the time responses of the generator speeds measured with 

respect to the speed of generators G1 and G2 due to a 3-cycle three-phase fault at the 

different system buses.  It can be seen from these figures that, without the UPFC 

controller, the system is first-swing stable but the post-contingency oscillations are 

poorly damped.  It can also be seen that the UPFC controller significantly damps the 
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system oscillations at all fault locations.  It can be seen, however, from the same figures 

that the fault location affects the performance of the UPFC.  Comparing Figure 3.8  with 
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Figure 3.8  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a UPFC 
is installed at LOC1). 
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Figure 3.9  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (a UPFC 
is installed at LOC1). 



 55 

0 5 10
−2.3

0

2.3
ω

2 −
 ω

1, 
ra

d
./

se
co

n
d

0 5 10
−3.5

0

3.5

ω
3 −

 ω
1, 

ra
d

./
se

co
n

d

0 5 10
−3

0

3

ω
3 −

 ω
2, r

ad
./s

ec
on

d

Time, seconds

No UPFC UPFC

 

Figure 3.10  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (a 
UPFC is installed at LOC1). 
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Figure 3.11  Relative generator speeds due to a 3-cycle three-phase fault at bus 4 (a 
UPFC is installed at LOC1). 
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Figures 3.9 and 3.10, shows that the UPFC controller is more effective in damping the 

system oscillations in the case of a three-phase fault at bus 1.  This is due to the 

closeness of bus 1 to the UPFC location. 

Figures 3.12 and 3.13 show the injected voltages of the UPFC due to the three-phase 

fault at bus 1.  The upper and lower limits of the injected shunt voltage are 1.1 p.u. and 

0.9 p.u. respectively while the series injected voltage is limited to ± 0.1 p.u.  Figure 3.14 

shows the variation of the dc-link capacitor voltage due to the same disturbance. 

3.5.2. Effect of the UPFC Location 

It has been reported that FACTS devices derive maximum benefit from their stabilized 

voltage support when sited at the mid-point of the transmission line [72].  In some 

situations, however, it might be desirable to install the FACTS device at one end of the 

transmission line if maintaining the voltage level at that end around its nominal value is 

essential [73].  In this section, the effect of the location of the UPFC controller on the 

damping of the interarea oscillations is examined.  Beside the middle of tie-line L1 

(LOC1), which has been investigated in the previous section, three other locations 

(LOC2, LOC3 and LOC4) are selected as shown in Figure 3.15. 

Figures 3.16 to 3.24 illustrate the transient time responses of the relative generator 

speeds due to 3-cycle three-phase faults at buses 1, 2 and 3 with a UPFC installed 

respectively at LOC2, LOC3 and LOC4.  Examining these figures along with Figures 

3.8 to 3.11 reveals that the location of the UPFC affects its performance.  In general, the 

UPFC controller is more effective in damping interarea oscillations in the case of a fault 

occurring, relatively, close to it.  This is demonstrated in Figures 3.8, 3.17 and 3.21.  

Moreover, Figures 3.22 to 3.24 show that the fault location does not significantly affect 

the damping performance of the UPFC controller if it is installed at LOC4.  This is due 

to the central position of bus 4 in the power system.  Furthermore, comparing Figures 

3.8 to 3.11 with Figures 3.16 to 3.24 shows that, a UPFC installed at (LOC1 or LOC3) 

provides the most damping to the interarea oscillations.  This can be explained as tie-

lines L1 and L3 transfer more power than tie-line L2.  It can be concluded, therefore, that 

the best location for the UPFC controller is at the middle of the tie-line that transfers the 

highest amount of power. 
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Figure 3.12  UPFC injected series voltage due to a 3-cycle three-phase fault at bus 1 (a 
UPFC is installed at LOC1). 
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Figure 3.13  UPFC injected shunt voltage due to a 3-cycle three-phase fault at bus 1 (a 
UPFC is installed at LOC1). 



 59 

 

0 5 10
0.98

1

1.005

Time, seconds

D
C

 V
ol

ta
ge

, p
.u

.

 

Figure 3.14  UPFC dc-link capacitor voltage due to a 3-cycle three-phase fault at bus 1 
(a UPFC is installed at LOC1). 
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Figure 3.15  UPFC studied locations. 
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Figure 3.16  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a 
UPFC is installed at LOC2). 
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Figure 3.17  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (a 
UPFC is installed at LOC2). 
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Figure 3.18  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (a 
UPFC is installed at LOC2). 
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Figure 3.19  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a 
UPFC is installed at LOC3). 
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Figure 3.20  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (a 
UPFC is installed at LOC3). 
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Figure 3.21  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (a 
UPFC is installed at LOC3). 
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Figure 3.22  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a 
UPFC is installed at LOC4). 
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Figure 3.23  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (a 
UPFC is installed at LOC4). 
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Figure 3.24  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (a 
UPFC is installed at LOC4). 
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It is worth noting here that the response of the relative generator speed (ω3 – ω2) in 

Figures 3.16 and 3.19 might be misinterpreted that the UPFC is not effective in damping 

these oscillations.  This can be, however, clarified with the help of Figures 3.25 and 3.26 

which show the speed of generators 2 and 3 due to the same disturbances considered in 

Figures 3.16 and 3.19.  As it can be seen from Figures 3.25 and 3.26, in the case of no 

UPFC installed in the system, the generator speeds ω2 and ω3 are almost in phase and 

exhibit poor damping.  This indicates that areas 2 and 3 oscillate with respect to area 1.  

It can also be seen from the same figures that the UPFC effectively damps the generator 

speeds ω2 and ω3. 

3.5.3. Effect of Adding another UPFC 

Multiple FACTS controllers, if properly designed, will enhance the damping of the 

system oscillations.  This section investigates the effect on the damping of interarea 

oscillations of installing two UPFCs in the system under study.  Based on the simulation 

results of the previous section, the two UPFCs are installed at LOC1 and LOC3.  The 

controller design in this case is based on a linearized model of a power system 

incorporating two UPFCs.  Such a design eliminates the possible adverse interaction 

between the two UPFCs.  A PI controller is considered again in these investigations.  

Figures 3.27 to 3.29 illustrate the time responses of the generator relative speeds due to 

3-cycle three-phase faults at buses 1, 2 and 3 with two UPFCs installed at LOC1 and 

LOC3.  As it can be seen from these figures, damping of the system oscillations is 

slightly improved compared to the case when a single UPFC is installed in the system 

(Figure 3.8).  This observation clearly concludes that, for the system under investigation, 

a single UPFC is sufficient to effectively damp interarea oscillations. 

3.6. UPFC Performance dur ing Other  Disturbances 

Although three-phase faults are the most severe disturbances in a power system, the 

probabilities of their occurrence are relatively low (3% to 5%) [74].  In this section, the 

performance of the designed UPFC controllers is examined due to several large and 

small system disturbances.  In this context, a sudden load decrease of 95% is considered 

as the simulated large disturbance while a 5% decrease in the input reference mechanical 

power is considered as the simulated small disturbance.  Figures 3.30 and 3.31 show the 
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power system time response following a 5% sudden decrease in the input reference 

mechanical power of generator G1 with the UPFC installed at LOC1 and with two 

UPFCs installed at LOC1 and LOC3 respectively.  It can be seen from these figures that 

the designed controller for the UPFC is capable of damping small disturbances.  It can 

also be seen from Figures 3.30 and 3.31 that more damping to the interarea oscillations 

is achieved with two UPFCs. 

Figures 3.32 and 3.33 respectively show the system response due to a 95%, 3-cycle 

sudden decrease in loads S1 and S2 with the UPFC installed at LOC1.  System responses 

due to the same disturbance with two UPFCs installed at LOC1 and LOC3 are shown in 

Figures 3.34 and 3.35.  It can be seen from these figures that, the UPFCs exhibit 

excellent performance in damping the system oscillations. 

3.7. Performance of a Simplified Centralized PI  UPFC Controller  

The designed centralized PI UPFC damps sufficiently the interarea oscillations.  

However, reducing the number of global signals in such a controller would result in a 

simple and cost effective one.  In this context, investigations have been conducted to 

examine the effect of using two stabilizing signals on the performance of the designed 

UPFC controllers.  Figure 3.36 shows the transfer function of a simplified centralized PI 

controller.  The variation in only two generator speeds ∆ωk1 and ∆ωk2 are selected as 

stabilizing signals.  With this selection, the UPFC controller is a centralized two-input, 

four-output controller with global signals.  Figure 3.37 illustrates the time responses of 

the relative generator speeds due to a 3-cycle three-phase fault at bus 1 in the case of the 

UPFC installed at LOC1.  It can be seen from this figure that, using only two stabilizing 

signals effectively damps system oscillations.  It can also be seen that the centralized PI 

UPFC controller performance is better than the simplified centralized PI UPFC 

controller. 
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Figure 3.25  Generators 2 and 3 speeds due to a 3-cycle three-phase fault at bus 1 (a 
UPFC is installed at LOC2). 
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Figure 3.26  Generators 2 and 3 speeds due to a 3-cycle three-phase fault at bus 1 (a 
UPFC is installed at LOC3). 
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Figure 3.27  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (two 
UPFCs are installed at LOC1 and LOC3). 
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Figure 3.28  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (two 
UPFCs are installed at LOC1 and LOC3). 
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Figure 3.29  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (two 
UPFCs are installed at LOC1 and LOC3). 
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Figure 3.30  Relative generator speed responses for a 5% sudden decrease in the 
reference power of generator G1 (a UPFC is installed at LOC1). 



 76 

0 5 10
−0.5

0

0.5
ω

2 −
 ω

1, r
ad

./s
ec

on
d

0 5 10
−0.5

0

0.5

ω
3 −

 ω
1, r

ad
./s

ec
on

d

0 5 10
−0.1

0

0.1

ω
3 −

 ω
2, r

ad
./s

ec
on

d

Time, seconds

No UPFCs UPFCs

 

Figure 3.31  Relative generator speed responses for a 5% sudden decrease in the 
reference power of generator G1 (two UPFCs are installed at LOC1 and 
LOC3). 
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Figure 3.32  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 1 (a UPFC is installed at LOC1). 
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Figure 3.33  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 2 (a UPFC is installed at LOC1). 
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Figure 3.34  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 1 (two UPFCs are installed at LOC1 and LOC3). 
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Figure 3.35  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 2 (two UPFCs are installed at LOC1 and LOC3). 
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Figure 3.36  A simplified centralized PI UPFC controller structure. 

3.8. Effect of the Operating Condition and the Fault Clear ing Time 

To demonstrate the robustness of the designed controller, simulation studies under 

various operating conditions were carried out without making any adjustment to the 

controller parameters.  Two operating conditions designated as Case 1 and Case 2 are 

reported in this thesis.  The system pre-disturbance operating conditions in Cases 1 and 2 

are such that area 1 is exporting respectively, 66 MW and 265 MW through tie-line L1 

(Appendix C).  Figure 3.38 illustrates the time responses of the relative generator speeds 

due to a 3-cycle three-phase fault at bus 1 for Case 1 with UPFC(s) installed at different 

locations.  As it can be seen from this figure, the UPFCs effectively damp the system 

oscillations.  It is worth noting here that simulation results of Case 2 (Figure E.1, 

Appendix E) and other cases not reported in this thesis yield the same conclusion.  

Therefore, it can be concluded that the designed controller is robust. 

Regarding the effect of the fault clearing time, the simulation results given in Appendix 

F show that the controller is effective. 

3.9. Summary 

In this chapter, a GA based optimization scheme for designing UPFC controllers capable 

of enhancing the damping of interarea oscillations in a sample three-area power system 

is developed.  The selection of suitable GA parameters for the study system is studied.  

The results of the investigations have shown that the achieved control laws are effective 

both for damping large and small disturbances and are robust with respect to fault 

location and operating condition.  The controller design procedure is very general and 

can be applied to power system damping control design employing other FACTS 
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devices.  The conducted investigations have shown also that the simplified centralized 

UPFC controllers are effective in damping interarea oscillations. 
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Figure 3.37  Effect of the global stabilizing signal on the relative generator speeds due to 
a 3-cycle three-phase fault at bus 1 (a UPFC controller is installed at 
LOC1). 
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Figure 3.38  Effect of the operating condition on the relative generator speeds due to a 3-
cycle three-phase fault at bus 1. 
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Figure 3.38, continued. 
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Figure 3.38, continued. 
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4. DAMPING INTERAREA OSCILLATIONS USING FUZZY 
LOGIC UPFC CONTROLLERS 

4.1. Introduction 

Fuzzy control has gained a great acceptance in the academic and industrial world. The 

worldwide success of numerous commercial products and applications has proved the 

fuzzy control to be not only practical and powerful, but also cost effective.  Real world 

systems are nonlinear and accurate modeling is difficult and even impossible in some 

cases [58].  Fuzzy control has the unique ability to successfully accomplish control tasks 

without knowing the mathematical model of the system, even if it is nonlinear and 

complex.  On the other hand, fuzzy controller design needs a good understanding of the 

physics of the system under study [59].  In this chapter, fuzzy logic controllers for UPFC 

are developed.  Controllers design is conducted based on the knowledge of the system 

dynamics as well as GA tuning.  The effectiveness of these controllers is examined 

throughout several system disturbances. 

4.2. Fuzzy Logic UPFC Controller  Design 

A Multi-Input Single-Output (MISO) Mamdani type fuzzy controller using a centroid 

defuzzification method is used to design a PI fuzzy controller for the UPFC.  The 

variation in generator speeds ∆ω1, ∆ω2 and ∆ω3 are selected again as input signals.  

Figure 4.1 shows a PI fuzzy controller structure.  A centralized PI fuzzy controller uses 

12 of such a controller is considered to control the UPFC.  The variables g1i and g2i 

represent the input variable scaling factors.  These variables are adjustable and are 

chosen, normally, based on the designer experience and the system dynamic 

performance.  The values of g1i and g2i, selected for the PI fuzzy controller in the case of 

a UPFC installed at LOC1, are given in Table 4-1.  The membership functions for the 

premises (inputs) and consequents (outputs) are shown respectively in Figures 4.2 and 

4.3.  N, Z and P are linguistic values representing “Negative” , “Zero”  and “Positive” 
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respectively.  The output signal ∆Ui is used to control the UPFC series and shunt 

injected voltage magnitudes and angles. 

 

g1i
∆wi

∆Ui�
(∆ωi) dt

Fuzzy Logic 
controller

g2i i =1, 2
U1 =|Vinj|
U2 = δinj

g1i
∆wi
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(∆ωi) dt

Fuzzy Logic 
controller

g2i

g1i
∆wi

∆Ui�
(∆ωi) dt

Fuzzy Logic 
controller
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U1 =|Vinj|
U2 = δinj

 

Figure 4.1  PI fuzzy controller structure. 

The PI fuzzy controller uses four simplified rules as 

  I f ∆ωi is P and ∫∆ωi is P Then ∆Ui is P 

  I f ∆ωi is P and ∫∆ωi is N Then ∆Ui is Z 

  I f ∆ωi is N and ∫∆ωi is P Then ∆Ui is Z 

  I f ∆ωi is N and ∫∆ωi is N Then ∆Ui is N 
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Figure 4.2  Membership functions for ∆ωi. 



 88 

Table 4-1  The input gains g1i and g2i values 

i g1 g2  i g1 g2 

1 2 1  7 -1 2 
2 1 1  8 1 -1 
3 1 -2  9 1 2 
4 2 -2  10 -1 -1 
5 1 -2  11 2 1 
6 -2 -1  12 1 0 

 

The variation in the UPFC injected voltages and angles are chosen to be 

∑
=

∆=∆
12

1i
iBiB UKV ,   ∑

=

∆=∆
12

1i
idBiB UKδ  

∑
=

∆=∆
12

1i
iEiE UKV ,   ∑

=

∆=∆
12

1i
idEiE UKδ  

where, 

i KBi KdBi KEi KdEi 

1 1 0 0 0 
2 0 1 0 0 
3 0 0 1 0 
4 0 0 0 1 
5 1 0 0 0 
6 0 1 0 0 
7 0 0 1 0 
8 0 0 0 1 
9 1 0 0 0 
10 0 1 0 0 
11 0 0 1 0 
12 0 0 0 1 

 

4.3. Fuzzy Logic UPFC Controller  Per formance dur ing System Faults 

The performance of the developed PI fuzzy controller is examined due to three-phase 

faults at different locations.  The system pre-disturbance operating condition is, selected 

again, such that area 1 is importing 440 MW through tie-line L1.  The UPFC is 

considered to be installed at LOC1.  Figures 4.4 to 4.7 show the time responses of the 

relative generator speeds due to 3-cycle three-phase faults at buses 1, 2, 3 and 4 
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respectively.  It can be seen from these figures that the PI fuzzy controller of the UPFC 

significantly damps system oscillations at all fault locations. 
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Figure 4.3  Membership functions for output signals. 

4.4. Fuzzy Logic UPFC Performance dur ing Other  Disturbances 

Two system disturbances are considered to examine the designed controller performance 

under different large and small disturbances.  A sudden load decrease of 95% is 

considered as the simulated large disturbance while a 5% decrease in the input reference 

mechanical power is considered as the simulated small disturbance.  Figure 4.8 shows 

the system response following a 5% sudden decrease in the input reference mechanical 

power of generator G1 with the UPFC installed in LOC1 while Figures 4.9 and 4.10 

show the system response due to a 95%, 3-cycle sudden decrease in loads S1 and S2 with 

the UPFC installed in the same location.  It can be seen from Figures 4.8 to 4.10 that the 

developed controller revels excellent performance in damping the system oscillations 

due to both small and large disturbances. 

To examine the effect of the UPFC location and the operating condition on the UPFC 

controller  performance,  simulation  studies  were  carried  out  under  various operating 



 90 

0 5 10
−2.3

0

2.3
ω

2 −
 ω

1, r
ad

./s
ec

on
d

0 5 10
−2.3

0

2.3

ω
3 −

 ω
1, r

ad
./s

ec
on

d

0 5 10
−1

0

1

ω
3 −

 ω
2, r

ad
./s

ec
on

d

Time, seconds

No UPFC F PI−UPFC

 

Figure 4.4  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a UPFC 
is installed at LOC1). 
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Figure 4.5  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (a UPFC 
is installed at LOC1). 
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Figure 4.6  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (a UPFC 
is installed at LOC1). 
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Figure 4.7  Relative generator speeds due to a 3-cycle three-phase fault at bus 4 (a UPFC 
is installed at LOC1). 
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Figure 4.8  Relative generator speed responses for a 5% sudden decrease in the reference 
power of generator G1 (a UPFC is installed at LOC1). 
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Figure 4.9  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 1 (a UPFC is installed at LOC1). 
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Figure 4.10  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 2 (a UPFC is installed at LOC1). 
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conditions with the UPFC installed in different locations; two cases are reported in this 

thesis.  Figures 4.11 to 4.13 illustrate the time responses of the relative generator speeds 

due to 3-cycle three-phase faults at buses 1, 2 and 3 with the UPFC installed at LOC3 

while Figure 4.14 shows the relative generator speeds due to a 3-cycle three-phase fault 

at bus 1 with the UPFC installed at LOC1 for Case 1 (Section 3.8).  As can be seen from 

these figures, the designed controller for the UPFC effectively damps the system 

oscillations. 

4.5. GA Tuned Fuzzy Logic UPFC Controller  

This section discusses a new approach for designing a controller for the UPFC based on 

combining GA technique with the fuzzy logic.  In this approach, a GA objective 

function is chosen to tune the input membership functions, output membership functions 

and the fuzzy set rules and their weights.  The structure of the input and output 

membership functions is shown in Figures 4.15 and 4.16 respectively where Li, M i, X i 

and K i are adjustable parameters.  The controller design is based on minimizing the 

generator speeds due to three-phase faults.  The steps of the controller design procedure 

are as follows: 

1- Decoding: 

Each GA individual is a binary decoded string represents a fuzzy controller design.  

Figure 4.17 shows the structure of the GA string used in this section.  Such a string 

consists of three parts.  The first part contains the input membership function parameters 

while the second part contains the output membership function parameters, where Nin 

and Nout are the number of inputs and outputs respectively.  The third part of the string 

contains the fuzzy rules, where Nr is the number of rules.  Each of these rules consists of 

Nin + Nout + 2 columns as follows: 

Each variable, input, or output, has an index number, and each membership 

function has an index number.  The rules are built from statements having the 

following form: 

I f  input1 is mf1in or input2 is mf3in Then output1 is mf2out (weight = 0.5) (4-1) 
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Figure 4.11  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a 
UPFC is installed at LOC3). 



 99 

0 5 10
−2.3

0

2.3
ω

2 −
 ω

1, r
ad

./s
ec

on
d

No UPFC F PI−UPFC

0 5 10
−3.2

0

3.2

ω
3 −

 ω
1, r

ad
./s

ec
on

d

0 5 10
−2

0

2

ω
3 −

 ω
2, r

ad
./s

ec
on

d

Time, seconds  

Figure 4.12  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (a 
UPFC is installed at LOC3). 
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Figure 4.13  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (a 
UPFC is installed at LOC3). 
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Figure 4.14  Effect of the operating condition on the relative generator speeds due to a 3-
cycle three-phase fault at bus 1 (a UPFC is installed at LOC1). 
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Figure 4.15  GA tuned fuzzy controller input membership function. 
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Figure 4.16  GA tuned fuzzy controller output membership function. 
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This rule is turned into a structure according to the following logic.  If there are 

Nin inputs to the system and Nout outputs, then the first Nin vector entries of the 

rule structure correspond to inputs 1 through Nin.  The entry in column 1 is the 

index number for the membership function associated with input 1.  The entry in 

column 2 is the index number for the membership function associated with input 

2, and so on.  The next Nout columns work the same way for the outputs.  

Column Nin + Nout + 1 is the weight associated with the rule (0 to 1) and 

column Nin + Nout + 2 specifies the connective used (where AND = 1 and OR 

= 2).  The structure associated with the rule shown in Equation (4-1) is 

 [1  3  2  0.5  2] 

2- Initialization: 

An initial generation (a population of initial controller design) is created using a random 

generator.  The fitness value of each member (string) in the initial population is 

calculated using the following fitness function: 

( ) 3,2,13,2,1,max === jandifF ij  

where ( ) dtf
Tsim

jij

2

0

1∫ −= ω , and i represents the fault location, j represents generator 

number and Tsim represents the total simulation time. 

The maximum value of fij is used to consider the least effective performance of such 

controller due to several faults.  It is worth noting here that individuals with lower values 

of F are the fittest.  The definition of fij is illustrated graphically in Figure 4.18. 

3- Reproduction: 

Three GA operators, namely selection, crossover and mutation are implemented to 

create a new population.  The selection operation determines which parents participate in 

producing offspring for the next generation, and it is analogous to “survival of the 

fittest”  in natural selection.  To exploit the potential of the current population, the 

crossover operator generates new chromosomes.  One point crossover is used in the 

investigation of  this section,  where a crossover  point on  the genetic code is selected at  
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Figure 4.17  GA string structure. 
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Figure 4.18  Graphical illustration of the definitions of fij. 

random and two parent chromosomes are interchanged at this point to generate two 

children.  While crossover exploits current gene potentials, mutation operator is capable 

of spontaneously generating new chromosomes.  A mutation operator can prevent any 

single bit from converging to a value throughout the entire population, and more 
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important, it can prevent the population from converging and stagnating any local 

optima.  The fitness values of the new population are revaluated. 

4- Termination: 

If the termination criterion (in this case, a predetermined maximum number of 

generations) is not satisfied, then step three is repeated.  Otherwise, the algorithm is 

terminated and the best controller design is selected. 

The variation in generator speeds ∆ω1, ∆ω2 and ∆ω3 and the deviation of the generator 

power angles ∆δ1, ∆δ2 and ∆δ3 are used as input signals.  The centralized GA tuned 

fuzzy controller has six inputs and four outputs as shown in Figure 4.19. 

4.6. GA Tuned Fuzzy Logic UPFC Controller  Per formance 

Figures 4.20 to 4.22 show the time responses of the system due to various system 

disturbances with the UPFC installed at LOC1.  It can be seen from these figures that the 

GA tuned fuzzy UPFC controller damps significantly the system oscillations.  The 

controller performance, however, is relatively less effective in the case of a small 

disturbance especially if compared with the controller of Figure 4.8.  This is due to the 

fact that such a controller is designed based on tuning its parameters due to large 

disturbances. 

4.7. Summary 

In this chapter, a fuzzy logic controller for UPFC is designed and its potential in 

damping interarea oscillations in the three-area power system is examined.  The results 

of the investigations have shown that the developed controllers are effective both in 

damping large and small disturbances and are robust with respect to fault location and 

operating condition.  The conducted investigations have shown also that the GA tuned 

fuzzy controller for UPFC is effective in damping interarea oscillations. 
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Figure 4.19  GA tuned fuzzy controller structure. 
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Figure 4.20  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a 
UPFC is installed at LOC1). 
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Figure 4.21  Relative generator speed responses for a 5% sudden decrease in the 
reference power of generator G1 (a UPFC is installed at LOC1). 
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Figure 4.22  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 1 (a UPFC is installed at LOC1). 
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5. DAMPING INTERAREA OSCILLATIONS USING A 
GENERALIZED UNIFIED POWER FLOW CONTROLLER AND 
A VOLTAGE-SOURCE CONVERTER BACK-TO-BACK HVDC 

LINK 

5.1. Introduction 

In this chapter, the GA based optimization technique used previously for designing 

controllers for the UPFC is utilized to design PI controllers for two FACTS devices.  

These controllers are also aimed at enhancing the damping of interarea oscillations.  The 

two FACTS devices considered are, a three-converter Generalized Unified Power Flow 

Controller (GUPFC) and a Voltage-Source Converter Back-to-Back HVdc link (VSC 

BtB).  The three-area power system of Figure 3.2 is considered again in the 

investigations in this chapter with the FACTS controllers installed at different locations.  

The effectiveness of the proposed GA FACTS controllers in damping interarea 

oscillations is demonstrated through eigenvalue analysis as well as simulation results of 

typical time responses of different system disturbances. 

5.2. GUPFC Controller  Design 

The proposed GUPFC shown schematically in Figures 5.1 and 5.2 consists of three 

voltage source converters operated from a common dc link provided by a dc storage 

capacitor.  The shunt converters can be seen as independent Static Synchronous 

Compensators (STATCOM).  The real power can flow between the three converters 

through the dc link providing great capability for power flow control as well as for 

damping power system oscillations.  The real power constraint that must be satisfied by 

the GUPFC at steady-state is expressed mathematically as: 

{ } 0Re *** =++ −−−− pqpqjshjshishish IVIVIV  (5-1) 

For power flow studies, the three-voltage source model of the GUPFC is converted into 

four power injections as shown in Figure 5.3.  These four power injections are similar to 

the case of the UPFC given in Section 2.2.1 with the addition of Pj0. 
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It is worth noting that the GUPFC can be regarded as two UPFCs connected back-to-

back. 
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Figure 5.1  The GUPFC structure model. 
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Figure 5.2  The GUPFC three voltage source model. 
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Figure 5.3  The GUPFC injected voltage model. 
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Tuning of power system damping controllers typically uses a small-signal model 

represented by the well-known state-space equations.  The system state-space model is 

developed by linearizing the combined power system dynamic equations and the 

dynamic equations representing the GUPFC.  These dynamic equations are expressed in 

the d-q reference frame as follow: 
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Figure 5.4 shows the transfer function of a PI controller whose output Ui controls the 

magnitude |Vinj| and the phase angle δinj of the injected voltage Vinj of a voltage-source 

converter.  The GUPFC controller, therefore, has three such controllers. The GA 

technique developed in this thesis is used again to adjust the PI controller parameters.  

The variation in generator speeds ∆ω1, ∆ω2 and ∆ω3 are selected again in the controller 

design as stabilizing signals.  With this selection, the GUPFC controller is a centralized 

three-input, three-output controller with global signals. 

Table 5-1 shows the effect on the system eigenvalues of employing the GUPFC at 

LOC1.  For the sake of comparison, the system eigenvalues in the case of a UPFC 
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installed at the same location are also given in Table 5-1.  It can be seen from Table 5-1 

that the system eigenvalues are shifted to the left with the employment of the GUPFC 

and UPFC resulting in better system performance.  It can also be seen from the same 

table that the GUPFC provides slightly a better system performance than the UPFC. 
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Figure 5.4  A PI controller structure for each voltage-source converter. 

Table 5-1  System eigenvalues for GUPFC controller 

System eigenvalues 
No FACTS GA PI GUPFC GA PI UPFC 
-0.1649 ± j4.6393 -1.7877 ± j0.0518 -1.6088 
-0.2309 ± j6.6423 -2.1280 ± j4.9780 -1.6213 ± j5.7847 
-0.5410 ± j5.2272 -2.1612 ± j3.3170 -1.8029 ± j1.2063 
-1.4757 -2.3056 ± j7.9171 -2.8255 ± j7.0481 
-2.0865 -3.2811 -3.2365 ± j1.9593 
-4.6719 -15.0031 -16.3615 
-14.7535 -17.9412 -16.7835 
-17.7718 -18.6018 -18.6242 
-18.7702   

 

5.3. VSC BtB Controller  Design 

The HVdc Back-to-Back system shown in Figures 5.5 and 5.6 is known as HVdc Light 

[75]-[81].  It consists of two voltage-source converters operated from a common dc link 

provided by a dc storage capacitor.  The fundamental difference between a voltage 

source converter and a current source converter (used in conventional HVdc systems) 

makes the performances of the HVdc Light different from that of the conventional HVdc 



 114 

system [82].  In general, the VSC HVdc has the following advantages compared with the 

current source converter HVdc: 

1- Active and reactive power exchange can be controlled flexibly and 

independently. 

2- The power quality and system stability can be improved via continuously 

adjustable reactive power support with AC voltage feedback control. 

3- Possible to feed AC systems with low short circuit power or even passive 

networks with no local power generation. 

4- Power flow direction can be easily changed without changing the polarity of 

DC link. 

This arrangement virtually isolates dynamically the two sides of the system by 

controlling the voltage at both sides.  Thus, the VSC BtB decouples the interarea 

dynamics as well as provides damping to the system.  The real power constraint that 

must be satisfied by the VSC BtB at steady-state is expressed mathematically as: 

{ } 0Re ** =+ −−−− jshjshishish IVIV  (5-3) 

 

dc terminal

Coupling 
transformer

ac terminal

Vi

Vdc

+

-

Vj

dc terminal

Coupling 
transformer

ac terminal

Vi

Vdc

+

-

Vj

 

Figure 5.5  The VSC BtB Structure model. 

For power flow studies, the two-voltage source model of the VSC BtB is converted into 

two power injections as shown in Figure 5.7.  In order to fulfill this constraint, one of the 
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two shunt voltages is adjusted according to the other shunt voltage as well as the voltage 

at buses i and j.  In the studies conducted in this chapter, the phase angle of the voltage 

Vsh-i is adjusted according to the following equation: 

( )





−−= −
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−−
− iish

iojshj

joishi
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xVV
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δδδδ sinsin 1  (5-4) 

Where, Vsh-i = |Vsh-i|∠δsh-i, Vsh-j = |Vsh-j|∠δsh-j and Zio=jxio, Zjo=jxjo 
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Figure 5.6  The VSC BtB voltage source model. 
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Figure 5.7  The VSC BtB injected voltage model. 

A small-signal model represented by state-space equations is used again in this section 

to tune the VSC BtB controller parameters.  The system state-space model is developed 

by linearizing the combined power system dynamic equations and the dynamic 

equations representing the VSC BtB device.  These dynamic equations are expressed in 

the d-q reference frame as follows: 
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The same PI controller structure used in the previous section is considered in this study.  

The VSC BtB controller has two such PI controllers.  The adjustment of the controller 

parameters is done again by employing the developed GA technique.  The variation in 

generator speeds ∆ω1, ∆ω2 and ∆ω3 are selected also in the controller design as 

stabilizing signals.  With this selection, the FACTS controller is a centralized three-

input, two-output controller with global signals.  Table 5-2 shows the effect on the 

system eigenvalues of employing the VSC BtB at LOC1.  The system eigenvalues in the 

case of a UPFC installed at the same location are also given in Table 5-2.  It can be seen 

from Table 5-2 that the system eigenvalues are shifted to the left with the employment of 

the VSC BtB and UPFC, resulting in a better system performance.  It can also be seen 

from the same table that the VSC BtB provides a slightly better system performance 

than the UPFC. 

Table 5-2  System eigenvalues for VSC BtB controller 

System eigenvalues 
No FACTS GA PI VSC BtB GA PI UPFC 
-0.1649 ± j4.6393 -1.6781 -1.6088 
-0.2309 ± j6.6423 -1.7024 ± j7.5179 -1.6213 ± j5.7847 
-0.5410 ± j5.2272 -1.8723 ± j2.5965 -1.8029 ± j1.2063 
-1.4757 -2.2415 -2.8255 ± j7.0481 
-2.0865 -2.2443 ± j4.3791 -3.2365 ± j1.9593 
-4.6719 -6.9194 -16.3615 
-14.7535 -13.7851 -16.7835 
-17.7718 -17.7972 -18.6242 
-18.7702 -18.564  
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5.4. GA Based GUPFC Controller  Per formance dur ing System Faults 

To demonstrate the effectiveness of the proposed GUPFC controller, several simulation 

studies representing small and large disturbances are carried out on the system under 

investigation.  The system pre-disturbance operating condition presented in Section 3.5 

is considered again in these studies.  Moreover, for all these disturbances the 

performance of the GUPFC is compared with the performance of a UPFC installed at the 

same location. 

5.4.1. Effect of the Fault Location 

The effectiveness of the proposed GUPFC controller in damping interarea oscillations 

during large system disturbances is examined through simulating three-phase faults at 

generator buses with the GUPFC installed at LOC1.  Figures 5.8 to 5.10 illustrate the 

time responses of the relative generator speeds due to a 3-cycle three-phase fault at 

buses 1, 2 and 3 respectively.  The time responses of the generator terminal voltages and 

real powers are shown respectively in Figures 5.11 and 5.12.  The dc link capacitor 

voltage and the dc power of the GUPFC are illustrated respectively in Figures 5.13 and 

5.14.  It can be seen from these figures that the GUPFC controller significantly damps 

the system oscillations.  These figures show also that the GUPFC performs relatively 

better than the UPFC.  It can also be seen that the fault location affect the performance 

of the FACTS devices.  Comparing Figure 5.8 with Figures 5.9 and 5.10, shows that the 

GUPFC controller is again more effective in damping the system oscillations in the case 

of the three-phase fault at bus 1.  This is again due to the closeness of bus 1 to the 

GUPFC location. 

5.4.2. Effect of the GUPFC Location 

In this section, the effect of the location of the GUPFC controller on the damping of the 

interarea oscillations is examined.  The locations presented in Section 3.5.2 are 

considered again in these investigations.  The time responses of the relative generator 

speeds in case of the GUPFC device installed at LOC1 were illustrated in Figures 5.8 to 

5.10 while the time responses of the other locations are shown in Figures 5.15 to 5.23.  It 

can be seen  from Figures  5.8  to 5.10  and Figures 5.15  to 5.23  that the location  of the  



 118 

0 5 10
−2.3

0

2.3
ω

2 −
 ω

1, r
ad

./s
ec

on
d

0 5 10
−2.3

0

2.3

ω
3 −

 ω
1, r

ad
./s

ec
on

d

0 5 10
−1

0

1

ω
3 −

 ω
2, r

ad
./s

ec
on

d

Time, seconds

No FACTS UPFC GUPFC

 

Figure 5.8  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a 
GUPFC is installed at LOC1). 
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Figure 5.9  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (a 
GUPFC is installed at LOC1). 
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Figure 5.10  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (a 
GUPFC is installed at LOC1). 
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Figure 5.11  Generator terminal voltages due to a 3-cycle three-phase fault at bus 1 (a 
GUPFC is installed at LOC1). 
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Figure 5.12  Generator real powers due to a 3-cycle three-phase fault at bus 1 (a GUPFC 
is installed at LOC1). 
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Figure 5.13  GUPFC dc-link capacitor voltage due to a 3-cycle three-phase fault at bus 1 
(a GUPFC is installed at LOC1). 
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Figure 5.14  GUPFC dc power due to a 3-cycle three-phase fault at bus 1 (a GUPFC is 
installed at LOC1). 
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Figure 5.15  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a 
GUPFC is installed at LOC2). 
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Figure 5.16  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (a 
GUPFC is installed at LOC2). 
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Figure 5.17  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (a 
GUPFC is installed at LOC2). 
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Figure 5.18  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a 
GUPFC is installed at LOC3). 
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Figure 5.19  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (a 
GUPFC is installed at LOC3). 
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Figure 5.20  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (a 
GUPFC is installed at LOC3). 
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Figure 5.21  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a 
GUPFC is installed at LOC4). 
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Figure 5.22  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (a 
GUPFC is installed at LOC4). 
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Figure 5.23  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (a 
GUPFC is installed at LOC4). 
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FACTS devices as well as the fault location affect the performance of such devices.  

Examining these figures yields the same conclusions of Section 3.5.2. 

5.4.3. Effect of Adding another GUPFC 

The effect of adding another GUPFC in the system to enhance its performance is studied 

in this section.  The two GUPFCs are installed again at LOC1 and LOC3.  The controller 

design in this case is based on a linearized model of a power system incorporating two 

FACTS controllers.  A PI controller is considered again in these investigations.  Figures 

5.24 to 5.26 illustrate the time responses of the generators relative speeds due to 3-cycle 

three-phase faults at buses 1, 2 and 3 with two GUPFCs installed at LOC1 and LOC3.  It 

can be seen from these figures that the system responses are relatively improved.  

Examining these figures shows again that GUPFCs relatively perform better than 

UPFCs. 

5.5. GA Based VSC BtB Controller  Per formance dur ing System Faults 

The effectiveness of the VSC BtB controller in damping interarea oscillations is 

examined using several system disturbances.  Studies similar to these conducted in 

Section 5.4 are considered in this section.  Figures 5.27 to 5.29 illustrate the time 

responses of the relative generator speeds due to 3-cycle three-phase faults at buses 1, 2 

and 3 with the VSC BtB installed at LOC1.  The time responses of the generator 

terminal voltages and real powers are shown respectively in Figures 5.30 and 5.31.  The 

dc link capacitor voltage and the dc power of the VSC BtB are illustrated respectively in 

Figures 5.32 and 5.33.  Different locations for the VSC BtB controller are also 

investigated.  Figures 5.34 to 5.42 show system responses due to 3-cycle three-phase 

faults at buses 1, 2 and 3 with the VSC BtB installed at LOC2, LOC3 and LOC4.  It can 

be concluded, again, that the best location for the VSC BtB controller is at the middle of 

the tie-line that transfers the highest amount of power.  The effect of adding another 

VSC BtB controller is also investigated.  The system responses due to 3-cycle three-

phase faults at buses 1, 2 and 3 with two VSC BtB devices installed at LOC1 and LOC3 

are given in Figures 5.43 to 5.45.  It can be seen again that adding another FACTS 

controller enhances the damping of interarea oscillations. 
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Figure 5.24  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (two 
GUPFCs are installed at LOC1 and LOC3). 
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Figure 5.25  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (two 
GUPFCs are installed at LOC1 and LOC3). 
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Figure 5.26  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (two 
GUPFCs are installed at LOC1 and LOC3). 
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Figure 5.27  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a VSC 
BtB is installed at LOC1). 
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Figure 5.28  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (a VSC 
BtB is installed at LOC1). 
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Figure 5.29  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (a VSC 
BtB is installed at LOC1). 
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Figure 5.30  Generator terminal voltages due to a 3-cycle three-phase fault at bus 1 (a 
VSC BtB is installed at LOC1). 
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Figure 5.31  Generator real powers due to a 3-cycle three-phase fault at bus 1 (a VSC 
BtB is installed at LOC1). 
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Figure 5.32  VSC BtB dc-link capacitor voltage due to a 3-cycle three-phase fault at bus 
1 (a VSC BtB is installed at LOC1). 
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Figure 5.33  VSC BtB dc power due to a 3-cycle three-phase fault at bus 1 (a VSC BtB 
is installed at LOC1). 
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Figure 5.34  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a VSC 
BtB is installed at LOC2). 
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Figure 5.35  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (a VSC 
BtB is installed at LOC2). 
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Figure 5.36  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (a VSC 
BtB is installed at LOC2). 
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Figure 5.37  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a VSC 
BtB is installed at LOC3). 
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Figure 5.38  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (a VSC 
BtB is installed at LOC3). 
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Figure 5.39  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (a VSC 
BtB is installed at LOC3). 
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Figure 5.40  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (a VSC 
BtB is installed at LOC4). 
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Figure 5.41  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (a VSC 
BtB is installed at LOC4). 
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Figure 5.42  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (a VSC 
BtB is installed at LOC4). 
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Figure 5.43  Relative generator speeds due to a 3-cycle three-phase fault at bus 1 (two 
VSC BtBs are installed at LOC1 and LOC3). 



 153 

0 5 10
−2.3

0

2.3
ω

2 −
 ω

1, 
ra

d
./

se
co

n
d

0 5 10
−3.2

0

3.2

ω
3 −

 ω
1, 

ra
d

./
se

co
n

d

0 5 10
−2

0

2

ω
3 −

 ω
2, r

ad
./s

ec
on

d

Time, seconds

No FACTS UPFC VSC BtB

 

Figure 5.44  Relative generator speeds due to a 3-cycle three-phase fault at bus 2 (two 
VSC BtBs are installed at LOC1 and LOC3). 
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Figure 5.45  Relative generator speeds due to a 3-cycle three-phase fault at bus 3 (two 
VSC BtBs are installed at LOC1 and LOC3). 
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5.6. GUPFC Performance dur ing Other  Disturbances 

The effectiveness of the GUPFC in damping system oscillations during severe 

disturbances such as three-phase faults is examined in Section 5.4.  Its effectiveness in 

damping system oscillations during two large and small system disturbances is examined 

in this section.  In this context, a sudden load decrease of 95% is considered as the 

simulated large disturbance while a 20% decrease in the input reference mechanical 

power is considered as the simulated small disturbance. 

Figures 5.46 and 5.47 show the power system time response following a 20% sudden 

decrease in the input reference mechanical power of generator G1 with the GUPFC 

installed at LOC1 and with two GUPFCs installed at LOC1 and LOC3 respectively.  It 

can be seen from these figures that the designed controller for the GUPFC is capable of 

damping small disturbances.  It can also be seen from Figures 5.46 and 5.47 that more 

damping in the interarea oscillations is achieved with two GUPFCs. 

Figures 5.48 and 5.49 respectively show the system response due to a 95%, 3-cycle 

sudden decrease in loads S1 and S2 with the GUPFC installed at LOC1.  System 

responses due to the same disturbance with two GUPFCs installed at LOC1 and LOC3 

are shown in Figures 5.50 and 5.51.  It can be seen from these figures that, the GUPFCs 

exhibit excellent performance in damping the system oscillations.  Examining these 

figures shows again that the GUPFC performance is relatively better than the UPFC. 

5.7. VSC BtB Performance dur ing Different Disturbances 

In this section, the VSC BtB performance is examined during the same disturbances 

considered in the previous section.    Figures 5.52 and 5.53 show the power system time 

response following a 20% sudden decrease in the input reference mechanical power of 

generator G1 with the VSC BtB installed at LOC1 and with two VSC BtB devices 

installed at LOC1 and LOC3 respectively.  It can be seen from these figures that the 

designed controller for the VSC BtB is capable of damping small disturbances.  It can 

also be seen from Figures 5.52 and 5.53 that more damping in the interarea oscillations 

is achieved with two VSC BtB devices. 
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Figure 5.46  Relative generator speed responses for a 20% sudden decrease in the 
reference power of generator G1 (a GUPFC is installed at LOC1). 
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Figure 5.47  Relative generator speed responses for a 20% sudden decrease in the 
reference power of generator G1 (two GUPFCs are installed at LOC1 and 
LOC3). 
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Figure 5.48  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 1 (a GUPFC is installed at LOC1). 
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Figure 5.49  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 2 (a GUPFC is installed at LOC1). 
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Figure 5.50  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 1 (two GUPFCs are installed at LOC1 and LOC3). 
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Figure 5.51  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 2 (two GUPFCs are installed at LOC1 and LOC3). 
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Figure 5.52  Relative generator speed responses for a 20% sudden decrease in the 
reference power of generator G1 (a VSC BtB is installed in LOC1). 



 163 

0 5 10
−2

0

2
ω

2 −
 ω

1, r
ad

./s
ec

on
d

0 5 10
−2

0

2

ω
3 −

 ω
1, r

ad
./s

ec
on

d

0 5 10
−0.6

0

0.6

ω
3 −

 ω
2, r

ad
./s

ec
on

d

Time, seconds

No FACTS UPFC VSC BtB

 

Figure 5.53  Relative generator speed responses for a 20% sudden decrease in the 
reference power of generator G1 (two VSC BtB devices are installed at 
LOC1 and LOC3). 
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Figures 5.54 and 5.55 show the system response due to a 95%, 3-cycle sudden decrease 

in loads S1 and S2 with the VSC BtB installed at LOC1.  The system responses due to 

the same disturbance with two VSC BtB devices installed at LOC1 and LOC3 are shown 

in Figures 5.56 and 5.57.  It can be seen from these figures that, the VSC BtB exhibits 

excellent performance in damping the system oscillations.  Examining these figures 

shows again that the VSC BtB performance is relatively better than the UPFC. 

5.8. Summary 

In this chapter, the steady-state and dynamic models for a proposed three-converter 

Generalized Unified Power Flow Controller and a Voltage-Source Converter Back-to-

Back HVdc link were developed.  The GA optimization technique developed in this 

thesis was applied to design PI controllers for the GUPFC and the VSC BtB.  The results 

of the investigations conducted in this chapter have shown that these two FACTS 

devices are effective in damping both large and small disturbances and are robust with 

respect to the fault location.  It has been also shown that the GUPFC and VSC BtB 

provide, in most of the cases, better damping than the UPFC. 
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Figure 5.54  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 1 (a VSC BtB is installed at LOC1). 
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Figure 5.55  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 2 (a VSC BtB is installed at LOC1). 
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Figure 5.56  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 1 (two VSC BtBa are installed at LOC1 and LOC3). 
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Figure 5.57  Relative generator speed responses due to a 3-cycle 95% sudden load 
decrease at bus 2 (two VSC BtBa are installed at LOC1 and LOC3). 
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6. DAMPING TURBINE-GENERATOR SHAFT TORSIONAL 
TORQUES USING A VOLTAGE SOURCE CONVERTER BACK-

TO-BACK HVDC LINK 

6.1. Introduction 

As it has been mentioned in Chapter 1, FACTS controllers can play a major role in the 

mitigation of the subsynchronous torsional oscillations resulting from the interaction 

between turbine-generator shaft systems and the electrical network disturbances.  The 

high torsional stresses induced during some of these disturbances reduce the life 

expectancy of the turbine-generators and, in severe cases, can cause shaft damage [83]-

[87].  In most of the reported studies on the mitigation of the torsional oscillations using 

FACTS devices, attention has been focused on the TCSC, the STATCOM and the SSSC 

[88]-[93].  Relatively few studies, however, have been published on the application of 

the Voltage Source Converter (VSC) Back-to-Back (BtB) HVdc link in damping 

subsynchronous torsional oscillations [94]. 

This chapter presents a Genetic Algorithms (GAs) based optimization scheme for 

designing a PI controller for a VSC BtB HVdc link.  This controller is aimed at damping 

the high torsional torques induced in turbine-generator shafts during clearing and high-

speed reclosing of transmission system faults.  In this context, investigations have been 

conducted on a large turbine-generator unit connected to an infinite bus system through 

a VSC BtB HVdc link.  The chapter also presents the same optimization scheme applied 

to a Unified Power Flow Controller that is able to provide series compensation to the 

transmission system as well as to damp the torsional oscillations.  The effectiveness of 

the proposed GA FACTS controllers in damping turbine-generator shaft torsional 

torques is demonstrated through simulation results of typical time responses for different 

system faults. 



 170 

6.2. System under Study 

The system used in the investigation of this chapter is shown in Figure 6.1.  It consists of 

a turbine-generator connected via a transformer to an infinite bus through a VSC BtB 

HVdc system.  In order to explore the generality of the proposed scheme, investigations 

have been conducted on two turbine-generator sets of different designs, namely turbine-

generator A (600 MVA) and turbine-generator B (892.4 MVA). 

G

Fault

VSC-BB

Infinite bus

FG

Fault

VSC-BB

Infinite bus

F

 

Figure 6.1  System under study. 

The shaft system of turbine-generator A, Figure 6.2, consists of a high-pressure turbine 

(HP), a low-pressure turbine (LP), the generator rotor (GEN) and a rotating exciter 

(EXC).  The shaft system of turbine-generator B, Figure 6.3, consists of high-pressure 

turbine (HP), an intermediate-pressure turbine (IP), two low-pressure turbines (LPA and 

LPB), the generator rotor (GEN) and a rotating exciter (EXC).  The data of generators A 

and B and their associated turbines are taken from the IEEE first and second benchmark 

model established for the purpose of studying subsynchronous resonance [95], [96].  

Faults are assumed to occur at the beginning of one of the transmission line circuits 

(point F, Figure 6.1) and to be cleared by the circuit breaker operations at both ends of 

the line.  The system data are given in Table 6-1. 

 

EXCGENLPHP EXCGENLPHP

 

Figure 6.2  Turbine-generator A shaft system. 
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Table 6-1  System data 

Electrical data of the transmission system 
Transformer (600, 892.4 MVA, 22, 26/500 kV) 
xT = 0.1 p.u. rT = 0.001 p.u. 
Transmission Line (500 kV) 
xL = 0.48 p.u. rL = 0.04 p.u. 
Mechanical data of the turbine-generator A 
Mass Inertia Damping Spring Constant 
 (p.u.) (p.u./p.u. speed) (p.u./rad.) 

 
EXC 5.195 0.0013 

3.741 
GEN 661.918 0.1761 

83.497 
LP 1167.267 0.3105 

42.715 
HP 187.496 0.0498 

 
Electrical data of the turbine-generator A 
Generator (600 MVA, 22kV, 60 Hz) 

..14.0 upxl =  ..65.1 upxd =  ..25.0 upxd =′  ..2.0 upxd =′′  

..0045.0 upra =  ..59.1 upxq =  ..46.0 upxq =′  ..2.0 upxq =′′  

sTdo 5.4=′  sTdo 04.0=′′  sTqo 55.0=′  sTqo 09.0=′′  

Mechanical data of the turbine-generator B 
Mass Inertia Damping Spring Constant 
 (p.u.) (p.u./p.u. speed) (p.u./rad.) 

 EXC 25.798 0.068 
2.822 

GEN 654.829 0.099 
70.858 

LPB 666.682 0.1 
52.038 

LPA 647.421 0.1 
34.929 

IP 117.311 0.025 
19.303 

HP 70.042 0.008 
 

Electrical data of the turbine-generator B 
Generator (692.4 MVA, 26kV, 60 Hz) 

..13.0 upxl =  ..79.1 upxd =  ..169.0 upxd =′  ..135.0 upxd =′′  

..0 upra =  ..71.1 upxq =  ..228.0 upxq =′  ..2.0 upxq =′′  

sTdo 3.4=′  sTdo 032.0=′′  sTqo 85.0=′  sTqo 05.0=′′  



 172 

EXCGENIPHP LPBLPA EXCGENIPHP LPBLPA

 

Figure 6.3  Turbine-generator B shaft system. 

6.3. Modeling of the Turbine-Generator  Shaft System 

The turbine-generator mechanical system is modeled using a lumped-mass model [97].  

In such a model, Figure 6.4, each major rotating element (generator, turbine stage, etc.) 

is modeled as a lumped mass and each shaft segment is modeled as a massless rotational 

spring with its spring constant representing the shaft stiffness.  The values of the various 

inertias M incorporated in such a model are functions of the rotor-dimensions and are 

usually provided by the manufacturer.  The stiffness K of the various parts of the shaft 

are functions of the shaft diameters and the elasticity of its material and are also 

provided by the manufacturer. 

M1 M2 MN MGEN MEXC

γ1 γ2 γN γEXCγGEN

K12 K23 KNGKN-1, N KGEX

TETMNTM2TM1

M1 M2 MN MGEN MEXC

γ1γ1 γ2γ2 γNγN γEXCγEXCγGENγGEN

K12 K23 KNGKN-1, N KGEX

TETMNTM2TM1

 

Figure 6.4  Lumped-mass model of a turbine-generator mechanical system. 

On the other hand, the mechanical damping is made of various components (steam 

damping, windage damping of rotors, bearing oil film damping and shaft material 

hysteresis damping) which are different in nature [98]. 

In the analysis conducted in this chapter, the mechanical damping is represented by 

constant damping coefficients γi located at each inertia. 

6.3.1. The mathematical representation of the turbine-generator mechanical system 

The mathematical treatment of the lumped-mass model is usually expressed as a set of 

first-order differential equations.  For a mechanical system of a turbine-generator with a 
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rotating exciter and an N-stage turbine (Figure 6.4), these equations can be expressed in 

a normalized form as follows [99], [100]: 

( )211211111 δδδγω −−−= KTM M
&&  

oωωδ −= 11
&  

( ) ( )3223211222222 δδδδδγω −−−+−= KKTM M
&&  

oωωδ −= 22
&  

… 
… 

( ) ( )δδδδδγω −−−+−= −− NNGNNNNNNMNNN KKTM 1,1
&&  

oNN ωωδ −=&  

( ) ( )EXCGEXNNGGENEGEN KKTM δδδδδγω −−−+−−= &&  

oωωδ −=&  

( )EXCGEXEXCEXCEXCEXC KM δδδγω −+−= &&  

 

oEXCEXC ωωδ −=&  (6-1) 

The mechanical torque TMi, (i = 1, N) can be written as follows: 

o
MioMoMi TTT

ω
ω∆−=  (6-2) 

As it has been assumed that no governor action is represented, 
o

Mi
Mio

P
T

ω
= , where PMi is 

the turbine power which is constant and equal to its initial value.  The second term of 

Equation (6-2), namely 
o

MioT
ω

ω∆
, represents the steam damping of the turbine-stage. 

6.3.2. The complete  mathematical representation of the turbine-generator system 
connected to the infinite bus system 

Development of the complete mathematical model is based on combining Equations 

(6-1) and (6-2) with the power system and BtB controller dynamic equations.  A PI 

controller is then designed using the same technique used in Section 2.5 with the 

stabilizing signal chosen to be either the generator speed or the generator and exciter 

speeds. 
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6.4. VSC BtB Controller  Per formance dur ing Fault Clear ing 

To demonstrate the effectiveness of the designed PI controller in damping turbine-

generator shaft torsional torques, several time domain studies are carried out on the 

system under investigations.  The system pre-disturbance operating condition is such 

that the turbine-generator is delivering its rated power to the infinite bus system. 

6.4.1. Case study I: a three-phase fault with ∆ω as the stabilizing signal 

The shaft torsional torque responses of turbine-generator A during a 4-cycle three-phase 

fault are illustrated in Figure 6.5 with the BtB HVdc controller out of service and in 

Figure 6.6 with the BtB HVdc controller in service with the generator speed deviation as 

the stabilizing signal.  Figures 6.7 and 6.8 show the shaft speed responses with the BtB 

HVdc controller out of service and with the BtB HVdc controller in service. 

System short circuits impress slightly offset pulsating torsional torques on the shaft 

sections, the magnitude and behavior of which are governed by the sudden loss of load 

and by the pulsating electromagnetic torque.  As it can be seen from Figure 6.5, the 

turbine-generator torsional torques are, most often, not sinusoidal with a single 

frequency component, but contain contributions from all the torsional modes.  

Moreover, it can be noticed that the shaft section between the generator and the low-

pressure stage is subjected to the highest stresses. 

Comparing Figures 6.5 and 6.7 with Figures 6.6 and 6.8 reveals that the BtB HVdc 

controller is effective in damping all the shaft torsional torques.  It can be also noticed 

from Figure 6.6 that the (GEN-EXC) shaft torsional torque is less damped than the other 

two shaft torsional torques.  It is worth noting here that the eigenvectors analysis of the 

turbine-generator shaft system reveals that torsional Mode 3 (51.1 Hz) is more dominant 

in the (GEN-EXC) shaft section (Appendix G) [96]. 

Figures 6.9 to 6.11 illustrate the shaft torsional torque responses of turbine-generator B.  

As can be seen from these figures, the designed controller significantly damps the 

torsional torques in all the shaft sections.  Figures 6.12 to 6.15 show the turbine-

generator speed responses of turbine-generator B due to a 4-cycle three-phase fault with 

and without employing the BtB HVdc controller. 
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Figure 6.5  Torsional torque responses of turbine-generator A due to a 4-cycle three-
phase fault, BtB controller is not employed. 
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Figure 6.6  Torsional torque responses of turbine-generator A due to a 4-cycle three-
phase fault, BtB controller is employed with the generator speed as the 
stabilizing signal. 
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Figure 6.9  Torsional torque responses of turbine-generator B due to a 4-cycle three-
phase fault, BtB controller is not employed. 
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Figure 6.10  Torsional torque responses of turbine-generator B due to a 4-cycle three-
phase fault, BtB controller is employed with the generator speed as the 
stabilizing signal. 
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Figure 6.12  Speed responses of turbine-generator B due to a 4-cycle three-phase fault, 
BtB controller is not employed. 
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Figure 6.13  Speed responses of turbine-generator B due to a 4-cycle three-phase fault, 
BtB controller is employed with the generator speed as the stabilizing 
signal. 



 184 

0 1.5 3
0.97

1

1.03
sp

ee
d,

 p
.u

. LPA

0 1.5 3
0.97

1

1.03

sp
ee

d,
 p

.u
. IP

0 1.5 3
0.97

1

1.03

sp
ee

d,
 p

.u
.

Time, seconds

HP

 

Figure 6.14  Speed responses of turbine-generator B due to a 4-cycle three-phase fault, 
BtB controller is not employed. 
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Figure 6.15  Speed responses of turbine-generator B due to a 4-cycle three-phase fault, 
BtB controller is employed with the generator speed as the stabilizing 
signal. 
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6.4.2. Case study II: a three-phase fault with ∆ω and ∆ωEXC as the stabilizing signals 

In order to further damp the (GEN-EXC) shaft torsional torque of turbine-generator A, 

both the generator and exciter speed deviations are used as auxiliary signals to the BtB 

HVdc controller.  Figure 6.16 illustrates the shaft torsional torque responses of turbine-

generator A for the same fault in case study I.  Figure 6.17 shows the turbine-generator 

speed responses of turbine-generator A for the same case.  Comparing Figures 6.6 and 

6.16 shows that the BtB HVdc controller provides better damping with the choice of ∆ω  

and ∆ωEXC as stabilizing signals. 

6.5. VSC BtB Controller  Per formance dur ing High-Speed Reclosing 

It is well known that automatic high-speed reclosure of multi-phase faults, especially 

unsuccessful reclosure, aggravates the potential impact on the turbine-generator shaft 

due to the large number of rapidly succeeding electrical transients to which the turbine-

generator shaft system responds [42], [44]. 

The shaft torsional torque responses of turbine-generator A during unsuccessful 

reclosing of a 4-30-4 cycle three-phase fault are illustrated in Figure 6.18 with the BtB 

HVdc controller out of service and in Figure 6.19 with the BtB HVdc controller in 

service with the generator and exciter speeds as the stabilizing signals.  As it can be seen 

from Figures 6.18 and 6.19 the BtB HVdc controller again provides good performance 

in damping the torsional torques in all the shaft sections. 

6.5.1. Effect of the reclosing time on the VSC BtB controller performance 

As far as power system stability is concerned, high-speed reclosing on a permanent fault 

may not always result in negative effects.  In the 1960s, studies of various stability-

control methods for a transmission system conducted by BC Hydro [101], showed that 

faster reclosures are not necessarily better.  For unsuccessful reclosures (permanent 

faults) in the studied transmission systems, the 45-cycle reclosure was the best, followed 

by the 35-cycle.  The 25-cycle reclosure was the worst and caused the system to lose 

stability [102].  In this section, the effect of the above three reclosing times on the 

performance of the VSC BtB controllers is investigated.  Figures 6.18 to 6.25 show the 
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Shaft torsional torque responses of turbine-generator A during unsuccessful reclosing of 

4-25-4,  4-35-4  and   4-45-4   cycles  three-phase  fault   respectively.     The   VSC  BtB 
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Figure 6.16  Torsional torque responses of turbine-generator A due to a 4-cycle three-
phase fault, BtB controller is employed with the generator and exciter 
speeds as stabilizing signals. 
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Figure 6.17  Speed responses of turbine-generator A due to a 4-cycle three-phase fault, 
BtB controller is employed with the generator and exciter speeds as 
stabilizing signals. 
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Figure 6.18  Shaft torsional torque responses of turbine-generator A due to unsuccessful 
reclosing of a 4-30-4 cycles three-phase fault, BtB controller is not 
employed. 
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Figure 6.19  Shaft torsional torque responses of turbine-generator A due to unsuccessful 
reclosing of a 4-30-4 cycles three-phase fault, BtB controller is employed 
with the generator and exciter speeds as stabilizing signals. 
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Figure 6.20  Shaft torsional torque responses of turbine-generator A due to unsuccessful 
reclosing of a 4-25-4 cycles three-phase fault, BtB controller is not 
employed. 
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Figure 6.21  Shaft torsional torque responses of turbine-generator A due to unsuccessful 
reclosing of a 4-25-4 cycles three-phase fault, BtB controller is employed 
with the generator and exciter speeds as stabilizing signals. 
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Figure 6.22  Shaft torsional torque responses of turbine-generator A due to unsuccessful 
reclosing of a 4-35-4 cycles three-phase fault, BtB controller is not 
employed. 
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Figure 6.23  Shaft torsional torque responses of turbine-generator A due to unsuccessful 
reclosing of a 4-35-4 cycles three-phase fault, BtB controller is employed 
with the generator and exciter speeds as stabilizing signals. 
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Figure 6.24  Shaft torsional torque responses of turbine-generator A due to unsuccessful 
reclosing of a 4-45-4 cycles three-phase fault, BtB controller is not 
employed. 
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Figure 6.25  Shaft torsional torque responses of turbine-generator A due to unsuccessful 
reclosing of a 4-45-4 cycles three-phase fault, BtB controller is employed 
with the generator and exciter speeds as stabilizing signals. 
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controller is employed with the generator and exciter speeds as stabilizing signals.  As 

can be seen from these figures, increase in the reclosing time does not necessarily 

improve the shaft torsional torque responses.  The figures also show the effectiveness of 

the VSC BtB controller in damping all the turbine-generator shaft torsional torques. 

6.6. Design of a UPFC Controller  for  Damping Turbine-Generator  Shaft 
Torsional Torques 

The series converter of the UPFC can insert a synchronous voltage component in series 

with the line in phase-quadrature with the line current, thereby allowing the power flow 

on the line to be regulated.  This feature eliminates the need for using a capacitor for 

series compensation and, therefore, avoids the occurrence of subsynchronous resonance.  

The GAs optimization scheme developed in this thesis is used to design a PI controller 

for a UPFC installed in the middle of the transmission system of Figure 6.1.  Figure 6.26 

shows the shaft torsional torque responses of turbine-generator A due to the same three-

phase fault considered in Section 6.4.1.  The series converter of the UPFC is assumed to 

provide 50% capacitive compensation for the transmission line.  As it can be seen from 

Figure 6.26, the UPFC controller provides good performance in damping the torsional 

torques in all the shaft sections. 

Figure 6.27 shows the system eigenvalues with and without employing the FACTS 

devices.  It can be seen that the dominant eigenvalues of the system are improved to 

provide a good damping for the system oscillations.  It can also be seen from Figure 6.27 

that when both generator and exciter speeds are used as stabilizing signals, more system 

damping is obtained. 

6.7. Summary 

In this chapter, a GA based optimization scheme for designing VSC BtB HVdc link and 

UPFC controllers capable of damping the torsional torques induced in turbine-generator 

shafts due to clearing and high-speed reclosing of system faults is presented.  The results 

of the investigations conducted in this chapter show that the achieved control laws are 

effective for damping the induced torsional torques in all the shaft sections.  It is also 

shown that, in general, the use of the generator speed deviation in the controller as a 

stabilizing signal is effective in damping all the torsional torques.  It is also shown that 
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the use of two stabilizing signals namely, the generator and exciter speed deviations 

provides more damping to the turbine-generator shaft system.  The controller design 

procedure is very general and can be applied to power system damping control design 

employing other FACTS devices such as the IPFC. 
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Figure 6.26  Torsional torque responses of turbine-generator A due to a 4-cycle three-
phase fault (UPFC controller is employed with the generator speed as the 
stabilizing signal). 
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7. SUMMARY AND CONCLUSIONS 

7.1. Summary 

In the evolving utility environment, financial and market forces are, and will continue to, 

demand an optimal and a profitable operation of the power system with respect to 

generation, transmission and distribution.  Now, more than ever, advanced technologies 

are paramount for the reliable and secure operation of power systems.  To achieve both 

operational reliability and financial profitability, it has become clear that more efficient 

utilization and control of the existing transmission system infrastructure is required. 

Improved utilization of the existing power system can be provided through the 

application of advanced control technologies.  Power electronics based equipment, or 

Flexible AC Transmission Systems (FACTS), provide proven technical solutions to 

address these new operating challenges being presented today.  FACTS technologies 

allow for improved transmission system operation with minimal infrastructure 

investment, environmental impact and implementation time compared to the 

construction of new transmission lines. 

Low frequency oscillations in some parts or between parts of the interconnected power 

systems are commonly experienced in modern power systems.  These oscillations take 

place as the synchronous generators swing against each other.  The frequency range of 

these oscillations is from 0.1 to 2.5 Hz and is related to the dynamic power transfer 

between areas.  These oscillations can severely restrict system operations by requiring 

the curtailment of electric power transfers as an operational measure.  These oscillations 

can also lead to widespread system disturbances if cascading outages of transmission 

lines occur due to oscillatory swings. 

Another problem of concern in the power industry is the interaction between turbine-

generator shaft systems and the electrical network disturbances.  Some of these 

disturbances can inflict severe torsional stress on the shafts of the turbine-generators.  
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The induced high stresses reduce the life expectancy of the turbine-generators and, in 

severe cases, may cause shaft damage. 

An introduction to the phenomena of interarea oscillations and turbine-generator 

torsional oscillations is presented in Chapter 1.  A brief review of the various FACTS 

devices that can improve the security of a power system by enhancing its steady-state 

and transient stability is also presented in this chapter.  The primary focus in this 

research work is on employing the Unified Power Flow Controller (UPFC) to damp 

interarea and torsional oscillations.  Two other FACTS devices have been also 

investigated. 

In Chapter 2, the steady-state and dynamic models for the UPFC and various power 

system components are presented.  For power flow studies, the UPFC is modeled by a 

series reactance together with a set of active and reactive nodal power injections at each 

end of the series reactance.  These powers are expressed as functions of the terminal, 

nodal voltages and the voltages of the series and shunt sources which represent the 

UPFC series and shunt converters respectively.  The UPFC injection model is 

implemented into a full Newton-Raphson power flow program by adding the UPFC 

power injections and their derivatives with respect to the AC network state variables, i.e. 

nodal voltage magnitude and angles, at the appropriate locations of the mismatch vector 

and Jacobian matrix.  The original dimensions of the mismatch vector and Jacobian 

matrix are not altered.   The attraction of this formulation is that it can be implemented 

easily in existing power flow programs.  To formulate the overall dynamic system 

equations, state equations of each dynamic device and the network are developed 

separately.  The overall state matrices are then formed by augmented dynamic device 

models and interfacing the results with the network equations.  To construct the state-

space model of each dynamic device, either its terminal voltage or its current injected 

into the network, whichever is more convenient, is assumed as the input, and the other as 

the output.  Using this approach, the overall system model for a single-machine infinite-

bus power system incorporating UPFC is developed to study power system oscillations. 

The Genetic Algorithms (GA) and fuzzy logic techniques which are used in designing 

controllers for the different FACTS devices considered in this thesis are presented.  In 
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the GA technique, the objective function used for the optimization is set to shift the 

dominant system eigenvalues to the left side of the wedge shape sector in the complex 

plane.  Novel controllers based on these two techniques are developed and examined 

through eigenvalue analysis as well as time domain simulations of small system 

disturbances.  Eigenvalue analysis describes the small signal behavior of the system, i.e. 

the behavior around one operating point, and does not take into account the nonlinear 

behavior of some system components, at large system perturbations.  Therefore, time 

domain simulations and eigenvalue analysis complement each other. 

In Chapter 3, a complete dynamic model of a multi-area power system incorporated with 

UPFCs is developed to study interarea oscillations.  A three-area power system is 

considered in these investigations.  Centralized Proportional Integral (PI) controllers 

with global signals are designed to control the UPFCs based on the GA technique.  

Several investigations are conducted in this chapter to select the appropriate GA 

parameters used in designing such controllers.  The robustness of the designed 

controllers is examined with respect to the fault location, the location of the FACTS 

device and the operating conditions.  Simplified centralized PI controllers for the UPFC 

to damp interarea oscillations are also investigated. 

In Chapter 4, a fuzzy logic controller for UPFC is designed and its potential in damping 

interarea oscillations in the three-area power system is examined.  The effectiveness of 

the fuzzy logic controller for the UPFC is examined for both large and small system 

disturbances.  The potential of tuning the fuzzy logic controller using GA techniques is 

also studied in this chapter. 

In Chapter 5, the GA based optimization technique used previously for designing 

controllers for the UPFC is utilized to design PI controllers for two FACTS devices.  

These controllers are also aimed at enhancing the damping of interarea oscillations.  The 

two FACTS devices considered are, a proposed three-converter Generalized Unified 

Power Flow Controller (GUPFC) and a Voltage-Source Converter Back-to-Back HVdc 

link (VSC BtB).  The effectiveness of the proposed GA FACTS controllers in damping 

interarea oscillations is demonstrated through eigenvalue analysis as well as simulation 

results of typical time responses of different system disturbances. 
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In Chapter 6, the potential of using the UPFC and VSC BtB in damping turbine-

generator shaft torsional torques is investigated.  The complete mathematical 

representation of a turbine-generator connected to an infinite bus through a VSC BtB is 

presented.  VSC BtB controller performance due to fault clearing and high-speed 

reclosing are examined.  The effect of the selection of the input signal on the VSC BtB 

controller performance is also investigated. 

7.2. General conclusions 

The studies conducted in this thesis yield the following conclusions: 

1. The designed controllers for the FACTS devices do not need state observers since 

they have an output feedback form using the deviation in generator angular speeds.  

Nevertheless, several dynamic modes, that may enrich the control signals, can be 

generated from the measured signals using the integral action. 

2. The designed controllers for the FACTS devices considered in this thesis are robust 

with respect to the fault location and the operating conditions. 

3. The GA based controller design procedure is very general and can be applied to 

power system damping control design employing other FACTS devices (e.g. TCSC, 

SSSC and IPFC).  Moreover, it allows the simultaneous tuning of multiple FACTS 

controllers. 

4. For the GA parameter selection, increasing the population size over 100 strings does 

not significantly affect the controller design as the differences among the final 

values of the fitness function are relatively small.  Moreover, the value of the fitness 

function converges to its optimum value within 40 to 60 generations when using a 

population size greater than 100 strings.  Furthermore, a crossover probability in the 

range of 0.7 to 0.77 results in a good system response. 

5. Selecting a mutation probability between 0.03 and 0.07 results in a desirable 

convergence for the fitness function and, consequently, in a better design for the 

UPFC controller.  Moreover, the value of the angle β does not significantly affect 

the system response. 
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6. A simplified centralized UPFC controller using a reduced number of stabilizing 

signals can also be effective in damping interarea oscillations. 

7. The designed fuzzy logic controllers for the UPFC are capable of damping power 

system oscillations during large and small disturbances.  Moreover, fuzzy logic 

controllers for the UPFC tuned with a GA technique exhibit enhanced performance 

due to different system disturbances. 

8. The decision on where to install a FACTS device is largely dependent on the 

desired effect and the characteristics of the specific system.  It can be concluded 

from the simulation results that the best location for the FACTS devices is at the 

middle of the tie-line that transfers the highest amount of power.  It is also shown 

that the closeness of the FACTS device to the fault location improves the 

performance of such a device in damping interarea oscillations. 

9. The designed controllers for the proposed GUPFC and the VSC BtB provide, in 

most cases, better interarea oscillations damping than the UPFC. 

10. Unsuccessful high-speed reclosing of a system fault results in high torsional torques 

induced in the turbine-generator shafts.  The magnitudes of these torques depend 

highly on the timing of the reclosing switching sequence (the combination of the 

fault clearing and reclosing time).  Moreover, the shaft section between the 

generator and the low-pressure stage turbine is subjected to the highest stresses. 

11. The designed GA based controllers for the VSC BtB HVdc link and the UPFC are 

effective in damping the torsional torques induced in turbine-generator shafts due to 

clearing and high-speed reclosing of system faults. 

12. In general, the use of the generator speed deviation in the controller as a stabilizing 

signal is effective in damping all the torsional torques.  However, the use of two 

stabilizing signals namely, the generator and exciter speed deviations provides more 

damping to the turbine-generator shaft system. 
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APPENDIX A - PHILLIPS-HEFFRON MODEL OF A SINGLE-
MACHINE INFINITE-BUS POWER SYSTEM EQUIPPED WITH UPFC 

The dynamic differential equations of the UPFC can be written as: 
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Therefore, 
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The state-space equation of the power system can be represented as: 
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APPENDIX B - GENETIC ALGORITHMS: AN OVERVIEW 

Genetic Algorithms (GA) is a technique that mimics natural evolution to solve problems 

in wide variety of domains.  This appendix presents the basic definitions and principles 

of GA. 

B.1 Fundamentals of Genetic Algor ithms 

In nature, individuals best suited to competition for scanty resources survive.  Adapting 

to changing environment is essential for the survival of individuals of each species.  

While the various features that uniquely characterize an individual determine its survival 

capacity, the features in turn are determined by the individual’s genetic content.  A basic 

unit called gene controls each feature.  The sets of genes controlling features form the 

chromosomes, the “keys”  to the survival of the individual in a competitive environment.  

In nature, competition among individuals for scant resources such as food and space and 

for mates, results in the fittest individuals dominating over weaker ones.  Only the fittest 

individuals survive and reproduce a natural phenomenon called “ the survival of the 

fittest” .  Hence, the genes of the fittest survive, while the genes of weaker individuals 

die out.  Natural selection leads to the survival of the fittest individuals, but it also 

implicitly leads to the survival of the fittest genes.  The reproduction process generates 

diversity in the gene pool.  Evolution is initiated when the genetic material 

(chromosomes) from two parents recombines during reproduction.  New combinations 

of genes are generated from previous ones; a new gene pool is created.  The exchange of 

genetic material among chromosomes is called crossover.  Segments of the two parents’  

chromosomes are exchanged during crossover, creating the possibility of the “ right”  

combination of genes for better individuals.  Repeated selection and crossover cause the 

continuous evolution of the gene pool and the generation of individuals that survive 

better in a competitive environment. 
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Holland proposed genetic algorithms in the early 1970s as computer programs that 

mimic the evolutionary processes in nature [48].  Table B-1 presents the analogy 

between genetic terminology and the corresponding GA terminology. 

Table B-1 GA terminology 

Genetics Terminology GA Equivalent 
Individual, String or Chromosome A coded parametric set 
Population A Collection of search points 
Generation Next iteration  
Gene Feature or character 
Allele Feature value 
Fitness function or objective 
Function or Performance index 

Function to be optimized 

Schemata or similarity templates Building blocks 

 

B.2 Simple Genetic Algor ithms 

Genetic algorithms are different from normal search methods encountered in 

engineering optimization in the following ways: 

1- GA work with a coding of the parameter set not the parameters themselves. 

2- GA search from a population of points, not a single point. 

3- GA use probabilistic transition rules, not deterministic transition rules. 

A typical GA search starts with a random population of individuals.  Each individual (a 

string) is a coded set of parameters that we want to optimize.  An objective (fitness) 

function is used to determine how fit these individuals are.  A suitable selection strategy 

is employed to select the individuals that will reproduce.  Reproduction (or a new set of 

individuals) is achieved by using crossover and mutation operators.  The GA then 

manipulates the most promising strings in its search for improved solutions.  A GA 

operates through a simple cycle of stages as follows: 

1- Creation of a “population”  of strings (using a random generator). 

2- Evaluation of each string (using a fitness function). 

3- Selection of best strings (using a suitable selection method). 

4- Genetic manipulation to create the new population of strings. 
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Figure B.1 shows these four stages using the biologically inspired GA terminology. 
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Figure B.1 The GA cycle. 

B.3 Coding of parameters 

Genetic Algorithms require the natural parameter set of the optimization problem to be 

coded as a finite-length string.  As an example, consider the linear optimal control 

problem shown in Figure B.2.  For this optimization problem, the two parameters (K1 

and K2) are discretized by mapping from a smallest possible parametric set Kmin to a 

largest possible parametric set Kmax.  This mapping uses a 10-bit binary unsigned integer 

for both K1 and K2.  In this coding string code 0000000000 maps to Kmin and an 

1111111111 maps to Kmax with a linear mapping in between.  Next, the two 10-bit sets 

are chained together to form a 20-bit string representing a particular controller design.  A 

single 20-bit string represents one of the 220 = 1,048,576 alternative solutions.  Table B-

2 presents a coding example and a sample random initial population. 

 

System

K1, K2

U Y1, Y2

-

Reference
System

K1, K2

U Y1, Y2

-

Reference

 

Evaluate K1 and K2 for min ( )∫=
T

dtUYYfJ
0 21 ,,  

Figure B.2 An example of linear optimal control. 
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Table B-2 Coding example 

String 
Number 

K1 
Coding 

(Population Size = 5) 
K1               K2 

K2 

1 -25.00 (Kmin) 0000000000 0000000000 -25.00 (Kmin) 
2 8.3 1010101010 1010111101 9.23 
3 19.43 1110001110 0001101101 -19.67 
4 15.57 1100111111 0000110111 -22.31 
5 25.00 (Kmax) 1111111111 1111111111 25.00 (Kmax) 

 

Example of coding 

 Range of parameter K (-25 to 25) 

 Number of states for 10 bits string = 210 = 1024 state 

 Q (Quantitization) = 50 / 1024 = 0.048828 

 For string # 2 K1 = 682 × 0.048828 –25 = 8.3 

  where (1010101010)2 = (682)10 

 For string # 3 K2 = 109 × 0.048828 –25 = -19.67 

  where (0001101101)2 = (109)10 

 

B.4 GA Operators 

A simple genetic algorithm is composed of three operators: selection, crossover, and 

mutation. 

1- Selection is a process where an old string is carried through into a new 

population depending on the value of fitness function.  Due to this move, 

strings with better fitness values get larger numbers of copies in the next 

generation.  Selecting good strings for this operation can be implemented in 

many different ways.  A simple way is to let strings with higher fitness values 

"F" get a proportionally higher probability of selection (roulette wheel 

selection, Figure B.3) based on P(select) = ∑
i

ii FF / ; where i = string index.  
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This strategy, in which good strings get more copies in the next generation, 

emphasizes the survival-of-the-fittest concept of Genetic Algorithms. 
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Figure B.3 Roulette wheel selection. 

2- A simple crossover follows the selection is made in three steps.  First, the 

newly selected strings are paired together at random.  Second, an integer 

position "n" along every pair of strings is selected uniformly at random.  

Finally, based on a probability of crossover (ρc), the paired strings undergo 

crossing over at the integer position "n" along the string.  This results in new 

pairs of strings that are created by swapping all the characters between 

characters 1 and "n" inclusively.  As an example, consider two strings X and Y 

of length 5 mated at random from the mating pool of the new generation 

(numbers in brackets show a binary coded representation of a possible 

combination): 

 X = X1 X2 X3 X4 X5  [0 0 0   1 1] 

 Y = Y1 Y2 Y3 Y4 Y5 [1 1 1    0 0] 

 If the random draw chooses position 3, the resulting crossover yields two new 

strings X*, Y*  after the crossover. 

 X*  = Y1 Y2 Y3 X4 X5  [0 0 0 0 0] 

 Y*  = X1 X2 X3 Y4 Y5  [1 1 1 1 1] 

 Although the crossover operation is a randomized event, when combined with 

selection it becomes an effective means of exchanging information and 
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combining portions of good quality solutions.  Selection and crossover give 

GA most of their search power. 

3- Mutation is simply an occasional random alteration of a string position based 

on probability of mutation (ρm).  In a binary code, this involves changing a 1 to 

a 0 and vice versa.  The mutation operator helps in avoiding the possibility of 

mistaking a local minimum for a global minimum.  When mutation is used 

with selection and crossover, it improves the global nature of the genetic 

algorithm search.  Figure B.4 presents crossover and mutation examples.  Note 

that a crossover can occur at many random locations.  Thus in a GA, every 

new generation consists of selected individuals from the previous generation 

who have gone through crossover and mutation based on the probability rates 

chosen. 
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Figure B.4 Crossover and mutation. 

Figure B.5 presents a computational flow chart of a simple genetic algorithm.  One of 

the benefits of the genetic algorithm is the problem-independent characteristic of the 

search scheme.  This enables a black-box treatment of the GA code.  That is, the GA 

supplies the parameters to the optimization problem at hand and in return, the specific 

problem-dependent software provides the fitness function.  This fitness function is then 

used by the GA to develop the next generation. 

Several practical means of deciding when to stop regeneration are used. These are: 

1- Stop after a period of time (Maximum number of generations). 



 232 

2- Stop when the average fitness is close to the minimum (or the maximum) of 

the fitness. 

3- Stop when there is no improvement in the maximum (or minimum) value of 

the fitness. 

4- Stop after finding a better solution than the one proposed by other means or 

criterion. 

5- Stop after finding the desired maximum (or minimum). 
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Figure B.5 GA flowchart. 

B.5 Tournament Selection Method 

Roulette wheel selection defined earlier suffers from two problems:  (1) it can handle 

only maximization problems, and (2) scaling of the fitness becomes very important near 

convergence.  Essentially, members with very poor fitness die out very early causing 
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premature convergence.  To overcome these problems, few other selection techniques 

are available.  The most used of all of these techniques is tournament selection.  This 

method of selection is used for the work of this thesis. 

In tournament selection, the population members are randomly divided into subgroups 

and members with the best fitness among the subgroups get selected for reproduction.  

The subgroups can be of any size.  The usual choices are two and three.  Figure B.6 

shows the flow chart of a tournament selection with the subgroup size of two. 
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Figure B.6 Tournament selection. 
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APPENDIX C - THE THREE-AREA POWER SYSTEM DATA 

C.1 The Three-Area Power System Data 

Generators data 

Generator G1 G2 G3 
Rating, MVA 5500 1800 2400 
Inertia constant, sec 4 4 3.5 

dx , p.u. 2 1 1.79 

qx , p.u. 1.9 0.6 1.71 
'
dx , p.u. 0.25 0.3 0.169 
'

doT , sec 6 6 4.3 

AK  30 10 10 

AT  0.05 0.05 0.05 

Transmission lines, 500 kV 

Line L1 L2 L3 
Length, km 300 200 250 
Z, Ω/km 0.01864 + j 0.3728 

System loads (1000 MVA, 500 kV base) 

Load S1 S2 S3 S4 
S, p.u. 4.5 + j 2.7 0.9 + j 0.24 1.32 + j 0.36 0.6 + j 0.36 

 

 

C.2 State Matr ix Constants of the Three-Area Power System Equipped with 

UPFCs 
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Considering two GUPFCs installed in the power system in tie-lines L1 and L3 

( ) ( )
( ) ( )
( ) ( )











=

2,31,3

2,21,2

2,11,1

pdpd

pdpd

pdpd

pd

KK

KK

KK

K  

( ) ( ) ( ) 



′

∂
∂

+
∂
∂′−+

∂
∂

′−= 10
1

1
10

1

1
1110

1

1
111,1 q

dc

q
q

dc

d
dqd

dc

q
dqpd E

V

I
I

V

I
xxI

V

I
xxK  



 240 

( ) ( ) ( ) 



′

∂
∂

+
∂
∂′−+

∂
∂

′−= 10
2

1
10

2

1
1110

2

1
112,1 q

dc

q
q

dc

d
dqd

dc

q
dqpd E

V

I
I

V

I
xxI

V

I
xxK  

( ) ( ) ( ) 



′

∂
∂

+
∂
∂′−+

∂
∂

′−= 20
1

2
20

1

2
2220

1

2
221,2 q

dc

q
q

dc

d
dqd

dc

q
dqpd E

V

I
I

V

I
xxI

V

I
xxK  

( ) ( ) ( ) 



′

∂
∂

+
∂
∂′−+

∂
∂

′−= 20
2

2
20

2

2
2220

2

2
222,2 q

dc

q
q

dc

d
dqd

dc

q
dqpd E

V

I
I

V

I
xxI

V

I
xxK  

( ) ( ) ( ) 



′

∂
∂

+
∂
∂′−+

∂
∂

′−= 30
1

3
30

1

3
3330

1

3
331,3 q

dc

q
q

dc

d
dqd

dc

q
dqpd E

V

I
I

V

I
xxI

V

I
xxK  

( ) ( ) ( ) 



′

∂
∂

+
∂
∂′−+

∂
∂

′−= 30
2

3
30

2

3
3330

2

3
332,3 q

dc

q
q

dc

d
dqd

dc

q
dqpd E

V

I
I

V

I
xxI

V

I
xxK  

 

1

1
1

1

1

dc

d
d

dc

q

v

I
x

v

V

∂
∂

⋅′−=
∂
∂

,  
2

1
1

2

1

dc

d
d

dc

q

v

I
x

v

V

∂
∂

⋅′−=
∂
∂

,  
1

2
2

1

2

dc

d
d

dc

q

v

I
x

v

V

∂
∂

⋅′−=
∂
∂

 

2

2
2

2

2

dc

d
d

dc

q

v

I
x

v

V

∂
∂

⋅′−=
∂
∂

,  
1

3
3

1

3

dc

d
d

dc

q

v

I
x

v

V

∂
∂

⋅′−=
∂
∂

,  
2

3
3

2

3

dc

d
d

dc

q

v

I
x

v

V

∂
∂

⋅′−=
∂
∂

 

 

1

3
3

1

3

1

2
2

1

2

1

1
1

1

1

dc

q
q

dc

d

dc

q
q

dc

d

dc

q
q

dc

d

v

I
x

v

V

v

I
x

v

V

v

I
x

v

V

∂
∂

⋅=
∂
∂

∂
∂

⋅=
∂
∂

∂
∂

⋅=
∂
∂

,  

2

3
3

2

3

2

2
2

2

2

2

1
1

2

1

dc

q
q

dc

d

dc

q
q

dc

d

dc

q
q

dc

d

v

I
x

v

V

v

I
x

v

V

v

I
x

v

V

∂
∂

⋅=
∂
∂

∂
∂

⋅=
∂
∂

∂
∂

⋅=
∂
∂

 

The constants peK  to bvK δ  can be obtained similar to pdK  
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APPENDIX D - THE PRE-DISTURBANCE OPERATING CONDITIONS 
OF THE THREE-AREA POWER SYSTEM 

Case study used in Section 3.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

G2 G1 

G3 

 Load: 
 4500 MW 
 2700   MVAR 
 

 Load: 
 525.84   MW 
 315.5     MVAR 
 

 Load: 
 900 MW 
 240 MVAR 
 

 Load: 
 1320 MW 
 360   MVAR 
 

 Generation: 
 4062.7 MW 
 2913.1 MVAR 
 

 Generation: 
 1200    MW 
 452.43 MVAR 
 

 Generation: 
 2000    MW 
 587.89 MVAR 
 

1 

3 

2 4 

Transmission Lines Losses: 
L ine MW    MVAR 
   1 5.2923      105.85 
   2 2.015          40.3 
   3 9.5872      191.74 
Power  angles: 
Generator Power  angle, degree 
        1   34.9739 
        2   19.1665 
        3   45.1234 
Bus voltages: 
     Bus             Voltage, p.u. 
        1  1 ∠0.0 
        2  1 ∠17.65 
        3  1 ∠27.8 
        4     0.9362 ∠12.36 

 670.41   MW 
 36.149   MVAR 
 

  437.27 MW 
 -213.07 MVAR 
 

 442.56  MW 
 -107.22 MVAR 
 

 297.98 MW 
 172.13 MVAR 
 

 300      MW 
 212.43 MVAR 
 

 680      MW 
 227.89 MVAR 
 

2400 MVA 

1800 MVA 5500 MVA 
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Case 1, used in Section 3.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

G2 G1 

G3 

 Load: 
 4500 MW 
 2700   MVAR 
 

 Load: 
 542.78   MW 
 325.67   MVAR 
 

 Load: 
 900 MW 
 240 MVAR 
 

 Load: 
 1320 MW 
 360   MVAR 
 

 Generation: 
 4566.7 MW 
 2807.7 MVAR 
 

 Generation: 
  1000   MW 
 400.21 MVAR 
 

 Generation: 
 1700    MW 
 500.43 MVAR 
 

1 

3 

2 4 

Transmission L ines Losses: 
L ine MW    MVAR 
   1 0.354            9 
   2 0.53            10.64 
   3 3.06           63.043 
 
Power angles: 
Generator  Power angle, degree 
        1   38.689 
        2   16.3886 
        3   41.7612 
 
Bus voltages: 
     Bus             Voltage, p.u. 
        1  1 ∠0.0 
        2  1 ∠0 
        3  1 ∠6.76 
        4     0.9511 ∠-1.66 
  

 376.94   MW 
 77.387   MVAR 
 

   66.724 MW 
   107.71 MVAR 
 

 66.37  MW 
 98.71  MVAR 
 

  99.47  MW 
 149.57 MVAR 
 

  100   MW 
160.21 MVAR 
 

   380   MW 
 140.43 MVAR 
 

2400 MVA 

1800 MVA 5500 MVA 
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Case 2, used in Section 3.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

G2 G1 

G3 

 Load: 
 4500 MW 
 2700   MVAR 
 

 Load: 
 540.59   MW 
 324.36   MVAR 
 

 Load: 
 900 MW 
 240 MVAR 
 

 Load: 
 1320 MW 
 360   MVAR 
 

 Generation: 
 4766.2 MW 
 2817.2 MVAR 
 

 Generation: 
  800   MW 
 417.18 MVAR 
 

 Generation: 
 1700    MW 
 505.59 MVAR 
 

1 

3 

2 4 

Transmission L ines Losses: 
L ine MW    MVAR 
   1 1.89            39.67 
   2 0.62            12.38 
   3 3.08           63.54 
 
Power angles: 
Generator  Power angle, degree 
        1   39.84 
        2   13.17 
        3   41.68 
 
Bus voltages: 
     Bus             Voltage, p.u. 
        1  1 ∠0.0 
        2  1 ∠-9.02 
        3  1 ∠1.37 
        4     0.9492 ∠-7.06 
  

 376.92   MW 
    82     MVAR 
 

   266.18 MW 
   117.19 MVAR 
 

 264.29  MW 
 77.52  MVAR 
 

 100.62  MW 
 -164.8 MVAR 
 

  100   MW 
-177.18 MVAR 
 

   380   MW 
 145.54 MVAR 
 

2400 MVA 

1800 MVA 5500 MVA 
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APPENDIX E - TIME DOMAIN SIMULATIONS FOR CASE 2 
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Figure E.1 Relative generator speeds due to a 3-cycle three-phase fault at bus 1 
(operating conditions of case2). 
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Figure E.2 Relative generator speeds due to a 3-cycle three-phase fault at bus 2 
(operating conditions of case2). 
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Figure E.3 Relative generator speeds due to a 3-cycle three-phase fault at bus 3 
(operating conditions of case2). 
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Figure E.4 Relative generator speeds due to a 3-cycle three-phase fault at bus 4 
(operating conditions of case2). 
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APPENDIX F - TIME DOMAIN SIMULATIONS FOR ANOTHER 
FAULT CLEARING TIME 
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Figure F.1 Relative generator speeds due to a 4-cycle three-phase fault at bus 1 (a 
UPFC is installed at LOC1). 
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APPENDIX G - TORSIONAL NATURAL FREQUENCIES AND MODE 
SHAPES 

 

Turbine-generator A 

Rotor Mode 1 Mode 2 Mode 3 
Exciter 1.307 1.683 -102.6 
Generator 1.0 1.0 1.0 
LP-Turbine -0.354 -1.345 -0.118 
HP-Turbine -1.365 4.813 0.0544 

 

 

Mode 3       
f
n
 = 51.1 Hz

Mode 2        
f
n
 = 32.39 Hz

Mode 1        
f
n
 = 24.65 Hz

Mode 0      
f
n
 = 0.0 Hz

EXC GEN LP HP

 
 

Figure G.1 Typical mode shapes of torsional mechanical system (turbine-generator A). 
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Turbine-generator B 

Rotor Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 
Exciter 2.681 -26.738 -1.5199 -0.6073 -0.2 
Generator 1.0 1.0 1.0 1.0 1.0 
LPB-Turbine 0.2992 1.0561 -0.5753 -1.6113 -4.6889 
LPA-Turbine 0.918 0.4011 1.3831 0.8108 25.1778 
IP-Turbine -1.5646 -1.7299 2.062 0.0696 -222.222 
HP-Turbine -2.0826 -2.9385 6.0241 -1.3941 175.0889 
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f
n
 = 0.0 Hz
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f
n
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Mode 3        
f
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Mode 4        
f
n
 = 32.29 Hz

Mode 5        
f
n
 = 47.47 Hz

GENEXC LPB LPA IP HP

 

 

Figure G.2 Typical mode shapes of torsional mechanical system (turbine-generator B). 


