® A

UNIVERSITY

A Smart Power System Stabilizer for Dynamic
Reduction of a Power System Model

By

© Mohamed Ali Masrob

A Thesis submitted to the School of Graduate Studies
in partial fulfillment of the requirements for the award of the degree of
Doctor of Philosophy in Electrical Engineering

Electrical and Computer Engineering Department
Faculty of Engineering and Applied Science
Memorial University of Newfoundland
St. John’s, NL, Canada



Abstract

This thesis focuses on studying the dynamic stability of power systems and improving them
by the addition of smart power system stabilizers (PSSs). A conventional design technique of a
power system stabilizer that uses a single machine connected to an infinite bus through a
transmission line (SMIB) has been widely used for study of elecromechanical perturbations. This
approach requires estimating the external equivalent impedance and the voltage at an external bus
for each machine in a multi-machine system.

This study will use the conventional mathematical method, which represents a power
system with some modifications. The dynamic model is linearized by taking the high voltage side
on the generation unit as a reference instead of the infinite bus voltage. By using this modification,
several improvements are accomplished, the main ones of which are: the estimation of states is
eliminated, the time consumed in estimating calculations is reduced, the parameters of the model
are independent of the external system, and the PSS design for each machine is independent in a
multi-machine environment system. This strategy enables a PSS to be designed for a single
machine and then implemented in a multi-machine system.

Power systems have advanced to the point that they now cover vast geographical areas.
Consequently, they are not only quite complicated, but the system orders are also high. As the
complexity of these systems increases, so does the difficulty of examining their dynamic stability
and adjusting their controllers. In this research, to address these issues, the reduced model
technique has been employed to mathematically define smaller system models from existing
models, such that the properties of both systems are comparable properties.

The parameters of the PSS are determined based on a modified Heffron- Phillips model of

the power system at certain operating conditions where it can provide reliable performance. Since



the power systems are highly nonlinear with configurations and parameters that change with time,
a typical PSS design, which is based on a linearized model of the power system, cannot guarantee
its performance in practical operating environments. The present study attempts to overcome this
limitation by implementing smart power system stabilizers. In the context of this thesis the word
smart means novel technique.

An artificial neural network power system stabilizer (ANN-PSS), a novel multi input fuzzy
logic power system stabilizer (FLPSS), and a modified multi-resolution proportional-integral-
derivative power system stabilizer (MMR-PID-PSS), based on the dynamic reduction of a power
system model. These PSSs have been developed to refine the power system dynamic performance
by adjusting the regulator’s parameters in real-time simulation under various operating conditions.

In the first part of this research, the digital simulations results using the proposed ANN-
PSS and FLPSS are carried out on a single machine connected to a network and are then compared
with conventional Lead-Lag PSS. The results show that the power system with FLPSS has a better
dynamic response over a wide range of operating conditions and parameter changes. Next, the
digital simulations results using the proposed MMR-PID-PSS is carried out on a single machine
connected to the network, a 4-machine 10-bus power system, and a 10-machine 39-bus power
system and then compared with FLPSS. The results validate the effectiveness of the proposed
MMR-PID-PSS regarding reduced overshoot, undershoot, and settling time under a different type

of disturbances.
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Chapter 1
1 Introduction

1.1 Power System Control

An electrical power system contains thousands of interconnected components. Many of
these components are highly nonlinear and some are combinations of electrical and mechanical
parts, such as synchronous and induction machines. Power systems have thus developed into
complex operation and control systems with various kinds of unstable characteristics [1], [2].
Because these systems are spread over vast geographical areas, they are subject to several types of
disturbances. Generators operating under these perturbations have less stability margins, making
the systems even more fragile [3].

With the advent of the interconnection of large electrical power systems, a variety of
problems have begun to emerge. Some of these problems involve the oscillations of the subsystems
of a large interconnected electrical power against each other (inter-area oscillations). The
definition of stability as applied to the power systems may be stated as follows [3]: If the oscillation
in the power system caused by a disturbance stabilizes in a short period of time, then it can be said
the system is stable. otherwise, the system is unstable. A typical power system is a multivariable
system that is affected by a wide range of devices with different dynamic characteristics.
Depending on system topology as well as the type of disturbance and operating mode, instability
may occur in different ways. In most cases, automatic controls and/or human operator action will
restore the system to normal operational status [4] [5] [6] [7] [8].

Figure 1.1 illustrates classification of power system stability, identifying its categories and

subcategories [8]. As can be seen, the classification of power system stability better enables



identifying cases of instability, choosing the best way to deal with them, and using the appropriate

analysis tools.

Power System Stability
Rotor Angle Stability Frequency Stability Voltage Stability
Il ‘ Il [ ) [
Small-Disturbance Transient Large-Disturbance | | Small-Disturbance
Angle Stability Stability Voltage Stability Voltage Stability

Figure 1.1 Classification of power system stability

Rotor angle stability is defined as the capability of a synchronous generator within an
interconnected power system to restore equilibrium (T,, = T,) after undergoing disturbances.

Figure 1.2 shows the mechanical and electrical torque direction applied to the shaft of a
synchronous generator, where Tr, is the mechanical torque, Te is the electrical torque, Pe is output
electrical power, and w is the shaft speed. The synchronous generator mechanically connected to
the turbine, and it is stable when the mechanical torque is equal to the electrical torque
(synchronism). The change in electrical torque T, of a synchronous machine following a
disturbance can be resolved into two components: the synchronizing torque component and the
damping torque component. System stability relies on the existence of both components of torque
for each of the synchronous machines. An insufficient synchronizing torque causes a non-
oscillatory instability issue, while the lack of damping torque produces an oscillatory instability

problem [7] [8] [9].
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Figure 1.2 Mechanical and electrical torque applied to the shaft of synchronous machine

To simplify the analysis and for getting more understanding of stability problems, rotor
angle stability can be divided into two subcategories: small disturbance stability and large
disturbance stability or transient stability [7] [8].

Small signal stability can be defined as the capability of the power system to restore the
synchronism after a small disturbance has occurred, such as minor changes in loads. In this case,
the nonlinear equations of the system can be linearized around an equilibrium point. The time
frame of interest for this type of stability is in the range of 10 to 20 seconds after a disturbance.

Transient stability is the ability of the power system to return to the steady-state after large
disturbances have occurred. These disturbances may include faults on transmission lines, loss of a
large load, loss of a generator, or loss of a system component, such as power transformers. The
time frame of interest in transient stability studies is usually 3 to 5 seconds following the
disturbance, though it may extend to 10 or 20 seconds for very large systems [7] [8] [9] [10] [11].

Voltage stability can be defined as the ability of the power system to preserve the voltage
level of all busbars in a power system within an acceptable level under different operating
conditions. Loss of load is the most common outcome of voltage instability along with tripping of
transmission lines and other elements by their protective systems, leading to cascading outages.
Based on the nature of the disturbances, voltage stability is also classified as a huge perturbation

3



in voltage stability or a slight disturbance in voltage stability. The time frame of interest for this
kind of stability problem varies from a few seconds to ten minutes, so it is considered either a
short- or long-term phenomenon [7] [8].

Frequency stability can be characterized as the ability of a power system to keep a stable
frequency after large swings occur, leading to a significant imbalance between supply and demand.
This is specified as either a short- or long-term phenomenon. There is some overlap between
different types of instability because more than one type of instability may be observed in a power
system [4] [7] [8].

A small signal perturbation model around an equilibrium point can be considered for
dynamic stability studies, and linear differential equations can describe the system. However, for
transient stability, the system must be described by nonlinear differential equations. Although there
are several sources of positive damping in a power system (e.g., voltage regulator and speed
governing), there is also negative damping when a power system has a small stability margin and
any disturbance can cause the loss of synchronism.

Considerable efforts have been devoted over the years to improving power system stability
in a variety of ways [7] [8] [9] [10] as shown in the block diagram of Figure 1.3 that illustrates the
block diagram of power system control [7]. These attempts can be divided into two groups, as
follows:

On the network side

7/
o0

Clearing faults in a short time

7/
°0

Reducing transmission lines reactance

7/
°0

Shunt and series compensation

°0

Flexible AC transmission system (FACTYS)



¢ Load shedding
% Energy storage systems

On the generation side

% Generator excitation control (automatic voltage regulator [AVR])

% Generator input power control (governor)
On the generation side, for a particular problem, any one of the above methods can be

employed, but the excitation control method is preferred for the following reasons:

% Electrical systems generally have a smaller time constant than mechanical systems.

% Electrical control systems are economical and easier to implement than mechanical
systems.

% Dueto its short loop time constant, an electrical control system is effectively a continuously

acting system, and thus gives a smooth system response.

Frequency Tie lines flow Generator
power
Schedule System generation control
Generation unit C‘Oﬁ'n‘OJS Load frequency control with economic allocation
Supplementary
3y control
- _—

Prime mover

& control Other generating units

Shaft power and associated controls

5 1 —_—
Exciter & Field current
Generator
AVR
T Voltage Speed
Speed/power Electrical power
Y
Transmission controls
Reactive power and voltage control,
HVDC transmission and associated controls
Frequency l Tie lines flow L Gmeraturl

power

Figure 1.3. Block diagram of power system control
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The voltage control loop has a significant impact on the dynamic stability of a power
system. Oscillations of small magnitude and low frequency often persist for long periods of time
and in some cases impose limitations on power transfer capability. Similar types of oscillations
may also be observed when remote generating units are connected to a large power system through
long transmission lines. Various methods have been proposed to enhance the dynamic performance
of the power system. These can be divided into two main groups, as follows:

®,

% Groups that design new excitation controller-based modern theory, and

% Groups that improve the performance of the excitation controllers by introducing a
supplementary control signal.

A typical method within the second group is to utilize a power system stabilizer, (PSS) [12].

The effectiveness of damping produced by excitation control has been demonstrated both
by computation and field test [10] [13] [14]. Today, many of the major electrical power plants in
large interconnected power systems are equipped with an additional excitation control signal,
commonly referred to as a power system stabilizer (PSS). Several kinds of PSS signals, (e.g., speed
deviation, power angle deviation and voltage deviation), have been used as input signals.

1.2 Literature Review on Power System Stabilizers

Since the 1960s, power system stabilizers have been used to improve dynamic power
system stability and thus have become an important auxiliary control when dealing with low-
frequency oscillations. As the size of the interconnected power system grows, the possibility of
withstanding unexpected disturbances without loss of power system stability is increased by using
an additional excitation control signal, as shown in Figure 1.4 that describes the block diagram of

excitation system and power system stabilizer (PSS) [9]. The essential function of a PSS is to

extend the stability margin by modulation of the generator excitation system to dampen out the



oscillation in a power system. The oscillation of concern occurs in the frequency range of
approximately (0.2-2.5 Hz). To provide damping, the stabilizer produces a component of electrical
torque on the rotor shaft which is in phase with the speed variations. Independent of the type of
excitation system, the generator and power system collectively determine the open loop transfer
function. This transfer function is strongly influenced by the voltage regulator gain, generator
power rating, and transmitted power level.

The primary characteristics of the control loop are high gain, short time constant, and high
ceiling voltage excitation control. These increase both the steady-state and transient stability limit

of the power system [3] [7] [10] [14].
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Figure 1.4 Block diagram of excitation system and PSS




1.2.1 Conventional Power System Stabilizer

Power system stabilizers are now in wide use on synchronous generators. In fact, PSSs
have been used for over 30 years in the United States and Canada. Furthermore, PSS has been used
in the United Kingdom to dampen the oscillations in tie lines connecting Scotland and England
[10]. The conventional power system stabilizer (CPSS) is the type most commonly used and is
typically presented as a network of cascaded lead-lag compensators. For instance, it can be a fixed
parameter analog-type device, or it can be implemented as an algorithm by using digital control
theory. The CPSS design is based on a transfer function GEP(s), which is the ratio of the developed
electrical torque to the input reference voltage of the automatic voltage regulator (AVR), using
classical control theory. It contains a phase compensation network for the phase difference
between the excitation control input and the damping torque output. By appropriately tuning the
phase and gain characteristics of the compensation network for the CPSS, it is possible to set the
desired damping ratio. Conventional power system stabilizers are widely used in power systems
today and have improved power system dynamic stability [3] [7] [10].

Demello and Concordia [4] explained the main concepts that influence the synchronous
generator stability using excitation control. They presented a procedure to design a PSS based on
a damping and synchronizing torque for a single machine infinite bus (SMIB) system, where the
transfer function GEP(s) is supplied by the PSS transfer function. This technique forms the basic
design of many PSSs in the field today. Dineley and Morris in [5] studied the effects of automatic
excitation control on the interaction of two similar synchronous generators connected in parallel
as well as connected to an infinite bus through transmission lines. Sherbiny and Mehta in [6]
extended the method of analysis used in [4] by incorporating a realistic excitation system. Larsen

and Swann also extended the technique introduced in [4] by applying an alternative input to the



PSS. They described a practical process, which included adjusting the PSS to reduce the effect of
torsional oscillation and power system noise with various input signals to the PSS [12]. In [15] and
[16] a proportional integral controller was introduced as a power system stabilizer instead of lead
lag PSS (which was used in [4]) for single machine and multi-machine power systems. A study by
Lam et al. in [17] described that in a multi-machine power system, the transfer function GEP(s)
calculated for the SMIB system is satisfactory for designing PSS, and the frequency response of
the GEP of one machine in a multi-machine system has two components. The first one relies only
on an associated generator, and the second component depends on the connected generator and the
network admittance matrix (external network and generator admittance). Thus, the most dynamic
information required to design the PSS is mostly in the power plant.

In [18] Gibbard and VVowles discovered that the phase response of the transfer function
(GEP), which is the ratio between terminal voltage V, and voltage reference V. with all shafts
dynamically disabled (GEPSDD) agrees with the P-V.. transfer function under the same conditions.
They also mentioned that the P-V,. phase compensation agrees with the method of residues for
phase compensation. This technique, however, is not suitable for designing PSSs in interconnected
power systems. In [19] Gurrala and Sen presented a decentralized PSS design based on the
technique presented in [4], but using a different linearizing approach. In this strategy, the system
dynamics of the i machine in a multi-machine environment system is linearized by taking the
high voltage at the step-up transformer as a reference instead of an infinite bus system, as in the
classical method. Thence, the model parameters are independent of the external system
information. De Marco et al. in [20] designed PSS for i'" machine in a multi-machine environment
system using a phase compensation method by changing the external reactance of a single machine

connected to the infinite bus through a transmission line. The maximum value of the external



reactance in their system is determined by the lowest desired value of inter-area frequencies, while
the minimum value is set by a step-up transformer next to the power plant. This technique
consumed a significant amount of time for large connected networks with different operating
conditions.

In [21], the author introduced a method to advance the PSS design procedure introduced
in [19]. In this method local power plant information was used by adding an external reactance
with the step-up transformer’s reactance, which added a phase lead to the phase response of the
GEP transfer function (TF) obtained in [19]. This technique closely agreed with the phase response
of P-V, transfer function (TF) and provided more accurate information about the critical gain of
PSS, whereas the P-V,. design method does not give any information about the PSS critical gain.

It is important to note that the CPSS has an inherent drawback — namely, it is designed for
a particular operating condition for the power system that is represented by a linearized transfer
function, as mentioned above. The highly nonlinear parameters vary widely under different
operating conditions and unpredictability of power system disturbances, which can lead to
difficulties in maintaining the following properties:

++ the accuracy of the linear model for the power system;

++ the accuracy of the parameter for that model;

¢ the effective tuning of the CPSS parameters; and

+¢ the tracking of the system nonlinearity.
However, because the CPSS is a linear controller that uses conventional filtering processes
(washout filter), the response delays affect the performance of CPSS. Therefore, CPSS may not

perform well in many practical applications and under different operating conditions. Extensive
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research has been carried out to solve these problems, with numerous tuning techniques being

introduced to tune the CPSS parameters effectively [22]

1.2.2 Adaptive Power System Stabilizer

The adaptive control theory provides a possible way to solve the problems mentioned
above relating to power system stabilizers. There are two types of adaptive controller (AC) — model
reference adaptive control (MRAC) and indirect adaptive control (INAC). The goal of the first
adaptive controller, MRAC, is to adapt the parameters of the controller according to an adaptation
law. This law is defined such that the behavior of the closed-loop control system maintains the
performance specified by the reference model. It requires an appropriate reference model,
controller and adaptive mechanism [23] [24], as shown in Figure 1.5. However, because the
reference model of large systems is difficult to prove due to their complexity, MRAC is very

difficult to apply when systems are large (such as interconnected power system).

r Adaptation Mechanism
Ue Op + E
I —» Controller —»{ Plant »
O A -

» Reference Model

Figure 1.5. Block diagram of model reference adaptive control

The second control is an indirect adaptive control (INAC), which is shown in Figure 1.6.

At each sampling instance, the input and the output of the generating unit are sampled.
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Furthermore, the mathematical model is obtained by some online identification procedure, such as
an artificial neural network technique or a fuzzy logic method [25] [26] [27], to represent the
dynamic behaviour of the generating unit at that point in time. It is expected that the mathematical
model obtained at each sampling period can track changes in the system. Following identification
of the model, the necessary control signal for the generating unit is produced based on model
identification. There are various control strategies, such as pole placement [28] [29], linear
quadratic regulator (LQR) [30] [31], and linear quadratic Gaussian [22] [24] [32] [33] [34]. These
strategies are developed by assuming that the identified model is the true mathematical description
of the generating unit. However, since the power system is a high order nonlinear continuous
system, it is difficult for the low order discretely identified model to precisely describe the dynamic
behavior of the power system. As a result, a high order discrete model is used to represent the
power system, which consumes a significant amount of computing time.

The computing time for an adaptive power system stabilizer is approximately proportional
to the square of the order of the discrete model used in the identification. A longer computing time
affects the control performance, and this becomes even more significant if the oscillation
frequency is relatively high. There must be a compromise between the order of the discrete model
and the computing time for the parameter identification and optimization. Some research tries to
solve these problems by designing an adaptive power system stabilizer without an identification
model and by using different techniques (e.g., model-free adaptive control) to design wide-area

power system stabilizers [35].
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Figure 1.6. Block diagram of indirect adaptive control

1.2.3 Artificial Neural Network Based Power System Stabilizer
Acrtificial neural networks (ANN) attempt to achieve good performance via the dense

interconnection of simple computational elements. Their structure is based on the present
understanding of biological nervous systems. As mentioned in the preceding section, ANNs have
been successfully implemented in identification systems, observers, and as adaptive controllers in
non-linear dynamic systems. ANNs have the following advantages:

s capability of synthesizing complex and clear mapping;

¢+ speed due to the parallel mechanism;

% robustness and fault tolerance; and

% adaptive adjustment to a new environment.

Based on its architecture, an artificial neural network has various types, such as a single
layer feed-forward architecture, a multi-layer feed-forward architecture, and a recurrent network.
The most common ANN used with the control system is the multi-layer feed-forward architecture
[36] [37]. The ANN technique has been used for power system control as a power system stabilizer.
Zhang et al. in [38] presented their PSS design based on the inverse input/output mapping of an

artificial neural network. During the training, the output of the synchronous generator was desired
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to store the reverse input and output mapping of the synchrony generator. After training the output
of the synchronous generator was used as input to the PSS and the output of the PSS was the
control signal. In [39], an ANN PSS design was presented for a multi-machine environment. The
researchers used the accelerating power with delay as input to the controller and also used the
multi-layer neural network with an error back propagation training method. The ANN PSS was
trained based on the multi-layer perceptron with the error back propagation training method.
Shamsollahi et al. in [40] introduced a neural network power system stabilizer design where the
controller was applied directly to the power system without using a system identification technique
to determine the states of the model using the back-propagation method. In [41], Changaroon et
al. introduced a PSS-based neural network design approach. In order to reduce the time required
to perform the standard method (multi-layer perceptron model) used to train the neural network,
the authors employed a functional link network (FLN) instead of a hidden layer. They also used a
recursive on-line training algorithm for the FLN model.

Segal et al. in [42] presented a method to design adaptive PSS based on a redial function
neural network. The authors utilized this neural network to automatically tune the parameters of
standard lead-lag PSS when the operating conditions are changed using an orthogonal least square
algorithm. In [43], Chaturvedi et al. presented a generalized neuron based power system stabilizer
in order to reduce the large training time of the ANN. The authors modified the generalized neuron
(GN) model using fuzzy compensatory operators as collection operators. As aggregation functions,
the generalized neuron GN has Y, which utilizes a characteristic sigmoid function, and [], which
uses a Gaussian characteristic function.

The authors in [25] extended the methodology that was used in [43] and applied it in a

multi-machine environment. Baek et al. in [44] presented an ANN power system stabilizer-based
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feed-forward neural network to calculate first-order derivatives required for the optimization of
the nonlinear parameters of PSS output limits for a single machine infinite bus system and a multi-
machine environment. In [27], the authors introduced an adaptive neurofuzzy power system
stabilizer, which consists of an adaptive neuroidentifier to track the dynamic characteristic of the
model and an adaptive neurofuzzy regulator. The neurofuzzy controller depends on both the fuzzy
logic technique and the artificial neural network method. Kamalasadan and Swann in [45]
introduced a model reference adaptive controller MRAC as a power system stabilizer, where the
adaptation mechanism used the neural network identifier method and the controller is based on a
feed-forward neural network technique. The authors used the controller in a multi-machine
environment to reduce the power system oscillations. In [46], the authors used the same idea that
was used in [45] to make the controller work effectively during normal operating conditions by
using an explicit model reference adaptive control and full neural network outer loop control
design. In [47], Farahani proposed a self-recurrent wavelet neural network controller to replace
both the AVR and the power system stabilizer in the power system. The first derivative of a
Gaussian function was used as a wavelet function in the hidden layer in the recurrent neural
network. However, many of the above studies lack one or more factors that make the artificial
neural network PSS perform well in real life such as uncomplicated structure, quick response (short
computation time).
The success of ANNSs to control unknown systems under significant uncertainties makes
them highly attractive, yet there are some drawbacks in using them, as follows:
¢ Black box characteristics: It can be difficult for an outside observer to understand and
modify the network decision-making process, as the initial value of the parameter is

randomly chosen.
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Long training time: ANNs may require a long training time to obtain the desired
performance. The time needed for training increases with the size of the ANN and with the

complexity of the mapping.

X/
°e

The large number of neurons and layers has an impact on the fault-tolerant capabilities of

ANNS.

1.2.4 Fuzzy Logic-Based Power System Stabilizer
One of the methods used in controller design is fuzzy logic control (FLC) [36]. Fuzzy
control systems are rule-based systems in which a set of fuzzy rules represents a control decision
mechanism to adjust the effect coming from the system (fuzzification rule-based defuzzification).
The following are some major features of FLC [48] [49]:
%+ Model-free: Unlike other classical control techniques, this method does not require the
exact mathematical model of the system
¢+ Nonlinear robust controller: FLC offers ways to implement simple but robust solutions that
cover a broad range of system parameters and deal with major disturbances.
++ Development time reduction: FLC works at two levels of abstraction: the symbol level and
the compiled level. The symbol level is appropriate for describing application engineering
strategies, while the compiled level is well understood by electronics engineers, since there is
a well-defined translation between those levels. An FLC can help reduce communications
problems.
s The FLC is knowledge based on the fuzzy control simulation strategy of the person
controlling a process. Thus, the control strategy mimics a human way of thinking. The
experience of the human operator can thus be implemented through an automatic control

method, not through the slow response of a human controller.
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The fuzzy logic technique-based controller has already been used as a power system
stabilizer. In [50], the authors designed a power system stabilizer based on the fuzzy logic
approach. Specifically, they used the speed and power output deviation as input signals for the
controller. Toliyat et al. in [51] presented the design of a fuzzy logic power system stabilizer and
tested it for both a single machine and a multi-machine power system. They selected the deviations
of speed and acceleration to be inputs to the controller. As well as, they added signal, which is the
modification of the terminal signal as a function of the acceleration power. The fuzzy controller
decision was made using 49 rules, with each input fuzzified using seven triangle membership
functions.

The authors in [52] introduced a global controller to coordinate the transient stability and
small signal stability to make power systems more reliable. In this approach, the signal of the
global controller is the average of the signals from local controllers, each weighted by an operating
region membership function. In [53], the authors provided a fuzzy logic power system stabilizer
based on the Takagi-Sugeno fuzzy logic control technique. The Takagi-Sugeno fuzzy system is
described by fuzzy IF-THEN rules representing the local input-output relations of the nonlinear
system. The controller has four input signals with a Gaussian membership function and one output
going to the excitation system. In [54], the authors introduced simplified fuzzy logic PSS based on
reducing the rules used in regular FLC (49-rule) (which are commonly employed in fuzzy control
applications) to get a less complicated FLC based on its symmetry. The authors discovered that
the simplified fuzzy logic PSS gives the same response as a fuzzy controller with the complete set
of rules.

In [55], Vakula and Sudha designed a fuzzy logic power system stabilizer based on

minimum rules. They used the differential evolution technique to tune the parameters of the
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controller, discovering that the controller’s input signals were rotor angle ( 8), its first derivative
(8"), and second derivative ( 8''). The inputs are scaled by three factors tuned using the differential
evolution technique. As well, the output signal is scaled by a factor and optimized using the same
method. The authors implemented their design for a single machine and a multi-machine power
system. Cloughley et al. in [56], proposed an intelligent PSS based on Takagi-Sugeno fuzzy logic
control and genetic algorithm optimization. The controller has two input signals — the deviation
speed and its derivative. Each input is fuzzified using 7 membership functions and 49 fuzzy rules.
A genetic algorithm was used to adjust the membership functions to dampen the oscillation in the
power system. The authors in [57] extended the work proposed in [55] by using an evolutionary
prisoner’s dilemma, which is one of the classical games, to update the rules of the fuzzy linguistic
model.

Designing stabilizers based on FLC is very attractive, and satisfactory results have been
obtained. Although FLC introduces a useful tool to deal with complicated nonlinear and unlimited
systems, it suffers from some major drawbacks, such as parameter tuning for the controller. At
present, there is no systematic procedure for the design of FLC. The most straightforward approach
is to define membership functions (MFs) and decision rules subjectively by studying the system
or the existing controller. Therefore, there is a need for an efficient method to tune the MFs and
decision rules to minimize the output error or to maximize the performance index. All the previous
studies that proposed tuning MFs and adjusting the rules are very complicated and time-consuming
methods that ultimately weaken the performance of the controller thus rendering them quite

inefficient processes for the task at hand.
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1.2.5 Wavelet Based Power System Stabilizer

Wavelet transforms have the capability to analyze non-stationary and non-periodic signals
into time and frequency localized components simultaneously. The wavelet transforms focus on a
signal with short time intervals for high-frequency components and a signal with long time
intervals for low-frequency components. Wavelet transforms have been used for detecting
transients in power system disturbances [58], fault diagnosis in induction machines [59],
estimating the location of the fault [60], and in electrical motor drives [61]. Additionally, the
wavelet technique can be used to detect electromechanical oscillations in power systems [62].
Hence, wavelet transforms can be used to compensate electromechanical disturbances in
synchronous generators, thus indicating that they can be employed as a power system stabilizer.
In [63], the authors proposed a power system stabilizer based on the wavelet technique. They used
both the scaling coefficient and wavelet energy coefficient with border distortions of one cycle
sliding window. The input of their proposed PSS was the real power and the first level of maximum
overlap discrete wavelet transform (MODWT) was used to extract the electromechanical
oscillations from the input signal which was used as input for the conventional lead-lag power
system stabilizer.

Wavelet controllers have a few advantages over conventional and adaptive controllers. The
following are some major features of a wavelet controller:

% Wavelet controllers are based on the filter-bank structure of orthogonal wavelet and
scaling functions.
% A wide range of linear and nonlinear functions can be handled using wavelet controllers to
obtain the desired degree of precision and conditions.

% Wavelet controllers are independent of an exact mathematical model of a system.
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1.3 Problem ldentification and Research Objectives

The late 20" century has seen a dramatic expansion of power systems around the world.
Moreover, due in large part to their expansion, these systems have become increasingly complex
and also feature a high system order. The more complicated the systems become, the more
challenging it is to gauge their dynamic stability and adjust their controllers. To address these
issues, the reduced model technique has been employed to mathematically define smaller system
models from existing models, such that the properties of both systems are analogous properties.
This study uses E. J. Davison’s approach for decreasing the state space matrix (A) using dominant
eigenvalues and eigenvectors. This strategic approach decreases the power system generation
unit’s matrix (A) order, while maintaining the identity of high bus voltage in the power generation
unit. Therefore, current and voltage on the high bus voltage can be calculated and sent to another
part of the power system either via fiber optic cables or by employing a phasor measurement unit
(PMU). In order to implement this method, the dynamic model of the power system unit is
linearized by taking the high voltage side of the generation unit as a reference instead of the infinite
bus voltage as in the standard model. Thus, by applying this change, it is no longer necessary to
estimate states, thereby reducing the amount of time required to make the measurements.
Additionally, the model’s parameters remain independent from those of the external system, so the
PSS design remains likewise independent for all of the machines. In this way, a PSS can be
developed for one machine and afterwards applied in a multi-machine system.

As electrical power systems contain thousands of interconnected elements, there are
numerous categories of unpredictable issues that might occur. For example, faults in a transmission
system with built-in protection system and small variations in the load might cause small signal

disturbances within the electrical power system. These small signal fluctuations can persist for a
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lengthy period, restricting the power transmitted through transmission lines. The probability of
partial or complete blackouts is high when the power system is operating under stressed conditions.
In other words, the system will be vulnerable. Standard control devices, such as governors and
automatic voltage regulators (AVRs), might not be able to relieve these fluctuations in a short
period. To mitigate these problems, most central power plants in interconnected grids have an
additional control signal in the excitation system, known as a power system stabilizer (PSS).
However, because the parameters of the standard PSS are fixed while the power system is highly
nonlinear (i.e., it features configurations and parameters that change over time), a standard PSS
might not be able to provide guaranteed optimal performance in many practical applications.

This study attempts to mitigate this limitation by implementing three types of smart power
system stabilizers: an artificial neural network power system stabilizer (ANN-PSS), fuzzy logic
power system stabilizer (FLPSS), and a modified multiresolution proportional-integral-derivative
power system stabilizer (MMR-PID-PSS), based on the dynamic reduction of a power system
model. These PSSs have been developed to refine the system’s dynamic performance by adjusting
the regulator’s parameters in real time simulation with a broad range of operating conditions.
1.4 Outlines of the Dissertation

The remainder of this dissertation is arranged in the following order. Chapter 2 reviews
linear techniques used to analyze small signal oscillations and extract information about system
dynamic characteristics (state-space representation and linearization). It also performs a derivation
of a linearizing model in a single synchronous generator connected to a network using a different
linearization approach.

Chapter 3 discusses the model reduction approach to reduce the original higher order power

system to a reduced order model. In this chapter, a comparison between the original model of the
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power system and the reduced order one is given under several operating conditions and changes
in parameters.

Chapter 4 presents the structure and tuning of the lead-lag power system stabilizer along
with a brief explanation about the artificial neural network controller, and the design of an artificial
neural network PSS (ANN-PSS) for a reduced order model. A comparison between the power
system without PSS, with lead-Lag PSS, and with ANN-PSS is given for several different
operating conditions and changes in parameters.

Chapter 5 presents a brief explanation about the fuzzy logic controller. Additionally, it
includes the design of a novel fuzzy logic PSS (FLPSS) for a reduced order power system model.
A comparison between the power systems without PSS, with ANN-PSS, with FLPSS is given
under several different of operating conditions and changes in parameters.

Chapter 6 presents the proposed modified multiresolution proportional-integral-derivative
power system stabilizer (MMR-PID-PSS) for a reduced order power system. At the beginning of
the chapter, wavelet transforms and multi-resolution analysis are discussed. As well, mathematical
analysis of the wavelet transforms is presented and principles of the multi-resolution PID controller
are described. The design of the proposed MMR-PID-PSS is explained and then implemented for
a single machine power system and a multi-machine environment. The stability analysis of the
proposed MMR-PID-PSS is illustrated, and a comparison between the power system without PSS,
with the proposed FLPSS and with the proposed MMR-PID-PSS is given under several different
operating conditions for a single machine power system, 4-machine 10-bus power system, and 10-
machine 39-bus power system. The conclusions and future work of this research are presented in

Chapter 7, followed by references and appendices.
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Chapter 2
2 Mathematical Analysis of the Power System

2.1 Introduction

Power systems consist of synchronous generators, power transformers, transmission lines
(tie-lines and distribution lines), dynamic and static loads, and reactive energy sources, such as
static var compensators (series capacitors, shunt capacitors, and shunt reactors). As defined in
Chapter 1, a power system’s ability to maintain synchronism following the occurrence small
disturbances is referred to as dynamic stability. For small signal stability analysis, a dynamic
model is required for the power System’s major components (Synchronous generator, excitation
system, automatic voltage regulator [AVR], and others). This chapter reviews the linear techniques
used to analyze small signal oscillations and to extract information about system dynamic
characteristics [3] [7] [10].
2.2 State Space Representation

State-space representation is often used to describe the behavior of dynamic systems such
as power systems. Hence, to model this particular behavior, a set of n first-order nonlinear ordinary
differential equations is used, as follows [7] [10] [32] [36]:

X = f(x,u,t) (2.1)
where

X=[x; X3 ..%,]T, u=1[u; uy ..u]t, f=[f f,..f,]T

The vector x refers to the state vector, and u is the vector of the inputs to the system. These
are the external signals that affect system performance. The vector f is a nonlinear function, while

tis time, n is system order, and r is number of inputs. If the derivatives of the state variables x are
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not explicit functions of time, the system is referred to as an autonomous system, in which case
equation (2.1) becomes

x = f(x,u) (2.2)

The equation that relates the output vector to the state vector and the input variables can be written

as:

y =gxu) (2.3)
where

y=[y1¥2 -Yml", €=1[81828m I

Vector y is the output vector, while vector g is the vector of nonlinear functions relating the state
and input variables to the output variables
2.3 Linearization

For small signal disturbances, nonlinear differential equations that describe the behaviour
of a dynamic system could be linearized for the purpose of analysis. The linearization process
consists of initializing state vector x, and input vector u, around the equilibrium point. Equation
(2.2) thus becomes

%o = f (%0, up) (2.4)

For small perturbations in the state variables and input
X = Xg+AX, u=uy+ Au (2.5)

where A denotes a small deviation. Equation (2.2) then becomes

X = X + A% = f[(X¢ + Ax), (uy + Au)] (2.6)
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If the disturbances are small, system equations f (x, u) can be expressed in terms of Taylor’s series.
With some simplification (e.g., neglecting the terms associated with second- and higher orders of

power of Taylor’s series), equation (2.2) can be expressed as follows:

f; of; f; of; 2.7
X; —x10+Ax1—f(xo,u0)+a Axq + - +aanXn Fm 1Au1+ +a—urA
The above equation can then be divided into two equations:
Xi0 = fi(Xo, Uo) (2.8)
i of; of; of; of; (2.9)
Ax; = % lel + -+ aanxn ER 1Aul + --~+a—urAur
By applying the same process to equation (2.3)
0g; 0g; 0g; 0g; (2.10)
Ay, = —L Ax, Ax, + =2 Auy + -+ =2 A
Vi = gx, SRt g Bn T g At T g A
wherei=1,2,3,...n,and j=1,2,3,...m
So, the linearized forms of equations (2.2) and (2.3) are
Ax = AAx + B Au (2.11)
Ay = CAx + D Au (2.12)
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afy of; ofy ofy
/0){1 0xp /6u1 duy
=1 : : \ B=1 : :
\afn ofy \6fn ofy
0xq 0xp duy duy
(2.13)
%81 981 981 981
0x4 0xp duq dur
= : P, D= : s
08m agm/ 08m agm/
x4 0xn duq dur

AX is the linearized state vector of dimension [nx1].
Ay is the linearized output vector of dimension [mx1].
Au is the linearized input vector of dimension [rx1].
A is the system matrix of size [nxn].

B is the input matrix of dimension [nxr].

C is the output matrix of size [mxn].

D is the feed forward matrix size of [mxr].

By taking the Laplace transform for the equations (2.11) and (2.12), the state space equations can

be obtained in the frequency domain as:

sAX(s) — AX(0) = AAX(s) + BAU(s) (2.14)

AY(s) = CAX(s) + DAU(s) (2.15)

26



The block diagram of the state-space representation can be obtained as shown in Figure 2.1.

where, the initial condition AX(0) is assumed to be zero.

A
+y AX AX AY
+ +
AU J B 1 .
_l’_
> D

Figure 2.1 Block diagram of state space representation

2.4 Model Analysis
When the state space has been established, the stability of the system can be extracted and
analyzed using eigenvalues, which can be obtained by solving the following equation [32] [36]

A=Al =0 (2.16)

where (1) is the identity matrix and A is the vector of eigenvalues.

The eigenvalues A can be real or imaginary, asin A = o + jw. A system is said to be stable if the
real parts of all eigenvalues are negative, and unstable if the real part of any eigenvalue is positive.
If the real part of at least one eigenvalue is equal to zero while the real parts of all other eigenvalues
are negative, then the system is borderline. The imaginary parts of the eigenvalues indicate a
frequency of oscillation in rad/sec. The frequency of oscillation is calculated by f = ‘*’/Zn , which
is damped if the real part of the eigenvalue is negative. The damping coefficient (damping ratio) ¢,

is defined as:
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—0 (2.17)

2.5 Modeling of the Power System

Assume that the external system is modeled as a reference bus at the secondary bus of a
step-up transformer as shown in Figure 2.2. It consists of a synchronous generator represented by
a two-axis model and equipped with IEEE type-1 excitation and governing turbine systems, instead
of an infinite bus voltage in the classical method. This approach does not need to estimate or
compute the value of the equivalent external reactance x,, infinite bus voltage and rotor angle
measured with respect to an external bus. Power system disturbances are determined based on
information about power flow and the voltage at the secondary bus of the step-up transformer. The
model shown in Figure 2.2 is used to obtain the modified linearized dynamic model (Heffron-

Phillips or K-constant model [64]). The IEEE model 1.0 is used to model a synchronous generator

[71[10] [19] [21] [30].

Infinite bus

Vt 26t 2Rt +j2Xt Vs£0s

© =/

L -— — — -
External Power
i System

2Rt + j2Xt

Val Coupl (vvv? 570-0s '
alve ‘oupler @ i
Exg{f]r{& Vit Step-up Transformer CB
re —’ 4’ - - -
N Pt+jQt Ps +jQs H -
Vi s
< \
+
Xe

AVrss

Figure 2.2 Single line diagram of the power system under study
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The dynamic equations governing the system are as follows:

ds (2.18)
a = Wy — Wg
5= wow (2.19)

where,
w = (0, — wg)/w, is the difference between rotor speed and synchronous speed in p.u, and

w, = 21tf, is the base angular speed

.1 2.20
& = 37 [Tm = Te = Kpw] (2.20)
.o L s 2.21
Eq = = [-Eq + (xa — x4)ia + Eqd] (2.21)

Tdo
Efd = Gexc(S) (Vref + Vpss - VR) (2-22)
Te = Eqiq — (Xq — Xg)idiq (2.23)

The stator algebraic equations are given by:

Eq + xglg — Ralq = Vg (2.24)
—Xqiq - Raid = Vd (225)
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From the phasor diagram in Figure 2.3 [65] [66], we can see that the rotor angle (with
respect to the voltage V20, of the high voltage bus) is defined as 6 = 6 — 6. The expressions

of Ef, P, Qs,1q, 1g, and 85 max can be derived from the phasor diagram as follows:

|E¢l = |oal + (is sin(8 + 85))(xq — Xq) (2.26)
03 = V5265 + is[(Re + Ry) + j(xq + x¢)] = |oal28 (2.27)
. Vssindg (2.28)
lq N Xq + Xt
) Ef — Vscos O (2.29)
jq=——m—m
d Xd + Xt

The complex power at the high voltage bus is:

Ss = 3 * Vglg = 3 * (V5 cos &5 — jV; sin 85) (iq + jia) (2.30)

Substituting equations (2.28) and (2.29) in equation (2.30), the real and reactive power
equations at the high voltage bus are:

3EV, 3V2

N (2.31)
2(xq + x¢) (Xq + X¢

) (xd — Xq) sin 28

3EVg

=————c0s6
(Xg + Xp) ®

S
3V2
2(xq + X¢) (xq + xt)

[(xa +xq + 2x.) — (xq —Xq) c0s 28] (2.32)

From the phasor diagram in Figure 2.3, the power angle &, can be written as

[ is(xq +x¢) cos © —i5(Ry + RY) sin 6 (2.33)
Vs + is(Ry + Ry) cos 0 + ig(xq + x,) sin 6

ds = tan™
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Figure 2.3 Phasor diagram for the system under study

2.6 Linearized Model

The standard linear model of a single machine infinite bus system (SMIB) (Heffron-
Phillips- model [64]) can be obtained by linearizing system equations around an operating
condition. The model details are provided in [7]. Here, the necessary modification will be to alter
the linearizing system equation around the normal operating condition, since the system is
linearized strictly from the secondary bus to the internal generator bus by defining the secondary
bus of the step-up transformer as a reference bus instead of an infinite bus. By using this
modification, one can design the power system stabilizer for a single machine system in a multi-
machine environment depending on local measurements.

The synchronous generator is connected to the network by taking machine quantities from
Park’s transformation and transferring them to Kron’s transformation rotating reference frame

using a single transformation. In this way, a rotating reference frame with a single transformation
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can provide a common reference frame. In the standard (Heffron-Phillips) model, the terminal

voltage that illustrates these changes is given below [10] [13]:

vqt+jvp = (Vq + jvd)ej‘S = (iq + jid)(Re + jXe)ed + E, 20 (2.34)

This is Kirchhoff’s voltage law between the generator terminal bus and the infinite bus. The
subscripts g and d refer to the g and d axes in Park’s reference frame, and Q and D refer to the Q

and D axes in Kron’s reference frame. The transformation from ABC to dg0 for a synchronous

machine is
V2 cos© V2sin@ 1\_1
f, 2T 2m f
fz _ il V2 cos (6 - ?) V2 sin (9 - ?) 1 | <f:> (2.35)
fo V3 2T _ 21 f.
\/Ecos(9+?) \/Esm<9+?> 1

while the transformation from dq,to DQ,can be obtained using:

fp cosd sind 0\ /fa (2.36)
fq | = (— sind cos& 0) fq
fo 0 0 1/ \f,

where f could be any quantity of voltage, current, power, or flux.

The same equation for SMIB can be written between the high voltage bus of a step-up
transformer and the terminal voltage bus of a synchronous generator, as follows. It is worth noting
that this is the only modification proposed in this research to design a PSS independent of the

external network.

vq +jvp = (va +jva)el® = (ig +jia) Re + jx0)e® + vs204 (2.37)

From which:
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vq +jva = (ig +Jjia) Re + jxo) + vs£6,e7° (2.38)

From the phasor diagram § = 85 + 6, substituting in equation (2.38)
vq +jva = (iq +Jjia) Re + jxo) + vs£2—84 (2.39)

Separating real and imaginary parts of this equation results in the modified stator algebraic
equations referred to the high voltage bus of the step-up transformer, which is suitable for any
synchronous generator in a multi-machine system.

Vq = Riig — X¢ig + Vs €Os 8 (2.40)
va = Rilg + X¢iq — Vs Sin &g (2.41)

Substituting Equation (2.25) when armature resistance is neglected in Equation (2.41) gives:
—Ryig — (x¢ + Xq)iq = —V; sin & (2.42)

Substituting Equation (2.24) when armature resistance is neglected in Equation (2.40) gives:
(xq + X)ig — Rdq = vs cos 85 — Eg (2.43)

Equations (2.42) and (2.43) can be rewritten in matrix form as:
(xg + X¢) —R; (id) B (VS cos 85 — Ea)
—R;  —(xq+x¢)/\la/ ' —vgsiné (2.44)

The expressions for ig, i, are obtained by solving the above equation:

1
ig = n [(xq + %) (vs cos 85 — Ef) + Rev sin & (2.45)
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1
iq =1 [(x§ + x0)vs sin 85 — Ry(vs cos 85 — E )] (2.46)

where A = (xg + x)(xq + X¢) + R?

Equations (2.45) and (2.46) can be linearized by substituting § = 8¢¢ + A8, Vg = Vg + Avg
and Eq = Ego + AEg, giving the following:

Aiy = C,A8s + C,Av, + C3Ef (2.47)
Aiq = C4A8s + CsAvs + C6AE, (2.48)
where

C, = % [Rt cos 059 — (xt + Xq) sin GSO]Vso.

C, = % [Resin g + (x¢ + Xq) cos 8]

C; = %[—xt - xq].

C, = %[(Xt + xg4) cos 8 + Ry sin 8¢ vgp.
Cs = %[(xt + xj) sin 859 — Ry cos 84 ].

C =

By linearizing Equation (2.24) when armature resistance is neglected, one obtains

Avg = x4C1A8s + x§CoAvs + (1 + x3C3)AE, (2.49)

Furthermore, by linearizing Equation (2.25) when armature resistance is neglected, one can obtain:
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Avg = —xgC4A8¢ — xqCsAvs — XqC6AE

Linearizing equation (2.23) gives:

where

AT, = K;A8s + Ky Avg + K,AE)

Kl = Eq0C4 - (Xq - X(’j)iqocl, and qu = E(,lo - (Xq - Xa)ido

Ky1 = EqoCs — (Xq — X§)iqoCz.

KZ = Eq0C6 - (Xq - Xa)iq0C3 + qu'

By linearizing Equations (2.18) and (2.19) and applying the Laplace transform, we get:

AS(s) = % woAw(s)

A ($) = 1= [T,y (8) ~ ATy (s) ~ Kp(s)]

The equation of the field winding can be expressed as

By linearizing this equation and taking the Laplace transform, we obtain

(1 + sT§oK3)AEq(s) = K3AE¢4(s) + K3K4A84(s) + K2 K3Av(s)

where

1

K3 = 1—(xq—x4)Cs’

Ky = (xq — Xé{)cr

4

Too— = Era — Eq + (xa = X0)ia
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Kyz = (xg — X&)Cz.

The disturbance in the terminal voltage can be expressed as follows [10] [12]

AV, =220 Avy + 222 Ay, (2.56)
Vto Vto
Substituting equations (2.49 and 2.50) in equation (2.56), gives:
AV, = K5A8s + Ky3Avg + KGAE (2.57)
where
K, = % [Eqo {Re sin 850 + (X} + X0)€08850} + (Xq — X4)iqo {(Xa + X()Sin S50 — Ry sin 8]
K, = EqZRt Figo(1+ igo(Xq — Xi) (xq + X¢)

K3 = 1/{1 + (xq — Xq)(Xq + x¢) /A}

(x4 — Xq) _
Ky = A [Rt cos 85 — (Xt + Xq) sin SSO]VSO
Vso ) ' , |
Ks = n *SV [—Vdo Xq{(Xg + X¢)c0s8sg + Ry sin 850} + v Xd{Rt cos 8¢y — (xt + xq) sin 650}]
t0
—Vao ReXq  Vgo X&(Xt + xq)
iy T
Vto Vio A
E Xq — X)) (X¢ + Xg)i
Ky = %0 [(x§ + x¢) sin 8¢y — Ry cos 8¢,] + (g d);t a)iqo
X4 — X,
Kyp = —( d n @) [Rt sin 04 + (xt + Xq) cos 850]
XqVdo ) XgVqo .
v [R cos 85 — (x4 + X) sin 850] + T [R sin 850 + (x¢ + Xq) €Os 8]
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The definitions of constants K; to K, are functions of vg, 8 , v, and machine currents.
They are the same in the Heffron Phillips model except this model has references in 8, and E},, and
equivalent reactance X.. As v is not constant in this research model; there are three new
coefficients introduced, which are K4, K, and K,3, as shown in Figure 2.4. If the voltage
deviation is neglected and the angle voltage equals zero at the high bus voltage of the step-up
transformer and transformer reactance is equal to equivalent, this model will be exactly the same

as the Heffron-Phillips one [64].

| ]

PSS (S)

Figure 2.4 Linearizing model of a single synchronous generator connected to the network.

The linearized small disturbance equations for a system can be put in state variables, as follows:

AX = AAX + BAU (2.58)

where

A and B are constant system matrices (depending on the parameters of the system) and have the

dimensions of nxn and nxr, respectively,

AX is the state vector nx1
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AU is the control vector rx1

AX = [A8 Aw AE} AEgg AV AV, AV AT, ATy |7 (2.59)
AU = [AVs ATyef AE of]" (2.60)
0w 0 0 0 0 0 0 01
_Kl _KD _KZ 1
YRl v 0 0 0 0 5 0
K 1 ! 0 0 0 0 0
Tc,lo T(;OK3 T(;o
0 0 0 Se + Ke 0 ! 0 0 0
Tg Tg
S:Ke + KeKe -1 K
o o o _KeAReRe -1 Ke oo ] (@61)
A= TeTr T TgTr
—K, -1 -K,
0 0 0 0 A - 2 0 90
T, Tn Ta
Ks Ke 0 0 o L o
Tr Tr Tr
1 1
0 0 0 0 0 0 0 —
TT T
0o L 0 0 0 0 o o L
RTg g
K K —Ky,1"
00 4200 0 — 0 —2
T4, Tx T,
1
B=|o 0 0 00 0 0 0 — (2.62)
Tg
Ka
00 0 00 =220 0 0
Ta
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2.7 Summary

This chapter discussed the mathematical model of a power system consisting of a
synchronous generator connected to a network. The behaviour of a dynamic power system was
described by a set of n first-order nonlinear ordinary differential equations. This research is mainly
concerned with the ability of a power system to maintain synchronism under small disturbances;
thus, as the disturbances are considered to be sufficiently small, the linearization of the system
equations is possible for the purpose of analysis. Although the power system is highly nonlinear,
a wealth of information is obtained from the linearized model around an operating point. This
permits the linear control system theory to be applied for system analysis, even though the system
is inherently nonlinear. Some power system state variables are not measurable, and the external
equivalent reactance has to be estimated. In addition, in multi-machine systems, full state feedback
controllers require the feedback of other machine states.

This chapter utilized the recently proposed modified Heffron-Phillips model, which is
derived by taking the secondary bus voltage of a step-up transformer as a reference instead of the
infinite bus in order to solve the above problems. As a result, the linearizing model of a single
generator connected to the network and the linearized state-space equation were obtained. These,
will be used in the next chapters to test power system under a variety of operating conditions and

design power system stabilizers.
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Chapter 3
3 Reduced Order Model of the Power System

3.1 Introduction

Over the years, significant attention has been given to the development of simplified
models primarily for the purpose of determining the dynamic behaviour of electrical machines
during large excursions in some or all machine variables. The behaviour of synchronous machines
was predicted by a set of steady-state voltage equations with modifications to account for transient
conditions along with the dynamic relationship between rotor angle and torque. As mentioned in
Chapter 2, the simplified model of a synchronous machine was obtained by neglecting the stator
electrical transients and for all power system components connected to the stator (e.g., power
transformer and transmission lines), this model is used widely in the industry as an analysis tool
[7] [10] [13]. The basic generation unit of a power system consists of a synchronous generator, an
automatic voltage regulator (AVR), a turbine, a governor, a power transformer and transmission

lines, as shown in Figure 3.1.

Infinite bus
Aw Dot Step-up Transformers |
© Vt 26t VszOs Transmission Lines Vx£0x A — = —

Rt +jXt RL +jXL

Governor

Synchronous Generator

jXd. jXq

| Turbine

- = =

L — —
[

[

y

[

Figure 3.1. Power system generation unit connected to the network
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In Figure 3.1, static representation of the external total impedance Z; is given by the following
equation:

Ry+jXL  Re+jX¢ (3.1)
2 * 2

Zr=Rp+jxr=

In this chapter, the power system is linearized by taking high bus voltage X as a reference
to include the effect of transmission lines. The dynamic behavior of this basic unit can be expressed
by a set of first-order differential equations. The overall state-space matrix of the basic unit of the
power system ends with a ninth order model. For a large interconnected power system consisting
of 2500 power generation plants, for example, each power station contains four generators. This
system will have a state-space matrix with 90,000"-order. The problems inherent in high-order
models of power system are very time-consuming, occupy a massive amount of space in a
computer’s random-access memory (RAM), and lead to an unreliable controller. Also, ultra-high
orders require a large number of states to be measured and a significant number of controller
components. The reduction technique has been developed to overcome these difficulties.

Model reduction is a mathematical technique that is applied to the original model, high-
dimensional full-order system in order to obtain a smaller system model with properties similar to
the original model. Several authors have discussed methods of determining simplified models for
dynamic power systems. One of these methods is called the state variable grouping technique,
which involves dividing the system variables into two groups based on their speed and response
[67] [68] [69]. Another method reduces the dynamic model for generators that are outside an
interesting area and which can be replaced by a dynamic equivalent. In this approach,

interconnected power systems are partitioned into two areas: an internal area that needs to be well-
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represented, and an outside area that can be replaced by a dynamic equivalent [70], as shown in
Figure 3.2. The construction of a dynamic equivalent involves the following three steps.

A. ldentification of coherent generators.

B. Aggregation of generator terminal buses and elimination of the load buses.

C. Aggregation of coherent generators models and their control devices.

Internal area External area

[ I 1
m+1 1

i. O G GIO.—’.—.

—

Gy

Remaining Remaining Bus
Transmission

1
Transmission G
Network N Network I T &
' m n ¥ m

—O&  «Q—

High voltage bus

Gn

Figure 3.2. Dynamic model reduction for external area

As a result, the identities of all the generator terminal buses in a full-order model within
the external area were lost in the reduced-order model. These types of reduced-order models are
used only to estimate oscillation and assist small-signal stability. However, the models are not very
useful to design control systems, as there is no clear way to implement a controller in the original
system from a reduced-order model that does not maintain the identities of its buses [71].

E. J. Davison [72] provided a general method to reducing the state-space matrix (A) that
depends on dominant eigenvalues and eigenvectors. The present research will use this method to
minimize the order of matrix (A) of the power system under study while preserving the high bus

voltage from the original system at each unit, whose voltage and injection current can be calculated
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and sent to another part of the power system using PMUs or fiber optic cables. Figure 3.3 shows
the block diagram of an interconnected power system, where each generation unit could represent
one synchronous generator connected to the network or a group of non-overlap coherent

synchronous generators.

Details of power generation
unit as shown in Figure 3.1.

1! ]
(LCD' | ' = "4’_4:>GMI

Remaining
Transmission

Network
|
0. O—— | Qo

Figure 3.3. Block diagram of the entire power system

3.2 Analytical Process of the Reduction Approach

As mentioned above, this thesis will use E. J. Davison’s methodology to obtain the reduced
order model of the power system unit, depending on controlling eignvalues and eigenvectors. The
linearized small disturbance equation for the power system unit can be written in a state variable,
as follows:

AX = AAX + BAU (3.2)

The matrix (A) of the system, which is given in the above equation, can be written as:
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A=M"1%xA*M (3.3)
In equation (3.3), the product (A * M) may be written regarding eigenvalues and eigenvectors:

A * M = [Am1|Am2| . |Amn] = [)lel |}\2m2 | TN |)ann] (34)

because Am; = A;m; is the relationship that defines eigenvalue ;. Equation (3.4) can be

rearranged and written as follows:

A O 0
0 A 0
A*M = [m4|m,] ....|m,] 52 =M=xA (35)
0 0 An
where
my; Mgz -+ Myp
M=[my|m,| .../ m,] = * 7 . " 36)
Mp; Mpz  r Mpp
Thus, equation (3.2) can be written as:
AX=(M=x*A*M™1)AX + (M1 % MxB)AU (3.7)

where

A and B are constants of system matrices depending on the parameters of the system and have
the dimensions [nxn] and [nxr], respectively,

AX is the state vector [nx1]

AU is the control vector [rx1]
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M is the matrix of eigenvectors
A is the diagonal matrix of eigenvalues

Assuming initial conditions are zero, the time solution of equation (3.2) is as follows:

Ax(t) = f @ (t — T)BAu(t) dt (3.8)
where 0

®(t) is the transition matrix of the system.

By assuming the following:

BAu(t) = 0, t<o
(3.9
BAu(t) = B, t>0
the transition matrix in equation (3.8) can be expressed by
®(t— 1) = Me2t-DM1 (3.10)
In which case, equation (3.8) becomes
(3.11)

t
Ax(t) = j MeAt=OM~1BAu(T) dt
0

By considering the assumption above, the integration of equation (3.11) can be formulated as:

1 — et
0 0
_xl
1 — ehet
AX(E) = M 0 e 0 M-1B (3.12)
0 0 1o
A,

Assuming that the inverse of the eigenvector matrix M is:
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Ny Ngp 0 Nyp
—_ Nz1 Nz -+ Ngp
M~ = [n4|ny] ....Iny] = | : . : (3.13)

Ny Npz *° Npp

Thus, the time solution for equation (3.2) can be written as follows:

) +m, sy L + ot mn(T)nn (3.14)

Ax(t) = m, (

Where AX(t) - [AXl AXZ ....AXn]T B == [b1 bz ...bn]T

Similarly, the time solution for a reduced system can be found, where the reduction has an order

ofzand (z <n)

— ehit

— eMt 1 — ehat
AX"(t) = m] niB" + m) nyB" + -+ 4+ mj(

"y, "Y; nzB"  (3.15)

By comparing equations (3.14) and (3.15), a reduced-order model can be found, which can be

described by the following differential equation:

AX" = ATAX" 4+ B'AU (3.16)
where
A" = MTAT(M™)~? (3.17)
B' = M"(M~!B)" (3.18)
and
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A" and B' are reduced system matrices,
Ax" is the reduced state vector corresponding to the retained state vector,
M is a square matrix representing a subset of the complete eigenvector matrix M (its columns
are selected based on the dominant eigenvalue and its rows are selected based on the retained
state variables),
A" is a diagonal matrix of the dominant eigenvalues, and
(M~1B)" is a diagonal matrix consisting of the retained rows of (M~1B) corresponding to Ax*
3.3 Digital Simulation Results

The power system shown in Figure 3.1is used for digital simulation results and consists of
a single equivalent machine connected to a network. The complete data for this system is given in
Appendix A. The nominal operating condition is chosen as real power P = 0.75 p.u and reactive

power Q = 0.0 p.u (unity power factor). The A and B matrices are given by:

0 314 0 0 0 0 0 0 0
—0.1131 0 —0.1325 0 0 0 0 0.1 0
—-0.2826 0 —0.4630 0.1667 0 0 0 0 0
0 0 0 —0.8211 0 1.0526 0 0 0
A= 0 0 0 —0.0328 —-1.0 0.0421 0 0 0
0 0 0 0 —-2000 20 —2000 0 0
—0.6836 0 12.0765 0 0 0 —33.3333 0 0

0 0 0 0 0 0 0 —0.6667 0.6667

0 —40 0 0 0 0 0 0 —-2.0
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3.3.1 Eigenvalue Analysis

In this dissertation, MATLAB software is used to determine the eigenvalues of the system
under study during different operating conditions. The eigenvalues of the original system are either
real or complex conjugate pairs, keeping in mind that the real part of every eigenvalue must be
negative to create a stable system. The imaginary parts of complex conjugate pairs of eigenvalues
with dimensions rad/sec indicate a frequency of the oscillation, which is damped if the real parts,
called the damping coefficients, are negative.

Moreover, values of damping coefficients are a measure of system damping. The reciprocal
of the absolute value of damping coefficient gives a corresponding time constant, and is a measure
of the time required for the system to reach the steady-state condition. Generally, the eigenvalues
of the original system (A) can be divided into three groups. The first group is those that are very
close to the origin. They are called dominant eigenvalues, and the final transient of the system
depends upon dominant eigenvalues. The second group is those that have intermediate values that
play a dominant role in the transient response. The third group is those that are most distant from
the origin, such that the group has an impact on the initial transient response. The eigenvalues can

be calculated using the following equation:
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A=Al =0 (3.19)

Table 3.1. Eigenvalues of power system under study at normal operating condition

Modes Eigenvalue

1 -0.1483 +j5.9251
2 -0.1483 - j5.9251
3 -6.0560

4 -14.6125

5 -0.7643 +j1.0037
6 -0.7643 - j1.0037
7 -0.641

8 -33.0775

9 -2.0721

3.3.2 Model Reduction Procedure

The model consisting of a synchronous generator connected to a network reduces from
ninth-order model (A) to a third-order one (A"). The resulting states are the rotor angle deviation
(AS) and the rotor speed deviation (Aw), which are the state variables representing the dominant
eigenvalues. From the intermediate group of eigenvalues, the measurable state of the exciter
voltage deviation (AE¢4) has been retained. At the nominal operating condition of P = 0.75 p.u and
Q = 0.0 p.u, the reduced-order model is calculated using a MATLAB program, giving the

following results:

0 314 0
AT =[-0.1125 —0.263  0.0015 (3.20)
—0.1631 —370.26 —14.6459
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A comparison between the original model and the reduced model is carried out at different
operating conditions to test the effectiveness and reliability of the third-order model. Firstly, the
systems are tested at the unity power factor (Q = 0.0 p.u), after which the eigenvalues for the
reduced-order model are calculated and compared with the complete model, as shown in Table 3.2.
Figure 3.4 and Figure 3.5 show the time response of the rotor angle deviation and rotor speed
deviation for both the original and reduced system due to a 1% step increase in the input reference

voltage applied at time 1 sec.

Table 3.2. Eigenvalues of original and reduced systems at unity power factor

Real power Eigenvalues
P (p.u) Original system Reduced system
-0.1505+ j5.6653 -6.0560 -14.8780 -0.1505+ j5.6653
"0 -0.7835 +j0.9774 -0.6321 -33.0348 -2.0635 -14.8780
-0.1483 +£j5.9251 -6.0560 -14.6124 -0.1483 + j5.9251
e -0.7643 £j1.0037 -0.641 -33.0775 -2.0721 -14.6124
-0.1304 + j5.8743 -6.0668 -14.3767 -0.1304 +j5.8743
nei0 -0.8590 +j1.0851 -0.6478 -33.1188 -2.0953 -14.3767
-0.0995 + j5.6769 -5.9243 -14.2826 -0.0995 + j5.6769
R -0.9838 +j1.1506 -0.6505 -33.1379 -2.1219 -14.2826
-0.0600 + j5.4795 -5.7539 -14.2366 -0.0600 * j5.4795
T -1.1105 +j1.1941 -0.6519 -33.1488 -2.1517 -14.2366
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Figure 3.4. Time response of Aw due to disturbance at normal operating conditions
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Figure 3.5. Time response of A8 due to disturbance at normal operating conditions
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Secondly, in comparing the original and reduced power systems at lagging and leading

power factors, the eigenvalues of both systems are tabulated, as shown in Table 3.3. This is

illustrated in Figures 3.6 to 3.9, which clearly demonstrate acceptable performance.

Table 3.3. Eigenvalues of original and reduced systems at lagging and leading power factors

Eigenvalues

(p.u) Original system Reduced system
P=075 00898 % 56032 54404 -14.9844 20,1067 j5.6624

Q0% L0.9734 +j1.0443 -0.6365 -33.0310 -2.0781 -14.9380
[0.0614 £ 5.4567 -4.0433 -15.1327 20.0614 £ j5.4567

z_:ogg 111795+ j1.0488 -0.6336 -32.0021 -2.0906 -15.1327
0089856032  -5.2665 -14.9844 20,0898 = J5.6032

5;32?, 11,0532+ j1.0592 -0.6367 -33.0254 -2.0851 -14.9844
0.0168 +]5.1361 -3.5258 -14.8905 0.0168 4] 5.1361

F()g_zld.zg 11,4850 + j 1.1313 -0.6433 -33.0518 -2.2046 ~14.8905
0.1745%]6.1816  -6.8177 -14.0596 10.1745 % 6.1816

5235.7255 -0.5925+ j0.9453 -0.6479 -33.1507 -2.0741 -14.0596
201695+ 6.1257 -7.7936 -13.1287 20.1695 £ 6.1257

2;0072 -0.5096 + 0.9307 -0.6567 -33.2554 -2.0914 -13.1287
0165861095  7.1182 -13.6704 20,1658 = j6.1095

51)5355 10,6094+ j0.9882 -0.6533 -33.2026 -2.0890 136704
0.3498 44803 -6.7631 -12.9522 0.3498 * j4.4803

g_:%bz.g 11,4594 + j1.1945 -0.6623 -33.3070 2.3803 "12.9522
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Figure 3.6. Time response of Aw due to disturbance at lagging power factor (P = 1.25 p.u, Q = 0.6 p.u)
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Figure 3.8. Time response of Aw due to disturbance at leading power factor (P = 1.25 p.u, Q =- 0.6 p.u)
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Figure 3.9 Time response of AS due to disturbance at leading power factor (P = 1.25 p.u, Q =- 0.6 p.u)
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The third part of the comparison is achieved by changing the value of amplifier gain K,
and the value of the total external impedance (Ry # 0), as shown in Figure 3.1, whereas the
previous results were with Rt = 0, and x = 0.4. Table 3.4 along with Figures 3.10 to 3.13, show

the level of accuracy of the simplified method when the parameters of the system have been

changed.
Table 3.4. Eigenvalues at nominal operating condition and (Ry = 0.02 p.u, xt = 0.8 p.u)
Eigenvalues

Ka Original system Reduced system
-0.0622 +j4.6591  -2.6595 -17.0196 -0.0622 + j4.6591

" 11.2157 +j1.4128 -0.6313 -33.0906 -2.2213 -17.019
-0.0371+ j4.6411  -3.1369 -16.4653 -0.0371+ j4.6411

- -1.3090 +j1.3563 -0.6313 -33.0598 -2.1925 -16.4653
-0.0109 +j4.608 -3.7283  -15.8543 -0.1491 +j5.9294

» -1.3660 +j1.2908 -0.6410 -33.0299 -2.1806 -15.8543
0.0263 £ j4.6105 -4.3774 -15.1701 0.0519 £ j5.9251

10 14443 +j1.1779 -0.6316 -33.0007 -2. 1783 -14.6124
0.0519 +j4.6080 -5.2403 -14.3708 0.0519 + j4.6080

HO 14443 +j1.1779 -0.6317 -32.9724 -2.1783 -14.3708
0.0612 + j4.6187 -6.3568 -13.3723 0.0612 +j4.6187

0 -1.4144 +j1.1464 -0.6313 -32.9450 -2.1663 -13.3723
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Figure 3.10 Time response of Aw due to disturbance at (P = 0.75 p.u, Q =0.0 p.u, and K, = 80)
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Figure 3.12 Time response of Aw due to disturbance at (P = 0.75 p.u, Q =0.0 p.u, and K, = 110)
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Figure 3.13 Time response of A8 due to disturbance at P =0.75 p.u, Q =0.0 p.u,and K, = 110
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3.4 Summary

This chapter discussed the reduction technique that depends on dominant eigenvalues and
eigenvectors, applying the technique to the power system consisting of a synchronous machine
represented by a two-axis model and equipped with an IEEE type-1 excitation system and turbine
governor system connected to the network. This approach used the method proposed in Chapter 2,
which is to linearize the unit of the power system by taking the high voltage side (high bus voltage
X) as a reference instead of the infinite bus, as shown in Figure 3.1. This concept will make it
possible to represent each power generation unit independent of the entire power system using the
reduction technique method, as shown in Figure 3.3. In this case, the identity of the high voltage
bus at each unit of the original power system will not be lost. Thus, the controllers can be
implemented to the original system from a reduced-order model, and the voltage and current at
these buses can measure it and send it to another part of the power system using phasor
measurement units PMUs or fiber optical cables. The main advantages of using the reduced
dynamic model are decreasing the computational time and minimizing the space in a computer’s
random-access memory. The response will therefore be faster, which leads to superior controller
performance. The reduction technique model was applied to a power system unit consisting of a
synchronous generator connected to a network through a step-up transformer and transmission
lines. The simulation tests of the original system and reduced-order model validate the reduced-
order method. A comparison between the original power system and the reduced order model was
carried out across a wide range of operating conditions and changes in parameters in order to test
the effectiveness and reliability of the third-order model. This is illustrated in Figures 3.4 to 3.13,
which clearly demonstrated acceptable performance. The simplified model can thus be considered

equivalent to the original model.
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Chapter 4
4 Design of Power System Stabilizers

4.1 Introduction

High-performance excitation systems are essential for maintaining a steady state and
transient stability for modern synchronous generators, as well as for providing timely control of
terminal voltage. Bus-fed static exciters with thyristor controllers, as shown in Figure 1.4, are
increasingly being used for both hydraulic and thermal units. It is established that even using a fast
acting exciter with a high gain automatic voltage regulator (AVR) can produce oscillatory
instability in the power system. This type of oscillation is characterized by low frequency (0.2-2
Hz), which can persist or even grow in magnitude for no apparent reason. This type of instability
can endanger system security and limits power transfer. The major factors that contribute to
instability are the loading of a generator or tie line, power transfer capability of transmission lines,
power factor of generator and automatic voltage regulator gain. One can avoid the instability by
adding supplementary control to an excitation system, which is called the power system stabilizer
(PSS). The main goal of designing a PSS is to provide additional damping torque without affecting
the synchronizing torque at critical oscillation frequencies [10] [13] [12] [73]
4.2 Tuning of Lead-Lag PSS

Power system stabilizers have been used for over 30 years in the United States of America
and in Canada. In the United Kingdom, PSSs have also been employed in Scotland to damp
oscillations in the lines connecting Scotland and England. Lead-Lag power system stabilizers
contain a washout circuit, dynamic compensator, torsional circuit, and limiter as shown in

Figure 4.1.The major objective of Lead-Lag PSS is to introduce a damping torque that is in phase
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with speed changes in order to increase the capability of the transmission line to deliver electrical

power [10] [13] [73].

U(s) sTw Ve
" TsTw » 1O e i _J T
Washout Dynamic Torsional Limiter

Compensator Filter

Figure 4.1 Block diagram of a lead-Lag PSS

4.2.1 Washout Circuit

A washout circuit is essentially working as a high pass filter. It removes DC offsets from
the input signal and bias steady state from the output signal of PSS which will modify the terminal
voltage of the generator because Lead-Lag PSS is expected to respond only to transient variation
in the input signal, not to DC offsets in the signal. The value of Ty, is not critical and it could be
anywhere in the range between 1 to 20 seconds. For the local model oscillation in the range from
0.8 to 1.8 Hz, a washout time constant is satisfactory in 1.5 seconds. For inter-area oscillation in

the range of 0.2 to 0.5 Hz, a washout time constant is 10 seconds or higher.

4.2.2 Dynamic Compensator
A two-stage lead-lag compensator is used as a dynamic compensator. It has a transfer

function which is formulated as follows:

T(s) = Ks(1 4+ sTy)(1+ sTy) 4.1)
(s) = (1+sT)(1+sT,)
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K, is the gain of the power system stabilizer, while the amount of damping associated with rotor
oscillation depends on stabilizer gain. To damp out rotor oscillations, a PSS must produce a
damping component of electrical torque of a synchronous generator in phase with rotor speed
deviation. This requires phase-lead circuits to be used to compensate the lag between the PSS
output point and the resulting electrical torque developed. For design purposes of a Lead-Lag PSS,
the effect of the washout circuit and torsional filter can be neglected but must be considered in
evaluating PSS performance under various operating conditions. There are two design criteria: the
time constants, T, to T,, shown in equation (4.1), are to be chosen from the requirements of the
phase compensation to achieve damping torque, and the Lead-Lag PSS gain is to be chosen to
provide adequate damping torque across all criteria modes.

The basis for choosing time constants of the dynamic compensator can be explained with
a reference to the block diagram when PSS is included, as shown in Figure 4.3. The GEP(s) is the
transfer function between electrical torque output and the reference voltage input, with the
deviation in the speed machine assumed to be zero. The expression of GEP(s) can be derived from
Figure 4.2 as follows:

KZKB Gexc(s) (4-2)

GEP(s) = -
(1 + sTj,K3) + K3Kg Gexe ()

In this subsection, the transfer function of the excitation system is as follows:

Kg (4.3)
GeXC(S) - 1 + STE
Thus, equation (4.2) becomes:
K2K3Kg
GEP(S) = P > ; (4 4)
TeToKas? + (Tg + TjoKs)s + (1 + K3KeKg) :
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K,

Figure 4.2. Linearizing model of a generation unit connected to the network

If the Lead-Lag PSS is providing pure damping torque at all frequencies, the phase characteristics
must be balanced with the phase of GEP(s) at all frequencies. However, because this is not
practical, the following steps are chosen to design the phase compensation of the PSS.
A. The compensation of phase lag (phase lag of P(s) = PSS(s) GEP(s)) should pass through
90" at a frequency of around 3.5 Hz (for input frequency, this can be reduced to 2 Hz).

B. The compensated phase lag at a local mode frequency of 7 rad/sec should be below 45" and

preferably around 20°.
AO:
1 | 20 | o | 46 ASs
- &
- Ms S +
ATet
P(s)
AVrss
GEP®)|=( )% —
+
AEref

Figure 4.3. Block diagram of PSS with speed input
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The plot of the phase angle 2(T(jw)) of the compensator with variations in frequency will give

different values for the center frequency ( f.), as follows:

1

(4.5)
21T, T,

fo =

When the transfer functions, GEP(Ss), of the generators do not have a resonant peak, the guidelines

given in [10] can be followed to determine the time constants of the compensator, as follows:

T, 1-— sin% (4.6)

a=T_=—B

1 in P
1+51nm

where (3 is the required phase compensation, m is the number of stages, and

L1 @4.7)
1 wc\/a
T2 - O(T1

(4.8)

and w. = 2nf,

The gain of the PSS can be set by using root locus. Hence, for the speed deviation input,

the PSS gain is set to one-third of the instability gain [10]. Using the bode plot for the transfer

function, GEP(jw), at the operating condition P = 0.75 and Q = 0.0 P.U, as shown in Figure 4.4,

the phase lead at a frequency of 3.5 Hz (22 rad/sec) can be obtained ( = 120° — 90° = 30°), as
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shown in Figure 4.4. Substituting this into equations (4.4), (4.5) and (4.6) gives a = 0.333 with

time constants of T, = 0.079 sec, T, = 0.0263 sec, T1 =Tz and T4 = T2 x10 =0.263.

Bode Diagram
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Figure 4.4 Magnitude and phase angle of GEP(jw)

4.2.3 Torsional Filter

The torsional filter in PSS is essentially a low pass filter to attenuate the first torsional
mode frequency. Such a filter is necessitated by the adverse interaction of the PSS with torsional
oscillation. This can damage the shaft, particularly at light generator loads when inherent
mechanical damping is small. Even if shaft damage does not occur, PSS output can go into
saturation (due to torsional frequency components) making it ineffective. The filter’s transfer

function can be expressed as [10] [13]:

64



FILT(s) =

s2 + 2Tw,S + w3 (4.9)

4.2.4 Limiter

The output of the PSS must be restricted to prevent the PSS countering the action of the
automatic voltage regulator when load rejection takes place. The AVR acts to reduce the terminal
voltage when PSS action calls for high terminal voltage due to increases in speed or frequency. It
may even be desirable to trip PSS in the case of load rejection. The positive output is limited if the
stabilizer is set at a relatively large value between 0.1 and 0.2 p.u. This allows a high level of
contribution from the PSS during the swing.

With such a high value of stabilizer output limit, it is essential to have a means of limiting
the generator terminal voltage to its maximum allowable value. The negative limit of the PSS
output is important during the rotor’s back swing, such that negative side limits are raised to
prevent the PSS from reducing the generator’s terminal voltage excessively following a fault.
Furthermore, AVR action is necessary to maintain the voltage and thus prevent loss of
synchronism after the angular separation has increased. Typically, -0.2 to -0.5 p.u is used for the
negative limit.

4.3 Artificial Neural Network Controller

The key to artificial neural networks (ANNS) is that their design enables them to process
information in a way that is similar to a human (biological) brain, which is comprised of many
millions of interconnected units of cells attached at several input (dendrites) and output (axon)
signals. The axon connects with many other neurons via connection points called synapses. A
synapse produces a chemical reaction in response to an input. The biological neuron fires if the

sum of the synaptic reactions is sufficiently large. This makes humans able to remember, think,
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learn and reason [36] [37]. Artificial neural networks are already being used in the industry with
nonlinear procedures and human operator modeling. Additionally, for fault detection and
monitoring as well as control process and optimization, ANN has been used as power system

stabilizer [37] - [42] [74]. A brief review of ANN analysis will be discussed in this chapter.

4.3.1 Basic Elements of an Artificial Neural Network

An artificial neural network is a computational or mathematical model that mimics
biological neural networks. It consists of processing elements called neurons which are linked
together to create a network structure. Nonlinear function approximation uses process inputs to
evaluate process outputs. An important feature of ANNS is their ability to adjust connections
through an adaptive learning process called, appropriately enough, “learning”, which can be
achieved using a series of examples and patterns. Information achieved through learning is retained
and represented by a set of connection weights within the neural network structure. Figure 4.5
shows a simple neural network consisting of a linear combiner and nonlinear active function. The
input signals 14, I,, ..., I, are multiplied by weights W;, W,, ..., W, and then collected together to
generate the net input to the nonlinear active function. Thus, the output signal can be expressed as

follows [36] [37] [38]:

N (4.11)
i=1
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Figure 4.5. Simple model of an ANN

In determining an ANN’s output, the weights are the most important coefficients. Weights
are used to adjust connections between the neurons according to a modification rule. The bias (b)
is utilized to increase or decrease the input to the nonlinear active function. The nonlinear active
function is applied to transfer the activity level of the neuron to the output signal. There are many
types of nonlinear active functions that have been used to build ANNs such as the sigmoid
function, hard limit function, hyperbolic tangent function and Gaussian function, as shown in
Figure 4.6 [36] [37]. The choice of the active function is dependent on the application using the
ANN; in multi-layer neural networks, the active functions most commonly used are sigmoid and

hyperbolic tangent functions.
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Figure 4.6. Types of activation function
There are different types of neural network architectures, which are based on the way
neurons are connected. One of these is a single-layer feed-forward network consisting of one

computational layer and multi-input and multi-output signals, as shown in Figure 4.7. The input

signals are connected with each neuron in the network. This type of the architecture can only
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approximate a linear function. In the input layer, no computation process has taken place, so it is

not accounted as a layer.

Input layer
Pty Output layer

Figure 4.7. Single layer feed-forward network

The second type of network architecture is a multi-layer feed-forward network. It consists
of two or more layers connected together to make one network, as shown in Figure 4.8. By using

this type of neural network, the approximation of a non-linear function can be obtained.

Input layer Hidden layer Output layer

Figure 4.8. Multi-layer feed-forward network

The third type is a recurrent neural network. This type of network contains feedback
connections between the network’s outputs and inputs. Thus, the signals flow in both forward and

backward directions, adding dynamic memory to the network and are useful to emulate dynamic
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systems. This design can be either a single-layer or multi-layer recurrent network, as shown in

Figure 4.9 and Figure 4.10, respectively.

Input layer

Output layer

Figure 4.9. Single-layer recurrent network

——»
—>

Input layer Hidden layer Output layer

Figure 4.10. Multi-layer recurrent network

4.3.2 Neural Network Learning Algorithms

One of the most important features of ANNS is their ability to learn, which can be defined
as the procedure of adjusting the neural network parameters (weights and biases). Therefore,
outputs can be predicted based on a given number of inputs and within acceptable limits of error.

Learning algorithms include the following [36] [37] [38]:
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% Supervised Learning: The network is presenting with training data that represent the range
of input possibilities, together with associated desired outputs. The weights are adjusted
until the differences between the actual and desired outputs become a minimal acceptable

value.

X/
°e

Unsupervised Learning: Because the technique does not use feedback information to
update the network’s parameters, it is also called open-loop adaption. This approach is used

in some applications such as speech recognition and image comparison.

4.3.3 Back-Propagation Algorithm

The back-propagation algorithm (BPA), which is one of the most common algorithms used
to train ANNS. Itis a supervised learning approach. It uses a gradient-descent optimization method.
It is also called the delta rule, when applied to feed-forward networks. A feed-forward network
that uses the delta rule for training is called a multi-layer perceptron (MLP). If the performance

index of the cost function (J) takes the form of a summed squared error function, then
1 M
j= MZ(dj —0,)? (4.12)
j=1

where O; is the actual output while d; is the desired output. Using gradient-descent, the weight
increment, AW;, is proportional to the negative slope, as follows:

) (4.13)

AW,

where p is a constant. From equations (4.12) and (4.13), one can obtain:

g 1 g 2 (4.14)
oW, MZ oW (d; =0
]:
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Using the chain rule, equation (4.14) can be written as follows:

9 zid 0099
oW;i M.l(j D W,
]=

If the active function is the sigmoid function, then:

of
% fCI[1 — ()]

Since the neuron output O; is f(x), equation (4.16) can be written as follows

90,

From equation (4.15), we can again use the chain rule:

—_— = — %
E)VVJI aX] (')VVJI

(4.15)

(4.16)

(4.17)

(4.18)

In equation (4.11), the bias b; is called Wj,. Thus equation (4.11) can be written as follows:

N
x]' = z W]-iIi
1=0

an d ZN Wol I
oW OWjiLuizo

Substituting equations (4.17) and (4.20) in equation (4.18), we get:

90,

oW,

Substituting equation (4.21) in equation (4.15), one obtains:
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M
aJ 2
_ _le(dj —0)*0,[1 - 0y]L; (4.22)
]:

oW,

Equation (4.22) can be rewritten as follows:

o 2 i& 1 (4.23)
ow; ML T
j=1
where
Substituting equation (4.23) in equation (4.13) leads to:
M (4.25)
j=1
here n = 2&
w n=
This leads to weight increment, called the delta rule, for a particular neuron

where 7 is the learning rate and has a value between 0 and 1. Therefore, the new weight becomes:

In other words, if the sensitivity of the squared error to a particular weight is that increasing the
weight causes an increase in the squared error, during a training step the weight is slightly reduced.
If the error is increased by decreasing the weight, the weight is increased. When fed many times
with each data point in an input/output training set, this iteration, when stable, usually backs down

the global E? versus weight bowl in hyperspace towards the global minimum. A small value of 7
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promotes iteration stability. To avoid convergence to local minima, noise added to the weights
could be used to periodically shake up the iteration.

Generally, many thousands of iterations are needed to reach the global minimum. When
one considers the many directions in weight hyperspace, this is not surprising. Other training
methods such as those which try to mimic genetic algorithms are supposed to be faster but are not
as well developed. Mapping a neural network could also be used to get the overall dynamics of a
system or for error-driven control in order to mitigate the downside of ANN controllers, which is
that they require extensive offline training and can react unpredictably when encountering
operating conditions outside of their original training sets. This thesis presents an untrained ANN
controller to use in a PSS.

4.4 Proposed Untrained Artificial Neural Network

The proposed method uses a multi-layer feed-forward network, consisting of an input layer,

a hidden layer, and an output layer, as shown in Figure 4.11. The active function is a nonlinear

sigmoid function.

Figure 4.11. Multi-layer feed-forward neural network
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From Figure 4.6, it can be noted that, in the sigmoid, when x tends to oo, the value of f(x)
tends to +1, while when x tends to -oo, f(X) tends to zero. When x is equal to zero the value of the
sigmoid function is equal to 0.5. The derivative of the sigmoid function is given below. From
equation (4.28), it can be noted that as x tends to o or -oo, the value of df(x)/dx tends to zero.

However, when x = 0, the value of df(x)/dx achieves its greatest value of 0.25, as shown in

Figure 4.12.

df(x) e (4.28)
dx (1 +eX)2

0.25;

0.2}

dri=)/

0.1}

30 -20 -10 0 10 20 30

Figure 4.12. Derivative of sigmoid function

This research uses only three hidden neurons (N, Z and P) resulting in a network that is
easy and less time-consuming to train. The network has three inputs (1), (J) and (S). These,

respectively, represent the error (deviation speed Aw), the integral of the error (f Aw), and the
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derivative of the error (acceleration A®). The network is shown in Figure 4.11. The output is the

control signal as given below:

O = Wob + WONf(IWIN + ]W]N + SWSN + WNb)
+ Wozf(IWyz + JWjz + SWsz + Wyp,)

4.29
+ Wopf(IWip + JWjp + SWsp + Wpy,) (4.29)

Equation (4.29) shows how the weights (W) can be used in a map to scale and shift the
squashing function horizontally and vertically. In this research, the artificial network mimics the
PID controller, the output signal of which is shown in following equation [75] [76]:

For an artificial neural network to mimic a PID controller, the following assumptions are made:

Wiy = Wen = Wiz = Wz = Wip = Wjp = 0, Wy, = Wy, = Wp, =0 (4.31)

along with:

1 4.32
Wop = — > (Won + Woz + Wop) (4.32)

The saturation limits of the controller are set to be the values of Wgy, Wgoz and Wop,
which are determined by the hardware. Therefore, the value of Wy, would be known. The ANN

controller reduces to:

0 = Wonf(IWiN) + Wozf(JWjz) + Wopf(SWsp) + Woy, (4.33)

The differentiation of the output signal of the PID controller with respect to input | gives
the proportional gain, K, while the output signal with respect to the input, J, gives the integral

gain, K;, and that of the output signal of with respect to the input, S, provides the derivative gain,
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Kp. Therefore, differentiation of the reduced ANN controller with respect to I, J and S, when they

are equal to zero, gives:

_ 4Kp (4.34)
IN WON
_AKy (4.35)
27 Woq
4Kp (4.36)
Wep = —2
SP WOP

4.4.1 Design of Fixed Gain Proportional-Integral-Derivative Regulator (PID-PSS)

As mentioned above, determining the parameters of the proposed untrained ANN regulator
requires the PID regulator gains first to be evaluated. To design a fixed-gain PID-PSS, the gains
Ke, K; and Kp can be calculated by selecting a pair of specified eigenvalues (dominant
eigenvalues) A = A; and A = A, for the electromechanical mode of the synchronous generator
connected to the network [77].

The linearized mode of the power system that is obtained around the operating condition
is given as follows:

Ax(t) = AAx(t) + BAu(t) (4.37)
Ay(t) = C Ax(t) (4.38)
By taking the Laplace transform for the equations (4.37) and (4.38)

AX(s) = (sI — A)"1BAU(s) (4.39)
and,

AY(s) = CAX(s) (4.40)
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The output signal of the PID controller with washout circuit can be written as follows:

sTw (4.41)

AU(s) = H(AY(S) = o (Kp + % + sKD) CAX(s)

where H(s) is the transfer function of the PID controller and washout circuit, AY(s) is the output
of the power system and the input of the controller (which has been selected to be rotor speed
deviation, Aw), Tyy is the washout time constant and, Kp, K; and Kp are the gains of the PID
regulator.

Substitution of equation (4.41) into equation (4.39), gives:

sTy (K KI+ K )_ |
1T+ sT, \ P+ 758D ) = o — A)-1B (4.42)

If A is the assigned eigenvalue of the closed-loop system equipped with the PID controller, then:

|

(Ko 3 20) = =g (.43

T, Kp, =+ AKp

Thus, by substituting a pair of pre-specified eigenvalues A =2A;and A = A, for the

electromechanical mode into equation (4.43), three algebraic equations with three unknowns will

result as follows: Kp, Kj, and Kp. These gain settings can then be obtained by solving the algebraic
equations.

The fixed gains of PID-PSS are a function of the power system parameters Ki-Ke and Ky1-

Kvs, and these parameters are functions of a generator’s operating conditions. Therefore, the

eigenvalues of the system will be changed from specified values as long as the loading conditions

of the generator are changed. In actual practical case, the loading conditions for any generator in
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a power system will continue to change. The operating conditions of the generators will also
change when faults occur in the power system, adding new loads to the power system and
disconnecting some equipment such as power transformers and transmission lines in order to repair
them. These contingencies make a fixed-gain PID-PSS unable to provide a good response under a
wide range of operating conditions. In order to mitigate these problems, an artificial neural network
power system stabilizer (ANN-PSS) that mimics a PID regulator is proposed. The design of ANN-

PSS is the subject of the next subsection.

4.4.2 Design of an Artificial Neural Network PSS (ANN-PSS) for a Reduced Order Model

Although traditional control structures could improve the power system stability, they
cannot guarantee adequate performance in many practical applications because their parameters
are determined at a particular operating point. Moreover, the power systems are highly non-linear
and potentially subjected to unpredictable disturbances. Increasing the demand as well as the
complexity of power systems has led to making them unreliable controllers. To offset these issues,
an artificial intelligent controller is proposed. The basic structure of this proposed artificial neural
network power system stabilizer (ANN-PSS) is shown in Figure 4.13. The inputs of the controller
are selected to have a speed deviation, Aw, an integral speed change, [ Aw, and a derivative speed
deviation Aw. From Figure 4.13, it is clear that the values of speed deviation, Aw, the integral of
the speed change and the acceleration, A®, pass through three layers, namely the input layer, a
hidden layer, and an output layer of neurons. In practice, the input data are received from the
electronic sensors, while the neuron’s output layer gives the control signal. Within the hidden
layer, the summed inputs are processed by a nonlinear squashing function when they pass through

the neurons.
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Figure 4.13. Schematic diagram of the power system model with proposed ANN-PSS

In this dissertation, an ANN-PSS will be applied to a reduced order power system model,
as shown in Figure 4.14. The original system is first formed, after which a proposed reduction
technique is used, and the roots of the reduced order model matrices are found. The ANN-PSS

technique thus uses another control signal based on reduced order response.

X | Original System Reduction
A B.C, A Technique

Reduced Order Model
Al BL.CL A

Aw

lAm Proposed Ue

ANN-PSS | »
Aw'

Figure 4.14. Block diagram of ANN-PSS
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4.5 Numerical Results

Numerical results are carried out on the power system shown in Figure 2.2, which consists
of a synchronous machine represented by a two-axis model and equipped with an IEEE type-1
excitation system and turbine governor system connected to a network. The artificial neural
network techniques are applied as discussed above and compared with a conventional Lead-Lag
controller to obtain a proper dynamic performance over a wide range of operating conditions. The
effectiveness of the ANN-PSS approach is characterized through +1% step change in the input

reference voltage applied at times of 1 sec, 11 sec, and 21 sec.
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Figure 4.15. Time response of Aw due to disturbances at P = 0.25 and Q = 0.0 pu
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Figure 4.17. Time response of Aw due to disturbances at normal operating condition

82



0.03 I

R Without PSS
- - = Lead-Lag PSS
—— With ANN-PSS

0.02 -

e
o
3
T

Rotor Angle Deviation (Rad)
S
2 o

-0.02

_0.03 I 1 | 1 I
0 5 10 15 20 25 30

Time, sec

Figure 4.18. Time response of AS due to disturbances at normal operating condition

In the results shown above in Figures 4.15 to 4.18, it is assumed that the transformer
reactance is fixed at X; = 0.4 P.U. From the figures, it is evident that the system at the unity power
factor, due to the £1% step change in input reference voltage applied at times 1, 11 and 21 seconds,
caused persistent oscillations over a relatively long time. By using the PSS approach this
oscillation damps extremely fast, especially with the proposed controller, of ANN-PSS. However
in real life the power transformer is connected in series with the transmission lines, the reactance
in the next study cases will be changed at lagging and leading power factors to gauge the efficacy

of the proposed controller under changes in parameters and operating conditions.

83



Rotor Angle Deviation (Rad)

X 1074

a T
] ; L Without PSS

- - =With Lead-Lag PSS
1 —— With ANN-PSS

el HOLLLRLLLLII LTI

4t i ~
~_ E
= :
R : A H
z 2+ 1 H 4 =
g N i - A}
o E ]
= El X \ o\ . "‘ iy
8 0 3 RN "\ € i P:liopiy: As -
\ 7 A= b H [; ) \ 7 L v 7 -
7 3 :
= | - L A THE W) “! d
i ’
cg" IV ’ ' ‘J' !
=2 13 ! : H E
=) 3k ' i
S v I
i ]
PYE ' E
B~ <
.8 N 1 1 : 1 I
0 5 10 15 20 25 30

Time, sec

Figure 4.19. Time response of Aw due to disturbances at P = 0.85, Q = 0.65 and X, = 0.8 pu
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4.6 Comparative Study

To indicate the superiority of the proposed controller (ANN-PSS) over the traditional
controller (Lead-Lag PSS), Tables 4.1 to 4.4 present a comparative study between the controllers
using calculations of the maximum peak value and the settling time for rotor speed response at
different operating conditions. Changes in transformer reactance and in the amplifier gain, K,, in
the excitation system are also compared. From the tables, it is evident that the proposed ANN-PSS
shows good time response with better maximum peak value and less settling time compared to the
Lead-Lag PSS. The power system is stable with most of the operating conditions having been
tested. Under a few of the more severe operating conditions, when the disturbance is caused by
+1% change in voltage reference (which is the input for the AVR), the power system with the

proposed controller ANN-PSS is unstable.

Table 4.1. Comparative study between conventional PSS and proposed controllers with different operating
conditions and (X; = 0.4, K, = 100)

With Lead- lag PSS With ANN-PSS
Operating Max. peak Settling Max. peak Settling
conditions value (P.U) | time (sec) | value (P.U) time (sec)
P =0.85Q=0.65 3x107% 4.2 2.12%107* 3.1
P=0.75,Q=055 | 285%107* 4 2.08 %« 10~* 3.4
P=0.75,Q=0.0 3%107* 3.84 2.2%107* 3.2
P =0.75, Q =-0.55 3.3x107* 4.1 2.5x%107* 35
P =0.85, Q =-0.65 3.5%107* 4.37 2.7« 107* 3.8
P=1250Q=0.6 3.6 x107* 4.5 2.73 %1074 3.9
P=125Q=-0.6 | 48*107* 6.47 3.9%107% 453
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conditions and (X, = 0.6, K, = 100)

Table 4.2. Comparative study between conventional PSS and proposed controllers with different operating

With Lead- lag PSS With ANN-PSS

Operating Max. peak Settling Max. peak Settling
conditions value (P.U) | time (sec) | value (P.U) time (sec)
P=1450Q=025 | 39x107* > 10 1.8+ 107* 3.75
P=125 Q=05 6.3x107* 9.2 51x107* 5.5
P=1.05Q=0.6 5%107% 6.67 3.8x107* 5.07
P=0.850Q=0.6 3.7+107* 5.6 2.7 %1074 3.55
P=0850Q=-06 | 41x107* 5.6 32x107* 39
P=1.050Q=-0.6 | 57%107* 9.8 47 %1074 5.15
P=1450Q0=-025| 6.1%107* 7.6 5% 1074 5

conditions and (X, = 0.8, K, = 100)

Table 4.3. Comparative study between conventional PSS and proposed controllers with different operating

With Lead- lag PSS With ANN-PSS

Operating Max. peak Settling Max. peak Settling
conditions value (P.U) | time (sec) | value (P.U) time (sec)

P=1.05 Q=05 7.5% 1074 > 10 6*107* 6.4

P=0.85 Q=06 5.8%107* > 10 4.5%107* 5.1
P=0.850Q=-06 5.2%107* > 10 41107 5.05
P=1.050Q=-06 0 0 o ©

P=1450Q=0 7.1%107% > 10 6.2+107* 5.6
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Table 4.4. Comparative study between conventional PSS and proposed controllers with different operating
conditions and (X; = 0.6)

With Lead- lag PSS With ANN-PSS
Operating Max. peak Settling Max. peak Settling
conditions value (P.U) | time (sec) | value (P.U) time (sec)
P=125 Q=045 | 6.5%107* 10 5.5%107* 5.4
KA - 120
P=1.05 Q=05 49%107* 5.43 3.7+107* 4.8
K, = 110
P=0.85 Q=056 5.8x107* > 10 45%107* 5.1
K, = 100
P=0.85Q=-0.6 3.8x107* 6.3 29x%107% 4.6
Ka, =90
P=1.05 Q=-0.6 5.5 %1074 9.5 43%107% 5.55
Ky =90
P=1250Q=-045| 6.5%107* > 10 5.4 %107* 4.7
K, = 80

4.7 Summary

In this chapter, two types of power system stabilizers were designed. One is a Lead-Lag
power system stabilizer, and the other is an intelligent controller (ANN-PSS). The main goal in
designing a Lead-Lag PSS is to understand the construction and tuning of this type of stabilizer,
as it is still frequently used in the power systems. Additionally, the Lead-Lag PSS has been used
in this chapter comparatively to show the effectiveness of the proposed controller and to
demonstrate that, designing methodologies based on classical conventional control techniques do
not formally guarantee driver robustness at the design stage. However, the advances achieved in
computer processing speed and memory capacity over the past few years have allowed the use of
robust control techniques for the design of damping controllers, such as the proposed controller

(ANN-PSS). The proposed ANN-PSS is designed based on a reduced order model of the power

90



system, which consists of a synchronous generator represented by a two-axis model and equipped
with IEEE type-1 excitation and turbine governor systems connected to the network, to improve
the system’s dynamic performance and to adapt real-time controller parameters due to changes in
the loading conditions.

In order to reduce the lengthy time required to train the network in ANN-PSS, this research
used a neural network with only three hidden neurons and three inputs to mimic a PID controller,
as explained above. The input signals to the ANN-PSS were the aberration speed, Ao, the integral
of speed change, | Aw, and the derivative of the speed deviation, Aw. The digital simulation results
show that the system with the proposed ANN-PSS produces proper damping characteristics at
different operating conditions. The digital simulation results showed that the system with Lead-
Lag PSS and ANN-PSS yielded proper damping characteristics under some operating conditions,
whereas the system with the ANN-PSS gave better dynamic response compared with the Lead-
Lag PSS controller under the same operating conditions. These improved parameters increase a
power system’s reliability. Under severe operating conditions as is shown in Figure 4.25 and
Figure 4.26 when the disturbance caused by -1% change in voltage reference (which is the input
for the AVR), the power system with the proposed controller ANN-PSS was unstable. Thus, the
proposed ANN-PSS can be said to provide good dynamic response only under limited operating

conditions, but it is still better than conventional Lead-Lag PSS.
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Chapter 5
5 Design of a Novel Fuzzy Logic PSS (FLPSS) for a Reduced-Order Power
System

5.1 Fuzzy Logic Control Principles
A brief review of some basic concepts of fuzzy logic and fuzzy control will be presented
in this chapter. A more comprehensive review of the subject is covered in detail in [36] [78] [79].
Unlike the classical control approach, which requires an in-depth understanding of a power
system along with exact equations and precise numerical values, the philosophy behind fuzzy logic
control is applicable for a power system. It allows for the modeling of a complex system using a
higher-level abstraction originating in accumulated knowledge and experience. Fuzzy logic also
allows for the expression of knowledge in linguistic commands rather than crisp values in control
systems. This linguistic concept can be reflected in certain (if.............then) production rules.
Fuzzy logic theory is attractive to some operators in that it gives computers the ability to make
flexible and highly responsive control, which in the past had to be performed by human judgment.
In the previous methodology, a condition could be judged by the computer as being only either
correct or incorrect, but this theory permits to judging something to be almost correct or very
correct. The applications of fuzzy logic control techniques appear to be suitable for a power system
in light of the following factors:
% Improved robustness over that obtained using conventional linear controllers.
s+ Simplified control design for difficult-to-model systems (to design fuzzy logic controllers,
there is no need for an accurate model of the power system).

%+ Low computational burden and simplified computer implementation.
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5.2 Basic Concept of Fuzzy Logic
The following summarizes the basic concepts of fuzzy set theory that will be used in control

signal algorithms [36] [78] [80].

5.2.1 Fuzzy Sets
A fuzzy set is a generalization of concepts of an ordinary bivalent set or crisp set. If Cis a
crisp set defined in universe U, then for any element u of U, eitherue C [ uc-(uw) =1]oru & C|

uc(uw) = 0]. For any crisp set C it is possible to define a characteristic function as follows:

_ (1 ifueC
He(u) = {O ifuécC (5.1)

The central concept of the fuzzy set theory is that the membership function, (i), can have
a value between 0 and 1. The membership function (u) has a relationship with the x-axis called the
universe of discourse or domain of discourse (U). In fuzzy logic theory, the characteristic function
is generalized to a membership function (MF) that assigns u € U a value from the unit interval [0,
1] instead of a two-element set {0, 1}. The set defined on the basis of such an extended membership
function is called a fuzzy set uc: U — [0,1]. The fuzzy set is represented as follows:

. 52)
C=upy/us + -+ py,/uy :Z HC(UI)/ui
i=1

In equation (5.2), the symbol (+) is not an addition as in the normal algebraic sense, but instead
denotes a fuzzy arithmetic union operation and the symbol (/) is a delimiter. Thus, the numerator
of each term is the membership value in fuzzy set C associated with the element of the universe

indicated in the denominator.
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The membership function has different shapes such as triangular, trapezoidal and Gaussian

membership function [79]:

% Triangular membership function: the triangular curve is a function of vector x and depends

on three parameters (a, b and c), as given below:

0, x<a

X —a

ferabe)={bz¢ (5.3)
b<x<c
Lc—b
0 c<

o _(X) |

Figure 5.1. Triangular membership function of fuzzy set

%+ Trapezoidal membership function: the triangular curve is a function of a vector x, and

depends on four parameters (a, b, ¢ and d), as given below:
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X —a N
a <b
b—a (5.4)
f(x)a)b;c;d)=< 1; b<x<c
d-x <x<d
d—c c=Xx
‘0 x> d

Figure 5.2. Trapezoidal membership function of fuzzy set

¢ Gaussian membership function: the symmetric Gaussian function depends on two

parameters (a and b), as shown in the following equation:

fnab) = el 5a ] (5.5)
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u(x)

Figure 5.3. Gaussian membership function of fuzzy set

The selection of the membership function is up to the designer of the controller and
application. Fuzzy sets represented by a symmetrical triangular are most commonly used because

their computation is quite simple and give good results.

5.2.2 Fuzzy Set Operations

Fuzzy sets theory involves very complicated theorems, most of which are not related to the
development of fuzzy control applications. The following definition is used in control system
algorithms for fuzzy sets. Let A and B be two fuzzy sets within classical set X with the membership
functions of u, and ug, respectively. The following fuzzy set operations, shown in Figure 5.4, can

be defined as [80]:
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Hp

() ®
10 H, Hy
» X
Two fuzzy sets
H oA
y7)Caay /A
» X
Intersection of fuzzy sets
Ha M@ U
1.0
» X
Union of fuzzy sets
y7
A 11
1.0
» X
Complement

Figure 5.4. Operators on fuzzy sets

s Equality of fuzzy sets:
Two fuzzy sets A and B, are equal if they have the same membership function on the classical

set X

ua(x) = up(x) Vx€EX (5.6)

¢+ Union of fuzzy sets:
The union of two fuzzy sets, A and B, corresponding to the Boolean OR function, is given by

the following equation:
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Maus(X¥) = Parp(®) = max(pa(x), pp(x)) Vx€X (5.7)

¢ Intersection of fuzzy sets:
The intersection of two fuzzy sets, A and B, corresponding to the Boolean AND function, is
given by:

hans(0 = min(ja (O, up(x)) ¥ x € X (5.8)

% Complement of fuzzy sets:
The complement of fuzzy set, A, corresponding to the Boolean NOT function, is given as
follows:

poa(®) =1-ma(x) Vx€EX (5.9)

5.3 Fuzzy Logic Control (FLC)

The basic construction of a fuzzy logic control (FLC) system is shown in Figure 5.5. It
consists of three stages: the fuzzification stage, the rule and inference stage, and defuzzification
stage. The fuzzification stage is a process of mapping inputs to the FLC into fuzzy set membership
values, with decisions needed to be made regarding number of inputs, size of the x-axis of the
fuzzy sets, and number and shape of the fuzzy sets. A FLC that mimics a proportional derivative
controller (PD) will be required to minimize the error E (t) and the rate of change of the

error dE(t)/dt [36] [80].
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Figure 5.5. Fuzzy logic control system

The number and shape of fuzzy sets is a compromise between the accuracy of control action
and real-time computational complications. For seven linguistic variables, the input domain can
be described by appropriate linguistic terms, such as positive large (PL), positive medium (PM),
positive small (PS), about zero (Z), negative small (NS), negative medium (NM), and negative
large (NL). A fuzzy rule base consists of a set of antecedent-consequent linguistic rules of the form

as in equation (5.10). A typical set of fuzzy interface rules is shown in Table 5.1 [80] [81]

IF E is PS AND dE is NS THEN UisZ (5.10)

The rule-base is constructed using prior knowledge from either one or all of the following
sources: the physical laws that govern plant dynamics, data from existing controllers, and
knowledge obtained from experience experts. Defuzzification is the process of mapping a set of
inferred fuzzy control signals contained within a fuzzy output window to a non-fuzzy (crisp)
control signal. The center of the area method is the most known defuzzification technique, which

can be expressed as:
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sum of the first moments of area (5.11)

Crisp control signal =
sum of areas

Table 5.1. Typical fuzzy logic control rules [80]

dE™E NL NM NS z PS PM PL
NL NL NL NL NM NM NS Z
NM NL NL NM NM NS Z PS

NS NL NM NS NS z PS PM

z NM NM NS z PS PM PM

PS NM NS z PS PS PM PL
PM NS z PS PM PM PL PL
PL z PS PM PM PL PL PL

5.4 Fuzzy Logic Power System Stabilizer FLPSS

Most current electrical power systems have long transmission lines and remote sources of
generation. Such systems typically have high series impedance, which reduces system stability.
The application of a conventional power system stabilizer (CPSS) to improve the dynamic
performance power system has been the focus of extensive studies for some time. These have a
fixed structure, constant parameters, and are tuned for one operating point. Due to power system
drifts that arise due to continuous load changes or unpredictable major disturbances such as three-

phase faults, it is desirable (and, in fact, preferable) to adapt a power stabilizer parameters in real
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time based on online measurement in order to maintain good dynamic performance over a wide
range of operating conditions.

The desirable performance has motivated the development of a self-tuning power system
stabilizer. Although the self-tuning power system stabilizer is capable of offering better dynamic
performance than a conventional power system stabilizer, it requires model identification in real
time, which can be very time-consuming. The nonlinear behaviour of a power system can be
approximated by linear models and additional information must be supplied in order to design
reliable and well-performing controllers. An important source of such information is the
knowledge of plant operators, control engineers and process designers. A FLC technique has been
found to be a good replacement for conventional power system stabilizer techniques [53] [55] -
[57] [81] [82].

5.5 Design of a Novel Fuzzy Logic PSS (FLPSS) for a Reduced Order Power
System

A common way to damp electromechanical low-frequency oscillations in a power system
is to use additional control signals with an automatic voltage regulator (AVR) fed by a speed
deviation signal. Conventional design techniques use a single machine infinite bus system (SMIB)
to design a power system stabilizer based on the transfer function between the AVR’s input and
the resultant torque. In this technique, the external equivalent reactance and the voltage at the
infinite bus or their estimation value must be known. Other conventional design methods require
all of the system information such as P-Vr characteristic and residue [20].

The proposed method uses the information at the secondary side of a step-up transformer
to deduce a power system model, and the order of which is then reduced to design the PSS. The

basic schematic of a proposed fuzzy logic power system stabilizer (FLPSS) is shown in Figure 5.6.
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The inputs of such a controller are selected to be the generator speed deviation, Aw, and the
derivative of the speed deviation Aw. In practice, only speed variation can be sampled at regular
intervals defined by a sampling period. The rate of speed deviation (acceleration) can be derived
from the speed signals measured at two successive sampling intervals using the following
equation:

Ad = (Aw(k) — Aw(k — 1)) /AT (5.12)

where AT is the sample interval.

The decisions in the fuzzy logic approach are made by forming a series of control rules to
cover all possible combinations of input variables (n) with membership functions (z). The number
of control rules (F) will be (F = z™). Most researchers have used fuzzy logic control as a power
system stabilizer with two inputs, where each input has seven membership functions (typical
control rules). The number of rules in this case will be the 49-rule [53] [56] [57] [82] [83].
However, increasing the number of rules requires more memory storage and processing time. To
avoid these problems, only three membership functions for each input are used in this research.
Thus, the number of rules will be 9 instead of the 49 used in the classical design.

As shown in Figure 5.6, it is clear that the values of speed deviation, Aw, and the

acceleration, Aw, pass through three stages: fuzzification, rule and inference, and defuzzification.
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Figure 5.6. Schematic diagram of power system model configuration

In the fuzzification stage, the input crisp variables, Aw(k) and Aaw(k), are converted into
fuzzy variables, Aw and Aw, by the triangular membership functions, as shown in Figure 5.7. Each
input is divided into three fuzzy sets rather than seven fuzzy sets (seven being the dividing range
of choice in most published research) [53] [56]; the three fuzzy sets are negative (N), about zero
(2) and positive (P). Each fuzzy variable is a number of subsets with a degree of membership
w(Aw) and pu(Aw) varying between zero (no membership) and one (full membership). The fuzzy
variables Aw and Ao produced by the fuzzification stage are then processed by an inference engine
that executes a set of control rules, as shown in Table 5.2, where VLN is a very large negative, LN
is a large negative, MN is medium negative, SN is small negative, Z is about zero, SP is small
positive, MP is medium positive, LP is a large positive, and VVLP is a very large positive. Figure 5.8
shows the output of the membership function. To simplify the calculations, these output

membership functions do not overlap.
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Figure 5.7. Fuzzy logic input triangular membership functions
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Figure 5.8. An output membership function

Table 5.2. Decision table

Aw
Aw N Z P
N VLN | LN MN
A SN z SP
P MP LP | VLP
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For a system with two control variables and three linguistic variables, this leads to a 3x3
decision matrix. In Table 5.2, each fuzzy variable represents a fuzzy rule. The knowledge required
to generate the fuzzy rules can be derived from understanding the behavior of the dynamic system
under control. Each rule contributes to the output. The contribution is the minimum between the

memberships p(Aw) and p(A®) . A typical rule has the following structure:

R:if (Aw) is P AND (A®) is Z THEN U, isLP (5.13)

Because a crisp control signal is needed for the excitation system, the numerical value of
the fuzzy controller is obtained from the output contributions using the centroid of area method as
shown in equation (5.11).

In this dissertation, the FLPSS will be applied to a reduced order power system model, as
shown in Figure 5.9. The original system is first formed, after which a proposed reduction
technique is used and the roots of the reduced order model matrices are found. The FLPSS

technique thus uses another control signal based on reduced order response:

é Original System || Reduction
A B C2A Technique
Reduced Order Model
A* B* C* A*
Aw

®  Proposed Uc
! -
Ao” | FLPSS

Figure 5.9. Block diagram of fuzzy logic power system stabilizer (FLPSS)
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5.6 Determination of Fuzzy Logic Controller Parameters

As mentioned above, a fuzzy logic controller (FLC) that mimics a proportional derivative
controller (PD) will be required to minimize the error, E (t), and the rate of change of the error,
dE (t)/dt. The break points in a simplified fuzzy logic rule-based controller can be related to the
PD gains. Therefore, in order to determine the parameters of an FLC that mimics a PD controller,

the gains of the PD controller should be determined.

5.6.1 Design of Proportional-Derivative Controller

In the design of a fixed gain proportional-derivative controller (PD-PSS), the gain setting,
Kp and Kp, can be computed by assigning a set of specified eigenvalues,A =2A; ,A =21, and A =
A3, for the electromechanical mode of the synchronous generator connected to the network. This
is referred to as the pole assignment technique. First, the linearized model of the power system is
obtained around the operating condition. This model is given as [84]:

A%(t) = AAx(Y) + BAu(t) (5.14)
Ay(t) = C Ax(t) + D Au(t) (5.15)

The Laplace transform is then applied to the equations (5.14) and (5.15)

AX(s) = (sl — A)~1BAU(s) (5.16)
AY(s) = CAX(s) + D AU(s) (5.17)

Next, by substitution of equation (5.16) into equation (5.17), the transfer function of the system

can be obtained as follows:

TR(S) = Fp = C(s1 = )8 +D = 500 (518)
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where n(s) is the numerator and d(s) is the denominator of the open loop transfer function.
The closed loop transfer function of the system that includes the PD controller can be obtained as
follows:

H(S) * (Kp + SKD) (519)
d(s) + n(s) * (Kp + sKp)

TFC.l(S) =

The characteristic equation of the closed loop transfer function is:

d(s) + n(s) * (Kp +sKp) =0 (5.20)

Comparing the characteristic equation of the closed loop transfer function with the characteristic
equation that has the desired eigenvalues, the proportional gain, Kp, and the derivative gain, Kp,

can be found.

5.6.2 Design of Fuzzy Logic Controller

After the PD controller gain has been obtained, the parameters of a simplified fuzzy logic
controller can be found. Consider the case, where the derivative input Aw of a fuzzy logic
controller is 100% positive and 0% negative. As the error input, Aw, of the fuzzy logic controller
goes from 100% positive to 100% negative between the break points, +BAw and -BAw, as shown
in Figure 5.10, the output of the fuzzy logic controller, U, goes from +4BU to +2BU as shown

in Figure 5.11.
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Figure 5.10. Fuzzy input membership functions (the error Aw is varied while A is fixed)
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Figure 5.11. Output membership function generated by changed Aw and fixed Aw.

The relationship between changes in error break point BAw and the resultant output

controller’s break points, BUc, are found to be a straight line as shown in Figure 5.12,
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Figure 5.12. Relationship between changes in error break point, BAw, and the resulting
output controller’s break points BU¢

The slope of the line is BU:/BAw and is like the proportional gain Kp.

Slope = K, = BU¢/BAw (5.21)

Similarly, the derivative gain can be found as follows:

slope = Kp = BU¢/BA® (5.22)

A conventional PD controller (4BAw) is equal to the saturation level of half of a control
signal Uc /2, while the other half is the derivative signal (4BAw). This gives the equation for
B U, where the gains, Kp and Ky, would also be known. Hence, the equations for BAw and BA®

are as follows:

Ucs Ucs (5.23)
Ue=—5 »Blo=g0s
and,
U
BAG = —C8 (5.24)
8 * KD
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5.7 Digital Simulation Results

Numerical results are carried out on the power system as shown in Figure 2.2, which
consists of a synchronous machine represented by a two-axis model and equipped with an IEEE
type-1 excitation system and turbine governor system connected to the network. The fuzzy logic
technique is applied as discussed above and compared with the artificial neural network power
system stabilizer (ANN-PSS) designed in Chapter 4. The proposed ANN-PSS provides a better
dynamic response compared to those of the Lead-Lag PSS for obtaining good dynamic
performance over a wide range of operating conditions. The effectiveness of both FLPSS and
ANN-PSS are characterized for a £1% step change at input reference voltage applied at time 1,

11, and 21 seconds.

----------- Without PSS
- = = With ANN-PSS
: [ —_With FLPSS

Rotor Speed Deviation (p.u}

RHI

-3 I I I I I
0 5 10 15 20 25 30

Time, sec

Figure 5.13. Time response of Aw due to disturbances at P = 0.25and Q = 0.0 pu
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Figure 5.14. Time response of A8 due to disturbances at P = 0.25 and Q = 0.0 pu
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Figure 5.15. Time response of Aw due to disturbances at the normal operating condition
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Figure 5.16. Time response of AS due to disturbances at the normal operating condition

In the results shown in Figures 5.13 to 5.16, it is assumed that the power transformer
reactance is fixed at X, = 0.4 P.U. The figures make it evident that the system at unity power factor
due to a £1% step change in input reference voltage (which is the input of AVR), applied at time
1, 11 and 21 seconds. caused persistent oscillations for a relatively long period. These oscillations
were damping very fast in both proposed controllers for ANN-PSS and FLPSS. However, in
practical cases the power transformers are connected in series with the transmission lines. The
following examples (Figures 5.17 to 5.24) will show the reactance changing at lagging and leading
power factors cases in order to gauge the efficacy of the proposal controller of FLPSS for changes

in parameters and operating conditions
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Figure 5.17. Time response of Aw due to disturbances at P = 0.85, Q = 0.65 and X, = 0.8 pu
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Figure 5.18. Time response of A8 due to disturbances at P = 0.85, Q = 0.65 and X; = 0.8 pu
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5.8 Comparative Study

The purpose of the following comparison is to demonstrate the superiority of the proposed
controller, FLSS, over the artificial neural network, ANN-PSS, introduced in Chapter 4. The ANN-
PSS gives better performance than the lead-lag power system stabilizer (Lead-Lag PSS). Table 5.3
to Table 5.6, contain a comparative study of the proposed controllers for maximum peak value and
the settling time for rotor speed response at different operating conditions and changes in power
transformer reactance. From these tables, it is clear that the proposed fuzzy logic power system
stabilizer has good time response in terms of better maximum peak values and less settling time
compared to those of the artificial neural network power system stabilizer (ANN-PSS). The power
system remains stable under FLPSS for all the operating conditions that have been tested, whereas
the power system with the ANN-PSS suffered from instability issues under some operating

conditions.

Table 5.3. Comparative study between proposed controllers (ANN-PSS and FLPSS) with
different operating conditions and (X, = 0.4)

With ANN-PSS With FLPSS
Operating Max. peak Settling Max. peak Settling time
conditions value (P.U) time (sec) value (P.U) (sec)
P=0.85Q=065 | 212x107* 3.1 0.6 +107* 31
P=0.75,Q=055 | 2.08x107* 34 1.2%107* 3.4
P=0.75Q=0.0 22%107* 3.2 1.1%1075 3.2
P=0.75Q=-055| 25x107* 35 1.35%107* 35
P =0.85, Q =-0.65 2.7 %+ 107* 3.8 1.4%107* 3.8
P=1250Q=0.6 2.73 %107 3.9 1.46 « 107* 3.9
P=125Q=-0.6 | 39x107* 453 1.73 « 10~* 4
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Table 5.4. Comparative study between proposed controllers (ANN-PSS and FLPSS) with

different operating conditions and (X; = 0.6)

With ANN-PSS With FLPSS

Operating Max. peak Settling Max. peak Settling time
conditions value (P.U) time (sec) value (P.U) (sec)
P=1450Q=025 | 1.8+107* 3.75 1+107* 3.1
P=1250Q=05 51%107% 5.5 1.9 % 107* 4.2
P=1.05Q=0.6 3.8x107* 5.07 1.78 + 107* 4.01
P=0.850=0.6 2.7 % 107* 3.55 1.35 %« 10~* 3.55
P=0.85Q=-0.6 3.2%107* 3.9 1.6 x107* 31
P=1.05Q=-0.6 47 %1074 5.15 1.9%107* 41
P=1250Q=-05 o0 00 2.1%107* 3.4
P=1.45,Q=-0.25 5%107* 5 3.7+107* 4.1

Table 5.5. Comparative study between proposed controllers (ANN-PSS and FLPSS) with

different operating conditions and (X, = 0.8)

With ANN-PSS With FLPSS

Operating Max. peak Settling Max. peak Settling time
conditions value (P.U) time (sec) value (P.U) (sec)
P=1.15 Q=0.45 00 00 2.1%107* 3.7
P=1.050Q=05 6*107* 6.4 2.1%107* 3.8
P=0.85Q=0.6 45%107% 5.1 1.9%107* 4.3
P=0.85Q=-0.6 41%107% 5.05 1.8%107* 4.6
P=1.05 Q=-0.6 0 0 2.1 %1074 5.2
P=1.25 Q=-0.45 o o 2.05 % 10~* 4

P=145Q=0 6.2+107* 5.6 2.02%107* 37
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Table 5.6. Comparative study between proposed controllers (ANN-PSS and FLPSS)
with different operating conditions and (X, = 0.6)

With ANN-PSS With FLPSS
Operating Max. peak Settling Max. peak Settling time
conditions value (P.U) time (sec) value (P.U) (sec)
P=1.25 Q=045 5.5%107* 5.4 2%107% 3.8
KA - 120
P=1.05 Q=05 3.7x107* 4.8 1.7 x107* 4
K, = 110
P=0.85Q=0.6 45107 5.1 1.9%107* 4.3
K, =100
P=0.850Q=-0.6 2.9x107* 4.6 1.5%107* 4.1
Ky =90
P=1.05 Q=-0.6 43%107* 5.55 1.8 107* 3.6
K, =90
P=1250Q=-045| 54%10* 4.7 241074 3.85
K, = 80
P=1450Q=0 0 0 2.07 *107* 3.8
K, =80

5.9 Summary

In this chapter, a brief review of basic concepts of fuzzy logic theory and fuzzy logic
control was presented. As well, a fuzzy logic power system stabilizer was designed based on the
dynamic reduction of power system model. However, as shown in Chapter 4 through the
comparison of Lead-lag PSS and artificial neural network power system stabilizer, the design
methodologies based on conventional control techniques do not adequately guarantee robustness
of the controller for a power system stabilizer. However, advances have been made in computer
processing speed and memory capacity over recent years. These allow for the use of advanced
control techniques for the design of robust damping controllers, such as the proposed regulator for
fuzzy logic power system stabilizer. The fuzzy logic power system stabilizer is designed based on
the dynamic reduction of a power system model aimed to improving the system dynamic

performance due to changes in loading conditions. A fuzzy logic power system stabilizer was
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introduced, with the input signals to the fuzzy logic power system stabilizer being the speed
deviation, Aw, and derivative of the speed deviation Aw. Additionally, the number of the rules was
decreased from 49 to 9, significantly reducing the computational burden.

The numerical simulation results showed that the system with the proposed fuzzy logic
power system stabilizer (FLPSS) improved damping characteristics across a broad spectrum of
operating conditions. Furthermore, the digital simulation results indicated that the system with the
artificial neural network power system stabilizer (ANN-PSS) and FLPSS produced good damping
characteristics under some operating conditions. Specifically, the system with ANN-PSS suffered
instability problems under some operating conditions, while the system with the FLPSS provided
better dynamic response compared to those of the ANN-PSS controller for the same operating

conditions. This improvement serves to increase the overall reliability of the power system.
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Chapter 6
6 A Wavelet-based Power System Stabilizer for the Dynamic Reduction of
a Power System Model

6.1 Introduction

In this chapter, a wavelet-based multi-resolution control technique algorithm is used to
design a power system stabilizer (PSS) to overcome small signal stability problems in power
systems. A brief review of the wavelet transforms including the multi-resolution analysis and, filter
bank analysis is discussed below.

Many mathematical techniques are used to analyze signals. The Fourier transform breaks
the signal into its harmonics by weighting it with sine and cosine functions and integrating it from
-0 to +oo, as shown in Figure 6.1. Because data samples have a finite duration, the Fourier
transform will not be from -0 to +oo and the harmonic content can be varied with time event within
the sampling range. To overcome this issue, the short time Fourier transform breaks the signal
duration into non-overlapping segments and analyzes each section using the Fourier transform,
which can localize in time where harmonics exist and can generate a three-dimensional plot of
amplitude versus frequency and time as shown in Figure 6.2. This procedure runs into resolution
problems when the number of segments is increased. A wavelet transforms, shown in Figure 6.3,
attempts to get around this problem by using wavelets instead of sine and cosine waves to weight
the signal. These are said to have compact support, in that they are non-zero only over a small
segment of time, which can be shifted in time and squeezed or stretched in time. Squeezing allows
them to identify high-frequency harmonics in the signal, while stretching allows them to identify
low-frequency harmonics in a signal. Wavelet transforms have been used for analysis of non-

stationary, non-periodic, and transient signals [85] [86].
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6.2 Wavelets and Scaling Functions

Wavelets are described by a wavelet function ¥ (t) (mother wavelet) and a scaling function
@(t) (father wavelet) in a time domain. Different regions of support are derived from the mother
wavelet function during the transformation process. The wavelets are nonzero only over a small
segment period, which is known as the support period. The scaling function is required to create
basis functions, which represent the analyzed signals, using shifting, scaling or rotating. The
scaling functions are able to produce a number of polynomials of degree that will be equal to or
less than the disappearance moment of the mother wavelet. The translation of the wavelet function
is known as the level of resolution, where the resolution generates another wavelet function called
the daughter wavelet by shifting and scaling the mother wavelet. At each level of resolution, the
basis functions will be produced by the scaling function, which can be expressed by the following
equation.

Px(®) = 272927t~ K); j k€2 (6.2)

The orthogonal wavelet basis function is generated from the mother wavelet function ¥ (t), which
can be expressed as:

Yik(®) = 2722t - k); jkez (6.2)

where,
j represents the level of resolution, k represents the dimension of the function space at the level of

resolution j, and t is time [85] [87] [88] [89] [90] [91].

6.2.1 Orthogonal and Non-Orthogonal Wavelets
Wavelets are categorized into two types: orthogonal and non-orthogonal. When the wavelet

function overlaps with the next wavelet function, it is called a non-orthogonal wavelet function.
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Examples include Morlet, Mexican Hat and complex Shannon, which provide too much unwanted
information. Figure 6.4 shows the non-orthogonal Morlet function, while Figure 6.5 shows the
non-orthogonal complex Shannon function. This type of wavelet is used with continuous wavelet
transform (CWT) to guarantee the continuity of the procedure. However, when the mother wavelet
and scaling function are able to produce an orthogonal basis function at each level of resolution, it
is known as an orthogonal wavelet. There are many types of orthogonal wavelet families, such as
the Daubechies family, the Meyer family, and others. Figure 6.6 and Figure 6.7 show the
orthogonal Daubechies function and orthogonal Meyer function, respectively. For control
applications, detection and classification of disturbances in power systems, the Daubechies family

of orthogonal wavelets is more commonly used [86] [92].
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Figure 6.4. Non-orthogonal Morlet function
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6.3 Wavelet Transform

A wavelet transform uses small waves, called wavelets, to weight the signals in order to
obtain better time resolution. There are different types of wavelet transforms such as continuous
wavelet transform (CWT), discrete wavelet transform (DWT), and packet wavelet transform

(PWT) [92] [93]

6.3.1 Continuous Wavelet Transform (CWT)
This type of transform is defined as the sum over all time of the signal multiplied by scaled
and shifted versions of the mother wavelet function ¥ (t). It deals with non-orthogonal wavelet

functions such as the Morlet function and the complex Shannon function [94], which are shown in
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Figure 6.4 and Figure 6.5, respectively. The wavelet transform of a continuous signal f(t) can be

expressed as:

17 —b
CWTy[f1(a (scale), b(position)) = (fbap) = ﬁ J fy* (%) dt (6.3)

In equation (6.3), the symbol * denotes the complex conjugate. The integrand contains the scaled
and shifted mother wavelet function. This can be written as follows:

_ Loy (tzh (6.4)
d’a,b(t)—ﬁlp (T),a,b eERa+0

where a is a scaling factor that determines the degree of resolution, and b is a shifting parameter
that determines the time location of the wavelet, as shown in Figure 6.8. Thus, equation (6.3) can
be rewritten as:

o (6.5)
CWT,[f1(ab) = (Fbas) = f £0) o () dt

—® | Wavelet Transform | ———® —J\(‘— u

Figure 6.8. CWT for different scales and locations
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6.3.2 Discrete Wavelet Transform (DWT)

A discrete wavelet transform (DWT) is any wavelet transform for which the wavelets are
discretely sampled. In a continuous wavelet transform, the mother wavelet is scaled and shifted
over a real continuous number region L?(R), which requires a fair amount of work and contains
unwanted information. Therefore, by using a discrete wavelet transform, the analysis of the signals
will be more efficient and accurate. The wavelet function can be scaled and shifted discretely by
replacing a = a{*, and b = nbyag* , where a, and b, are fixed constants withay, > 1, by > 1
and m,n € N, where N is a positive integer. In this way, the mother wavelet function becomes
[95] [96]:

Umn () = ag™*P(ag™t — nby) (6.6)

For f € L?(R), the discrete wavelet transform can be expressed as:

o 6.7)
PWTIF1Gm 1) = ) = | FOWiun() e

The DWT analyzes a signal at different frequency bands with various resolutions by
decomposing the signal into an approximation and information details. The DWT applies two sets
of functions, which are scaling function ¢(t) and wavelet function y(t). The scaling function is
associated with a low-pass filter while the wavelet function is associated with a high-pass filter.
The time scale representation of a digital signal is obtained using a digital filtering technique. The
filter bank realization of the discrete wavelet transform DWT is similar to the wavelet
decomposition by the continuous wavelet transform CWT, which is computed by changing the
scale of the analysis window of the wavelet function. The analysis window shifts in time,

multiplies the signal, and then integrates over all the time.

128



In the DWT, filter banks, which are filters of cut-off frequencies, are used to analyze the
signal at different scales. The signal is passed through a series of high-pass filters to analyze the
high frequencies, and it is passed through a series of low-pass filters to analyze the low frequencies
[97]. The resolution of the signal, which is a measure the amount of information detail in the signal,
is changed by filtering operations, and the scale is changed by up-sampling or down- sampling.
Down sampling a signal reduces the sampling rate by removing some of the samples from the
signal, whereas, up-sampling increases the sampling rate of the signal by adding a new sampling
to it [98].

The DWT process starts by passing the discrete signal f[n] of length N through a digital
low pass filter with impulse response g[k] and a digital high pass filter with impulse response h[k].
The digital low pass filter is determined from a scaling filter while the digital high pass filters is
determined from a wavelet filter. The output of the low pass digital filter is the approximation
coefficient (al) of the discrete signal at the first level of the DWT resolution. The output of the
high pass filter is the detail coefficient (d') of the discrete signal at the first level of the DWT

resolution. The first level of DWT decomposition can be expressed as follows [89] [99]:

N-1 (6.8)
alln] = > glk] f[N — k]

k=0

N-1 (6.9)
d*[n] = ) h[k] f[N — k]

k=0

The approximation coefficient (al) at the first level of resolution is used as input into

another pair of wavelet filters after being down-sampled by two. The filters at the second level of
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resolution produce sets of approximation and detail coefficients (a?) and (d?), respectively, of

length N/2. These coefficients of the second level can be expressed mathematically as:

(N/2)-1 N
Z glk] a [E - k] (6.10)
k=0

(N/2)-1 (6.11)

kZo h(k] ot [g - k]

Figure 6.9 illustrates the two-level decomposition block diagram of a discrete wavelet
transform for a digital signal f[n]. In the decomposition process, both high-pass (h) and low-pass

(9) filters have been used.

Digital input signal

f[n]

Input signal frequency band

T

al >< 4 1
5 d° First level

First level frequency sub-bands

2 & qt % Gj%) Down sampling by 2
Second level

Second and first level ﬁ“egnenm sub bands

Figure 6.9. Two level DWT of digital signal f [n]
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6.3.3 Wavelet Packet Transform (WPT)

As explained above, the wavelet transform gives excellent time and frequency resolution.
It has one possible disadvantage: weak frequency resolution on the high-pass filter side, which
makes it difficult to differentiate between signals that have nearby high-frequency components.
The WPT has alternative bases, which can found from the linear combinations of standard wavelet
functions. These bases inherit properties such as orthonormality and time-frequency localization
from their corresponding wavelet function. The WPT is a function of three indicates j, k, and n,
which can be expressed as in equation (6.12) [96] [100] Thus, the wavelet packet transform WPT
is an extension of the discrete wavelet transform DWT. Figure 6.10 illustrates a block diagram of
the WPT decomposition.

Wi (@) = 222w (27t — k),j,k,n € z (6.12)

where j is the index of the scale operation, k refers to the shift process, and the index n is defined
as the modulation or oscillation parameter. The first two wavelet packet functions are the scaling

function and the wavelet function, which are expressed as:

Weo(t) = @(t) (6.13)
Woo(t) = (t) (6.14)

The wavelet packet functions for n = 2, 3, .... can be written as:

Wes(t) = 2%/2 z gOW.(2t — k) (6.15)
k

Weo T (t) = 2%/2 Z h(k)W (2t — k) (6.16)
k
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where g(k) and h(k) are the quadrature mirror filters QMF associated with the predefined scaling
and mother wavelet functions.

The first level of decomposition of the digital signal f [n] of length N in WPT produces
two-frequency sub-bands as in DWT, which are approximation coefficients al =
[a} af a} ....a)%_,] and detail coefficients b. = [b bi b3 ....b%_,] as given in equation (6.8) and
equation (6.9). The second level of resolution produces two-frequency sub-bands using the same

filters as the first level of resolution, which are defined as:

(N/2)-1 (6.17)
aa’[n] = Z glk] a* [g - k]
k=0

/21 y (6.18)
ad?[n] = kZO h[k] ot [3—k]

(N/2)-1 (6.19)
da?[n] = z glk] d* [%—k]
k=0

wp (6.20)
dd?[n] = kZO hik] d [2 k]

The frequency sub-band aa? is the second level low frequency approximation of the
discrete signal f[n], while the frequency sub-band ad? is the second level low-frequency details

of the discrete signal f[n]. The frequency sub-band da? is the second level high-frequency
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approximation of the discrete signal f[n], and the frequency sub-band dd? is the second level high

frequency details of the discrete signal f[n], as shown in Figure 6.10.
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Second and first level frequency sub-bands

Digital input signal
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(g ] [bp ] [emd | b0

Down sampling by 2
aa’ ad’ da’ dd’ Second level

Down sampling by 2

First level

Figure 6.10. Two level decomposition of WPT for a discrete wavelet function f[n]

6.4 Multi-resolution Analysis (MRA)

The idea of the multi-resolution analysis (MRA) or multi-scale approximation (MSA) was

introduced by Meyer and Mallet in 1986. The MRA is a convenient framework for hierarchical

representation of functions at different scales. The MRA represents a signal as a boundary of the

subsequent approximations and has a smoother form and more precise details of the original signal.

The multiresolution analysis maps a one-dimensional signal of time into a two-dimensional signal

of time and frequency. The aim of MRA is to represent a continuous function £ (t) in terms of its

orthonormal bases (scaling ¢(t) and wavelet 1 (t) functions). A function f(t) € L?(R) (Hilbert

space) can be described by the N-level of a wavelet series as follows [93] [101]:
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N (6.21)
f() = z Aok Pjox(t) + Z Z biix(t) i =jO
k j=J0 &
where,
Aok = f f®jor)dt (6.22)
(6.23)

by = f FOP; (D)t

For the discrete function S[n] the N-level of the discrete wavelet series will be as follows:

) o (6.24)
[l = =1 > WoG0.) @yanlnl + ) D Wy kel
k j=jo k
where,n =1,2,3,...,m—1
1 i iZi i i = = ] i = -
/\/ﬁ is a normalizing term, as typically j0 =0andm =2'andj=0, 1,...,J-1
. 1 6.25
W, (o, k) = \/—Ezk: S[n] @joxln] (6.25)
(6.26)

1
Wy (k) = 7= St ¥uln]
k

The multi-resolution analysis in Hilbert space L?(R) consists of a nested sequence of
subspaces V; in which V; € V;, 1, where j € Z. The multiresolution analysis MRA has properties
that can be described as follows [102]:

« The MRA decomposes a function space into a sequence of subspaces, each subspace

contains a lower subspace, as illustrated in equation (6.27) and as is shown in Figure 6.11.
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VecclV jcVyclV..cl, (6.27)

++ Because each subspace contains a lower space, thus a new level of a resolution can be
created by dilating the mother wavelet function without losing the information of the

decomposing function, which can be expressed as follows

Vi=VodW, W, W, D ..0 W, (6.28)

Multi-resolution analysis can be mathematically expressed as:

MRAG, ) = | i) @ W) (629

jEL
where, V;(¢) is the subspace spanned by the scaling function ¢(t), the sign @ is the direct

orthogonal summation operation of the spaces, and W;(y) is the space spanned by the

mother wavelet function ¥ (t).

Vl 2 V3V4 V5 """" >Vj

]

Figure 6.11. Scaling and wavelet spaces
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% As the resolution becomes coarser and coarser, more and more details are removed in such
a way that when j — oo, then only a constant frequency component remains. Here, j is the
level of the resolution

% If the signal £(t) does not have any oscillations at scales smaller than 1/2), then £(2t) will

not have any oscillations at scales smaller than 1/2*1,

6.4.1 Quadrature Mirror Filter (QMF)

A multi-resolution analysis can be constructed by using quadrature mirror filter (QMF)
banks. As shown in Figure 6.12, QMF consists of two stages: an analysis stage and a synthesis
stage. Both stages have high-pass filters (h) and low-pass filters (g) and are separated by up- and
down-sampling operations. The selected wavelet and scaling functions, which are defined in
equation (6.30) and equation (6.31), respectively, are used to generate the QMF coefficients [91]

[102]:

Y[n] =v2 ) h[klp[2n — k] (6.30)
2

p[n] =v2 ) glklp[2n —k] (6.31)
2

QMF is used to provide multi-resolution analysis of the input signal by decomposing the signal
into multi-level resolutions. If Cy and Cq are considered to be convolution coefficients of the high-
pass filter and low-pass filter respectively, both should satisfy the orthogonal and perfect
reconstruction conditions to get good QMF, which are C,C; = C;C, = 0 and C,Cp, + C4,Cy =1,

where | is the identity operator.
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k— Analysis stage %Svnfheﬁs stage —

Figure 6.12. Block diagram of quadrature mirror filter

6.5 Selection of Wavelet

The mother wavelet function selection depends on the signal and the type of information
that needs to be extracted from the signal. The best mother wavelet function is one that can analyze
and synthesize the signal by shifting and scaling the wavelet function and keep the energy of the
signal constant throughout the transformation process. The choice of an optimum wavelet function
can be described as a selection of an orthonormal basis function. Detecting the frequency
components that are present in a signal is one of the most important properties provided by the
mother wavelet function. This property can be used to design power system controllers such as
the power system stabilizer, where the speed deviation of synchronous generators can be rapidly
identified [103].

The best mother wavelet function candidate that has been found in control applications is
the Daubechies (db3), because it shows minimum attenuation in the pass band and stops band
frequencies. This property is helpful for removing high-frequency noise from the control signal so
that can be concentrated on specific frequency components. As a result, the mother wavelet filter

(db3) will be used to perform multi-resolution analysis of the rotor speed deviation signal for the
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proposed controller, which is the modified multi-resolution proportional-integral-derivative
controller (MMR-PID), to use it as the power system stabilizer (MMR-PID-PSS).

The six non-zero scaling coefficients of the Daubechies db3 wavelet for the low-pass and
high- pass filters are:
g =[0.0352 —0.0854 —0.1350 0.4599 0.8069 0.3327]
h =[-0.3327 0.8069 —0.4599 —0.1350 0.0854 0.0352]

The first-level magnitude response of the half-band digital filters G and H associated with
the db3 wavelet is shown in Figure 6.13, while the second-level magnitude response of the half-

band digital filters GG and GH associated with db3 wavelet is shown in Figure 6.14.

- — i
- -
-

,/ |==—Level 1 Scaling Filter G
—=-=Level 1 Wavelet Filter H|

Magnitude

0 0.5 1 1.5 2 25 3
Radians/sample

Figure 6.13. First level magnitude response of half-band digital filters G and H associated with db3 wavelet
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—Level 2 Scaling Filter GG
e ---Level 2 Wavelet Filter GH

Magnitude

] 05 1 15 2 25 3 35
Radians/sample

Figure 6.14. Second level magnitude response of half-band digital filters GG and

GH associated with db3 wavelet

6.6 Wavelet-based Multi-resolution PID Controller

The proportional-integral-derivative (PID) controller has been effectively used in industrial
control systems for nearly a century. A PID controller continually computes the error (e(t)), which
is the difference between the measured value and the reference value, and adjusts the control signal
depending on the proportional, integral and derivative terms as shown in Figure 6.15. The
proportional deals with the error’s present value, the integral corrects the errors past value, so the
error will accumulate over time, and the derivative calculates the error’s possible future value
(derivative value). The control signal of a PID controller can be described as in equation (6.32)

[32] [104]:

de(t) (6.32)
dt

uc(t) = kpe(t) + k; f e(t)dt + ky
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where k,, is the proportional gain, k; is the integral gain, and k, is the derivative gain.

. PID-Controller

»
Ll

v(t)
Plant >

h 4
e,

Y

d/dt—»

Figure 6.15. Block diagram of PID controller

In terms of frequency information, the proportional and integral capture the low-frequency
information of the error signal, while the derivative captures the high-frequency information of the
error signal. Using the multi-resolution analysis technique, the error signal can be decomposed to

its high-, small- and middle-frequency components, as in equation (6.33):

e(t) = e, (t) + ey, (t) + - +ey, () +ey(t) (6.33)

where e, (t) means the error signal that has a low-frequency component, ey, (t) .....ey,_, (t)
indicates the error signals that have a middle-frequency component, and ey (t) denotes the error
signal that has a high-frequency component. In the MR controller, which is shown in Figure 6.16,
each frequency component of the error signal is scaled by its gain and then added together to

generate the control signal, as defined in equation (6.34) [103] [105]:
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uC(t) = kLeL(t) + leeMl(t) + -+ kMN—leMN—l (t) + kHeH(t) (634)

“Se

ewn(t)

1(® _] ( : ) e(t) Wavelet Multi-resolution j u(t) Plant y(t)‘
Technique -

+ . v

Figure 6.16. Block diagram of multiresolution controller [103]

In the MR-PID controller, the controller decomposes the error signal into its low-frequency
components (approximation) and its high-frequency components (details), using DWT up to the
second level of resolution and the selected mother wavelet db3, as shown in Figure 6.9. The
selected mother wavelet function db3 is used to produce sets of approximations and details

coefficient using high-pass filter h[k], and the low-pass filter g[k], as in equations (6.35) to (6.38)

[89] [99]:
N-1 (6.35)
eqilnl = ) glkl e[n — k]
k=0
N-1 (6.36)
eqi[n] = hlk] e[n — k]
k=0
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(N/2)-1

calnl= Y glilea|s —|
k=0

(N/2)-1

ep2ln] = Z hik] e [g—k]
k=0

In previous studies, researchers claimed that the high-frequency component of the error

(6.37)

(6.38)

signal e,1[n] in the first-level of the resolution is the derivative signal that should be scaled by a

gain k,1. The integral signal is e42[n], which can be obtained from the second-level resolution of

the error signal, should be scaled by a gain k 2 and the proportional signal is e,z [n], which can be

obtained from the second-level resolution of the error signal, should be scaled by a gain k2, as

shown in Figure 6.17. Thus, the control signal will be as follows [61] [99] [103] [105] [106]:

(t) - e

UpMR-PID = kaZ eaZ + de edZ + kdl edl

Wavelet Multi-resolution
Technique up to Second level
(DWT)

€,2
[k,
€42
» de
€41
kdl

UyR PID

Figure 6.17. MR-PID controller
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In order to obtain PID controller requirements, multiply the integral of the error signal by
the gain k2 to correct the past value of the error value, and multiply the derivative of the error
signal by gain k1 to correct the possible future value of the error. This dissertation adds a new
modification to the MR-PID controller, which is that the high frequency component of error signal
in the first level of DWT e, 1 should be derivative (derivative error signal), and the signal e,
should be integrated, as shown in Figure 6.18. Therefore, the output control signal of the modified

multi-resolution MMR-PID controller will be as follows:

k
Unmr-pipn] = kg2 eg2[n] + kg2 Z eqz[n] AT+ kg2 (ed1[n] _A;dl[n — 1]> (6.40)

n=1

where, AT is the sample interval

e,2
MMR-PID Controller a k,2
1(t) - € Wavelet Multi-resolution " Jeg2 UvivR PID v
@) Technique up to Second level > kdz > Z — Plant >
+ DWT) i
Aé g1
d}' k d 1 >

Figure 6.18. Block diagram of MMR-PID controller
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6.7 Design of a Modified Multi-resolution Proportional-Integral-Derivative Power
System Stabilizer (MMR-PID-PSS) for a Reduced-order Power System

This dissertation uses the MMR-PID controller as the power system stabilizer MMR-PID-
PSS in a power system to enhance small signal power system stability, where the input of such a
controller is selected to be the generator speed deviation Aw. As was mentioned previously, the
proposed method uses the information at the secondary bus of a step-up transformer to derive the
power system model, the order of which is then reduced to the design PSS. The basic structure of
the proposed modified multiresolution proportional-integral-derivative power system stabilizer
(MMR-PID-PSS) is shown in Figure 6.20. The proposed MMR-PID-PSS has three gains which
are k.2, ky2 and k41 where the rotor speed deviation signal is decomposed into its detail (high-
frequency) components and approximation (low-frequency) components using the DWT

technique as shown in Figure 6.19 and selected mother wavelet function db3, as follows:

N-1
Awgi[n] = glk] Aw[n — k] (6.41)
k=0
N-1 (6.42)
Awgi[n] = hlk] Aw[n — k]
k=0
(v/2)-1 (6.43)
N
Awyz[n] = Z glk] Aw 1 [? - k]
k=0
(v/2)-1 (6.44)

N
Aw g [n] = kZO hIk] Aw o1 [5 _ k]

144



Aw[n]

Digital input signal

)

g[n]
Aw,:
g[n] h[n]
O G
Aw,>

L

h[n]

Down sampling by 2

Awg1  First level

Down sampling by 2

Awg2 Second level

Figure 6.19. Decomposition of rotor speed deviation signal up to second level using DWT

The gain k2 is used to adapt the low-frequency component of the rotor speed deviation
signal Aw,2 in the DWT. The gain k 1 is used to correct the derivative of the high frequency
component of the speed deviation signal Aw,1 in the DWT, while the gain k2 is used to correct
the integral of the medium frequency component of the speed deviation signal [ Aw 2 in the DWT.
It has been found that the low frequency component of the error signal using multi-resolution
decompensation DWT up to the second level is identical to the proportional error using a standard
PID controller. Therefore, to reduce the settling time and enhance the disturbance rejection of the
power system stabilizer, the gain k2 can be increased. Also, the integral of the medium frequency

component of the error signal using multi-resolution decompensation (DWT) up to the second
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level is identical to the integral of the error signal using a standard PID controller. Thus, the gain
k42 that is used to weight the integral of the medium-frequency component of the speed deviation
signal can be increased to minimize the steady state error. The derivative of the high-frequency
component of the error signal using multi-resolution decompensation DWT up to the first level is
identical to the derivative error signal using a standard PID controller. Accordingly, the gain k ;1
might be increased to decrease the overshoot/undershoot of the control signal and to improve the

transient response. The output control signal of the proposed MMR-PID-PSS will be as follows:

UmmR-pPID-pPss [
= k2 Aw,2[n]
k

Awgi[n] — Awgi[n — 1]) (6.45)

n=1

- ) V
vref 4 Exciter Eg Synchronous >t
r e & AVR Generator
Unnvr-PID-PSS Y .
- Wref
Aw. 2 =
K,2 | a 8 2 Aw
~ g3
2 5%
k[-AU‘)dZ @ ﬁ g
E « | Kgz [ J 18€ &
Ad =38 g
(_L)dl N % Z
kg1 | D— g2
= EF
& s

Figure 6.20. Block diagram of power system with proposed MMR-PID-PSS
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The performance of the proposed MMR-PID-PSS can be affected by supplementary
disturbances or harmonics during the operation. Thus, the effects of the disturbances or harmonics
must be considered in the design of an optimal control system of the proposed MMR-PID-PSS.
Because the disturbances are low-frequency signals and the harmonics are high-frequency signals,
it is challenging to reduce the effects of these unpredictable signals simultaneously, but the
proposed MMR-PID-PSS performs well under these circumstances.

In this thesis, the proposed MMR-PID-PSS is used in a reduced-order power system, as
shown in Figure 6.21. The original system is first formed and then a proposed reduction technique
is used. The roots of the reduced order model matrices are found. The proposed MMR-PID-PSS

technique has therefore produced a control signal based on a reduced-order response.

X | Original System

——— —— = Reduction Technique
A B, C.A *
Reduced Order Model
AL, B.CLNX
A® Proposed Uc
> MMR-PID-PSS >

Figure 6.21. Block diagram of proposed MMRPID-PSS
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6.8 Digital Simulation Results

6.8.1 Single Machine Connected to the Network

Digital simulation runs were carried out on the power system under study, which consists
of a synchronous generator connected to the network through step-up transformers. The
synchronous generator is represented by a two-axis model and equipped with IEEE type-1
excitation and governing turbine systems. The data for this scheme are given in Appendix A. The
reduced-order model was established, as per Chapter 3, and gave acceptable performance
compared with the original model. The proposed MMR-PID-PSS is then applied with altered
operating conditions. To validate the performance of the proposed regulator, the MMR-PID-PSS
is compared with the fuzzy logic power system stabilizer (FLPSS) presented in Chapter 5, giving
better performance compared to ANN-PSS.

The validation is characterized by studying the time response for a £1% change in
mechanical torque at 1, 11, and 21 seconds in a MATLAB environment [107]. These responses

are given in Figure 6.22 to Figure 6.33.

[[erseseee Without PSS
- - - With FPSS
—— With MMR-PID-PSS

Rotor Speed Deviation (p.u)}

3 1 1 1 I I
0 5 10 15 20 25 30

Time, sec

Figure 6.22. Time response of Aw due to disturbances at the normal operating conditions

148



0.25

----------- Without PSS
02 - - = With FPSS =
———With MMR-PID-PSS

Power Angle Deviation (Rad}

s

] 5 10 15 20 25 30
Time, sec

Figure 6.23. Time response of AS due to disturbances at the normal operating conditions
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Figure 6.24. Time response of Aw due to disturbances at P = 1.25and Q =0.0 pu
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Figure 6.25. Time response of AS due to disturbances at P = 1.25 and Q = 0.0 pu

In the results shown above in Figures 6.22 to 6.25, it is assumed that the transformer
reactance is fixed at X; = 0.4 P.U at a unity power factor. From these figures, it is evident that the
system at unity power factor due to a +1% step change in the mechanical torque applied at time 1,
11, and 21 seconds caused persistent oscillations for a relatively long time at normal operating
conditions. Furthermore, at heavy load, the power system with real power P = 1.25 and reactive
power Q = 0.0, is unstable. By using the proposed PSSs, which are MMR-PID-PSS and FLPSS,
the oscillation is damped out quickly. However, the power system with the proposed MMR-PID-
PSS is more stable under heavy loads. The proposed MMR-PID-PSS gave a better dynamic
response compared to those of the FLPSS.

In the next cases of study, the power transformer reactance will be added in series with the
transmission line, and the power system will be operated at different lagging and leading power

factors to observe the efficiency changes. For both the FLPSS and MMR-PID-PSS controllers,
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Figures 6.26 to 6.29 show the time response of the rotor speed deviation and rotor angle change
under disturbance at lagging power factors for various loading values. The results indicate that the
power system is more stable using both the proposed regulators FLPSS and MMR-PID-PSS.
However, the power system with MMR-PID-PSS gives a better dynamic response compared to
those of the FLPSS. Specially, the responses give a better settling time and less under/over shoot
for the MMR-PID-PSS. Using both proposed power system stabilizers, the power system will be
stable but with different power angle positions. The new rotor angle value using MMR-PID-PSS
will be less than the new rotor angle value using FLPSS. Thus, the power system with MMR-PID-
PSS provide greater stability margin than the FLPSS. This allows the generation unit to send more

power to the transmission lines.

-3
55 210 T T T 'i
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) - - = With FLPSS
L ——With MMR-PID-PSS
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= 1t 1
K= 1
b4 : ¥
S o5l |\ = |
= i
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= ] A /'r
o \; - !
E i
ERys |
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251 ' I J 1 L
0 5 10 15 2 ® ”

Time, sec

Figure 6.26. Time response of Aw due to disturbances at P = 1.25, Q = 0.85 and X, = 0.8 pu
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Figure 6.27. Time response of A8 due to disturbances at P = 1.25, Q = 0.85 and X; = 0.8 pu

e
I T .
P R Without PSS
(1| = = =With FLPSS
1 ‘l ——With MMR-PID-PSS
1
2 ot -
Y
1
.
= } 1 ) : .
& K ) . ' ]
(=] i 1 )
=] 1 - . I 1 \
E ] A 1 ! Y ! 1 A
B DJ ¥ -..__L £ = ! ) i L 2= ]r \\‘F _l: iy N
A / X ” < = \./ 1 3 N ] i ™
T ¥ v 1 ', E -
o ] 1 * I
= ! ’
- i
2 * -
é ¥
,2 - -
.3 1 H 1 | 1
0 5 10 15 20 25 30
Time, sec

Figure 6.28. Time response of Aw due to due to disturbances at P = 1.45, Q = 0.95 and X, = 0.8 pu
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Figure 6.29. Time response of A8 due to disturbances at P = 1.45, Q =0.95 and X, = 0.8 pu

The time response for a £1% change in mechanical torque at 1, 11, and 21 sec. of rotor
speed deviation Aw and power angle variation AS at different leading power factors and different
reactance is shown in Figures 6.30 to 6.33. The results show that the power system without PSS is
unstable, whereas the power system with both regulators (FLPSS and MMR-PID-PSS) is stable.
The power system with the suggested MMR-PID-PSS gives a better dynamic response compared
to those of FLPSS. Specially, it gives a better settling time and less under/over shoot. From Figures
6.32 and 6.33, it is clear that the power system with FLPSS has oscillations that persist for a long

time, while the power system with MMR-PID-PSS damps out the oscillations over a short time.
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Figure 6.30. Time response of Aw due to disturbances at P =1.25, Q =- 0.6 and X; = 0.45 pu
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Figure 6.31. Time response of AS due to disturbances at P = 1.25, Q = - 0.6 and X, = 0.45 pu
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Figure 6.33. Time response of AS due to disturbances at P



6.8.2 Multi-machine Power System

6.8.2.1 Four-Machine Ten-Bus Power System

Figure 6.34 shows a single-line diagram of a two-area power system. It has four machines,
ten buses and eleven transmission lines, with a total connected load of 2734 MW [10] [108] [109].
The system data, including all the equipment, are given in Appendix B. The proposed MMR-PID-
PSS has been applied to the four-machine ten-bus power system under different operating
conditions to test its effectiveness of damping out power system oscillations after disturbances
occur. The design is performed in MATLAB [107] and simulated with Power System Toolbox
[110].

The first test was applied with a self-clearing three-phase fault at bus 9 at 0.5 second and
cleared after 100 ms without line clearing. In this case, some of the system states were chosen to
check system behaviour under the fault condition. Figure 6.35 to Figure 6.39 illustrate rotor speed
deviation and rotor angle deviation of generator Gi, magnitude value of voltage change on bus 9,
changes in real power generated from generator G4, and changes in the absolute value of terminal

current at generator Ga.

Bus; Buss  Busg Buse Bus;y Busg Bus; Bus;
8 4 6 10

9 5 7 11

Bus,

Figure 6.34. Single line diagram of four-machine ten-bus power system
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Figure 6.35. Time response of rotor speed deviation of generator 1 when 3-ph fault applied at bus 9
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Figure 6.36. Time response of rotor angle deviation of generator 1 when 3-ph fault applied at bus 9
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Figure 6.37. Time response of voltage change of bus 9 when 3-ph fault applied at bus 9
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Figure 6.38. Time response of terminal current deviation of generator 4 when 3-ph fault applied at bus 9
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Figure 6.39. Time response of real power deviation of generator 4 when 3-ph fault applied at bus 9

From Figure 6.35 to Figure 6.39, it is evident that, after the fault clears, the system will
suffer from an oscillation problem that persists for a long time, making it fragile. Using the
proposed MMR-PID-PSS, these oscillations will be quickly damped out. Therefore, the power
system with the proposed PSS will be more stable and have a better stability margin. As well, it
will be able to send more power through transmission lines to cover the increasing demand for
electrical energy. The second scenario of the case study changes the voltage reference of generator
G1 by a 10% step increase. In this case, the time response of the rotor speed deviation for generator
G1 and generator G4 are shown in Figure 6.40 and Figure 6.41, from which it is clear that both
generators swing against each other, for the power system without PSS, with FLPSS, and with
MMR-PID-PSS. The power system without PSS oscillates for a long time, while for the power

system with the proposed PSSs, the oscillations are damped in a short time. However, the power

159



system with MMR-PID-PSS has better dynamic response as compared to the power system with

FLPSS.
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Figure 6.40. Time response of rotor speed deviation of generator 1 for perturbation of Vet
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The third test for the power system with the proposed regulator is to increase the output
mechanical torque from the turbine mechanically coupled with generator Gi by 0.7 p.u step
increase (AT,; = 0.7 p.u) applied at 0.5sec. From Figure 6.42, it is evident that when the
mechanical torque increases the rotor speed will also increase. To maintain the synchronism, the
electrical torque should increase which is clear in Figure 6.43. As a result, the acceleration torque
will be zero. In order to perform this process, the power system without PSS will have oscillations
that continue for a long time, and the system under this situation could lose synchronism
(blackout). The system with MMR-PID-PSS has a better dynamic response compared as compared
to the FLPSS. Thus, the acceleration torque will reach zero within a short time, which means the
power system is safer, and the system has a better stability margin. Moreover, the possibility of

the system losing its synchronism or even losing part of the power system is quite low.
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Figure 6.42. Time response of rotor speed deviation of generator 1 for perturbation of Trm
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Figure 6.43. Time response of electrical torque deviation of generator 1 for perturbation of T

6.8.2.2 Ten-Machine 39-Bus New England Power System

In this thesis, a New England power system, which contains 10 machines and 39 buses, has
been used to test the proposed power system stabilizers. A single-line diagram of the 10-generator
and 39-bus power system is shown in Figure 6.44 [10] [108] [109]. The loads are modeled as
constant impedances and the power system data are given in Appendix C. The design is performed
in MATLAB [107] and simulated with Power System Toolbox [110]. The first test applied is a
self-clearing three-phase fault at bus 26 at 0.5 sec. and cleared after 10 ms without line clearing.
The chosen state variables are rotor speed deviation of generator Gy, rotor angle deviation of

generator Gy, real power change of generator G: and voltage change on bus 26.
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Generator # 1

0.7 T T T T T R
. = Without PSS
E - = = With FLPSS
0.65 —— With MMR-PID-PSS
0.6 i b
n
— ) M 15% I
g 0.55 e dir "i:r—.—.—
= ' Vi D
= v
= S |
I 1 A
T 1
5 [
= A 1
£~ 0450 - i b
i
1
H 1
04 g ' ]
l
1
1
0.36F E 1 i
i
1
I
0.3 L ! I L L I " ! |
0 2 4 6 8 10 12 14 16 18 20
Time, sec

Figure 6.46. Time response of rotor angle deviation of generator 1 with 3-ph fault applied at bus 26

164



Generator #1

8
T e Without PSS
- - - With FLPSS
e —— With MMR-PID-PSS
6.5 ‘:

Real Power (p.u}

Time, sec

Figure 6.47. Time response of real power deviation of generator 1 with 3-ph fault applied at bus 26

1.04 . T z
----------- Without PSS gg]
. A
103 - - = With FLPSS R
—— With MMR-PID-PSS H
102 Z
= - A A f v | i
e S EAAAYIAY
” ¥ i
=
=
fr=]
™ pog|-
#
g
=
=
= o098l
0.97 -
0.96 -
0.95-
0.94 | | |
0 2 4 6

Time, sec

Figure 6.48. Time response of voltage change of bus 26 with 3-ph fault applied at bus 26

165



Figure 6.45 to Figure 6.48 show that the system under network disturbance, which is a
three-phase fault at bus 26, without PSS and with FLPSS, is unstable, while the system with the
suggested MMR-PID-PSS is stable. When the fault occurs at 0.5 second, the voltage at bus 26
drops to zero, which will lead to a reduction of real power generated from generator Gy, as shown
in Figure 6.47 (reduction in electromechanical torque). Thus, the acceleration torque will increase
(T, = T,, — T,) and both the rotor speed and the rotor angle will increase as well, as shown in
Figure 6.45 and Figure 6.46, respectively. To maintain equilibrium the acceleration torque should
be zero, which can be achieved by controlling the excitation voltage using the automatic voltage
regulator (AVR) and power system stabilizer (PSS).

The second scenario of case study is to change the voltage reference of generator G; by a
10% step increase. Increasing the voltage reference leads to increases in the electromechanical
torque and terminal current as shown in Figure 6.51, which then decreases the rotor speed and
rotor angle as illustrated in Figure 6.49 and Figure 6.50, respectively. Results show that the power
system without PSS will be unstable within a short time under this disturbance, while the power
system with FLPSS will be unstable after a period of time. Meanwhile, the power system with
MMR-PID-PSS is stable and will eliminate the system oscillations within a short time. As a result,
the power system under study without PSS and with FLPSS will be unsafe under this type of
disturbance and will lose synchronism, whereas the power system with the proposed MMR-PID-

PSS will be secure.
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Figure 6.51. Time response of terminal current deviation of generator 1 for perturbation of Vs

6.9 Summary

In this chapter, a wavelet-based modified multi-resolution PID power system stabilizer
(MMR-PID-PSS) was developed to improve power system stability under various cases of
disturbance. At the beginning of this chapter, wavelet transforms, multi-resolution analysis and
optimum mother wavelet selecting were briefly explained. Then, the MMR-PID-PSS was designed
based on a reduced-order power system, which consists of one synchronous generator with IEEE
type-1 excitation and turbine governor systems connected to the network. The proposed MMR-
PID-PSS has three gains ( k,z, k2 and k1) where the rotor speed deviation signal is chosen to be
the input of the proposed regulator. The rotor speed deviation is decomposed up to the second level
of resolution using the discrete wavelet technique. The gain k2 is used to adjust the low-frequency

component of the rotor speed deviation signal at the second level of resolution Aw 2. The gain k1
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is used to correct the derivative of the high-frequency component of the rotor speed deviation at
the first level of resolution Aw 1, and the gain k 2 is used to weight the integral of rotor speed
deviation at the second level of resolution [ Aw,2. The proposed regulator was tested for a single
machine connected to the network and compared with FLPSS, designed in Chapter 5, under
different operating conditions.

Also in this chapter, the proposed MMR-PID-PSS was tested with a four-machine ten-bus
power system and with the New England ten-machine 39-bus power system under different
operating conditions, such as the application of a self-clearing three-phase fault; a change in the
voltage reference of one generator by a 10% step increase; and an increase in the output mechanical
torque from the turbine that is mechanically coupled with a generator by a 0.7 p.u step increase.
With all types of disturbances tested either for a single-machine or a multi-machine system, the
power systems with the proposed MMR-PID-PSS gave a better dynamic response. As a result, the

power system with the proposed controller has a greater stability margin.
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Chapter 7
7 Conclusions

7.1 Summary of the Thesis

Modern electrical power systems have many interconnected components. Therefore, they
can encounter variety unpredictable problems. For instance, faults occur on transmission lines that
have built-in protection systems and small variations in the load cause small signal perturbations
within the electrical power system. Such unwanted variations may continue for a lengthy period
and cause restrictions on the power transmitted through transmission lines. The probability of
outage or complete blackouts (Ohio blackout 2003, Arizona-California 2011) is relatively high
when the power system is operating under stressed conditions. In other words, the system will be
vulnerable. Standard control devices such as governors and automatic voltage regulators (AVRS)
might not be sufficient to relieve these fluctuations within a short period.

In order to solve these problems, most central power stations in interconnected power
systems have an additional control signal in the excitation system, known as a power system
stabilizer (PSS). However, the parameters of standard PSS are fixed while the power system is
highly nonlinear as it features configurations and parameters that change over time. Moreover, the
design of a standard PSS is typically based on an accurate mathematical model of system
dynamics, and even though the system model is well-known, building an accurate mathematical
model is a very difficult task due to unavoidable conditions such as system noise, saturation, etc.
Therefore, a standard PSS might not be able to provide good performance in many practical
applications.

This thesis attempts to mitigate this limitation by implementing smart power system

stabilizers: a neural network power system stabilizer (ANN-PSS), a novel fuzzy logic power
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system stabilizer (FLPSS), and a modified multi-resolution proportional-integral-derivative power
system stabilizer (MMR-PID-PSS), based on the dynamic reduction of a power system model.
These power system stabilizers have been developed to refine the system dynamic performance
under a broad range of operating conditions.

Chapter 1 provided a general description of power system stability and control
(introduction, basic concepts, definitions, classifications) and also presented a literature review on
conventional PSS, adaptive PSS, artificial neural network PSS, fuzzy logic PSS and wavelet
techniques in power systems.

Chapter 2 looked at some linear techniques that have been utilized for the analysis of small
signal perturbations and for obtaining information on dynamic system features such as
linearization approach and state-space representation. As well, this chapter provided a linearizing
model as a derivation for a single synchronous generator connected in a network by taking a high
voltage bus of the generation unit as a reference rather than the commonly used infinite bus for
standard models.

Chapter 3 introduced a model reduction method for changing a higher-order power system
into a reduced-order model. The original model of power system was compared to the reduced-
order model under several different operating conditions and parameter alterations.

Chapter 4 provided an explanation of the structure and tuning of a Lead-Lag power system
stabilizer. Additionally, it provided an overview of artificial neural network (ANN) controllers and
introduced a design for an artificial neural network PSS (ANN-PSS) for a reduced-order power
system model. Power systems without PSS, with Lead-Lag PSS, and with ANN-PSS were then

compared for a broad range of operating conditions and parameter variations.
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Chapter 5 presented an overview of fuzzy logic theory as well as the principle of fuzzy
logic controllers. Also, this chapter introduced the design of an improved fuzzy logic PSS (FLPSS)
based on a reduced-order power system model. With a range of operational conditions and changed
in the parameters, power system without PSS, with ANN-PSS and then using FLPSS were
compared.

Chapter 6 introduced the proposed modified multi-resolution proportional-integral-
derivative power system stabilizer (MMR-PID-PSS) for a reduced-order power system model. The
chapter began with a discussion of wavelet transforms and multi-resolution analysis, along with a
more in-depth mathematical analysis of wavelet transforms and a brief summary of the principles
of the multi-resolution PID controller. Next came an explanation of the proposed MMR-PID-PSS
design, followed by the implementation of MMR-PID-PSS in both single- and multi-machine
power systems. A stability analysis followed, together with comparisons of power systems without
PSS, with the proposed FLPSS, and with the proposed MMR-PID-PSS. These comparisons were
made for different operating conditions in a single-machine power system, a 4-machine 10-bus
power system, and a 10-machine 39-bus power system.

7.2 Laboratory Experimental Layout and Results

As an integral part of the work in this thesis, a verification of the simulation results of the
proposed technique is provided experimentally using Lab-Volt equipment. This experimental
implementation includes the software and hardware setup of the proposed controller.

Experimental tests were carried out for different loads and rotor speeds. Figure 7.1shows
the excremental layout using Lab-Volt modules. The 0.2 kW three-phase synchronous generator
is connected with three-phase resistive load and coupled with a DC-motor, which is used as a

prime mover. The DC voltage supplies the rotor winding of the synchronous generator during
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IGBT DC-DC converter, where its gates are firing utilizing the control signal that generated from
the control circuit. The rotor speed change is used as an input signal. The speed sensor consists of
a permanent generator, while an analog meter was employed to measure the rotor speed that was
filtered with a low-pass filter. The control circuit uses a 16F876 PIC. The code is downloaded into
the PIC from the computer through an RS232 chip, after which the PIC reads a speed sensor
through one of its analog inputs in the 0-5 volt range. The sensor signal gives 1 volt per 500 RPM.
A voltage divider is used to get the signal in the proper range, while the PIC calculates a control
signal and sends it to the DC-DC converter. The control signal then fires the gate of the DC-DC

converter using pulse width modulation (PWM) in order to control the excitation voltage.

Synchronous

Resistive Load ) o .
Transmission Line Generator

Prime Mover
DC Motor

Coupler

Speed Sensor

Control Circuit

Figure 7.1. Experimental layout using Lab-Volt modules
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Figure 7.2. Time response of rotor speed 1000 RPM and duty cycle of PWM for connecting and disconnecting the
resistive load at different times (experimental results)
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Figure 7.3. Time response of rotor speed 1000 RPM and duty cycle of PWM for connecting and disconnecting the
inductive load at different times, where the rotor speed starts at 1100 PRM (experimental results).

The power system stabilizer is experimentally tested to control a three-phase, four-pole, 60
Hz synchronous generator speed that is effected by changing the load. The results are shown in

Figures 7.2 -7.5.
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In Figure 7.2, the rotor speed is 1000 RPM at 30 seconds the resistive load was connected
to the synchronous generator stator winding, causing a decrease the rotor speed, and the controller
reduces the excitation voltage by decreasing the duty cycle of the PWM. Decreasing the excitation
voltage leads to lower damping torque on the rotor shaft, enabling the rotor speed to increase to
1000 RPM again. At 60 seconds, the load that leads to increasing speed is disconnected, so the
controller will increase the excitation voltage in order to increase the damping torque until the
speed goes back to 1000 RPM.

In Figure 7.3, we can see that the rotor speed starts at 1100 RPM, so the controller will
increase the damping torque until the speed reverts to1000 RPM. At about 35seconds the inductive
load is connected, which means that the speed will decrease and the controller will reduce the

damping torque on the rotor shaft until the speed goes back to 1000 RPM.
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Figure 7.4. Time response of rotor rated speed of 1800 RPM and duty cycle of PWM for connecting and
disconnecting the resistive load at different times (experimental results).
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Figure 7.5. Time response of rotor rated speed of 1800 RPM and duty cycle of PWM for connecting and
disconnecting the resistive load at different times (experimental results).

In Figure 7.4 and Figure 7.5, the rotor speed is 1800 RPM, which is the synchronous speed.

At the synchronous speed, the rotor will have reduced vibration (noise) as well as reduced
distortion, as indicated in Figures 7.4-7.5. The results show the effectiveness of the power system
stabilizer, where it is reducing and increasing the damping torque in phase with the rotor speed
change that is changed by connecting and disconnecting the resistive load at different times.

Conventional PID was used as the controller. For the results presented, only integral gain was
positive. The proportional and derivative gains were both set to zero. This setup could be used to
test the smart controllers developed in the thesis. It is to be noted that there were noises in the
simulation results as well as in the experimental results.
7.3 Major Contributions of the Thesis
As a result of this research, one can conclude the following major contributions:

% A mathematical model of a single machine connected to the network has been introduced

and linearized at a high voltage side of the generation unit instead of an infinite bus as in
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the classical model. By using this modified model, one can design a power system stabilizer
to improve power system stability for both single- and multi-machine power system.
Several new equations have also been derived from this model. The mathematical model
of the power system contains the parameters Ki-Ke¢ and Kvi-Kvs, which are functions of
the generator’s operating conditions.

A reduction technique algorithm is discussed and checked for the power system model.
The simulation tests of the original system and reduced-order model validate the reduced-
order method. A comparison between the original power system model and the reduced-
order model of the power system was carried out across a wide range of operating
conditions and changes in parameters in order to test the effectiveness and reliability of the
third-order model.

The proposed artificial neural network power system stabilizer (ANN-PSS) was designed
based on the reduced-order model of the power system, to improve the power system
dynamic performance with changes in the loading conditions. In order to reduce the time
needed to train the network in ANN-PSS, this research used a neural network with only
three hidden neurons and three inputs to mimic the PID controller. The input signals to the
ANN-PSS were the deviation speed Aw, the integral of speed change [ Aw, and the
derivative of speed deviation Aw. The digital simulation results show that the system with
the proposed ANN-PSS vyields proper damping characteristics at different operating
conditions. The digital simulation results showed that the system with Lead-Lag PSS and
ANN-PSS provide good damping characteristics with some operating conditions.
However, the system with the ANN-PSS gives a better dynamic response compared to that

of Lead-Lag PSS controller at the same operating conditions.
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The proposed novel fuzzy logic PSS (FLPSS) was designed based on the dynamic
reduction of a power system model, aimed at improving the system dynamic performance
according to changes in loading conditions. A proposed FLPSS was introduced, along with
a new approach to determine the parameters of the fuzzy logic controller. The input signals
to the FLPSS were the speed deviation Aw and derivative of speed deviation A®. The
number of rules was decreased from 49 (as in typical control rules) to just 9. As a result,
the computational burden was greatly reduced. The numerical simulation results showed
that the system with the proposed FLPSS produces good damping characteristics at
different operating conditions. Also, the results showed that the FLPSS gives a better
dynamic response compared with the ANN-PSS controller under the same operating
conditions.

A wavelet-based modified multi-resolution PID power system stabilizer (MMR-PID-PSS)
was developed to improve power system stability under small disturbances. Wavelet
transforms, multi-resolution analysis and optimum mother wavelet selection were briefly
explained, after which an MMR-PID-PSS was designed based on a reduced-order power
system. The proposed MMR-PID-PSS has three gains of k,z, k42 and k,1 with the rotor
speed deviation signal being chosen as the input of the proposed regulator. The rotor speed
deviation is decomposed up to the second level of resolution using the discrete wavelet
technique. The gain k2 is then used to adjust the low-frequency component of the rotor
speed deviation signal at the second level of resolution Aw,2. The gain k,: is used to
correct the derivative of the high-frequency component of the rotor speed deviation at the
first level of resolution Aw,1. The gain k 2 is used to weight the integral of rotor speed

deviation at the second level of resolution [ Aw ;2. The proposed regulator was tested on a
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single machine connected to the network and compared with FLPSS, designed in Chapter
5, under different operating conditions. Additionally, the proposed MMR-PID-PSS was
tested with a four-machine ten-bus power system and with the well-known New England
ten-machine 39-bus power system under various operating conditions. These conditions
included the application of a self-clearing three phase-fault; a change in the voltage
reference of one generator by a 10% step increase; and an increase in the output mechanical
torque from the turbine mechanically coupled with a generator by a 0.7 p.u step increase.
Under all types of disturbances, either for one machine or for a multi-machine power
system, the power systems operating with the proposed MMR-PID-PSS gave a better
dynamic response. As a result, the power system using the proposed controller has a greater
stability margin, is able to deliver more power to the network, and has much reduced
possibility to lose a generator, load, portion of the power system, or to have a blackout

under different types of disturbances.

7.4 Suggestions for Future Work
In the course of this research, many aspects were investigated, and numerous conclusions
were drawn with regards to a variety research issues. However, as with any ongoing research, there
are several points which should be looked into in the future. These points are formed as
suggestions, as follows:
Future research work should attempt to:
s Verify the effectiveness of the proposed power system stabilizers by experimental
implementation in a power laboratory.
s Apply the proposed PSSs to a vast power system to study their efficacy using one of the

commercial software packages used by power system companies.
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Extend this research to study wide area control (WAC), where controllers make use of
remote measurements using phasor measurement units (PMUSs) and control signals.

The work in this thesis was limited to enhancing the overall power system stability through
adding an auxiliary controller to the excitation system in the generation unit. For future
improvement of power system stability, integrated smart stabilizers for both excitation and
turbine speed governor system in the generation unit could prove invaluable.

Extend this research to improve the power systems stability by controlling reactive power
using smart controllers in electric power grids using compensators such as static
synchronous compensators (STATCOMSs), static synchronous series compensators
(SSSCs), unified power flow controllers (UPFCs), etc.

Implement the proposed control approach to control energy storage systems, such as
superconducting magnetic energy stores (SMESs), flywheel energy storage (FES), etc. and
to control superconducting fault current limiters (SFCLs), in the electric power grid in
order to ensure reliable performance under a wide range of disturbances.

Investigate the proposed smart controllers for renewable energy systems.
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Appendix A

A.1 Single machine power system data
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Figure A.1. Single line diagram of single machine power system

Table A.1. Synchronous generator rating and parameters

Srated = 920 MVA

Viateda = 18 KV

Speed;ateq = 1800 rpm

P.Fpareq = 0.9

x5 = 0.215 per unit

r; = 0.0048 per unit

xq = 1.79 per unit

Xq = 1.66 per unit

x'q = 0.355 per unit

x'q = 0.357 per unit

x"'q = 0.275 per unit

x'"q = 0.275 per unit

T'q0 = 7.9 sec

T'q0 = 0.41 sec

T"q0 = 7.9 sec

T" 40 = 0.055 sec

H = 3.77 sec

D = 0 per unit

Table A. 2. Parameters of excitation and governor turbine systems

K, = 80 per unit T, = 0.05 sec
Kg = —0.17per unit Tg = 095 sec
Ky = 0.04 per unit Tg = 1.0 sec
Sg = 0.92 per unit Tg = 0.03 sec

Tr = 1.5 sec Tg = 0.5 sec
R =0.05
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Appendix B

B.1 Four-machine ten-bus power system data

Bus; Buss  Buss Busy 1 Bus;y Busg Buss Bus;
’ 4 6 10
2
9 3 R 7 11
y |
Load A Load B s
Bus, Bus,
(&)
Figure B.1. Single line diagram of four-machine ten-bus power system
Table B. 1. Power flow data and results
Bus No. Voltage. Angle Ps Qo PL QL B Shunt.

(p.u) (deg.) (p.u) (p.u) (p.u) (p.u) (p.u)
1 1.03 8.2154 7.0 1.3386 0.0 0.0 0.0
2 1.01 -1.5040 7.0 1.5920 0.0 0.0 0.0
3 1.03 0.0 7.2172 1.4466 0.0 0.0 0.0
4 1.01 -10.2051 7.0 1.8083 0.0 0.0 0.0
5 1.0108 3.6615 0.0 0.0 0.0 0.0 0.0
6 0.9875 -6.2433 0.0 0.0 0.0 0.0 0.0
7 1.0095 -4.6977 0.0 0.0 0.0 0.0 0.0
8 0.9850 -14.9443 0.0 0.0 0.0 0.0 0.0
9 0.9761 -14.4194 0.0 0.0 11.59 212 3.0
10 0.9716 -23.2922 0.0 0.0 2.88 2.88 4.0
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Table B. 2. Transmission line data on 100 MVA base

From bus number To bus Series resistance Series reactance Shunt susceptance
number Rs (p.u) Xs(p.u) B(p.u)
1 5 0.001 0.012 0.00
2 6 0.001 0.012 0.00
9 10 0.022 0.22 0.33
9 10 0.022 0.22 0.33
9 10 0.022 0.22 0.33
9 6 0.002 0.02 0.03
9 6 0.002 0.02 0.03
3 7 0.001 0.012 0.00
4 8 0.001 0.012 0.00
10 8 0.002 0.02 0.03
10 8 0.002 0.02 0.03
5 6 0.005 0.05 0.075
5 6 0.005 0.05 0.075
7 8 0.005 0.05 0.075
7 8 0.005 0.05 0.075
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Table B. 3. Synchronous machine data

Variable Machine at Busl Machine at Bus2 Machine at Bus3 Machine at Bus4
X; (p.u) 0.022 0.022 0.022 0.022
R, (p.u) 0.00028 0.00028 0.00028 0.00028
Xq (p.U) 0.2 0.2 0.2 0.2

X (p.u) 0.033 0.033 0.033 0.033
Xg (p-u) 0.0264 0.0264 0.0264 0.0264
Ty, (S€C) 8.0 8.0 8.0 8.0

Ty, (sec) 0.05 0.05 0.05 0.05

Xq (p.u) 0.19 0.19 0.19 0.19

Xq (p.u) 0.061 0.061 0.061 0.061
Xq (p.u) 0.03 0.03 0.03 0.03
Tgo (sec) 0.4 0.4 0.4 0.4
Tgs (€C) 0.04 0.04 0.04 0.04

H (sec) 54.0 54.0 54.0 54.0

D (p.u) 0 0 0 0

Table B. 4. Excitation system data

Gen # Ka (p.u) Ta(sec) Erpmin (p.U) Erpmax (p.U)
1,234 200 0.02 -6 6
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Table B. 5. Hydro-Turbine governor system data

Gen #

Tw (sec)

Te (sec)

Sigma (p.u)

T2 (sec)

Pmax_fac (pU)

Pmin_fac (pu)

1,234

0.2

0.05

0

11

0.1
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Appendix C

C.1 Ten-machine 39-bus (New England) power system data
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Figure C. 1. Single line diagram of 10-generator 39-bus power system
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Table C.1. Synchronous Generator Data

Gen# | R, X, X X, Xy H Ty, Tyo T, D
1 0.0 | 0.2950 | 0.0647 | 0.2820 | 0.0647 | 30.3 | 6.56 15 | 001 | 00
2 0.0 | 0.0200 | 0.0060 | 0.0190 | 0.0060 | 500.0 | 6.0 17 | 001 | 00
3 0.0 | 0.2495 | 0.0531 | 0.2370 | 0.0531 | 3538 5.7 15 [ 001 | 00
4 00 | 0.3300 | 0.0660 | 0.3100 | 0.0660 | 260 | 54 | 044 | 001 | 00
5 00 | 02620 | 0.0436 | 0.2580 | 0.0436 | 286 | 5.69 15 | 001 | 00
6 00 | 02540 | 0.0500 | 0.2410 | 0.0500 | 34.8 7.3 04 | 001 | 00
7 00 | 02950 | 0.0490 | 0.2920 | 0.0490 | 264 | 5.66 15 | 001 | 00
8 00 | 02900 | 0.0570 | 0.2800 | 0.0570 | 24.3 6.7 041 | 001 | 00
9 0.0 | 02106 | 0.0570 | 0.2050 | 0.0570 | 345 | 479 | 196 | 001 | 00
10 0.0 | 0.2000 | 0.0040 | 0.1900 | 0.0040 | 420 | 57 050 | 001 | 00

Tc is the time constant of the dummy coil considered to represent transient saliency

Table C. 2. Transmission lines data

From bus # To bus # R XL B
37 27 0.0013 0.0173 0.3216
37 38 0.0007 0.0082 0.1319
36 24 0.0003 0.0059 0.0680
36 21 0.0008 0.0135 0.2548
36 39 0.0016 0.0195 0.3040
36 37 0.0007 0.0089 0.1342
35 36 0.0009 0.0101 0.1723
34 35 0.0018 0.0217 0.3660
33 34 0.0009 0.0101 0.1723
28 29 0.0014 0.0151 0.2490
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26 29 0.0057 0.0625 1.0290
26 28 0.0043 0.0474 0.7802
26 27 0.0014 0.0147 0.2396
25 26 0.0032 0.0323 0.5130
23 24 0.0022 0.0350 0.3610
22 23 0.0006 0.0096 0.1846
21 22 0.0008 0.0135 0.2548
20 33 0.0004 0.0043 0.0729
20 31 0.0004 0.0043 0.0729
19 2 0.0010 0.0250 1.2000
18 19 0.0023 0.0363 0.3804
17 18 0.0004 0.0046 0.0780
16 31 0.0007 0.0082 0.1389
16 17 0.0006 0.0092 0.1130
15 18 0.0008 0.0112 0.1476
15 16 0.0002 0.0026 0.0434
14 34 0.0008 0.0129 0.1382
14 15 0.0008 0.0128 0.1342
13 38 0.0011 0.0133 0.2138
13 14 0.0013 0.0213 0.2214
12 25 0.0070 0.0086 0.1460
12 13 0.0013 0.0151 0.2572
11 12 0.0035 0.0411 0.6987
11 2 0.0010 0.0250 0.7500
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Table C. 3. Load flow data

Bus # V (p.u) 1) Pc (p.u) Qc (p.u) PL (p.u) QL (p.u)
1 0.98200 0.0 5.04509 1.36036 0.9200 0.4600
2 1.0300 -9.55016 10.000 1.95746 11.0400 2.5000
3 0.98310 3.20174 6.500 1.59104 0.00 0.00
4 1.01230 4.61664 5.0800 1.58151 0.00 0.00
5 0.99720 5.57217 6.3200 0.95582 0.00 0.00
6 1.04930 6.62654 6.500 2.76414 0.00 0.00
7 1.06350 9.46958 5.600 2.35485 0.00 0.00
8 1.02780 3.16537 5.400 0.63019 0.00 0.00
9 1.02650 9.04654 8.300 0.84790 0.00 0.00
10 1.04750 -2.47597 2.500 1.46483 0.00 0.00
11 1.03829 -7.79710 0.00 0.00 0.00 0.00
12 1.02310 -4.89487 0.00 0.00 0.00 0.00
13 0.99576 -8.07759 0.00 0.00 3.2200 0.0240
14 0.95894 -9.35310 0.00 0.00 5.00 1.840
15 0.95660 -8.29471 0.00 0.00 0.00 0.00
16 0.95688 -7.56925 0.00 0.00 0.00 0.00
17 0.95140 -9.9740 0.00 0.00 2.3380 0.8400
18 0.95276 -10.5017 0.00 0.00 5.220 1.7600
19 1.01028 -9.92054 0.00 0.00 0.00 0.00
20 0.95966 -4.71314 0.00 0.00 0.00 0.00
21 0.99046 -2.98024 0.00 0.00 2.7400 1.1500
22 1.01550 1.62430 0.00 0.00 0.00 0.00
23 1.01344 1.34841 0.00 0.00 2.7450 0.84660
24 0.98179 -5.45955 0.00 0.00 3.08600 0.92200
25 1.02088 -3.68919 0.00 0.00 2.2400 0.47200
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26 1.01822 -4.76321 0.00 0.00 1.3900 0.1700
27 1.00150 -6.92554 0.00 0.00 2.8100 0.7550
28 1.02204 -0.95906 0.00 0.00 2.0600 0.2760
29 1.02143 1.95588 0.00 0.00 2.8350 0.2690
30 0.98832 -0.62515 0.00 0.00 6.2800 1.0300
31 0.95760 -5.69316 0.00 0.00 0.00 0.00
32 0.93795 -5.68713 0.00 0.00 0.07500 0.8800
33 0.95912 -5.47342 0.00 0.00 0.00 0.00
34 0.96168 -7.20767 0.00 0.00 0.00 0.00
35 0.96683 -1.32475 0.00 0.00 3.200 1.5300
36 0.98196 -5.55956 0.00 0.00 3.2940 0.32300
37 0.99086 -6.73437 0.00 0.00 0.00 0.00
38 0.99197 -1.71437 0.00 0.00 1.5800 0.300
39 0.98770 0.34648 0.00 0.00 0.00 0.00
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Table C. 4. Transformers data

From bus # To bus # Rt Xt Tap
39 30 0.0007 0.0138 1.0
39 5 0.0007 0.0142 1.0
32 33 0.0016 0.0434 1.0
32 31 0.0016 0.0434 1.0
30 4 0.0009 0.0272 1.0
29 9 0.0008 0.0156 1.0
25 8 0.0006 0.0232 1.0
23 7 0.0005 0.0272 1.0
22 6 0.00 0.0143 1.0
20 3 0.00 0.020 1.0
16 1 0.00 0.0250 1.0
12 10 0.00 0.0181 1.0
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Appendix D

D.1 Industry standard of Lead-lag PSS (SIEMENS)

Input
Signal

Filter
-
1+ Ass + Ags R 1 45Ty 1+5T;
(1+As+Axsd) (1+Ags+Ags?) | | 1HsTa| | 1+sTy
Output Limiter
Lomax -
sTs r Vs =Vss, if (Vcu> Ver> Ver)
> 1+ s‘To J Vss P| Vs=0.if(Ver<Vew)

Vg=0,if (Ve = Veu)
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Appendix E

E.1 PIC control circuit that used in the experimental and its components

PIC control Circuit

MCLRver—]°1 7 28l ] - pE7/PGD
AA0ANg=+=[] 2 27{] = RBE/PGC
RA1T/ANT =—=[] 3 26[ ] = aBs

RAZ/ANZ/VREF- == [| 4 Q2 25[] =~ RB4
RA3IANSNVRzr+ =[] & ® 24[] = REIPGM
RA4TOCK =[] & 2 23[] == AB2

RAS/AN4SS =[] 7 E 22[] = ARt

vss—[] 8 © 21[] == RBO/ANT

OSC1/CLKIN—=[] ¢ 5 20[] =—vop

0scz/cLKouT—0]10 o 18] +—vss
RCO/T10SO/T1CKI ~—= ] 11 18[1 =—= RCT/RX/DT
RCH/T10SICCP2~—[|12 17[] = FHCHTX/CK

RC2/CCP1 =—=[]13 16[] =— RC5/SDO
RC/SCRISCL<— |14 15[ ] == AC4/SDYSDA

Peripheral Interface Controller (PIC) Chip

o

Ct+ [1] [15] Veo
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R2IN [B ] 3] Reout

RS 232 Chip
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