DESIGN OF FACTS CONTROLLER AND PSS USING

INTELLIGENT TECHNIQUES FOR STABILITY
ANALYSIS IN RESTRUCTURED MARKET

By
PIMAL R.GANDHI

DEPARTMENT OF ELECTRICAL ENGINEERING
FACULTY OF TECHNOLOGY & ENGINEERING
THE M. S. UNIVERSITY OF BARODA

JANUARY, 2014



DESIGN OF FACTS CONTROLLER AND PSS USING

INTELLIGENT TECHNIQUES FOR STABILITY
ANALYSIS IN RESTRUCTURED MARKET

A Thesis submitted for the Award of the
Degree of
Doctor of PHILOSOPHY
in
Electrical Engineering

By
PIMAL R.GANDHI

DEPARTMENT OF ELECTRICAL ENGINEERING
FACULTY OF TECHNOLOGY & ENGINEERING
THE M. S. UNIVERSITY OF BARODA
JANUARY, 2014



CERTIFICATE

This is to certify that the thesis entitled DESIGN OF FACTS CONTROLLER
AND PSS USING INTELLIGENT TECHNIQUES FOR STABILITY
ANALYSIS IN RESTRUCTURED MARKET submitted by Pimal R.Gandhi
in fulfilment of the degree of DOCTOR OF PHILOSOPHY in Electrical
Engineering Department, Faculty of Technology & Engineering, The M. S.
University of Baroda, VVadodara is a bonafide record of investigations carried
out by his in the Department of Electrical Engineering, Faculty of Technology
& Engineering, The M. S. University of Baroda, VVadodara under my guidance
and supervision. In my opinion the standards fulfilling the requirements of the
Ph.D. Degree as prescribed in the regulations of the University has been

attained.

(Prof. S. K. Joshi)

Professor
Electrical Engineering Department
Faculty of Technology & Engineering
The Maharaja Sayajirio University of Baroda
January, 2014 Vadodara 390 001

Head Dean

Electrical Engineering Department Faculty of Tech. & Engg.
Faculty of Tech. & Engg.



DECLARATION

I, Mr. Pimal R.Gandhi hereby declare that the work reported in this thesis entitled DESIGN
OF FACTS CONTROLLER AND PSS USING INTELLIGENT TECHNIQUES FOR
STABILITY ANALYSIS IN RESTRUCTURED MARKET submitted for the award of the
degree of DOCTOR OF PHILOSOPHY in Electrical Engineering Department, Faculty of
Technology & Engineering, The M. S. University of Baroda, Vadodara is original and has
been carried out in the Department of Electrical Engineering, Faculty of Technology &
Engineering, M. S. University of Baroda, Vadodara. | further declare that this thesis is not
substantially the same as one, which has already been submitted in part or in full for the
award of any degree or academic qualification of this University or any other Institution or
examining body in India or abroad.

(Pimal R.Gandhi)

January, 2014.



dedicated to my Parents,

my Wife and my adorable Children



Synopsis

Name of Student: Pimal R.Gandhi Roll No: 463

Degree for which submitted: Ph.D. Department: Electrical Engineering

Thesis Title: DESIGN OF FACTS CONTROLLER AND PSS USING
INTELLIGENT TECHNIQUES FOR STABILITY ANALYSIS
IN RESTRUCTURED MARKET

Name of thesis supervisor: Professor S. K. Joshi

The electric utility industries have undergone unprecedented changes in its structure
worldwide. New issues in power system operation and planning are inevitable due to the
advent of an open market environment and restructuring of the industry into separate gen-
eration, transmission, and distribution entities |1] [2]. One of the major consequences of this
new electric utility environment is the greater emphasis on stable, secure, controlled, momen-
tary and high quality electric power in restructured power scenario. In restructure market
consist generation companies (GENCOS), transmission companies (TRANCOS), distribu-
tion companies (GENCOs) and independent system operators (ISO). The ISO is independent
and disassociated agent for market participation and perform the various ancillary services.
The ISO uses ancillary services for [3] [4] maintaining the frequency, voltage profile stability
of the system and preventing the overloading as well as restoring the system after the black
out.

The small signal stability analysis and transient stability analysis have become essential
ingredient of for stable and secure operation of power system [5]. The stability of the power
system has been affected by the disturbances like a sudden change in load, loss of generator

or switching of a transmission line during the fault and wide spread use of the high gain



fast acting excitation system. The instability and low frequency oscillations limit the power
transmission capability and the eventually breakdown of the entire power system under the
certain operating conditions and configurations. The ancillary controllers play very impor-
tant role in deregulated electric market to enhance the stability of the power system with
their good controlling characteristics. The ancillary service such as power system stabilizer
(PSS) 3] and Flexible Alternating Current Transmission system (FACTS) controller |4] 6]
in deregulated electric market has been addressed. Significance and impact of small signal
stability and transient stability issues in restructured electric market has been reported [3]
[7].

The Power system stabilizer provides the supplementary control signal for the excitation
system of the synchronous generator to damp the low frequency oscillations and to improve
power system stability. The power system stabilizers have been designed very extensively
using phase compensation techniques and parameters of PSS have been calculated based on
linearized Philips—Heffron model of the power system for the small signal stability analysis |5|
[8] [9]. The small signal stability and transient stability with concepts of synchronizing and
damping torques has been explained in [10]. The conventional control techniques based PSS
can provide optimal performance for the normal operating conditions and normal system
parameters. However, a modern power system has become large, tight and highly dynamic,
hence to difficult to solve low frequency oscillations problem through conventional and linear
optimal control approaches. For the different loading conditions and configuration of power
network, the parameters of PSS controllers are needed to be modified. To overcome these
limitations, computational intelligent techniques such as Fuzzy Logic (FL), Artificial Neural
Network (ANN), Genetics Algorithm (GA), Particle Swarm Optimization (PSO) etc. based
PSS have been proposed in different literature.

The FACTS controller plays very important role in deregulated electric market to en-
hance the stability of the power system with their fast control characteristics and continuous
compensating capability. FACTS devices can be effectively used for load flow control, loop

power flow control, load dispatched, voltage regulation, enhancement of transient stability
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and mitigation of system oscillation [11] [12]. One of the most important devices of series
FACTS controller is thyristor controlled series capacitor (TCSC) [13] in order to enhance
the stability and load ability of the transmission network.

In large power system, abnormal phenomena have been frequently observed such as tie-
line power deviation, rotor speed deviation and outage of generation under various loading
conditions. Automatic generation control (AGC) is an essential control loop in electric
power system which maintain balances between generated power and demand power in each
control area. For the conventional Load Frequency controller, the integral of area control
error (ACE) is utilized as the control signal for conventional control strategy. An integral
controller provides zero steady state deviation, but it produces poor dynamic performance.
Therefore advanced control techniques are needed to handle abnormal situation in power
system. The application of FACTS controllers [14] in multiarea AGC under deregulated
electric market [15] has been reported by recent research paper.

Therefore achievement of desired performance of power system under contingencies, the
intelligent techniques based adaptive PSS and FACTS damping controllers are required to
be designed. The controllers accompany load frequency control (LFC) in multiple area
generation (AGC) system in deregulated environment have been an attraction in ongoing
research work.

The motivation behind the work presented in this thesis are:

1. To develop the linearized model of fifth order synchronous machine from non linear
model and to derive the different constants follows block diagram of the synchronous

machine connected to single machine infinite system.

2. To develop the mathematical model of the machine in state space form with conven-
tional power system stabilizer (CPSS), proportional integral derivative PSS, and TCSC

individually and simultaneously.

3. To design the PSS using different intelligent techniques such as Genetic Algorithm,

Levenberg Marquardt neural network (LMNN), adaptive neuro fuzzy inference system
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(ANFIS), genetics algorithm based artificial neural network hybrid algorithm (GA-
ANN), Neural Netwrok based non linear auto regressive moving average (NARMA)

-L2 controller.

4. To design the stability control loop of TCSC using GA, ANN and ANFIS techniques.
To analyze the simultaneous and individual application of PSS and TCSC using pro-
gramming and to carry out non linear simulations under different operating conditions

and disturbances in power system .

5. To develop linear model and block diagram of the two area automatic generation control
system with the first order and fifth order power system model under the restructured

electric environment.

6. To build the model of two area power system with multiple PSS, individual tie-line

TCSC and combining PSSs and TCSC.

7. To study the effectiveness of an ancillary controllers such as multiple PSSs and TCSC

in restructured electric market.

8. To evaluate the performance of smart control techniques based ancillary controller

using linear analysis and non linear simulation.

A brief description of the work reported in the thesis is given below:

In present Chapter 1 introduces the restructured electric market, stability issue and
application of ancillary controllers in restructured market. It represents the relevant state-
of-the-art survey and sets the motivation behind the research work carried out in this thesis.

Chapter 2 presents, detail modeling of the system components and linerization of non
linear equations using Taylor’s series method. The state space form of power system with
conventional power system stabilizer and PID- power system stabilizer have been described.

The linearized state space form of power system with individual TCSC and simultaneous

CPSS and TCSC have been also derived.
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Chapter 3 presents, Genetic Algorithm based control strategies for designing of CPSS,
PID-PSS and TCSC damping controller. The individual PSSs and simultaneous designed
TCSC and PSS have been applied to the dynamical power system. The small signal stability
analysis and non-linear simulation for the transient stability analysis are carried out for
details investigation of the power system stability issue.

Chapter 4 discusses Adaptive Neuro-Fuzzy Inference System and Levenberg-Marquardt
Artificial Neural Network algorithm for development of the control strategy for thyristor
control series capacitor based damping controller and power system stabilizer. The non-linear
simulations of single machine infinite bus system have been carried out using individual and
simultaneously application of PSS and TCSC. The comparisons between intelligent control
strategies based damping controllers also have been carried out.

Chapter 5 discusses Non Linear Auto regressive Moving Average-L2 controller and hy-
brid Genetic Algorithm based Network Network for development of the control strategy for
power system stabilizer. In order to achieve appreciable damping, developed ANFIS based
Thyristor control series capacitor has been suggested in addition to power system stabilizer.
The non-linear simulations of single machine infinite bus system have been carried out using
individual and simultaneously application of PSS and TCSC.

Chapter 6 presents, performance and role of ancillary controllers such as PSS and TCSC
in two area control system under restructured electric market. Low order power system
model and higher order power system model have been considered for depth analysis of two
area system with ancillary controllers. The small signal stability analysis and non-linear
simulation for the transient stability analysis are carried out for investigation of the power
system stability issue.

Chapter 7 concludes the main finding and significant contribution of the thesis and pro-

vides a few suggestion for further scope of research work in this area.
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Chapter 1

Introduction

1.1 General

The electric power industries, throughout the world, have undergone unprecedented changes
in its structure. In the restructured environment, the electric energy industries have changed
from vertical integrated utilities into number of entities in each spectrum of power system.
With the advent of an open market scenario, competition in the industries and restructuring
in separate generation, transmission and distribution entities, new issues in power system
operation and planning have to be anticipated. The reformulation of planning and oper-
ation in electric utility industry as per technical aspects are required. One of the major
consequences of this new electrical utility environment has greater emphasis on reliability,
security and stability of power system [59, 29]. Restructured market consists of generation
companies (GENCOS), distribution companies (DISCOs), transmission companies (TRAN-
COS) and independent system operators (ISO). The ISO is independent and disassociated
agent for market participation and performs the various ancillary services.

The small signal stability analysis and transient stability analysis have become essential
ingredient of stable operation and secure operation of power system [15]. The power system
stability is defined [50] as that property of a power system that enables it to remain in a state
of operating equilibrium under normal operating conditions and to regain an acceptable state

of equilibrium after being subjected to a disturbance. The disturbances can be an intended
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one, such as an operator action, or a fault due to natural causes or maloperation of the
protection system.

Stability is condition of equilibrium between opposing forces. The mechanism by which
interconnected synchronous machines maintain synchronism with one another is through
restoring forces, which act whenever there are forces tending to accelerate or decelerate one
or more machines with respect to other machine. Under the steady-state conditions, there is
balance between input mechanical torque and the output electrical torque of each machine
and the speed remains constant. If the system is perturbed, this equilibrium is upset,
resulting in acceleration and deceleration of rotors of machines. This tends to increase the
speed difference and hence the angular separation. Beyond the certain limit, an increase in
angular separation is accompanied by a decrease in power transfer. This increases angular
separation further and leads to instability. With electric power systems, the change in
electrical torque of a synchronous machine following a perturbation can be resolved into two

components [15, 6[:

ATe = TSA5 + TDAM (1.1)

where T,Ad is the component of torque change in phase with rotor angle perturbation
Ad and is referred to as synchronising torque component; T is the synchronizing torque
coefficient.

TpAw is the components of torque in phase with speed deviation Aw and is referred to
as the damping torque component; Tpis the damping torque coefficient.

System stability depends in the existence of the both components of torque for every syn-
chronous machine. The Lack of sufficient synchronizing torque results in instability through
an aperiodic drift in rotor angle and the lack of sufficient damping torque results in oscillatory
instability.

The power system stabilizer (PSS) has been recognized as an ancillary service in restruc-
tured electrical market [54], and important control device that is essential for enhancing

system stability. The PSS is used to add damping to the generator rotor oscillations by
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controlling its excitation using auxiliary stabilizing signal. To provide damping, the sta-
bilizer produces a component of electrical torque in phase with the rotor speed deviation.
The control action provided by PSS to enhance system stability is considered as one of the
system ancillary services.

Flexible Alternating Current Transmission System (FACTS) controllers are another an-
cillary service in deregulated electric market. The FACTS controller plays very important
role in deregulated electric market to enhance the stability of the power system [55, 26].
FACTS devices can be effectively used for load flow control, loop power flow control, load
dispatched, voltage regulation, enhancement of transient stability and mitigation of system
oscillation [55, 25, 26, 44]. The Thyristor Control Series Capacitor (TCSC) is the versatile
FACTS device which can nullify many problems of power system operation due to its faster
control action and adaptive capabilities [44].

For achievement of desired performance of power system under contingencies, the in-
telligent techniques based adaptive PSS and TCSC damping controllers are required to be
designed. The controllers accompany load frequency control (LFC) in multiple area genera-
tion (AGC) system in deregulated environment have been an attraction in ongoing research

work.

1.2 State-of-the Art

The worldwide electric energy industries have undergone the changes from vertical inte-
grated utilities to restructured electric market. The restructured market provides platform
to sell the electric energy to various customer at competitive price. In restructured market,
reformulation of planning and operation in electric industry as per technical aspects have
required |21, 59, 29|. However, the essential ideas remain the unchanged. The open market
consists of generation companies (GENCOs), distribution companies (DISCOs), transmis-
sion companies (TRANCOs) and independent system operators (ISO).

GENCOs generate electricity and have the opportunity to sell the electricity to entities

with which they have negotiated sales contracts. Generally GENCOs consist of a group



CHAPTER 1 Introduction 4

of generating units within a single company ownership structure with the sole objective
of producing electrical power. In addition to active power, they may sell reactive power
(ancillary services) and operating reserves.

TRANCOSs transport electricity using a high voltage, bulk transmission system from
GENCOs to Distribution Companies (DISCOs)/retailers for delivering power to customers.
A TRANCOs has role of building, owning, maintaining and operating the transmission sys-
tem in a certain geographical region to provide services for maintaining the overall reliability
of the electrical power systems and provides open access of transmission wires to all market
entities in the system. The investment and operating costs of transmission facilities are
recovered using access charges, which are usually paid by every user within the area/region,
and transmission usage charges based on line flows contributed by each user.

A distribution company (DISCO) distributes the electricity, through its facilities, to
customers in a certain geographical region. They buy wholesale electricity either through
the spot markets or through direct contracts with GENCOs and supply electricity to the
enduser customers. A DISCO is a regulated utility that constructs and maintains distribution
wires connecting the transmission grid to the end user customers. A DISCO is responsible
for building and operating its electric system to maintain a desired degree of reliability and
availability.

Several market structure and transactions exist to achieve a competitive electricity envi-
ronment. Three basic models exist based on the types of transactions [22]. First is a PoolCo,
which is defined as a centralized market place that clears the market for the buyers and sell-
ers. Electric power sellers/buyers submit bids to the pool for the amount of power that they
are willing to trade in the market. Second is Bilateral Contract model, a bilateral transac-
tion is an exchange of power between buying and selling entities [21]. These transactions
can be defined for a particular time interval of the day and its value may be time varying.
It may be either firm or non-firm and can be a short term and long term transaction. Third
model is the hybrid model, which combines various features of the previous two models. In

the hybrid model, the utilization of the PoolCo is not obligatory, and any customer would
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be allowed to negotiate a power supply agreement directly with the suppliers or choose to
accept power at the pool market price.

A competitive market would necessitate an independent operation and control of the
grid. Due to this reason, most of the utilities have established an entity called Independent
System Operator. It is entrusted with responsibility of ensuring the reliability, security and
efficient operation of an open access transmission system. It is an independent authority
and does not participate in trading of electricity. The ISO has the authority to commit and
redispatch the system resources and to curtail loads for maintaining the system security.

An ancillary service is an interconnected operation service that is necessary to support a
transfer of electricity between purchasing and selling entities. Ancillary services are needed
to ensure that the system operators are able to meet their responsibilities, although also
aim at enhancing system reliability and maintaining adequate quality standards. In the
deregulated market, the ancillary services are mandated to be unbundled from the energy
services. Ancillary services are procured through the market competitively. The ISO uses
ancillary services for the following tasks [54, 55|:

e Keeping the frequency of the system within certain bounds

e Controlling the voltage profile of the system

e Maintaining the stability of the system

e Preventing the overloads in the transmission system

e Restoring the system after the black out.

The instability in a power system can occur in a variety of ways depending on the
system configuration and operating conditions. Traditionally, the stability problem has
been associated with maintaining synchronous operation. In the evaluation of stability,
the concern is the behavior of the power system when subjected to a disturbance. The
disturbance may be small or large. This aspect of stability is influenced by the dynamics of
the generator rotor angles and the power-angle relationships and is referred to as rotor angle
stability. The details of rotor angle stability analysis can be found in [33, 15, 43, 31, 6]. This

stability problem deals with the study of the electromechanical oscillations inherent in power
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systems. The fundamental factor in this analysis is the characterization of the variation of
the power or torque outputs of synchronous machines as their rotors oscillate. In general,
the components of the power system that influence the electrical and mechanical torques of
the synchronous machines are included in the model. These components are listed below.

e The transmission network before, during, and after the disturbance.

e The loads and their characteristics.

e The parameters of the synchronous machines.

e The control components of the synchronous machines (excitation systems, power system
stabilizers).

e The mechanical turbine and the speed governor.

e Other power plant components that influence the mechanical torque.

e Other control devices, such as supplementary controls, special protection schemes and
FACTS (Flexible AC Transmission System) devices that are deemed necessary in the math-
ematical description of the system.

Small signal stability is ability of the power system to maintain synchronism under small
disturbances. Such disturbances occur continually on the system because of small variations
in loads and generation. The disturbances are considered sufficiently small for linearization of
system equations to be permissible for purpose of analysis. Instability that may result can be
of two forms: (i) steady increase in rotor angle due to lack of sufficient synchronising torque,
or(ii) rotor oscillations of increasing amplitude due to lack of sufficient damping torque. The
nature of the system response to small disturbances depends on a number of factors including
the initial operating, the transmission strength, and the type of generator excitation control
used. For a generator connected radially to power system, in the absence of automatic
voltage regulators (i.e.with constant field voltage) the instability is due to lack of sufficient
synchronising torque. With continuously acting voltage regulators, the small disturbance
stability problem is one of ensuring sufficient damping of system oscillation. Instability is
normally through oscillations of increasing amplitude. The small signal stability is largely a

problem of insufficient damping of oscillations.
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Transient stability is the ability of the power system to maintain synchronism when
subjected to a severe transient disturbance. The resulting system response involves large ex-
cursion of generator rotor angles and is influenced by the non linear power angle relationship.
The non linear algebraic differential equations are used for analysis of transient stability. The
numerical solutions of the non linear algebraic differential equations are obtained.

The Power system stabilizer (PSS) generates the supplementary control signal for the
excitation system to damp the low frequency oscillations and to improve power system
stability. The power system stabilizers have been designed very extensively using phase
compensation techniques and parameters of PSS have been calculated based on linearized
Philips—Heffron model of the power system for the small signal stability analysis [2, 43,
15, 33]. The small signal stability and transient stability with concepts of synchronizing
and damping torques has been explained by [74]|. Different types of arrangement of phase
compensator based PSSs have been used for detail analysis of the power system [56, 33, 43,
15]. The coordinated design of PSS and automatic voltage regulator (AVR) |84| can handle
power system stability problem under certain operating conditions. The paper [80] presents
artificial neural network (ANN) based controller model to simulate the automatic voltage
regulator (AVR) response for the transient stability analysis.

Modulation of generation excitation can produce transient change in the generator’s
electrical output power. Fast responding exciters equipped with high gain AVR’s use their
speed and forcing to increase a generator’s synchronizing torque coefficient T, result in
improved steady-state and transient stability limits. Improvements in synchronizing torque
are often achieved at the expense of damping torque, hence in reduced levels of oscillatory or
small signal stability. To counteract this effect, many units that utilize high-gain AVRs are
also equipped with PSSs to increase the damping coefficient Tp and to improve oscillatory
stability.

The modern and conventional control techniques based PSS can provide optimal per-
formance for the normal operating conditions and normal system parameters. However, a

modern power system has become large, tight and highly dynamic, hence too difficult to
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solve low frequency oscillations problem through conventional and linear optimal control
approaches. For the different loading conditions and configuration of power network, the
parameters of PSS needed to be modify.

The proportional integral improved adaptive control law [81], H-infinity control technique
[35] and robust control based [46] power system stabilizer can overcome the time consuming
and non optimal damping. However, it required complex computation for implementation in
the dynamic power system. To overcome these limitations, computational intelligent tech-
niques such as Fuzzy Logic (FL), Artificial Neural Network (ANN), Genetic Algorithm (GA),
Particle Swarm Optimization (PSO) etc. based PSS have been proposed in the literature.

Fuzzy logic is very attractive technique for model free design of the plant. Fuzzy logic
based power system stabilizer [28, 51|, adaptive fuzzy logic base power system stabilizer |61]
for maintaining the stability of the power system cover a wide range of operating conditions.
But the linguistic or user defined variables are needed to design the rule based of fuzzy
inference system. The gain and time constants of conventional PSS are optimized under
the different operating conditions through different computational optimization techniques
like: Genetic algorithm, particle swarm optimization and bacterial foraging and simulated
annealing have been explained by [83, 24, 108|. For each and individual operating condition,
the individual PSS parameters are needed to be tune. The parameters of PSS have to be
calculated and evaluated through Artificial Neural Network |52] under the different operating
conditions of the power system. The adaptive neural network based power system stabilizer
has been proposed by [45]. By combining the generalized neuron predictor and a fuzzy logic
controller based adaptive fuzzy logic power system stabilizer [68] and the two level fuzzy and
adaptive neurofuzzy inference systems based power system stabilizer [106] have been applied
to the power system dynamics.

Many applications of computational intelligent techniques in power system engineering
have been mentioned by literature. The voltage stability [17, 104, 91|, load flow analysis
[67], power system security [70], load and price forecasting [60, 101, 109], reactive power

compensation [73], transmission loss allocation [95], harmonic estimation [98], fault detection
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in distribution network [82|, induction generator and wind power forecasting |64, 69, 86, 72|,
and state estimation [18] have been discussed.

During the last decade, a number of the Flexible Alternating Current Transmission Sys-
tem (FACTS) control devices have been proposed and implemented in real power system
[25, 44]. An Adaptive Neuro-Fuzzy Inference System (ANFIS) method based on the Artificial
Neural Network (ANN) to design a Static Synchronous Series Compensator (SSSC)-based
controller for the improvement of transient stability has been suggested in paper [107] . The
proposed ANFIS controller combines the advantages of a fuzzy controller as well as the quick
response and adaptability nature of an ANN. The ANFIS structures were trained using the
generated database by the fuzzy controller of the SSSC. It is observed that the proposed
SSSC controller improves greatly the voltage profile of the system under severe disturbances.
The results prove that the proposed SSSC-based ANFIS controller is found to be robust to
fault location and changes in operating conditions.

The laboratory implementation and test results of an advanced TCSC ANN-based in-
verse control system to enhance power system transient stability has been presented by
[47]. Satisfactory performance and robustness of the TCSC control are demonstrated by the
test results on a laboratory power system subject to different disturbances under various
operating conditions

A supplementary damping controller for a unified power flow controller (UPFC) is de-
signed for power system dynamic performance enhancement has been discussed in paper
[39].

The paper [93] presents a new control method based on Neural Network technique to
damp out the power system low frequency oscillations using STATCOM controller. The main
objective of this paper is to investigate the power system dynamic stability enhancement by
using neural network based FACTS (STATCOM) Controller.

An integrated approach of radial basis function neural network (RBFNN) and Takagi-
Sugeno (TS) fuzzy scheme with a genetic optimization of their parameters has been developed
to design intelligent adaptive controllers for improving the transient stability performance
of power systems has been presented by [36].

Nowadays the FACTS controller plays very important role in deregulated electric market,
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which has been explained in literature |55, 26, 62].

In general, FACTS controllers can be divided into four categories:

Series controller

Shunt controller

Combined series-series controller

Combined series-shunt controller

One of the most important devices of series FACTS controller is thyristor controlled series
capacitor (TCSC) [38] in order to enhance the stability and loadability of the transmission
network. The nonlinear Hoo controller and LQR/LTR controllers based TCSC have been
presented by [63, 30]. The various computational intelligent algorithms based TCSC [102,
75,99, 47| are being designed to cope up the stability of the power system under the different
system configuration as well as load variation. The self tuning fuzzy-PI controller and type-
2 fuzzy controller for TCSC has been proposed by [75, 99]. The artificial neural network
and search algorithms based TCSC have been presented by [102, 47|. For the performance
enhancement of the dynamical power system, the new area of the research is build up on
coordinated design of PSS and TCSC. The different computational intelligent techniques
based coordinated design of PSS and TCSC have been mentioned in literature [103, 66].

The power system stability in deregulated electric market has been addressed [37]. The
ancillary services such as power system stabilizer (PSS) [54| and Flexible Alternating Cur-
rent Transmission System (FACTS) controllers [55, 26] in deregulated electric market have
been addressed. Nowadays, by increasing complexity in power system, it is important to
provide stable, secure, controlled, monetary and high quality electric power in restructured
environment. The FACTS controller plays very important role in deregulated electric mar-
ket to enhance the stability of the power system with their fast control characteristics and
continuous compensating capability. FACTS devices can be effectively used for load flow con-
trol, loop power flow control, load dispatched, voltage regulation, enhancement of transient
stability and mitigation of system oscillation |55, 26, 25, 44].

Large scale power systems are composed of control areas or regions representing coher-
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ent groups of generators. In large power system abnormal phenomena have been frequently
observed such as tie-line power deviation, rotor speed deviation and outage of generators
under various loading conditions. Automatic generation control (AGC) is an essential con-
trol loop in electric power system which maintains balance between generated power and
demand power in each control area. For the conventional Load Frequency controller, the
integral of area control error (ACE) is utilized as the control signal for conventional control
strategy. Literature [3, 92, 41, 57, 5| has addressed the area generation control with ACE
in conventional LFC loop. An integral controller provides zero steady state deviation, but
it produces poor dynamic performance. Therefore advanced control techniques are needed
to cope up with abnormal situation in power system. Nowadays, smart controllers have
been introduced and are replacing conventional controller. They have fast, adaptive and
good dynamic characteristics for load frequency control issue. Genetic algorithm, bacteria
foraging, [40, 79|, fuzzy logic [53], neural network [23, 100], adaptive neuro fuzzy inference
system |76, 105| based LFC have been developed.

The Load frequency controller (LFC) is recognized as an ancillary service in deregulated
electric market. The extensive details and modified block diagram of two area AGC under
the restructured market has been discussed by [32, 85].

The adaptive neurofuzzy inference system based automatic generation control [76], ge-
netic algorithms and linear matix inequality [40|, gradient Newton algorithm [32] are some
published researches on minimization of ACE in deregulated LFC. The application of differ-
ent FACTS controllers in deregulated market in multi area AGC system has been reported
|77, 49, 78, 96| by recent research paper. The fuzzy logic based tie line power controller TCPS
has been designed for the hydrothermal system [77], decentralized control law of SSSC de-
vices [49] and particle swarm optimization based TCPS 78] have been designed. The super
conducting energy devices with TCPS and SSSC using evolutionary algorithms for two area
hydro system have been extensively designed in literature [96].

Intelligent computing consists of several computing paradigms [87, 89, 90|, including

neural networks [7, 12, 11, 10|, fuzzy set theory [1]|, approximate reasoning, and derivative
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free optimization methods such as genetic algorithm [8|, swam optimization |27, 16|, ant
colony optimization [58|, bacterial foraging [34], simulated annealing [87, 90| etc. have been
reported. Each of these constituent methodologies has it own strengths. The integration
of these methodologies have been formed the core of soft computing. The synergisms al-
low soft computing to incorporate human knowledge effectively, deal with imprecision and
uncertainty and learn to adapt to unknown or changing environment. Main characteristic
is its inherent capability to create hybrid systems that are based on an integration of the
techniques. They have provided complementary learning, reasoning and searching methods
to combine domain knowledge and empirical data to develop flexible computing tools and
to solve complex problems. In confronting real world computing problems, it is frequently
advantageous to use several intelligent computing techniques synergistically rather than ex-

clusively, resulting in construction of hybrid intelligent system.

1.3 Motivation

The extensive survey of literature could give the information regarding to the application
of the computational intelligent methods in field of power system stability but it could
also divulge the growing interest of the researchers on the relatively new field of intelligent
computing in restructured power industries.

The Third —order dynamic model and Philips-Heffron linear model of the synchronous
machine is most preferable for a researcher for stability analysis of power system. The
power system model only takes into account the generator main field winding. However,
for the effective analysis of single machine infinite bus system, linear and non linear higher
order power system model accompany of automatic voltage regulator are to be required
for small signal stability and transient stability analysis. Computational intelligent method
based Power system stabilizer [83, 24, 108] has been developed, but comparison between
evolutionary algorithm based conventional power system stabilizer and proportional inte-
gral derivative power system stabilizer, and their application to linear and non linear with

fourth order power system model have not been discussed. The eigen values analysis with
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power system stabilizer and TCSC controller are required for effective analysis of closed loop
stability. Mathematical modeling of individual power system, model of power system with
PSS and model of power system with simultaneous PSS and TCSC are to be required for
identification of power system stability. The paper [103, 66] shows the non linear simulation
of power system with PSS and TCSC, but the closed loop system stability with controllers
have not been discussed.

Artificial neural network based power system stabilizer [52, 45| has been discussed. The
feed forward multilayer neural networks are the most common neural network architecture
for solution of control problem. A widely used training method for feed forward multilayer
neural network is the back propagation algorithm. The standard back propagation learning
algorithm has several limitations. Most of all, a long and slow training process, when plant
is non-linear and parameters of the plant are dynamic. The rate of convergence is seriously
affected by the initial weights and the learning rate of parameters. So fast and adaptive
algorithm has to be required to cope up with dynamical situation in power system.

The literature survey motivates to develop other intelligent techniques based power sys-
tem stabilizer and Thyristor control series capacitor for single machine infinite bus system
extensively. Literature survey reveals that no research work has been carried out for de-
signing of PSS using hybrid genetic algorithm based neural network and neural network
identification technique. Literature survey reveals that no any research work has been dis-
cussed the comparison between different intelligent methods for designing of PSS and TCSC
and their simultaneously application in dynamical power system.

Literature survey shows linear single order transfer function of the synchronous generator
used in Load frequency control loop for area generation control in convention and deregulated
electric market. TCPS and SSSC have been used as tie line power controller |77, 78, 76,
96], which are designed using computational intelligent methods. But effect of FACTS
controllers on frequency deviation with higher order power system model with automatic
voltage regulator in multiarea control loop have not been discussed. Literature survey reveals

that no research work has been carried out on the smart control techniques based TCSC
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as tie line power controller in conventional and deregulated electric market. Literature
survey reveals that no research work has discussed the effect of individual and simultaneous
application of ancillary controllers such as PSS and TCSC on closed loop stability and
transient stability of multiarea power system using intelligent methods under restructured
electric market, with different correlative conditions between GENCOs and DISCOs and load
variation in various control area. Mathematically justification for application of ancillary
controllers in two area deregulated electric market with load frequency control loop has not
been addressed in literature survey.

Hence, the main objectives behind the present work are as follows:

1. To develop the linearized model of fifth order synchronous machine from non linear
model and to derive the different constants followed by block diagram of the syn-

chronous machine connected to single machine infinite system.

2. To develop the mathematical model of the machine in state space form with conven-
tional power system stabilizer (CPSS), proportional integral derivative PSS and TCSC

individually and simultaneously.

3. To design the PSS using different intelligent techniques such as Genetic Algorithm,
Levenberg Marquardt neural network (LMNN), adaptive neuro fuzzy inference system
(ANFIS), genetic algorithm based artificial neural network hybrid algorithm (GA-
ANN), Neural Netwrok based non linear auto regressive moving average (NARMA)

-L2 controller.

4. To design the stability control loop of TCSC using GA, ANN and ANFIS techniques.
To analyze the simultaneous and individual application of PSS and TCSC using pro-
gramming and to carry out non linear simulations under different operating conditions

and disturbances in power system .

5. To develop linear model and block diagram of the two area automatic generation control
system with the first order and fifth order power system model under the restructured

electric environment.
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6. To build the model of two area power system with multiple PSS, individual tie-line

TCSC and combining PSSs and TCSC.

7. To study the effectiveness of ancillary controllers such as multiple PSSs and TCSC in

restructured electric market.

8. To evaluate the performance of smart control techniques based ancillary controller

using linear analysis and non linear simulation.

1.4 Thesis Organization

The present Chapter 1 introduces the restructured electric market, stability issue and appli-
cation of ancillary controllers in restructured market. It represents the relevant state-of-the-
art survey and sets the motivation behind the research work carried out in this thesis.

Chapter 2 presents, detail modeling of the system components and linerization of non
linear equations using Taylor’s series method. The state space form of power system with
conventional power system stabilizer and PID- power system stabilizer have been described.
The linearized state space form of power system with individual TCSC and simultaneous
CPSS and TCSC have also been derived.

Chapter 3 presents, Genetics Algorithm based control strategies for designing of CPSS,
PID-PSS and TCSC damping controller. The individual PSSs and simultaneous designed
TCSC and PSS have been applied to the dynamic power system. The small signal stability
analysis and non-linear simulation for the transient stability analysis have been carried out
for detailed investigation of the power system stability issue.

Chapter 4 discusses Adaptive Neuro-Fuzzy Inference System and Levenberg-Marquardt
Artificial Neural Network algorithm for development of the control strategy for thyristor
control series capacitor based damping controller and power system stabilizer. The non-linear
simulations of single machine infinite bus system have been carried out using individual and
simultaneous application of PSS and TCSC. The comparisons between intelligent control

strategies based damping controllers have also been carried out.
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Chapter 5 discusses Non Linear Auto regressive Moving Average-L.2 controller and hy-
brid Genetic Algorithm based Network Network for development of the control strategy for
power system stabilizer. In order to achieve appreciable damping, developed ANFIS based
Thyristor control series capacitor has been suggested in addition to power system stabilizer.
The non-linear simulations of single machine infinite bus system have been carried out using
individual and simultaneous application of PSS and TCSC.

Chapter 6 presents, performance and role of ancillary controllers such as PSS and TCSC
in two area control system under restructured electric market. Low order power system
model and higher order power system model have been considered for in depth analysis of
two area system with ancillary controllers. The stability analysis and non-linear simulation
for the transient stability analysis are carried out for investigation of the power system
stability issue.

Chapter 7 summarizes the main finding and significant contribution of the thesis and

provides a few suggestion for future scope of research work in this area.



Chapter 2

Mathematical Modeling of Power System

2.1 General

The mathematical model of synchronous machine can be described by a set of differential
equations representing the dynamics of the machines, exciters and other controls and alge-
braic equations representing the network relation. The model considered for the stability

analysis in this thesis are described below:

2.2 Generator model

Fourth order model of generator [33, 15, 43, 6] has been used in the present study as described
below:

The dynamics of the synchronous generator can be represented by the following equations:

§ = wp (Wi — Wing) (2.1)
i = g (—ha (@ = ) + T — T (2.2)

where 0 is generator’s rotor angle, w,, the speed deviation, H machine inertia constant,
T, is the Mechanical power input to generator, T, is the electrical power output of the

generator, k; the damping constant.

17



CHAPTER 2 Mathematical Modeling of Power System 18
The electrical torque equation is represented by following algebraic equation:
T, = Ejiq + Eyig + (v, — v, )idi, (2.3)

where i4 and ¢, are d-axis and g-axis current respectively, E:i and E; are d-axis and g-axis
transient voltage, x/d and x; are d-axis and g-axis transient reactance.

The effect of saliency is considered, the chages in flux linkage of the filed winding have
to be accounted for along the d and q axes. Therefore, two more additional state equation
(2.4) and (2.5) along with the swing equations (2.1) and (2.2) have to be considered.

* 1 ’ ’ .
E,=— [(—Eq + <.7:d — IBd) Zd) + Efd:| (2.4)
Ty

“ 1 / ’ .
E,= T [(—Ed - <:13q - a:q> zq>] (2.5)
q0
where T}, and T;O are d-axis and g-axis open circuit time constant, x4 and z, d-axis and
g-axis synchronous reactance,

The line resistance is considering very low, it equal to be zero ohms. The stator d and ¢

axes current and voltage algebraic equations can written as follows:

. Eycosd — E
g = ——— 2 (2.6)
(we + )
Eysind + E,
= 0T 2 (2.7)
(xe + xq)
Vg = —Telq + Epcosd (2.8)
Vg = —Tcig — Epsind (2.9)

Vi = \/v] + v? (2.10)

where z. is the line reactance, vy and v, are d-axis and g-axis voltage, V; the terminal

voltage and Ej, infinite bus voltage.
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2.3 Excitation System

The IEEE type —-ST1 exciter 33, 43| has been considered in this study and equation governing

the dynamics is given as follows:

: 1 K
Ejg=—7Efi+ = (Vies — V4 2.11
fd T, fd + TA( F=Vi) (2.11)

where E;;— field excitation voltage
K 4 =Exciter gain

T4 =Exciter time constant

Vier =Reference voltage setting

V; =Terminal voltage

2.3.1 Initial Conditions

The power system is described by set of non linear differential equations and is required to be
solved numerically. It is assumed that the system is at a stable equilibrium point till t=0. It
is necessary to calculate the initial conditions at time t=0 based on power system operating
points. Calculation of initial conditions [33, 43| are very important for power system stability
analysis. The operating points are calculated from load flow analysis [41, 15].

The initial conditions are calculated from following set of Equations:

Calculation of I,y from Equation (2.12).

7 Pt - ]Qt
Ly = 1p0lpy = —— 2.12
o= Tty = % (2.12)
dp and E are calculated from Equation (2.13).
EqZdo = VioZ00 + (Ra + jg) Lao Lo (2.13)

The different variables 40, 740,040, Ftdos E;O, E;ZO and T,y are calculated from following

Equations:

Z'dO = — aoSin (50 - (bo) (214)
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iq0 = Laoc0s (80 — ¢o) (2.15)
Va0 = —Viesin (6o — ¢o) (2.16)
Vg0 = Viocos (0g — o) (2.17)
Eftao = Eqo — (14 — %4) iao (2.18)
Ely = Efao + (xd - :p;> ido (2.19)
By = — (a;q - x;) i (2.20)
To = Elgigo + Eagiao + (x’d . x;> ia0ig0 = Tno (2.21)

2.4 Linearization and Eigen Properties

2.4.1 Linearization

The dynamic system can be represented in a set of n first order non-linear differential equa-

tions [88, 15].
= f(x,u) (2.22)
y=g(x,u) (2.23)

Where z is the state vector with n state variable, u is input vector to the system, and y
is the output vector.

To investigate the small-signal stability at one operating point, equation (2.22) and (2.23)
need to be linearized. Assume x is the initial state vector at the current operating point and
ug is the corresponding input vector. As the perturbation is considered small, the nonlinear
function f can be expressed in terms of Taylor’s series expansion. With terms involving

second and higher order powers of Az and Au are neglected, we may write
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ofi 3]2 8fz
= f; Axy+........
fz (Zﬂg, Uo) + 81‘1 1+ 8% nt 8U1
T = f; ($0,U0)
: 8]2 ofi 8]2
AZEZ a{[‘l 1+ .oenn... + aan n+ 8u1 U1 “+ ...
dg; dg; 9g;
Ay; = e —ZLAT] 8an n T D, Aug + ...

Therefore, the linearized forms of Equation (2.26) and (2.27) are written as:

Az = AAx + BAu

Ay = CAx + DAu

Auq +

21

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

Where A is the state matrix, B the control matrix, C' the output matrix, and D is the

feed forward matrix. For the stability analysis and eigen value analysis of the synchronous

machine, the state matrix A is the most important.

This matrix can be represented by

Equations (2.30) and (2.31). The block diagram of state space is represented by Figure 2.1.

N of1 N
ory, =~ - 5 Oxn ouq
A= B =
L Oz oxrn J | Ouq
[ o0 dg1 | [ o0
o1 ot Oz ou1
C p— D pr—
Ogm 9gn 9gm
L afﬂl an . L 8’M1

Az is the state vector of dimension n

Ay is the output vector of dimension m

9f
ouy

Ofn

8'Uf'r .

o991
our

Agm
Our

(2.30)

(2.31)
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Aw is the input vector of dimension r

A is the state or plant matrix of size n x n
B is the control or input matrix of n x r
C' is the output matrix of size m x n

D is the feedforward matrix m x r

—p{ B | 1/s

Figure 2.1: Block diagram of State Space Representation

2.4.2 Sate Space Representation

The Laplace transform of the equations (2.26) and (2.27), the state equations (2.32) and

(2.33) are presented in the time domain as per follow [65, 88, 97]:
sAz(s) — Az(0) = AAz(s) + BAu(s) (2.32)
Ay(s) = CAx(s) + Du(s) (2.33)
Rearranging Equation (2.32), we have
(ST — A)Ax(s) = Az(0) + BAu(s) (2.34)
Hence

Ax(s) = (ST — A) ' [Az(0) + Bu(s)] (2.35)
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_adj(ST—A)™!
~ det(SI— A)~?

[Az(0) + Bu(s)] (2.36)

and correspondingly,

_Oadj(SI—A) !

Ay(s) = Ckﬂsj_fn1[AxUD%aBu®H4aDAuQ) (2.37)

The Laplace transforms of Az and Ay consist two component, one dependent on the
initial conditions and the other on the inputs. These are the Laplace transforms of the free
and zero-state components of the state and output vectors. The poles of Ax(s) and Ay(s)

are the roots of the Equation:
det(ST —A) =0 (2.38)

The values of s which satisfy the above are known as eigen values of matrix A, and

Equation is refereed as the characteristics Equation of matrix A.

2.4.3 Eigen Values

The eigen values of a matrix [88] are given by the values of the scalar parameter A for which

there exist non-trivial solutions to the equation
Ap = \p (2.39)

where
A is an nxn matrix
¢is an n X lvector

For the calculation of eigen value, the equation (2.39) may be written in the form
(A-X)p=0 (2.40)
For a non-trivial solution

det(A — \I) = 0 (2.41)
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Expression of the determinant gives the characteristics equation. The r solution of (2.41)

A=A, Aol , Anare eigen values of A.

2.4.3.1 Eigen Vector

For any eigen value Ajthe n-column ¢,which satisfies (2.39) is called the right eigen vector

[15] of A associated with the eigen value A,.

Adp = App (2.42)

The right- eigen vector is represented by equation (2.43)

(blp
¢2p

b= (2.43)

¢rp

Similarly, the r row vector ¢, which satisfies the equation

YA = Ay (2.44)
p=1,2...... r is called the left eigen vector associated woth the eignvalue A,.
wp - wlp Qﬁgp R wrp (245)

The left and right eigen vectors corresponding to different eigen values are orthoginal,

i.e.

Vgp =0 (2.46)
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ApFAgand

Vebp = (2.47)

where A\, = )\, and ¢, is a non zero constant. To normalized these vector so that

Vep =1 (2.48)

2.4.3.2 Participation Factor

Participation factor |48, 4, 15| is used for identifying the state variables that have significant
participation on a selected mode among many modes in a multigenerator power system.
Participation matrix (P), which combines the right and left eigen vectors entries and used

as measure of the association between the state variables and the modes.

P=\p P ... P (2.49)
with
Plp ¢1p¢p1
P2p ¢2pwp2
p,=1 |= ' (2.50)
i P'rp i L gblpwp'r i
where

¢k p =the element on the kth row and pth column of the modal matrix ¢

—=kth entry of the right eigen vector ¢,

Ypr=the element on the pth row and kth column of the modal matrix v

—kth entry of the right eigen vector 1,

The element Pxp=jkptpi is the termed as the participation factor. ¢xp measures the

activity of the variable Xg in the pth mode, and ¥ pg gives the weights of contribution of
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this activity to the mode, the product Pgp measures the net participation. The effect of

multiplying the element of the left and right eigen vectors makes the Pk p dimensionless.

2.4.3.3 Eigen value and Stability

The time dependent characteristics of a mode corresponding to an eigen value ); is given by

eMt [88, 15]. Hence the stability of the system is determined by the eigen values as follows:

1. A real eigen value corresponds to a non-oscillatory mode. A negative real eigen value
describes a decaying mode. The large its magnitude, the faster the decay. A positive

real eigen value represents aperiodic instability.

2. Complex eigen values occur in conjugate pairs, and each pair corresponds to an oscil-
latory mode. The real components of the eigen values give the damping, and the imag-
inary components present the frequency of oscillation. A negative real part describes
a damped oscillation, whereas a positive real part represents oscillation of increasing

amplitude.

Thus A for a complex pair of eigen values is represented by equation (2.51).
A=0 % jw (2.51)

where ¢ and w show the real part and imaginary part of the eigen value.
The frequency of oscillation in H z is given by equation (2.52), which represents the actual

of damped frequency.
f= (2.52)

The equation (2.53) represents the damping factor

—0
¢ = Nz (2.53)
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The damping ratio ¢ determines the rate of decay of the amplitude of the oscillation.

The time constant of amplitude decay is ﬁ

2.5 Linear model of power system

The single machine infinite bus system (SMIB) is shown in Figure 2.2, where V; and
E, are generator terminal voltage and infinite bus voltage respectively. The X, and X,
are transmission line reactance and transformer reactance respectively. The dynamic model
of the synchronous machine and exciter described by section 2.2 and 2.3 respectively are
linearized about its initial conditions using linerization concept, which is described by section
(2.4.1). After linearization of the equations (2.6) and (2.7) of i4 and i, and substituting these
equations in (2.8), (2.9) and (2.10) yield the linearized equations of V,, V4, V; and T,. The
linearized equations are represented by equations (2.54) to (2.61).

Wy
XL jXth

—L1 L] Rass!
N - ‘

]

Generator

Figure 2.2: Single Machine Infinite Bus System

2.5.1 Calculation of K; to K7 Constants

The linerized form of Aiy and Ai, are represented by equations (2.54) and (2.55).

Aig = PIAS + PAE, (2.54)

Ai, = PsAS + PAE, (2.55)
Where

P = ;E%”;j‘) = Jlr - P, — fbcjfz == i - (2.56)
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The linerized equations of Avg, Av,, V; and AT, are shown by equations (2.57) to (2.61).

AV, = (—Eycosdy + Psz.) AS + 2. P,AE, (2.57)

AV, = (—Eysindy + Piz.) AS — 2. B AE, (2.58)

AT, = K1A0 + KLAE, + K3AE, (2.59)
Vao Vio

AV, = “LAvs+ LA 2.60

T Ty, R (2.60)

AV, = KsAS + KoAE, + Ky E, (2.61)

The fourth-order model of the synchronous machine is considered and K; to Ky constant
are derived by substituting the above equations in linearized form of the machine state
equations (2.1), (2.2), (2.4), (2.5) and (2.11). The linearized forms of the machine state

Equations are represented by equations (2.62) to (2.66).

§ = wpAwy, (2.62)
Ry 1
— < — _ 2 .4 2.
Aw,, 5 HAwm +3 HATm A(S > HAE AEd (2.63)
. AE'
AE, = — [ ABj — Kons — 22 (2.64)
T, K,
: 1 /. AE'
AE, = — | K-A§ — d 2.65
¢ TqO ( ! KG ) ( )
. K, KK, KiKy . o Ka 1
= 2A5— - —2A — A 2.
AE; = T, AS T AE T, AE, + T, Vief + = T (2.66)
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2.5.2 State Space Representation of System

The expression (2.67) is described linearized power system model in state space form
At = AAxz + BAu and machine constant K; to Kjo are described by equations (2.68) to

(2.77). Figure 2.3 represents the block diagram of SMIB.

AS 0 wp 0 0 0 AS
. K K K
A B om0 || A,
v = _ K5 1 1 ,
AEQ - T;; 0 Tc/loK4 0 Tolzo AEq
Y K 1 ’
AE, T—q; 0 0 TR 0 AE,
' KaK KuiK KuiK
0
1
2H
L0 1|0 AT 00 Vig (2.67)
0
Ka
L Ta
where,
Ky = G = = (B o+ (= ) )] BB
/ N . 1 Epcosdy
T, — T, |ig+ E ] : 2.68
[( d q) do q0 Le —+ xdq ( )
aTe ’ / / . 1 , 1 ]
KQ = a__E’(’J = — |:Edo —l— ((xd - xq) ZqO)] T, + I/d + qu—l‘; + ZqO (269)
oT, , , 1
K:_c;:[' (( - ))} / 2.70
3 8Ed 1do + Zq .flfq 1do ot xq ( )
OE, /
Ki=gp = T (2.71)
aEq (xe + md) + (l’d — {Ed)
OE, N\ Epsindg
Ks=%5 = ( - ) 7 2.72
T e Te T T, (2.72)
OF' To+ T
Ko= 35 = AN Aa— (2.73)
aEwd (fL’e + ZL‘q) + (l‘q — xq)
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OF' N\ Eycosdy
o ()
’ 190 Ta ™ % Te + 1,
0E Vi z. Eycosdy
Kg = = = [ —Eycosdy + =4
g 9% Vo »CO0S0g + T+ 2,
aEfd ‘/qo.’,lj'e 1
Ky = - = ;
oL, Vio ze+ 1y
8Efd ‘/d()xe 1
KIO = = ’
OE, Vio ze +x,
| Ki
ATy Aw A&
1 . m N 1
B > 1/
. e e B

Figure 2.3: Block diagram representaion of SMIB system

AE,
K
——l Ky |e - « K, |4
: KeTygs +1 L=
N
"l Ko
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(2.74)

(2.75)

(2.76)

(2.77)
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2.6 Power System Stabilizer

The single machine infinite bus system with generator connected PSS is shown in Figure
2.4.

Wit

Eb
Xe jXth

3

i —0
PSS = |: :‘ )
—0

Xt

L]

Genarator

Figure 2.4: SMIB with PSS

2.6.1 Conventional Power system stabilizer

The output response of the PSS is shown as a feedback element from generator speed and
is described in the form [56, 33, 15]. The conventional power system stabilizer is described by
equation (2.78). The first term in equation (2.78) is a reset term that is used to washout the
compensation effect after the time lag 7,,. The second term of AV, is a lead compensation

pair that can be used to improve the phase lag through the system from V,.; to generator

shaft speed Aw,,.
KyssTws [ (1 +Tys) (14 Tys)
L+ Tys | (1+T3s) (14 Tys)

AVyss = Aw,y, (2.78)

The equation (2.78) is represented by state model of PSS which is shown by Figure 2.5.

Aawy, Hpss T b (1+T;5) V2 (1+T;5) ﬂL;?ss

T, + 1 Y 1+T39) (1 +T,5)

L 4

Figure 2.5: CPSS with state variables

The two new state vy, vy and output variable AV, of PSS are included in machine state

equations. The CPSS new state equation are described as follow:

KKy 0 1

KlessA(S . DKpssAw i KQKpss

Aty = —
v 2H 2H 2H

AE, -
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Aljg = —a1A5 - agAwm - agAE; - CL4AE; - CL5AU1 + (07 X%) (280)

Avpes = —b1AS — byAwy, — b3AE, — byAEy + bsAvy + bsAvs + by Avg, (2.81)

2.6.1.1 Model of Power System with CPSS

The Power system stabilizer provides the additional signal to excitation system. After
the addition of PSS with excitation system, the exciter equation would be changed. The

exciter equation is described by equations (2.82) and (2.83).

1 Ky
Efd = _T_Efd + = T (‘/;"Ef - V; + ‘/pss) (282)
. KKy KiKo . .+ KaKy .., Ka Ka
AE:; = — Ad — AE — AFE,+—AV,. A —Vss(2.83
fd T, T, T, at T, F fat T, (2.83)
The state model of machine with PSS is described by equation (2.84).
0 wp 0 0 0 0 0O 0
e B U
— &5 0 — 0 0 0 o0
Tao TyoKa Tao
Ky 0 0 S—— 0 0 0 0
A = TqO Tq0K6 (284)
_ KaKsg 0 _ KuKy _KaKijo _ 1 0 0 Ka
Ta Ta Ty Ta Ta
_K12II<—Ipss _Dfl_;}ss _K22[I<_Ipss :KBQI}SIPSS 0 _ﬁ 0 O
ax a9 as ay 0 as ag O
bl bg b3 b4 0 b5 b6 b7
L 4 8x8
Where,
A5 A, AE, AE, AEq Av Ay AV, |
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2.6.2 Proportional Integral Derivative Power System Stabilizer

One of the most powerful but complex controller mode combines the proportional, integral
and derivative mode. This mode eliminates the offset of the proportional mode and provides
fast response [20, 88|. In present work PID based PSS is proposed with feedback element
from generator speed and is represented by in Laplace form. The Laplace form of PID-PSS

is represented by equation (2.85).

K
AVpey = [Kp + ?’ + KD8:| A, (2.85)

2.6.2.1 Model of Power System with PID-PSS

The state model of machine with PID-PSS is described by equation (2.86). Figure 2.6

represents block diagram of machine with CPSS and PID-PSS.

0 wp 0 0 0 0
_ K _D_ _ K _ K 0 0
2H —2H 2H 2H
—L 0 —=1 0 - 0
A= Tao ThoKa Tao (2 86)
K 1
= 0 0 — 0 0
), T,, Ko
_KaKs 0 _KaKe __KaKie _ 1
Ta Ta Ty Ta
K _ KiKie _ Kikg\ _KoKp —K3Kp
(wB 2H ) (KP 2H) 2H 2H 0 0 66
Where,

a‘cz[As A, AE, AE, AEp Avpss]
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Figure 2.6: Block diagram represntaion of SMIB with PSS

2.7 Thyristor Control Series Capacitor

Thyristor controlled series capacitor provides the fast, continuous and dynamic control
of power by varying the apparent reactance of the specific transmission line. The TCSC
can enhance the oscillatory stability by damping of oscillation and improves the dynamic
and transient stability of the power system [55, 25, 44, 62|. One line diagram of the basic

module of the TCSC is shown in Figure 2.7. A TCSC is a parallel combination of a fixed
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series capacitor and a variable thyristor controlled reactor. The TCSC has two operating
ranges around its internal circuit resonance. One is @i, < a < 180 where Xrcsc(q)is
capacitive, and other is the 90 < o <p;;,, where Xrcgc(qis inductive. The internal circuit
resonance depends on the ratio of inductor and capacitor reactance of TCSC. The steady
state relationship between firing angle and the reactance Xpcge can be described by the

following equation [44].

L I>\‘/ Current Limiting reactor

Figure 2.7: Basic module of TCSC

X2(pu+ siny)  4XZcos*(u/2) [ptan(E) — tan(w/2)]
(Xo — Xp)m (Xe = Xp)(p? =)

Xreoso(a) = Xo — (2.87)

Where X is reactance of the fixed capacitor, X is inductive reactance of inductor L
connected in parallel to capacitor, compensation ratio p = ))g—i and conduction angle of
TCSC is p = m — a. The model for the TCSC for the stability study is shown in Figure 2.8
and is based on the variation of the reactance of the TCSC in the capacitive region |38, 44|.
In this Figure, X,,,q is the stability control modulation reactance value as determined by the
stability control loop, and X,.; denotes the TCSC steady state reactance or set point, whose
value is calculated from power flow or steady state control loop. The sum of these two values
produce Xy Which is the final reactance offered by the external control block. This signal is

passed through first order lag transfer function and produced the final value of the reactance

XT1csc(a)-The time constant Trosc presents the natural response of the device and the delay
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introduced by the internal control. The limits are given by Xcmin = X7os0(180°) = X
and Xemae = Xroso(@omin). Here, the controller is assumed to operate in the capacitive

region only, it means «,,;, > «,, where a,correspond to the resonant point.

Referenoce

1 KTCSC()
1+ =T
Figure 2.8: Model of TCSC
. 1
Xreso() = Trose (Ximod + Xref) — Xresc(a) (2.88)

The stability control loop of TCSC can be described by the Equation (2.89) .

KCTw18 (1 -+ T1T8> (1 —+ TQTS)
X o) = Awp, 2.89
TESC@) =1 s (1 + Tors) (L + Tars) | (2.89)

Where T,,; andK¢ are time constant and gain of the washout filter. Typ, Ty T3r and
Tyr are time constant of the phase compensator, which provides appropriate phase-lead

characteristics to compensate for the phase lag between input and output signals.

2.7.1 Model of Power system with Inclusion of TCSC

Figure 2.9 represents the single machine infinite bus system with generator connected

PSS and transmission line equipped TCSC.

Wi
Generator 3 Eb

e jXth
TCSC

0 0

jxe

Figure 2.9: SMIB wiht PSS and TCSC



CHAPTER 2 Mathematical Modeling of Power System 37

After the inclusion of TCSC in power system model, the line reactance would be changed

as X,et = Xe — Xrosco. The power transfer between the V; and Ej is written as follows:
_ ViEysindg

2.90
Xnet ( )

By

The Current and voltage Equations of 44, 74 v, and vg would be changed. Hence electric torque
T, is also changed. The linearized model of the machine is deriveed after the inclusion of
TCSC and new set of state Equations Ad,Aw,y, AE('I, AE&, AEfd are obtained. Consequently
K, to K, constants of the power system are recalculated using new line rectance X, and
initial conditions. After addition of TCSC, three new state variables and a state variable
Xresc(a) are required to considered for stability control loop of TCSC. For the TCSC sta-
bility control loop the equation (2.88) and (2.89) are resolved using four state variables of
TCSC model and then included in machine state equation. Figure 2.10 and 2.11 show sta-
bility control loop and time delay of TCSC. Equation (2.91) represents power system matrix

A with TCSC stability control loop.

Aaw, KoisTe Xy (1+Tys) | * (1+T;5) “

T,s+1 (14 T35 @+ Tes)

Y

Figure 2.10: TCSC state diagram

Kol 1 Xrescian
—_— e —_—
Trese s +1

Figure 2.11: TCSC delay Equation
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The matrix A is described as follow:

0w 0 0 o 000 o0 |

~5% s 4~y 0 0 0 0 3

7 0 == 0 7 0.0 0 K

w0 0 -—7& 0 00 0 K

A=| K g Ko Ky _L oo o 0 Kam (2.91)

C1 C2 C3 Cy 0 ¢ 0 O 0

d; dy  ds dy 0 ds dg 0 0

el €9 e3 €4 0 es eg €7 0
0 0 0 0 0 00 h | .

Where '
i=| A6 A, AE, AE, AEj Acl Aty Ady AXresc |

/

2.7.2 Model of Power System with Inclusion of TCSC and PSS

The two state variables and AV, of CPSS, and three state variables and Xrcgc(a) of
TCSC are included in power system model. After the inclusion of state variables of PSS
and TCSC, the power system model is converted in 12 x 12 matrix form. Equation (2.92)
represents power system matrix A with PSS and TCSC stability control loop. Figure 2.12
represents the block diagram of power system with TCSC and AV, signal coming from

PSS.
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Figure 2.12: Block diagram of System with PSS and TCSC

2.8 Conclusion

For designing of computational intelligent techniques based PSS and TCSC, the mathemat-
ical model of the power system with different damping controllers are required. Calculation
of eigen values, damping factors and participation of rotor mode are very important param-
eters for depth analysis of small signal stability issues. The transient stability analysis can
be done by dynamical model of the power system.

This chapter has presented the fourth order non linear mathematical model of the power
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system with I[EEE-ST1 excitation system. The systematic procedure for conversion of non
linear model into linear model with both PSS, TCSC and simultaneous designing of PSS
and TCSC have been discussed. Using Taylor’s series method, a new fourth order linearized
model of the power system with exciter has been derived and the equations of machine
constant K to Ko have been calculated. The linerized mathematical model and state space
form of power system with conventional power system stabilizer and a new PID- power
system stabilizer have been described. The linearized state space form of power system with
individual TCSC and simultaneous CPSS and TCSC have been also derived. The bock

diagram representation of system with PSSs and TCSC has been included.



Chapter 3

Design of PSS and TCSC Using Genetic
Algorithm

3.1 Introduction

This chapter deals with the individual and simultaneous application of thyristor controlled
series capacitor and power system stabilizer for dynamic power system stability improve-
ment. The Genetic Algorithm based Controllers have been designed for the development of
the control strategy for thyristor control series capacitor and power system stabilizer. The
parameters tuning of genetic algorithm based PSS and TCSC are considered as an optimiza-
tion problem and the parameters are tuned using genetic search algorithm under different
operating points. The non-linear and linerizied model of the synchronous machine which
includes both the generator main field winding and the damper winding on g-axis has been
considered for the effective analysis of the system. The non-linear simulation of single ma-
chine infinite bus has been carried out, results of which show the efficacy and capability of
simultaneous application both controllers under the various operating conditions and dis-
turbances. The results demonstrate the improvement in the dynamic performance of the
system with proposed control algorithms. The time response analysis have been performed

under different operating conditions and contingencies.

42
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3.2 GA based Design of CPSS and PID-PSS

3.2.1 Genetic Algorithm

Genetic Algorithms (GAs) are adaptive heuristic search algorithms introduced on the evolu-
tionary themes of natural selection. The fundamental concept of the GA design is to model
processes in a natural system that is required for evolution, specifically those that follow the
principles posed by Charles Darwin to find the survival of the fittest. GAs constitute an
intelligent development of a random search within a defined search space to solve a problem.
GA was first pioneered by John Holland in the 1960s, and has been widely studied, experi-
mented, and applied in numerous engineering disciplines. GA has been used for optimizing
the parameters of the control system that are complex and difficult to solve by conventional
optimization methods. GA maintains a set of candidate solutions called population and
repeatedly modifies them. At each step, the GA selects individuals from the current popula-
tion to be parents and uses them to produce the children for the next generation. Candidate
solutions are usually represented as strings of fixed length, called chromosomes. A fitness or
objective function is used to reflect the goodness of each member of the population. Given

a random initial population, GA operates in cycles called generations, as follows |8]:

e Each member of the population is evaluated using a fitness function.

e The population undergoes reproduction in a number of iterations. One or more parents
are chosen stochastically, but strings with higher fitness values have higher probability

of contributing an offspring.

e Genetic operators, such as crossover and mutation, are applied to parents to produce

offspring.
e The offspring are inserted into the population and the process is repeated.

Some of the advantages of GAs are as follows [90]:

1. GA is capable of parallel processing.
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2. A large solution set can be obtained very quickly by GA.
3. GA is well suitable for complex, non linear and noisy fitness function.

4. GA is capable of converging to the local minima.

3.2.2 Problem Formulation and Optimization Function

Here, different parameters of the conventional PSS (Equ.2.78) and PID-PSS (Equ.2.85) are
optimized under different operating conditions. For the conventional power system stabilizer
the time constants T T5 T3 T, and the gain K, are optimized using real coded genetic search
algorithm. For the Proportional Integral Derivative - PSS, the gain K, K; and Kp are
optimized using real coded GA. In the both type of PSS input feedback signal is rotor speed,
and under the steady state operation, the output of the PSS is zero. Under the disturbance
conditions, the output of PSS is modified according to the change in the speed during
dynamic environment. In this study, objective is to minimize the optimization function,

which is described by equation (3.1).

J= /Tt|Awm(t)|dt (3.1)

The optimization function has been developed such that the damping factor of the system
be improved and minimize real part of the eigen values associated with the rotor mode. The
minimization of eigen values show that closed loop poles of the systems are located very far
away in s-plane from origin. Hence time response parameters such as settling time to be
improved and overshoots to be reduced. The Time Multiplied by Absolute Error (ITAE)
[65, 97] has been used as the performance index. The optimization function J follows the
optimized performance of CPSS and PID-PSS controlled system, and CPSS and PID-PSS
gains for the system are adjusted such that the performance index to be minimized. The
performance index is calculated over a time interval 7', normally in the region of (0 < ¢ <T'),
where t is the settling time of the system. The best system response is obtained when the

both PSS parameters are optimized by minimizing the maximum eigen values over a certain
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range of operating conditions. The optimization flow chart of GA based CPSS and PID-PSS
is shown in Figure 3.1.
Optimized J subject to:

For conventional Power system stabilizer

T < Ty < T (3.2)
Ty < Ty < Ty (3.3)
T < Ty < Ty (3-4)
Ty < Ty < TP (3.5)
K < Ky < K007 (3.6)

For Proportional Integral Derivative - Power system stabilizer

K™ < Kp < K" (3.7)
K" < Kp < Kpee (3.8)
K" < Kp < KB (3.9)

3.2.3 Calculation of Initial Conditions

The initial conditions of the synchronous machine are calculated for different operating
conditions. Four operating conditions are considered such as normal loading, slight heavy
loading, heavy loading and very heavy loading. Here active power P, = 0.6,0.75,0.9,0.12
and reactive power (; = 0.0224,0.1,0.15,0.2 are considered as different loading conditions.
The initial conditions of different variables described by section (2.3.1) are calculated. The
initial conditions of 740, %40, V40, UqQ7E;0, E’;, 0o are given in Table 3.1. By using these values,

K, (Equ.2.68) to Kjp (Equ. 2.77) constants of the machine are calculated. Then after the
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eigen values, damping factor, right eigen vector, left eigen vector and participation factors
(Section:2.4.3) of the machine have been calculated under four different operating conditions.

Table 3.2 represents values of machine constant at different loading conditions.

Calculation of Initial values of the
machine, K; to K\,

Calculation of Matrix A
with CPSS and PID-P5S

v
[ Calculation of A; = Re (i) + img(i) J

and damping factor

”

[ Initialize the GA ]

~

Y
Receive the optimized data from GA
1,72, T3, Ty, Tyy Kpss o K, Ky K,
L )
Evaluation of optimizatien function Change the GA
and calculation of Re (A(()) parameters

F

<aET>

v

Figure 3.1: Flow Chart of GA based PSSs

Table 3.1: Calculation of Initial Conditions

Sr.No | Operating conditions 4o iq0 Vo Vg0 E;lo E(;o do
1 P, =0.6,Q; =0.0224 | -0.383 | 0.425 | -0.674 | 0.806 | -0.232 | 0.969 | 61.52
P, =0750Q;=0.1 |-0.553 | 0455 | -0.72 | 0.764 | -0.248 | 1.0015 | 64.95
P,=09,Q,=0.15 |-0.724 | 0.489 | -0.765 | 0.7191 | -0.2763 | 1.025 | 68.42
P,=12,0Q;=0.2 -1.03 | 0.531 | -0.841 | 0.628 | -0.289 | 1.065 | 74.9

=W N
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Table 3.2: Value of K; to Ky Constant

47

Operating Conditions K, K, K3 K, K5
P, =06,Q; =0.0224 | 0.726523 | 1.434816 | 0.317627 | 0.452937 | 1.061707
P, =0.75Q;,=0.1 | 0.764320 | 1.514948 | 0.223680 | 0.452937 | 1.094229 | Contd...
P,=09,Q,=0.15 | 0.786620 | 1.587298 | 0.132994 | 0.452937 | 1.123214
P=120Q;=0.2 0.796368 | 1.709019 | -0.041301 | 0.452937 | 1.166157
K Ky Ky Ky Ky
0.759433 | -0.151024 | -0.074594 | 0.472187 | -0.253221
0.759433 | -0.134110 | -0.077964 | 0.447764 | -0.270886
0.759433 | -0.116467 | -0.082909 | 0.421359 | -0.287812
0.759433 | -0.082475 | -0.095970 | 0.368063 | -0.316500

3.2.4 Eigen values and Participation Factor

The linear model of the system has been considered and eigen values of the Matrix A is
calculated with both types of the PSSs under the different operating conditions. The matrix
A of the different state space models described by equations (2.67), (2.84) and (2.86) are
used for calculation of eigen values and eigen vectors. For the effective operation of the
PSSs, the participation factor methods [4, 15| are used for identification of the eigen values
associated with electromechanical modes. The magnitude of the participation factors are

calculated using right eigen vector and left eigen vector.

3.2.5 Results

The linearized model presented by Figures 2.3 and 2.6 have been used for the small signal
stability analysis of the SMIB system without PSS and with PSS respectively. For different
operating conditions, the oscillations of the electromechanical modes of the machine are

identified with GA based CPSS and PID-PSS, and small signal stability of the system has

been analyzed.
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The initial conditions, eigen values, damping factors and participation factors of the
system are calculated using MATLAB programming. For four operating conditions, the
objective function described by equations (3.2) to (3.9) are optimized. The time domain
simulation is performed and fitness value is determined through equation (3.1) for each set
of the gain and time constant parameters of CPSS and PID-PSS. By changing the GA pa-
rameters such as population size, crossover rate and function, mutation rate and function,
number of generation, etc, the new set of gains and time constants are developed and best
fitness values are selected. The parameters are selected for expected solution is given by
Table 3.3 for the normal operating condition. The appropriate choice of the GAs parameters
affects the convergence rare of the algorithm. Figure 3.2 shows the relationship between
numbers of population versus convergence of fitness function under normal operating con-
ditions. The optimized parameters of CPSS and PID-PSS are tuned for expected solution
which is given by Table 3.4 and Table 3.5 respectively. All eigen values and corresponding
damping factor without PSS and with GA based PSSs are shown in Table 3.10. The mag-
nitude of participation factor of CPSS under the different operating conditions are shown in

Table 3.6 to 3.9.

Table 3.3: GA Parameters and Values

GA Parameters Values/function
Population size 50
Stopping Generation 65
Scaling function rank
Selection function Stochastic Uniform
Mutation function Gaussian
Crossover function Scattered

Table 3.4: Optimized Parameters of CPSS

Operating Points
Parameters 1 5 3 1
Kopss 4.562 | 4.691 | 4.962 | 5.232
Ty 097 | 1.089 | 1.83 | 2.11
T, 0.994 | 0.849 | 2.419 | 2.821
T 0.633 | 0.362 | 0.432 | 0.523
Ty 0.0161 | 0.078 | 0.173 | 0.213
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Table 3.5: Optimized Parameters of PID-PSS

Operating Points
Parameters i 5 3 1
Kp 0.0256 | 0.0255 | 0.315 | 0.385
K; 0.269 | 0.256 | 0.328 | 0.415
Kp 11.618 | 12.618 | 13.75 | 14.21

49

Table 3.6: Participation Factor (first operating condition)-CPSS

P, =0.6,Q, = 0.0224
0.0008 0.0039 0.0039 0.5173 0.5173 0.0051 0.0011 0.0269
0.0008 0.0039 0.0039 0.5173 0.5173 0.0051 0.0006 0.0269
0.1149 0.4974 0.4974 0.0298  0.0298 0.0000 0.0000 0.0056
0.0000 0.0000 0.0000 0.0398  0.0398 0.0000 0.0001 1.0630
0.2264 0.4174 0.4174 0.0031  0.0031 0.0000 0.0000 0.0004
0.0018 0.0061 0.0061  0.0654 0.0654 1.0105 0.0245 0.0058
0.0011 0.0038 0.0038 0.0401  0.0401 0.0002 1.0232 0.0083
0.6632 0.0405 0.0405 0.0211  0.0211 0.0000 0.0000 0.0004

Table 3.7: Participation Factor (second operating condition)-CPSS

D, =0.75,Q, = 0.1
0.0140 0.0140 0.0252 0.5442 0.5442 0.0054 0.0158 0.0157
0.0140 0.0140 0.0252 0.5442 0.5442 0.0054 0.0152 0.0157
0.6246 0.6246 0.1815 0.0424 0.0424 0.0000 0.0006 0.0073
0.0003  0.0003 0.0004 0.0386 0.0386 0.0000 0.0024 1.0545
0.4557 0.4557 0.4789 0.0050 0.0050 0.0000 0.0000 0.0005
0.0079 0.0079 0.0129 0.0582 0.0582 1.0111 0.0509 0.0004
0.0158 0.0158 0.0279 0.1133 0.1133 0.0003 1.0859 0.0305
0.2996 0.0761 0.0758 0.1345 0.1345 0.0000 0.0016 0.0002

Table 3.8: Participation Factor (third operating condition)-CPSS

P, =09,Q,=0.15
0.0222 0.0222 0.2844 0.6563 0.6563 0.0066 0.0128 0.0159
0.0222 0.0222 0.2844 0.6563 0.6563 0.0066 0.0077 0.0159
0.8205 0.8205 0.2024 0.0847  0.0847 0.0000 0.000I 0.0068
0.0006 0.0006 0.0251 0.0336  0.0336  0.0000 0.0002 1.0475
0.7098 0.7098 0.0544 0.0128  0.0128 0.0000 0.0000 0.0005
0.0029 0.0020 0.0367 0.0285  0.0285 1.0151 0.0334 0.0007
0.0128 0.0128 0.2076 0.1263  0.1263 0.0018 1.0172 0.0183
0.1997 0.0450 0.0222 0.3545  0.3545 0.0001 1.0172 0.0183
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Table 3.9: Participation Factor(Fourth operating condition)-CPSS

P, =120,=02
0.0523 0.0523 0.8220 0.8220 0.6051 0.0074 0.0219 0.0158
0.0523  0.0523 0.8220 0.8220 0.6051 0.0074 0.0078 0.0158
1.0148 1.0148 0.1705 0.1705 0.3595 0.0000 0.0001 0.0054
0.0011 0.0011 0.0344 0.0344 0.0500 0.0000 0.0001 1.0575
0.8070 0.8070 0.0289 0.0289 0.0865 0.0000 0.0000 0.0004
0.0050 0.0050 0.0385 0.0385 0.0603 1.0174 0.0336 0.0014
0.0219 0.0219 0.1725 0.1725 0.3222 0.0025 1.0171 0.0169
0.3668 0.0399 0.0068 0.7198 2.9158 0.0002 0.0006 0.0128

0.218

+ Best fitness
+ Mean fitness

0.216

T
+

+
02141 ++

0212

.
ooooo

oooooooo

021

Convergence of fitness function

0.208 —

0.206 | \ I | \ I | | \ |
0 10 20 30 40 50 60 70 30 90 100

No. of Poppulation

Figure 3.2: Numbers of population versus convergence of fitness function with PSS at Normal
operating condition

Attention to Table 3.10, for all operating conditions, without application of PSS second
pair of eigen value is positive and damping factor corresponding to same eigen value is
negative. The positive eigen values show instability of system. While using of CPSS and
PID-PSS, all the eigen values are negative with positive damping factor. This shows that
system has become stable using power system stabilizer.

The eigen values associated to the only electromechanical mode (rotor mode) is evaluated

using participation factor for all operating points. Attention to Table 3.10, the eigen values
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associated with rotor mode are positive with negative damping factor without PSS. The
damping factor are -0.0002, -0.0094, -0.0196,-0.0451 for four operating conditions. The
oscillatory frequency of rotor mode is increased which shows instability of the system.

With CPSS, for first operating condition to third operating condition, the Ay and Aj
have significant participation in rotor mode and for fourth operating condition, A3 and A\
have higher participation in rotor mode. eigen values and corresponding participation factor
have been shown by bold font in Table 3.10, and Table 3.6 to 3.9 respectively. The damping
factors associated to rotor mode are 0.1786, 0.2920, 0.3071, 0.4155 for all operating conditions
using CPSS. Using right and left eigen vectors, the participation factors are calculated for
PID-PSS.

With PID-PSS, second pair of eigen values (i.e. A3 and \4) have significant participation
in rotor mode for all operating conditions. The bold font in Table 3.10 represents the eigen
values and the damping factors 0.4483, 0.4109, 0.5726, 0.7484 associated to rotor mode for
all operating conditions.

The CPSS and PID-PSS significantly improved the eigen values, damping factor and
reduced oscillatory frequency in rotor mode. The eigen values of system have shown that
the location of closed loop poles are in the left half of the s-pane and results show that the
system has become stable using by CPSS and PID-PSS. Hence stability of power system has

been improved using PSSs under different loading conditions.
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Table 3.10: Eigen values and Damping Factor of CPSS and PID-PSS
0.C. without PSS With PSS
CPSS PID-PSS
eigen value 13 eigen value 13 eigen value ¢

1 -20.3431 +27.1736i 0.5993 -80.8871 1.0000 -17.1033 +24.9993i 0.5647
-20.3431 -27.17361 0.5993 -10.1653 +42.3526i 0.2334 -17.1033 -24.9993i1 0.5647
0.0012 + 6.4014i | -0.0002 -10.1653 -42.3526i1 0.2334 -3.3149 + 6.61001 0.4483
0.0012 - 6.4014i -0.0002 | -0.7752 + 4.2697i | 0.1786 -3.3149 - 6.6100i 0.4483
-2.6404 1.0000 -0.7752 - 4.2697i 0.1786 -2.4857 1.0000
-2.6678 1.0000 -0.0021 1.0000

-0.1005 1.0000

-1.0054 1.0000
2 -20.3826 +26.07381 0.6159 -10.7327 4+27.29051 0.3660 -17.4124 +25.1619i 0.5690
-20.3826 -26.0738i 0.6159 -10.7327 -27.29051 0.3660 -17.4124 -25.1619i 0.5690
0.0623 + 6.6531i | -0.0094 -29.0967 1.0000 -2.9977 + 6.6512i | 0.4109
0.0623 - 6.65311 -0.0094 | -1.4417 + 4.7212i 0.2920 -2.9977 - 6.6512i 0.4109
-2.6836 1.0000 -1.4417 - 4.7212i 0.2920 -2.5007 1.0000
-2.6813 1.0000 -0.0031 1.0000

-1.1954 1.0000

-0.1005 1.0000
3 -20.4367 +24.8339i 0.6354 -16.8994 +22.3471i 0.6032 -15.4249 +21.4022i 0.5847
-20.4367 -24.8339i 0.6354 -16.8994 -22.3471i 0.6032 -15.4249 -21.4022i 0.5847
0.1348 + 6.8749i | -0.0196 -8.6414 1.0000 -4.9546 + 7.0932i 0.5726
0.1348 - 6.8749i -0.0196 -1.9660 + 6.0933i 0.3071 -4.9546 - 7.0932i 0.5726
-2.7204 1.0000 -1.9660 - 6.0933i 0.3071 -2.5610 1.0000
-2.7348 1.0000 -0.0040 1.0000

-0.4103 1.0000

-0.1007 1.0000
4 -20.5971 +22.1444i 0.6811 -15.8036 +18.9297i 0.6409 -12.1260 +16.7328i 0.5868
-20.5971 -22.1444i 0.6811 -15.8036 -18.9297i 0.6409 -12.1260 -16.73281 0.5868
0.3284 + 7.2704i | -0.0451 -2.8438 + 6.2254i 0.4155 -8.2177 + 7.28351 0.7484
0.3284 - 7.27041 -0.0451 -2.8438 - 6.2254i 0.4155 -8.2177 - 7.2835i 0.7484
-2.7868 1.0000 -7.9133 1.0000 -2.6315 1.0000
-2.8131 1.0000 -0.0053 1.0000

-0.1007 1.0000

-0.3518 1.0000




CHAPTER 3 Design of PSS and TCSC Using Genetic Algorithm 53

3.3 GA based Design of TCSC and PSS

3.3.1 Problem Formulation and Optimization Function

Different parameters of the PSS and TCSC are optimized using real coded genetic algorithm
under four operating conditions. For the conventional power system stabilizer, the time
constants 17 15 T5 T and the gain K, are optimized. For the TCSC controller the time
constant 117 Tor , Tsr,, Tur, and K¢ are tuned using real coded genetic search algorithm. For
PSS and TCSC, the time constant of wash out filter 7;, and T),; has been selected to be 10.
The rotor speed signal has been utilized as feedback signal for both the stabilizer. Here, it
is objective to minimize the optimization function J. The optimization flow chart has been

shown in Figure (3.3). The optimization function is described by equation (3.10).
T
J= / £ A (1)) dt (3.10)
0

The optimization function has been developed such that the damping factor of the system
be improved by minimization of real part of the eigen values associated with the rotor mode.
Hence time response parameters such as settling time is to be improved and overshoots
is to be reduced. The Time Multiplied by Absolute Error (ITAE) has been used as the
performance index. The optimization function J follows the optimized performance of PSS
and TCSC controlled system. The CPSS and TCSC gains for the system are adjusted such
that the performance index to be minimized. The performance index is calculated over a time
interval 7', normally in the region of (0 <t¢ < T'), where ¢ is the settling time of the system.
The best system response is obtained when the PSS and TCSC parameters are optimized
by minimizing the maximum eigen values over a certain range of operating conditions. The

flow chart 3.3 shows the optimization of PSS and TCSC parameters. Optimize J subject to:
T < Ty < T (3.11)
Ty < Ty < Ty (3.12)

Ty < Ty < Tyee (3.13)
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3.3.2 Calculation of K ;to Ky Constants

The initial conditions of the synchronous machine are calculated for different operating con-
ditions. Four operating conditions are considered such as light loading, normal loading and
heavy loading and very heavy loading. Here active power P, = 0.6,0.75,0.9, 1.2 and reactive
power Q; = 0.0224,0.1,0.15,0.2 are used as different loading conditions. The initial condi-
tions of different variables described by section (2.3.1) are calculated. The initial conditions
of 240, %40,Vdo, qu,E;O, E;, do are given in Table 3.1. After addition of TCSC, new values of K;
to Ko constants (Table: 3.11) are calculated using initial conditions. The constant of the
machine are changed as line reactance of the system would be changed after changing of line
reactance X, to X,;. Then after the eigen values, damping factor, right eigen vector, left

eigen vector and participation factors (Section: 2.4.3) of the machine are calculated under

the four different operating conditions.

Table 3.11: Values of K; to K;oConstant after inclusion of TCSC

Operating Conditions K Ky K3 Ky K
P, =0.6,Q; =0.0224 | 0.800705 | 1.533198 | 0.371039 | 0.424146 | 1.193447
P, =0.75,0Q; =0.1 0.843310 | 1.618670 | 0.283385 | 0.424146 | 1.230004 [Contd...
P, =090Q;,=0.15 | 0.869186 | 1.695800 | 0.198232 | 0.424146 | 1.262585
P=120Q,=02 0.882877 | 1.825553 | 0.034083 | 0.424146 | 1.310857
K Ky Ky Ky Ky
0.745751 | -0.162542 | -0.092693 | 0.435552 | -0.223638
0.745751 | -0.144338 | -0.096039 | 0.413023 | -0.239239
0.745751 | -0.125349 | -0.100948 | 0.388668 | -0.254187
0.745751 | -0.088765 | -0.113915 | 0.339507 | -0.279524

3.3.3 Eigen values and Participation factor

The linear model of the system has been considered and eigen values of the state matrix A
are calculated with individual application of TCSC, and simultaneously design of PSS and
TCSC under the different operating conditions. The matrix A of the different state space

models described by equations (2.91) and (2.92) are used for calculation of eigen values and



CHAPTER 3 Design of PSS and TCSC Using Genetic Algorithm 56

eigen vectors. For the effective operation of the PSS, the participation factor |4, 15| methods
are used for identification of the eigen values associated with electromechanical modes. The
magnitude of the participation factors are calculated using right eigen vector and left eigen

vector.

3.3.4 Results

The linearized model presented by Figure 2.12 has been used for the small signal stability
analysis of the SMIB system with TCSC and PSS. For different operating conditions, the
oscillations of the electromechanical modes of the machine are identified with GA based
CPSS and TCSC, and small signal stability of the system is analyzed.

The initial conditions, eigen values, damping factors and participation factors of the
system are calculated using MATLAB programming. For four operating conditions, the
objective function described by equation (3.11) to (3.20) have been optimized. The time
domain simulation is performed and fitness value is determined through equation (3.10) for
each set of the gain and time constant parameters of CPSS and TCSC. By changing the GA
parameters such as population size, crossover rate and function, mutation rate and function,
number of generation, etc, the new set of gains and time constants are developed and best
fitness values have been selected. The GA parameters are selected for expected solution and
are given by Table 3.3 for the normal operating condition. The appropriate choice of the GAs
parameters affects the convergence rare of the algorithm. The relationship between numbers
of population versus convergence of fitness function of TCSC and PSS-TCSC under normal
operating conditions has been shown by Figures 3.4 and 3.5 respectively. The optimized
parameters of CPSS and TCSC are tuned for expected solution which is given by Table 3.12.
All eigen values and damping factor with individual application of TCSC and simultaneous

application of PSS and TCSC is shown in Table 3.13 .
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Table 3.12: Optimized Parameter of TCSC and PSS

Parameter Operating Conditions
1 2 3 4
Ko 50.253 | 70.256 | 85.256 | 95.256
Tir 0.1382 | 0.1464 | 0.1589 | 0.1682
Tor 0.1091 | 0.1402 | 0.1358 | 2.1423
Tsr 0.1135 | 0.1235 | 0.1125 | 0.1323
Tyr 0.1645 | 0.1524 | 0.1687 | 2.1789
Kopss 4.562 | 4.691 | 4.962 | 5.232
Ty 0.97 1.089 1.83 2.111
T 0.994 | 0.849 | 2.419 | 2.821
T3 0.633 | 0.362 | 0.432 | 0.523
Ty 0.0161 | 0.078 | 0.173 | 0.213

Table 3.13: Eigen values and Damping factor of PSS and TCSC

0.C. TCSC PSS and TCSC

1 eigen values ¢ eigen values ¢
-68.6920 1.0000 -84.2000 1.0000
-16.9056 +15.2140i 0.7433 -66.3827 1.0000
-16.9056 -15.2140i 0.7433 -7.4441 +39.2017i 0.1866
-2.7191 + 9.8082i | 0.2671 -7.4441 -39.2017i 0.1866
-2.7191 - 9.8082i | 0.2671 -9.2578 1.0000
-9.4529 1.0000 | -2.1424 + 4.2892i | 0.4469
-4.9141 1.0000 -2.1424 - 4.2892i | 0.4469
-3.0040 1.0000 -5.4183 1.0000
-0.1008 1.0000 -3.0116 1.0000
-0.9809 1.0000
-0.1068 1.0000
-0.0000 1.0000
2 -71.3735 1.0000 -71.7830 1.0000
-17.8289 +12.4113i 0.8207 -36.0467 1.0000
-17.8289 -12.4113i 0.8207 -3.1731 +23.4427i 0.1341
-0.6254 +10.5403i | 0.0592 -3.1731 -23.4427i 0.1341
-0.6254 -10.5403i | 0.0592 | -3.0735 + 4.2816i | 0.5832
-0.1003 1.0000 -3.0735 - 4.2816i 0.5832
-3.3571 1.0000 -5.9775 1.0000
-5.1883 1.0000 -6.9985 1.0000
-6.9348 1.0000 -3.3244 1.0000
-1.1287 1.0000
-0.1088 1.0000
0.0000 -1.0000

58
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Table 3.14: Eigen values and Damping factor of PSS and TCSC....Contd...

3 -73.7957 1.0000 -73.9565 1.0000
-18.9081 +13.55801 0.8127 -20.7877 1.0000
-18.9081 -13.5580i 0.8127 -1.9973 +12.67941 0.1556
1.9050 + 9.1233i | -0.2044 -1.9973 -12.67941 0.1556

1.9050 - 9.1233i | -0.2044 | -6.0822 + 4.1356i | 0.8269
-0.0995 1.0000 -6.0822 - 4.13561 | 0.8269
-3.6162 1.0000 -8.8109 1.0000
-5.0999 1.0000 -3.4876 1.0000
-6.8422 1.0000 -5.9690 1.0000

-0.3711 1.0000
-0.1116 1.0000
-0.0000 1.0000

4 -66.7339 1.0000 -66.7363 1.0000
-20.8003 +20.57701 0.7109 -14.5965 +16.07651 0.6722
-20.8003 -20.57701 0.7109 -14.5965 -16.07651 0.6722
0.5379 4 7.8571i | -0.0683 | -3.7172 + 6.8400i | 0.4775
0.5379 - 7.8571i | -0.0683 | -3.7172 - 6.8400i | 0.4775

-2.8547 1.0000 -8.9977 1.0000
-0.4421 + 0.17151 0.9323 -2.8793 1.0000
-0.4421 - 0.17151 0.9323 -0.4277 + 0.16251 0.9348

-0.0962 1.0000 -0.4277 - 0.16251 0.9348

-0.3381 1.0000
-0.1090 1.0000
-0.0000 1.0000

99

The participation factor method is used for identification of eigen values and damping

factor associated to electromechanical mode using TCSC and PSS-TCSC. Attention to Table

3.13, for all operating conditions, the damping factor of system has been improved with

application of TCSC and PSS-TCSC. The eigen values and damping factors related to rotor

mode shown by bold font in Table 3.13. With TCSC, for the two operating conditions

the eigen values associated with rotor mode is negative and damping factor is positive.

For remaining last two operating conditions, the eigen values associated with rotor mode

is positive and damping factor are negative. With TCSC, the damping factor associated

to rotor mode are 0.2671, 0.0592, -0.2044,-0.0683 for four operating conditions, while with

simultaneous application of PSS and TCSC, damping factors associated to rotor mode are

0.4469, 0.5832, 0.8269, 0.4775 for four operating conditions. The application of PSS-TCSC,
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significantly improved the eigen values, damping factors and reduced oscillatory frequency
in rotor mode. The simultaneous application of PSS and TCSC have provided good stability
to the system as eigen values and damping factors are improved compare to individual
application of PSS and TCSC. The closed poles are very far away in the left half of the

s-pane using PSS-TCSC compare to individual damping controller.

3.4 Non-linear Simulation

The nonlinear model of the power system has been used for the transient stability analysis
of the SMIB system with generator attached PSS and transmission line connected TCSC. The
initial conditions of the different variables are calculated using MATLAB programming. The
non-linear simulation is carried out using non-linear dynamic model described by equations
(2.6) to (2.11), which has been implemented using MATLAB/simulink environment. The
detailed data of the power system used in this study is given by Appendix A. Comparison
analysis between CPSS and PID-PSS, and individual and simultaneous application of TCSC
and CPSS are carried out under different operating conditions, faults and disturbance. These
disturbances are considered such as the three phase short circuit at sending end and middle
of transmission line, outage of transmission line, suddenly changes in mechanical input and
step changes in terminal voltage reference.

For case 1 to case 6, the time response of rotor speed deviation w,,(rad/sec), rotor angle
d (degree), terminal voltage V; (p.u.) and net line reactance X, (p.u.) have been shown in
figures. Without application of controllers, oscillations in rotor speed deviation have been
observed, which shows the marginal stability and instability of the system. While PSS and
TCSC have provided damping to the synchronous machine and have improved the power
system stability. With application of damping controllers, the system becomes stable and

different time response parameters have been improved.



CHAPTER 3 Design of PSS and TCSC Using Genetic Algorithm 61

3.4.1 Casel

Considering operating condition 1 as defined in table 3.1 P, = 0.6, Q; = 0.0224. A three
phase fault is created at 1s at the sending end of one the circuits of the transmission line
and cleared after 100ms |33]. The original system restored after the fault clearance. The
response of the rotor speed deviation between 0s to 10s with damping coefficient D = 0
and without PSS and TCSC damping controllers has been shown in Figure 3.6. Figures 3.7,
3.8 and 3.9 have shown the response of speed deviation between 0s to 30s, 30s to 60s and
60s to 90s respectively with zero damping coefficient and without damping controllers. The
transient response during faulted condition between 1s to 2s has been shown in Figure 3.10.
The response of the ¢ and w,, with presence of GA based CPSS and PID-PSS have been
shown in Figure 3.11 and 3.12 respectively. The response of w,, and X, with individual and
simultaneously application of GA based TCSC and PSS have been shown in Figure 3.13 and
3.14 respectively. Figures 3.6, 3.7, 3.8 and 3.9 have shown that the oscillations in rotor speed
deviation are growing. While using individual PSSs and TCSC and simultaneous application
of GA based PSS-TCSC significantly diminished this oscillation in the system and provided

very good damping characteristics.

speed deviation (rad/sec)

25 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10

time (sec)

Figure 3.6: Case I: Speed deviation between Os to 10s with damping coefficient D = 0 and
without controller (PSS and TCSC)
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Figure 3.7: Case I : Speed deviation between 0s to 30s with damping coefficient D = 0 and
without controller (PSS and TCSC)
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Figure 3.8: Case I : Speed deviation between 30s to 60s with damping coefficient D = 0 and
without controllers(PSS and TCSC)
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speed deviation (rad/sec)
4 )

Figure 3.9: Case I : Speed deviation between 60s to 90s with damping coefficient D = 0 and
without controller (PSS and TCSC)

speed deviation (rad/sec)

11
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Figure 3.10: Case I : Speed deviation between 1s to 1.2s with zero damping coefficient D = 0
and without controller(PSS and TCSC)
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Figure 3.11: Case I: Rotor angle with GA based PSSs



CHAPTER 3 Design of PSS and TCSC Using Genetic Algorithm

speed deviation (rad/sec)

=—=GA-CPSS
——GA-PID-PSS

time(sec)

Figure 3.12: Case I: Speed deviation with GA based PSSs
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Case I: Speed deviation with GA based TCSC and PSS-TCSC
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Figure 3.14: Case I: Line reactance with GA based TCSC and PSS-TCSC
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3.4.2 Case Il

P, =0.6,Q; = 0.0224, A three phase fault is created at 1s at the middle of one transmis-
sion line and cleared after 50 ms by the disconnection of the faulted line, and then successfully
reclosed at 5s [71]. Figure 3.15 shows the response of the rotor speed deviation with damping
coefficient D = 0 and without PSS and TCSC damping controllers. The response of the
and w,, with the presence of GA based CPSS and PID-PSS have been shown in Figure 3.16
and 3.17 respectively. The response of w,, with individual and simultaneously application
of GA based TCSC and PSS has been shown in Figure 3.18. Without application of damp-
ing controllers, the oscillations in speed deviation have been observed. These oscillations
are continuous growing, which shows instability of system after 10s. While using the indi-
vidual PSSs and TCSC and simultaneous application of GA based PSS-TCSC significantly

diminished this oscillations and improved stability of the system.

——Without Controller

speed deviation (rad/sec)
!

3 | | | | | | 1 | |
0 1 2 3 4 5 [ g 8 9 10

time (sec)

Figure 3.15: Case II: Speed deviation with damping coefficient D = 0 and without controller
(PSS and TCSC)
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Figure 3.16: Case II: Rotor angle with GA based PSSs
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Figure 3.17: Case II: Speed deviation with GA based PSSs
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Figure 3.18: Case II: Speed deviation with GA based TCSC and PSS-TCSC

3.4.3 Case III

P, =0.9,Q; = 0.12, Here heavy loading condition is considered. A three phase fault is
created at 1s at the sending end of one of the circuits of the transmission line and cleared
after 50ms. Figures 3.19, 3.20, 3.21 and 3.22 have shown the response of speed deviation
between 1s to 1.2s, 1s to 2s, 2s to 7s and 0Os to 10s respectively with damping coefficient
D = 0 and without damping controllers. Under heavy loading condition, the system lost its
stability very quickly and system became unstable. Figure 3.23 shows the response of the
w,, with the presence of GA based CPSS and PID-PSS. Figure 3.24 shows the response of
Wy, with individual and simultaneous application of GA based TCSC and PSS. While using
individual GA based PSSs and TCSC and simultaneous application of GA based PSS-TCSC

provided excellent damping characteristics.
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Figure 3.19: Case III : Speed deviation between 1s to 1.2s with damping coefficient D = 0
and without controller(PSS and TCSC)
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Figure 3.20: Case III : Speed deviation between 1s to 2s with damping coefficient D = 0
and without controllers (PSS and TCSC)
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Figure 3.21: Case III : Speed deviation between 2s to 7s with damping coefficient D = 0
and without controller(PSS and TCSC)
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Figure 3.22: Case III: Speed deviation between 0Os to 10s with damping coefficient D = 0
and without controller (PSS and TCSC)
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Figure 3.23: Case III: Speed deviation with GA based PSSs
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Figure 3.24: Case III: Speed deviation with GA based TCSC and PSS-TCSC

3.4.4 CaselV

P, =0.9,Q; = 0.12, Under the heavy loading condition, a 10% mechanical change applied
at 1s and removed at 5s is considered. The response of rotor speed deviation between 1s to
4s and 0Os to 10s has been shown in Figure 3.25 and Figure 3.26 respectively with damping
coefficient D = 0 and without application of PSS and TCSC damping controllers. The
system lost its stability at 4s which has been shown by Figure 3.26. The response of the
wy, with the presence of GA based CPSS and PID-PSS has been shown in Figure 3.27. The
response of w,, with individual and simultaneously application of GA based TCSC and PSS
has been shown in Figure 3.28. Variations in the speed response are observed at 1s and 5s
with controllers because mechanical change is applied at same instant. The simultaneous
application of PSS and TCSC has been provided very good stability to system compared to
individual application of PSS and TCSC.
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Figure 3.25: Case IV: Speed deviation between 1s to 4s with damping coefficient D = 0 and
without controller (PSS and TCSC)

T T
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speed deviation (rad/sec)
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Figure 3.26: Case IV: Speed deviation between Os to 10s with damping coefficient D = 0
and without controller (PSS and TCSC)

T
—GA-CPSS
—+—GA-PID-PSS
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Figure 3.27: Case IV: Speed deviation with GA based PSSs
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Figure 3.28: Case IV: Speed deviation with GA based TCSC and PSS-TCSC

3.4.5 CaseV

P, = 1.2,Q; = 0.2, Under very heavy loading condition, a 10% input terminal voltage
applied at 1s and removed at 5s is considered. The response of the rotor speed deviation with
damping coefficient D = 0 without controllers has been shown in Figure 3.29 and Figure
3.30. Under heavy loading condition, the system lost its stability very quickly and system
became unstable. Figure 3.31 shows the response of the w,, with the presence of GA based
CPSS and PID-PSS. Figure 3.32 shows that the system lost its stability using the individual
application of TCSC with continuous growing of oscillation, while simultaneous application

of GA based TCSC and PSS provides stability to system.

speed deviation (rad/sec)

15 2 25 3 35 4
time (sec)

Figure 3.29: Case V: Speed deviation between 1s to 4s with damping coefficient D = 0 and
without controller (PSS and TCSC)
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Figure 3.30: Case V: Speed response between 0s to 10s with damping coefficient D = 0 and
without controller (PSS and TCSC)
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Figure 3.31: Case V: Speed deviation with GA based PSSs
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Figure 3.32: Case V: Speed deviation with GA based PSS and PSS-TCSC
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3.4.6 Case VI

P, = 0.75,Q; = 0.1, In this case another severe disturbance is considered. One of the
transmission lines is permanently tripped at 1s. The transmission line reactance is suddenly
increased and system lost its stability very rapidly. The response of the rotor speed deviation
with damping coefficient D = 0 and without controllers has been shown in Figure 3.33 and
Figure 3.34. The response of the § and w,,, with the presence of GA based CPSS and PID-PSS
have been shown in Figure 3.35 and 3.36 respectively. The response of w,, with individual

and simultaneous application of GA based TCSC and PSS has been shown in Figure 3.37.

speed deviation (rad/sec)

Figure 3.33: Case VI: Speed deviation between 1s to 3s with damping coefficient D = 0 and
without controller (PSS and TCSC)

——Without-Controller

speed deviation (rad/sec)

time (sec)

Figure 3.34: Case VI: Speed deviation between 0s to 10s with damping coefficient D = 0
and without controller (PSS and TCSC)
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Figure 3.35: Case VI: Rotor angle with GA based PSSs
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Figure 3.36: Case VI: Speed deviation with GA based PSSs
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Figure 3.37: Case VI: Speed deviation with GA based PSS and PSS-TCSC
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3.5 Conclusion

In this study, Genetic Algorithm based control strategies have been developed for design-
ing of PSSs and TCSC damping controller. The PSSs and simultaneous designed TCSC and
PSS have been applied to the dynamical power system. The small signal stability analysis
and non-linear simulation for the transient stability analysis have been carried out for de-
tailed investigation of the power system stability issue. Four different operating conditions
have been taken and the responses of the rotor angle, rotor speed deviation, terminal voltage
and net reactance have been analyzed under different types of the disturbances and faults.

It has been shown that the eigen values associated to the electromechanical mode are
more negative with presence of CPSS and PID-PSS in power system and poles in s-plane
are far away from origin. The damping factor has been improved with PSSs compare to the
without PSSs, which shown that the system is more stable and PSSs have been provided
good damping to oscillation in power system. It has been also observed that with the
simultaneous application of PSS and TCSC in power system, the eigen values are more
negative and damping factor has been improved significantly, which shows good stability of
system compare to the individual application of PSS and TCSC.

From the non - linear analysis, without the application of the controllers in the system,
the oscillations in rotor angle, rotor speed deviation have been observed. Under the heavy
loading conditions, it has been cleared that if the active power and reactive power are in-
creased, the oscillation in rotor angle and speed deviation are continuously growing which
creates the instability of the system under the contingencies. The simultaneously designed
TCSC and PSS damping controller have been significantly diminished oscillations in system.
Simultaneously application of TCSC and PSS have been provided very good damping char-
acteristics compare to the individual application of PSSs or TCSC and almost eliminate the
oscillations in system. Application of GA based TCSC and PSSs have improved the time
response parameters such as settling time, rise time and delay time appreciably and also

decreased the overshoot in the system.



Chapter 4

Design of PSS and TCSC Using ANFIS
and ANN

4.1 Introduction

The Adaptive Neuro-Fuzzy Inference System and Levenberg-Marquardt Artificial Neural
Network algorithm for the development of the control strategy for thyristor control series
capacitor based damping controller and power system stabilizer has been discussed in this
chapter. In order to achieve the appreciable damping, the series capacitor has been suggested
in addition to power system stabilizer. The non-linear simulations of single machine infinite
bus system (SMIB) have been carried out using individual and simultaneous application
of PSS and TCSC. The comparison between intelligent control strategies based damping
controllers has been carried out. The results have shown efficacy and capability of proposed
control schemes under the various operating conditions, disturbances and fault conditions,
and also have demonstrated the improvement in the dynamic performance of the system

with proposed control algorithm.

7
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4.2 Adaptive Neuro-Fuzzy Inference System (ANFIS)

Combining the learning power of neural network with knowledge representation of Fuzzy logic
gives a Neuro-Fuzzy system. It gives the advantage of neural networks as well as of fuzzy
logic system and it removes the individual disadvantages by combining them on the common
features. Fuzzy logic has tolerance for imprecision of data, while neural networks have
tolerance for noisy data. Fuzzy logic provides a structure within which the learning ability
of neural networks is employed and neural network can be used to generate the membership
functions for a fuzzy system and to tune them. There are two ways of hybridization; one
is to endow NNs with fuzzy capabilities, thereby increasing the network’s expressiveness
and flexibility to adapt to uncertain environment. The second aspect is to apply neuronal
learning capabilities to fuzzy system to make the fuzzy systems more adaptive to changing

environment.

4.2.1 ANFIS- Architecture

It is assumed that the fuzzy inference system under consideration has two inputs x and y
and one output z. For a first order Sugeno fuzzy model, a common rule set with two fuzzy
if-then rules is the following:

Rule 1: If z is Ay and y is By then f; = pio+qy +

Rule 1: If z is Ay and y is By then fo = pox+qoy + 72

The reasoning mechanism for the Sugeno model has been shown in Figure 4.1 and corre-
sponding equivalent ANFIS architecture has been shown in Figure 4.2. The ANFIS algorithm

has been described in literature |13, 87].
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1 Layer & Ly 3 Layer d

Figure 4.2: Adaptive Neuro Fuzzy Architecture

Layer 1: Every node i in this layer is an adaptive node with a node function

Oy, = pA;(x), for i = 1, 2or

O1; = uBi_5(y), for i = 3,4

Where z (or y) is the input to node A;(or B;_s) is a linguistic label associated with this
node. Here the membership functions of A can be appropriate parameterized membership

function such as generalized bell function:

1|2=¢
a;

HA(z) =
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Where {a;, b; ¢;} is the parameter set. As the values of these parameters change, the bell-
shaped function varies accordingly, thus exhibiting various forms of membership functions
for fuzzy set A. Parameters in this layer are referred to as premise parameters.

Layer 2: Every node in this layer is a fixed node labeled 11, whose output is the product

of all the incoming signals:

02,1' = w; = MAz’(I)MBz‘(y)a 1=1,2. (4-2)

Each node output represents the firing strength of a rule. In general, any other T-norm
operators that perform fuzzy AND can be used as the node function in this layer.
Layer 3: Every node in this layer is a fixed node labeled N. The ¢th node calculates the

ratio of the ¢th rule’s firing strength to the sum of all rules’s firing strengths:

wy

w1 + Wo 7
Outputs of this layer are called normalized firing strengths.

Layer 4: Every node i in this layer is an adaptive node with a node function:

Ou; = Wi fi = wi(pix + qy + ;) (4.4)

)

Where (w;) is a normalized firing strength from layer 3 and {p; g;,r;} is the parameter
set of this node. Parameters in this layer are referred to as consequent parameters.
Layer 5: The single node in this layer is a fixed node labeled 3, which computes the

overall output and the summation of all incoming signals :

Os; = Zwlfl = %u;;fz (4.5)

From the ANFIS architecture as shown in Figure 4.2, we observe that when the values of

the premise parameters are fixed, the overall output can be expressed as a linear combination

of the consequent parameters. The output f in Figure 4.1 can be expressed as below:

wq wq

f=—rhit———f (4.6)

w1 + Wo w1y + Wo
= i (p1x + quy + 1) + wa(pax + Gy + 72)

= (w1 z)p1 + (wry)q1 + Wy + (Wax)pa + (W1y)ge + Wars
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4.3 Steps for Designing of ANFIS based PSS and TCSC

1. To generate the input data pattern and corresponding the target data pattern.
2. To develop the fuzzy inference system (FIS).

3. To select the number and type of the membership functions.

4. Application of rules extracted algorithm to initialize the rules of FIS.

5. Training of the FIS using learning algorithm such as hybrid learning or backpropagation

learning algorithm [87, 13|.
6. Testing of FIS through testing data.

7. If desired solution is achieved then stop training, else to change the fuzzy membership
functions, fuzzy membership function types, change the rules extracted algorithm, FIS
learning algorithm, no. of epochs, error tolerance and repeat the algorithm from the

step 2.

8. Implementation of ANFIS in real system and compute the output of the system.

4.3.1 ANFIS-Power System Stabilizer

In this work, CPSS is replaced by the ANFIS based PSS. The mathematical model of the
CPSS has been used for the generation of the training data for the ANFIS. The Takagi-
Sugeno FIS [87] is used for the design of ANFIS based PSS. Sugeno has high computational
efficiency and it works well with optimization and adaptive techniques [89, 90|. The network
has been trained using 2000 sample training data, which are generated under the consider-
ation of the different operating conditions and dynamic behavior of the power system. The

two inputs and one output have been used for the training of ANFIS. The dynamic inputs

Adwnm, (1)

are speed Aw,,(t) and change in speed (==

) and corresponding AV, has been selected
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as output value of the ANFIS. Figure 4.3 shows the fuzzy logic controller (FLC) based PSS

with inputs and output.

Speed | Vpss
Change in _ >

Speed "

Fuzzy Logic
Controller

Figure 4.3: Fuzzy Logic Control based PSS

Generally gbell and gauss types membership functions (MFs) are preferable for ANFIS
controller. No any convention for selection of type of MFs. The general rule is to produce
a satisfactory response of the system with ANFIS controller in minimum time and also
to obtain minimization of error with minimum ANFIS training parameters. The selection
of number of membership function such that less number of membership function produce
satisfactory response of the system. Consequently memory utilization should be reduced and
ANFIS controller should produce quick response in less time. Table 4.1 shows the generating
error after the execution of PSS-ANFIS structure with inputs and output data. Here four
types of membership functions such that gbell, gauss, gauss2 and dsig are selected with
different number of rules for designing of inputs and output variables of ANFIS controller.
The triangle and trapezoidal membership functions are not suitable for ANFIS structure.
Normally they are used for design of fuzzy logic controller based system. For two inputs,
3, 4, 5 and 7 variables are selected and corresponding 9, 16, 25 and 49 rules are developed.
Here forty nine rules based structure of the PSS-ANFIS controller is not preferable as it
takes high computational time for the execution compared to the other ANFIS structures.
The best ANFIS-PSS structure has been selected after the testing with real power system.
The gbell type four membership functions are selected and total sixteen rules are developed
for inputs and output.

Speed signal range is selected between -0.002527 to 0.003344 and change in speed signal

-0.06441 to 0.1094 for defining the inputs membership functions. The output membership
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functions are varied between -0.09217 to 0.1112. Figure 4.4 represents the ANFIS-PSS

structure with inputs and output. Figure 4.5 and 4.6 have represented gbell type four
linguistic membership functions. Figure 4.7 shows the decision surface viewer of inputs and
output of the PSS.

For initializing of FIS rules, the grid partition method has been used and the initial
rules are extracted. The hybrid learning algorithm has been used for training to modify FIS
parameters after obtaining the application of grid partition method. The hybrid algorithm
combines the least square and backpropagation gradient descent algorithm. In the hybrid
algorithm |87|, as shown in Figure 4.2, the node outputs go forward until layer 4 and conse-
quence parameters are estimated by least-squares method. In the backward phase, the error
signals propagate backward and the algorithm iteratively learns the premise parameters by
gradient descent. The training is continued until the error becomes constant. 10 numbers
of epochs are selected for training of ANFIS based PSS. The numbers of epochs are selected
such that expected goal may be achieved with minimum value of error. After the 10 number
of iteration, the error between actual output and ANFIS output is minimized. The training

is continued until the desired error becomes constant. The training is completed when the

constant error 0.00248381has been reached.

Table 4.1: Membership Function of ANFIS-PSS

Type of Membership Functions
No.of Rules gbell |  gauss | gauss2 |  dsig
Error
9 0.00305385 | 0.00295805 | 0.00265287 | 0.00287214
16 0.00248381 | 0.00303126 | 0.00298624 | 0.00320831
25 0.00325109 | 0.00285967 | 0.00240166 | 0.00406903
49 0.0016727 | 0.00158654 | 0.00207032 | 0.0033497
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Figure 4.4: ANFIS-PSS Structure
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Figure 4.6: Membership Functions of Change in Speed (Input :2)-PSS
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Figure 4.7: Decision-Surface Viewer of PSS

4.3.2 ANFIS-Thyristor Control Series Capacitor

Here, the stability control loop of the TCSC has been designed and replaced by sugeno
ANFIS. The stability control loop of the TCSC has been used for generation of the training

data pair of ANFIS under the consideration of plant dynamics. The inputs are speed Aw,,(t)

Adwn, (1)

7, and corresponding X,,,,q has been selected as output value of

and change in speed
the ANFIS. The input signals of TCSC are speed and acceleration, so communication delay
has been taken into consideration to compensate the time lag between generator signal and
transmission side input of the TCSC. The first order transfer function with 0.5 second delay
has been used as communication time delay for generation of input and output data. The
comparative analysis between types of MFs with different number of rules are illustrated by
Table 4.2. Table 4.2 shows the generating error after the execution of ANFIS structure with
inputs and output data. Here three types of membership functions are selected with different
number of rules for designing of inputs and output variables of ANFIS controller. It has been
experimentally verified that forty nine rules based structure of the ANFIS controller is not
preferable as it takes high computational time for the execution compared to the other
ANFIS structures. Type of MFs, number of MFs and number of FIS rules are selected
such that generating error should be minimized. The best ANFIS-TCSC structure has been

selected after the testing with real power system. The TCSC model has been implemented in
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power system with ANFIS based stability control loop. Here the gauss type five membership
functions are selected and total twenty five rules are designed for inputs and output. Speed
signal range is selected between -0.003313 to 0.003808 and change in speed signal -0.05169
to 0.1172 for defining the input membership functions. The output membership functions
are varied between -0.2143 to 0.234. After 10 number of epochs, the error between actual
output and ANFIS output is minimized. Figure 4.8 represents structure of ANFIS based
TCSC controller. Membership functions for the ANFIS based TCSC controller have been
represented in Figure 4.9 and 4.10. The decision surface viewer of ANFIS-TCSC controller
has been presented by Figure 4.11. The training is continued until the desired error becomes

constant. The training is completed when the constant error 0.000805447 has been reached.

Table 4.2: Membership Function of ANFIS-TCSC

Type of Membership Functions
No.of Rules gbell | gauss | dsig
Error
9 0.00169247 | 0.00084397 | 0.00115811
16 0.00029095 | 0.000753772 | 0.00158915
25 0.00131741 | 0.000805447 | 0.000930369
49 0.000256792 | 0.000494053 | 0.00674250
25 Rules Output
MF
Input  Input MF
e, (L) : .
. L. .'-"
:"\ . _.."'_‘ :J'r - Konod ol.ltpl."
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Figure 4.8: ANFIS-TCSC Structure
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Figure 4.11: Decision-Surface Viewer of TCSC
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4.4 Levenberge-Marquardt Neural Network

Artificial Neural Network has been one of the most interesting topics in the control com-
munity because they have the ability to treat many problems that cannot be handled by
traditional analytical techniques. There are several approaches to neural network training,
for determining an appropriate set of weights. The feedforward multilayer neural networks
are the most common neural network architecture for solution of control problem. A widely
used training method for feedforward multilayer neural network is the back propagation al-
gorithm; the standard back propagation learning algorithm has several limitations. Most of
all, a long and slow training process when plant is non-linear and parameters of the plant
are dynamic i.e. the rate of convergence is seriously affected by the initial weights and the
learning rate of parameters. Here, the learning rule is common to a standard nonlinear
optimization or least-squares technique. The adjustment of weight is done at the end of
each iteration and the sum of squares of all errors is used as the objective function for the
optimization problem. In this problem derivative —based optimization Levenberg-Marquardt
method |87, 14| is used for solving the nonlinear least squares problem. The Gauss Newton
Levenberg-Marquardt method works well in practice and has become standard of nonlinear

least squares routines.

4.4.1 Levenberg-Marquardt Algorithm

To implement the Levenberg-Marquardt algorithm [87, 14, 94] for neural network training,
the first step is calculation of Jacobin matrix and second step is organize the training process
iteratively for weight updating. Suppose that we have a function V' (k) to minimize with

respect to the parameter k vector, and then Newton’s method would be
Ak = —[V*V (k)" VV (k) (4.7)

Where is V2V (k)~! Hessian matrix and VV (k) is the gradient.
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Vw(k) - sum of square funciton

V(k) =) k) (4.8)

Then it can be shown that

VV (k) = J(k)e(k) (4.9)
V2V (k) = JT(k)J(k) + s(k) (4.10)
[ e (k) e (k) Oeq (k) ]
001 004 R (ol
Oea (k) Oea (k) Oeq (k)
061 062 o b,
J(k) = ' - (4.11)
Oen(k) Oen(k) Oen (k)
L 001 004 : : : 00, |
N
s(k) =) ei(k)V?ei(k) (4.12)
=1

The updated rule of Levenberg Marquardt to the Gauss-Newton method is

1

Ors1 =0 — [J(k)"J(k) +ad] ~ J(k)e(k) (4.13)

Where J(k) is Jacobian matix, « is always positive called combination coefficient, I is the
identity matrix. As the combination of the steepest descent algorithm and the Gauss-Newton
algorithm, the Levenberg—Marquardt algorithm switches between the two algorithms during
the training process. When the combination coefficient « is very small, the Gauss-Newton
algorithm is used while combination coefficient « is very large; the steepest descent method
is used. With the update rule of the Levenberg-Marquardt algorithm equation (4.13) and

the computation of Jacobian matrix, the next step is to organize the training process.
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4.5 Steps for Designing of LMNN based PSS and TCSC

1. To generate the input data pattern and corresponding the target data pattern.
2. To Develop the feedforward neural net

3. Training of the neural network using Levengerg-Marquardt algorithm

4. To Update the NN parameters through equation (4.13).

5. Calculating mean square error between actual output and targeted output.

6. Computing the output of the NN.

7. If desired solution is achieved then stop, else change the NN goal, learning rate, no. of

epochs and repeat the algorithm from the step 4.

4.5.1 ANN-Power System Stabilizer

In this work, CPSS is replaced by the ANN based PSS. The time constants and gain of lag-
lead compensator based CPSS has been tuned by genetic algorithm [8] and genetic algorithm
tuned model of the CPSS has been used for the generation of the training data for the
artificial neural network. The network has been trained using 8000 sample data, which are
generated under the consideration of the different operating conditions and dynamic behavior
of the power system. The training pattern for the feedforward neural network is dynamic
inputs u(t) and corresponding outputs y(t) such that wy,(t), wy,(t — 1), wy,(t — 2), w,(t — 3)
and Vs, respectively and targeted value of the neural network is y(t).

Table 4.3 represents the mean square error (mse), number of iteration and training time
in second with different learning rate and different combination of neurons in input layer,
hidden layer and output layer. The different combinations of neurons are selected and
trained the neural network such that error should be reduced with less number of iteration

and less time. Each trained neural network has been tested with real power system and
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performance has been analyzed. Here dynamic data are used for training of neural network
so large number of neurons is required for satisfactory performance of the system. Hence the
feedforward network has been developed with 50 neurons in first layer, 30 neurons in hidden
layer and 1 neuron in output layer with hyperbolic tangent sigmoidal transfer function in
first layer and hidden layer, and linear transfer functions in output layer. The selection of

[50 30 1] neurons with higher learning rate neural network has produced better response.

Table 4.3: Mean Square Error of ANN based PSS

Learning rate
No.of neurons 0.05 0.1
Iteration | t (sec) mse Iteration | t (sec) mse
[10: 5:1] 35 6 | 264x10°| 11 2 [3.01x10~° (Contd..
[20: 10: 1] 89 24 | 272x10° | 25 7 [2.96x10°°
30: 20: 1| 16 10 [ 2.96x107°| 12 8 | 2.80x10°7
[50: 30: 1] 24 11 | 3.06x107°| 27 12 [ 2.98x10°
0.3 0.5
[teration | t (sec) mse Iteration | t (sec) mse
39 7 2.83x107° 32 6 2.98x107°
108 29 | 2.81x107° 11 3 12.96x107°
26 16 | 2.60x10-5 13 8 | 297x107°
15 34 2.88x107° 5 24 | 3.84x107°

During the training of ANN, the weights and bias of the network are adjusted such that
the error between the actual output and targeted output is minimized and desired goal is
achieved through Levenberg-Marquardt derivatives —based optimization. The optimization

function can be represented by the following equation.

1

Ji(k) = )

[Awn, (k) — Al (k)] (4.14)

The Levenberg-Marquardt’s direction is determined by the updated rule of Levenberg
Marquardt to the Gauss-Newton method. Which one is an intermediate between the Gauss-
Newton direction and the steepest descent direction. Figure 4.12 shows relation between
training data versus output data and targeted data. Figure 4.13 shows the minimizing of

the cost function J;(k) described by the equation (4.14). The selected structure has produced
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3.84x107° mse in 24 second with 0.5 learning rate. The training is performed for 5 number

of iteration through appropriate adjustment of weight and bias of neural network.
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Figure 4.12: Training data and Actual data PSS
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Figure 4.13: Mean Square Error

4.5.2 Design of LMNN-TCSC

Here, the stability control loop of the TCSC has been trained by artificial neural network.
The gain and time constant of TCSC controller has been tuned by GA and the tuned model
of the TCSC described by the equation (2.87), (2.88) and (2.89) have been used to generate
the training data for the NN under the different operating condition and dynamic behavior
of the power system. Procedure for selection of number of neurons in different layers of

ANN-TCSC is similar to the ANN-PSS. The training pattern for the feedforward neural



CHAPTER 4 Design of PSS and TCSC Using ANFIS and ANN 93

network is dynamic inputs u,(t) and corresponding outputs y;(t) such that w,(t), wm(t —
1), wm(t — 2),wn(t — 3) and X,,,q respectively and targeted value of the neural network is
y1(t). The first order transfer function with 0.5 second delay has been used as communication
time delay. The feedforward network has been developed with 30 neurons in first layer, 10
neurons in hidden layer and 1 neuron in output layer with hyperbolic tangent sigmoidal
transfer function in first layer and hidden layer, and linear transfer functions in output layer.

The optimization function can be represented by the following equation.

Ti(k) = 5 ly(k) — 41 (k)] (4.15)

DN | —

The mean square error 0.00002947 x 107° has been reached after the 13 iterations through
appropriate adjustment of weight and bias of neural network using Levenberg-Marquardt

algorithm.

4.6 Non Linear Simulation

The nonlinear model of the power system has been used for the stability analysis of the
SMIB system with generator attached PSS and transmission line connected TCSC. The
initial conditions have been calculated using MATLAB programming. The non-linear sim-
ulation is carried out using non-linear dynamic model, which has been implemented using
MATLAB /simulink environment. The non linear model and detail data of the power system
used in this study is given in Appendix A. The comparison analysis between ANFIS and
LMNN based PSS and, simultaneous application of ANFIS and ANN based TCSC - PSS are
carried out under different operating condition, faults and disturbance. These disturbances
are considered such as the three phase short circuit at the infinite bus, outage of transmission
line, suddenly changes in mechanical input and step change in terminal voltage reference.

The comparison study of intelligent techniques based TCSC and PSS has been carried out.
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4.6.1 Casel

Considering operating condition 1 as defined in table 3.1 P, = 0.6,Q; = 0.0224. A three
phase fault is created at 1s at the sending end of one the circuits of the transmission line and
cleared after 100ms [33]. The original system restored after fault clearance. The response
of speed deviation without the application of controllers and with application of intelligent
controllers have been shown in Figure 3.6 and 4.14 respectively. Figures 3.6 shows that
without application of controllers, the oscillation in speed deviation has been observed while
using simultaneously application of ANFIS and ANN based TCSC-PSS, and individually
PSS significantly diminished this oscillation in the system and provided very good damping

characteristics.

T
e | MINN-PSS
e ANFIS-PS S
LMNN-TCSC-PSS
s ANF|S-TCSC-PSS [

speed deviation (rad/sec)

1 | 1 1 |
5 6 z 8 9 10

time(sec)

Figure 4.14: Case I: Speed response of ANFIS and LMNN based PSS-TCSC

4.6.2 case Il

P, =0.9,Q; = 0.12, Here heavy loading condition is considered. A three phase fault is created
at 1s at the sending end of one of the circuits of the transmission line and cleared after 50ms..
The original system restored after the fault clearance. The response of the w,,(t) without
controller has been shown in Figure 3.22, the oscillation in the power system continuously
growing with respect to the time and system has become unstable. The speed response with
LMNN and ANFIS based PSS and simultaneous application of LMNN and ANFIS based
TCSC-PSS has been shown in Figure 4.15. The simultaneous application of ANFIS and
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ANN based TCSC-PSS, and individual applications of PSS reduced the oscillations in the

system and improved stability.

—LMNN-PSS
ab = ANFIS-PSS

=L MNN-TCSC-PSS
3 == ANFIS-TCSC-PSS|

speed deviation(rad/sec)

time(sec)

Figure 4.15: Case II: Speed response of ANFIS and LMNN based PSS-TCSC

4.6.3 Case III

P, =0.9,Q; = 0.12,Under the heavy loading condition a 10% mechanical change applied at
1s and removed at 5 s is considered. The system lost its stability at 4s without application of
controllers, which has been shown by Figure 3.26. The response of w,, with and simultaneous
application of LMNN and ANFIS based PSS-TCSC has been shown in Figure 4.16. The
simultaneous application of ANFIS and ANN based TCSC-PSS, and individual applications

of PSS reduced the oscillations in the system and improved stability.
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T
LMNN-PSS
ANFIS-PSS
ANN-TCSC-PSS
s ANFIS-TCSC-PSS [

speed deviation(rad/sec)

time(sec)

Figure 4.16: Case I1I: Speed response of ANFIS and LMNN based PSS-TCSC

4.6.4 CaselV

P,=12,Q;,=0.2, A 0.1p.u. change in reference input voltage is applied at 1 s and removed
at 5 s. The response of the w,, without and with presence of controllers has been shown in
Figure 3.30 and 4.17 respectively. Figures 4.17 shows that the simultaneous application of
ANFIS-TCSC-PSS controller has improved stability of the system compared to individual
application of LMNN-PSS and ANFIS-PSS.

——LMNN-PSS
—ANFIS-PSS
oL ——LMNN-TCSC-PSS ||
=== ANFIS-TCSC-PSS

speed deviation(rad/sec)
T
|

time(sec)

Figure 4.17: Case IV: Speed response of ANFIS and LMNN based PSS-TCSC
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4.6.5 CaseV

P, =0.75,Q; = 0.1, In this case another severe disturbance is considered. One of the trans-
mission lines is permanently tripped at 1 sec. The line reactance is significantly increased.
The speed response for the above contingency has been shown in Figure 3.34 and 4.18 with-
out and with controller respectively. Figure 4.18 shows that ANFIS based simultaneously
designed TCSC and PSS have provided good stability to system compared to individual

neural network based power system stabilizer.

B T T T T

——LMNN-PSS
——ANFIS-PSS T
——LMNN-TCSC-PSS
=== ANFIS-TCSC-PSS |

speed deviation(rad/sec)

time(sec)

Figure 4.18: Case V: Speed response of ANFIS and LMNN based PSS-TCSC

4.7 Conclusion

In this study, the smart control strategies based TCSC damping controller and PSS have been
designed. The ANFIS and LMNN based PSS, and simultaneously LMNN and ANFIS based
TCSC-PSS have been applied to the dynamical power system. The non-linear simulations
have been carried out for detailed analysis of the stability of the power system. The time
response of speed deviation obtained by intelligent techniques based controller has been
compared to the conventional power system stabilizer. Four different operating conditions
are taken and the response of rotor speed deviation has been analyzed under different types
of the disturbances and faults.

From the non - linear analysis,
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1. Without the application of the controllers in the system, the oscillations in rotor speed
deviation has been observed. Under the heavy loading condition, it has been observed
that the active power and reactive power are increased; the oscillation in speed devi-
ation is continuously growing which creates the instability of the system. The smart

damping controllers have greatly diminished oscillations in system.

2. Conventional power system stabilizer does’t produce satisfactory response under the
different operating conditions. While simultaneous application of ANFIS and ANN
based TCSC and PSS have provided very good damping characteristics compared to

the individual application of PSS and almost eliminated the oscillations in system.

3. It has been observed that individual application of ANFIS-TCSC produces better

response compared to the individual application of LMNN-TCSC.

4. As shown in figures, individual application of ANFIS-PSS produces better response
compare to the individual LMNN-PSS.

5. Under the heavy loading condition, ANFIS based TCSC-PSS has produced good re-
sults compared to the LMNN based TCSC-PSS, and also improved the time response
parameters such as settling time, rise time and delay time appreciably and decreased

the overshoot in the system.



Chapter 5

Design of PSS Using NARMA-L2 and
GA-ANN Controller with TCSC

5.1 Introduction

The power system stabilizer has been designed using Non Linear Autoregressive Moving
Average-L2 controller and hybrid Genetic Algorithm based Network Network. In order to
achieve appreciable damping, developed ANFIS based Thyristor control series capacitor has
been suggested in addition to power system stabilizer. The non-linear simulations of single
machine infinite bus system (SMIB) have been carried out using individual and simultaneous
application of PSS and TCSC. Trained and optimized NARMA-L2 and GA-ANN based PSS
have been tested with ANFIS-TCSC on non-linear power system dynamics under the different
operating conditions, various disturbances and faults in the power system. The results
have shown efficacy and capability of proposed control schemes under the various operating
conditions and faults, and demonstrate the improvement in the dynamic performance of the

system with proposed control algorithm.

99
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5.2 Nonlinear Auto regressive Moving average -L2 Con-

troller

Nowadays, artificial neural network controllers have been effectively introduced to improve
the performance of nonlinear control systems. Unlike conventional controllers, no exact
mathematical model is required for ANN controller, and it shows better results in terms
of time response parameters such that settling time, delay time, overshoot and robustness.
There are several approaches to neural network training [87] for determining an appropriate
set of weights. The neural network based identification techniques successfully can be applied

for non linear control problem as reported by [87][42].

5.2.1 NARMA-L2 (Feedback Linearization) Control

NARMA-L2 controller has been successfully applied for the identification and controller
design. The execution of NARMA-L2 controller involves typically two stages. First stage
is identification, which includes development of neural network model of the plant to be
controlled. Second stage is controller design, in which training of neural network controller
is carried out using developed neural network plant model. The identified NN plant model
is used in neural network controller that transforms the non linear system into linear system

through additive and multiplicative cancellation of nonlinearities.

5.2.1.1 Identification Stage

The first stage of plant identification process is to generate input/output data pairs to train
a neural network to represent the forward dynamics of the plant. The system identification
stage has been represented by Figure 5.1. There are two sets of inputs to the plant model,

one is delayed values of the plant output and other is delayed values of the controller output.
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The model used for the plant identification is described as follow:
y(k+d) =N [y(k),y(k—1)...... y(k—n+1),u(k),u(k —1)...... u(k —n+1)](5.1)

Where u(k) is the system input, y(k) is the system output, and d is system delay. During
the identification stage, the neural network training is realized in order to approximate
the nonlinear function N. If the system follows a desired reference trajectory ., then the

nonlinear controller can be written as follow:
uwk) =Glyk),y(k—=1)...... y(k—n+1),y.(k+d),u(k),u(k—1)...... u(k —m+1)](5.2)

The neural network training could be performed to determine the function G that mini-
mizes the mean square error using back propagation training algorithm. The dynamic of back
propagation is slow and computationally demanding. To achieve faster response [19, 9, 87|
proposed the use of NARMA-L2 controller approximate model in companion form and is

represented as equation (5.3).

gk+d)=flyk),y(k—1)...... ylk—n+1),ulk—1)...... uw(k —m+1)] +
gly(k),ylk —1)...... ylk—n+1),u(k—1)...... u(k —m+1)] .u(k) (5.3)

Here the next controller input u(k) is not contained in the nonlinearity. The advantage
of this form is that user can solve for the control input that causes the system output to
follow the reference y(k + d) =y,(k + d). The resulting controller would have the form as

described by equation (5.4).

ul(r) yr(k+d)— flyk),y(k—1)...... y(k—n+1),u(k—1)...... u(k—m+1)](5 R
gly(k),y(k—1)...... ylk—n+1),ulk—1)...... u(k —m+1)]. '

Using this equation directly can cause realization problems; the determination of the
control input based on the output at the same time is not realistic and hence uses the

following model:

glyk)...... y(k—n+1),u(k)...... ulk —n+ 1) .u(k+1) (5.5)
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Plant

MNeural Network Model

o
-

Figure 5.1: Identification Stage

5.2.1.2 Controller Stage

A more practical form of controller is given by (5.6). This controller is realizable for d > 2.

The controller structure [9] has been shown in Figure 5.2.

oyl +d) = flyk)...... y(k—n+1),u(k)...... u(k —n+1)]
Wk ) = g —n D alh) . alh—n 1] (5.6)
AV (k +1) = Der(k 22) — £ (5.7)

Where,
F=G= f[Awn(k), Awn(k — 1), Awn(k — 2), AVps(k), AVss(k — 1), AVpss(k — 2)]

— Referenc: Moidd

Ao

[=
-

Coneroller Flamt

4

Tl

II T II

Figure 5.2: NARMA-L2 Controller

5.3 NARMA-L2 Controller based Power System Stabi-

lizer

An indirect data based approach has been used for approximate linearization through feed-

back. Indirect data base technique is two step methodology, where a model of the plant is
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identified on the basis of input output data and then used in model based design of a suitable

controller.

5.3.1 Neural Network Identifier

NARMA-L2 neural controller has been proposed for the designing of the PSS for power
system stability improvement. The identification of neural network base plant is developed
using non linear auto regressive moving average model. For the particular system y, u and
y are the speed deviation Aw,,(k) of the plant, output of the neural network controller
AV)s(k), and predicated plant output Aw,, (k) by the neural network identifier respectively.

The training process of the neural network identifier has been shown in Figure 5.3.

Aok
Random Signal Avpss(k) wik)

Actual Plant

Y

Jifk)

— 1z

v ¥

y
AVpss(k-1) 1z LV pss(k-2) )
1
—¢ Y v -
r 1z -
Aw(k-2 .
i 2,1 Neural NetworK Indentifer
Dwfk-1)

Figure 5.3: Identification of the Plant

Random inputs have been applied to the plant model to generate the input output
data. The values of random signal are distributed between -0.04 to 0.04, which are taken
from CPSS simulation. Here, 10000 data are used for the identification of the plant. The
neural network plant model has two inputs available namely delayed controller outputs and
delayed plant outputs. The inputs to the neural network identifier during this phase are
Awy, (k), Awp(k — 1), Awm(k — 2), AVpgs(k), AV,ss(k — 1), AV,ss(k — 2). The optimization

function of the neural network identifier is given by equation (5.8). Where Aw,,(k) is NN
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identifier output.

Ji(k) = % (A (k) — Dby (k)] (5.8)

The neural network identifier is a multilayer feedforward network which is trained by the
Levenberge-Marquardt algorithm as described by Section (4.4.1). The feedforward network
has been developed with 10 neurons in hidden layer and 1 neuron in output layer with
hyperbolic tangent sigmoid and linear transfer functions in first layer and hidden layer, and
output layer respectively. Figure 5.4 shows input data to the plant, actual plant output,
NN plant output and error between actual plant output and NN plant output. The NN

trained plant model is similar to actual plant and error is varied between -0.00004 to 0.00004

rad /sec.
Input Plant Output
0.04 .
0.02 0.03 1
0.02 .
(8]
0.01 .
_D‘.Dz 1 Il ' 1rll 11 1
-0.04 1 : ’
O 200 400 O 200 400
x 107 Error NN Output
&
<} 0.03 1
2 0.02 1
o 0.01 ;
P e | T
-4
O 200 400 O 200 400

time (s) time (s)

Figure 5.4: Plant Input, Plant Output, NN Output and Error
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5.3.2 Neural Network Controller

The neural network controller has been implemented with the identified neural network
plant model. The central idea of this controller is to transform nonlinear system dynamics by
cancelling the nonlinearities. The neural network controller is also trained by the Levenberge-
Marquardt algorithm with 10 neurons in hidden layer. The controller structure has been

shown in Figure 5.5 and the controller can be written by the following equation.

AVpss(k+1) =

Where,
F=G=Awy,(k), Awy,(k—1),, Awy,(k —2), AVpss(k), AVyss (B — 1), AV,e5(k — 2)

r yT
i ldentified plant
+
error
4+
¥y Controller
% -
a'\:‘lljs_’-‘; Fatir]
- Plant
F G

Figure 5.5: Implementation of NARMA-L2 Controller

5.4 GA-ANN Hybrid-Power System Stabilizer

Genetic Algorithm and Artificial Neural Network in the broad sense, reside in the class of the
evolutionary computing algorithm. Both GAs and ANNs are adapting, they learn, and can
deal with high non linear, complex model. The objective of the hybridization is to overcome

the weakness in one technology during its application, with the strengths of the other by

appropriately integrating them.
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In this section, design of power system stabilizer using combination of genetic algorithm
based neural network hybrid controller [94, 89] for analysis of dynamical power system has
been discussed. Two different strategies have been used for designing of neural network
through GA. In the first strategy, a genetic algorithm has been used to minimize the error
before learning algorithm is applied and for second strategy, a genetic algorithm has been
used to minimize the sum of square of error with respect to the ANN parameters [94].
Here, the calculation of weight and bias of ANN have been considered as an optimization
problem. The weights and bias of the feed forward neural network have been identified and
optimized using genetic algorithm. The trained and optimized GA-ANN based PSS has
been tested on non-linear power system dynamics under the different operating conditions,

various disturbances and faults in the power system.

5.4.1 Genetic Algorithm

Genetic algorithm has been proposed to calculate the initial values of parameters of neural
network, the algorithm as follows:

1. Randomly generate the initial population for the parameter of initial weight and bias
of NN.

2. Calculation of total number of weight and bias of NN for optimization.

3. Generate the fitness function to be evaluated.

4. Evaluate fitness function of each chromosome in population and select a new pop-
ulation from old population based on the fitness of individuals as given by the evaluation
function.

5. Selection of appropriate value of genetic operators such as reproduction, crossover,
mutation etc. to member of the population to create new solution.

6. Calculation of convergence rate of fitness function.

7. If expected convergence rate is achieved then stop the algorithm otherwise repeat from

the step 4-7 and change the GA parameters.
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By changing the GA parameters such as population size, crossover rate and function,
mutation rate and function, No. of generation etc, the new set of NN parameters are de-
veloped, and best fitness values have been selected. The appropriate choice of the GAs
parameters affects the convergence rate of the algorithm. The parameters are selected for
expected solution as given in Table 5.1. Figure 5.6 shows the rate of the convergence of
the optimization function, the best fitness value of the function 0.00021793 is achieved after
the 51 generation has been reached. Figure 5.7 shows the total 81 best individual values of

weight and bias of NN.

Table 5.1: GA Parameter and Value

Parameters Values/Parameter
Popullation Size 50
Stopping Generation 100
Scaling Function rank
Selection Function | Stochastic Uniform
Mutation Function Gaussian
Crossover Function Scattered

Fitness value
|

Best: .00021793 Mean: 0.00023275

Generation

Figure 5.6: Convergence rate of GA

T

an
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Figure 5.7: Best Value of NN Parameters

5.4.2 Neural Network

The training pattern for the feedfoward neural network is dynamic inputs u(t) and corre-
sponding outputs y(t) such that wy, (t), Wy, (t—1), wp(t—2), wy, (t—3) and Vs respectively and
targeted value of the neural network is ¢(¢). The network has been trained using 8000 sample
data, which are generated under the consideration of the different operating conditions and
dynamic behavior of the power system. The feedforward network has been developed with
10 neurons in the first layer, 5 neurons in hidden layer and 1 neuron in output layer with
hyperbolic tangent sigmoid transfer function between first layer and hidden layer, and linear
transfer function between hidden layer and output layer. In this problem, derivative —based
optimization Levenberg-Marquardt method is used for solving the nonlinear least squares
problem.

The weights and bias of the network are adjusted such that the error between the actual
output and targeted output is minimized and desired goal is achieved through Levenberg-
Marquardt derivatives —based optimization. The optimization function can be represented
mathematically by equation (5.10). Levenberg-Marquardt‘s direction |87, 14| that is deter-
mined by using equation (4.13) is an intermediate between the Gauss-Newton direction and

the steepest descent direction. The optimization function can be represented by Equation
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Ti(k) = 52 [y(k) — §(k)]” (5.10)

The Gauss Newton Levenberg-Marquardt method works well in practice and has become
standard of nonlinear least squares routines [87, 14].

The following steps are for implementation of neural network

1. The initial parameters of NN likes weights and bias are computed by GA.

2. Generate the input data pattern and corresponding the target data pattern.

3. Develop the feedforward neural net.

4. Train the neural network using Levengerg-Marquardt algorithm[14].

5. Update the NN parameters through equation of Levenberg-Marquardt Algorithm.

6. Calculation of mean square error between actual output and targeted output using
Equation (5.10)

7. Compute the output of the NN network

8. If desired solution is achieved stop, else change the NN goal, learning rate, no. of
epochs and repeat the algorithm from the step 4.

Figure 5.8 shows the error generated between actual data and target data and Figure 5.9

shows the relation between training data versus actual data and target data.

Error
o
a ]
1 1

1 L L
o 1000 2000 00 4000 5000 000 TOO00 a00%
training data

Figure 5.8: Error Between Actual and Target Value
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Figure 5.9: Output of GANN

5.5 Non Linear Simulation

The nonlinear model of the power system has been used for the stability analysis of the
SMIB system with generator attached PSS and transmission line connected TCSC. The ini-
tial conditions of power system have been calculated using MATLAB programming. The
non-linear simulation is carried out using non-linear dynamic model, which has been im-
plemented using MATLAB /simulink environment. The non linear model and detailed data
of the power system used in this study is given by Appendix A. The comparison analysis
between (i) NARMA-L2 Controller and GA-ANN based PSS (ii) simultaneous application
of ANFIS-TCSC with NARMA-L2-PSS and GA-ANN-PSS have been carried out under dif-
ferent operating condition, faults and disturbance. These disturbances considered are such
as the three phase short circuit at the infinite bus, outage of transmission line, suddenly
changes in mechanical input and step change in terminal voltage reference. The comparison

study of smart techniques based TCSC and PSS has been carried out.

5.5.1 Casel

Considering operating condition 1 as defined in table 3.1 P, = 0.6,Q; = 0.0224. A three

phase fault is created at 1s at the sending end of one the circuits of the transmission line and
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cleared after 100ms [33]. The original system restored after fault clearance. The response
of speed deviation with the application of individual PSS, and simultaneous application of
PSS with ANFIS controller has been shown by Figure 5.10 and 5.11 respectively. Figures 3.6
shows that without application of controllers the oscillation in speed deviation are observed
while using simultaneous application of ANFIS-TCSC with NARMA-L2-PSS and GA-ANN-
PSS have significantly diminished this oscillation in the system and provided very good

damping characteristics.

——NARMA-L2 PSS
——GA-ANN-PSS

speed deviaiton (rad/sec)

| | | | |
5 3 7 8 9 10

time (sec)

Figure 5.10: Case I: Speed response of NARMA-L2 and GA-ANN based PSS

——NARMA-L2 PSS and ANFIS-TCSC
—— GA-ANN PSS and ANFIS-TCSC

speed deviation (rad/sec)

4 1 1 1 1 1 i | | |
0 1 2 3 4 5 [} 7 8 9 10

time(sec)

Figure 5.11: Case I: Speed response of NARMA-L2 and GA-ANN based PSS and ANFIS-
TCSC
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5.5.2 Case I1

P, =0.6,Q; = 0.0224, A three phase fault is created at 1s at the middle of one transmission
line and cleared after 50 ms by the disconnection of the faulted line, and then successfully
reclosed at 5s |71]. Figure 3.15 shows the response of the rotor speed deviation without
controllers. The response of the w,, with presence of NARMA-L2-PSS and GA-ANN-PSS
has been shown in Figure 5.12. Figure 5.13 shows the response of w,, with simultaneous
application of ANFIS-TCSC and PSS. Without application of damping controllers, the os-
cillations in speed deviation have been observed. These oscillation are continuous growing,
which shows instability of system after 10s. While using individual PSS and simultane-
ous application of ANFIS-TCSC and PSS have significantly diminished this oscillations and

improved stability of the system.

—NARMA-L2-PSS
3l —GA-ANN-PSS

speed deviation (rad/sec)

time (sec)

Figure 5.12: Case II: Speed response of NARMA-L2 and GA-ANN based PSS
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——NARMA-L2 PSS and ANFIS-TCSC
—— GA-ANN PSS and ANFIS-TCSC

speed deviation (rad/sec)

5
time (sec)

Figure 5.13: Case II: Speed response of NARMA-L2 and GA-ANN based PSS and ANFIS-
TCSC

5.5.3 Case 111

P, =0.9,Q; = 0.12, Here heavy loading condition is considered. A three phase fault is created
at 1s at the sending end of one of the circuits of the transmission line and cleared after 50ms.
The original system restored after the fault clearance. Figure 3.22 shows the response of the
wm(t) without controller, the oscillation in the power system continuously growing with
respect to the time and system has become unstable. The speed response with NARMA-
L2-PSS and GA-ANN based PSS, and simultaneously application of ANFIS- TCSC with
NARMA-L2-PSS and GA-ANN-PSS has been shown in Figure 5.14 and 5.15 respectively.
The simultaneous application of ANFIS-TCSC and PSS, and individual applications of PSS

reduced the oscillations in the system and improved stability.

——NARMA-L2-PSS
— GA-ANN-PSS

speed deviation (rad/sec)

5
time (sec)

Figure 5.14: Case III: Speed response of NARMA-L2 and GA-ANN based PSS
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——NARMA-L2-PSS and ANFIS-TCSC
—— GA-ANN-PSS and ANFIS-TCSC

speed deviation (rad/sec)
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\//\\//\\f/\v
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Figure 5.15: Case III: Speed response of NARMA-L2 and GA-ANN based PSS and ANFIS-
TCSC

5.5.4 CaselV

P, =0.9,Q; = 0.12,Under the heavy loading condition a 10% mechanical change applied at
1s and removed at 5 s is considered. The system lost its stability at 4s without application of
controllers, which has been shown by Figure 3.26. Figure 5.16 shows the response of w,, with
individual and simultaneous application of PSS and TCSC. The simultaneous application of
TCSC and PSS, and individual applications of PSS reduced the oscillations in the system

and improved stability.

——NARMA-L2 -PSS
—GA-ANN-PSS
- ——NARMA-L2-PSS and ANFIS-TCSC |

——GA-ANN-PSS and ANFIS-TCSC

speed deviaiton (rad/sec)

time (sec)

Figure 5.16: Case IV: Speed response of NARMA-L2 and GA-ANN based PSS and ANFIS-
TCSC
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5.5.5 Case V

P, =12,Q; = 0.2, A 0.1p.u. change in reference input voltage is applied at 1 s and
removed at 5 s. The response of the w,, without and with presence of controllers has been
shown in Figure 3.30 and 5.17 respectively. Figure 5.17 shows that GA-ANN-PSS has been
produced better response than NARMA-L2-PSS. Simultaneous application of GA-ANN-PSS

and ANFIS-TCSC have been produced best response compared to other controllers

——NARMA-L2 -PSS

5 — GA-ANN-PSS
——NARMA-L2-PSS and ANFIS-TCSC
—GA-ANN-PSS and ANFIS-TCSC

speed deviation (rad/sec)

time (sec)

Figure 5.17: Case V: Speed response of NARMA-L2 and GA-ANN based PSS and ANFIS-
TCSC

5.5.6 Case VI

P, = 0.75,Q; = 0.1, In this case another severe disturbance is considered. One of the
transmission lines is permanently tripped at 1 sec. The line reactance is significantly in-
creased. The speed response for the above contingency has been shown in Figure 3.34 and

5.18 without and with controller respectively.
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——NARMA-L2-PSS
— GA-ANN-PSS I
——NARMA-L2-PSS and ANFIS-TCSC

——GA-ANN-PSS and ANFIS-TCSC

AN, |

speed deviation (rad/sec)

3 | | | 1 | | 1 | |
0 1 2 3 4 5 6 7 8 9 10

time (sec)

Figure 5.18: Case VI: Speed response of NARMA-L2 and GA-ANN based PSS and ANFIS-
TCSC

5.6 Simulation of System with Intelligent Techniques based
PSS and ANFIS-TCSC

Here five different types of intelligent controllers based PSSs have been tested under the
heavy loading condition. For case I to case III, the operating condition P, = 1.2,Q; =
0.2 and for case IV the operating condition P, = 0.75,Q); = 0.1 have been selected for
performance assessment of GA-CPSS, LMNN-PSS, ANFIS-PSS, NARMA-L2-PSS and GA-
ANN-PSS with dynamic power system under different contingencies. For various cases, all
intelligent techniques based PSS are tested with ANFIS-TCSC. The ANFIS-TCSC has been
selected because its performance is better than compared to the GA-TCSC and LMNN-
TCSC. ANFIS-TCSC has not required to tune for each and every operating conditions like

GA-TCSC hence ANFIS-TCSC is better choice for simultaneous application with PSS.
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5.6.1 Casel

P, =1.2,Q; = 0.2,A 10% mechanical change applied at 1s and removed at 5 s is considered.
The speed response with five different types of intelligent techniques based PSS has been
shown in Figure 5.19. Figure 5.20 shows all the intelligent PSS applied with ANFIS-TCSC.

—GA-CPSS

—— LMNN-PSS
—ANFIS-PSS B
——NARMA-L2-PSS
—GA-ANN-PSS =

speed deviaiton (rad/sec)

time (sec)

Figure 5.19: Case I: All Intelligent Techniques based PSS

B T T T T T T T T T
——GA-CPSS and ANFIS-TCSC
4 —— LMNN-PSS and ANFIS-TCSC o
—— ANFIS-PSS and ANFIS-TCSC
——NARMA-L2-PSS and ANFIS-TCSC
——GA-ANN-PSS and ANFIS-TCSC

speed deviation (rad/sec)
T
!

time (sec)

Figure 5.20: Case [: ANFIS-TCSC with Intelligent Techniques based PSS
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5.6.2 Case Il

P,=12,Q; =0.2, A 0.1p.u. change in reference input voltage is applied at 1 s and removed
at 5 s. The speed response with five different types of intelligent techniques based PSS
has been shown in Figure 5.21. Figure 5.22 shows all the intelligent techniques based PSS
applied with ANFIS-TCSC.

—GA-CPSS

——LMNN-PSS
——ANFIS-PSS
——NARMA-L2-PSS ||
—GA-ANN-PSS

speed deviation (rad/sec)

time (sec)

Figure 5.21: Case II: All Intelligent Techniques based PSS

——GA-CPSS and ANFIS-TCSC
——LMNN-PSS and ANFIS-TCSC
——ANFIS-PSS and ANFIS-TCSC

—— NARMA-L2-PSS and ANFIS-TCSC
——GA-ANN-PSS and ANFIS-TCSC

speed deviation (rad/sec)
T

f
TTVV

08 I \ I \ I
0 1 2 3 4 5

time (sec)

Figure 5.22: Case II: ANFIS-TCSC with Intelligent Techniques based PSS
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5.6.3 Case 111

P, = 12,Q; = 0.2, A three phase fault is created at 1 s at the sending end of one of
the circuits of the transmission line and cleared after 100ms. The speed response with five
different types of intelligent techniques based PSS has been shown in Figure 5.23. Figure

5.24 shows the all intelligent techniques based PSS applied with ANFIS-TCSC.

— GA-CPSS

—— LMNN-PSS

— GA-ANN-PSS
—— NARMA-L2-PSS
—ANFIS-ANN

speed deviation(rad/sec)

time(sec)

Figure 5.23: Case III: All Intelligent Techniques based PSS

0.015 T T

T T T T T T T

—— GA-CPSS and ANFIS-TCSC

—— LMNN-PSS and ANFIS-TCSC
——ANFIS-PSS and ANFIS-TCSC
——NARMA-L2-PSS and ANFIS-TCSC
——GA-ANN-PSS and ANFIS-TCSC

0.005 — —

speed deviation (rad/sec)

-0.005 — —

0.01 I I I I I I I I I
0 1 2 3 4 5 5 7 8 9 10

time (sec)

Figure 5.24: Case III: ANFIS-TCSC with Intelligent Techniques based PSS
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5.6.4 CaselV:

P, =0.75,Q; = 0.1, A fault is created at 1 s at the middle of one transmission line and cleared
after 50ms by disconnection of the faulted line, then successfully reclosed at 5s. Figure 5.25
shows the speed response with five different types of intelligent techniques based PSS. All
intelligent techniques based PSS applied with ANFIS-TCSC has been shown in Figure 5.26.

s T T T T T T T T T
—GA-CPSS
—LMNN-PSS
——ANFIS-PSS
——NARMA-L2-PSS
——GA-ANN-PSS

speed deviation (rad/sec)

time (sec)

Figure 5.25: Case IV: All Intelligent Techniques based PSS

—— GA-CPSS and ANFIS-TCSC

——LMNN-PSS and ANFIS-TCSC
——ANFIS-PSS and ANFIS-TCSC
—— NARMA-L2-PSS and ANFIS-TCSC ||
—— GA-ANN-PSS and ANFIS-TCSC

speed deviation (rad/sec)

time (sec)

Figure 5.26: Case IV: ANFIS-TCSC with Intelligent Techniques based PSS
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5.7 Conclusion

In this study, the smart control strategies based TCSC damping controller and PSS have been
designed. The NARMA-L2 and GA-ANN based PSS, and simultaneously ANFIS-TCSC and
PSS have been applied to the dynamical power system. The non-linear simulations have been
carried out for detailed analysis of the stability of the power system. The time responses
of speed deviation obtained by intelligent techniques based controller have been compared
to the conventional power system stabilizer. Four different operating conditions are taken
and the response of rotor speed deviation has been analyzed under different types of the
disturbances and faults.

From the non - linear analysis,

1. Without the application of the controllers in the system, the oscillations in rotor speed
deviation has been observed. Under the heavy loading condition, it has been observed
that the active power and reactive power are increased; the oscillation in speed devi-
ation is continuously growing which creates the instability of the system. The smart

damping controllers have been greatly diminished oscillations in system.

2. Convention power system stabilizer doesn’t produce satisfactory response under the
different operating conditions. While simultaneous application of ANFIS -TCSC and
PSS have provided very good damping characteristics compared to the individual ap-

plication of PSS and almost eliminated the oscillations in system.

3. Figures have shown that individual application of GA-ANN-PSS produces better re-
sponse compare to the individual NARMA-L2-PSS.

4. Under the different loading conditions, It has been observed that simultaneous appli-
cation of GA-ANN-PSS and ANFIS-TCSC produce better response compared to the
simultaneous application of NARMA-L2-PSS and ANFIS-TCSC. It improved the time
response parameters such as settling time, rise time and delay time appreciably and

decreased the overshoot in the system.

In section (5.6), different Intelligent techniques based PSS are tested under heavy loading
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conditions. Simultaneous ANFIS-TCSC with all PSS are also tested under heavy loading

conditions. Following results are obtained from detailed study:

1. The GA-CPSS, ANFIS-ANN and GA-ANN are produced better response compared to
the LMNN-PSS and NARMA-L2-PSS.

2. But GA-CPSS required different optimized parameters under different operating con-
ditions and GA-ANN has needed more time for training of neural network. While
ANFIS-PSS has been produced fast, adaptive and satisfactory response with less num-

ber of training data.

3. From figures (5.19) to (5.26), it has been observed that the ANFIS-TCSC produces bet-
ter response with GA-CPSS, ANFIS-PSS and GA-ANN-PSS compared to the NARMA-
L2-PSS and LMNN-PSS.

4. Finally it has been concluded that simultaneous application of ANFIS-TCSC with
ANFIS-PSS produced good damping characteristics under all operating conditions and

disturbances in power system.



Chapter 6

Design of Ancillary Controllers for

Restructured Electric Market

6.1 Introduction

This chapter presents the application of ancillary services |54, 55, 25| such as power sys-
tem stabilizers and thyristor control series capacitor in two area deregulated electric market
with load frequency control loop. The first order linear model and fourth order model of syn-
chronous machines have been considered for the performance evaluation of the dynamical two
area power system. Fourth order model have been considered in the company of automatic
voltage regulators. Both the power system stabilizers and thyristor control series capacitor
have been simultaneously designed by genetic algorithm and their optimal parameters have
been evaluated. The adaptive neuro fuzyy inference system based multiple power system
stabilizer and series capacitor have been applied to multiple control area under deregulated
electric environment. The distribution participation matrix has been considered according
to the various correlative conditions of generating companies and distribution companies.
To reflect the effectiveness of power system stabilizers and thyristor control series capacitor
in two area of deregulated system, eigen value analysis and non-linear simulation have been

performed using linear and non linear model of the synchronous machine respectively.

123
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6.2 Restructured Power System

The traditional two area system of AGC has been modified in restructured electric mar-
ket [92, 57, 32| to consider the effect of bilateral contracts. The dynamic response of the
LFC has been analyzed under effect of bilateral contracts. In deregulated market, DISCO
participation factor matrix (DPM) is introduced, which shows different contracts between
GENCOs and DISCOs in the two area control loop. DPM consists n x m matrix, where
n is the number of GENCOs and m is the number of DISCOs in control area. DPM is
composed of contract participation factor (cpf); epfi; corresponds to the fraction of the total
load power contacted by DISCO j from GENCO i. Figure 6.1 shows schematic diagram of
two GENCOs and two DISCOs in each area, according to that, the DPM is described by
equation (6.1). The two area interconnected system with TCSC in series with tie line has

been shown in Figure 6.2.

cpfii cpfiz cpfis cpfia

DPM — cpfar cpfaa cpfaz cpfou (6.1)

cpfs1 cpfsa cpfsz cpfsa

cpfu cpfaa cpfaz cpfaa

Tie Line
GENCOy GENCO, GENCO; GENCO,

DISCO, DISCO; DISCO, DISCO,

Area | Area i

Figure 6.1: Schematic Diagram of Two area system in Restructured Market
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1 ) 2
2
—_—
TCSC J Kiine 12 Areall
Controller
Tie = line
Vy £8] V26,

Figure 6.2: Restructured System with TCSC in Series with Tie-Line

Many GENCOs in each area so area control error (ACE) has been distributed among
GENCOs. The coefficients that distribute ACE to several GENCOs are called ACE partic-
ipation factors. According to their participation in the AGC, the ACE participation factors
(apfs) distributes ACE to several GENCOs. In deregulated market, a DISCO prefers a par-
ticular GENCO for load flow. The scheduled steady state power flow on the tie-line can be
given as

APgcheduled — (Demand of DISCOs in area 2 from GENCOs in area 1)-(Demand of
DISCOs in aera 1 from GENCOs in area 2)

1.e.
AP = epfiaAPLy — epfar AP (6.2)
The tie line power error at any time is defined as :
error actual scheduled
APtieH - APtieiQ - A‘Ptiel2 (6-3)

When steady state is reached, AP;L19" vanishes.

In the AGC scheme, contracted load is forward through the DPM matrix to GENCO
set points. The actual load affects system dynamics via the input APy, poc to the blocks of
the power system. The difference between actual and contracted load demands may results
in a frequency deviation that will drive AGC to redispatch GENCOs according to ACE

participation factors.
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The ACE provides steady state response under normal conditions, but system perfor-
mance gets affected under the dynamic environment of power system only with ACE in
multiarea AGC. Therefore multiple PSS have been suggested with LFC loop. Moreover, in
the restructured electric market, various kinds of large capacity equipments and fast power
consumption can cause serious problem of frequency oscillation. If system has been not
provided with adequate damping, then the oscillation of system frequency may sustain and
grow hence, resulting in serious stability problem. The TCSC may be used as a new ancil-
lary service for the stabilization of frequency oscillation of an interconnected thermal power

system.

6.3 Design of TCSC Controller with First Order Power
System Model

In this section, frequency deviation in two area restructured power system has been analyzed
with TCSC controller. The TCSC controller has been used for controlling of tie-line power
exchange between two area. The parameters of TCSC controller has been tuned using
genetic algorithm. The ANFIS based TCSC controller has been designed from GA based
controller. The first order model of power system with turbine and governor system are
considered for linear analysis of the two area system. The eigen values analysis have been
carried out for stability verification of two area AGC with FACTS controller. The simulation
has been performed for analysis of frequency deviation and tie line power in each area with
intelligent control techniques under consideration of different DPM. The load frequency
controller has controlled the control valves associated with turbine at load variations [15].
Here it is assumed that small variations of load permit the linerization of system equations.
The governor and turbine of the system is represented by first order transfer function. The
power system is represented by first order model. Here the generator model considered in

the present study are described below:
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6.3.1 Power system model

The power system loads are composite of a variety of electrical devices. The frequency

dependent characteristics of a composite load can be expressed as
AP, = AP, + DAw,, (6.4)

where AP; =non frequency sensitive load change, DAw,, =frequency sensitive load
change, D =load damping constant.

The damping constant is expressed as a percentage change in load for one percent change
in frequency. The power system block diagram including the effect of the load damping is

shown in Figure 6.3.

AP, + # Aoy
2Hs+ D

v

AP,

Figure 6.3: First Order Power System

6.3.2 Tie Line Power Flow Model With TCSC

Figure 6.2 shows the schematic diagram of two area interconnected thermal system with
TCSC in series with the tie-line. Therefore real power flow can be controlled to mitigate the
frequency oscillation and enhance power system stability. Without TCSC, the incrematnal
tie line power flow from area 1 to area 2 under open market system can be expressed as

equation

27TT12
S

APye1a(s) = (AF|(s) — AFy(s)) (6.5)

where 175 is the synchronising constant without TCSC.
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When TCSC has been placed in series with the tie line as shown in Figure (6.2), the line
resistance is to be zero. Current flowing from area 1 to area 2 is 415 and power flow equation

can be written as follow:

[Va[ [Va] sin(0y — d2)

-PtzelZ - X
net

(6.6)

where Xnet: XlinelQ _XTCSC

Linearising equation (6.6) using AX,,.; = —AXrcsc, equation (6.7) can be obtained. In

equation (6.6) perturbing d; do from their nominal values 47, 69 respectively, then

VAl [V2]
Xneto

Vil V2
2

APije12 = cos(0Y — 09)sin(Ad, — Ady) + sin(0? — 09)AXrese  (6.7)

net?
But for a small change in real power load, the variation of bus volatge angles is very

small. Therefore sin(Ad; — Ads) =(Ad; — Ady), so equation (6.7) is written as

AP0 = 1 |Z2| 05(0Y — 09)(Ad; — ASy) + |V1|2|V2|sm(5? — ) AXresc (6.8)
ne neto

Above equation is organized as follow:

APyie12 = Ti2(Ad — Ady) + Ky AXrese (6.9)
where Ty, = |;17|LL‘:§|003(5(1) —89)(Ad; — Ady) and K,y ‘Vll‘t/j sin(6? —489), so tie line power

can be controlled by AXrcsc.

But

AG1 = 2 / Afidt (6.10)
and

AS1 = 27T/Af1dt (6.11)

Equation (6.9) is modified

A_Rfl'612 = T12(27T / Afldt — 21 / Afldt) + KplAXTCSC (612)
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Laplace transform of equation (6.12)

27TT12

APje12 = (AF(s) — AFy(s)) + K AXrese (6.13)

As per equation (6.13), it can be observed that the tie line power can be controlled by
line reactance. The stability loop of TCSC controller has been used for controlling the tie

line power. The AXrcgc can be represented by

KcTwis (1 + TlTS) (1 -+ TQTS)
AX = AE 6.14
TCSC(S) 1 + TWlS (1 + T3TS) (1 + T4TS) TTOT(S) ( )

If speed deviation Aw,,; is sensed, it can be used as control signal, so AError =Aw,,
to TCSC unit to control AXrege, which will change tie line power flow between two area
and assist in stabilizing the frequency oscillations, Thus

Thus equation (6.13) can be written

27TT12 KcTwls (1 + TlTS) (1 + TQTS)
APie12 = AFi(s) — AF: K Aw; (6.15
et (AFas) 2(5)) + K 1+ Tus {(1 + Tsrs) (14 Turs) “1(6:15)
Tlg Tw18 (]_ + TlTS) (1 + TQTS)
APe12 = —(A —Awp, K A 1
tie12 = —_ (Awmi(s)—Awpa(s))+ TCSCT {(1 + Tars) (1+ Tars) w1 (6.16)

where Krose = KoK

But in the restructured market system the actual tie line power flow also includes the
demand from DISCOs in one area to GENCOs in another area. It can be represented as

APyie12 actual = APie12(s)+(demand of DISCOS in area 2 from GENCOS in area 1)-
(demand of DISCOS in area 1 from GENCOS in area 2).

6.3.3 Block Diagram and Model of Interconnected Two area System

Figure 6.4 represents block diagram of intelligent controller based TCSC in two area power
system under restructured market. Figure 6.4 shows the transfer functions of power system,
governor and turbine system with ACE and regulator system in two area AGC under open

market scenario. The closed loop system in Figure 6.4 is characterized in state space form as
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i = Adecly 4 Bdcly, The two area system is represented by 16 x 16 matrix with inclusion of
TCSC. The state diagram of TCSC as shown in Figure 2.10 has been used for consideration
of modeling for two area system with TCSC controller.

where x is the state vector and w is the vector of power demands of the DISCOs. A%
and B are developed from Figure 6.4. The A%< is also defined as stability matrix. The
eigen values of the system can be calculated using stability matrix. The eigen values shows
the position of closed loop poles in s-palne, through these values effectiveness of TCSC in
AGC system can be verified. A% and B are represented by equation (6.17) and (6.18)

respectively. The state matrix x of variables and input matrix u are mention.

A Ay

Adecl: (617)
A3 1 16x16
Where, i
1 K K
- T,y 0 T;il Tpll 0 0 0 0
0 7 0 0 7B ZE2 0 0
0 0 —7 O 0 —7 O
4, 0 0 0 —75 0 0 0 -7
- 1
0 0 0 0 —% 0 0 0
0 0 0 0 0 — 0 0
_27rRiTgl 0 0 0 0 0 _TLgl 0
1 1
| —smT; 00 0 0 0 0 —z |
i B i
0 0 0 000 —z2 —gB
a12Kp a12Kp
0 0 0 00 0 —=pim s
0 0 0 000 0 0
0 0 0 000 0 0
A2: 1
—7= 0 0 000 0 0
0 -7 0 000 0 0
0 0 &L po00 0 0
0 o0 =Kk g9 0 0
L 92 .
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1

0 — T 0 0 0 0 0O
1
0 i O 0 0000
b 0 0 0 0000
) 0 L 0 0 0000
3:
—Kc KpiKc Kpi1Kc
Tpl 0 ’Eﬂ %101 0000
(KcTyir) TirKpiKe TirKpiKce
TZT’;;;I 0 1TT2T;;H 1TT2T§:;1 0000
a 0 b c 00 0O
T12 T12
T 112 0 0 000 0|
[ 1 _ Koapf: l
0 0 —fwho g 0 0 0
_ 1 _ Kaapfy
0 g 0 —fewho o g 0
0 0 0 0 1 0 0 0
0 0 0 0 —1 0 0 0
A4 - 1 KplK
0 0 0 0 0 0 K
1/Tor—T 1 Kp1 KT,
0 0 0 0 Tz;TwlT T2T 0 E;lTZTIT
0 0 0 0 m no —i= P
0 0 0 0 0 0 1 0
Where,
a = — KhrTsy . TirKpi Kelyr (. KeKpiTir13 _ T3 /Tor Tyt n — 1/Tyr _
TorTp1Tar’ TorTp1Tyr TyrTplT2T 7 T1Tr3r /TorTyrTw’ T3T/(T2TT4T)’p
_ KCTgTTlTKpl
TorTyrTp1
B, B
plet — | 71 77 (6.18)
B3 B4 16x6
Where,
[ Kp1 Kpl i
o
Kp2
oo
0 0 0
0 0 0
B, =
0 0 0
0 0 0
cpfin cpfiz cpfis
Tg1 Tg1 Tq
cpfoar cpfar epfa1
| Tgo Tg2 Tgo
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Kpl
0 —T—;’l 0
Kp2 0 _ Kp2
Tp2 Tp2
0 0 0
0 0 0
By =
0 0 0
0 0 0
cpf
we 0 0
cpfa1
Te 0 0]
i cpfsi cpfsi cpfsi i
Tgs3 Tgs Tgs
cpfar cpfar cpfar
Tg4 Tga Tyga
cpfs1 +epfa cpfs2 + epfao —(epfis + epfas)
B —(epfs1 +epfa) —(epfsa+cpfaa)  cpfis + cpfos
3 =
0 0 0
0 0 0
0 0 0
0 0 0
_ . -
w00
cpfa1
222_94 00
—(epfra+cpfoa) 0 0
cpfiatepfos 0 0
B, =
0 00
0 00
0 00
0 00

Where,
v=| Aw Aws APeyi APavs APuys APayy APy APy | Contd..

’

T = APMg APM4 fACEldt fACEldt AXl AXQ AXTC’SC APtiel—Q i|16><1

’

u = | APy APy APy APry APpiroc AP roc ]

6x1
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Figure 6.4: Intelligent techniques based TCSC for two area system under restructured market
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6.3.4 GA- tie line TCSC Controller: Problem Formulation and Op-

timization Function

The stability loop equation (2.89) has been used for frequency stabilization. The input
signal rotor speed deviation of area 1 or area 2 has been chosen for TCSC proposed con-
troller. The equation (6.16) consists wash out filter time constant 7,1, gain Kpcsc and time
constant of phase compensator Ti7, Tor Ts7 and Ty, which provides appropriate phase-lead
characteristics to compensate for the phase lag between input and output signals. Thus, five
parameters such as gain Krcgsc and time constant parameter 1Ty7 Tor T3 Ty are required
to be optimized for the optimal design of TCSC frequency controller. For TCSC, the time
constant of wash out filter T;,; has been selected to be 10. The objective of LFC with tie line
TCSC controller is, to reduce the oscillatory frequency in rotor mode and to minimize the
tie line power oscillation in both control area. The goal can be achieved after minimizing the
optimization function J, which is described by equation (6.19). The optimization function
has been developed such that the damping factor of rotor mode in LFC be improved and
minimization of real part of the eigen values associated with the rotor mode. Hence time
response parameters such as settling time to be improved and overshoots to be reduced. The
Time Multiplied by Absolute Error (ITAE) has been used as the performance index. The
optimization function .J follows the optimized performance of TCSC controlled system. The
gains for the TCSC controller are adjusted such that the performance index be minimized.
The performance index is calculated over a time interval 7', normally in the region of, where
t is the settling time of the system. The best system response is obtained when the tie line
power controller TCSC parameters are optimized by minimizing the maximum eigen values
over a certain range of operating conditions. The optimization flow chart for implementation
of real coded GA is similar as shown in Figure 3.3. However, here only TCSC tie line con-
troller parameters are required to be optimized as described by equations (6.20) to (6.24).

The optimization function J is as follows :
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J= /Tt|Awm1(t)|dt (6.19)
0
with
T < Ty < T (6.20)
Torin < Typ < Topee (6.21)
Tyi™ < Typ < T (6.22)
TEm < Typ < Tipoe (6.23)
Kitse < Krose < Kidée (6.24)

6.3.5 ANFIS- Tie Line TCSC Controller

Here, GA-TCSC is replaced by the ANFIS based TCSC. The mathematical model of the two
area LFC system with GA-TCSC as shown in Figure 6.4 has been used for the generation of
the training data pair for the ANFIS-TCSC. The Takagi-Sugeno FIS is used for the design
of ANFIS based TCSC. The ANFIS architecture and algorithm steps described by section
(4.2) and section (4.3) have been implemented for designing of ANFIS based tie line TCSC
respectively. The network has been trained using 1000 sample data, which are generated
under the consideration of the different correlative conditions between GENCOs and DISCOs
and different values of six inputs of the system. The two inputs and one output have been

used for the training of ANFIS. The dynamic inputs are speed Aw,,;(t) and change in speed

( Adwm1 (t)

=), and corresponding AXrcsc has been selected as output value of the ANFIS.
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6.3.6 Simulation and Results

The model presented by Figure 6.4 has been used for stability analysis of the two area system
with TCSC. The eigen values, damping factors and participation factors of the system are
calculated using MATLAB programming. The objective function described by equations
(6.20) to (6.24) have been optimized. The time domain simulation is performed and fitness
value is determined through equation (6.19) for gain and time constant parameters of TCSC.
By changing the GA parameters such as population size, crossover rate and function, muta-
tion rate and function, number of generation, etc, the new set of gains and time constants
have been developed and best fitness values have been selected. The optimized parameters of
TCSC are tuned for expected solution which is given by Table 6.2. eigen values and damping
factor without application of TCSC and with application of TCSC have been shown in Table

6.1.

Table 6.1: Eigen values without TCSC and with TCSC

without TCSC with TCSC

eigen values ¢ eigen values ¢
area 1 | 0.2312 + 1.92851 | -0.1191 | -0.0361 + 5.4791i | 0.0066
0.2312 - 1.92851 | -0.1191 | -0.0361 - 5.4791i | 0.0066
area 2 | -0.5908 + 0.7397i | 0.6241 | -0.3780 + 0.9571i | 0.3673
-0.5908 - 0.73971 | 0.6241 | -0.3780 - 0.9571i | 0.3673

Table 6.2: Optimized Parameters of TCSC

Parameters | Values
Kresce 5.252
Tir 0.01382
Tor 0.01091
Tsr 0.01135
Tur 0.01645

Attention to Table 6.1, Without TCSC, the eigen value associated with area 1 is positive
and in area 2 is negative. With TCSC, eigen values and the damping factor associated to

rotor mode in two area LFC have been significantly improved. hence, the TCSC tie line
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power controller provides good stability to the multiple area power system and closed poles
are far away in the left half of the s-pane using TCSC compared to without controller.

Case I:

A two area system is used to demonstrate the behavior of the AGC scheme with TCSC
frequency stabilizer. The different cases [32] are considered according to the bilateral contract
between GENCOs and DISCOs in restructured market. The comparison analysis between
GA based TCSC and ANFIS based TCSC in restructured AGC scheme have been carried
out. The data described by Appendix B are used for the simulation purpose. The governor
and turbine units in each area assumed to be identical. In this case, the GENCOs in
each area participate equally in AGC. ACE participation factors are apf; = 0.5,apfs =
0.5,apfs = 0.5,apfy = 0.5. Assume that the load change occurs only in area 1. Thus, the
load is demanded only by DISCO1 and DISCO2. Load variation in area 1is APy, = 0.05
p.u.,, AP, = 0.05 p.u., APy oc = 0.1p.u. are considered and no disturbances occur in area
II. The optimal integral gain K; = 0.9 and Ky = 0.1 are selected [76] The DPM is described
by equation (6.25). Figure 6.5 shows the response of speed deviation without TCSC in both
area. The response of speed deviation with GA and ANFIS based TCSC in both area has
been shown in Figure 6.6 and 6.7 respectively. Figure 6.8 shows the tie line power oscillation

response in both area with TCSC controller.

0.50 0.50 0.00 0.00
0.50 0.50 0.00 0.00
DPM = (6.25)
0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00

Case II: In this case, where all the DISCOs contract with GENCOs for power as per
DPM described by equation (6.26). ACE participation factors are apf, = 0.75,apfs =
0.25,apf; = 0.5,apf, = 0.5. The load variation are considered such as AP;; = 0.01 p.u.,
AP, = 0.02 p.u.,APr3 = —0.05p.u.,APry = 0.1p.u.,APr; 1oc = —0.1p.u. and APpy 1, = 0.

Figure 6.9 shows the response of speed deviation without TCSC in both area. The response
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of speed deviation with GA and ANFIS based TCSC in both area has been shown in Figure
6.10 and 6.11 respectively. Figure 6.12 shows the tie line power oscillation response in both

area with TCSC controller.

0.50 0.25 0.00 0.30

0.20 0.25 0.00 0.00
DPM = (6.26)

0.00 0.25 1.00 0.70

0.30 0.25 0.00 0.00

0.02 : T :
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speed deviation (rad/sec)
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Figure 6.5: Case I: Speed deviation in Restructured Market without Tie Line Controller
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Figure 6.6: Case I: Speed deviation in Restructured Market with GA-TCSC Tie Line con-
troller
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Figure 6.7: Case I: Speed Deviation in Restructured Market with ANFIS-TCSC Tie Line

controller
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Figure 6.8: Case I: Tie Line Power Change

with Controllers
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Figure 6.9: Case II: Speed deviation In Restructured Market without Tie Line Controller
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Figure 6.10: Case II: Speed deviation in Restructured Market with GA-TCSC Tie Line
Controller
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Figure 6.11: Case II : Speed deviation in Restructured Market with ANFIS-TCSC Tie Line
Controller
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Figure 6.12: Case II: Tie Line Power Change With Controllers
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6.3.7 Discussion

Here linear power system model has been used for two area LF'C loop in deregulated electric
market. The oscillatory frequency in two area have been controlled by tie line TCSC con-
troller with different disturbances and consideration of various DPM. eigen values analysis
show that the tie line power controller has provided good stability to the multiarea system.
The effect of various DPM and variation of load have been clearly observed in the simulation
results of speed deviation and change in tie line power. The simulation results show that the
frequency oscillation as shown in Figures 6.6, 6.7, 6.10, 6.11 and tie line power oscillation as
shown Figures 6.8 and 6.12 have been controlled through GA and ANFIS based TCSC in
two area system. The settling time and overshoot in both control area without TCSC has
been given in Table 6.3. Comparison analysis between GA and ANFIS based TCSC have
been given in Table 6.4 and 6.5 respectively. In case II, ANFIS based TCSC has performed
better than GA tuned TCSC controller. The responses of oscillation in speed deviation and
tie line power have been improved using ANFIS-TCSC controller. Here TCSC controller has
reduced oscillations significantly in speed deviation as well as tie line power in both area.
The settling time of responses have been improved using TCSC tie line controller compared

to that without TCSC.

Table 6.3: Time Response Parameters without Tie-Line TCSC Controller

Area Speed deviation Tie-line power
Settling time(s) | Overshoot(rad/sec) | Settling time(s) | Overshoot(p.u.)
area-1 38 -0.0327
Case I area-2 38 -0.017 3 0018
area-1 o0 0.08
Case 11 rond 50 0.025 45 0.098
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Table 6.4: Time Response Parameters with Tie-line GA-TCSC Controller

Area Speed deviation Tie-line power
Settling time(s) | Overshoot(rad/sec) | Settling time(s) | Overshoot(p.u.)
area 11 25 -0.0111
Case I 1= rca s 175 -0.0273 20 0072
area 1 60 0.02
Case Il |- s 70 20.045 40 01

Table 6.5: Time Response Parameters with Tie-line ANFIS-TCSC Controller

Area Speed deviation Tie-line power
Settling time(s) | Overshoot(rad/sec) | Settling time(s) | Overshoot(p.u.)
area 1 28 -0.0166
Case 1= o 23 20.0238 10 005
area 1 45 0.045
Case 11 ~ron D 1 0.04 35 0.08

However, effect of exciter and power system stabilizer can not be analyzed considering the

first order linear model of power system. The non linear simulation and transient analysis

can’t be performed using same model.

So, it is essential to consider higher order linear

and non linear model of power system for depth analysis of multiarea power system for

verification of role of tie line power controller as well as other supplementary controllers such

as PSS.

6.4 Design of PSS and TCSC Controller with Fourth or-

der Power System Model

In this section, frequency deviation in two area restructured power system has been analyzed

with multiple PSS and TCSC controller. The parameters of PSS and TCSC controller have

been tuned using genetic algorithm. The ANFIS based PSS and TCSC controllers have been

designed from GA based controller. The fourth order power system a company of AVR with

turbine and governor system have been considered for analysis of the two area system. The
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eigen values analysis have been carried out for stability verification of two area AGC with
PSS and FACTS controller. The non-linear simulation has been performed for analysis of
frequency deviation and tie line power in each area with intelligent control techniques under

consideration of different DPM.

6.4.1 Power System Model

6.4.1.1 Model of Power System with multiple PSS

Figure 6.13 represents block diagram of intelligent controller based PSS in two area power
system under restructured market. The linear model of power system consists fifth order
linear equations with AVR. The block diagram described by Figure 2.3 has been utilized
as power system 1 and power system 2 in area control loop. The equation (2.78) of power
system stabilizer is included in machine state equations and described in state space form
At = AAx + BAu. Here one stage phase compensator of PSS with gain and washout filter
has been considered. The complete closed loop two area system AGC with PSSs can be
represented by 25 x 25 matrix. The closed loop system in Figure 6.13 is characterized in

state space form as
7= Adeclpssx+ Bdeclpssu (627)

where z is the state vector and w is the vector of power demands of the DISCOs. Adectpss
and Berss are developed from Figure 6.13. The A9css is also defined as stability matrix.
The eigen values of the system can be calculated using stability matrix. A9?ss is represented

by equation (6.28).

6.4.1.2 Model of Power System with PSSs and TCSC

The two area interconnected system with tie line TCSC controller is shown in Figure 6.4.

The state diagram of TCSC as shown in Figure 2.10 has been used for consideration of
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modeling for two area system with TCSC controller. The complete closed loop two area
system with TCSC can be represented by 24 x 24 matrix. Figure 6.13 has been modified
with effect of TCSC controller and mathematical model of simultaneous application of TCSC

and PSSs can be described by 28 x 28 matrix.

Linear
Model of =
Power ”
System-1 Afy
+ 4
-,
*| Linear
Model of
B Power A
| System-1 f2
PLiLoc | BV pss

+ +

D e G
]

Figure 6.13: Two area interconnection system with multiple PSS in restructured market
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Where,

a3 = =DK1 /2H,b3 = — K1 Kpos1 /2H, €3 = —K3 K g1 J2H, d3 = —K3K 01 /2H,
€3 = Kpoa1 /2H, 3 = Kpeo1 J2H, g3 = —a19Kps1 /2H, h3 = —1/T,,

a4 =— DKoy Ty [2HTy, b4 = — Ko s K\ T2 J2H Ty, cA = — K o KTy J2HT,

d4 = — Koo K3T1 J2HTy, €4 = — K0Ty J2HTy, f4 = —K 2Ty J2HT,
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g4 = —Kpsnglam/QHTQ, h4d = (1/T2) — Tl/(TgTw)
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0 0 0 0 0 0 0 0 0
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0 0 0 0 0 0 0 0 &
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0 0 0 0 0 0 0 0 0
w= 0 0 0 0 0O 0 0 0 (6.28)
0 i 0 0 0 0O 0 0 0
0 0 -l 0 0 O 0 0 0
0 0 -k 0 0 O 0 0 0
—= 0 0 —whl g 0 0 0 0
0 —7= 0 —apflt 0 0 0 0 0
0 0 0 0 1 0 0 0 0
0 0 0 0 —1 0O 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 e 20 00
0 0 0 0 S0 000
0 0 0 0 93 0 0 h3 0

0 0 0 0 g4 0 0 h -z ]

Where,

T = Awl Awg A(Sl A52 AE;I AE:ﬂ A E;ll AE;IZ AEfdl AEfdQ :| Contd...

Tr = APGVl APGVQ APG‘/';; APGV4 APyr1 APy APMg APy } Contd...

’

v = |[ACEdt [ ACEdt AP s A0y AVps Miy AVpa|
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6.4.2 Design of Ancillary controllers using GA

The multiple PSSs and tie-line power flow TCSC controllers have been designed using real
coded genetic algorithm. The different parameters of PSSs and TCSC have been optimized

for two area power system. Design of PSSs and TCSC are described as follow :

6.4.2.1 GA based Multiple PSS : Problem Formulation and Optimization Func-

tion

The power system stabilizer has been used for frequency stabilization in both area of power
system. The rotor speed deviation of area 1 and area 2 have been chosen as input signal
for PSS1 and PSS2 proposed controller. The equation (2.5) consists wash out filter time
constant 7}, gain K, and time constant of phase compensator 77,75 T3 and Ty. Here one
stage phase compensator has been used for PSS1 and PSS2. Thus, four parameters such as
gain K,z of PSS1 and K. of PSS2, and time constant parameter of phase compensator
T, T; are required to be optimized for the optimal design of both PSS. For both PSS, the
time constant of wash out filter 7T, has been selected to be 10. The objective of LFC
with multiple area PSS is, to reduce the oscillatory frequency in rotor mode and also to
minimize the tie line power oscillation in both control area. The goal can be achieved
after minimizing the optimization function .J, which is described by equation (6.29). The
optimization function has been developed such that the damping factor of rotor mode in LF'C
be improved and minimization of real part of the eigen values associated with same mode.
Hence time response parameters such as settling time to be improved and overshoots to be
reduced. The Time Multiplied by Absolute Error (ITAE) has been used as the performance
index. The optimization function J follows the optimized performance of PSSs controlled
system. The gains for the PSSs are adjusted such that the performance index be minimized.
The performance index is calculated over a time interval 7', normally in the region where
t is the settling time of the system. The best system response is obtained when PSSs

parameters are optimized and minimizing the maximum real part of eigen values over a
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certain range of operating conditions. The optimization flow chart for implementation of
real coded GA is similar as shown in Figure 3.1. Only optimization parameters are different,
which are described by equations (6.30) to (6.33). The optimization function J is described

by following equation (6.29) :

J— /OTt(|Awm1(t)| 1 Awna(t)])dt (6.29)
with

Kt < Ky < K08 (6.:30)

K5 < Kpgso < K005 (6.31)

T < Ty < T (6.32)

T < Ty < Ty (6.33)

6.4.2.2 GA based PSSs and TCSC : Problem Formulation and Optimization

Function

The stability loop equation of TCSC (2.89) has been used for frequency stabilization. The
input signal rotor speed deviation of area 1 or area 2 has been chosen for TCSC proposed
controller. The equation (6.16) consists wash out filter time constant Ty, gain Krcse and
time constant of phase compensator T, To7 T5r and Typ, which provides appropriate phase-
lead characteristics to compensate for the phase lag between input and output signals. Five
parameters such as gain Krcgsc and time constant parameter 117 Tor T3 Tyr are required to
be optimized for the optimal design of TCSC frequency controller. Four parameters such as
gain K551 of PSS1 and K45 of PSS2, and time constant parameter of phase compensator
T T5, are required to be optimized for the optimal design of both PSS. For PSSs and TCSC,

the time constant of wash out filter has been selected to be 10. The optimization function
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described by equation (6.34) has been used for PSSs and TCSC parameters with following

constraint as follows :

J= /O 1Dt ()] + | Aeg(8)] dt (6.34)
Tmin < Typ < T3 (6.35)
Ty™ < Top < Toh™ (6.36)
T < Typ < T (6.37)
To™ < Tup < T (6.38)
Kitse < Krose < Ko (6.39)
Kyt < Kpst < Kpiat (6.40)
K < Kpsp < K223 (6.41)
o < Ty <1 (6.42)
Ty < Ty < Ty™" (6.43)

6.4.3 Design of Ancillary controllers using ANFIS

The multiple PSSs and tie-line power flow TCSC controllers have been designed using Adap-
tive Neur-Fuzzy Inference System. The PSSs and TCSC have been designed for two area

power system. Design of PSSs and TCSC are described as follow :
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6.4.3.1 ANFIS based Multiple PSS

In this work, GA based CPSSs are replaced by the ANFIS based PSSs. The Adaptive Neuro-
Fuzzy Inference System based PSS has been developed and tested extensively in chapter 4.
The model of ANFIS described in section (4.3.1) has been utilized as PSS1 and PSS2 in two
area power system model. The inputs are speed Aw,,(t) and change in speed (Ad‘;—;"(t)) and

corresponding AV, has been selected as output value for the ANFIS1 and ANFIS2 in two

area power system model in restructured environment.

6.4.3.2 ANFIS based PSSs and TCSC

In this work, GA based TCSC is replaced by the ANFIS based TCSC. The Adaptive Neuro-
Fuzzy Inference System based tie line TCSC has been developed and tested extensively in

Chapter 4. The model of ANFIS described in section (4.3.2) has been utilized as TCSC

Adwm1(t)

=) and corre-

tie line controller. The inputs are speed Aw,,;(t) and change in speed (
sponding AX7csc has been selected as output value for the ANFIS controller in two area

power system model in restructured environment.

6.4.4 Analysis

The linearized model presented by Figure 6.13 has been used for the stability analysis of the
two area system without ancillary controllers and with multiple area PSS and tie line TCSC
controller. The first and third operating conditions and corresponding values of machine
constant K to Kjg as shown in Table 3.2 are used for stability analysis of two area power
system. For two operating conditions, the oscillations of the electromechanical modes of the
machine are identified with PSSs and TCSC and stability of the system has been analyzed.
The optimized parameters of PSSs are tuned for expected solution which is given by Table
6.6. Here eigen values and damping factors associated with electromechanical mode are

mentioned. eigen values and corresponding damping factor without PSS and with GA based



CHAPTER 6 Design of Ancillary Controllers for Restructured Electric Market 152

PSSs are shown in Table 6.7 and Table 6.8 respectively. The optimized parameters of TCSC
have been utilized from Table 3.12. eigen values and corresponding damping factor with GA

based TCSC and simultaneous application of PSSs and TCSC are shown in Table 6.9 and

Table 6.10 respectively.

Table 6.6: Optimized Parameters of PSSs

Operating Conditions
Parameters 1 2
Kopss1 2.568 4.56
Kpss2 2.280 2.69
T 0.97 1.83
T 0.994 2.419

Table 6.7: Eigen values without PSSs

Area 1 Area 2
0.C. : -
eigen values ¢ eigen values ¢
0.0030 + 6.4053i 0.0038 + 6.42371
L 0.0030 - 6.4053i -0.005 0.0038 - 6.4237i -0.006
0.1370 + 6.8954i 0.1365 + 6.8784i
> 01370 - 68954 | 1 01365 - 6.8sa | VU
Table 6.8: Eigen values with PSSs
Area 1 Area 2
0.C. - -
eigen values ¢ eigen values ¢
-2.8617 + 6.78071 -2.8629 + 6.75921
L -2.8617 - 6.7807i 0.3888 -2.8629 - 6.7592i 0-3900
-3.2075 + 7.47011 -3.2085 + 7.44881
2 -3.2075 - 7.4701i 0.3945 -3.2085 - 7.4488i 0-3956
Table 6.9: Eigen values with TCSC
Area 1 Area 2
0.C. - -
eigen values ¢ eigen values ¢
-3.7524 + 7.5030i 0.0017 + 6.40581
L -3.7524 - 7.5030i 04473 0.0017 - 6.4058i -0-0003
-7.1835 +11.9598i 0.1354 + 6.87881
2 -7.1835 -11.9598i 0-5149 0.1354 - 6.8788i -0.0197
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Table 6.10: Eigen values with PSSs and TCSC

Area 1 Area 2
0.C. : -
eigen values ¢ eigen values ¢
-10.2311 +10.4023i -2.8552 + 6.75461
! -10.2311 -10.4023i 0.7012 -2.8552 - 6.7546i 03893
-10.1058 +19.1186i -3.2050 + 7.4454i
2 -10.1058 -19.1186i 0.4673 -3.2050 - 7.4454i 0-3954

The participation factor method has been used for identification of eigen values and
damping factors associated to electromechanical mode using TCSC, PSSs and PSSs-TCSC.
With only TCSC as shwon in Table 6.9, for the two operating conditions the eigen values
associated with area 1 are negative and damping factors are positive, while with area 2, the
eigen values and damping factor are positive and negative respectively. Hence eigen values
show that only tie line power controller does’t provide stability to multi area power system.
Attention to Table (6.8), multiple area PSSs improved the eigen values, damping factor and
reduced oscillatory frequency in rotor mode of area 1 and area 2. As shown in Table (6.10),
the eigen value and damping factor are improved compared to individual application of PSSs
and TCSC. So, simultaneous application of PSSs and TCSC have significantly enhanced
stability of the system. The closed poles are very far away in the left half of the s-plane

using ancillary controllers PSSs-TCSC compared to individual controllers.

6.4.5 Non Linear Simulation

Here, nonlinear simulation has been performed under consideration of normal operating
condition and heavy loading operating condition of power system. Here various DPM has
been considered with variation of load in control area 1 and area 2. A two area system is
used to demonstrate the behavior of the AGC scheme with multiple power system stabilizer
and TCSC tie line power controller. The different cases [32] are considered according to the
bilateral contract between GENCOs and DISCOs in restructured market. The comparison

analysis between GA based PSSs and ANFIS based PSSs in restructured AGC scheme have
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been carried out. The performance of simultaneous application of PSSs and TCSC have also
been verified. The data described by Appendix A and Appendix B are used for the simulation
purpose. The governor and turbine units in each area are assumed to be identical.

Case I:

In this case, the GENCOs in each area participate equally in AGC. ACE participation
factors are apf; = 0.5,apfo = 0.5,apfz = 0.5,apfs = 0.5. Assume that the load change occurs
only in area 1. Thus, the load is demanded only by DISCO1 and DISCO2. Load variation
in area 1 is APy, = 0.05 p.u.,, AP, = 0.05 p.u., APy roc = 0.1p.u. are considered and no
disturbances occur in area II. The optimal integral gain K; = 0.9 and K5 = 0.1 are selected
[76]. For this case, the DPM is described by equation (6.44).

For the normal operating condition, speed deviation in area 1 and area 2 has been ob-
served in Figure 6.14. Figure 6.15, 6.16 and 6.17 show individual application of GA and
ANFIS based PSSs, and simultaneous application of intelligent based ancillary controllers,
which provided good damping characteristics for speed deviation as well as change in tie line
power.

The response of speed deviation without ancillary controllers under heavy loading condi-
tion has been shown in Figure 6.18. System lost its stability very quickly at 4 second, which
shows instability of two area system. The response of speed deviation with GA and ANFIS
based PSSs has been shown in Figure 6.19 and 6.20. The response of tie line power changes
in both area with TCSC has been shown in Figure 6.21. Responses show that simultaneous

application of controllers reduce oscillation in both area and provide stability to system.

[ 05 05 0 0
05 05 0 0
0 0 00
0 0 00

DPM = (6.44)
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Figure 6.14: Case I: First O.C. : Response of speed deviation in Area 1 and Area 2
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Figure 6.15: Case I : First O.C.: Response of speed deviation in Area 1 with Multiple PSS

and TCSC
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Figure 6.16: Case I: First O.C.: Response of speed deviation in Area 2 with Multiple PSS

and TCSC
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Figure 6.17: Case I: First O.C.: Change in Tie Line Power with Controllers
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Figure 6.18: Case I: Second O.C.: Response of speed deviation in Area 1 and Area 2

— GA-PSSs-TCSC
—— ANFIS-PSSs-TCSC

speed deviation (rad/sec)

4 1 | | 1 | 1 L | |
0 1 2 3 4 5 6 7 8 9 10

time (sec)

Figure 6.19: Case I: Second O.C.: Response of speed deviation in Area 1 with Multiple PSS
and TCSC
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Figure 6.20: Case I: Second O.C.: Response of speed deviation in Area 2 with Multiple PSS
and TCSC
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Figure 6.21: Case I: Second O. C.: Change in Tie Line Power with Controllers

Case II:

In this case, where all the DISCOs contract with GENCOs for power as per DPM
described by equation (6.45). ACE participation factors are apf; = 0.5,apfo = 0.5,apfs =
0.5,apfy = 0.5. The load variation are considered such as APy, = 0.01 p.u.,, AP, = 0.02
p-u.,APr3 = —0.05p.u.,APry = 0.1p.u.,APpq 1o = —0.1p.u. and APps 1o = 0. For the

normal operating condition, speed deviation in area 1 and area 2 has been observed as
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shown in Figure 6.22. Figure 6.22 shows that system become unstable and lost stability at
10 second under consideration of DPM described by equation (6.45) and variation of load in
control area. Figure 6.23, 6.24 and 6.25 show individual application of PSSs and TCSC, and
simultaneous application of intelligent techniques based ancillary controllers, which shows
that ancillary controller has provided good damping characteristics for speed deviation as
well as change in tie line power.

Under heavy loading conditions, different DPM and variation of load in control area,
system comes under unstable mode very fast, which has been shown in Figure 6.18. The
response of speed deviation in both area has been shown in Figure 6.27 and 6.28. Change in
tie line power in both area with TCSC controller has been shown in Figure 6.29. Figures 6.27,
6.28 and 6.29 show that simultaneous application of intelligent techniques based controllers

reduce oscillation in both area and provide stability to system.

0.50 0.25 0.00 0.30

0.20 0.25 0.00 0.00
DPM = (6.45)
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speed deviation (rad/sec)
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Figure 6.22: Case II: First O.C.: Response of Apeed deviation in Area 1 and Area 2
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Figure 6.23: Case II: First O.C.: Response of Apeed deviation in Area 1 with Multiple PSS
and TCSC
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Figure 6.24: Case II: First O.C.: Response of Speed deviation in Area 2 with Multiple PSS
and TCSC
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Figure 6.25: Case II: First O.C.: Change in Tie Line Power with Controllers
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Figure 6.26: Case II: Second O.C.: Response of Speed deviation in Area 1 and Area 2
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Figure 6.27: Case II: Second O.C.: Response of Speed deviation in Area 1 with Multiple
PSS and TCSC
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Figure 6.28: Case II: Second O.C.: Response of speed deviation in Area 2 with Multiple PSS
and TCSC
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Figure 6.29: Case II: Second O.C.: Change in Tie Line Power with Controllers

6.5 Conclusion

In this study, performance and role of ancillary controllers such as PSS and TCSC have
been analyzed in two area control system under restructured electric market. Low order
power system model and higher order power system model have been considered for depth
analysis of two area system with ancillary controllers. The small signal stability analysis
and non-linear simulation for the transient stability analysis have been carried out for in-
vestigation of the power system stability issue. Two different operating conditions are taken
with consideration of various DPM and load variation in both control area. The rotor speed
deviation and change in tie line power have been analyzed under different types of DPM
and variation of load in control area.

From first order power system model :

It has been shown that the eigen values associated to the electromechanical mode are more
negative with presence of TCSC in two area system and poles in s-plane are far away from
origin as shown in Table 6.1. The damping factor has been improved with TCSC compared
to that without TCSC, which shows that the LFC system is more stable and TCSC has
been provided good damping to oscillation in power system. The effect of various DPM and

variation of load have been clearly observed in the simulation results of speed deviation and
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change in tie line power. The simulation results have shown that the frequency oscillation
and tie line power oscillation have been controlled through GA and ANFIS based TCSC in
two area system. The ANFIS based TCSC has been reduced oscillation in speed deviation
and tie line power compared to the GA based TCSC. The time response parameters such as
settling time and overshoot have been improved using ANFIS based TCSC compared to the
GA based TCSC in both control area.

From higher order power system model :

1. GA and ANFIS based control strategies have been developed for designing of multiple
PSS and TCSC damping controller. The multiple PSS and simultaneous designed

TCSC and PSS have been applied to the dynamical two area power system.

2. It has been shown that the eigen values associated to the electromechanical mode are
more negative with presence of multiple PSS and TCSC in multi area power system
and poles in s-plane are far away from origin. The damping factor has been improved
with PSSs compared to that without PSSs, which has shown that the system is more
stable and PSSs have provided good damping to oscillation in power system. It has
also been observed that the with simultaneous application of multiple PSS and TCSC
in power system, the eigen values are more negative and damping factor has been
improved significantly, which shows good stability of system compared to the individual

application of PSS and TCSC.

3. From the non - linear analysis, without the application of the controllers in the system,
the oscillations in rotor speed deviation and tie line power have been observed. Under
the heavy loading conditions in restructured environment, the oscillation in speed devi-
ation are continuously growing which creates the instability of the restructured electric
system. Simultaneously designed TCSC and PSS damping controller have significantly
diminished oscillations in system. Simultaneous application of TCSC and PSS have
provided very good damping characteristics compared to the individual application of

PSSs or TCSC and almost eliminate the oscillations in system. Application of ANFIS
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based TCSC and PSSs have improved the time response parameters such as settling
time, rise time and delay time appreciably and also decreased the overshoot in the

system compared to the GA based ancillary controllers.



Chapter 7

Conclusions

7.1 General

This thesis has addressed mathematical model of power system with power system stabilizer
and thyristor control series capacitor, design of PSS and TCSC using different computa-
tional intelligent techniques, design of smart techniques based ancillary controllers with first
order and fifth order linear and non linear power system model under restructured electric
environment, and linear and non linear analysis of rotor angle stability issue under different
operating conditions, contingencies, faults and various DPM.

The main contribution of the thesis include:

The development of the systematic procedure for conversion of non linear mathematical
model into linear model of power system with both PSS, TCSC and simultaneous designing

of PSS and TCSC as discussed in chapter 2.

The Genetic Algorithm Based control strategies have been developed for designing of
PSSs and TCSC damping controller. The PSSs and simultaneous designed TCSC and PSS
have been applied to the dynamical power system as discussed in chapter 3.

Adaptive Neuro-Fuzzy inference System and Levenberg-Marquardt Artificial Neural Net-
work algorithm for the development of the control strategy for thyristor control series ca-
pacitor Based damping controller and power system stabilizer has been discussed in chapter

4.

164
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Identification method such as Non Linear Auto regressive Moving Average-L.2 based con-
troller and hybrid controller such as Genetic Algorithm Based Network Network has been
discussed for the development of the control strategy for power system stabilizer , and de-
veloped ANFIS Based Thyristor control series capacitor has been suggested in addition to
power system stabilizer in chapter 5.

A new control strategy for designing of Ancillary controllers such as power system stabi-
lizers and thyristor control series capacitor in two area deregulated electric market with load
frequency control loop with low and higher order power system model has been discussed in

chapter 6.

7.2 Summary of Important Findings

Chapter 2 has presented the fourth order non linear mathematical model of the power system
with IEEE-ST1 excitation system. The systematic procedure for conversion of non linear
model into linear model with both PSS, TCSC and simultaneous designing of PSS and TCSC
have been discussed. Using Taylor’s series method, a new fourth order linearized model of
the power system with exciter has been derived and the equations of machine constant K to
K1y have been calculated. The linerized mathematical model and state space form of power
system with conventional power system stabilizer and a new PID- power system stabilizer
have been described. The linearized state space form of power system with individual TCSC
and simultaneous CPSS and TCSC have been also derived. The block diagram representation
of system with PSSs and TCSC are included.

In chapter 3, genetic algorithm based control strategies have been developed for designing
of PSSs and TCSC damping controller. The PSSs and simultaneous designed TCSC and PSS
have been applied to the dynamical power system. The small signal stability Analysis and
non-linear simulation for the transient stability analysis have been carried out for details
investigation of the power system stability issue. Four different operating conditions are
taken and the responses of the rotor Angle, rotor speed deviation, terminal voltage and net

reactance have been analyzed under different types of the disturbances and faults.
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e [t has been shown that the eigen values associated to the electromechanical mode are
more negative with presence of CPSS and PID-PSS in power system and poles in s-
plane are far away from origin. The damping factor has been improved with PSSs
compared to that without PSSs, which has shown that the system is more stable and
PSSs have provided good damping to oscillation in power system. It has also been also
observed that with the simultaneous application of PSS and TCSC in power system,
the eigen values are more negative and damping factor has been improved significantly,
which shows good stability of system compared to the individual application of PSS
and TCSC.

e From the non - linear Analysis, without the application of the controllers in the system,
the oscillations in rotor angle, rotor speed deviation have been observed. Under the
heavy loading conditions, it has been observed that as the active power and reactive
power are increased, the oscillation in rotor angle and speed deviation are contin-
uously growing which creates the instability of the system under the contingencies.
While simultaneously designed TCSC and PSS damping controller have significantly
diminished oscillations in system, simultaneously application of TCSC and PSS have
provided very good damping characteristics compared to the individual application of
PSSs or TCSC and almost eliminated the oscillations in system. Application of GA
Based TCSC and PSSs have improved the time response parameters such as settling
time, rise time and delay time appreciably and also decreased the overshoot in the

system.

In chapter 4, the smart control strategies based TCSC damping controller and PSS have been
designed. The ANFIS and LMNN based PSS, and simultaneous LMNN and ANFIS based
TCSC-PSS have been applied to the dynamical power system. The non-linear simulations
have been carried out for detail analysis of the stability of the power system. The time
responses of speed deviation obtained by intelligent techniques based controller has been
compared to the conventional power system stabilizer. Four different operating conditions
are taken and the response of rotor speed deviation has been analyzed under different types
of the disturbances and faults.

From the non - linear Analysis,
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e Without the application of the controllers in the system, the oscillations in rotor speed
deviation has been observed. Under the heavy loading condition, it has been observed
that if the active power and reactive power are increased; the oscillation in speed
deviation is continuously growing which creates the instability of the system. The

smart damping controllers have greatly diminished oscillations in system.

e Convention power system stabilizer does’t produce satisfactory response under the dif-
ferent operating conditions. Simultaneous application of ANFIS and ANN based TCSC
and PSS have provided very good damping characteristics compare to the individual

application of PSS and almost eliminated the oscillations in system.

e It has been observed that individual application of ANFIS-TCSC produces better

response compared to the individual application of LMNN-TCSC.

e Figures have shown that individual application of ANFIS-PSS produces better response
compared to the individual LMNN-PSS.

e Under the heavy loading condition, ANFIS based TCSC-PSS has produced good re-
sults compared to the LMNN based TCSC-PSS, and also improved the time response
parameters such as settling time, rise time and delay time appreciably and decreased

the overshoot in the system.

In chapter 5, the smart control strategies based TCSC damping controller and PSS have been
designed. The NARMA-L2 and GA-ANN based PSS, and simultaneously ANFIS-TCSC and
PSS have been applied to the dynamical power system. The non-linear simulations have been
carried out for detail analysis of the stability of the power system. The time response of
speed deviation obtained by intelligent techniques based controller has been compared to the
conventional power system stabilizer. Four different operating conditions are taken and the
response of rotor speed deviation has been analyzed under different types of the disturbances
and faults.

From the non - linear analysis,

e Without the application of the controllers in the system, the oscillations in rotor speed

deviation has been observed. Under the heavy loading condition, it is clear that if
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the active power and reactive power are increased; the oscillation in speed deviation is
continuously growing which creates the instability of the system. The smart damping

controllers have greatly diminished oscillations in system.

e Convention power system stabilizer doesn’t produce satisfactory response under the
different operating conditions, while simultaneously application of ANFIS -TCSC and
PSS been provided very good damping characteristics compared to the individual ap-

plication of PSS and almost eliminate the oscillations in system.

e Figures have shown that individual application of GA-ANN-PSS produces better re-
sponse compare to the individual NARMA-L2-PSS.

e Under the different loading conditions, It has been observed that simultaneous appli-
cation of GA-ANN-PSS and ANFIS-TCSC produce better response compare to the
simultaneous application of NARMA-L2-PSS and ANFIS-TCSC. Also it has improved
the time response parameters such as settling time, rise time and delay time apprecia-

bly and decreased the overshoot in the system.

In the section (5.6), different Intelligent techniques based PSS are tested under heavy loading
conditions. Simultaneously ANFIS-TCSC with all PSS are also tested under heavy loading

conditions. Following results are obtained from details study:

e The GA-CPSS, ANFIS-ANN and GA-ANN have produced better response compared
to the LMNN-PSS and NARMA-L2-PSS.

e But GA-CPSS has required different optimized parameters under different operating
conditions and GA-ANN needed more time for training of neural network. ANFIS-PSS

has provided fast, adaptive and satisfactory response with less number of training data.

e From figures (5.19) to (5.26), it has been observed that the ANFIS-TCSC produces bet-
ter response with GA-CPSS, ANFIS-PSS and GA-ANN-PSS compared to the NARMA-
L2-PSS and LMNN-PSS.

e Finally it has been concluded that simultaneous application of ANFIS-TCSC with
ANFIS-PSS produce good damping characteristics under all operating conditions and

disturbances in power system.
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In chapter 6, a performance and role of ancillary controllers such as PSS and TCSC have
been analyzed in two area control system under restructured electric market. Low order
power system model and higher order power system model have been considered for depth
Analysis of two area system with Ancillary controllers. The small signal stability analysis
and non-linear simulation for the transient stability analysis have been carried out for in-
vestigation of the power system stability issue. Two different operating conditions are taken
with consideration of various DPM and load variation in two control area. The rotor speed
deviation and change in tie line power have been analyzed under different types of DPM
and variation of load in control area.

From first order power system model :

It has been shown that the eigen values associated to the electromechanical mode are
more negative with presence of TCSC in two area system and poles in s-plane are far away
from origin as shown in Table 6.1. The damping factor has been improved with TCSC
compared to that without TCSC, which has shown that the LFC system is more stable
and TCSC has been provided good damping to oscillation in power system. The effect of
various DPM and variation of load have been clearly observed in the simulation results of
speed deviation and change in tie line power. The simulation results have shown that the
frequency oscillation and tie line power oscillation have been controlled through GA and
ANFIS based TCSC in two area system. The ANFIS based TCSC has reduced oscillation
in speed deviation and tie line power compared to the GA based TCSC. The time response
parameters such as settling time and overshoot have been improved using ANFIS based
TCSC compared to the GA Based TCSC in both control area.

From higher order power system model :

1. GA and ANFIS based control strategies have been developed for designing of multiple
PSS and TCSC damping controller. The multiple PSS and simultaneous designed
TCSC and PSS have been applied to the dynamical two area power system.

2. It has been shown that the eigen values associated to the electromechanical mode

are more negative with presence of multiple PSS and TCSC‘ in multi area power
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system and poles in s-plane are far away from origin. The damping factor has been
improved with PSSs compared to that without PSSs, which has shown that the system
is more stable and PSSs have provided good damping to oscillation in power system.
It has also been observed that with the simultaneous application of multiple PSS and
TCSC in power system, the eigen values are more negative and damping factor has
been improved significantly, which shows good stability of system compared to the

individual application of PSS and TCSC.

3. From the non - linear analysis, without the application of the controllers in the system,
the oscillations in rotor speed deviation and tie line power have been observed. Under
the heavy loading conditions in restructured environment, the oscillation in speed devi-
ation are continuously growing which creates the instability of the restructured electric
system. While simultaneously designed TCSC and PSS damping controller have signif-
icantly diminished oscillations in system. Simultaneous application of TCSC and PSS
have provided very good damping characteristics compared to the individual applica-
tion of PSSs or TCSC and almost eliminated the oscillations in system. Application
of ANFIS based TCSC and PSSs have improved the time response parameters such as
settling time, rise time and delay time appreciably and also decreased the overshoot in

the system compared to the GA based Ancillary controllers.

7.3 Scope of Future Research

As consequence of investigations carried out in this thesis, the following aspects are being
suggested as future research work to be carried out.

Modeling of PSS and TCSC controller with fifth order power system has been presented.
However, the modeling of system can be extended for other FACTS controllers for stability
analysis and sensitivity of power system.

Chapter 3 has been restricted to genetic algorithm based controllers. The different evo-
lutionary algorithms such as cultural, ant colony, and hybrid algorithms can be applied for
designing of PSS and different FACTS controllers for parameters optimization.

The highly dynamic power system, the recurrent dynamic neural network with non linear
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system identification techniques can be applied for PSS and FACTS controllers. Neural
network based system identification for non linear power system is new research area for
designing of PSS and FACTS controllers. The non linear power system stability also can be

analyzed using non linear Liyapunov’s stability method.

The work presented by chapter 6 can be extended for three and four areas power sys-
tem with four GENCOs and four DISCOs in each area. The optimized location of PSS
and FACTS controllers can be identified using evolutionary algorithms in multi area power
system. Considering dynamical situation in power system, the adaptive neural networks
based ancillary controllers can be developed for stability issues and tie line power control in
restructured electric market. The concept described by chapter 6 can be applied to large

integrated hybrid power system.
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Appendix A

Data of Single machine Infinite Bus

system

The system data on 1000 MVA base are given below[33] :

I !

Generator Transformer
1
Ty Tq Ty T T

q qu H wp Rt Xt

1.7572 | 1.5845 | 0.4245 | 1.04 | 6.66 | 0.44 | 3.542 | 314 rad/sec | 0.00 | 0.1364

Transmission Line Excitation Operating Data
R x B, Kya| Ty | By | Vi 0 Xru
0.08593 | 0.8125 | 0.1184 | 400 | 0.025 | 1.0 | 1.05 | 21.65° | 0.13636

TCSC Data:

Trese | ag | Xresco | P | Xmaz | Xmin

15ms | 142° | 0.62629 | 2 | 0.8X 0
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Appendix B

Numerical Values of the Restructured

Model

System frequency f 50 Hz
Inertia Constant H Js.
Regulation R 2.4 Hz/pu.

Load frequency characteristics D | 0.0083 pu/Hz

Speed governor time constant 7 0.08 s
Turbine time constant T} 0.3 s
Power system time constant 7T;, 20 s
Power system gain K, 120 Hz/pu
Frequency bias control B 0.425 pu
Synchronizing power coefficient 0.545 pu
12 -1
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