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Abstract

In the past few decades the power systems have witnessed an increase in size due to
rapid and growing demand of power. This imposed a problem due to the limited resources
and the strict environmental constraints that caused the system to be operated near to the
stability limit and to have area interconnection. This led several problems, such as system
low frequency oscillations that may lead to loss of synchronism. Flexible AC transmission
system (FACTS) devices introduced by Electric Power Research Institute (EPRI) offer a
solution to such problems.

In this study a design of a smart controller for the Unified Power Flow Controller
(UPFC) based on evolutionary algorithms is carried. The UPFC is a FACTS device that
is capable of controlling all the power system parameters. Therefore, it became the most
versatile system among all FACTS devices. .

This thesis is contains six chapters, the first chapter will be an introduction of FACTS
controllers, where the devices are categorized based on technology used to control the
system parameters. It then introduces the UPFC controller configuration and its modes of
operation.

The second chapter discusses the modeling of the UPFC. It begins with a review of
the UPFC load flow models that were introduced in literature. Based on the review the
UPFC decoupled load flow model is chosen. The model is then investigated in order to
realize different control strategies of the UPFC, then a study of the impact of installation
location of the UPFC on the control parameters is discussed. The second part of the chapter
discusses UPFC dynamic modeling, it compares two models that have been introduced in
literature. Based on the comparison, the PWM UPFC model is chosen in this study.

The third chapter introduces two evolutionary algorithms, the Biogeography Based
Optimization (BBO) and Particle Swarm Optimization (PSO) algorithms. After which, a
discussion of the UPFC capability to damp interarea oscillation is presented. By using
these algorithms a robust power oscillation damping (POD) controller is designed by using
two different objective functions. The resulting controller from each case is compared.

The fourth chapter discusses the multifunction control capability of the UPFC, where
a power flow controller, DC voltage regulator, bus voltage regulator, and POD controller
are tuned simultaneously using the prior mentioned algorithms.

At the fifth chapter, a result analysis of the designed controllers is introduced for
several types of system disturbances and system uncertainties in order to evaluate the ro-
bustness and the performance of the controllers.

The last chapter, presents the conclusion withdrawn from the study and the ability to

enhance it more in the future.
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Chapter 1

Introduction

1.1 Overview

Due to the increasing demand on power, and with the economical and envi-
ronmental constraints on building new generating plants and installing new

Due to the increasing demand on power, and with the economical and
environmental constraints on building new generating plants and installing
new transmission lines, interconnection of the transmission system appeared
as an option in order to cover the need for power. This also meant that the
system is to be operated and utilized to its limits. Since the transmission sys-
tem 18 governed by two limits namely, electrical stability limit, and thermal
limit, and by operating outside the permissible range of stability, the sys-
tem security is compromised. An innovative solution to such a problem was
with the introduction of flexible AC transmission system (FACTS). FACTS
controllers were introduced by Electrical Power Research Institute (EPRI)
in 1980. The idea behind FACTS was to increase controllability and opti-
mize the existing power system capacity through the use of power electronic
devices. With such devices the transmission system is to be operated near to
its thermal limits without compromising the system security and reliability.
Since then, the use of FACTS controllers has been popular to solve different
problems faced in power systems such as power flow control, voltage sup-
port, and even oscillation damping. FACTS installations increase the system
operating range, security, and reliability and also provide more functionality
over mechanical devic transmission lines, interconnection of the transmis-
sion system appeared as an option in order to cover the need for power.
This also meant that the system is to be operated and utilized to its limits.
Since the transmission system is governed by two limits namely, electrical
stability limit, and thermal limit, and by operating outside the permissible
range of stability, the system security is compromised. An innovative solu-




tion to such a problem was with the introduction of flexible AC transmission
system (FACTS). FACTS controllers were introduced by Electrical Power
Research Institute (EPRI) in 1980. The idea behind FACTS was to increase
controllability and optimize the existing power system capacity through the
use of power electronic devices. With such devices the transmission system
is to be operated near to its thermal limits without compromising the system
security and reliability. Since then, the use of FACTS controllers has been
popular to solve different problems faced in power systems such as power
flow control, voltage support, and even oscillation damping. FACTS instal-
lations increase the system operating range, security, and reliability and also
provide more functionality over mechanical devices installed in the system.

FACTS controllers can be categorized by two different approaches.
The first categorization of FACTS controllers is based on the connection

of the device into the system:

1. Series Controllers
2. Shunt Controllers

3. Hybrid Controllers

The second approach is based on the technology of the FACTS controllers:

1. Thyristor based FACTS controllers

2. Voltage Source Converter (VSC) based FACTS controllers

It is safe to consider them as the first and second generations of FACTS

controllers.




1.2 FACTS Controllers
1.2.1 Thyristor Based FACTS Controllers

This category of FACTS controllers employ conventional thyristors in
their circuits. They include FACTS devices such as: Static Var Compensator
(SVC), Thyristor Controlled Series Compensator (TCSC), and Thyristor
Controlled Phase Shifter (TCPS). Each device of this family of FACTS de-
vices can only control one of the three parameters of power system (impedance,

bus voltage and phase angle).

1.2.1.1 Static Var Compensator (SVC)

SVC is a shunt connected controller, which 1s intended to act as a vari-
able impedance where the current through a reactance of a transmission line
is controlled using a back to back connected thyristors. Figure (1.1), shows
the a schematic diagram for single phase SVC. It is composed of thyristor
switched capacitors (TSC) and thyristor switched reactors (TSR). The SVC
is operated to maintain the voltage at the bus at which it is connected to.
Ideally, the best practice is to connect the SVC at the midpoint of the trans-
mission line K. Padiyar (2007). The SVC V-I characteristics curve is shown
in figure (1.2) . Its illustrating that voltage regulation can be achieved in
normal operating range defined by the maximum inductive and capacitive
currents. The capability to enhance the power system stability using SVC

has been investigated in Noroozian (1998).




Transmission Line

@ S b
Transformer

] ] ] Va
Thyrsitor Switches ’_;{ .—’? ZF ._,Y # '_;F 4&, Contraller

L]
Aux. Input
o Parameter Setting
L L
C C

Figure (1.1)
Static Var Compensator (SVC)

pu VYoltage

0 Ind. Rating Transient I

Cap. Rating
Ind. Rating

Ic

Figure (1.2)
V-I characteristics curve for SVC




1.2.1.2 Thyristor Controlled Series Compensator (TCSC)

Thyristor Controlled Series Compensator (TCSC), is used to control
the power flow through a transmission line through impedance compen-
sation. With different degrees of transmission compensation, variation in
power transmitted can be achieved as it is shown in figure (1.3) . TCSC has

two forms:

1. Thyristor Switched Capacitors (TSC): In this case the impedance of
the transmission line is varied as the number of the capacitor banks
connected to the system varies. This is done through the control of
the firing angle of the corresponding thyristor pair connecting the re-
spective capacitor bank. Figure (1.4) presents schematic diagram of
TSC.

2. Fixed capacitor is parallel with thyristor controlled reactor (TCR). In
this scheme, the impedance control is achieved by controlling the con-
duction period of the thyristor connecting the reactor. Hence maxi-
mum compensation is reached when TCR is off. Figure (1.5) shows a

double fixed capacitor in parallel with TCR.

TCSC capability to damp power system oscillation has widely been ad-
dressed in literature. It has been in use for many years to increase line

power transfer as well as enhancing system stabilityPanda & Padhy (2007).
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1.2.1.3 Thyristor Controlled Phase Shifters (TCPS)

Thyristor Controlled Phase Shifters (TCPS), controls the transmission
angle through the injection of series voltage that is quadrature to the original
angle. This is done in order to control power flow in multiple transmission
corridors, or to control it so as to increase the transient and dynamic sta-
bility of a transmission system Fang & Macdonald (1998). As presented in
figure (1.6), TCPS consists of multiple tap-changing shunt transformers, a
boosting series transformer, and a set of thyristor arranged to select a com-
bination of tap voltages to the boosting transformer. If the injected voltage
angle is stipulated to =90°, as can be seen from figure (1.7) which represents
a phasor diagram of the system. The TCPS is called a quadrature booster,
and the angle between the injected voltage and the line current can be de-
termined from system parameters. The drawback of TCPS is that it is not
capable to locally generate or absorb either real or reactive power. It is rec-
ommended that the TCPS is to be connected close to the generating node or
be complemented by a shunt compensator to provide the required reactive

power.

Series Transformer

ED

Figure (1.6)
Thyristor Controlled Phase Shifters (TCPS)
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Figure (1.7)
TCPS Operation: Phasor Diagram

1.2.2 Voltage Source Converters Based FACTS Controllers

The first generation of FACTS controllers was based on thyristor tech-
nology, hence they have the turn-on capability only, while the turn-off of the
device depends on the current coming to zero as per circuit and system con-
ditions. Semiconductor devices such as Gate Turn-Off (GTO) Thryistor , In-
tegrated Gate Biploar Transistor (IGBT), MOS Turn-Off Thyristor (MTO),
and Integrated Gate Commutated Transistor (IGCT) have the turn off ca-
pability. The emergence of these devices has started the next generation
of FACTS controllers based on the synchronous voltage source converters
(VSC). The VSC based FACTS controllers are equipped with a dc storage
device allowing a bi-directional flow of power between the device and the
transmission system. Moreover, they have the capability of generating and

absorbing of reactive power with the ac system.

1.2.2.1 Static Compensator (STATCOM)

Also known as Advanced Static Var Compensator (ASVC), is a shunt
connected FACTS controller. It was developed to overcome the shortcom-
ings of the conventional SVC as it uses switched reactors and switched ca-
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pacitors. A STATCOM is comparable to a synchronous condenser which
can supply variable reactive power and regulate the voltage of the bus where
it is connected K. Padiyar (2007). A schematic representation of the STAT-
COM is shown in figure (1.8). The STATCOM is operated as when the
injected voltage is greater than the bus voltage, the current flows through
the tie reactance or coupling transformer from the VSC to the ac system,
where it is 90° leading the voltage. Hence operating it either to generate re-
active power, capacitive reactive power, or absorb reactive power, inductive
reactive power and this can be seen from figure 1.9. This is done via the
control of the magnitude of the injected voltage, through a PWM control

signal.

Syster Bus
VBus

: ~  Coupling

transformer

Leakage Reactance

g DC - AC Switching
Converter
||

||
Cu

Figure (1.8)
STATCOM schematic representation
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Figure (1.9)
STATCOM Operation

1.2.2.2 Static Synchronous Series Compensator (SSSC)

Static Synchronous Series Compensator (SSSC), is a series type FACTS
device which employs the voltage source converter for compensation. The
SSSC is similar to the STATCOM in construction the only difference is that
it connected in series with the transmission line through a booster trans-

former, as shown in figure (1.10) .
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Figure (1.10)
Static Synchronous Series Compensator (SSSC)

The principle of operation of the SSSC is that through the injection of
voltage in series with the transmission line the system parameters (angle and
impedance) are varied. The injected voltage magnitude is fully controlled
while the phase angle is kept in quadrature to the line current. However, the
phase angle of the injected voltage can be either +90° or -90°, meaning that
the voltage either be leading or lagging the current, thus operating either
as series capacitance or series reactance to compensate the line impedance.
Figure (1.11) , illustrates the SSSC operation in a phasor diagram, where
V; and V, represents the sending and receiving buses between which the
SSSC is connected V7, is the voltage drop across the transmission line. By
injecting a controllable voltage V that is in-phase with V the voltage

12




drop across the line can be controlled and eventually controlling power flow

through the line.

Same as the STATCOM, as being based on the voltage source convert-
ers, the SSSC is able to generate and absorb reactive power. The SSSC can
exchange active and reactive power with the A.C system simply by varying
the angle of the injected voltage. For this the capacitor serves as an energy

source or sinks depending on the angle.

Vi

Figure (1.11)
SSSC Operation: Phasor Diagram

1.2.2.3 Interline Power Flow Controller (IPFC)

The conventional series capacitive compensation using fixed thyristor
controlled or SSSC, are used to increase the transmittable real power over
a given line and also balance loading of a normally encountered multiline
transmission system. The problem with these controllers, that they are un-
able to control the reactive power flow in, and thus the proper load balancing
through the line. This can be clearly seen when it is employed to control
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power over a line with low X/R ratio. Since these devices are to reduce the
line reactance to increase the transmitted power, the losses of the line will
increase as the ratio decreases. Interline Power Flow Controller (IPFC),
was introduced in 1998 by Gyugyi with Sen and Schader Hingorani et al.
(2000). The introduction of IPFC was to address the problem experienced
with conventional series compensation.

The IPFC consists of two voltage source converters connected back -
to - back through a common DC link capacitor, as shown in figure (1.12).
Each VSC operates as an independent SSSC, where it injects a controllable
series voltage with respect to the selected bus voltage and line current. In
its general form the IPFC employes a number of dc-to-ac converters each

providing series compensation for a different line.

Line 2

Lo MM
MM

SSSC I SSSC

Figure (1.12)
Interline Power Flow Controller (IPFC)

14




1.3 Unified Power Flow Controller (UPFC)

The concept of UPFC was introduced by Gyugyi in 1991Gyugyi (1992).
It is the most versatile VSC based FACTS controllers, capable of control-
ling any or all of the transmission system parameters (voltage,impedance,
and angle), hence it is characterized by the adjective “unified” in its name
Hingorani et al. (2000). UPFC can independently control both the real and

reactive power flow in the line.

1.3.1 Construction of the UPFC

The UPFC is a hybrid FACTS controller, as it consists of two voltage
source converters connected back to back through a common d.c link as
illustrated in figure (1.13). Through the connection of two ac converters, a
path is established in which the real power can freely flow between two a.c
sides of the converters.

The series VSC, also termed as the booster converter, is connected to
the line through a series coupling transformer similar to the SSSC. The shunt
VSC or the excitation converter is connected to the system bus through a
shunt coupling transformer same as the STATCOM. Hence the capabilities
of the two devices are realized by a single FACTS controller.

| |
! od |

Shunt VSC Series VSC =

M

Figure (1.13)
Unified Power Flow Controller (UPFC)

1.3.2 Modes of Operation

The UPFC construction gives the advantage of controlling all the trans-

mission system parameters (voltage,phase angle and impedance). This is
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done by injecting voltage with appropriate magnitude and phase.

UPFC in concept is a synchronous voltage source (SVS) , that can be
represented as a fundamental frequency voltage phasor V , with control-
lable magnitude V/,, and controllable phase angle p. The magnitude of the
voltage phasor is controllable within a range of 0 < V,;, < Vjymas , Which
defines the compensation region of the UPFC. On the other hand, the phase
angle is free to change as 0 < p < 27. The shunt converter of the UPFC
acts primarily as a supply of active power to the series converter that is anal-
ogous to the SVS where it injects the controllable voltage in series with the
transmission line. Each converter is capable of generating and absorbing re-
active power independently, hence they give rise to reactive power compen-
sation through the series converter and voltage support or Var compensation
through the shunt converter.

The voltage injected via the booster converter acts essentially as a syn-
chronous ac voltage source, and as the current flows through this voltage
source it results in an exchange of active and reactive powers with the AC
system. The active power that is exchanged at the AC terminal is supplied
from the shunt converter that draws power from the system to the DC link,
while the reactive power is generated internally in the converter.

Figure (1.14), illustrates the phasor diagram of the control capabilities
of the UPFC . For instance, the voltage regulation is done through the in-
Jection of an in-phase or anti-phase voltage, p = 0 and 0 < V,; < Vpymas-
Hence the effective sending end voltage is either increased or decreased in
magnitude.

The series reactive compensation is done through injection of a quadra-
ture voltage to the line current I, in which it emulates the action of a series
inductive or series capacitive compensation. The type of compensation de-
pends on the angle of the series injected voltage as it can be either +90° or
-90°, and the level of the compensation depends on the magnitude of the

injected voltage.
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Phase angle regulation is done through an injection of a voltage com-
ponent V,, with a phase shift of p that if added to V; will not change its
magnitude.

Combining these modes, the UPFC multifunction power flow control

is executed through simultaneous terminal voltage regulation.

R T
/ N /
f ‘\V;iv -
Vet Vg 1 \ ‘\?W/ ;’i‘u;'l‘l\“;m i
g / \ ,I:wt'_k:’ | /
W Q .
1 b
I i
< i
a. Voltage Regulation b. Line impedance control b. Phase Shifting

Figure (1.14)
UPFC Control Capabilities

1.4 Motivation and Objective

The objectives of this research work are as follows:

1. Analyzing the system mathematically for load flow and dynamic stud-
ies and compare between different models of UPFC that have been

used in literature.

2. Discussing biological inspired evolutionary optimization algorithms:

(a) Biogeography Based Optimization (BBO) Algorithm
(b) Particle Swarm Optimization (PSO) Algorithm
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1.5

Investigating the capability of UPFC in damping power system os-
cillations through the use of a lead - lag compensator and use of the
above mentioned algorithms to tune it.

Designing and simulating the performance of UPFC as MIMO sys-

tem.

Comparing the performance of the system for the two case studies
mentioned above in terms of speed, stability, accuracy and simplicity.

Publications

Comparison of Fundamental Frequency Model and PWM Based Model
of UPFC, by S.A. Al-Qallaf, S.A. Al-Mawsawi, A. Haider, ICEE
2014 : International Conference on Electrical Engineering, Dubai,
October 2014.

Investigation of Different Control Stratgies for UPFC Decoupled Model
and the Impact of Location on Control Parameters, by S.A. Alqallaf,
S.A. Al-Mawsawi, A. Haider, ICEE 2014 : International Conference
on Electrical Engineering, Dubai, October 2014

Evolutionary Optimization Algorithms in Designing a UPFC Based
POD Controller, WSEAS Transactions on Power Systems,5716-331
(15296) - under review.

Design of Robust UPFC Based Damping Controller Using Biogeog-
raphy Based Optimization, Alexandria Engineering Journal, AEJ-D-
14-00434 - under review.
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1.6 Outline of The Thesis

The thesis is divided into six chapters . The first chapter is an intro-
ductory chapter, which discusses the concept behind FACTS controllers.
It categorizes the FACTS controllers based on the technology employed
into first generation and second generation devices. It then discusses the
UPFC construction and modes of operations. The second chapter deals
with the modeling of the UPFC for load flow studies and dynamic analy-
sis. It presents comparison between two dynamic models for which one is
selected for use in this study. The third chapter introduces the concept of
biogeography based optimization (BBO) and particle swarm optimization
(PSO) algorithms, it then proceeds to investigates the system capability to
damp the power system oscillation. Using the optimization algorithms, a
POD controller is designed using different objective functions. The fourth
chapter, uses the optimization algorithms to tune simultaneous controllers to
realize a MIMO UPFC control system. In the fifth chapter an assessment of
the controller robustness and performance is done through several tests on
the system. The conclusion and recommendation for future research work

are presented in the sixth chapter.
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Chapter 2
Unified Power Flow Controller Modeling

2.1 Overview

In order to evaluate the performance of a unified power flow controller
(UPFC), mathematical models for steady state and dynamic analysis need
to be developed. The steady state model is mainly concerned with the in-
corporation of the UPFC in load flow studies, while the dynamic model is
developed to investigate the behavior of UPFC during transients ,the con-
trol capability, and controller design. This chapter is divided into two main
sections, the first discusses the load flow models developed in literature and
select one model for the aim of finding the initial operating conditions re-
quired for the dynamical analysis of the system. The dynamic modeling
 is discussed in the second section of this chapter, where two models are
presented and discussed with a proposed control strategy. Based on a com-
parison between the two models and their control strategies, the chosen dy-
namical model is then implemented on a single machine infinite bus (SMIB)

system with double transmission line circuit.

2.2 Unified Power Flow Controller Load Flow Model-
ing

Steady state analysis of a power system with the inclusion of the unified
power flow controller (UPFC) would show the need of a model for this
device to be incorporated in the load flow studies. In a load flow problem the
real and reactive powers of a load bus, the real power and voltage magnitude
of the generator bus, and the voltage magnitude and phase angle of a slack
bus 1s to be specified. This section will discuss several models that were
introduced in literature briefly, and it will take on a detailed discussion for
the model introduced in Nabavi-Niaki & Iravani (1996). This model will
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be used to find the initial operating conditions required for the dynamic

analysis and control design.

| |
|

Shunt VSC Series VSC

EEPEED

Figure (2.1)
Unified Power Flow Controller Schematic Diagram

I

Figure (2.1) shows a schematic diagram of a single line UPFC con-
nected to a transmission line system. As discussed in chapter 1, the UPFC
is composed of two voltage source converters (VSC) connected back to back
through a common DC link capacitor. Converter 1 is connected to the power
system in shunt through a shunt coupling transformer termed as the excita-
tion transformer. Converter 2 is connected to the power system through a

series coupling transformer known as boosting transformer.

Vs I Xp Vr

Vs

Xg

Pr+Pp=0 3
Y

Figure (2.2)
Steady State UPFC Model

During steady state the UPFC is modeled by replacing the converters
by fundamental frequency voltage sources in series with the coupling trans-
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former leakage reactance, as shown in Figure (2.2).Vural & Tumay (2003).
In this modeling approach the series voltage source Vg is converted into
a current source in parallel to the transmission line. This current injection
is transformed into an equivalent complex power injection at the sending
and receiving buses of the UPFC. In this approach the shunt converter func-
tions as a real power supply to the series converter, where its reactive power
injection is not considered ,()p = OVural & Tumay (2003). Figure (2.3), il-
lustrates how to obtain the power injection model of UPFC. The drawbacks
of this model is that it did not consider the shunt converter capabilities by
neglecting the reactive power injection. Moreover all major aspects of auto-
matic UPFC parameters adjustment has not been addressed, also the adjust--
ment of the power flow is done through trial and error procedure El-Sadek
et al. (2006).
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¢ The current injection is then
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® The current injection is then
transformed to a complex power
injection at both buses as:

SsB = VsIg*=Psp+iOsp
SrB = VRIB*=Prp*jOrz
N Xs Va

7Yy

Ssere=PaprctiQupre Swpre=ProprciQrmuprc

¢ From this the injection model is obtained. With
the equivalent power injection at both buses

Figure (2.3)
UPFC Power Injection Model

Another load flow modeling approach was introduced in Fuerte-Esquivel
et al. (2000). This comprehensive UPFC model uses the steady state equiv-
alent circuit shown in figure (2.2) to derive an extension of the power flow
equations. This model incorporates the UPFC directly in the existing New-




ton - Raphson load flow algorithm. This model suffers from a convergence
and divergence problem, where a good initial condition could lead to con-

vergence while a bad initialization may lead to divergence.

2.2.1 UPFC Decoupled Load Flow Model

Based on Nabavi-Niaki & Iravani (1996), it was deduced that the UPFC can
be modeled as can be seen from figure (2.2). The operation of the voltage
sources is not independent of each other, rather as mentioned above that the

UPFC real power constraint should be satisfied:

e bl —0 (2.1)

By neglecting the coupling transformers losses and by assuming that
the UPFC is a lossless system, the active power injection at the UPFC buses
should be equal as net active power exchange with the AC system is zero.

Hence:

Lo+ Pri— 1 (2.2)

In order to incorporate the UPFC in the load flow studies, an innovative
approach was presented by Nabavi-Niaki & Iravani (1996), where the UPFC
1s replaced by equivalent bus representation. Hence, the power system is
transformed into a conventional power system which can be solved using
any load flow procedure. The bus equivalent representation of the UPFC that
was presented in Nabavi-Niaki & Iravani (1996) is shown in figure (2.4):

In this representation the UPFC is intended for simultaneous control
where it will control the active power flow through the transmission line,
regulate the receiving end voltage, and control reactive power injection to
the sending end bus. Hence, the sending bus is set to a PQ - load bus and
the receiving end bus is set to a PV generator bus. By the assumption that
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Figure (2.4)
UPFC Equivalent Bus Representation

the UPFC is a lossless system and from equation (2.2), it can be seen that
the active power for the load bus and for the generator bus are equal and is
set to the desired power flow in the transmission line that the UPFC should
control. The reactive power at the load bus is the reactive power injection
by the shunt converter, while the the generator bus voltage magnitude is set
to the value at which the UPFC is desired to regulate.

Since in this scheme shown in figure (2.4), the UPFC is intended for
simultaneous control of active power flow, reactive power compensation,
and receiving bus voltage regulation. In a similar manner, different control
schemes can be defined for simultaneous control (and with simple manip-
ulation can be used for two or single parameter control), and this can be
seen from figure (2.5), which is showing different control strategies using
the decoupled model.

Figure (2.5a), shows a scheme where the UPFC is used for simultane-
ous control of the power flow through the transmission line and to regulate
the voltage of the sending end bus. The double parameter control is achieved
in scheme of (2.5b), where the both of the buses are set as a PQ buses, where
the active power can be set from (2.2), and by setting the injected reactive
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Figure (2.5)

UPFC Decoupled Model Different Control Schemes

power by the shunt convert g = 0 only the active power and reactive
power flow in the line is controlled. Scheme 3 is used for active power flow
and voltage regulation at both buses of the UPFC.

Once the UPFC control strategy is decided, the UPFC is replaced by its
bus configuration equivalent and the load flow problem is solved using any
load flow procedure. Once all the state variables of the power system with
the decoupled representation of the UPFC are obtained, the UPFC control
parameters are to be found and in order to do this the power injections for
the UPFC model in figure (2.2) are given as:

VEtVBt sin ((5Et — 5Bt) —

VelVE .
Spy— 0
Xp n(0m = 0p) + =

VE!VB
XpB

PEtc =

sin (5Et - 53) (23)
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VeV VeV
Et7BE s (0m: — Opt) + BL7B os (0p: — 0B)  (2.4)
XB XB
VeiVi VBV
Py = 2B Gin (6, — 6m) + 2L sin (65 — 65)  (2.5)
XB Xp

|%:N'%:
XpB

Vggt . VBtVEt
Xp XpB

COS (5Bt — 5Et) - COS (53,5 — (5]3) (26)

Qpt =

And it can be seen that these equations are nonlinear, so in order to
solve them Newton-Raphson method is used . The Jacobian matrix for this

system of equations is found to be:

OPg; 0OPp; 0Pt 0Pgp:
Ok Vg 06 Ve
3@%& %Q Bt 3@%& %QEt '
— E Ve B Ve
J = OPg; OPg; OPg: OPg; (27)
Mg Vg 00 Vg
0Qp: 0Qp: O0Qp: 0Qp:
O6g oVg O0dp oVg

Figure (2.6) illustrating a flow chart for the decoupled UPFC model

used in a Newton-Raphson load flow solution.
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Figure (2.6)
Flow Chart of Newton-Raphson Algorithm for the UPFC Decoupled Load Flow Model

Compared to the two approaches in Vural & Tumay (2003); Fuerte-
Esquivel et al. (2000), the decoupled method is easier to use, preserve the
functionality, and it does not suffer from the problem of initial conditions.
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2.3 Investigation of Installation location and Impact on
control parameter

To investigate the impact of location of UPFC and the variation of setpoint
on the control parameters, namely the modulation indexes, thus the UPFC
decoupled model for different control strategy is to be implemented on a
single machine infinite bus system. The system is shown in figure(2.7) :

Figure (2.7)
Single machine infinite bus system with double transmission line circuit

For this study system the generator bus which is a PV bus where it
injects an active power of 1.0 p.u and the bus voltage is being regulated
at 1.05 p.u . The infinite bus has a constant voltage of 1£0°. In order to
simulate the system, the UPFC is replaced by it equivalent bus model based
on the control scheme to be used. So in order to study the effect of changing
the setpoint on the modulation indexes different control schemes should be
taken into account, in this research two schemes are considered to see the

effect of variation of setpoint and location.

23.1 Case 1: PQ - PV bus configuration

In this scheme the UPFC is used to control the active power flow in the line,
regulate the voltage of the receiving end, and shunt converter is used for
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reactive power compensation. In this case each of the controlled variables
is to be changed as the location of installation is changed while holding the

other variables at a constant value.

2.3.1.1 Active Power

By varying the active power setpoint from 0.5 p.u to 0.65 p.u with the loca-
tion, the following results were obtained:

VARIATION OF SERIES INJECTED VOLTAGE WITH LOCATION AND ACTIVE POWER SETPOINT
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Figure (2.8)
Variation of series injected voltage V5 with active power setpoint and location variation

From figure (2.8), it can be seen that the series injected voltage in-
creases linearly with the increase of setpoint regardless of the location. On
the other hand, for a given setpoint on the surface shown in figure, the behav-
ior of the injected voltage V7 is slightly nonlinear. At a 0.5 p.u active power
setpoint, the variation of series voltage V seems to be linear as it drops
from 0.068 p.u to 0.048 p.u as the location changes, while at a higher de-
gree of active power compensation the behavior is nonlinear as the injected

voltage Vp varies between 0.2691 p.u and 0.2525 p.u and the minimum is
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VARIATION OF SHUNT INJECTED VOLTAGE WITH LOCATION AND ACTIVE POWER SETPOINT

B

UPFC shunt injected voltage \é
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Figure (2.9)
Variation of shunt injected voltage V with active power setpoint and location variation

attained at 65% from the system intermediate bus. Thus the level of active
power compensation is what decides the nature of the relation between the
series injected voltage and the point of installation.

As for the shunt injected voltage Vg, it can be seen from figure (2.9)
that for the UPFC connected at the intermediate bus the value is almost
constant as the setpoint is varied, and that can be explained due to the change
in the intermediate bus voltage Vg, hence the current in the shunt branch is
changing. As the location is varied the injected voltage is varied, but it is
almost constant for the variation in setpoint. Beyond the mid point position,
the behavior of the controlled voltage V is varied as the setpoint is varied,
and that 1s due to the increase in xp,o and with ()g; being constant which
means that the current is almost constant with the location variation. Vg
behaves in a nonlinear manner as it reduces as the setpoint increases and
that can be related to the increase in Vp as it should maintain the power
balance between the UPFC branches in (2.1).
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2.3.1.2 Reactive Power () p;

Varying the shunt injected reactive power (), from -0.2 p.u to 0.2 p.u while
all the other controlled parameters of the UPFC are kept constant, the fol-

lowing results were obtained:

VARIATION OF SERIES INJECTED VOLTAGE WITH LOCATION AND SHUNT INJECTED REACTIVE POWER SETPOINT
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Figure (2.10)
Variation of series injected voltage Vp with reactive power (g, setpoint and location
variation

From the figures (2.10) and (2.11), it can be seen that the variation
in the series injected voltage Vp and the shunt injected voltage are Vg are
inverted from each other as it is keep the power balance of the UPFC in
(2.1). It can be seen that the variation of the series injected voltage Vg is
linear as the the variation in setpoint until 20% from the intermediate bus,
after which the the variation is nonlinear as it reaches its maximum at 90%
of the line as it reaches upto 0.23 p.u at Qg = —0.2 p.u, from this the

minimum value of Vz will be at the same point.
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VARIATION OF SHUNT INJECTED VOLTAGE WITH LOCATION AND SHUNT INJECTED REACTIVE POWER SETPOINT

UPFC shunt injected voltage \é

Shunt injected reactive power QEt UPFC Position

Figure (2.11)
Variation of shunt injected voltage Vy with reactive power ) g; setpoint and location
variation

2.3.1.3 Receiving End Voltage V3,

By varying the setpoint for the regulated receiving end bus voltage Vp; , the
variation in the injected voltages of the UPFC is shown in figures (2.12) and
)

As can be seen from the figure (2.12), that the series injected voltage
VB decreases as the voltage setpoint is increased. The behavior of V5 is as
described until the UPFC reaches 75% location, where the behavior change
to be come nonlinear and it starts to increase until it reaches maximum at
90% at a setpoint of 0.9 p.u. As for the shunt injected voltage Vg , it seems
that as the location is getting further from the intermediate bus the behavior
changes until it reaches 90% location in the transmission line, the voltage
increases as the setpoint is varied. From this it can be seen that the sensitivity
of the the shunt injected voltage is affected by the location of installation

while changing the UPFC receiving end bus voltage.
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VARIATION OF SERIES INJECTED VOLTAGE WITH LOCATION AND RECIEVING END BUS VOLTAGE SETPOINT

UPFC series injected voltage VB

09%e O UPFC Position

Recieving end bus voltage V,,

Figure (2.12)
Variation of series injected voltage V5 with receiving end voltage Vp; setpoint and
location variation

2.3.2 Case 2: PV - PQ Bus Configuration

In order to test the remaining scenarios and their effect on the UPFC control
parameter, the following control scheme is to be considered where the active
power and reactive power of the line are controlled as well as regulating the
sending end voltage. Since the effect of active power variation with the
location of installation was presented before, it will not be considered here

and the rest of the cases are considered.

2.3.2.1 Reactive Power () p;

In this case the controlled reactive power () p; setpoint is varied in order to
investigate the impact of the injected voltage, and by varying the location
of installation of the UPFC it is going to be shown how does it affect the
control parameters.By varying the reactive power from 0 p.u up to 0.2 p.u,
the obtained results are shown in figures (2.14) and (2.15).
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VARIATION OF SHUNT INJECTED VOLTAGE WITH LOCATION AND RECIEVING END BUS VOLTAGE SETPOINT

R
/

L

UPFC shuntinjected voltage v

09

08 g
Recieving end bus voltage VB: UPFC Position

Figure (2.13)
Variation of shunt injected voltage Vg with receiving end voltage V; setpoint and location
variation

Variation of Series injected with UPFC position and reactive power setpoint

O i

o
J

&
/

UPFC series injected voltage A

Controlled Reactive Power Q;, UPFC Position

Figure (2.14)
Variation of series injected voltage Vz with reactive power () g; setpoint and location
variation
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Variation of Shunt injected with UPFC position and reactive power setpoint

UPFC shunt injected voltage \é

01

Controlled Reactive Power QB! R
UPFC Position

Figure (2.15)
Variation of shunt injected voltage V with reactive power () g; setpoint and location
variation

From figure (2.14), it can be seen that the series injected voltage Vg
sensitivity to the variation in reactive power ()g; decreases as the location
of the installation of the UPFC is getting further near to the infinite bus. As
the distance increases the variation in V3 becomes less, at x = 0 the injected
voltage value swings between 0.1 p.u and 0.05 p.u, and the variation can be
seen as a nonlinear relation. But, at x = 0.9 it can be seen that the variation
is small as 1t changes between 0.048 p.u and 0.045 p.u. As for the shunt
injected voltage Vg , the variation is linear with the setpoint variation. The
variation with the location of the UPFC did not affect the behavior of the Vy

with the variation in () g;.

2.3.2.2 Sending End Voltage V',

Through the variation of Vg, setpoint, which is the UPFC sending end bus
voltage, with the location of installation, the behaviors of the concerned
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control parameters are shown in figures (2.16) and (2.17).

Variation of Series injected voltage with UPFC position and sending end bus voltage setpoint

0~ il

025

2
/

UPFC series injected voltage \/,

UPFC sending bus voltage setpoint VEt UPFC Position

Figure (2.16)
Variation of series injected voltage Vz with sending end voltage Vz; setpoint and location
variation

*
E‘ \\\\\\\\\\\\\\\\\\\\\\\\\ N
=
UPFC sending bus voltage setpoint VEt UPFC Position

Figure (2.17)
Variation of shunt injected voltage Vz with sending end voltage V, setpoint and location
variation
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The series injected voltage Vg sensitivity decreases as the location of
installation gets further from the intermediate bus, and that is the reverse in
the shunt injected voltage Vg as it becomes more sensitive to the variation
of location. The sensitivity of Vp is less compared to Vg , as the variation of
Vp with the location can be seen from the slope %/% that did not much vary.

The decoupled model for the UPFC has been upgraded for different
control schemes that can be modified for simultaneous control or single con-
trol with the manipulation of the setpoints for the injected powers in the bus
equivalent model of the device. To measure the sensitivity of the UPFC
control parameters, namely the injected voltages of the UPFC, varying the
setpoiht of the controlled parameters individually, one at a time, with the
variation of the location where the UPFC is installed. It was shown that re-
gardless of the controlled variable the variation of the injected voltages is the
inverse of each other and that is to keep the active power exchange between
the UPFC and the system at zero. Also, the control scheme has an impact
on the sensitivity of the control parameters of the UPFC. The sensitivity of
the injected voltage depends on the controlled variable and the location, and
it was found that as the distance increases from the system intermediate bus
the sensitivity increases except in case of line reactive power control. From
this it can be seen that the effect of position on the controlled parameters
of the UPFC is significantly affected by the location of installation. How-
ever, this will only be significant if the limits of UPFC injected voltages is
considered and that by considering the ratings of the UPFC series and shunt
converters, and thus it can be seen that installation location could be a factor
in limiting the range of controllability of the UPFC for active and reactive

power compensation.
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2.4 Unified Power Flow Controller Dynamic Modeling

Several references in literature have addressed the topic of the UPFC dy-
namic modeling. In Smith et al. (1997), a dynamic model for the UPFC was
introduced for transient and small signal stability analysis. The problem
with the proposed modeling approach was that it did not consider the DC
link dynamics which could lead to implications during transients. In Son &
Lasseter (2004), a Newton type current injection model is used for transient
stability studies. The model consists of a controllable voltage source added
1n series with the transmission line, plus two current sources added in shunt
to balance power flow through the device. As the model has considered the
power balance constraint for the UPFC, it has neglected the dynamics of the
DC link also. Thus, this model may not be suitable for dynamic analysis.

This section presents two dynamic models that have been proposed in
K. R. Padiyar & Kulkarni (1998) and Nabavi-Niaki & Iravani (1996). It
discusses the control strategies that were proposed for these two models in
literature. It highlights the major advantages and disadvantages of the two
models and their respective control strategies.

2.4.1 Fundamental Frequency Based Dynamic Modeling

In K. R. Padiyar & Kulkarni (1998), a detailed dynamic model for the UPFC
was introduced. Figure (2.18) shows a schematic diagram of the UPFC
placed in a two bus system with the current flow orientation in the AC and
DC sides. In this modeling approach the dynamics associated with the series
converter, shunt converter, and the UPFC dc link capacitor are considered.
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Figure (2.18)
UPFC with associated DC and AC currents

let Vg be the sending end bus voltage and V, be the receiving end bus
voltage. Ip is the transmission line current passing through the boosting
transformer while Ig is the shunt converter current passing through the ex-
citation transformer. Vg is the series injected voltage and Vg is the shunt
injected voltage. The currents at the DC side of the UPFC are given as: ig4.,
the supplied current from the DC link capacitor, ¢4, the DC shunt converter
current, and 74,5 1s the DC series converter current.

By replacing the VSCs of the UPFC with a controllable fundamental
frequency voltage sources, a model similar to the steady state model intro-
duced in figure (2.2) is obtained. The difference arise when the model of the
coupling transformer is considered to be represented by its resistance and

leakage reactance. This can be seen from figure (2.19).
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Figure (2.19)
Detailed Fundamental Frequency UPFC Model

From the circuit shown in figure (2.19), the dynamics of the shunt and

series converter can be deduced as:

diﬁa _.71"_5 0 0 ||ig, ZlE 0 0] |vEq — Vsa

fipe) —| 0 =2 0 |lig|+ |0 £ Of|vm —vs (2.8)
i e | |- 1

_% 0 0 —ﬁ 1Ec 0 0 Il |VEc — Usc

$ipa| |5 0 0 ||ia| |7 O O] |vs+VBs— g

dii?b =10 ——712 0 |l|igy| + |0 % 0 |vsy +vBp — VUrp (2.9)
dipe 0 0 —Z|ligel [0 0 % |vee+vp.—w

7 i l rc

where , r and [ are the resistance and leakage inductance of the boosting
transformer and the transmission line, g and [g are the shunt converters
resistance and leakage inductance.

By transforming equations (2.8) and (2.9) to the dq- reference frame,

the following two equations are obtained:
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" di . .
dzgd 0 —Wy 0 TEd | —;—g 0 0 1Ed
1E —_ . T .
| = lwo 0 Of|igg|+| O —i 0 ||igq| T
-%5—0 0 0 0 TEQ 0 0 —% 1E0
1
iz 0 0f|vEd — Vs
1
1
0 71 [vE0 — Us0
ding 0 —w, O||iga] |-% 0 0 ||ipa
dd—f;‘ = wo 0 Olligg|+|0 =% 0 ||ipy+
dipo 0 0 Ofligo]] |0 0 =% l|igo
% 0 0 Vsd + VB4 — Vrd
0 7 0)|vsg+vpg — Urg (2.11)
00 % Vso + VB0 — Vro

In this research the zero axis currents are neglected since only balanced
power systems are considered. Thus, results that the dynamic equations of

the shunt and series converters can be re-written as:

d;id _ _WZE ipd — Woing + ﬁ‘ (vEd — Vsa) (2.12)

df;q _ _wi;'E 1Bq + Wolkg + %EB— (VEq — Usq) (2.13)
% = —% 1Bd — WolBg + W?B (Vsd + VBd — Ura) (2.14)
% = 22 iy + woiga + 2 (Vg + VBg — trg) (2.15)

where
W,: system operating frequency in rad/sec
wpg : system base frequency in rad/sec

Figures (2.20) and (2.21) show block diagrams representation of the
equations above, from which it can be seen the coupling of the system.
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Figure (2.20)
Shunt Converter Block Diagram Representation

Vsd= ¥rd

vBd iBa

i8g

Figure (2.21)
Series Converter Block Diagram Representation

From figure (2.18), by applying Kirchoff Current Law at the dc capac-

itor node:

lde = LdcE + deB (2.16)
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By considering the three phase active power flow at the AC side of the
shunt converter. Transforming the AC quantities to the dq reference frame:

Pr = 3Re {(’I)Eq +jUEd) (iEq —f—jiEd)*} (2.17)

3 : .
Pr = E(UEqZEq+UEdZEd) (2.18)
On the dc side the real power flowing out of the shunt converter is given
by:
PpcE = Vdc lacE (2.19)

Since the losses are neglected, the power at both sides of the converter

are equal:
Ppcg = Pg (2.20)
. 2 ) )
Vde ldeE! = 3 (VEqiEq + VEdEA) (2.21)
. 2 . . |
ldeE = 73— (VEqiEq + VE4EA) (2.22)
Vde

Similarly, the series converter three phase power can be represented as:

Pp = 3Re{(vBy + jvBa) (iBg + j iBa)"} (2.23)
3 , . '
Pp = o) (VBgiBg + VB4 iBd) (2.24)

The real power at the dc side of the series converter is:

PicB = VacideB (2.25)
Since system is lossless:
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Pyp = Pp (2.26)
Thus we get:

2
3vdc

The dc link dynamics is given by:

1deB = (vBg iBg + VB4 iBd) (2.27)

dvge de

= 2.2
dt Cac (2.28)
dvge .

d: = —ngdczdc (229)

by substituting equations (2.16) ,(2.22)and (2.27) in (2.29) :

dvge 2WB Tde . : . .
de _ _ZXB7d (VEqiEq + VEdiEd + VBg 1By + VB4 1BA) (2.30)
dt 3 Vde

Therefore, equations (2.12) to (2.15) and equation (2.30) are the dy-
namics representation of the UPFC is a two bus system that is shown in
figure (2.19).

2.4.1.1 Control Strategy

Based on the model presented earlier a control strategy for power flow
control, bus voltage regulation, and DC voltage regulation is discussed here.
The control strategy is intended to control both active power, reactive power,
bus voltage and dc link voltage. The control strategies used were proposed
in K. R. Padiyar & Kulkarni (1998), Yam & Haque (2004) and shown in
figure(2.22).

For power flow control, consider the complex power injection into the
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receiving bus:

Sy =P +70Q, (2.31)

The active and reactive received powers in dq - reference frame are

found as:

P, = vrquq + VrdlBd (2.32)

Qr = VrdiBg — UrqlBd (2.33)

The power injection setpoint can be translated into current setpoints of

the series converter as follows:

* *
x PT Urq+QrUrd
"Ba = A

(2.34)

P* rd — . r
g = ’UdAQ’Uq (2.35)

where:

P*: desired active power setpoint

Q) desired reactive power setpoint

A= v?q + v2,

Similarly, for the bus voltage and dc link voltage regulation consider
the complex power injection by the shunt converter:

Sk = V. I (2.36)

Decomposing the voltage and current into the DQ components, this

gives:
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SE - (Usq + .7 vsd) (ZEq - ] ZEd)
= (Vs cosbsipg + Vs sinbsipg) + j (V; sinbs ipg — V; cosbs ip,)
= V; [(igq c080s + ipg sinby) — j (igq cosbs — ip, sinby)]  (2.37)

SE = ‘/5 [ipsh - ] Z.rsh] (238)

where 1,4, 18 the real or active current and ¢y, 1s the reactive or imagi-

nary current, and they are given as:
ipsh = Ipd cOS 85 + ig, sin O (2.39)

irsh = iEd COS 95 — iEq sin 93 (240)

Through cascade control loop as in K. R. Padiyar & Kulkarni (1998),
the real current iy, is regulated by a PI controller by the dc voltage whereas
the reactive 4,4,1s regulated by a PI controller by the ac bus voltage. Thus

the current setpoints for the shunt converter is obtained as:

iP5 = Upsh SINOs + ipgp cOSH, (2.41)

z”qu = Upsh, COS s — ipgp, SIN G, (2.42)
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Fundamental frequency based control strategy
2.4.2 Pulse Width Modulation Based Dynamic Modeling

Another modeling approach was introduced by Nabavi - Niaki and Ira-
vani in Nabavi-Niaki & Iravani (1996). This model is based on the three
phase circuit illustrated in figure (2.23). Based on the pulse width modu-
lation (PWM) technique used to control the converters, this modeling ap-
proach considered the injected voltages to be a pure sine wave signals by
neglecting the high order frequency components introduced due to switch-

ing. Thus:

. 2
VEabe = mE;d coS (wt + 0+ ?ﬁ) (2.43)
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c 2
Vpate =~ cos (m +0p+ g) (2.44)

mpg and mp are amplitude modulation ratios, d and dpgare phase an-

gles of the voltage source converters control signal.

VSCE  4E, B vyscp

idc
pldlold dlolel
iz o
VEta — "'ﬂm_'_'\/W‘—' VBta
___W\,__NW\_ P .
-t B re
VED " iE A Cae T vac d NTﬁ"—\AN‘—'- B
VE::———ATAEA g Y VEV e A A A Y VBV L..._‘Arl\sﬁ_— VBt
rE I iz B
oldid} | dloidl
Figure (2.23)

UPFC Three Phase Schematic Diagram

Let (VEian.) be the three phase AC side terminal voltage of the shunt
converter, and (vpq.) 1S the three phase AC side terminal voltage of the

series converter.
The dynamics of the shunt and series converters can be obtained as:

% _71‘_5 0 0 ||ig, - cos (wt + dg)
dpl = | 0 = 0 ||ig|- QElEdC cos (wt + 6p + 2)
%f—c 0 0 —%||ik cos (wt-l—dE—F%”)
é 0 0|vEt
+10 i 0 |ven (2.45)
0 l—lE— VEth
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iiﬁ—“ —?—g- 0 0 1Ba cos(wt+53)
: mgv
% =10 _%f 0 ||igy| — ; “ 1 cos (wt+(53—|—2—§~)
; . B :
d%;_c 0 0 “% iBe COS (wt + 0 + %ﬂ)
= 0 0||vp
+10 i UBtb (2.46)
0 0 i UBtb

The DC link dynamics can be obtained in a manner similar to what

have been illustrated in the previous model as:

Z'Ea
dv m
de  _ E cos (wt + ) cos(wt—f—dE—F%”) cos(wt+5E+%”)j iEp| +
dt 2CY, .
tEc
m
QCB cos (wt + 6g) cos (wt +dp + %) cos (wt+6p+4) (247
dc
iBa
Bb
7:Bc
- Applying Park’s transformation for the above equations:
% 0 —w, O||ima| |- 0 0 |ligg
%ZwOOOqu+O—% iBq| —
i 0 0 0||im 0 0 —%|lig
_— cosdg w 0 0)|vew
°Clsindp|+ {0 £ O||vmg (2.48)
2lg E 1
0 O s VE0
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s 0 —wo, O|igsg) |-72 0 0 ||ipg
%g— = Jwo 0 O|jigg|+| 0 =52 0 ||igy|—
dizo 0 0 0|]igo 0 0 =% ligo
cosdp é 0 0] |vB
MpBUdc | .
;; “lsindp|+ (0 L 0 |upg (2.49)
B
0 0 i VBto
i
dvdc BmE . ,Ed
el 1Cy, ICOS(SE sindg 0‘ ?qu +
tEo
am 1Bd
B .
' 2.
o cosbp sinds 0] iz (2.50)
tBoO

By neglecting the transformer transients and resistances in the above
equations. Moreover, as only balanced operation is considered the zero axis

currents are omitted from the equations. This leads to:

v 0 zg|| . |cosd
Btd| _ E .Ed " MEVq . E (2.51)
VEtq —zg 0 |ig, 2  |sindg
0 zxzp|| . |cosd
UBtd| _ B Z‘Bd n MpBU4 . B (2.52)
UBtq —zp 0| |ipg 2 sindp
dvge 3mpg : iEd| , 3MB : 1Bd
= cosdp sind + cosdp sind } 2.53
dt — 4Cy E “ligy " 4Ca B Bl is, 2.53)

Hence the UPFC dynamic model is represented only with dynamics of

the DC link as given in equation (2.53).
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2.4.2.1 Control Strategy

Based on this modeling approach, the control signals for the UPFC
are explicitly shown as the modulation indexes and the phase angles of the
injected voltages. Therefore a direct control of these variables by the outputs
of the system can be done. A multiple PI controllers are used in this control
strategy for active power, reactive power, bus voltage, and dc link voltage
control. The selection of the output control signals for the UPFC system
shown in figure (2.24) are: Up = 6, Ug = mp, Usc = mg, and Upe =
) E.

‘ Pe
1 l
f;‘@ | Active Power Flow | yP '
Controller ! l
\

Q. .
Q'e @ Reactive Power Flow Uy . ]

Controller |
Power System

Ve m ] AC Voltage Uic 2 and UPFC
¢ Z ) Controller |

DC Voltage Controller|

Figure (2.24)
PWM based control strategy

Comparing the two UPFC models and their respective proposed con-
trol strategies, it can be seen that the first modeling approach has three ma-
jor shortcomings when compared with the second approach. First, that this
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model is a detailed model that considers the transmission line dynamics.
Hence, if it is to be used for a multi-bus multi-UPFC system, it is not an
appropriate choice due to the number of differential equations that are to
be considered in the simulation (Generators, transmission lines, and UP-
FCs). Secondly, is that the real control signals are implicit unlike the sec-
ond model. Therefore there is a need to convert these signals to the UPFC
inputs signals (modulation index and firing angles). Finally, the number of
the controllers required to be tuned not to mention that it has a cascade con-
trol loop making it more difficult to tune. Due to these reasons, the second
model with its control strategy is adopted in this research. The next section
presents the power system dynamics study system with PWM based UPFC
dynamic model incorporated that will be used throughout this research. And
by using the decoupled load flow model of the UPFC the system initial con-

ditions for the dynamic study can be obtained.

2.5 Study System

| Considering the SMIB test system shown in figure (2.25) with the proposed
UPFC model this leads to the system to become as shown in figure (2.25):

V. VE: Xt1 Vi
X1

|

XBv

SH

Shunt VSC Series VSC
Generator
XE

Figure (2.25)
SMIB system equipped with UPFC
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The nonlinear model of the SMIB system shown in figure (2.25) is

given as:
%:@% (2.54)
dd“: - % (~Dw, + B, — P,) (2.55)
Eldgt; = %;0— (—Eq + Epg — (24 — 7)) ia) (2.56)
e - 7 (=Epa+ Ka (Vg = V0) @.57)

where:

P, = vgig+ vy, (2.58)
Vi= o+l (2.59)
v = E, — 2)ig (2.60)
Vg = T4, (2.61)

Equations (2.54) to (2.57) illustrates a 1.0 model of a synchronous gen-
erator with IEEE ST1A excitation system. Such a model have been widely
adopted for dynamic studies of power system and has been used in M. Abido
(2005); M. A. Abido et al. (2006); M. Abido (2009); Al-Awami et al. (n.d.),
where equations (2.58) to (2.61) are the algebraic equations of the model.
P, and P, are the input mechanical power output electric power of the gen-
erator respectively; M is the generator moment of inertia; D is the inertia
constant of the generator, wpis the base synchronous speed, § and w, are
the generator rotor angel and generator relative angular speed respectively;
E,,E;q and V; are the internal generator voltage, generator field voltage,
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and generator terminal voltage respectively. 77 is the open circuit field
time constant of the generator, 74 and K 4 are the time constant and gain of
the excitation system respectively, and V;.; is the generator reference volt-
age. The system data of this study system along with the UPFC is given in

appendix A.
In order to simulate the following system, the network currents are

to be expressed in terms of the system state and input variables (refer to

appendix B.1). The currents are found as:

. T Bt Td1 MEVGe . Zg2 MBUde . Td3
g = —E,— == Ssin g+ —= 5 81n63+x“Vbcosé (2.62)
dy.

Tdx Zax Ldx
. Tq1 MEVY Zg2 MBUg Lg3 .
iBq = i “cosbp — —L& “cosbp — 2V, sin 6 (2.63)
Tz 2 Tgx s
. . TEt Ld2 MEVde . L4 MBUGe . Tds
ipd = —— B+ “sindp— ———""sindp——2Vjcosd (2.64)
Tas ZTan 2 Tgs 2 Ty
. Tg2 MEVY, Lg4 MPBUGe Lgs .
iBg = —= Scosdp — =L “cosdp — LV sin (2.65)
Lgx 2 o)) 2 Tgx

Zcl

m TE: MBU4e . x
ig = E — LBt E;dc sindg + 2l f; 9 gin o — 5—03% cosd (2.66)
s

)y 7 ZTdy Zdy

TR MEV, TEt MBYq L2 :
lg = —— 5 ccoséE—— CCOS(SB‘l-—c—vbsmfS (2.67)
x

By this a full descriptive model is obtained for the SMIB system in
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shown figure (2.25).

2.6 Summary

1.

Different load flow models for UPFC have been proposed in litera-
ture, such as the power injection model, the comprehensive load flow
model, and the decoupled load flow model. Between these models the
decoupled model has been widely adopted due to the simplicity of use
and implementation.

The decoupled load flow model for UPFC can be modified from the
original bus convention to different bus conventions in order to achieve
different control schemes.

Investigating the impact of installation location on the UPFC control
parameters (Vz and Vp) resulted in the following:

(a)

(b)

(©)

By varying the setpoint of the active power flow through the
transmission line with varying the installation location, it was
observed that the controlled and injected voltages (Vz and V3)
were more sensitive to the variation of the setpoint of active
power flow than the installation location, and that is due to that
the system considered for the study was a lossless system.

Through the variation of the setpoint of the reactive power flow,
it was seen that for the series injected voltage V5 the sensitivity
1s highest for the variation in setpoint rather than for the loca-
tion, but as the location increases it becomes less sensitive to
the setpoint variation as the location increases. As for the shunt
controlled voltage V7, the sensitivity of location is almost negli-
gible.

Varying the setpoint of the UPFC receiving end bus voltage Vp,
while also varying the installation location, have shown that the
series injected voltage Vz has almost consistent behavior until it
reaches 90% of the line, where the behavior is becoming nonlin-
ear. As for the shunt controlled voltage V7, it is almost constant
through the line until it reaches around 75% from the infinite bus
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the sensitivity of the parameter increases and it becomes more
sensitive to setpoint variation.

(d) As for the variation of reactive power injection (Jg; versus the
location variation, it can be seen that the sensitivity of the se-
ries injected voltage Vs is linear, but as the UPFC progresses to
travel through the line the voltage becomes more nonlinear non-
linear dependent to setpoint. As for the shunt controlled voltage
VE it becomes more sensitive to the setpoint variation as the lo-
cations of the UPFC comes nearest to the infinite bus.

(e) While for the variation of the UPFC sending end bus voltage
VE: setpoint with the location, it was seen that the series injected
voltage Vg becomes less sensitive to setpoint variation as it pro-
gresses through its travel througout the line. Where for the shunt
controlled voltage Vg the sensitivity increases for the setpoint as
the location varies.

. From this the UPFC control parameters are more sensitive to the set-
point variation more than the location variation if compared.

. Several UPFC dynamic models have been introduced in literature, two
have been considered in this research.

. Comparing the two dynamic models it was found that the PWM based
UPFC model is more suitable for the use of multimachine system, as
the model based control strategy is less complicated compared with
the fundamental frequency UPFC model.

. Introduced the study system to be used in this research where the
PWM UPFC model is incorporated within that system, where the
UPFC decoupled load flow model is used to initialized the parame-
ters for the dynamic studies to be considered in later chapters.
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Chapter 3

Evolutionary Optimization Based Controller

3.1 Overview

In the past few decades the subject of evolutionary algorithm (EA) attracted
an increasing attention due to its ease of implementation and wide adap-
tation. As per published work, evolutionary algorithms have been applied
in various fields not to mention power systems only. Making it an inter-
esting field of research. This chapter will present two evolutionary algo-
rithms: Biogeography Based Optimization (BBO) algorithm and Particle
Swarm Optimization(PSO) algorithm. These two algorithms are then used
to design a Power Oscillation Damping (POD) controller for the system dis-
cussed in chapter 2. The chapter is divided into four main sections: the
first and second sections introduce the evolutionary algorithms stated ear-
lier. The third section introduces FACTS based POD controllers and their
structure. For the design of the POD controllers, the fourth section discusses
different objective functions used to find the optimal set of parameters for
the POD controller.

3.2 Biogeography Based Optimization
3.2.1 Biogeography

Biogeography is the science concerned with the study of geographical dis-
tribution of species over time and space, their extinction, diversity, and the
causes leading to these distribution patterns. The early studies of biogeogra-
phy are dated back to the 19th century by Alfred Wallace Wallace (2011) and
Charles DarwinDarwin & Bynum (2009). Most of the work in biogeogra-
phy was descriptive and historical, except for the work of Eugene Munroe’s
in 1948 where he presented a quantitative study for biogeographyMonroe
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(1948). This continued until the 1960s, where Robert MacArthur and Ed-
ward Wilson presented a mathematical model for biogeography in their
book The Theory of Island Biogeography. The mathematical model of bio-
geography describes speciation (evolution of new species), the migration of
species between neighboring islands, and the extinction of species.

Simon in Simon (2013), stated that the term island in biogeography is
descriptive rather than literal. In biogeography, an island is a habitat that is
geographically isolated from other habitats. Where in a classical sense, an
1sland is isolated from other habitats by water. From this an island can be
an isolated areas by deserts, rivers, mountain ranges, predators, man made
artifacts, or any other type of obstacles.

Habitat suitability index (HSI), is a measure of suitability of a habitat
to support species. For this a geographical areas that are friendly to life
are said to have high HSI. Features that correlate with HSI include rain-
fall, vegetative diversity, topographic diversity, land area and temperature.
These variables that characterize the habitability of an island are termed as
suitability index variables(SIV). Hence the SIV is an independent variable
while HSI is a dependent variable.

Islands with high HSI tend to support large number of species, while
low HSIislands can only support few number of species. In high HSI islands
will have high emigrations of species, not that because they want to but due
to the accumulation of random effects on large number of species with large
population. Emigration occurs when species ride flotsam, swim, fly or ride
wind to neighboring islands. With the emigration, the species will not van-
ish from the island only a few representatives will leave the island. Based
on Simon assumption in Simon (2013), that when an emigration occurs this
results in the extinction of the specie from the island which is necessary in
the development of the BBO. High HSI islands not only have high emigra-
tion rates, but also have low immigration rates due to that the number of
species on such islands is large. Hence, the new species that arrive to the
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islands will have low probability of survival due to the competitive nature
on the resources in the island.

Islands having low HSI have high immigration rates due to the low
populations, this occurs by the virtue that these islands have a lot of geo-
graphical area for additional species. It has been found that species diversity
correlates with HSI, so the more species arrive to the low HSI islands the
chance will increase for them to become a high HSI habitats.

MacArthur and Wilson MacArthur (1967), has illustrated the model of
species abundance on a single island as shown in figure (3.1). Immigration
rate A and emigration rates are functions of the number of species in the

island.

immigration

A

emigration

Rate

So Smax

Number of species

Figure (3.1)
Species migration model of an island, based on [MacArthur and Wilson,1967MacArthur
(1967)]

Based on the model in figure (3.1), as initially the island is uninhabited
(zero species) the immigration rate will be at its maximum /. Hence, as
more species immigrate to the island, it becomes more crowded and by this
the immigration rate decreases. This continues until the maximum number
of species Sy, that the island can support is reached. As the immigration
rate decreases as new species inhabit the island, the emigration rate will
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increase. The emigration rate will be zero initially as there are no species
in the island. As the number of species increase the emigration rate will
increase reaching its maximum £ when maximum supported species S,z
are in the island. At the point where the immigration rate and emigration
rate are equal, the island is said to be at equilibrium and the number of
species at this point is .Sy . Hence, for equilibrium to be satisfied:

Aso = I, (3.1)

When the island is at equilibrium Sy there will be a number of occa-
sional excursions that alter the species count in the island. A, and pu, are the
immigration and emigration rates respectively for an island with S number
of species. From figure (3.1), for an island having .S number of species the

emigration rate and immigration rate can be found as:

S
=7(1- ,
As (1 Smax) (3.2)
S
7 S (3.3)

The excursions that could lead to a change in the species count of an
1sland can be either positive (increase in number of species) or negative (de-
crease in number of species). Positive excursions such as large piece of flot-
sam arriving from a neighboring island, or statistically unlikely high number
of births. Negative excursions can be diseases, temporary introduction of a
new predator, or a natural catastrophe.

Let P; be the probability of an island containing .S species at time ¢, as
the time flows from ¢ to ¢t + At the probability P will change as follows:

P, (t+ At) = Ps (t) (1 — MsAt — psAt) + Py (8) Asm1 At + Poyr (8) psp1At - (3.4)

At is assumed to be small enough so that the probability of more than
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one migration between ¢ and ¢ + At can be ignored Simon (2008),Simon
(2013). To have S species at time ¢ + At, one of the following conditions
must hold:

1. There were S species at time ¢, and no immigration nor emigration

occurred between ¢ and t + At.
2. There were S — 1 species at time ¢, and one species immigrated.

3. There were S + 1 species at time ¢, and one species emigrated.

Taking the limit of equation (3.4) as At — O:

—(/\s—l_us)Ps"i',U/s-l—lPs-l-l SZO
: PS =Y (/\s + NS) Py + As—1Ps1 + Ns+1Ps+1 1<5< Sma—1 (35)
- (/\s + ,us) P+ Xe_1Psq S = Smaa

By defining n = Sy, and P = [Fy--- Pn]T, and by arranging the
(n + 1) equations from equation (3.5) into a single matrix equation we get:

P = AP (3.6)
where
— (Xo + o) m 0 e 0
Ao — (M4 m) o :
A= : : : (3.7)
: An—2 - (/\n—l + ,U«n—l) Hn
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For a special case of £/ = I and from equations (3.2) and (3.3):

-1 1/n 0 -+ 0
1 -1 2/n
A=F|: - - .o
2/ —1 1
0 - 0 1/n -1 |
=FEA (3.8)

From Simon (2013), in steady-state ¢ — oo, hence P (00) = AP (00) =
EA'P(00) = 0; from that P (oo)is the eigenvector corresponding to the
zero eigenvalues. Thus we get:

PO S 59
where
0(0) = [v0 (0) -+ v (0)] (3.10)
and
i (0) = (:) - Wri—k_)’ (3.11)

3.2.2 Biogeography-Based Optimization

Biogeography-Based Optimization (BBO), introduced by SimonSimon
(2008) is a population based stochastic based evolutionary algorithm. As
can be seen from the island biogeography theory, biogeography is nature’s
way to achieve optimal condition of life through the distribution of species
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among islands. This can be translated to a mathematical optimization prob-
lem, in which a number of candidate solutions referred to as population and
each solution from the population is termed as individual. An individual
‘that performs well on the objective function is analogous to high HSI is-
lands, and the individuals that perform poor on the objective function are
analogous to low HSI islands. As in biogeography theory that high HSI is-
lands having lower immigration rate thus it will be more reluctant to change
than the low HSI islanfs having immigration rates. Therefore, a good indi-
vidual will have low tendency to change than poor individuals. On the other
hand, the high HSI islands have high emigration rate and hence tendency
to share its features with the low HSI islands having low emigration rates.
Thus, the good individuals will share its features with the poor individuals.
The addition of new features to poor individuals may raise the quality of
those individuals.

In BBO each individual is represented by an identical species count
curve with £ = [ for simplicity, as illustrated in figure (3.2). In figure
(3.2) S; represents a poor individual which is analogous to a low HSI is-
land, while S; represents a good individual that is analogous to high HSI
island. It can be seen that S; will have a high immigration rate and low
emigration rate, where for Sy it is the other way around. The migration
model shown below is called a linear migration model where \ and . are

both linear functions of the cost.
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Figure (3.2)
BBO individual species count curve with £/ =

3.2.2.1 BBO Migration

Consider the following constrained optimization problem:

min f (x) (3:12)

zeR®
where.w — |15, o @5
x would be an individual which is analogous to an island, and x; would
be analogous to SIV of an island. Hence when a migration occurs the SIV’s
of an island will either immigrate to the individual or they will emigrate
from the individual. In BBO a use of migration rates of each individual
to probabilistically share information between individuals. There are dif-
ferent ways to implement migration in BBO, but in this study the original
BBO developed in Simon (2008) will be used which is referred to as partial
immigration based.
Suppose that there are a population of size N and that xj, is the k-th
individual in the population where & € [1, V], and the size of the optimiza-

67




tion problem is n. xx(s) is the s-th independent variable in the individual,
where s € [1,n]. Based on the cost function evaluation the immigration
probability ), is given for the k-th individual and for all of its solution fea-
tures s € [1,7], so in each generation there would be a probability of \4that
this individual will be replaced.

Once a solution feature is selected to be replaced, then selection of the
emigrating solution feature is done based on the emigrating probability of
that individual {;}.

Algorithm (3.1) shows the pseudo code for the migration operator of
BBO.

Algorithm 3.1 Habitat migration
fori=1to N

Zi = I
fors=1ton

Select x; with probability o< \;
if rand(0,1) < ); then

forj=1toN

Select z; with probability oc 1
if rand(0,1) < p; then

zi(s) « z;(s)
end if
end for
end if
end for

end for

3.2.2.2 BBO Mutation

In BBO there are two main operators , i.e, migration and mutation.
Simon Simon (2008), has referred to mutation of SIV to be analogous to
the introduction of an excursion to a habitat that will drive it away from its
equilibrium point and that can happen randomly. An example is the arrival
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of large piece of flotsam to the island. Mutation rates are determined through
the species count probabilities using equation (3.5).

From figure (3.2), it can be seen that for low species count and high
species count both have relatively low probabilities. While for medium
species count they have high probabilities for change as they are near the
equilibrium point.

To calculate the species count probabilities there are two methods:

First Method: Setting an equal initial species count probabilities to
all individuals P (0), and through an iterative procedure the steady state
probability P (c0) can obtained.

Second Method: Using the equations (3.9),(3.10), and (3.11) to calcu-

late P (00). .
After obtaining the probabilities, the mutation rates can be found as:
Iz
i = Mmaz | 1 — .
m; =m < Pmaa:) (3.13)
where

m; : the i-th individual mutation rate

Mmag * the maximum mutation rate, typical between and.

P; : i-th individual species count probability

Prnae : Maximum species count probability from all individuals

In algorithm (3.2) the pseudo code for the mutation operator of BBO is

illustrated.
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Algorithm 3.2 Habitat Mutation

fori=1toN
Compute probability F;
fors=1ton

Select SIV z;(s) with probability o< P;
if rand < m;

replace z;(s) with a randomly gener-
ated SIV

end if
end for

end for

3.2.2.3 BBO Elitism

Elitism is a way of making sure that the best individual in evolutionary
algorithms are retained in the population from one generation to the next.
Since there is a danger that good solution might be lost, elitism prevent this
from happening. This can be done in BBO like any other EA.

The BBO algorithm flow chart is illustrated in figure (3.3).

70




/‘\\
—_——— i = No. of Generation >

End

Yes

| Initialize BBO parameters (mmux,

No. of Generation, Spaz , N,s) |
’ Randomly Generate N habita;‘
| with s-SIV’s :

| J
I

h 4

i Evaluate objective function tO‘I
‘ obtain HSI |

i

v

Store the Elite habitats having the‘
lowest HSI |

v

-[Injtialize counter i = 1 ’

o
.

No
v

J Perform migration ]
L probabilistically on the habitats |
J

A

Calculate the probabilities of

1
habitat species counts P, i
; |

]
Perform mutation probabilisticallyi
on the habitats

; |
| |
h 4
Evaluate objective function and
sort the habitats based on the HSI !

3

Remove the worst HSI habitats

and replace them with the elite
stored habitats

J

v

Sort the solution based on HSI
values

|

A 4

Store the elite habitats having
lowest HSI

|

values |

L

Figure (3.3)

Biogeography-Based 701ptimization Flowchart




3.3 Particle Swarm Optimization

Particle swarm optimization (PSO) was introduced by Kennedy and
Eberhart in 1995, J. Kennedy et al. (1995). PSO is a population based it-
erative search algorithm that manipulates a number of candidate solutions,
referred to as particles, in order to find the optimum. The PSO was dis-
covered through simulation of simple social models. It imitates the swarm
behavior such as birds flocking and fish schooling, and this behavior is re-
ferred to as swarm intelligenceYang (2010). The PSO, unlike BBO, does
not use the mutation operator.

Observation of bird flocks, school of fishes, bee swarms, and animal
herds have shown that the collective effort of a group is usually more re-
warding than the individual effortHomans (1958).From this, in order for a
group to achieve a certain goal each member of the group has certain capa-
bilities in order to achieve the goal. While working in a group, the individual
behavior is governed by two forces: the first is his perception to achieve the
goal, and the second is the social dynamics. All the members of the group,
swarm, share the experience of pursuing a common goal , and each individ-
ual learns not only from its own experience, but also from the experience of
its neighbors. This speeds up the search process significantlyRakitianskaia
(2011).

This algorithm searches the space of an objective function by adjusting
the trajectories of individual particles, as these trajectories form piecewise
path in a quasi-stochastic manner. The movement of a swarming particles
consists of two major components: stochastic component and a determinis-
tic component. Each particle is attracted toward the position of the current
global best g.; and it own personal best location py.; in history, while in
the same time it has tendency to move randomly Yang (2010).

When a particle ¢ attains a location better than the one attained before
in its history, it updates the personal best location with the new attained one.
As mentioned before that all particles has a personal best location that can be
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altered at any time during the iterations. The aim is to find the global best
among all the current personal best until the objective no longer improve
or after a certain number of iterations. Figure (3.4), shows a schematic
representation of the motion of the particles, where 2p;,; is the particle best

location, and & gpes: = min {f (x;)} for i = 1,2,---  n is the current global
best.
@
XPbest
/

Possible directions

|

|

¢
)

|

|

l

Particle z\

XGbest

Figure (3.4)
Schematic Representation of the motion of particles in PSO, moving towards the global
best zgyes: and the current best zpy..; for each particle

3.3.1 Particle Swarm Optimization Algorithm

PSO operates on a set (swarm) of candidate individuals (particles) .
For a n— dimensional optimization problem, a particle is represented by an
n— dimensional vector 7 also referred to as particle position. Every par-
ticle has a fitness value, that indicates the quality of the candidate solution.
The swarm will move in a n—dimensional search space which represents
its environment. In addition to the position of the particle within the search
space, it has a velocity vector ©/. The velocity of the particle determines the

step size the particle takes in a generation, and the direction it takes. The so-
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cial interaction is emulated by the formation of neighborhood in the swarm.
As each particle remembers its own best location, it also query neighboring
particles for their best position discovered so far. In this study, the neigh-
borhood size is taken as the full swarm.

PSO searches for an optimum by moving the particles through the
search space. At each time step, ¢, the position z; () of the particle 7 is
modified by adding the particle velocity to the previous position vector:

T ()= (t—1)+ 7 () (3.14)

The velocity vector determines the step size inside the search space and
direction of the particle. The velocity vector is determined as:

Uz? (t) = w@? (t - 1) + 017"_1) (fpbest,i - E) (t)) + 62r_2> (fgbest - EZ (t)) (315)

where w is the inertia weight , controlling the influence of the previous
velocity values on the new velocity. c¢; and cy are the acceleration coeffi-
cients used to scale cognitive and social components respectively. r; and
r9 are vectors with each component sampled from a uniform distribution
U (0,1); Zppest; is the i-th particle best location attained through generations
and x g 1S the global best location found in the swarm.
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Algorithm 3.3 Particle swarm Optimization Algorithm
Initialize population
Evaluate objective function
StOT€  Gpest and Dhest
fort=1t0 G
for i=1ton

for j=1top
Update the j-th component of the i-
th velocity vector:

Yij =

wv;ﬁ;l + iy (xz’pbest - xf_l) + coTo (:Egbest - 5152_1)
Update the j-th component of the i-
th displacement vector :
$$] = xf;l -+ vf’j
end for
Evaluate the objective function for the new veloc-
ity vector obtained f (Z7):
if f (Ez)) < f (fipbest)
CEripbest = EZ
end if
if f (—ng) < f (fgbest)
fgbest - E
end if

end for
end for

3.3.1.1 Velocity Clamping

It has be noted that the basic PSO algorithm suffered from undesirable
dynamical properties, notably the particle velocities need to be limited in
order to control their trajectoriesClerc & Kennedy (2002). It was suggested
by Kennedy and Eberhart J. F. Kennedy et al. (2001) to keep the velocity
within sensible bounds by putting limits on the maximum that the particle
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is allowed to attain in every dimension. To implement velocity clamping:

Umaz,j Zf Vig > Umaz,j
Vij = ~Umaz,j Zf Uij < —Umaz,j (316)
Vij otherwise

Velocity clamping can be viewed as a control over the exploration - ex-
ploitation balance of PSO. A large v,,,, allows more change in each particle
from one generation to the next, which emphasizes exploration. A small
Umagz Testricts changes in particles, which emphasizes exploitation Simon
(2013).

3.3.1.2 Inertia Weighting

From equation (3.15), the inertia weight was defined to control the ve-
locity of the particle from one generation to the next, as if it was not defined
the velocity tends to become constant. However, it was found empirically
that decreasing inertia weight during the optimization process may provide
better performance. Based on Eberhart & Shi (2000), it is often advisable
to decrease the w from 0.9 at the first generation up to 0.4 at the last gener-
ation. This helps slow down the velocity of each particle as the generation

count increases, hence improves convergence.
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3.4 Introduction to FACTS based Power System Stabi-
lizers

In the past few decades the power system networks has explosively
increased in size due to the constant demand for power. This gave rise to
interconnection of power network, thus increasing the complexity of the
system. This was caused due to the restricted and limited resources and
the strict environmental constraints. The demand for power will never get
less, as it grows day by day. The interconnection between remotely located
power systems gave rise to low frequency oscillations in the range of 0.1 ~
3.0 Hz. This type of instability can endanger the system security and limit
power transfer, since if these oscillations are not well damped they will keep
growing in magnitude until loss of synchronism occurs K. Padiyar (2008);
Al-Awami et al. (n.d.).

This problem gave rise to a solution through the use of power system
stabilizers (PSS) , which are intended to provide damping to generator os-
cillations. The PSS is a supplementary controller in the excitation systems.
The PSS will provide satisfactory operation under unusual or abnormal con-
ditions which maybe encountered at times K. Padiyar (2008). While PSS are
effective in damping power oscillations, they suffer a drawback of being li-
able to cause great variations in voltage profile and they may even result in
leading power factor operation under sever disturbance conditions Rahim &
Nassimi (1996).

On the other hand, FACTS controllers have come up as another solu-
tion for this problem. From their introduction, the FACTS controllers were
intended to solve various power system steady state control problems such
as voltage regulation, power flow control, and transfer capability enhance-
ment. The damping of the power system oscillations was introduced as a
supplementary function, which has been extensively investigated and stud-
ied M. Abido (2009). Due to these capabilities, FACTS control installation
provide a better solution over PSS.
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WangWang (2000), has investigated the capabilities of Static Var Com-
pensator (SVC), Controllable Series Compensator (CSC), and Phase Shifters
(PS) to damp power system oscillations in an SMIB system. In Rahim &
Nassimi (1996), a coordinated control of PSS and SVC was introduced.
Several references in literature has investigated the capability of the Thyris-
tor Controlled Series Capacitor (TCSC) to damp the power system oscil-
lations through different approaches. In Panda & Padhy (2007), a Genetic
Algorithm (GA) based power system stabilizer using TCSC was investi-
gated. A
STATCOM capability to damp power system oscillations exceeded the
capability of the SVC M. Abido (2009). In M. Abido (2005), a singu-
lar value decomposition (SVD) to investigate the controllability of poorly
damped electromechanical modes via STATCOM input channels.

As the most versatile FACTS controller, UPFC had become an inter-
esting field of research for damping power system oscillations. In Nabavi-
Niaki & Iravani (1996), a UPFC based stabilizer to mitigate torsional oscil-
lations using shunt converter phase angle as a control signal was designed
and investigated. Abido et al M. A. Abido et al. (2006), has introduced a
particle swarm based stabilizer using UPFC in which he has investigated
the controllability of the UPFC different input channels in, damping power
system oscillations. It was observed that the shunt converter phase angle
provide a better controllability for damping electromechanical oscillations
compared to the other input channels. In Al-Awami et al. (n.d.), a coordi-
nated control design for UPFC and PSS based on particle swarm was devel-

oped.
3.5 UPFC Based Damping Controller

The structure of the damping controller is shown in figure (3.6). It
consists of a washout circuit which is provided to eliminate the steady state
bias from the output of the damping controller. The washout circuit acts as
a high pass filter that passes all the frequencies of interests. In this research
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the value of 7}, is chosen to be 5 M. Abido (2005); M. A. Abido et al. (20006);
M. Abido (2009); Ajami & Gholizadeh (2012); Al-Awami et al. (n.d.).

Torzional Filter

_f/\ K,
Qpaf T}: —-—__._1 s T’ L
Washout Dynamic Compensator
5T ,
v T(s
i I1+sTy ( )

Figure (3.6)
UPFC Based Damping Controller

A common practice for the design of the dynamic compensator is the
use of a two stage lead-lag stage compensator. This practice has been widely
used and accepted even for FACTS based damping controllers. On the other
hand, a use of PID controllers as dynamic compensator in power system
stabilizers has been reported, but it has been rarely used. In Oonsivilai &
Marungsri (2008), a PID controller design based on particle swarm opti-
mization for a multimachine system was proposed. In this research a two
stage lead-lag compensator will be used, as its parameters (7} to 7}) can be
directly translated from the range of frequencies of interest.

(1 + STl) (1 + 8T3)
(1 + STQ) (1 + ST4)

Seen here is the transfer function of the compensator given by (3.17).

T (s) =K, (3.17)

As for the damping control signal y , one of the variables selected is
the deviation in rotor angular velocity Aw. Another variable that have been
reported in literature was the generator electrical power P, which in fact
approximates the accelerating power since the variations in the mechanical
power are slowK. Padiyar (2008). In this research, there will be no deviation
from the common practice in the use of rotor relative velocity.

Based on the conclusion reached by Abido in M. A. Abido et al. (2006),
0 provides a better controllability for the electromechanical mode oscilla-

80




tions than other UPFC input channels. The proposed damping controller is
based on the shunt converter phase angle, as shown in figure (3.7):

OFref L3 K, »OF
1 45 Ta
Washout Lead - Lag Compensator
AG —o sT, - 1+sT; 1+sT;
1+sT, T 1+sTy 1+sTy

Figure (3.7)
UPFC Based Damping Controller Using d Input channel

The eigenvalues of the system without POD controller are shown in
table (3.1), and from this it can be seen that the system is unstable

Table (3.1)
System eigenvalues under nominal loading condition without POD controller

Eigenvalues
—15.73
—4.80
0.64 £ 53.70
—1.28

3.5.1 System Linearized Model

In order to assess the stability of the system, and to construct an ob-
Jective function based on the system eigenvalues, a linearized model of the
system is to be determined (refer to Appendix B.2). For this purpose, the
system has to be linearized around different operating points. The linear
model is given by:

&= Az + Bu (3.18)

where z is the state vector and  is the input vector :
T
z=[A8 Aw AB) AEp vyl (3.19)
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where A and B are:

0 WwB 0 0 0
& _D  _K g _Kw
M M M Ig/f
K. K: 1 d
A= | —Ka 0 — = — = 3.21
7, T, T, T, (3.21)
KQK5 0 _KAKG _L KAde
Ty T4 Ta Ty
| K» 0 Ky 0 —K, |
- -
0 0 0 0
__ Kpe Kpse Kpp Kpsp
A A S
B — _ Rage _ gée __Bab _ g .
T 7, T, T, (3.22)
_KaKye _ KaKyse _ KoKy _ KaKus :
T4 Ta Ta Ty
B Kce Kcée ch Kcéb

where Ky — Ky, Kpy,,K g, and K, are the linearization constants.
3.5.2 Objective Function

In order to find the optimal set of parameters of the damping controller
using BBO and PSO, an objective function needs to be formulated then opti-
mized. Several time domain based performance indices have been proposed
in literature, such as integral of time multiplied by the absolute value of er-
ror (ITAE) criterion. In other performance indices such as eigenvalue based
functions, the parameters are tuned in stabilizing power systems. This sec-
tion presents two objective functions that are used to design a robust damp-

ing controller.

3.5.2.1 Eigenvalue Based Objective Function

In this approach, the damping coefficients of the eigenvalues are to be
maximized. Then the damping coefficient ¢; of the i-th eigenvalue is defined

through the following equation:

(= ————— (3.23)




Where o; and 3; are the real and imaginary parts of the dominant eigen-
value respectively. A well damped power system is said to have a damping
for all eigenvalues greater than 5% Rogers (2000). Thus, the objective of
the optimization problem is to achieve a damping for all eigenvalues greater
than 5% over the range of the operating points.

Let =), be a vector of the damping factors of all eigenvalues of the p-th
operating point in the set, where p = 1,2, ...n for n operating points. Then

the objective function to be maximized is:

max J, (3.249)

where J, = min (min (Z,))

3.5.2.2 Time Based Objective Function

For a robust tuning using the ITAE criterion, the objective function for

set of operating points is designed as:

p
Je=) ( / t{Aw,-Idt) (3.25)

i=1

In both cases, the eigenvalue based objective function is to be max-
imized, while the time based objective function is to be minimized. The
objective functions are subject to the following constraints for the parame-

ters of the controller in (3.17):

Kymin < Kp < Kpmaz

Timn <T1 < Tippae

Tomin < Ty < Tomas (3.26)
Tamin < T3 < Tamae

Lamin < Ty < Thmaa
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where the values of the optimization problem constraints are defined in
table(3.2) and can be found in M. Abido (2005); M. A. Abido et al. (2006);
Ajami & Gholizadeh (2012); Al-Awami et al. (n.d., 2007):

Table (3.2)
Optimization constraints for the POD controller design

Min. | Max.
K, -100 | 100
TitoT, | 001 ] 1.5

In both cases only a DC voltage regulator is incorporated in the system
in order to stabilize the DC link voltage. The parameters for the DC reg-
ulator are obtained before hand and kept constant during the optimization

process.

3.6 Controller Design

In order to find the optimal set of controller parameters, the controllers
are tuned using BBO and PSO for 30 different operating conditions, where
the generator active power P, is varied between 0.2 p.uto 1.2 p.u and the re-
active power ), is varied between -0.4 p.u to 0.4 p.u, hence covering almost
all the possible operating conditions of the system. During the simulation
the DC voltage regulator is incorporated in the system in order to stabi-
lize the DC link voltage. The parameters for the DC regulator are obtained
through fine tuning (Kgp = —6.05 and Ky = —1.15) and kept constant

during the optimization process.
3.6.1 Robust Eigenvalue Based Damping Controller Design

For BBO using a maximum mutation rate of 0.005, and for PSO the
acceleration coefficients are chosen based on M. A. Abido et al. (2006) as
c1 = cg = 2.05. The inertia weight w is defined as linear function of the
generation decreasing from 0.9 to 0.4. The program is run for 100 genera-
tions and a population of 100 individuals for both algorithms. Table (3.3) ,

shows the gains of the controllers:
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Table (3.3)
Damping Controller Parameters Using BBO and PSO for eigenvalue based objective
function

BBO PSO
K, | -98.5099 | -89.8943
Ty | 1.0814 | 0.0578
5 01008 06319
T3 | 0.0520 | 1.4808
Ty | 0.6451 | 0.6807

[ ¢ [ 03005 | 03003 |

Convergence Characteristics of BBO and PSO for the system damping ratio ¢
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Figure (3.8)
Convergence characteristic for Eigenvalue based objective function for BBO algorithm
and PSO algorithm

From figure (3.8), it can be seen that BBO and PSO has reached almost
the same value of the minimum damping ratio of all eigenvalues for the 30
different operating conditions, as it has reached ( = 0.3005 and ¢ = 0.3003
for BBO and PSO respectively. The difference is in the convergence rate
as can be seen, where BBO has reached its optimal value of the objective

function in 44 generations and PSO has reached it in 58 generations.
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3.6.2 Robust Time-value Based Damping Controller

Using the same parameter initialization for both BBO and PSO as has
been done in the previous objective function, the following results were

obtained, as the gain and time constants are given in Table (3.4):

Table (3.4)
Damping Controller Parameters Using BBO and PSO for time-value based objective
function
BBO PSO

K, |-94.8712 | -98.9509
T 0.0143 1.4550
15 0.3284 | 0.6472
Ts 0.7778 | 0.0544
T 097126 -0 7519
Jrrap | 0:1231 - 0.0920

The convergence characteristics for both of the algorithms can seen in
figure 3.9:

Convergence Characteristics of BBO and PSO for ITAE objective function
1 T T T T T T T T

—BBO
---PSo|

ITAE (Objective Function)
&
T
1

03 -

_____

5
Number of Generations

Figure (3.9)
Convergence characteristic for time-value based objective function for BBO algorithm and
PSO algorithm
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From figure 3.9 and from table 3.4, it can be seen that PSO has reached

a minimum value compared to BBO.
3.7 Simulation Result

In order to test the performance of the designed damping controllers,
each one of them is tested at nominal generator loading with no system
uncertainty. At this loading condition the system is simulated for a 10%

step change in mechanical power input (F,,,).

Dynamic response - generator rotor angle under nominal loading condition
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Figure (3.10)
Rotor Angle ¢ variation
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Generator Electrical Power P.
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Table (3.5), shows the system eigenvalues after the installation of the
POD controllers. It can be seen that the system is stable, as all the eigen-
values fall in the left side of the complex plane. By comparing the system
responses for the designed damping controller, there are two points that can
be concluded from the figures (3.10) to (3.14). The first point, is that the
performance of a designed damping based on the damping ratio ¢ has a bet-
ter performance compared to an ITAE based damping controller, and that
can be shown from the settling time in table (3.6):

Table (3.6)
Damping controllers settling time and response attained peaks

| Damping controller | Settling time | Peak |
BBO ¢ damping controller 2.9633 0.0017
PSO ¢ damping controller 2.7031 0.0017
BBO ITAE damping controller 2.6445 0.0019
PSO ITAE damping controller 1.1556 0.0017

The second point is that even with BBO having an almost similar
damping ratio as PSO tuned damping ¢ontroller, the settling time varies
and that is due to the effect of the DC voltage regulator. From this it can be
seen that BBO and PSO had similar results for the  based damping con-
trollers, while in minimization of the ITAE based objective function it was
seen that PSO had a superior results compared to BBO. It can be seen that
the ITAE BBO tuned POD controller is having the largest settling time, and
ITAE PSO tuned POD is having the least.
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Chapter 4

Unified Power Flow Controller Multi-Input
Multi-Output Controller Design

4.1 Overview

The unified power flow controller (UPFC) was designed in order to control
all the parameters of the transmission network, namely the magnitude of
bus voltage, phase angle, and the transmission line impedance and that is
to control the active and reactive power flow in the transmission line. With
the configuration of the UPFC, more control functions can be realized, for
instance the bus voltage regulation at the point of connection through the
mjection of reactive power by the shunt converter can be done. Moreover,
the UPFC has been reported to be able to damp power oscillations, and that
was investigated in the previous chapter. With this multiple control func-
tions the UPFC is regarded as a multi-input multi-output (MIMO). In Wang
(2002), an investigation of the interaction between different control loops,
and based on that it has attempted to design a MIMO PI controller with
decoupling controllers between the control loops. In Taher et al. (2010), a
robust - synthesis decentralized controller for UPFC was designed, in that
approach a DC voltage regulator, power flow controller, and a damping con-
troller were designed. In this approach the MIMO system is transformed to
equivalent mutli-input single output (MISO) control systems. Al-Awami et
al Al-Awami et al. (2007), has used another approach in designing UPFC
MIMO control system through using PSO to tune multiple controllers of
the UPFC, DC voltage regulator, Power flow controller, and damping con-
troller simultaneously, with the emphasis of the design was on the damping
controller. The UPFC multiple controllers were tuned at a single operating
point for multiple disturbances. The results were then simulated at a nonlin-
ear system for a single system disturbance at different operating conditions.

In this research, the same approach that was used in Al-Awami et al.
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(2007) is going to be utilized as that the decoupling of the controllers can
deteriorate the performance of the control system Seborg et al. (2006). The
MIMO control system, power flow control, DC voltage regulation, AC bus
voltage regulation, and damping controller will be tuned using the two opti-

mization algorithms discussed in the previous chapter.

4.2 UPFC MIMO control system

The structure of the control system is shown in figure (4.1), in this config-
uration the damping controller is associated with the DC voltage regulator
where the control variable being it the excitation converter phase angle §.
The active power flow control is going to be controlled through the manipu-
lation of the boosting converter modulation index m g, which has been done
in Al-Awami et al. (n.d.); M. A. Abido et al. (2006); Taher et al. (2010,
2012), while the AC bus voltage regulation is achieved through the control

of excitation converter modulation index m .
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Figure (4.1)
UPFC MIMO control system structure

The multivariable controller structure is illustrated in figure(4.2):
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Multiloop controllers for UPFC
4.3 Control System Design

To design a multivariable control system for the UPFC using the evolu-
tionary optimization algorithms that were discussed in the previous chapter,
an objective function is to be formulated and then optimized. From this
perspective, there are several methods to design the MIMO controller. In
Al-Awami et al. (2007), an ITAE based objective function was to be mini-
mized, the objective function contained all the error signals of the controlled
variables and this is done in purpose to tune the controllers simultaneously.
The system was given two disturbances: an impulse disturbance in the input
mechanical power, and a step change in the setpoint of the power flow in the
compensated line. The optimization was carried at a single operating point.
In this research a single operating point optimization will be carried out first
with the same structure as in Al-Awami et al. (2007) in order to find the op-
timal set of gains for PI controllers and the gain and the time constants for
a two stage lead-lag compensator to damp power system oscillations as has
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been done in the previous chapter. The difference here, is that an AC bus
voltage regulator will be incorporated in the system and the disturbances

introduced will be:

1. A 10% step change in mechanical power P,

2. A 2.5% step change in setpoint of P9

In order to find the optimal set of gains and time constants the following

objective function is considered:

tes

tsim tsim tsim m
J,TAE:/ tmw|dt+/ tIAP52|dt+/ tlAvdc]dt+/ t| AV |dt 4.1)
0 0 0 0

The above objective function is to be minimized:

min  JiTAp

Subject to

K;;‘f" < Kpp < K20

K{Zi" < Kip < K"

Kg'™ < Kap < Kt

Kji™ < Kgi < K3

K;r;)m S Kvp S qu)rzz)ax

KM < Ky < Koo 4.2)
K;nin < K, < K=

Tmin S T S Tmaz

The optimization problem constraints are as given in table4.1:
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Table (4.1)
Optimization problem constraints

Minimum | Maximum

Ky, -0.5 0.5
Ry 0 )

Kap -10 0

Ky -5 0

TG 0 5

Ko 0 15

f -100 100
s 0.01 1.5

At nominal generator loading condition and by considering BBO max-
imum mutation rate as 0.05, and for PSO the acceleration coefficients are
chosen as ¢; = ¢p = 2.05, and the inertia weight w is defined as linear func-
tion of the generation decreasing from 0.9 to 0.4. The program is ran for

100 generations for all algorithms. The following results were obtained as:

Convergence Characteristics of BBO and PSO for ITAE objective function
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Figure (4.3)
Convergence characteristics for BBO and PSO for tuning MIMO controller using ITAE
objective function
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From figure (4.3), it can be seen that PSO has the minimum value of
the objective function. The BBO has saturated after 24 generations.

Table (4.2)
UPFC MIMO controllers parameters using BBO and PSO
BBO PSO
Ky | -03042 | 0.1664
Power flow controller Ky | 26602 | 4.6536
Ky | -6.2967 | -7.0429
DC voltage regulator Ky | -4.5062 | 4.6774
K,, | 4.4366 1.1029
AC bus voltage regulator K,; | 9.6876 | 4.3276
K, | -75.5118 | -71.9378
Ty | 0.8917 1.1755
POD controller Ty | 04514 | 0.8576
T3 | 0.0349 | 0.0287
Ty | 04890 | 0.3203
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4.4 Simulation Results

In order to assess the system performance of both of the controllers,
the system is simulated for a 10% step change in input power at nominal
loading condition.

Dynamic response - generator rotor angle under nominal loading condition
T T T T T T
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Gen. rotor angle 5 (rad)
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Figure (4.4)
Dynamic response of UPFC MIMO control system - Generator rotor angle §

99




w10° Dynamic response - generator angular speed under nominal loading condition
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Dynamic response of UPFC MIMO control system - Generator angular speed Aw

Dynamic response -Deviation in line power flow under nominal loading condition

004 T T~ T T T T T T
—BBO
---PSO
: : 7 s : 0
time (s)
Figure (4.6)
Dynamic response of UPFC MIMO control system - Deviation in regulated power
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Figure (4.7)
Dynamic response of UPFC MIMO control system - Deviation in UPFC DC link voltage
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«10° Dynamic response - Deviation in AC bus voltage signal under nominal loading condition
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Dynamic response of UPFC MIMO control system - Deviation in AC bus regulated
voltage AVg,
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Dynamic response - Excitation conv. modulation index signal under nominal loading condition
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Figure (4.9)
Dynamic response of UPFC MIMO control system - Excitation converter modulation
index mg
Dynamic response - Boosting conv. modulation index signal under nominal loading condition
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Dynamic response of UPFC MIMO control system - Boosting converter modulation index
mpg
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Table (4.3)

System eigenvalues for UPFC MIMO control system

BBO PSO
—76.0770 39,177
—17.6464 ~19.5078
—17.3556 —17.0007
—10.7422 —13.4112
o EM:—2.3315 £ j7.1736 | EM:—2.6535 % j7.2561
o —5.4174 6.5431
eigenvalues —1.7260 % j3.5746 —1.4914 + 53.9534
—0.2003 ~1.2096 - 50.6246
—0.6323 ~0.2003
—1.2011 & j0.4684 —0.6282
—1.4453 —1.0873
Cem 0.3090 0.3434

From figures 4.4 to 4.10, the dynamic response of the system can be
seen for a 10% step change in input mechanical power P,,. It can be seen
that the BBO tuned MIMO controller has a better settling time for the damp-
ing controller when compared with the PSO tuned MIMO controller, where
the settling times are t;pp0 = 2.082s and ¢,p50 = 3.060s. It can be seen
that there is a steady state error in the deviation of the power flow of the
compensated line for both controllers, as the boosting modulation index sat-
urates at its low limit in both cases. The settling time for both controllers
for the DC voltage regulator is almost the same, but they vary in the settling
time of the AC bus voltage regulator. Moreover, the damping of the elec-
tromechanical modes for both controllers is given in table 4.3, along with
the system eigenvalues. It can be seen that PSO controller provide more
damping for those oscillations when compared with BBO controllers.

In order to assess the ability of the control system to track the setpoint
given, therefore a step input of 0.1 p.u for the compensated line power flow
is given to the system. The figures (4.11) to (4.15), illustrates the system

response for the step input disturbance in the power flow:
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Dynamic response - line power flow under nominal loading condition
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Figure (4.11)
Line power flow P.,
«10° Dynamic response - generator angular speed under nominal loading condition
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Figure (4.12)
Generator angular speed deviation

104




Dynamic response - generator rotor angle under nominal loading condition
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Generator rotor angle
0 Dynamic response - Deviation UPFC DC link voltage under nominal loading condition
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Figure (4.14)
Deviation in UPFC DC link voltage Avg,
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Dynamic response - Deviation in AC bus voltage signal under nominal loading condition
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Figure (4.15)
Deviation in AC bus voltage AVg;

It can be seen that the system is able to track the setpoint with no steady
state error and that is for all of the controlled variables. Moreover, the con-
troller was able to damp the oscillations in the response effectively after the
introduction of the disturbance, which can be seen from the Aw response
plot. The settling time of the line power flow is t,= 2.013 sec for PSO
,while for BBO the settling time is ¢;= 3.566 sec. The DC voltage regulator
had the highest settling time in all of the responses of t; = 7 sec for both

algorithms, in which it returned to its previous value.
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Chapter 5

Control System Performance Analysis

5.1 Overview

This chapter presents the simulation results and analysis of the controllers
designed in chapters 3 and 4. In the first section of this chapter, the con-
trollers that have been designed in chapter 3 will be investigated for a large
disturbance introduced at the system at different generator loading condi-
tions with different system uncertainties. The system response will be com-
pared with nominal system conditions - without any system uncertainties,

the analysis of the response will be based on:

1. Steady state system response.

2. Transient state system response, and that is by considering the follow-
ing::

(a) Robustness.
(b) Stability.
(c) Settling time.
(d) Peak attained.

After that, an investigation on the possibility of system response enhance-
ment through fine tuning of the DC voltage regulator is presented. The
response will be analyzed using the above performance criterion.

At the second section of this chapter, the MIMO control systems de-
signed in the previous chapter will be examined and analyzed. The control
system will be assessed for different system disturbances at different loading

conditions, and they are:
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1. Variation in power flow compensation factor: this will investigate the
ability of the control system to adhere to the changes in setpoint,
which is a common practice in industry as the load changes based

on the system requirements.

2. Output disturbance: this will investigate the ability of the control sys-
tem to maintain the output within the limits following a disturbance to
the system. A sudden load change in the second transmission line is
bgoing to be considered; where the system will be simulated for a three

phase disturbance to ground in the compensated transmission line.

3. Three phase fault at generator bus: this will test the ability of the
damping controller to return the system to the pre-fault operating con-
dition, during this test the control system robustness will be examined

also as different uncertainties are introduced in the system.

5.2 Response Analysis for Power Oscillation Damping
(POD) Controller

5.2.1 Response Analysis under System Uncertainties

In here an analysis for the damping controllers that were designed in
chapter 3, based on the ¢ objective function and ITAE objective function is
performed. The controllers are simulated at four different operating con-
ditions for a 10% step change in mechanical power F,, with four different

parameter uncertainties as given in table 5.1:
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Table (5.1)
System operating points and its uncertainties

Loading Condition | P, | Q. System Parameter uncertainty
Light Loading 0.30 | 0.015 30% increase in line reactance ;
Nominal Loading 1.0 | 0.015 | 30% increase in compensated line reactance =,
Heavy Loading 1.1 0.4 25% increase in machine inertia M
Leading power factor 0.7 | -0.03 30% increase in field time constant T}

5.2.1.1 Light Loading Condition

Figures (5.1) to (5.4), illustrates the system response for a 10% step
change in mechanical input power P, under light loading condition (P, =
0.3 p.u and Q). = 0.015 p.u). Each figure, contains two system responses,
the first (in blue continuous line) represents the response under nominal
system conditions, no uncertainties are present, while the second response
(in green dashed line) represent the response under system uncertainty, and

in this case it is 30% increase in reactance of the uncompensated line z;;.
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System uncertainty - Dynamic response of POD controller tuned with BBO algorithm for
¢-objective function under light loading condition
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10t Deviation in rotor angular speed for light loading -PSO ¢ tuned controller
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System uncertainty - Dynamic response of POD controller tuned with PSO algorithm for
¢-objective function under light loading condition
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System uncertainty - Dynamic response of POD controller tuned with BBO algorithm for
ITAE-objective function under light loading condition
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Figure (5.4)
System uncertainty - Dynamic response of POD controller tuned with PSO algorithm for
ITAE-objective function under light loading condition

From the figures, it can be seen that the POD controllers in all cases are

able to maintain the system stability even in the presence of the uncertainty.

The system performance changed from the nominal system conditions and

that can be seen in table (5.2):

Table (5.2
System performance under light loading condi(tion)s in the presence of uncertainty for POD
controllers
Settling time ¢, Peak Cem
Nominal | Uncertainty | Nominal | Uncertainty | Nominal | Uncertainty

BBO - (¢ 1.0992 1.1534 0.0005 0.0005 0.3829 0.3685

PSO- (¢ 1.0916 1.1330 0.0005 0.0005 0.3939 0.3861

BBO - ITAE 1.3606 1.0507 0.0006 0.0006 0.2125 0.2178

PSO - ITAE 1.0727 1.0851 0.0005 0.0005 0.3309 0.3410

From this it can be seen that BBO ITAE POD controller, have a better
settling time when compared to the other controllers after the uncertainty
has been introduced. The problem with the BBO ITAE POD controller 1s
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that it has the greatest peak compared to the other controllers. Moreover the

damping of the EM modes it has the lowest damping factor.
5.2.1.2 Nominal Loading Condition

Similarly, figures (5.5) to (5.8) illustrate the system response for the

POD controllers under nominal loading conditions, with and without system

uncertainties.
«10° Deviation in rotor angular speed for nominal loading -BBO ¢ tuned controller
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System uncertainty - Dynamic response of POD controller tuned with BBO algorithm for
¢-objective function under nominal loading condition
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Figure (5.6)
System uncertainty - Dynamic response of POD controller tuned with PSO algorithm for
¢-objective function under nominal loading condition
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System uncertainty - Dynamic response of POD controller tuned with BBO algorithm for
ITAE-objective function under nominal loading condition
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Figure (5.8)

System uncertainty - Dynamic response of POD controller tuned with PSO algorithm for

ITAE-objective function under nominal loading condition

The control system is robust, as it was able to maintain the stability of

the system in the presence of uncertainty. The degradation of performance

can be seen from figures and it is fully given in the following table:

Table (5.3)

System performance under nominal loading conditions in the presence of uncertainty for
POD controllers

Settling time ¢, Peak Cem
Nominal | Uncertainty | Nominal | Uncertainty | Nominal | Uncertainty
BBO - 2.0096 22776 0.0017 0.0017 0.3608 0.3486
PSO - ¢ 1.1670 2.1871 0.0017 0.0017 0.3831 0.3757
BBO - ITAE 2.0905 2.1383 0.0019 0.0019 0.1911 0.2000
PSO - ITAE 1.0862 2.0647 0.0017 0.0017 0.3342 0.3383

5.2.1.3 Heavy Loading Condition

In here the system is simulated under generator loading conditions

(2 — L1 pand-¢)

1115

0.4 p.u). The uncertainty introduced in here, is




a 25% increase in machine inertia M. The figures (5.9) to (5.12) represent

the system response for a 10% step change in mechanical input power P,,,.

o

05

Deviation in rotor angular speed A « (rad/sec)

«10° Deviation in rotor angular speed for Heavy loading -BBO ¢ tuned controller
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Figure (5.9)

System uncertainty - Dynamic response of POD controller tuned with BBO algorithm for

¢-objective function under heavy loading condition
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100 Deviation in rotor angular speed for heavy loading -PSO ¢ tuned controller
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Figure (5.10)
System uncertainty - Dynamic response of POD controller tuned with PSO algorithm for
(-objective function under heavy loading condition
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System uncertainty - Dynamic response of POD controller tuned with BBO algorithm for
ITAE-objective function under heavy loading condition
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Deviation in rotor angular speed A « (rad/sec)

Deviation in rotor angular speed for heavy loading -PSO ITAE tuned controller
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Figure (5.12)
System uncertainty - Dynamic response of POD controller tuned with PSO algorithm for
ITAE-objective function under heavy loading condition

As expected, that by increasing the machine inertia it becomes more

stable, which in other terms improved the system performance and that can

be seen in the figures above. Table (5.4), shows all the performance indices:

Table (5.4)

System performance under heavy loading conditions in the presence of uncertainty for
POD controllers

Settling time ¢, Peak Cem
Nominal | Uncertainty | Nominal | Uncertainty | Nominal | Uncertainty
BBO - ¢ 20117 2.1129 0.0017 0.0016 0.3281 0.3702
PSO - ¢ 1.2246 2.0246 0.0017 0.0016 0.3511 0.4279
BBO - ITAE 1.9878 2.1090 0.0020 0.0017 0.1638 0.2403
PSO - ITAE 1.0448 1.2183 0.0018 0.0016 0.3120 0.3823

It can be seen that the damping ratio of the electromechanical modes

has increased, but the settling time has increased and that can be seen that

due to the increase in peak time of the response, hence the response of nom-

inal system condition attain the value of the output before the response in
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case of the uncertainty (in here the settling time is taken once the output is
between Aw = +1 x 1074)

5.2.14 Leading Loading Condition

Leading power factor loading condition of the generator is considered
in this test. The system is simulated with and without uncertainty, 30%
change in T}, for a 10% step change in P,, as have been done in the cased

before.

10t Deviation in rotor angular speed
T

for leading power factor -BBO ¢ tuned controller
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t(s)
Figure (5.13)

System uncertainty - Dynamic response of POD controller tuned with BBO algorithm for
¢-objective function under leading power factor loading condition
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w10° Deviation in rotor angular speed for leading power factor -PSO ¢ tuned controller
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Figure (5.14)
System uncertainty - Dynamic response of POD controller tuned with PSO algorithm for
¢-objective function under leading power factor loading condition
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System uncertainty - Dynamic response of POD controller tuned with BBO algorithm for
ITAE-objective function under leading power factor loading condition
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Deviation in rotor angular speed for leading power factor -PSO ITAE tuned controller
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Figure (5.16)
System uncertainty - Dynamic response of POD controller tuned with PSO algorithm for
ITAE-objective function under leading power factor loading condition

The system seems not to be affected with such uncertainty, hence it is

robust for such degradation in system parameters. The performance of the

control system is analyzed in table (5.5):

Table (5.5)

System performance under leading power factor loading conditions in the presence of
uncertainty for POD controllers

Settling time % Peak ¢-EM
Nominal | Uncertainty | Nominal | Uncertainty | Nominal | Uncertainty
BBO - ¢ 1.1661 1.2084 0.0012 0.0012 0.3793 0.3769
PSO - ¢ 1.5724 1.1883 0.0012 0.0012 0.3992 0.3955
BBO - ITAE 1.4119 1.4130 0.0014 0.0014 0.2084 0.2084
PSO - ITAE 1.4139 1.0977 0.0012 0.0012 0.3423 0.3405

5.2.2 Analysis of Fine tuned system response

In this section the possibility of fine tuning the system response through

changing the DC regulator gains (K4, and K ;),the system behavior is to be
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improved as these algorithms are stochastic process, so there is no guarantee
that an optimal solution is obtained. The system is simulated for the same
loading conditions and with the uncertainties presented above. The POD
controllers are tuned with K4, = —7.15 and K3 = —1.15. Each figure,
represents the system before and after fine tuning. The results are discussed

and analyzed in the following sections for every loading condition.

5.2.2.1 Light Loading Condition

x10* Deviation in rotor angular speed for light loading -BBO ¢ tuned controller
7 T T T T T

— Before fine tuning
—=-Afer fine tuning ||

)
T

2
T
1

IS
T
1

w
T
1

o 5
l T
———.

/
7

i

!

|

)

\]
1
I
\

Deviation in rotor angular speed A o (rad/sec)
T T
1

[
T

&
o

t(s)
Figure (5.17)

Fine tuning - Dynamic response of POD controller tuned with BBO algorithm for
¢-objective function under light loading condition
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«10* Deviation in rotor angular speed for light loading -PSO ¢ tuned controller
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Figure (5.18)
Fine tuning - Dynamic response of POD controller tuned with PSO algorithm for
¢-objective function under light loading condition
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Fine tuning - Dynamic response of POD controller tuned with BBO algorithm for
ITAE-objective function under light loading condition
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1ot Deviation in rotor angular speed for light loading -PSO ITAE tuned controller
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Figure (5.20)
Fine tuning - Dynamic response of POD controller tuned with PSO algorithm for
ITAE-objective function under light loading condition

Table (5.6
System performance before and after fine tun(ing )under light loading conditions for POD
controllers
Settling time ¢, Peak CeMm

Before | After | Before | After | Before | After

BBO - ¢ 1.1534 1.1659 0.0005 | 0.0005 | 0.3685 | 0.3944

PSO-( 1.1330 1.1581 0.0005 | 0.0005 | 0.3861 | 0.4500

BBO - ITAE 1.0507 1.4365 0.0006 | 0.0006 | 0.2178 | 0.2657

PSO - ITAE 1.0851 1.1120 0.0005 | 0.0005 | 0.3410 | 0.4223

From figures (5.17) to (5.20) and table (5.6), it can be seen that the
system performance has improved through fine tuning the DC regulator.
A decrease in the settling time of the response, as well as an increase in
the damping ratio of the electromechanical modes for all of the controllers.
By comparing the responses it can be seen that the ITAE PSO tuned POD

controller has a superior performance compared to the other controllers.
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5.2.2.2 Nominal Loading Condition

This section, represents the dynamics response of the system at nom-
inal loading condition after fine tuning. The system responses are given in
figures (5.21) to (5.24):

od Deviation in rotor angular speed for nominal loading -BBO ¢ tuned controller
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Figure (5.21)

Fine tuning - Dynamic response of POD controller tuned with BBO algorithm for
¢-objective function under nominal loading condition
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x10° Deviation in rotor angular speed for nominal loading -PSO ¢ tuned controller
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Figure (5.22)

Fine tuning - Dynamic response of POD controller tuned with PSO algorithm for
¢-objective function under nominal loading condition

X10° Deviation in rotor angular speed for nominal loading -BBO ITAE tuned controller
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Figure (5.23)

Fine tuning - Dynamic response of POD controller tuned with BBO algorithm for
ITAE-objective function under nominal loading condition
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3 Deviation in rotor angular speed for nominal loading -PSO ITAE tuned controller
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Figure (5.24)
Fine tuning - Dynamic response of POD controller tuned with PSO algorithm for
ITAE-objective function under nominal loading condition

Table (5.7)
System performance before and after fine tuning under nominal loading conditions for
POD controllers
Settling time ¢, Peak Cem

Before | After | Before | After | Before | After
BBO - ¢ 22776 | 20684 | 0.0017 | 0.0017 | 0.3486 | 0.3671
PSO - 2.1871 19718 | 0.0017 | 0.0017 | 0.3757 | 0.4202

BBO - ITAE | 21383 2.0303 | 0.0019 | 0.0019 | 0.2000 | 0.2477

PSO - ITAE 2.0647 1.7418 0.0017 | 0.0017 | 0.3383 | 0.4342

Similar to the previous case, the system performance has improved
after the fine tuning and this can be seen from table (5.7). Comparing the
PSO tuned controllers with the BBO tuned controllers, it can be seen that
the PSO exhibits a better performance in terms of damping the oscillations

of the system.
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5.2.2.3 Heavy Loading Condition

w10t Deviation in rotor angular speed for heavy loading -BBO ¢ tuned controller
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Figure (5.25)

Fine tuning - Dynamic response of POD controller tuned with BBO algorithm for
¢-objective function under heavy loading condition
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w10° Deviation in rotor angular speed for heavy loading -PSO ¢ tuned controller
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Figure (5.26)
Fine tuning - Dynamic response of POD controller tuned with PSO algorithm for
¢-objective function under heavy loading condition
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Fine tuning - Dynamic response of POD controller tuned with BBO algorithm for
ITAE-objective function under heavy loading condition
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v 10° Deviation in rotor angular speed for heavy loading -PSO ITAE tuned controller
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Figure (5.28)
Fine tuning - Dynamic response of POD controller tuned with PSO algorithm for
ITAE-objective function under heavy loading condition

Table (5.8)
System performance before and after fine under heavy loading conditions for POD
controllers
Settling time ¢, Peak Cem

Before | After | Before | After | Before | After
BBO - ( 2.1129 2.0043 0.0016 | 0.0016 | 0.3702 | 0.3519
PSO - ( 20246 1.8981 | 0.0016 | 0.0016 | 0.4279 | 0.3668

BBO - ITAE 2.1090 1.7011 0.0017 | 0.0017 | 0.2403 | 0.3139

PSO - ITAE | 12183 1.7655 | 0.0016 | 0.0016 | 0.3823 | 0.4211

From figures (5.25) to (5.28) and table (5.8), it can be seen that the
system response after fine tuning has varied between the designed controller,
where it can be seen that for the ( - BBO tuned POD the damping ratio of
the EM has decreased by 2% but this did not increase the settling time, but
on the contrary it has decreased to 2.8 sec after the disturbance. While for
the ITAE - PSO tuned POD controller, it can be seen that the settling time
has increased while the EM damping ratio has increased. For the other two
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controllers, the ¢ - PSO and ITAE - BBO POD controllers the performance
has improved through increasing the EM damping ratio and decreasing the

settling time .

5.2.2.4 Leading Loading Condition

K100 Deviation in rotor angular speed for leading power factor -BBO ¢ tuned controller
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Figure (5.29)

Fine tuning - Dynamic response of POD controller tuned with BBO algorithm for
¢-objective function under leading power factor loading condition
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K100 Deviation in rotor angular speed for leading power factor -PSO ¢ tuned controller
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Figure (5.30)
Fine tuning - Dynamic response of POD controller tuned with PSO algorithm for
¢-objective function under leading power factor loading condition
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Fine tuning - Dynamic response of POD controller tuned with BBO algorithm for
ITAE-objective function under leading power factor loading conditions
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«10° Deviation in rotor angular speed for leading power factor -PSO ITAE tuned controller
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Figure (5.32)
Fine tuning - Dynamic response of POD controller tuned with PSO algorithm for
ITAE-objective function under leading power factor loading condition

Table (5.9)
System performance before and after fine tuning under leading power factor loading
conditions for POD controllers

Settling time ¢, Peak Cem
Before | After | Before | After | Before | After
BBO-( 1.2084 17638 | 0.0012 | 0.0012 | 0.3769 | 0.4004
PSO - ¢ 1.1883 17139 | 0.0012 | 0.0012 | 0.3955 | 0.3920
BBO - ITAE | 14130 1.5061 | 0.0014 | 0.0014 | 0.2084 | 0.2552
PSO - ITAE | 10977 1.6363 | 0.0012 | 0.0012 | 0.3405 | 0.3611

From figure (5.29) to (5.32) and table (5.9), the system performance
after fine tuning has varied between the controllers. In case of the ( - BBO
tuned POD controllers, the system performance has degraded as the EM
damping ratio has decreased along with an increase in settling time. On
the other hand, the settling time ¢, of the ITAE-PSO controller has an in-
crease 1n settling time, while the ( EM has increased. For the other two, an
improvement in both the EM damping ratio with the settling time is noted.
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5.3 Response Analysis for Multi-Input Multi-Output (MIMO)
UPFC Control System

In this section an analysis of the MIMO UPFC controllers that were
designed in chapter 4 is presented. The control system is tested based on
its ability to control several variables simultaneously, where in the first case
study the active power compensation factor is being varied in order to see the
ability of the controllers to cope with the variation in setpoint. The second
case study investigates the ability of the controllers to track the setpoint after
introduction of a disturbance in the system. In this case study a six cycle
three phase fault at the compensated transmission system is simulated. The
third case study, investigates the ability of the controllers to damp power
system oscillations after the system being disturbed under different system

loading conditions.
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5.3.1 Setpoint Variation

In this case study the control systems will be tested for their ability to
track different setpoint values. Varying the active power setpoint between
(-15% to +15%) compensation under nominal system loading, while ana-
lyzing the system outputs in order to see the effect of setpoint variation on
the ability of the system to track the setpoint without steady state errors.

The system responses for the setpoint variation for the BBO tuned
MIMO controller are given in figures (5.33) to (5.37):

Deviation in generator angular speed under nominal loading condition -BBO
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Figure (5.33)
Dynamic response - Generator angular speed deviation Aw for BBO tuned MIMO control
system under variation of power flow setpoint
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Line power flow under nominal loading condition -BBO
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Figure (5.34)
Dynamic response - Line power flow P, for BBO tuned MIMO control system under
variation of power flow setpoint

Deviation in power flow signal under nominal loading condition -BBO
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Figure (5.35)
Dynamic response - Deviation in line power flow A P., BBO tuned MIMO control system
under variation of power flow setpoint
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Deviation in UPFC DC voltage signal under nominal loading condition -BBO
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Figure (5.36)
Dynamic response - Deviation in UPFC DC link voltage Avg. for BBO tuned MIMO
control system under variation of power flow setpoint

Deviation in AC bus voltage signal under nominal loading condition -BBO
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Figure (5.37)
Dynamic response - Deviation in AC bus voltage AVg, for BBO tuned MIMO control
system under variation of power flow setpoint
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The system response for PSO tuned MIMO controller is shown in fig-
ures (5.38) to (5.42):

Deviation in generator angular speed under nominal loading condition -PSO
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Figure (5.38)
Dynamic response - Generator angular speed deviation Aw for PSO tuned MIMO control
system under variation of power flow setpoint
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Line power flow under nominal loading condition -PSO
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Figure (5.39)
Dynamic response - Line power flow P,; for PSO tuned MIMO control system under
variation of power flow setpoint

Deviation in power flow signal under nominal loading condition -PSO
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Figure (5.40)
Dynamic response - Deviation in line power flow A P,; PSO tuned MIMO control system
under variation of power flow setpoint
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Deviation in UPFC DC voltage signal under nominal loading condition -PSO
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Figure (5.41)

Dynamic response - Deviation in UPFC DC link voltage Avg, for PSO tuned MIMO
control system under variation of power flow setpoint

Deviation in AC bus voltage signal under nominal loading condition -PSO
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Figure (5.42)
Dynamic response - Deviation in AC bus voltage AVg; for PSO tuned MIMO control
system under variation of power flow setpoint
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It can be seen that for negative setpoints (from -15% to -7.5% decrease
in setpoint value), the system saturates for both MIMO controllers, and
hence a steady state error is found between these setpoint values. The re-
sponse of both controllers is similar in terms of tracking of setpoint, with

different response parameters at each setpoint.

5.3.2 System Disturbance Rejection

In this section the MIMO controllers will be tested for the ability to
reject load disturbance, thus a three phase six cycle fault at the compensated
transmission line occurs at t = 8 s. The controllers will be tested under
system nominal loading conditions. Figures (5.43) to (5.46), illustrates the

system response for the load disturbance:

Dynamic Response - Active power flow in compensated line for load rejection
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Figure (5.43)
Dynamic response - Line power flow P, after load disturbance in line 2
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Figure (5.44)
Dynamic Response - Generator angular speed DeviationAw after load disturbance in line
2
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Figure (5.45)
Dynamic response - Deviation in UPFC DC line voltage Avy. after load disturbance in
line 2
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Dynamic Response - Deviation in AC bus voltage for load rejection
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Figure (5.46)
Dynamic response - Deviation in AC bus voltage AV, after load disturbance in line 2

It can be seen that both controllers where able to reject the disturbance
and maintain output at its prespecified value. The system responses are
almost identical in terms of the ability to reject disturbances, and that can

be shown from the responses.
5.3.3 Damping Power System Oscillations

This section analyzes the ability of the MIMO controllers to damp
power system oscillation. Therefore, a three phase six cycles fault at the
generator bus will be introduced. The system will simulated and analyzed
at different generator loading (light,nominal,heavy, and leading power fac-

tor) conditions.

5.3.3.1 Light Loading Condition

In here the system is being light loaded at P, = 0.3 p.uand (), = 0.015
p.u, at ¢ = 1 s the a three phase six cycle fault is introduced to the system.
The figures (5.47) to (5.50), illustrates the system response for this fault

condition
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w10° Dynamic response - generator angular speed under light loading condition
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Figure (5.47)

Dynamic response - Generator angular speed deviation Aw after three six cycle fault for
light loading condition

Dynamic response - Deviation in line power flow under light loading condition
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Figure (5.48)

Dynamic response - Line power flow deviation A P,, after three six cycle fault for light
loading condition
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Dynamic response - Deviation in UPFC DC link voltage under light loading condition
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Figure (5.49)

Dynamic response - UPFC DC link voltage deviation Awvg, after three six cycle fault for
light loading condition

<10 Dynamic response - Deviation in AC bus voltage signal under light loading condition
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Figure (5.50)
Dynamic response - AC bus voltage deviation AV, after three six cycle fault for light
loading condition
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From the figures, it can be seen that the controllers where able to main-
tain the system stability. The eigenvalus anf EM damping ratio are given
in table (5.10), however it can be seen that BBO tuned MIMO controller
has a better performance in terms of damping oscillations compared to the
PSO tuned controller, where the settling time for BBO is t,550 = 2.024 sec
while for the PSO itis t,pg0 = 2.575 sec.

Table (5.10)
System eigenvalues and EM damping ratios at light loaded conditions for MIMO

controllers
BBO 550
_Iggiiz —31.7558
16,9008 19.6524
11.9308 —16.5931
EM:—2.4341 + j6.2959 ~13.3797
a0+ .4]1i57 EM:—2.8050 + j6.2378
System eigenvalues ’ ) 66; 80 e o148
_0'2003 —1.6587 + j4.4153
—0.5832 ~0.2003
' ~1.1833 + j0.4265
—1.0245 : 62i8
—1.4750 0.
—1.2553 ~1.0156
(oM 0.3606 0.4104

5.3.3.2 Nominal Loading Condition

For nominal loading condition with the fault defined earlier, the system

response is depicted in figures (5.51) to (5.54):
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Dynamic response - generator angular speed under nominal loading condition
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Figure (5.51)
Dynamic response - Generator angular speed deviation Aw after three six cycle fault for
Nominal loading condition

Dynamic response -Deviation in line power flow under nominal loading condition
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Figure (5.52)

Dynamic response - Line power flow deviation A P, after three six cycle fault for nominal
loading condition
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Dynamic response - Deviation UPFC DC link voltage under nominal loading condition
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Figure (5.53)

Dynamic response - UPFC DC link voltage deviation Avy, after three six cycle fault for
nominal loading condition

Dynamic response - Deviation in AC bus voltage signal under nominal loading condition
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Figure (5.54)

Dynamic response - AC bus voltage deviation AV, after three six cycle fault for nominal
loading condition
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From the responses it can be seen that BBO has a superior capability
in damping oscillation compared to PSO. The EM damping ratio was given
in table (4.3).

5.3.3.3 Heavy Loading Condition

Dynamic response - generator angular speed under heavy loading condition
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Figure (5.55)

Dynamic response - Generator angular speed deviation Aw after three six cycle fault for
heavy loading condition
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Dynamic response -Deviation in line power flow under heavy loading condition
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Figure (5.56)
Dynamic response - Line power flow deviation A P,, after three six cycle fault for heavy
loading condition

Dynamic response - Deviation UPFC DC link voltage under heavy loading condition
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Figure (5.57)

Dynamic response - UPFC DC link voltage deviation Av,, after three six cycle fault for
heavy loading condition
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Dynamic response - Deviation in AC bus voltage signal under heavy loading condition
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Figure (5.58)
Dynamic response - AC bus voltage deviation AV, after three six cycle fault for heavy
loading condition

The system response for a step change in mechanical power F,, under
heavy loading conditions is depicted in figures (5.55) to (5.58). In this case
the settling time for BBO is given as t;ppo = 2.347 sec and for PSO tuned
controller is ts;pso = 2.692 sec. The system eigenvalues and EM damping

ratios for each controller is presented in table (5.11):
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Table (5.11)
System eigenvalues and EM damping ratios at heavy loaded conditions for MIMO

controllers
BBO PSO

—75.8424 —32.0854

—17.6070 —-19.5194

—17.2593 —16.8664

—11.4875 -13.7137

EM:—2.2617 £ j7.9630 | EM:—2.4860 £ 58.0423

System eigenvalues —5.1057 —6.3230
—1.6802 + 73.3662 —1.5629 £ 53.6709¢
—0.2003 —1.2918 £ 50.5671

—0.6285 —0.2003

—1.2483 + j0.3871 —-0.6273

—1.4561 ~1.0360

Cem 0.2732 0.2953

It can be seen that even though the PSO tuned controller have a higher
EM damping ratio its settling time is greater than the BBO tuned controller,
and that can explained because that the response is not purely governed by
EM rather it can be a combination of other modes interacting with each
other.
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5.3.3.4 Leading Power Factor Loading Condition

Dynamic response - generator angular speed under leading loading condition
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Figure (5.59)

Dynamic response - Generator angular speed deviation Aw after three six cycle fault for
leading power factor condition
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Dynamic response -Deviation in line power flow under leading loading condition
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Figure (5.60)
Dynamic response - Line power flow deviation A P,, after three six cycle fault for leading
power factor condition

Dynamic response - Deviation UPFC DC link voltage under leading loading condition
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Figure (5.61)

Dynamic response - UPFC DC link voltage deviation Awyg, after three six cycle fault for
leading power factor condition
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Dynamic response - Deviation in AC bus voltage signal under leading loading condition
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Figure (5.62)

Dynamic response - AC bus voltage deviation AV, after three six cycle fault for leading
power factor condition

Table (5.12)
System eigenvalues and EM damping ratios at leading power factor loading conditions for

MIMO controllers
BBO PSO
—75.5594 —31.9599
—17.7807 —19.4927
—17.0910 —16.8229
—9.6246 —13.0312
EM:—-2.3121 + j6.6038 | EM:—2.6988 + j6.7162
System eigenvalues —5.7890 —6.6883
—2.0142 £ 53.7115 —1.6339 £ 54.0470
—0.2003 —1.3026 & 50.5743
—0.6449 —0.2003
—1.2657 £ j0.4249 —0.6366
—1.4524 —1.0339
CeMm 0.3304 0.3728

The figures (5.59) to (5.62), shown above illustrate the system response
under leading power factor loading conditions (P, = 0.7 p.u and ), =
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—0.03 p.u). From the figures and table(5.12), it can be seen that the damping
controllers were able to keep the system operating in a stable equilibrium
point, between the two algorithms it can be seen that BBO has a smaller
settling time compared to PSO, t;5p0 = 2.089 sec and t,p50 = 2.693 sec,
even though that PSO has higher performance on the objective function as
was shown in chapter 4. This as explained earlier, is due to the interaction
of modes of the system, for this the objective function can be improved to
reflect the actual performance of the system from all aspects, for instance
including the figure of demerit as was done in Shayeghi et al. (2009). Or the

use of a multiobjective optimization can be used.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

The rapid demand for electrical power results in an extended use of trans-
mission system, hence driving it near to its stability limit. This created the
need for an intelligent grid that is able to control its parameters. An inno-
vative solution was presented by Electric Power Research Institute (EPRI)
with Flexible AC Transmission Systems (FACTS). These devices allow the
control of the transmission system parameters (impedance ,voltage, and
phase angle). Hence FACTS devices introduced the intelligence in trans-
mission system. UPFC being the most versatile FACTS controller that can
control all the transmission system parameters. Therefore, a smart grid can
be achieved through the introduction of such device that will control the
parameters based on the need of the system. On the other hand, evolution-
ary optimization algorithms has emerged in the research fields as a solution
to many problems. This research study combines these two promising re-
search fields in order to find a smart controller for the UPFC based on the
evolutionary optimization algorithms.

The focus on the modeling of the UPFC has been addressed in chap-
ter 2, and it was shown that the decoupled UPFC load flow model presents
a simple and effective model for load flow studies. The decoupled model
takes the solution in two different iterative procedures. A MATLAB code
was developed in order to obtain the test system operating conditions. Fur-
thermore, it was evident that the PWM base UPFC model introduced by
Nabavi-Niaki & Iravani (1996), was superior to the other model presented,
due to its practicality and explicitness of the control signals.

A power oscillation damping (POD) controller based UPFC was de-
signed by using the Biogeography Based Optimization (BBO) algorithm
and Particle Swarm Optimization (PSO) algorithm. Different approaches
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for the tuning process was investigated by trying different objective func-
tions in order to design a robust controller. It was seen that based on the
objective function, the performance of the algorithm varies.

A multi-input multi-output (MIMO) control system was introduced in
chapter 4. This control system was intended to utilize all the UPFC function-
ality by controlling line power flow, regulating bus voltage, damping power
system oscillation, and more importantly regulate the DC voltage in UPFC
DC link to ensure stable UPFC operation. The MIMO control system was
tuned with the same algorithms introduced in chapter 3. The system was
simulated for two different disturbances the first was a 10% step increase in
generator mechanical power F;,, were the second was a 10% step increase
in active power flow control stepoint P.,. The control system suffered the
from a steady state error in the active power flow control in the first case,
due to the interaction between the system controlled variables. This has de-
graded the performance of the system and introduced the steady state error
in the active power flow.

The fifth chapter analyzed all of the controllers that were designed in
the chapters 4 and 5, it analyzed the system robustness, disturbance rejec-
tion, tracking capability, and the fine tuning of the controllers to enhance
the system response. The chapter concluded that the performance of the
algorithms on the objective function does not give a clear indication of the
superiority of an algorithm over the other, where it was shown that the per-
formance varies in different cases that were considered. A modification to
the controller design and a measurement to the algorithm strength can be
done with the use of a multiobjective optimization in order to enhance the

design capabilities.
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6.2

Suggestions for Future Work

Implement the system on ATP-EMTP simulation software to compare
the results with ones obtained from MATLAB.

Implement the study for a multi-machine power system to assess the
UPFC capability to damp the oscillations in such systems.

Furthre research work to design a BBO base artificial neural network
controller or robust controller based on H,, and compare the results

with obtained ones.

. Implement the same study for a different FACTS controller such as

Hybrid Flow Controller (HFC) or interline power flow controller (IPFC)
and compare the results with UPFC.

Use different Optimization algorithms such as ant colony or bee colony
and compare the result with the obtained from BBO and PSO

Further work should be carried out on the POD controller to using
eigenvalue based objective functions and compare the results with the

obtained ones.
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Appendix A

System Data
M =8.0 MJ/MVA,
/
Synchronous D =0.T4 :5,'0445’
generator zrq =1pu., z;=0.3
parameters p.u., z, =0.6 p.u,,
z¢ =0.1 p.u.,
fp =50 Hz
Excitation system Kq=250
parameters T4 =0.05s
Transmission xy1 =0.6 p.u.,
system zpy =0.6 p.u.
zp = 0.1 p.u.,
UPFC xp =0.1 p.u., Cy. =3
parameters p-u., Vg =2 p.u,,
K, =1,and T, =0.05s
Infinite bus Vi, =1 p.u. and 6, = 0°
Table (A.1)

System Data




Appendix B
Single Machine Infinite Bus with UPFC

B.1 Network Current Derivation

Consider figure (2.25), in which a generator is connected to an infinite
bus through a double line transmission circuit. In order to model the system
it is required to find the expression of the currents in terms of the system

state variables. First, consider the current through x;:
Vi — Vg
Jx

The equation can be rewritten as:

I

jxily = Vi — Vi

Transforming the equation to the dq-reference frame:

Gz (ig — jia) €7 = (vg — jva) €° — (VEty — J VEra) €7

VEtg = Vg — Titlq

VEtd = V4 + Tilq

Using equations 2.60 and 2.61, the above equations can be rewritten as

VEtq = E; — Tgild (B.1)

VEtd = xqtz'q (B.Z)




as:

where

Ta = X))+ Ty

Tg = Tq + ¢

The current in the upper uncompensated transmission line can be found

_ Vet — Vp
Jxu

Rewriting the equation in the dg-reference frame:

I

. . 1 . L
(t1g — Jt1a) = ]7 (VEtg — JVEBLd — Vhcosd + j Vysin §)
t1

Hence

. 1 .
i1g = ~a (vEta — Vpsind) (B.3)

. 1
i14 = — (Vg — Vhcos0) (B.4)

L1
Similarly for the compensated line:

_ Vet — VB — V4
JxBB

Is

where
IBB = TBy + TB
Rewriting it in dg-reference frame:

(i i) 1 ( )
i1Bg —J]%Bd) = = VEtq — J VEtq —
! JTBB e a

—V4 (cosd — j sind))

BUdc

(sindp — j cosdp)

The dq currents of the compensated line are found as:




. 1 MBU4 .
igg=——— (UEtd — © cosdg — Vpsin 5)
IBB
. 1 mpvge .
1B = —— (vth — —Zsindg — Vjcos 5)
ITBB 2

The current through the shunt branch can be found as:
_ Ve — Vg
JZE

Transforming the equation to the dq frame:

Ig

1

. .. . mgv,
(ZEq —J ZEd) = j—_IE VEtq — J VEtd —

ﬁ; % (sindp — j CosdE))

The bus voltage dq components can be found as:

Vde

UEtq =ZTpipq + sindg

EVd
© cosdp

VEtd = —TElEg +

Applying K.C.L at the UPFC sending bus:

tq = 1gq + 114 + iBd

(B.5)

(B.6)

(B.7)

(B.8)
(B.9)

(B.10)
(B.11)

Substituting the value of vg,and vy to rewrite the current compo-

nents in terms of igq and ¢,




i = xiﬂ (wsia+ ™2 sin b5 — Vi cos 8 (B.12)
lig = _xiﬂ (—inEq + mEQUdC cos o — Vpsin 6) (B.13)
iBd = Ei; (a:Ez'Ed + BBV 0p — mBzvdc sindg — Vj cos 5) (B.14)
iBg = —é (~:cEz'Eq + mEQUdC cosdg — mf;vdc cosdp — Vbsin(5> (B.15)

Substituting the currents in the 74 and 4,:

iq=Clipg + C’szvdc sindg — O3mBUdC sindg — CyV, cos§ (B.16)
iq = Clipq — Cngde cosdg + Cj MBYde dg + CyV,sind (B.17)
where
_ ZTE TE
Cl_l+$BB+»’Ct1
O, = ZBB+Zu
2 ITBBZt1
_ Tt1
Cs = TRBT
Substituting 74 and %, in B.1 and B.2:
VEtg = E:I — xdtoliEd — LUdtCz MEVde sin 5E + :I?dtC;g B Vde sin (SB + xdtCQ‘/{.) cos ¢

MEVde mpBUqc

VEtg = ZgtCripg — 2t Co cosdg + £4Cs cosdp + x5 CoVysin g

. 1 MmEgpvVde .
Bd = — \VEtg — Sin 6E
TR 2
. 1 MEV4e
tEqg = ——— \VEid — 0085E
TE

By substituting the values of vg, and vEgq in ¢gg and ig,, this results




n:

. TBt Td1 MEVde . T MBUqGe . Td3

ipe = —E, — — sindp + — ——=<5indp + —V} cos §
Tds Tix Zas Zax

. Zgq1 MEVde Tg2 MBUge Lg3 .

iBg = ——————cosdp — ————"cosdp — -V, siné
ZTgs 2 Zgs Zgs

where

IBt = TBRBTt1

Tds = BT (TE + Tat) + Taxp (T + T11)
Tq1 = TBTy + Tat (TBB + T41)

T2 = Tgtlel

Tq3 = Tat (BB + Tn)

Tgz = TBBTu (TE + Tot) + Tuxr (TBB + T41)
Tq1 = TBBT4 + gt (BB + T41)

Lg2 = Tqtdyl

Te3 = Tq (BB + T41)

(B.18)
(B.19)

By substituting the obtained expression of igq and iz, into equations

B.14 to B.17:
. TEt Tg2 MEVGe . Zdga MBUGe . Tds
ipa= ——E, + —= “sindg — = —"Lsindp — -2V, cos.d
Tys Tds Zay T
. Tgq2 MEYde Lg4 MBUGe Tgs .
ipg = —————=cosdp — —=——"Z cos g — -2V, sind
Tgs gz 2 Tgx
. Ze1 Tpt MEV4e . TEt MBU4e . Le2
ig= == E, - —=—sinfg + = sindg — —=Vj cosé
s Tgs 2 Ty Tas
. It MEV4 TEt MBUde Te2 .
tg = ———<c080p — — ——%cosbp + —=V,sind
Lgxn ) Lgs
where
TEt = TETt

Taa = Ty (TE + Tat) + Tarp
Tas = T1 (TE + Tar)

Tga = Ty (Tp + Tyt

Zgs = Tu1 (Tp + Tqt)

Tl = TpBTn + 2k (Tpp + T4)

(B.20)
(B.21)
(B.22)
(B.23)




T2 = T (TBB + Tn)
B.2 System Linearization

In order to evaluate the system stability, a linear model is to be devel-
oped. In this research the linear model is used solely to find the eigenvalues
of the system in order to assess the stability and to calculate the electrome-
chanical modes of the system. Linearization is done based on the Taylor

series expansion around the operating point.

Consider 2.54:
dd "
at P
through linearization:
dAS
20 uBAw, :
7 wpAw (B.24)

The rotor speed dynamics described in equation 2.55 as:

dw 1
"= — (-Dw, + P, - P,

where

P. = E i — (2 — ) i4tq

Linearizing power equation:
AP, = AE;iqo + ( ;O — (33:1 - a:q) idg) Aiq
— (2l — z4) 150004 (B.25)

To linearize this equation it is required to find the linear counter parts
of the dq currents defined in B.22 and B.23, Ai; and Ai, are found as:




Aid = CldA5 —+ CQdAECI] + ngA’Udc + C4dAmE + C5dA(55 + CGdAmB

+ CraAdp (B.26)
Aiy = C1gAd + CogAvge + C3gAmp + CiqAdp + Cs,Amp
+ CyAS5 (B.27)
where
Cra = 32 Vpsindo; Cog = o3 Caq = — BB sin g + 228 0 sin G gg
Cug = —%U—é@- sindgg; Crg = —%—WEO;“O €08 0 g0;Ceq = %W-QLO sin dpg
Crg= %—mBozvdﬂo cosdpy
Ciq = ;‘”q%l/}, €08 00;C2q = ﬁ—i‘ﬂf& cosdgp — %mzm €os dgo
Cyy = %’% c0s 050;Csq = —%fémzyﬂ 5in 0pp;Ceq = — 24240 cos d o
C7q = %M%M sin 530

Substitute A¢g and Aé, in B.25:

AP, = KiAS + KQAE:Z + KpdA/Udc + erAmE -+ Kp(;eA(SE—F
KpbAmB + Kp(gbAéB (B28)

K1 = Cig (= (25 — 2¢) ig0) + Ciq (Ego — (2l — 24) ian)
Ky = Coq (— (2 — T4) ig0) + igo

Kpa = Csa (— (2 — %) igo) + Csq (Ego + (2 — 4) o)
Kpe = Cua (— (25 — 39) 1q0) + Cq (Eéo + (2 — z4) idO)
Kpse = Csa (= (24 — 74) ig0) + Csq (Ec/m + (24 — 2) 2'dO)
Ko = Coa (— (2 = 24) ig0) + Cog (El + (& — 7,) i)
Kpsp = Cra (— (a::j — x;) éqo) + Crq (E¢/10 + (z, — x,) ido)
Hence linear speed dynamics equations is:

dAw K D Ky K,q K
a2 YN Sy NN /Ny Qs ) WL .
dt M0 T R T AR T A T S Ame
Kpée Kpb Kpéb

Consider 2.56:




dE(’J 1

dt Téo

Through the linearization of the above equation and using equation
B.26:

(Bta — Ey — (za — ) ia)

dAE’ K; Kgq K
—A(S — AE’ AE hlCYN LY\
dt T(;O Tdo Ml L e TRl
q5e K qob
Adg + © Am mp + Adp (B.30)
T!zo T Ty
where

K4 = Cld (I'd - :1:&)

K3 = —Cy (xd - 513:1) +1

Kyq = Csq(zq — )

qu = C4d (xd — xii)

Kgse = Csq (xq — )

qu = CGd (xd — :L‘fi)

Koy = Crq (g — )

The dynamics of the excitation system is described as:

dE;y 1
d—tf =7 (=Efa+ Ka(Vies — Vi)

where

— S22
Vi =/v; +v3
Y /-
vy = E, — x4

—— / y
Va = Tylq




o2 a2 2
SV =+

22V AV, = 2vq0Avq + 2vu50Av,

AV, = (@> Av, + (@> Avg (B.31)

In order to find AV}, v, and v4 defined in 2.60 and 2.61 are linearized::

Av, = AE, — z; (CralAé + CogAE, + C33Avge + CrgAmp+
Cs0A85 + CoaAm + Cra/ASp)

Avg = x, (C1gA8 + CoAvge + CssAmp + CiyAdg + Cs,Amp
+Ce,A0p)

Substituting this in AV} results in:

AV, = KsA§ + KﬁAE; + Ky qAvg, + K,.Amg
+ KuseAOg + KypAmp + KuspAdp (B.32)




Hence the linearized excitation model is:

dAEfd KAK5 KAKG ’ KAde
= — A ——AE, - AE - Avg,
dt T, A
KAKve KAKwSe KAKvb KAKwa

In order to linearize the UPFC DC link dynamics Aigg, Ad Eg Aipg,
and Ai g, should be found:

Aipg = C1paAd + CopaAE, + C3paAvg. + CapaAmp

+ Cs5paAdg + CepgAmp + CrpaAdp (B.34)
where
Cipa = —72Vysindo, Copa = 22,
_MmEO Zd2 MBQ
C3pq = — 72780 sin 0o + £2 ™22 sin 0o,
— —Zd1 Vdeo o — _ Zd1 MEQYdcq
Capg = — 52282 5in 6y, Cspq = — 4 ED Cos § g,

T2 VdeQ ot
Copa = 32242 sin dpo,

Crpg = S2MBG0 cos i

AiEq = ClEqA5 -+ CgEqudc + C3EquE + C4EqA5E

+ CsggAmp + CGEqACSB} (B.35)
where

= Zas3 Zq1 mEo Tg2 mpo
Cipg = xqszcos b0, Copq = Ty B COS 0po — e 3o COS dBo,

— Zal Vdeo — — %ql MEQVdco
C3pqg = 505 5" €08 0p0, Camg = T TEGH 8in § g,

Lg2 v,
C5Eq = :c;]z d2co COS 630,

Zg2 mpov
CgEq = sz —EL gin dB0




Aipyg = C1paAd + CypgAE, + C3pgAug, + CipgAmp

+ C5BaAdg + CspadAmp + CrpaAip (B.36)
where
Clpd = 72Vysin g, Copg = T2,
Cspg = ;”—;%mf—o sindgg — %(3—4”—123—0 sin d gy,
CiBd = 72542 sin 6po, Cspa = Z2™EPUD cos Gy,
Cspa = — 34242 sin 0o,
Crpg = — 4 RERIL cos O g

Aqu = CquA5 + CZBqAUdc + CSBquE + C4BqA(5E

+ CBBquB + CﬁBqA5B (B.37)
where
Cipg = —@Vb cos &p, -
Copg = ;0:; L0 cos g — ;’; 720 cos d o,
C3pg = ﬁ%ﬁ cos 0o, Cypg = ~§:—;ﬂ% sin d g,
Cspg = jq; 242 cos o,
Cépg = ;;’; B gin ¢ gy

Linearizing the DC link voltage equation (2.53), we obtain:

dAv 3 , . :
= = iCo (cos OpotEdo + sindgpoipg) Amp
3m 3 : . .
40:1300 (— icy, (cos dpoipdo + sin 8poipg0) Amp
3m . , ; 3m SULZUJNN ‘
46’52) (—sindpoipdo + cosdpoipg) Adp + 4Cdc ° cos poLipa + 4Cdc0 sin 0poAig,
3
9 cos S poAigg + B0 Gin 0BoAip, (B.38)

3m
+ 4Cdc 1y




By substituting the values of Aigy, Aipg, Aipg, and Aip, in the above
equation:

dA’Ud
dt © = K7A5 + KgAE; — KgAUdc + KceAmE
+K 5. A0 + KgpAmp + Kos3A0p (B.39)
where
K7 = ?;—YZ,——Q COs 5E001Ed + sin 5E001Eq 3:10 SmBO sin 530013(1,
Kg = 4Cye 40
Ky =— [%{nTEQ cos 6 poCarqg + sin 5EOC3Eq —f— Cos 6BOCBBd + ——iQ sin 53003351] ,
Kee = 4(,% (COS 5EolEdo + sin 5E02qu) + 31E0 cog 5E004Ed + 3mE0 gip 5E004Eq
372,’30 Ccos (530043,1 —|— sin 5BOO4Bqa
Kese = %% (— sin 5E02Edo + cos Opoipqo) + SREC 22 cos 05005 ga+ 32E2 sin § o Cs g +
3mpo cos 53005&1 + M sin d5oCsBy »
Ky = 4C (COS 5BOZBdO + sin 53023(10) —I— c08 0poCsrq + 3mE0 sin 5E006Eq +
_mi%dc c08 0goCsBd + 4Cdc sin 5BOC6Bq5
K. = —M (— sin 5BOinO + cos 5BOquO) 4C
%ﬂ cos 5BOC7Bd
The state space representatlon of the system is:
AS 0 wp O 0 0 AS
; _EK D _K Kpa
Awy M M M 0 M Ay
| = Ky _ K3 1 qd /
AE‘I o T 0 Tao T3 Ty AE‘J +
. _KuKs _KaKe¢ 1 _ KaKy
AE fd T 0 T T - AFE fd
A’Udc K7 0 Kg 0 —Kg A’Udc
0 0 0 0
Ko  EKpe  Ku  Kw ||AME
M M M M A6
qu Kqée qu Kqéb E (B 40
T’ T/ T/ T’ . )
do do do do AmB
KAKve KAK‘U56 KAKvb KAKUSb
TA TA TA TA A(SB
Kce Kcée ch Kc&b
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