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Abstract

This thesis investigated the application of fuzzy controllers as real-time power

system stabilisers for single-machine and two-machine infinite bus power systems.

The advantages of using the-state-of-the-art power system stabilisers to
damp low-frequency oscillation in power systems is well known. The most widely
used conventional power system stabiliser is the lead-lag compensator where the
gain settings are fixed at certain values and determined for a particular operating
condition. The design of the conventional power system stabiliser is based on a lin-
ear approximation of the non-linear power plant. This means that the conventional
power system stabiliser can provide the optimal performance only for that particular
operating point. Since the operating point of a power system drifts as a result of
continuous load changes or unpredictable major disturbances such as a three-phase
fault, the fixed gain conventional power system stabiliser can not adapt the sta-
biliser parameters in real time based on on-line measurements. Although general
parameters can be decided for a conventional power system stabiliser accordihg to
a particular range of operating conditions, the design procedure is very complex.
For multi-machine systems, individual machine may have different requirements of
damping torque and synchronising torque, and multi-machine multi-mode power
system stabilisation techniques must be sought, especially when many conventional
power system stabilisers are used in the system and their coordination has to be
taken into consideration. These constraints made the design of the conventional

power system stabiliser even more complex.

Self-tuning and adaptive power system stabilisers have been employed to adapt
the stabiliser parameters to maintain good dynamic performance over a wide range
of operating conditions. However, self-tuning and adaptive power system stabilisers
suffer from a major drawback of requiring model identification in real-time which is
very time consuming and computational intensive. Therefore, self-tuning and adap-
tive power system stabilisers are difficult to realise because they require parameter

identification, state observation and feedback gain computation.

This thesis is mainly concerned with new simpler alternative fuzzy control



Abstract XXXV

schemes for power system stabilisation. Two fuzzy control schemes are proposed
and explored in the thesis. One of the fuzzy control schemes involves a fuzzy logic
controller (FLC) being applied to a power system as a power system stabiliser.
The core of the FLC is a set of linguistic control rules related by the dual concepts of
fuzzy implication and the compositional rule of inference. In essence, the FLC pro-
vides an algorithm which can convert the linguistic control strategy based on expert
knowledge into an automatic control strategy. The second fuzzy control scheme
involves the development of a Fuzzy Logic Based Power System Stabiliser
(FLBPSS) based on fuzzy set theory. The stabilising signal is computed according
to the proposed new non-linear fuzzy membership functions depending on the speed
and acceleration states of the synchronous generator. These fuzzy control schemes
are very suitable for on-line control due to their lower computational burden, sim-
plicity and robustness. The design frame work of these control schemes does not
necessitate the use of a mathematical model to describe the dynamics of the con-
trol system. Comprehensive sensitivity analysis has been carried out to assess the
robustness of the FLC and FLBPSS for changes in system parameters and under.
different operating conditions for both small and large perturbations. The input and
output membership functions of the FLC were adjusted according to an evaluation
index in order to achieve the optimal performance. The initial FLC design with a
complete filled rule table (49 rules) have been reduced using neural network tech-
niques to improve the dynamic performance. Optimisation of the two fuzzy control

schemes is carried out through digital simulation using a performance index.

In order to carry out an investigation into the design, optimisation and im-
plementation of the two fuzzy control schemes, it is essential to design a digital
automatic voltage regulator (AVR). A discrete-time analytical design method
is employed. The effectiveness of the designed automatic voltage regulator is demon-

strated through simulation and implementation.

The optimised fuzzy controller has also been implemented in real-time for on-
line control of both single-machine and two-machine infinite bus power systems. The
effectiveness of the fuzzy controller was experimentally confirmed by observing the

effects of a step change in reference voltage, a step change in load and a three-phase
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to ground fault. Numbers of tests have also been conducted at various operating
conditions. A very oscillatory generator rotor angle and speed deviation were ob-
served without any stabilisation control when the system is subjected to the above
disturbances. The oscillation of rotor angle and speed deviation were substantially
damped out with the fuzzy controller in operation. The simulation and experimental
results reveal that the optimised fuzzy controller has enhanced the damping of both
the dynamic and transient stability of the single-machine and two-machine infinite

bus power systems.
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for power system stabilisation. An optimal fuzzy controller has been used on-line
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Chapter 1

Introduction

1.1 Excitation Control and Its Role on Power Sys-
tem Stability

In the last few decades, considerable attention has been given to the excitation sys-
tem and its role in improving power system stability. Because of the small effective
time constants in the excitation control loop, it was assumed that a large control
effort could he expanded through excitation control with a relatively small input of
control energy. By the use of a voltage regulator in the excitation control system,
the output of the exciter can be adjusted so that the generated voltage and reactive
power change in a desired way. In early systems, the voltage regulator was entirely
manual. In modern control systems the voltage regulator is an automatic controller
that senses the generator output voltage as a feedback signal then adjusts the gen-
erator excitation level in the desired direction. This kind of voltage regulator has

been known as an Automatic Voltage Regulator or AVR.

Early investigators realised that the so-called “steady-state” power limits of
power networks could be increased by using the high-gain AVRs [Concordia, 1944].
A high-gain AVR was also recommended for reducing the steady state error of the
system outpnut. Although modern voltage regulators and excitation systems with

fast speed of response and with a high ceiling voltage can be used to improve the
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transient stability (defined in Section 1.2) by increasing the synchronising torque
of the machine, their effects on the damping torque are rather small. It was also
recognised that the voltage regulator gain requirement was different at no-load con-
ditions from that needed for good performance under load. For different stability
(transient or dynamic) control problems, the requirements on the excitation con-
trol system may be significantly different. In transient stability studies, a very fast
and high-ceiling voltage control action from the excitation control system is needed
to reduce the amplitude of the first oscillatory swing and to help the generator to
maintain its synchronism. Due to this reason, a fast excitation system with a high-
gain AVR is beneficial to the control of the system transient stability. However,
in the case where the system may operate with negative damping characteristics
the high-gain excitation control system aggravates the situation by increasing the
negative damping and hence instability may result in the system [DeMello, 1969],
[Heffron, 1952], [Anderson, 1977]. This can be analysed in dynamic stability studies
by using the small signal linearised system model given in Section A.3 of Appendix
A, with constant reference signals [Heffron, 1952], [DeMello, 1969]. For a system
without the AVR regulation, the damping torque component of the electrical torque

at frequency w is given by

I{2K32K4T, w
ATy(w) = o Ka%gogl?M(w) (1.1)

Since the parameters K3, K3, and K4 are all positive, the damping torque given
by equation (1.1) is positive. However, for a system with the AVR in operation, the
damping torque component of the electrical torque can be expressed approximately

as follows:

KoK K 4(7h + K
AT(w) ~ 2K Ka (720 ZA/ f’)” —ASW) (1.2)
[(1/Ks 4+ KeK4)=Tao'Taw?]" + (740 + 74/ K3) w?

where ATy(w) has the same sign as Ks. At low frequencies, the synchronising

component of the electrical torque is described approximately by

KK

6

ATy (w) =~ [ — JAb(w) (1.3)
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At some operating conditions such as for moderate to high system transfer
impedances, and heavy loadings, the parameter K5 can be negative [DeMello, 1969],
[El-Sherbiny. 1973]. In these cases the damping torque in equation (1.2) becomes
negative. Thus it can be assumed that the voltage regulator in the excitation system

introduces negative damping when Ky is negative.

In the 1950s engineers became aware of the instabilities introduced by the
(then) modern voltage regulators, and stabilising feedback circuits came into com-

mon use [Crarg, 1950].

In the 1960s large interconnected systems experienced growing oscillations that
disrupted parallel operation of large systems [Ellis, 1966], [Schleif, 1966], [Byerly,
1967), [Schleif, 1967), [Hanson, 1968], [Dandeno, 1968], [Shier, 1968], [DeMello,
1969], [Schleif, 1969]. The first example of inter-system low-frequency oscillations
was observed during a WSCC (Western Systems Coordinating Council) in the
USA [Schleif, 1966]. The interconnected system operated satisfactorily for a while,
but low-frequency oscillations at about 6 cycles per minute developed. The inter-
connection was then tripped off, leaving the Northwest Power Pool oscillating about
3 cycles per minute and the Southwest Power Pool oscillating at about 11 cycles per

minute.

A number of minor oscillations of system frequency were also observed in the
South East Australian interconnected system [Bolden, 1982). This system is char-
acterised by having two main generator centres of La Trobe Valley in Victoria and
the Snowy Mountains Hydro-electric Scheme, each connected to Melbourne (load

centre) by links of length 120 and 360 km respectively.

With niore and more experience accumulated from interconnected electrical
power systera operation, power system engineers are now convinced that the low-
frequency oscillations are due to the inherently weak natural damping of large and
weakly coupled systems. The situations of negative damping were further aggra-
vated by the regulator gain [Klopfenstein, 1971]. Engineers learned that the system
damping could be enhanced by artificial signals introduced through the excitation

system. This scheme has been very successful in combating growing oscillation
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problems experienced in the power systems. As a result, the use of power system

stabiliser (PSS) to dampen the oscillations in the power system was introduced.

1.2 The Definition of Power System Stability

The definition of power system stability is as follows [Anderson, 1977]:

e Power System Stability. If the oscillatory response of a power system dur-
ing the transient period following a disturbance is damped, and the system
settles in a finite time to a new steady operating condition at constant fre-
quency, the system is said to be stable. If the system is not stable according

to this definition, then it is considered unstable.

Power system stability is further classified into two categories: dynamic stability
due to small disturbances, and transient stability due to large disturbances. It
should be noted that this classification is not universally used. For example, in

some different classifications, the dynamic stability is called steady-state stability.

o Dynamnic Stability. Dynamic stability refers to the stability of a power

system subject to small and sudden perturbations.

Typical perturbations under this category may be small, randomly occurring
changes in load or small alterations in reference voltage settings. If the system
is dynamically stable, it is expected that after a temporary small disturbance the
system will 1eturn to its initial state, while for a permanent small disturbance the
system will acquire a new operating point after a transient period [Anderson, 1977].
In both cases the synchronism of the system should not be lost. The size of small
disturbances may be measured by the criterion that the perturbed system can be

stabilised in an approximately linear region [Anderson, 1977].

o Transient Stability. Transient stability refers to the stability of power sys-

tem subject to severe disturbances which are maintained for a short time and
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causes a significant reduction in the machine terminal voltage and the ability

to transfer power.

The severe disturbances which cause transient stability problems may typically
be large changes in load, three-phase faults or transmission line switching. It is
usually assuined that the system under study is stable before a large disturbance
happens. If the system is transiently stable, the system oscillations resulting from
large disturbances are damped. However, transient stability of the system depends
very much on the initial operating condition of the system and the nature (i.e.,
the type, magnitude, duration, and location, etc.) of the large disturbances that
are applied to the system [Anderson, 1977], as well as on the post-fault system

configuration.

For successful operation and control of power systems, the dynamic stability

and transient stability of the system must be carefully considered.

1.3 The Application of Power System Stabilisers
(PSSs)

The application of a power system stabiliser (PSS) is to generate a supplementary
stabilising signal, which is applied to the excitation control loop of a generating unit,
to introduce a positive damping torque. By using the supplementary stabilising
signal, the negative damping effect of the AVR regulation can be cancelled, at the
same time, the positive damping effect of the system can also be increased so that

the system can operate even beyond the steady-state stability limit.

Stabilising signals are introduced in excitation systems at the summing junc-
tion where the reference voltage and the signal produced from the terminal voltage
are added to obtain the error signal fed to the regulator-exciter system. The stabil-
ising signal V; is usually obtained from speed or a related signal such as the rotor
speed, bus frequency and electrical power [DeMello, 1969], [Keay, 1971], [IEEE,
1980], [Larsen, 1981], is proceeded through a suitable network to obtain the desired
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phase relaticnship. Other input signals, such as the accelerating power [Bayne,
1977], [DeMello, 1978], [Lee, 1981] have also been used. During the last decade, the
deviation on equivalent rotor speed (Awe,) derived from the shaft speed and integral

of change in terminal electrical power has been used [Lee, 1981], [Kundur, 1989].

In the analysis and control of power system stability, two distinct types of
system oscillations are usually recognised [Kundur, 1989]. One type is associated
with units at a generating station swinging with respect to the rest of the power
system. Such oscillations are referred to as local plant mode oscillations. The
frequencies of these oscillations are typically in the range of 0.8 to 2.0 Hz. The
second type of oscillation is associated with the swinging of many machines in one
part of the system against machines in other parts. These are referred to as inter-
area mode oscillations. The frequencies of the second type oscillations are in the
range of 0.1 to 0.7 Hz. The basic function of the PSS is to add damping to both

types of system oscillations.

The overall excitation control system with PSS in operation is designed so a3

to :

e maximise the damping of local mode as well as inter-area mode oscillations

without compromising the stability of other mode;

e enhance both the steady state stability or dynamic stability, and transient

stability of the power system,;

e not adversely affect system performance during major system upsets which

cause large frequency excursions;

e minimise the consequences of excitation system malfunction due to component

failures.
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1.4 Conventional Power System Stabilisers (CPSSs)

Power System Stabilisers designed using classical control theory can be called con-
ventional power system stabilisers (CPSSs). The CPSS which is a feedback element

from the shaft speed and is often given in the form [DeMello, 1969]:

Go(s) = Kotos (14 718)(1 + 738)
T 4 18 (1 4 mos) (1 4 7y8)

] (1.4)

The first term in equation (1.4) is a reset term that is used to “wash out” the
compensation effect after a time lag 79, with typical values of 4 seconds [DeMello,
1969] to 20 seconds or 30 seconds [Schleif, 1969]. The use of reset control will assure
no permanent offset in the terminal voltage due to a prolonged error in frequency,
such as might occur in an overload or islanding condition. The second term in G(s)
1s a lead compensation pair that can be used to improve the phase lag through the

system from V,.; to Aw at the power system frequency of oscillation.

The settings of the time constants of the phase compensating lead-lag functions
of the stabiliser can be determined by several techniques ([Schleif, 1968], [DeMello,
1969], [Schleif, 1969], [Warchol, 1971], [Gerheart, 1971], [Hayes, 1973], [Bollinger,
1975]) once the frequency response of the excitation control system has been known

[Yu, 1971], [Vaahedi, 1986], [Arnautovic, 1987], [Chow, 1989], [Bollinger, 1975].

The design of the most widely used CPSS is based on linearised fixed-parameter
models of the non-linear power system which are derived from the linearisation of
the system at a given operating point. The parameters of the CPSSs are fixed at
certain values which are determined under this particular operating point. Since the
operating point of a power system drifts as a result of continuous load changes or
unpredictable major disturbances such as a three-phase fault, the fixed parameter
CPSSs can not adapt the stabiliser parameters in real time based on on-line mea-
surements, i.e., they can not track the variations in the system operating conditions
over a wide range of operating conditions. Therefore, they can not provide the best

response in real time.
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Although general parameters can be decided for a CPSS according to a par-
ticular range of operating condition, the design and analysis of the CPSS are very
complex. For multi-machine system, it is difficult to consider the interaction of
the individual generating machines [Laughton, 1966], [El-sherbiny, 1971]. Moreover,
individual machines in multi-machine systems may have different requirements of
damping torque and synchronising torque, and multi-machine multi-mode power
system stabilisation techniques must be sought, especially when many CPSSs are
used in the system and their coordination has to be taken into consideration. This
made the selection of the CPSS parameters and the CPSS design for multi-machine

power system even more complex [Fleming, 1981], [Crusca, 1991].

Another problem with the CPSS is that because there are uncertainties in the
electric power system, there always exist unmodelled dynamics in the power system.
As a result, the CPSS does not always perform effectively in the real electrical power

system.

It is well understood that the optimal settings of the above mentioned CPSSs
at one optimal condition are no longer the optimal one under the other. Therefore,
in order to get optimal response using CPSS, resetting and tuning of the CPSS

parameters are necessary for different operating conditions.

In the past decade, much effort has been directed towards the development
of microcomputer-based digital controllers, such as adaptive or self-tuning PSSs, to
generate desired supplementary stabilising signals in order to improve the overall

power system stability over a wide range of operating conditions.

1.5 Adaptive Power System Stabilisers

The self-tuning regulator in control system is obtained by combining control design
and recursive parameter estimation method. One of the ways automating modelling

and design is the following:

1. Determine a model structure;
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2. Estimate the parameters of the model recursively using the methods such
as least squares, maximum likelihood, extended and generalised least
squares, instrumental variables, extended Kalman filtering and stochastic

approximation;

3. Use the estimates to calculate the control law by a suitable design method,
e.g. phase and amplitude margins, pole-placement, minimum variance

control and Linear Quadratic Gaussian (LQG) control.

The regulator obtained in such a way is called a self-tuning regulator because it has

tacilities for tuning its own parameters.

The self-tuning regulator is motivated by the desire to obtain automatic tuning
of a control loop. An adaptive regulator can be achieved by modifying a self-tuning
regulator to control a plant with varying parameters. The parameter estimation
algorithm has to be changed so that it can track varying plant parameters. There are
many schemes for adaptive control that are closely related to the self-tuning control.
Three of these schemes are Gain Scheduling, Model-Reference Adaptive Systems
(MRAS), and an adaptive regulator obtained from Stochastic-Control Theory.

In the tate 1970’s and 1980’s, much effort had been devoted to the applica-
tion of self-tuning and adaptive control theory to the stabilisation of power systems
to counteract the problem of variations in the system parameters and operating
conditions. Pierre [Pierre, 1987] and Chalam [Chalam, 1987] have summarised the
approaches and developments of adaptive power system control. The adaptive con-
trollers have been used as either power system stabilisers [Ghosh, 1984], [Ghosh,
1985], [Sen Ciupta, 1985], [Cheng, 1986a], [Hsu, 1987], [Wu, 1988], [Gu, 1989], [Seifi
1990], [Mao, 1990a], [Ghandakly, 1990], [Wu, 1991], [Pahalawaththa, 1991], [No-
rum, 1993] or excitation controllers [Ledwich, 1979], [Sheirah, 1979], [Xia, 1983],
[Kanniah, 1984b], [Kanniah, 1984c], [Romero, 1986], [Wu, 1986], [Ibrahim, 1989a],
[Ibrahim, 1989b], [Lim, 1989], [Mao, 1990b] for single-machine power systems. More-
over, the power systems under study have been extended to multi-machine power
systems [Cheng, 1986b], [Chandra, 1987], [Chandra, 1988], [Cheng, 1988], [Fan,
1990], [Wu, 1990], [Lim, 1990], [Bollinger, 1990], [Ostojic, 1990], [Norum, 1993].
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The adaptive and self-tuning PSS have offered better dynamic performance
than the fixed gain CPSS because it has the ability to automatically track the
variations in power system parameters and operating conditions. However, for the
realisation of such adaptive and self-tuning PSS, on-line identification of system pa-
rameters, observation of system states and computation of feedback gains in a short
sampling period are needed which are so time consuming and computational inten-
sive that it becomes infeasible to implement it in a real time control environment.

As an alternative to a self-tuning PSS, variable structure PSSs have been proposed

in the literature [Hsu, 1983], [Chan, 1983], [Hsu, 1986].

Lately, simpler alternative control schemes for stabilisation of power systems
were proposed, they are the rule-based PSS [Hiyama, 1989] and fuzzy logic con-
trollers [Hsu, 1990], [Hiyama, 1991]. These schemes are very suitable for on-line
control due to their lower computational burden and simplicity. A comparison study
between a fuzzy controller and a rule-based PSS [Hassan, 1991] shows that fuzzy

controller is more suitable due to its robustness.

1.6 Fuzzy Logic and Fuzzy Control

Over the past years, the design of control systems has been based on classical or
modern control theory (such as Nyquist, Bode, state-space, optimal control, root
locus, H., pi-analysis, etc.). Both approaches require a mathematical model based
upon assumptions of linearity and stationarity to describe the plant to be controlled.
Few of these design methods represent uncertainty and incompleteness in process
knowledge or complexity in the resultant design. Classical control theory suill pro-
vides good solution to linear single-input, single-output (SISO) systems. Modern
control theory is also useful in solving multiple-inputs, multiple-outputs (MIMO)
problems using state-space methods. However, the mathematical model represents
a formulation of prior information into an analytic structure. In the real world,
systems have some unknown parameters or highly complex and non-linear charac-
teristics. Atiempts to overcome this difficulty have resulted in research in adaptive

control but tne structure of such systems is very complex and non-linear, and its sta-
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bility requirements often limit its successful application. Recent work on [, and
p-analysis in robust control design deals with multi-variable linear systems with
additive disturbances and parametric uncertainty, but still requires a notional low
order model of the process, measures of the process and disturbance variations,
and frequently leads to controller designs of very high order. Whilst many of these
new techniques are mathematically advanced, their adoption by industry has been
slow, this apparent reluctance is due to the amount and quality of information that
has to be gathered to ensure adequate controller performance, and the constraints

assoclated with the applicability of the method.

However there are many processes that are too complex, highly non-linear,
uncertain (in parameters and disturbances), incomplete (aspects of the process
or systems are unknown) or non-stationary, and have subtle and interactive ex-
changes with the operating environment. Yet such processes are successfully con-
trolled by skilled human operators, using only experiential knowledge [Efstathiou,
1988]. The human operator also has the attribute of providing highly non-linear
controls, with time varying parameters; additionally elements of learning and self-
organisation are natural aspects of human control. Classical expert systems based
upon a domain-independent inference engine which manipulates the heuristic based
domain-dependent knowledge base; have been investigated widely in control systems
design [Astrom, 1986], [Harris, 1985], [Trankle, 1985], [Mamdani, 1986]. Expert sys-
tems are usually rule based systems which have the attribute of being very fast to
execute, with simple pattern matching of the antecedent being sufficient to activate
a response under forward chaining inference. However under classical rule based
systems a (situation/action) pair is required for every possible combination. The
deliberate overlapping or interference of fuzzy sets avoids this problem by allowing
rule generation within the quantisation range of the variable under control, which
provides a tool that efficiently copes with adequately precise linguistic representa-
tions of the system, and produces a control protocol that satisfies some performance

criterion that may be mathematical or linguistically prescribed.

Fuzzy sets are a generalisation of conventional set theory that were introduced

by Zadeh in 1965 as a mathematical way to represent vagueness in every day life
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[Zadeh, 1965]. Nowadays, fuzzy sets are equipped with their own mathematical
foundations, rooting from set-theoretical basis and many-valued logic. Their achieve-
ments have already enriched the classic two-valued calculus with a deep and novel
perspective. In more than two decades since its inception by Zadeh, the theory
of fuzzy sets has matured into a wide-ranging collection of concepts, models, and
techniques for dealing with complex phenomena which do not lend themselves to

analysis by classical methods based on probability theory and bivalent logic.

Applications of fuzzy set theory have been already found in many different ar-

eas. One could probably classify those applications as follows [Zimmermann, 1990]:

Applications to mathematics, that is, generalisations of traditional mathemat-

ical such as topology, graphy theory, algebra, logic, etc.;

e Applications to algorithms such as clustering methods, control algorithms,

mathernatical programming, etc.;

e Application to standard models such as “the transportation model,” “inven-

” «

tory control models,” “maintenance models”, etc.;

e And finally applications to real-world problems of different kinds.

Fuzzy set theory is a generalisation of classical set theory that allows more
realistic mathematical representation of linguistic values that contain a degree of

fuzziness. Detailed overviews of fuzzy set theory are presented in Zadeh [Zadeh,

1973], Lee [Lee, 1990a and 1990b] and Gupta et al [Gupta, 1977].

The first application of fuzzy set theory to the control of systems was by
Mamdani and Assilian [Mamdani, 1975], who reported on the control of a laboratory
model steam engine. This was followed by Kickert and Van Nauta Lemke [Kickert,
1976], who derived a PI type FLC for a warm water plant; the FLC had a fast
response, with same accuracy as the PI controller. For the same laboratory plant
Mamdani developed a self-organising FLC that synthetised the control rule base
by observing the process response; later this approach was extended by Procyk

and Mamdani [Procyk, 1979] and by Harris et al for autonomous guided vehicles
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[Harris, 1989a). Since the mid 1980s fuzzy control has become more popular among
control engineers working in industry, and more and more systems are implemented
[Sugeno, 1985b]. Application of fuzzy control includes automatic train operation
[Yasunobu, 1985], [Yasunobu, 1986], water quality control [Yagishita, 1985], [Itoh,
1987], elevator control [Fujitec, 1988], automobile transmission control [Kasai, 1988],
fuzzy logic controller hardware systems [Yamakawa, 1986a], [Yamakawa, 1987a],
[Yamakawa, 1987c| fuzzy memory devices [Yamakawa, 1986b|, [Yamakawa, 1988]
and fuzzy computers [Yamakawa, 1987b]. These applications have demonstrated the
use of fuzzy control in the context of ill defined processes that can be controlled by a
skilled human operator without the knowledge of the underlying dynamic operation.
The advantage of using fuzzy set theory to construct controller lies in its ability to
merge the experience, heuristic and intuition of expert operators in the control
design. Fuzzy logic, the logic in which fuzzy control is based, provides an effective
means of capturing the approximate, inexact nature of the real world. The core of
a fuzzy logic controller (FLC) is a set of linguistic control rules related by the dual
concepts of fuzzy implication and the compositional rule of inference. In essence, a
FLC provides an algorithm which can convert the linguistic control strategy based
on expert knowledge into an automatic control strategy. Fast fuzzy controllers have
been designed and fabricated using different technologies [Lim, 1990], [Lee, 1990a],
[Yamakawa, 1987¢|, [Manzoul, 1992]. Fuzzy control literature has reported superior

performance to those obtained by conventional control algorithms.

1.7 The Application of Fuzzy Controllers as I’SSs

The first application of a traditional fuzzy logic controller (FLC) as a PSS was
reported in 1990 [Hsu, 1990]. The FLC has been applied to a multi-machine power
system. The performance of the FLC has been compared with the CPSS through
digital simulation and found to be better. However, comprehensive analysis and fine
tuning of the FLC has not been investigated and the FLC has not been implemented
in real time. The system exhibited minor oscillation under steady state since the

rule base and the membership function shapes have not been fine tuned.
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Hiyama et al proposed a PSS based on fuzzy set theory in 1991 [Hiyama, 1991]
and it has been named a fuzzy logic based power system stabiliser (FLBPSS). For
the FLBPSS, operating conditions of the synchronous machine are expressed by the
quantities of speed deviation and acceleration in the phase plane. The generator
speed is measured at every sampling instant. Only one set of previous data is
required to cvaluate the generator acceleration. Therefore, the heavy calculation
burden is avoided. The design framework of a fuzzy controller does not necessitate
the use of a mathematical model to describe the dynamics of the control system and
experience has shown that it yields results which are better than those obtained by
conventional schemes. The fuzzy control schemes can be constructed using a simple
microcomputer or a PC associated with A/D and D/A converters. Comparison
studies between a self-tuning stabiliser and a fuzzy logic stabiliser has been done by
Lim and Hiyama [Lim, 1993]. In the studies, different tests were simulated, with
the non-linear power systems operating over a wide power range. Simulation results
show that both stabilisers are suitable for, and effective in, enhancing the damping of
the mechanical mode oscillations in a single-machine infinite bus power system and
two-machine power systems without an infinite bus, of which one exhibits multi-
mode oscillations. Recently, Hassan et al have proposed a self-tuned FLBPSS to

improve the system dynamic performance [Hassan, 1992], [Hassan, 1993al, [Hassan,

1993b).

1.8 Motivation for the Thesis

This thesis involves the optimisation and implementation of fuzzy controllers for
power system stabilisation. The objective is to incorporate the advantage of fuzzy
controllers with the digital AVR to enhance the damping for both dynamic and

transient responses and to improve the stability of power systems.

In the literature, no research has been carried out to optimise the above men-
tioned fuzzy logic controller (FLC) and fuzzy logic based power system stabiliser
(FLBPSS). No real time implementation had been done at the time of initiating

this project. Moreover, performance of the fuzzy controllers must be improved,
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comparison study of the two fuzzy control schemes must be carried out and most

importantly, the optimal fuzzy controller must be tested in real time.

In order to improve the performance of the FLC, a different design method
has been utilised. Continuous membership functions have been used and adjusted
to obtain the best performance. An index named Whole Overlap Ratio (WOR) has
been defined to assist in the fine tuning of the fuzzy membership function shape in
order to improve the performance of the FLC. The initial FLC was designed with
a complete filled rule table (49 rules). Neural network techniques were used for
learning the corresponding control surface and for extracting a reduced set of rules

describing the system.

Also to improve the performance of the FLBPSS, new non-linear membership
functions that differ from the ones used in the past ([Hiyama, 1991], [Hassan, 1992])
have been proposed. Comprehensive analysis has been examined to optimise the
settings of thie FLBPSS. Sensitivity analysis has been carried out to assess the
robustness of the proposed FLBPSS for changes in system parameters and under

different operating conditions for both small and large perturbations.

Hassan et al [Hassan, 1992] suggested a self-tuned FLBPSS (STFLBPSS)
whose performance has been shown to be better than that of the FLBPSS pro-
posed by Hivama et al [Hiyama, 1991]. However, they have not considered any
comprehensive analysis to test the robustness of the FLBPSS. In this work, it is

intended to compare the performance of the proposed FLBPSS with that of the
STFLBPSS of Hassan et al.

Comparison studies of the two kinds of fuzzy control schemes (FLC and FLBPSS)
have also been explored. The most effective one has been chosen for real time im-
plementation. The implementation has been carried out on a single-machine infinite

bus and a two-machine infinite bus power system respectively.

The availability of inexpensive microprocessors and digital controllers has prompted
a great deal of attention towards digital excitation control [Runtz, 1973], [Kan-
niah, 1984a). [Kanniah, 1984b], [Kanniah, 1984c|, [Ghandakly, 1987a], [Ghandakly,

1987b]. These microprocessor control systems have a great deal of flexibility and
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have the ability to implement sophisticated control algorithms efficiently and eco-
nomically. In order to get the knowledge of how to apply a fuzzy controller to power

system stabiliser, it is necessary to complete the following tasks:

e Design of digital voltage regulator. To avoid complexities as the design of
self-tuned regulators, an effective and straightforward digital AVR design has

been carried out which can be easily implemented;

e Develop a fuzzy logic controller (FLC) and a fuzzy logic based power system

stabiliser (FLBPSS);
e Optimise the above fuzzy logic control schemes;

e Comparison study of the proposed fuzzy controllers with self-tuned FLBPSS
(STFLBPSS);

e Implementation of an optimal fuzzy controller in a single-machine infinite bus

power system;

e Implementation of an optimal fuzzy controller in a multi-machine power sys-

tem.

So far, the fuzzy PSS is still the only one put into real operation in an experi-

mental power system in Australia. During this research time, similar work has been

carried out in Canada [Hassan, 1993a], [Hassan, 1993b] and Japan [Matsuki, 1991].

1.9 Contributions of the Thesis

The original contributions of this thesis are summarised as follows:

1. Two types of fuzzy controllers have been proposed and analysed;

2. Discrete-time analytical design of an Automatic Voltage Regulator has

been employed;
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3. Insight into the influence of different membership function shapes to the

performance of the fuzzy controller has been examined;

4. Comprehensive sensitivity analysis of the two fuzzy control schemes have

been investigated to assess the robustness of the proposed FLC and

FLBPSS;

5. Neural Network techniques have been used to simplify the original fuzzy

controller by learning the FLC control surface;

6. The effectiveness of the FLBPSS was experimentally corroborated by
observing the effects of a step change in the load on the system, a three-
phase fault and a step change in reference voltage. The implementation
has been carried out on both a single-machine infinite bus and a multi-

machine power system.

1.10 Organisation of the Thesis

This thesis consists of nine chapters. The rest of the eight chapters are organised as

follows:

In Chapter 2, the single-machine and multi-machine power systems used for

this research are described.

In Chapter 3, the design of the automatic voltage regulator (AVR) has been
carried out in the z-domain. The voltage regulator is the intelligence of the power
system and controls the output of the exciter so that the generated voltage and re-
active power change in a desired way. Mathematical modelling of the single-machine
infinite bus experimental system is detailed in Chapter 3 for the analysis and design
of the AVR. Chapter 3 also provides the theoretical design and simulation result of
the digital AVR. The z-domain analytical design method has been employed.

Fuzzy Logic Controller (FLC) structure has been described in the beginning of
the Chapter . Two fuzzy control schemes for power system stabilisation have been

proposed in this chapter. One uses traditional FLC as a power system stabiliser



Chapter 1. Introduction 13

and the other is a fuzzy logic based power system stabiliser (FLBPSS). For the FLC
49 rules have been used and 7 rules have been utilised for the FLBPSS. Two new
non-linear membership functions have been proposed for the FLBPSS in order to

improve its performance.

After the fuzzy controller had been designed in Chapter 4, the remainder of
the work was to adjust the fuzzy controller parameters to obtain the optimal per-
formance. In Chapter 5, an index-Whole Overlap Ratio (WOR)- has been defined
to assist in the fine tuning of the FLC membership function shape so that the opti-
mal performance of the FLC can be achieved. The optimal setting of the proposed
FLBPSS has also been studied in detail in this chapter. Comprehensive sensitivity
analysis has been carried out to assess the robustness of the proposed FLC and
FLBPSS for changes in system parameters and operating conditions under both
small and large perturbations. The performance of the proposed FLBPSS has also
been compared with that of the self-tuned FLBPSS of Hassan et al. The comparison
study has been evaluated by using both a discrete-type quadratic performance index
and the dynamic response. The performance indices and the dynamic responses of
the optimised FLC and FLBPSS has also been compared. The most effective one

has been chosen for real time implementation.

The implementation study of the proposed fuzzy PSS applied to a single-
machine infinite bus system is demonstrated in Chapter 6. The developiment of
the hardware and software is described in detail in this chapter. The performance
of the optimised fuzzy PSS is evaluated when the power system is subjected to
both small and large perturbations under wide range of operating conditions for the

single-machine infinite bus power system.

To evaluate the effectiveness of the proposed fuzzy controller for multi-machine
systems, simulation and implementation studies are carried out on a two-machine
infinite bus system. Chapter 7 presents both the simulation and implementation
results. Due to the equipment limitation, the multi-machine system study have

only been carried out on a two-machine infinite bus power system.

In Chapter 8, Neural Networks (NN) have been used for learning the corre-
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sponding control surface and for extracting a reduced set of rules describing the
system. The performance of the fuzzy controller with 24 rules is compared with the

original 49 rules fuzzy controller in this chapter.

Finally, Chapter 9 presents the general conclusions and suggestions for further
work. The advantages of using the proposed fuzzy control scheme are given in this

final chapter.

Appendix A derives the mathematical model of the single-machine infinite bus
power system. Appendix B introduces basic concepts of fuzzy set theory. Appendix
C presents the derivation of the proposed membership function evaluation parame-
ter Whole Overlap Ratio (WOR) for different membership functions. Appendix D
includes the modelling of the multi-machine power systems. Appendix E demon-
strates the input FPL (Fuzzy Programming Language) file and the generated rule
base by using neural network techniques followed by the bibliography.



Chapter 2

Experimental Systems Used in the

Power Laboratory

2.1 Introduction

Research into using fuzzy controllers for power system stabilisation in the Depart-
ment of Electrical and Electronic Engineering at Victoria University of Technology
started in 1991. The proposed fuzzy controllers have been optimised and imple-
mented on a single-machine infinite bus and a two-machine infinite bus power system

respectively. These two power systems are demonstrated in the following sections.

2.2 Single-machine Infinite Bus Power System

The circuit configuration of the single-machine infinite bus system built is as shown
in Figure (2.1). The synchronous generator is a salient pole type with a damping

winding on the rotor shaft and driven by a DC motor.
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The AC generator is driven by a DC motor controlled to simulate a steam
turbine. A local load has been connected to the generator terminal bus. The me-
chanical power output from the DC motor to drive the AC generator is set constant
during the operation. Thus it is assumed that the generator has a constant mechan-
ical power input during testing. The generator delivers the electrical output via the
transmission lines to the infinite bus and the load bank depending on the operat-
ing condition. If these two powers are equal (neglecting the relatively insignificant

machine losses), the generator will run at its constant synchronous speed, wsyy,.

If, on the contrary, a difference exists between these two powers, this difference
will be used to change the kinetic energy, resulting in the swing of the rotor speed.

This happens when the generator is subject to a disturbance.

The digital controller, implemented by an IBM-PC compatible system and
associated with A/D and D/A interfaces, acts as the AVR and PSS on the laboratory
generator system. Figure (2.2) shows an experimental single-machine infinite bus

system.

The ratings of the single-machine infinite bus power system is shown in Table
(2.1). The generator parameter values have been experimentally determined accord-
ing to the IEEE test procedure on a 5kVA, 240V synchronous machine and shown
in Table (2.2).

DC machine (Scott) || 5kW, 240V, 21A,1500rpm
Generator (Scott) 5kVA, 400/415V 4 Pole,50Hz

Table 2.1: Ratings of the single-machine infinite bus power system

The equivalent transmission line resistance and inductance are:

R, = 0.02pu, X, = 0.4pu

Generator kVA | z4(pu) | 2)(pu) | z4(pu) | 750(s) | H(s)
Generator (Scott) || 5 1.027 1 0.479 |0.489 |0.345 |1

Table 2.2: Generator parameters
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Figure 2.1: The overall view of the single-machine infinite bus experimental power

system



Chapter 2. FExperimental Systems Used in the Power Laboratory

R+3X1
.......................... A ) IC
SRR
DC \) ........... ....... —| Z
MOTOR [—% - GENERATOR - ve | X
INFINITE
DC200V v BUS
IBM PC486 l OPTICAL
SHAFT
Vref FIELD ENCODER LOAD
DRIVE
N, - —
AVR e I N . T
| —
i
AND SENSOKR :
speed i
4 <4
pss [¢la/p ISOLATION i
BOX < |
voltage i
7

Machine and control unit

23

Figure 2.2: lixperimental circuit configuration of single-machine infinite bus power

system

2.3 Two-machine Infinite Bus Power System

The configuration of the two-machine infinite bus experimental power system is

shown in Figure (2.3). The block diagram of the system is shown in Figure (2.4).

The system consists of two units and an infinite bus with the transmission lines and

associated loads.

Ratings related to the two-machine infinite bus power systems are given in

Table (2.3). The generator parameters are shown in Table (2.4).

5kW, 200V, 22.8A, 1500rpm

-D)C Machine (Macfarlane)
(Generator (Macfarlane)

5kVA, 400/415V, 4 Pole, 501z

DC machine (Scott)

5kW, 240V, 21A, 1500rpm

Generator (Scott)

5k VA, 400/415V 4 Pole, 50Hz

Table 2.3: Ratings of the two-machine infinite bus power system

Generator No. kVA | z4(pu) | zi(pu) | z,(pu) | Tio(s) | H(s)
Generator 1 (Scott) 5 1.027 10.479 |0.489 |0.345 |1
Generator 2 (Macfarlane) | 5 0.777 |0.1003 | 0.546 | 0.643 | 0.524

Table 2.4: Generator parameters
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Figure 2.3: The overall view of the two-machine infinite bus experimental power
system
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Figure 2.4: Two-machine infinite bus power system

The equivalent transmission line resistance and inductance are:

R10 = 002pU

X10 = 0.5pu
Ry2 = 0.02pu
X12 = 0.6pu
Roo = 0.02pu.

Xo0 = 0.4pu



Chapter 3

Excitation Control System Design

3.1 Introduction

The role and effect of excitation control systems in improving power system stability
has been given considerable attention in the last few decades. A synchronous gen-
erator or alternator is equipped with an automatic voltage regulator (AVR), which
is responsible for keeping the generator output voltage constant under normal oper-
ating conditions at various load levels. With the advancement in the design of fast
acting AVRs as well as the increasing complexity of large interconnected power sys-
tems, oscillations may continue for an extended period of time and even instability
may occur following system disturbances. The control algorithms to overcome these

problems are generally implemented using analog components.

Currently, the availability of powerful PC’s has led to their increasing use
in all aspects of power control engineering. In future years, they are expected to
play an even greater role in power system control schemes because of their ability
in combining various tasks, on-line updating of data and providing a logical or
quick decision. Thus, the application of PC-based control in power system is being
increasingly used for monitoring, data acquisition and on-line control. In addition
to performing the primary control functions traditionally offered by analog controls,

PC-based controls have a far greater deal of flexibility and ability to implement

26
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sophisticated control algorithms.

Most of the recent investigations of digital AVRs have been focusing on sophis-
ticated control algorithms such as those of self-tuning and adaptive regulators. Some
improvements of system performance have been reported using self-tuning regula-
tors over that of traditional AVRs. However, in view of their large computational
requirements and complexity of their software, the degree of improvement obtained

needs to be examined carefully for optimum solutions.

To avoid these complexities, this project presents an effective and straightfor-
ward AVR design which can be easily implemented by computer facilities with high
accuracy. The design has been carried out in the z-domain using analytical design

method.
The organisation of this chapter is as follows:

The mathematical modelling of the experimental system is described in Section
3.2. In Section 3.3, discrete-time analytical design method is introduced. The design
of the digital AVR using discrete time analytical design method is presented in
Section 3.4. In section 3.5, the designed AVR is tested on the experimental single-

machine infinite bus power system. Finally, the concluding remarks are summarised.

3.2 Mathematical Modelling of the Experimental

System

Mathematical model of a synchronous machine connected to a very large power

system through transmission lines is given in Appendix A for use in the design of

the AVR.

The synchronous machine equations, for small perturbations about a quiescent

operating condition, are summarised by the following equations (in the s domain)
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[Anderson, 1977]:

E\ = 1Jrj[f(—;‘,ios(EFDA — K,6a) (3.1)
Ton = Kiba + K3 E 5 (3.2)

Via = K56 + Ko B, (3.3)

200 = Tup — Tea — Tua (3.4)

Tan = Dwa (3.5)

ba = wa (3.6)

The definitions of K; — K can be found in Section A.3 of Appendix A. The
resulting block diagram is shown in Figure (3.1) (with script A omitted for conve-

nience).

/

By designating the state variables as £,

w, and é§ and the input signals as

Erp and T,,. the system equations is in the desired state-space form

ol T o el m] (o o]

EqA Karh, 0 The EqA The 0 EFDA
oal=]2K2 = =Kl |l (4|0 2 (3.7)
A 2H 2H 2H A 2H T .

8a 0 1 0 |]éa 0 0

The configuration of the single-machine infinite bus experimental power system
was shown previously in Figure (2.1). The synchronous generator is a salient pole

type with a damper winding on the rotor shaft and driven by a DC motor.

The generator is equipped with an AVR and an IBM PC-486 associated with
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Eq K3
14+K3%o-S

Ve

Figure 3.1: Block diagram of the simplified linear model.

A/D and D/A converters acts as the real time controller. The synchronous generator
is connected to an infinite bus (SECV grid) through a modelled short transmission
line. There 1s a resistive load bank connected to the generator bus terminal as a
local load. A system transient can be generated by a step change in the resistive,

inductive or capacitive load bank, a three-phase to ground fault.

The dynamic behaviour of the generator is described by a simplified linear

model.

In a practical system, the system paramecters have been measured and calcu-
lated according to the IEEE test procedure for a 5kVA, 240V synchronous machine
at the Power System Laboratory of Victoria University of Technology. These pa-
rameters under a nominal operating condition (real power P = 1lpu, power factor

PF =0.85 lag) are shown as follows:

o K, =0.9785
o K, =0.8461
e K3=0.6162
o K4=0.3616
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o K5 =-0.1439

o K¢ =0.42567

o M=2H=2x1
o 7y = 0.345

o D=4

Here, with the exception of K3, all other parameters change with load change.
At some operating conditions such as for moderate to high system transfer impedances
and heavy loadings, K5 becomes negative. K, is decreased by increasing system and

machine reactance (X.).

Consideration of the single voltage-regulator loop results in the block diagram

of Figure (3.2):

Exciter Generator
Vieitt) __e(t) o(kT) u(kT) u(t) V(L)
Zero-order K ¢
— > > > >
- T AVR hold A 1 +Tao’ s

Sensor
B
1+ Ts

Figure 3.2: The voltage regulator loop

A simplified first order approximation voltage loop of the machine is given by:

K

- 14 78

Go(s) (3.8)
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Where K is the DC gain and 7/, is the open circuit d-axis time constant of the
g do
generator respectively. The transfer function between the terminal voltage and the

field voltage can be represented as:

0.2622

Go(8) = 17021965

(3.9)

The exciter is modelled using a field drive unit and the time constant of the unit
is found to be very small compared to the significant time constant of the system
under study and is therefore neglected. The transfer function of the field drive unit

18:
Grpu = A (3.10)

where A is the gain of the field drive unit and is found to be 25 in this case.

The three-phase line voltages are transformed to a proportional DC signal
which is measured by the A/D converter. The sensor circuit, which rectifies, filters
and reduces the terminal voltage to 5V for comparison, whose transfer function is

found experimentally and is given by:

Gs(s) = (3.11)

Again, the time constant 7 of the sensor circuit is found to be 0.0155 which
is neglected as it is very small compared to the machine time constant. The sensor
DC gain B is found to be 5V/240V = 0.0208, If using reference voltage V,.s as 1pu,
the sensor gain is 0.0208/5 = 0.0042.

3.3 Discrete-time Analytical Design Method

For the digital voltage regulator design, an analytical design method that will force
the error sequence, when subjected to a specific type of time-domain input, to

become zero after a finite number of sampling periods and, in fact, to become zero
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and stay zero after the minimum possible number of sampling periods, has been

employed.

The error signal e(t), which is the difference between the input V,.,(¢) and
output V4(t). is sampled every time interval T'. The input to the digital controller
is the error signal e(kT'). The output of the digital controller is the control signal
u(kT). The control signal u(kT) is fed to the zero-order hold, and the output of the
hold, u(t), which is a piecewise continuous-time signal, is fed to the plant (Figure
3.2). It is desired to design a digital controller G4y gr(z) such that the closed-loop
control system will exhibit the minimum possible settling time with zero steady-
state error in response to a step, a ramp, or an acceleration input. It is required
that the output not exhibit inter-sampling ripple after the steady state is reached.

The system must satisfy any other specifications, if required.

Let us define the z transform of the plant G,(s) which is preceded by the

zero-order hold as G(z), or
G(z) = Z[————Gp(s)] (3.12)

Then, the open-loop pulse transfer function becomes G4vr(z)G(z). Next, define

the desired closed-loop pulse transfer function as F'(z):

V;(z) _ GAVR(Z)G(Z
Vies(2) 14 Gavr(z)BG(2)

= F(z) (3.13)

Since it is required that the system exhibit a finite settling time with zero steady-
state error, the system must exhibit a finite impulse response. Hence, the desired

closed-loop pulse transfer function must be of the following form:

N N-1 ...
P(z) = doZ +a12ZN + - +ay (3.14)

or

Fz)=ap4+a1z7"+ - +ayz™V (3.15)
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where N > n and n is the order of the system. To find the pulse transfer function

G avr(z) thal will satisfy equation (3.13), it can be obtained

Gavr(z) = (3.16)

The designed system must be physically realisable. The conditions for physical real-
isability place certain constraints on the closed-loop pulse transfer function F'(z) and
the digital controller pulse transfer function G4vr(z). The conditions for physical

realisability may be stated as follows [Ogata, 1987]:

1. The order of the numerator of G4y g(z) must be equal to or lower than
the order of the denominator. (otherwise, the controller requires future

input data to produce the current input.)

2. If the plant G,(s) involves a transportation lag e~2*, then the designed
closed-loop system must involve at least the same magnitude of the trans-
portation lag. (Otherwise, the closed-loop system would have to respond
before an input was given, which is impossible for a physically realisable
system.)

3. If G(2) is expanded into a series in z7!, the lowest-power term of the

series expansion of F(z) in z7!

must be at least as large as that of G(z).
For example, if an expansion of G(z) into a series in 27! begins with the
z7! term, then the first term of F'(2) given by equation (3.15) must be

zero, or ap must equal to 0; that is, the expansion has to be of the form
F(z) = a1z tagz 4+ 4 anzV (3.17)

where N > n and n is the order of the system. This means that the plant
cannot respond instantaneously when a control signal of finite magnitude
is applied: the response has a delay of at least one sampling period if the

seties expansion of (G(z) begins with a term in z71.

In addition to the physical realisability conditions, attention must be paid to

the stability aspects of the system. Specifically, to avoid cancelling an unstable pole
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of the plant by a zero of the digital controller. If such a cancellation is attempted,
any error in the pole-zero cancellation will diverge as time elapses and the system
will become unstable. Similarly, the digital controller pulse transfer function should

not involve unstable poles to cancel plant zeros which lie outside the unit circle.

Since e(kT) = V;¢;(kT)—V,(kT), referring to equation (3.13), it can be derived
that

B(2) = Viag(2) = Vil2) = Vaag ()1 - F(2)] (318)
Note that for a unit step input V,e;(¢) = 1(¢), Vies(2) = 1/(1 — 271), thus

(3.19)
3.4 Digital Automatic Voltage Regulator (AVR)
Design

For a system transfer function G,(s), the z-domain transfer function G(z) of the

plant which is preceded by the zero-order hold Gj(s), can be obtained as follows:

1—e T 0.6162 x 0.4256 1—eTs 1.2337
= T = -A- = .
Gle) = ZlOn)Gylo)] = 21— Iooizes T e
0.2623 0.2623
—A — .z —
G(Z) * (1 z ) [ S S —{—4.704]
1.,0.2623z 0.2623z ‘
G(Z) :A*(l -z 1)[ 1 — 2_6—4-704T] (320)

Sampling frequency selection:

Since the design of AVR is in discrete time, the choice of sampling frequency
is important. The rule of thumb for choosing the sampling frequency is to have the
system ‘activity’ with three decades of the Nyquist frequency. If the sampling rate
is increased beyond this, the activity effectively gets pushed to the left (on a Bode
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diagram). This should not cause any problems, however, a digital system operates
with fixed point precision, hence if the sampling rate is too high, the system can

experience numerical problems during computations.

On dealing with the low frequency which is of the order of a fraction of 1 Hz
to a few Hz for large scale power system and to satisfy the transient criteria, the
sampling time has been chosen as 25 milliseconds which gives the step response of
the open loop system rise time ¢, = 0.3 seconds. From equation (3.12) and equation

(3.20), it can be obtained that:

0.02921

Gle) = Ax T ga95

(3.21)

From the given system transfer function the output sequence of the system can
be expected to satisfy the transient criteria. It is required that the system exhibit

a finite settling time with zero steady-state error.

It is required to derive the exponential curve of the system response to an unit

step input.
1 1.2337
H=UxAxL-x ———r
Vilt) = U A L7120 gy
0.2623 0.2623
=UxAx L7 — ]

S s+ 4.704
=U x A x0.2623(1 — e™*7%) = 240V (3.22)

U is the control signal which will be applied to the generator field. The terminal
voltage V; is equal to 240V (or 1 pu) when t is equal to 0.3 seconds.

240

U= 23026031 = e-i7omy

~ 48.4V (3.23)

If the desired settling time is 0.3 seconds, the required number of the sampling

period:

settling titme 0.3
sampling time ~ 0.025

K= 12 (3.24)
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The output sequences are designed as follows:

Vi(kT) = 48.4 x A x 0.2623(1

Vi(0) = V,(0) = 0V
Vi(T) = V,(0.025) = 35.2V
V,(2T) = V,(0.05) = 66.528V
Vi(3T) = V,(0.075) = 94.344V
Vi(4T) = V,(0.1) = 119.088V
Vi(5T) = V;(0.125) = 141.096V
Vi(6T) = V;(0.15) = 160.656V
V,(7T) = V(0. 175) = 178.056V
Vi(8T) = V;(0.2) = 193.512V
V;(9T) = V(0. 225) = 207.264V
V,(10T) = V;(0.25) = 219.48V
(

Vi(11T) = V;(0.275) = 230.328V
V,(12T) = V(0.3) = 240V

The z-transform of the output sequences is:

. 6—-4.7041CT) (325)

Vi(z) = 35.227" +66.52827% + 94.34427° 4 119.0882™* 4 141.0962~° + 160.6562 "

+ 178.0562" + 193.51227% + 207.26427° + 219.48271° + 230.3282" 1 4 240,12

For an unit step input Vies(z) = 1/(1 — 271

function between V;(z) and V,.4(2) is:

_ Vils) _ Vi(z)
F(z)= A e e

(3.26)

), then the closed-loop transfer

35.227" +31.328272 4 27.816273 + 24.7442™* + 22.0082° + 19.562°

+17.4277 +15.45627° 413752279 + 12.21627%° + 10.84827"1 4 9.6722712  (3.27)
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BF(z) =0.14672"" 4 0.1304z7 + 0.116027° + 0.10312™* 4 0.09172~°

+0.08152"6 +0.0725277 4+ 0.06442~% + 0.05732° + 0.0509z~1°

+0.045327" 4 0.040227'*  (3.28)

Using equation (3.16), equation (3.21) and equation (3.27), the AVR transfer

function can be easily derived as

_ F(z) _5.0586 — 1.23455717 |
Cavil®) = G T BGAFG) - AT 1 -BRG) (3.29)

The terminal voltage response corresponding to a unit step input in the voltage

regulator loop is shown in Figure (3.3).

250 T

2007
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o
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Figure 3.3: Unit step response of the voltage regulator loop

3.5 Experimental Test Results

Figures (3.4) to (3.14) are the implementation results. Figures (3.4) (a) to (3.9)

(a) show the terminal voltage response subject to 1/2 and 3/4 rated sudden in-
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ductive, capacitive or resistive load changes without the AVR respectively; Figures
(3.4) (b) to (3.9) (b) show the terminal voltage corresponding to 1/2 and 3/4 rated
inductive, capacitive and resistive load changes with the designed AVR respectively.
Figures (3.10)-(3.12) present the control signals corresponding to the above sudden
load changes. Figure (3.13) demonstrates the terminal voltage and control signal
corresponding to a 10% step increase in the reference voltage sustained for 7.5 sec-
onds. Figure (3.14) shows the terminal voltage and control signal in response to a
three-phase to ground fault at A (Figure 2.2) sustained for 125 milliseconds. It can
be seen that the system equipped with the designed AVR kept the output constant
under both small (a 10% step change in the reference voltage) and large (sudden
load change and three-phase fault) disturbance conditions. Extensive tests were
conducted at various operating conditions and similar results were obtained. The
performance of the digital AVR is then theoretically analysed and experimentally

verified in this chapter.
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Figure 3.4: Terminal voltage corresponding to 1/2 sudden inductive load change
without and with the AVR, (a)-without AVR, (b)-with the designed AVR
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3.6 Concluding Remarks

In this chapter, the design and experimental test of an AVR is discussed. The
simplified linear mathematical model of single-machine infinite bus power system
is described in Section 3.2. The design of the AVR is based on this model. The
discrete time analytical design method is introduced in Section 3.3. Followed by
the theoretical analysis of the AVR in Section 3.4, the designed AVR has been
experimentally verified in real time. The designed AVR has been tested on a single-
machine infinite bus power system as shown previously in Figure (2.1) under the

following disturbance conditions:

1/2 rated and 3/4 rated inductive step load change;

1/2 rated and 3/4 rated capacitive step load change;

1/2 rated and 3/4 rated resistive step load changes;

a 10% step change in reference voltage;

a three-phase to ground fault;

e at various operating conditions with the above disturbances.

The designed AVR performs satisfactorily as the AVR kept the generator out-
put voltage constant under normal operating conditions at various load levels. The
dynamic performance satisfy IEEE standard of excitation control system dynamic
performance indices [IEEE, 1978]. This is confirmed by both the simulation and

real time implementation.



Chapter 3. Excitation Control System Design 40

NO AVR (a)
:@250 — T T -
= s -
2
: . 4
g
6 200 -
>
©
£
E
= 150 L L 1
0 5 10 15 20
Time in seconds
WITH AVR (b)

:-(;’.\250 T o T L“-‘ T
2 )
Q
o
|
© 200 J
>
©
£
E
2@

150 1 1 1

0 5 10 15 20

Time in seconds

Figure 3.5: Terminal voltage corresponding to 3/4 sudden inductive load change
without and with the AVR, (a)-without AVR, (b)-with the designed AVR
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Chapter 4

Proposed Design of Two Fuzzy

Control Schemes

4.1 Introduction

In this chapter, proposed design of the fuzzy logic controller (FLC) and fuzzy logic
based power system stabiliser (FLBPSS) are carried out. In Section 4.2, the struc-
ture of the I'LC is demonstrated and explained. Two fuzzy control schemes. i.e.,
the FLC and the FLBPSS are designed as PSSs in Section 4.3 and 4.4 respectively.
The basic concepts of fuzzy set theory, such as fuzzy sets and terminology, fuzzy set

theoretical operations, fuzzy inference and composition are included in Appendix B.

4.2 Introduction to Fuzzy Logic Controller (FLC)

4.2.1 Structure of the FLC

The essential part of the FLC is a set of linguistic control rules related by the dual
concepts of fuzzy implication and the compositional rule of inference. The FLC
provides an algorithm which can convert the linguistic control strategy based on

expert knowledge into an automatic control strategy. Figure (4.1) shows the basic

45
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configuration of a FLC, which comprises four principle components: fuzzification
interface, knowledge base (KB), decision-making logic, and defuzzification interface

[Lee, 1990a], [Lee, 1990b].

KB

A A
FUZ2IFICATION DEFUZZIFICATION N
INTEKFACE INTERFACE
A
DECISION
> MAKING
FU22Y FU22Y
LOGIC
PLANT OUTPUT CONTROLLED ACTUAL CONTROL
& STATE
< SYSTEM
(PLANT) NONFUZZY

Figure 4.1: Schematic diagram of a FLC

Fuzzification Interface: The function of the fuzzification interface involves:

e measures the values of input variables;

e performs a scale mapping that transfers the range of values of input variables
into a corresponding normalised universes of discourse (normalised domain). It
also maps the normalised value of the control output variable onto its physical
domain (output denormalisation). When a non-normalised domain is used

then there is no need for this function;

o performs the function of fuzzification that converts input (crisp) data into
suitable linguistic values which may be viewed as labels of fuzzy sets, in order
to make it compatible with the fuzzy set representation of the process state

variable in the rule-antecedent.

Knowledge Base: The knowledge base comprises a knowledge of the appli-
cation domain and the attendant control goals. This knowledge is classified as the

data base and linguistic control rule base. The basic function of the data base is
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to provide the necessary information for the proper functioning of the fuzzification

interface, the rule base, and the defuzzification interface. This information includes:

e Fuzzy sets (membership functions) representing the meaning of the linguistic

values of the process (plant) state and control output variables.

e Physical domains and their normalised counterparts together with the normal-

isation/denormalisation (scaling) factors.

If the continuous domains of the process (plant) state and control output variables
have been discretised then the data base also contains information concerning the
quantisation (discretisation) look-up tables defining the discretisation policy. For
the case of continuous, normalised domains the design parameters of the data base

include:

e Choice of membership functions;
e Choice of scaling factors.
The rule basc characterises the control goals and control policy of the domain experts

by means of a set of linguistic control rules. The design parameters involved in the

construction of the rule base include:

Choice of process state and control output variables;

Choice of the contents of the rule-antecedent and the rule-consequent;

Choice of the term-sets (ranges of linguistic values) for the process state and

control output variables;

Derivation of the set of rules.

Decision Making Logic: The decision making logic is the core of a FLC.
It has the capability of simulating human decision making based on fuzzy concepts
and of inferring fuzzy control actions employing fuzzy implication and the rules of

inference in fuzzy logic. In the context the design parameters for the decision makinz

logic are as follows:
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e Choice of representing the meaning of a single production rule;
e Choice of representing the meaning of the set of rules;

e Choice of inference engine.

Defuzzification Interface: The defuzzification interface performs the follow-

ing functions:

e a scale mapping, which converts the range of values of output variables into
corresponding universe of discourse. This is also called demormalisation. This

function is not needed if non-normalised domains are used.

o defuzzification yields a non-fuzzy control action from an inferred fuzzy control

action.

The design parameter of the defuzzification interface is:

e Choice of defuzzification operators.

4.2.2 Data Base

The concepts associated with a data base are used to characterise the fuzzy control
rules and the data manipulation in the FLC. Some of the aspects relating to the

data base will be discussed here.

¢ Discretisation/Normalisation of Universe of Discourse

A universe of discourse can be discrete or continuous depending on the nature
of the application. Sometimes it is necessary to change a continuous universe
into a discrete one. This can be achieved by discretisation. Furthermore, a

continuous universe may be mapped to another universe of different range by

normalisation [Lee, 1990a).
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1. Discretisation of Universe of Discourse:

Discretisation of a Universe is often referred to quantisation. Quantisa-
tion divides an universe into a number of segments called quantisation
level. Each level is labelled as a generic element. A fuzzy set can be de-
fined by assigning grade of membership values to each generic element of
the new discrete universe. A table for quick reference is formed to define
the output of the controller for every possible combination of the inputs.
The number of quantisation level determines the fineness of a control. In
other words, the controller will be more sensitive to the observed data if
the number of quantisation level increases. In most cases, fuzzy logic op-
erations are performed on computers. Therefore, the number of quantised
level should be large enough to provide an adequate approximation of the

original continuous universe and yet be small enough to save memory.

Discretisation can be viewed as a scale mapping of the measured data
to the discrete universe. The scaled mapping can be linear or non-linear
or a combination of both. It is common that coarse resolution is used
for large errors and small resolution is used for small errors. In practice,
due to discretisation, the performance of a FLC is less sensitive to small

deviations in the values of the state variables.

2. Normalisation of a Universe of Discourse:

The normalisation of a universe of discourse requires a discretisation of
the universe of discourse into finite number of segments, with each seg-
ment mapped into a suitable segment of the normalised universe. A fuzzy
sel. is then defined by assigning an explicit function to its membership

function.

The number of segments of the required number of fuzzy sets is a trade-
off between the accuracy and the complexity of the model. The size
of the relation matrix or number of fuzzy rules increases rapidly with
increasing number of fuzzy sets. Since fuzzy modelling is an attempt
at developing a mathematical representation of a linguistic description
of a control process, this becomes meaningless if number of fuzzy sets

becomes too large. It is also difficult to put sensible labels on more than
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7 fuzzy sets for a variable. The trade-off against the accuracy of the
model is that number of fuzzy sets increases with an increase in accuracy.

However, more information is required to be able to specify a sensible

model.

The two design parameters involved in the construction of the data bhase are:

e Choice of membership functions;

e Choice of scaling factors.

¢ Membership Function of a Fuzzy Set

Fuzzy sets are defined in two ways, numerical or functional, depending whether

the universe of discourse i1s continuous or discrete.

1. Numerical
Fuzzy sets defined by numerical method have grade of membership func-

tion as a vector of numbers whose dimension depends on the degree of

discretisation.

2. Functional
A functional definition expresses the membership function of a fuzzy set
in a functional form, typically a bell-shaped function, triangular-shaped
function, trapezoid-shaped function, etc. Such functions are used in a
FLC because they lead themselves to manipulation through the use of
fuzzy arithmetic. The functional definition can readily be adapted to a

change of the normalisation of a universe.

Either a numerical or functional definition can be used to assign the grades
of membership to the fuzzy sets. There are few guidelines exist for defining
the shape of fuzzy sets. The only necessary criterion to enable the fuzzy logic
to work effectively is that a set of fuzzy sets should cover the operating range
of the variable. Given that the set satisfy this, the choice of the actual shape
described by the membership functions is entirely subjective. It may be noted

that the linguistic label of the fuzzy set implies a particular shape for the set.
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e Choice of Scaling Factors

The use of normalised domains (universe of discourse) requires a scale trans-
formation which maps the physical values of the process state variables into a
normalised domain. This is called the input normalisation. Furthermore, out-
put denormalisation maps the normalised value of the control output variables

into their respective physical domains.

4.2.3 Rule Base

The most important element of a FLC is the set of linguistic statements based on
expert knowledge. The expert knowledge is usually described in the form of if-then
rules. They can be easily implemented using fuzzy conditional statements in fuzzy

logic. The collection of fuzzy conditional rules forms the rule base of a FLC.

e Choice of Process State Variables and Control Variables of Fuzzy
Control Rules

Identifying and choosing suitable process state variables and control variables
is essential to the characterisation of the operation of a fuzzy system. The
assignment of linguistic variables and their membership function also have
an influence on the structure of a FLC. The process of this selection depends
heavily on the experience and the control engineering knowledge. The common
linguistic variables used are the state, state error, state error derivative, state

deviation and its derivative, etc.

e Source of Fuzzy Control Rules

There are basically four methods of deriving a fuzzy control rule base |Takagy,
1983], [Sugeno, 1985], [Lee, 1990a], [Lee, 1990b]; these approaches are not
mutually exclusive and in practice a combination of these methods are likely

to be utilised.

1. Expert’s experience and knowledge
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Fuzzy control rules specify the necessary action to be taken if certain
conditions are satisfied. Since information and problems are described in
linguistic rather than numerical in daily life, it should be obvious that
fuzzy control rules provide a framework for the characterisation of hu-
man behaviour and decision analysis. There are two heuristic approaches
which can be used to formulate fuzzy control rules. The most common
one is the verbalisation of human expertise. Another approach involves
forming a prototype of fuzzy control rules by gathering information from
a number of experienced experts or operators. Whilst the approach is
problem domain specific, non-generic and highly subjective, it has been

applied with considerable success [Sugeno, 1985], [Larsen, 1980].

2. Modelling the operator’s control actions

In many industrial man-machine applications, the transfer function of the
system cannot be found using classical control theory due to the compli-
cated structure and insufficient precision of the system. However, very
often those human operators are able to monitor such systems without
actually understanding the actual model of the system. Therefore, it is
possible to extract fuzzy control rules by expressing the operator’s control
rules using linguistic variables. In practice, rules can be deduced from
the observation of human controllers actions in terms of input-output

operating data [Sugeno, 1985], [Harris, 1989b].

3. Modelling a process

A linguistic description of a dynamic characteristics of a controlled pro-
cess can be viewed as a fuzzy model of the process. Fuzzy control rules
can then be developed based on this fuzzy model to obtain desirable per-
formance. This approach is more complicated than others but it is more
reliable and yields better results. This approach has been successfully

applied to car driving by Sugeno and Nishida [Sugeno, 1985].
4. Self organisation

Many of the FLCs built so far can only imitate human decision making. It

is possible to design a FLC which has the ability to create fuzzy control
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rules and to modify them based on experience. Procyk and Mamdani
[Procyk, 1979] described the first self organisation controller (SOC) which
consists of two rule bases. One of them is the general rule base of a FLC.
The other is constructed so that it has the human-like learning ability
to create and to modify the general rules based on the desired overall
performance of the system. An example of a fuzzy rule based which has
a learning capability is Sugeno’s fuzzy car [Sugeno, 1984], [Sugeno, 1985]
which can be trained to park by itself.

4.2.4 Defuzzification Strategies

Defuzzification is required because many practical control actions are crisp in nature.
Defuzzification is a mapping from a space of fuzzy control actions defined over a
output universe of discourse into space of non fuzzy (crisp) control actions. There is
still no systematic approach to defuzzification but there are a few ways of tackling

this problem which are reviewed as follows:

e Max-procedure
The first and simplest method relies on choosing the control value for which
the membership function attains a maximum, namely:
maz U(u) = U(ug) (4.1)
uwelU
A difficulty arises when more than one element of U possesses this maximal
value and thus up is not uniquely determined. For instance, one can take
randomly one of the elements with the highest grade of membership, or treat

their average value as the representative one (means of maximum approach),

thus:

r ui
1=1 r
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where

u' € {u€ U |maz Uu) = Uu))

©..»
r

and this set consists of elements.

Centre-of-gravity (centroid) procedure
The centre of gravity of the fuzzy control U is:
[, uU(u)du

" T U Y

(it is assumed that both the integrals exist). Here, ug is determined bearing in
mind a surface of the fuzzy set U. In comparison to the max-procedure, it can
be observed that uy = ¢g(z) has no switching points, but a smooth transition

between the control values for different z is visible.

Indexed max or centre-of-gravity method
Both Max and Centroid methods have been modified so that ug is computed

according to

Uy = arg u?(?(:g) U(u) (4.4)
U(u)du

Jo(e) U(u)du

with
U(e) = fu e U | U(u) 2 a)

Where o forms a parameter varying as [0,1]. The idea is that the threshold
level o allows us to eliminate in the computation of ug those elements of the
membership function that have non-significant grades of membership function

(lower than o), which may cause biased results. This threshold has to be
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determined with respect to disturbances in the input data and the properties

of the process controlled.

4.2.5 Design Parameters of the FLC

In summary. consideration are needed for several principal factors in designing a

FLC. The principal factors are listed below:

o fuzzification strategies and the interpretation of a fuzzification operator;
e data base:

1. discretisation/normalisation of universes of discourse,
2. fuzzy partition of the input and output spaces,

3. choice of membership function of a primary fuzzy set;
e rule base:

1. choice of process state (input) variables and control (output) variables of

fuzzy control rules,
2. source and derivation of control rules,

3. types of fuzzy control rules (Appendix B);
e decision making logic:

1. definition of a fuzzy implication (see definition in Appendix B),
2. definitions of a compositional operator (see definition in Appendix B),

3. inference mechanism (see definition in Appendix B);

o defuzzification strategies and the interpretation of a defuzzification operator.

4.3 Design of a FLC as a PSS

The design of the FLC as a PSS can be separated into the following four steps:
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e Step 1). Identify inputs and outputs

Define input and control variables, that is, determine which states of the pro-
cess should be observed and which control actions are to be taken. When applying a
FLC as a PSS, generator speed deviation Aw and acceleration Aw have been chosen
as the input signals of the FLC. The generator speed deviation Aw can be readily
obtained. The acceleration Aw can be obtained from the speed measured at two

successive sampling instants using the following equation:

A& (k) = (Aw(k) — Aw(k —1))/AT (4.6)

where AT is the sampling interval. The control variable is the output from the I'LC.
The control signal from the FLC is fed to the summing junction of the excitation

control loop.

e Step 2). Define input and output membership functions

This is fuzzification step which includes three sub-steps. Fuzzification strate-
gies and interpretation of a fuzzification operator (fuzzifier), i.e. to transform crisp

data into fuzzy sets.

e Step 2.1). Specify universe of discourse

Experts define universe of discourse in different ways. Some specify it within a
very broad context as the range of all real numbers from minus infinity to positive
infinity in units of the input/output variable under consideration. Others limit the

universe of discourse to the range of interest to the application at hand.

To specify a universe of discourse for inputs Aw and Aw, the range should be
carefully considered. If a specified range is too small, regularly occurring data will

be “off scale”, which may impact overall system performance. This can be shown

in Figure (4.2).
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Figure 4.2: Inappropriate universe of discourse

If the top end of the acceleration range (Figure 4.2 (a)) is set at 0.5 instead
of 0.6 and the acceleration in the region regularly exceeds that value, the system
response will depend on the hardware implementation rather than a well-designed

and simulated fuzzy logic model.

Conversely, if the universe of discourse for an input is too large, which is
shown in Figure (4.2) (b), the temptation will often be to have large “flat response”
membership functions on the right or left to capture the extreme input values. The

input will always be fuzzified to the same value for all the acceleration signal higher

than 0.4.

When designing a FLC as a PSS, the universe of discourse for speed deviation
has been specified to be between -0.05pu and 0.05pu. Correspondingly, the universe
of discourse for acceleration has been specified to be between -0.6 and 0.6. The
lower and upper limit are both specified considering the effects of both small and

large perturbations on the power system.

The range of the universe of discourse for the stabilising signal output must
also be carefully considered. Problems will occur if the output universe of discourse
is too large. In this case, one or both extremities will be far away from the bound-

ary of “maximum meaningfulness” as shown in Figure (4.3). As with inputs, the
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Figure 4.3: Inappropriate output universe of discourse

temptation will be to have large, “flat response” membership functions at each ex-
tremity. This problem manifests itself in defuzzification. Such disproportionately
large membership functions will overpower the others by lending their entire mass
to the defuzzification process. A similar effect can occur when singletons are dispro-
portionately positioned to the extreme left or right. With disproportionately large
membership functions, the result of defuzzification will be strongly biased by the
mass of the large membership functions. This can be shown in Figure (4.4) in which

centroid defuzzification method has been used.

The universe of discourse for the stabilising output signal has been specified

evenly to be between -0.8 and 0.8.

e Step 2.2). Scale/Normalise universe of discourse

It is usnally desirable and often necessary to scale or normalise the universe of
discourse of an input or output variable. For example, the speed sensor is used to
measure the speed signal from the synchronous machine shaft. The output voltage
range from the sensor is between -12V and +12V, representing the corresponding
shaft speed or rotor angle. However, the hardware component such as the A/D

converter may only be able to accept input voltage between 0 and 5V with an 8bit
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Figure 4.4: Disproportionately large output membership function

resolution. Scaling is thus necessary to map the measured voltage into a different

range.
e Step 2.3). Determine number and distribution of membership functions:

There are several issues to consider when determining the number of mem-
bership functions and their overlap characteristics. The number of membership
functions is quite often odd-generally, anywhere from 3 to 9. If too few membership
functions have been chosen for a given application, the response may be too lethar-
gic and may fail to provide the output control in time to recover from a small input
changes. This may cause the system to oscillate around the desired value. Too many
membership functions might rapidly fire different rules for small changes 1n input

values, resulting in large output changes which could cause system instability.

For this FLC design, 7 membership functions have been chosen for both inputs

and output.

The most common shapes for membership functions are monotonic, triangular
and trapezoidal. Occasionally, bell-shaped MF’s are used. These are used to ac-
commodate low-cost implementation hardware. The added smoothness provided by

this shape is often not discernible in control applications.
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Figure (4.5) shows the proposed functional membership function for the FLC

input and output respectively.
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Figure 4.5: Membership functions for both condition parts and consequent parts

Either a numerical definition or functional definition may be used to assign the
grades of membership function to the primary fuzzy sets. The choice of grades of
membership function is used on the subjective criteria of the decision. In particular,
if the measurable data is disturbed by noise, the membership functions should be
sufficiently wide to reduce the sensitivity to noise. This states the issue of the
fuzziness or, more accurately, the efficiency of a membership function, which affects

the robustness of a FLC.

e Step 3). Development of the control knowledge base.

The relationship between system inputs and system outputs is important in control
engineering. Fuzzy relations describe the relationship between fuzzy input variables
and fuzzy output variables of a control system. The fuzzy relations are defined in
forms of fuzzy conditional statement. These conditional statements form the deci-
sion rule base with a set of control decision rules. Fuzzy control rules can take one

of the two basic forms:
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1. State based fuzzy control rules

For a system with linguistic state variables (s, s, -+ ,s,) and control
u, defined on universes of discourse (S;,S2, -+ ,5,), and U respectively;
fuzzy control rules that take the system state (e.g. error, change of error)
at time k and evaluates the control action at time k as a function of the
system states are of the form:

R, :IF 5,15 S*, AND s, 15 S3',--- ,AND s, is S,

THEN u is fi(s1,82, - ,8n)

for ¢ = 1,2, ,n; where (S;7) are the linguistic values of the linguistic
variables (s1,---,8,), and f; is in general a non-linear function of the
multi-input single-output (MISO) system state variables-frequency f; is
linear and in most practical applications f; = U; a constant linguistic con-
trol qualifier. The connective between the n rules, R; is ALSO (includes
union connectives OR and ELSE). The majority of FLC are based upon

a state evaluation rule base.

2. Object evaluation fuzzy control rules

Object evaluation fuzzy control or predictive fuzzy control, predicts cur-
rent and future control actions and evaluates control objectives. The
control rules are formulated from observing a skilled human operator or
from his experience data base, rules are of the general form:

Ri: IF (uis Uy — (s14s S* AND 5345 So* AND -5, 15 S,%))
THEN u s U;

for: =1,2,--- ,n; that is a control command is inferred from an evalu-
ation of a fuzzy control in achieving the desired system states {s;}. The
states {s;}, are considered as cost criteria for assessing the fuzzy rule R;,
taking linguistic values such as ‘good’, ‘poor’ or ‘bad’. The most suitable
control is chosen from prediction {s;}, corresponding to every control

command U,.

FLC are effective in formulating control actions for systems that are complex,

uncertain and have multiple conflicting performance criteria. Whilst the state based
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fuzzy control rule base does not directly emulate control actions of human opera-
tors, its simple structure and strong mathematical basis makes it highly attractive
for practical implementation. Hence, when applying a FLC as a power system sta-
biliser to the excitation control loop, the state based fuzzy control rule base has
been utilised. The fuzzy control objective is to enhance the damping characteristics
of the power system including its external system through the application of a sup-
plementary stabilising signal to the excitation control loop. Since there are seven
linguistic variables describing each of the two inputs, there are a total of 49 decision
rules through all possible combination. It is convenient to present these cecision

rules using a decision table as shown in Table (4.1) [Hsu, 1990].

Aw Ao

' NB [NM |[NS [ZR |PS [PM |[PB
PB |[ZR |[PS |PM |[PB |[PB |PB |PB
PM|NS [ZR |PS |PM |PM |PB | PB
PS [NM|NS [ZR |[PS |[PS |PM |PM
ZR [NM | NM |[NS |ZR |PS [PM | PM
NS [NB |[NM |NS |[NS [ZR |[PS |PM
NM|NB [NB [NM |[NM [NS [ZR |PS
NB [NB [NB |[NB [NB | NM | NS | ZR

Table 4.1: The decision table

The abbreviation used for linguistic variables above means:
P DB: Positive Big
PM: Positive Medium
PS: Positive Small
ZR: Zero
INS: Negative Small
INM: Negative Medium
NB: Negative Big
The idea of a decision table is to provide a summary of reference for given inputs.
From the decision table, the control algorithm for the action to be taken using shaft

speed and acceleration can be summarised as follows:

o If the speed deviation and the acceleration are Zero ( in the sense of the

linguistic labels), the control applied is Zero ( also in the sense of the respective
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linguistic label of control).

e Ifspeed deviation is Positive Big and the same as the acceleration, a Positive
Big control has to be used to reach the state in which the change of speed
and the acceleration are reduced to zero. ( decelerating control is achieved by
applying a positive stabilising signal to the excitation loop, as the electrical

output can be increased by the positive stabilising signal).

o If the speed deviation is Negative Big and the same holds for the acceler-
ation, the control is set to generate a Negative value (i.e., Negative Big).
(Accelerating control of the study unit can be achieved by applying a negative
stabilising signal to the excitation loop, as the electrical output of the study

unit can be decreased by the negative stabilising signal).

The control actions in the decision table is symmetric about the main diagonal
but in opposite sign. Furthermore, if the number of linguistic variable is increased,
the fineness of the control actions is also increased. However, the use of large size

of linguistic variable leads to an increase in the number of rules.

e Step 4) Determine the stabiliser output by using defuzzification.

The output of the fuzzy controller is a fuzzy set of control. As a power plant
usually requires a non-fuzzy value of control, a “defuzzification stage ” is needed.
The membership function for the control signal was shown previously in Figure
(4.5). Different defuzzification methods (described in Section 4.2.4) often give rise to
various characteristics of a fuzzy control system. Table (4.2) provides characteristics
of a few typical defuzzification methods in terms of memory requirement, speed and

output quality [Motorola, 1992].

Note: ln Table (4.2), Memory requirement [1]=low and [5]=high, Computa-
tional speed [1]=slow and [5]=fast.
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Defuzzification method Characteristics of the crisp output

COG (centroid)

(with singleton output
membership functions) Memory requirement[1], Speed [5],
Some output fluctuations

COG (centroid)

(with non-singleton output

membership functions) Memory requirement [5], Speed [1], Smooth output
Maximum Memory requirement [2], Speed [1], Optimistic output
Means of Maximum Memory requirement [4], Speed [3], Optimistic output

Table 4.2: Comparison of the defuzzification methods

The means of mazimum and centroid defuzzification methods have been used

in the design of the FLC as a PSS.

4.4 Design of the Proposed Fuzzy Logic Based
PSS (FLBPSS)

The proposed Fuzzy Logic Based Power System Stabiliser (FLBPSS) for a syn-
chronous generator connected to an infinite bus utilises new non-linear membership
functions to determine the resultant stabilising signal. For the FLBPSS design, the
synchronous generator condition can be expressed with the quantities of speed de-
viation and acceleration in the phase plane. The phase plane is divided into two

sectors as shown in Figure (4.6) [Hiyama, 1991].

The required control strategy becomes as follows for the sample point Ay, A,

As in the sector A.

1. Slight decelerating control should be applied to the study unit at sample
point A; in sector A to prevent excessive shift of the speed deviation to
the positive side because the generator speed is approaching the desired
speed from the negative side with relatively high acceleration. Therefore,

the stabilising signal should be Positive Small at this state.

2. Strong decelerating control should be applied to the study unit at sample

point A, in sector A because both the generator speed and the accelera-
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Figure 4.6: Two sectors in the phase plane
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tion are relatively large at the positive side. The stabilising signal should

be Positive Big at this state.

3. Slight decelerating control should be applied to the study unit at point

Az in sector A to shift the generator speed to the desired one because the

study unit is already in the region of slightly higher deceleration, but the

generator speed is still large at the positive side. The stabilising signal

shot_lld be Positive Small at this state.

4. In sector B, the situation is completely opposite to those in sector A.

Therefore, the control strategy should be reversed. Namely, acceleration

control should be applied to the study unit. The stabilising signal should

be negative in sector B.

The stabilising signal U(t) is given by:

(4.7)

for kAT <t < (k+1)AT in a discrete form, where k indicates the time kAT, and

AT represents the sample interval. The generator condition at the time t = kAT

is given by the point p(k) in the phase plane (Figure 4.6) of speed deviation and
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acceleration.

p(k) = [Aw(k), {Aw(k) — Aw(k — 1)} /AT] (4.8)

The origin in the phase plane is the desired equilibrium point. All the control
effort should be directed to moving the current condition p(k) towards the origin as
quickly as possible. Angle § represents the position of the switching line L which
separates the two sectors A and B. 8 = 0 degree corresponds to the switching line
placed at 6;(k) = 135 degrees. 3 becomes negative if the switching line L is turned
clockwise from 6;(k) = 135 around the equilibrium point O and 3 becomes positive
if the switching line L is turned anti-clockwise. Angle o represents the overlap

between sectors A and B and « has been divided equally by the switching line L.

Two new fuzzy non-linear membership functions, N{6;(k)} and P{6;(k)}, are
defined for the proposed FLBPSS as shown in Figure (4.7) to represent both the
sectors A and B respectively. Figures 4.7 (a) and (b) demonstrate the membership
functions corresponding to a = 90, 3 = 0 degrees and a = 30, 3 = —40 degrees

respectively.

The term 6;(k) indicates the phase angle of the point p;(k) as shown in Fig-

ure (4.6). By using these membership functions, the stabilising signal is computed

as follows:
N0 Uar — PAOR)} Umas]
Us(k) = N{G.(F)} + P{0:(k)] (4.9)
U (k) = GO RN{0:(E)} = 1)Umas (4.10)
where

P{O,(k)} = 1 — N{0:(k)} (4.11)
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G - { D(k)/D, for D(k) < D, )
1.0 for D(k) > D.
D(k) =| p(k) | - (4.13)

The term G(k) indicates the gain factor at the time t = kAT, and G(k) is given by

a non-linear function as shown in Figure (4.8).

The function P{8;(k)} as shown in Figure (4.7) can be expressed as follows:
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G (k)

Dr D (k)

Figure 4.8: Gain factor related to distance D(k)

0 for 0 < 6; < by,
2 for 0y < 6; < 0y + a/2,

1 — o[t for gy 4+ 0/2 < 6; < bp + a,

P{t;(k)} =<1 for 0y + @ < 0; < 6y + 180 ,

1 — 2Bt B g5 gy 4180 < 6; < 0o + 180 + /2,  (4.14)
o[fi=(ot1s0+e))® o g1 180 + /2 < 6; < fp + 180 + av,

0 for 6o+ 180 + a < 6; < 360 .

2[5 %]

where all the angles in the above equation are in degrees. The crossover points

are 0y + /2 and 6y + 180 + /2.

The parameters to be optimised for the optimal setting of the proposed FLBPSS
are the location of the switching line L (i.e., angle 3) between the positive and the
negative stabilising signals, the size of the cross-sections between the sectors A and
B (i.e., angle ) and the distance parameter D, (Figure 4.6) [Hiyama, 1991]. The

maximum value of the stabilising signal U,,., depends on the generating unit stud-

led.



Chapter 4. Proposed Design of Two Fuzzy Control Schemes 69

A performance index J is specified to investigate the time optimality of the
study unit. According to the values of the performance index, the optimal setting
of the FLBPSS can be determined. Namely, the parameters D,, a and 3 can be

adjusted to their optimal values by minimising the performance index J.

4.5 Concluding Remarks

The basic structure of a FLC has been described and the design of a FLC as a PSS
has been developed. The generator speed Aw and acceleration Aw have been chosen
as the input signals of the FLC. The triangular membership function shape has been
chosen for both the input and output signal and the universe of discourse has been
specified. A 49 rules decision table has been developed based on the theoretical
knowledge. Different defuzzification methods have been introduced and the perfor-
mance have been compared in terms of memory requirement, speed, etc. However,
further tuning and modification of the input and output membership functions and

the decision table are necessary in order to provide better performance.

The design of the FLBPSS has been presented and two new non-linear member-
ship functions have been proposed which differ from the ones used in the past. The
FLBPSS calculates the resultant stabilising output according to the fuzzy mem-
bership functions depending on the speed Aw and acceleration Aw states of the

synchronous generator.

The fine tuning of the proposed FLC membership functions and the optimisa-
tion of the parameter values of the proposed FLBPSS will be discussed in detail in
the next chapter.



Chapter 5

Optimisation of the Fuzzy Control
Strategy

5.1 Introduction

In order to achieve the best performance for the proposed FL.C and the FLBPSS, the
membership functions, rules or defuzzification method and the parameter settings
have to be tuned, adjusted or compared according to a performance index. Two
aspects of evaluating the PSS performance are maximum transient deviation and

settling time. The performance index is defined as follows:

M
J = Z tkAw (51)
k=1

The speed deviation Aw(k) is weighted by the discrete time tx = KAT. M in

equation (5.1) stands for the total data number.

Comprehensive sensitivity analysis has been carried out to assess the robust-
ness of the proposed fuzzy controllers for changes in system parameters and under
different operating conditions for both small and large perturbations. The compari-
son study between the proposed FLBPSS and the Self-tuned FLBPSS (STFLBPSS)

[Hassan, 1992] has also been investigated. Finally, the proposed two fuzzy control

70



Chapter 5. Optimisation of the Fuzzy Control Strategy 71

schemes have been evaluated by comparing the performance indices and the dynamic

responses.

5.2 Optimisation of the FLC by Observation of
Model Behaviour

5.2.1 Optimisation of the FLC using Whole Overlap Ratio
(WOR)

Based on observations, the membership functions, rules or defuzzification method

have to be tuned for the proposed FLC.

By adjusting the shapes of the membership functions, i.e., by altering the
shapes of the fuzzy sets defining the meaning of linguistic values, the performance
of the FLC can be improved. The rule of adjusting the membership function is: the
greater the control required (i.e. the more sensitive the stabilising signal to input
Aw and Aw changes), the greater the membership function density in that input
region. Figure (5.1) shows the membership function for both inputs and output

after tuning.

The above membership function adjustment is based on trial and error. In
order to improve the efficiency, the choice of a parameter to evaluate the width
selection of the membership function is needed. The absolute value of the width 1s
not proper for this goal as it does not compare the width of the separate membership
function with the number of classes and the universe of discourse. Marsh [Motorola,
1992] has proposed two indices which meet this demand: the overlap ratio and the
overlap robustness. These indices evaluate the width of the membership functions
through the overlap of two adjacent functions. The idea is very fruitful because
it allows coraparison of the scope of the separate membership function with the

universe of discourse and the number of classes.

Marsh [Motorola, 1992] considered only linear membership functions and these
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Figure 5.1: Membership functions after tuning

indices work very well in this case. Their disadvantage is that although they can
be easily calculated for membership functions with the limited discourse area, they
cannot be calculated for functions with the infinite discourse area, for example the
exponential (Gaussian) membership function. Moreover, the first index does not
depend on the membership function shape at all and the second one depends on the

shape in the overlap area only.

For these reasons, the index of the Whole Overlap Ratio (WOR) has been
proposed which compares the width of the individual membership function with the

universe of discourse and the number of classes [Reznik and Shi, 1993]:

[22, MIN(u(2), paf2))da

WO = 1o M AX (10 (2), ja(2))

(5.2)

where pq(z) and po(z) are two adjacent membership functions. The evaluation

formulas for this index and some usual membership functions are given in Table

(5.1).

F(z) = \/% Lo el’p(%z)du used for deriving the formulas in Table (5.1) is the
cumulative distribution function of a standardised normal random variable. Values

of z corresponding to values of F(z) can be found in normal distribution normal
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Membership function Formula Whole Overlap Ratio
Linear p(z) =1 — abs(&2) ——

. (-T2
Exponential (Gaussian) || u(z) = exp[—(552)] W —1
2_mp—m 1,mo—=mq 3
uadratic z) = maz[0,1 — (&2)?] | 2 ()
Q ¢ :u( ) [ ( 5 ) ] %"’ng_gm] "l?(ng_gml )3

Table 5.1: Some usual membership functions and WOR evaluation formulas

probability function table [Tuma, 1979].
The detail derivation of the above formulas can be found in Appendix C.

It can be seen that the index of the WOR can be easily calculated in the cases
of membership functions with the unlimited discourse area as well as in the cases
of simple functions with the limited area. Also it gives us the complete information
about the width of membership function comparing it with the number of classes

and the area of discourse.

Table (5.2) shows the performance index corresponding to changes of both
input and output membership functions WOR in response to a 10% step increase in
mechanical torque T;, followed by a 10% step increase in reference voltage V,.s and
a 10% step decrease in V,.;. It can be seen that the FLC gives best performance

when the WOR is approximately from 12% to 15%.

Table (5.3) shows the performance index corresponding to changes of both
input and output membership functions WOR in response to a 20% step increase in
mechanical torque 7, followed by a 20% step increase in reference voltage V,.; and
a 20% step decrease in V,.s. It can be seen that the FLC gives best performance

when the WOR is approximately from 12% to 15%.

WOR % || 30.95 | 26.78 | 24.27 | 21.95 | 18.79 | 15.98 | 15.12 | 14.7
J % 1.36 1 0.96 | 0.73 | 0.70 | 0.66 | 0.58 | 0.54 | 0.51
WOR % || 14.45 | 14.29 | 13.48 | 12.72 | 11.98 | 11.27 | 10.58 | 9.93
J % 0.49 | 048 | 049 | 0.50 | 0.51 | 0.53 | 0.54 | 0.56
WOR % | 9.3 8.7 8.1 7.6 5.1 3.2

J % 0.58 | 0.60 | 0.62 | 0.65 | 0.97 | 14.35

Table 5.2: The performance index corresponding to changes in WOR (10% step
change in T, and Vi.y)
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WOR % || 30.95 | 26.78 | 24.27 | 21.95 | 18.79 | 15.98 | 15.12 | 14.7
T % 731 | 351 | 282 | 2.79 | 2.7/ | 2.63 | 2.58 | 2.5
WOR % || 14.45 | 14.29 [ 13.48 [ 12.72 [ 11.98 | 11.27 | 10.58 | 9.93
T % 2.52 | 2.50 | 2.53 | 2.56 | 2.59 | 2.63 | 2.67 | 2.71
WOR % || 9.3 |87 [81 |76 |51 |32
J % 2.76 | 2.82 | 2.88 | 2.9/ | 3.50 | 12.83

Table 5.3: The performance index corresponding to changes in WOR (20% step
change in 75, and V,.y)

The mcans of mazimum defuzzification method has been used to obtain the

performance indices in Table (5.2) and (5.3).

Based on the definitions in Appendix B, many fuzzy implication functions
may be generated by utilising the triangular norms and co-norms. For example, by
using the definition of the fuzzy conjunction, Mamdani’s [Mamdani, 1975] mini-fuzzy
implication, R,,, is obtained if the intersection operator is used. Larsen’s product
fuzzy implication, R;, is obtained if the algebraic product is used. A method for
computing the generalised modus ponens and the generalised modus tollens laws of
inference is described in [Baldwin, 1980]. Furthermore, fuzzy implication are also
produced by employing bounded product and the drastic product, etc. However,
when a FLC has been employed as a PSS in this project, only Mamdani’s and

Larsen’s fuzzy implication methods were adopted.

Different defuzzification methods (Chapter 4 Section 4.2) have also becn eval-
uated using the above performance index under various WOR values with a 20%

step increase in mechanical torque 7, .

Table (5.4) shows the performance index corresponding to changes of both
input and output membership functions WOR in response to a 20% step increase in
mechanical torque 7},,. When the centroid defuzzification method was used, it can
be seen that the FLC gives optimal performance when the WOR is approximately
from 12.72% to 14.29%. The same results were obtained with means of muzimum

defuzzification method which are also shown in this table where Means stands for

Means of mazimum.

Table (5.5) shows the performance index corresponding to changes of both
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WOR % 30.95 | 24.27 | 18.79 | 14.29 | 13.48 | 12.72 | 10.58 | 7.6
J % (Centroid) || .05 | 0.78 | 0.75 | 0.69 | 0.69 | 0.69 | 0.71 | 0.74
J % (Means) 1.05 | 0.78 | 0.75 | 0.69 | 0.69 | 0.69 | 0.71 | 0.74

Table 5.4: The performance index corresponding to changes in WOR with different
defuzzification methods (20% step change in 7, )

WOR % 30.95 | 26.78 | 24.27 | 21.95 | 18.79 | 14.29 | 10.58 | 7.6
J % (Centroid) || 40.24 | 40.00 | 89.48 | 89.51 | 39.58 | 39.78 | 39.77 | 39.81
J % (Means) 40.24 | 39.89 | 39.39 | 39.40 | 39.48 | 39.48 | 39.51 | 89.61

Table 5.5: The performance index corresponding to changes in WOR with different
defuzzification methods (three-phase to ground fault)

input and output membership functions WOR in response to a three-phase fault at

point A (Figure 2.2) sustained for 125 milliseconds.

From Tables (5.4) and (5.5) it can be seen that the two defuzzification meth-
ods gave the same result under small perturbation (20% step change in T,,) and the
means of mazimum defuzzification method performed better in the case of a large
perturbation (three-phase to ground fault) condition. Considering the system per-
formance under both small and large perturbations, the best WOR has been chosen

as 14.29% and the defuzzification method chosen is Means of maximum.

The implication method utilised to obtain the performance indices in Table

(5.2)-(5.5) is Mamdani method.

5.2.2 Sensitivity to Nominal Parameter Variations and Ro-

bustness to Operating Condition Variations

The nominal operating point of the system is considered with real power P = lpu
and power factor of 0.85 (lagging). The sensitivity test was performed by changing
the nominal system parameters by +20% and under different operating conditions
and perturbations (small and large). Studies have also been carried out for changes
in system parameters like inertia constant H, the d-axis open circuit transient time

/ . . .
constant 7y, and transmission line reactance X,.

The performance indices according to J = Zi"le [tkAw(kjl]Z are obtained for
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WOR % 30.95 | 24.27 [ 1879 | 14.29 [ 10.58 | 7.6 | 5.1 |3.2

J%(H = ..25) 111 [0.70 [ 0.68 0.62 | 0.65 | 0.71| 0.85 | 24.60
T%(H = 1s) 1.05 [0.78 [0.75 [0.69 | 0.71 | 0.74 | 0.85 | 4.70
J%(H = 0.85) 1.01 [0.8 [0.82 [0.77 |0.78 | 0.80| 0.86] 2.18
J%(75, = 0.414s) || 1.26 | 0.93 | 0.90 |0.81 | 0.8/ | 0.89 | 1.02 | 3.83
J%(7h, = 0.345s) || 1.05 | 0.78 | 0.75 | 0.69 | 0.71 | 0.74 | 0.85 | 4.70
J%(7}, = 0.276s) || 0.87 | 0.65 | 0.65 | 0.58 | 0.60 | 0.62| 0.70 | 6.96
J%(X. = 0.48pu) | 1.17 | 0.87 | 0.84 | 0.77 | 0.79 | 0.83 | 0.93 | 47.62
J%(X, = 04pu) | 1.05 | 0.78 | 0.75 | 0.69 | 0.71 | 0.74 | 0.85 | 4.70
J%(X, = 0.32pu) || 1.02 | 0.76 | 0.73 | 0.67 | 0.69 | 0.73| 0.83 | 2.45

Table 5.6: The performance index corresponding to changes in WOR (Mamdani,
Centroid, 20% step increase in mechanical torque)

WOR % 30.95 [ 24.27 [ 18.79 | 14.29 | 10.58 | 7.6 | 5.1 | 3.2

I%(H _123) 1.11 [0.70 | 0.68 | 0.62 | 0.65 | 0.71 | 0.85 | 24.60
J%(H = 1s) 1.05 | 0.78 | 0.75 | 0.69 | 0.71 | 0.74] 0.85 | 4.70
J%(H —083) 1.01 | 0.8/ | 0.82 |0.77 |0.78 | 0.80] 0.86 | 2.18
J%(t), = 0.414s) || 1.26 | 0.95 | 0.90 | 0.81 | 0.8/ | 0.89] 1.02] 3.83
J%(r), = 0.345s) || 1.05 | 0.78 | 0.75 | 0.69 | 0.71 | 0.7/ | 0.85 | 4.70
J%(r], = 0.276s) || 0.87 | 0.65 | 0.65 | 0.58 | 0.60 | 0.62| 0.70 | 6.96
J%(X. = 0.48pu) || 1.17 | 0.87 | 0.8/ | 0.77 | 0.79 | 0.83 | 0.93 | 47.62
J%(X, = 0.4pu) | 1.05 | 0.78 | 0.75 | 0.69 | 0.71 | 0.7/ | 0.85 | 4.70

J%(X. = 0.32pu) || 1.02 | 0.76 | 0.73 | 0.67 | 0.69 | 0.73 | 0.83 | 2.5

Table 5.7: The performance index corresponding to changes in WOR (Mamdani,
Means of maximum, 20% step increase in mechanical torque)

system parameter changes under different values of WOR and different implication

and defuzzification methods.

Table (5.6) shows the performance index corresponding to changes of both in-
put and output membership functions WOR in response to a 20% step increase in
mechanical torque T}, with system parameter variations using the Mamdan: impl-
cation method and the Centroid defuzzification method. It is seen that the WOR

value chosen is insensitive to system parameter changes.

Table (5.7) shows the performance index corresponding to WOR values in re-
sponse to a 20% step increase in mechanical torque with 420% system parameter

variations using the Mamdani implication method and the Means of mazimum de-

fuzzification method.

Table (5.8) shows the performance index corresponding to WOR values in



Chapter 5. Optimisation of the Fuzzy Control Strategy 77

WOR % 30.95 [ 24.27 [ 18.79 [ 14.29 [ 10.58 | 7.6 | 5.1 | 3.2

J%(H = 1.25) 1.00 | 0.71 [0.70 [0.67 | 0.72 | 0.81] 1.07| 24.60
1%(H = 15) 0.95 | 0.78 [ 0.76 | 072 | 0.76 | 0.82] 1.00| 4.70
J% H = 0.85) 0.96 | 0.8/ | 0.82 1079 | 0.81 | 0.85] 0.96 | 2.18

J%(ryo =0.414s) || 1.17 | 0.93 | 0.91 | 0.86 | 0.91 | 0.99]| 1.20] 3.83
J% (750 =0.345s ) || 0.98 | 0.78 | 0.76 | 0.72 | 0.76 | 0.82| 1.00 | 4.70
J%(75, = 0.276s ) || 0.81 | 0.65 | 0.63 | 0.61 | 0.63 | 0.68] 0.80] 6.96
(X
(X

J%(X, = 0.48pu) || 1.08 | 0.87 | 0.85 | 0.81 | 0.8/ | 0.91| 1.09 | 47.62
I%(X, = 0.4pu) || 0.98 | 0.78 | 0.76 | 0.72 | 0.76 | 0.82] 1.00 4.70
J%(X, =032pu ) || 0.96 | 0.76 | 0.74 | 0.71 | 0.7 | 0.81| 0.98 | 2.45

Table 5.8: The performance index corresponding to changes in WOR (Larsen, Cen-
troid, 20% step increase in mechanical torque)

WOR % 30.95 | 24.27 | 18.79 | 14.29 [ 10.58 | 7.6 | 5.1 [ 3.2
J%(H = 1.25) 1.00 | 0.71 |0.70 | 0.67 | 0.72 | 0.81] 1.07| 24.60
J%(H = 1) 0.95 | 0.78 | 0.76 | 0.72 | 0.76 | 0.82| 1.00| 4.70

J%(H = 0.8s) 0.96 | 0.8/ | 0.82 | 0.79 | 0.81 | 0.85 | 0.96 | 2.18
J%(7h = 0.414s) || 1.17 | 0.95 | 0.91 |0.86 | 0.91 | 0.99| 1.20 | 9.83 |

(H
(H
(
J% (5, = 0.345s ) [ 0.98 10.78 [0.76 [0.72 | 0.76 | 0.82| 1.00 | .70
(
(X
(X

J% (7, = 0.276s ) || 0.81 | 0.65 | 0.65 | 0.61 | 0.63 | 0.68| 0.80] 6.96
J%(X. = 0.48pu) | 1.08 | 0.87 | 0.85 |0.81 | 0.8/ | 0.91| 1.09 | 47.62
J%(X. = 04pu) || 0.98 [0.78 | 0.76 |0.72 | 0.76 | 0.82| 1.00 | 4.70
J%(X. =032pu ) || 0.96 | 0.76 | 0.7/ |0.71 | 0.7 | 0.81| 0.98| 2.45

Table 5.9: The performance index corresponding to changes in WOR (Larsen. Means
of maximum, 20% step increase in mechanical torque)

response to a 20% step increase in mechanical torque with 20% system parameter
variations using the Larsen implication method and the Centroid defuzzification

method.

Table (5.9) shows the performance index corresponding to WOR values in
response to a 20% step increase in mechanical torque with £20% system parameter
variations using the Larsen implication method and the Means of maz defuzzification

method.

Table (5.10) shows the performance index corresponding to a three-phase to
ground fault at A (Figure 2.2) sustained for 125 milliseconds with different WOR
values when different implication and defuzzification methods have been used. Here

M, L and Means in Table (5.10) stands for Mamdani, Larsen and Means of mazimum

respectively.
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WOR % 30.95 | 24.27 | 18.79 | 14.29 | 10.58 | 7.6 5.1 3.2

J%(M,Centroid) || 40.24 | 40.00 | 39.48 | 39.51 | 39.58 | 39.78 | 39.77 | 39.81
J%(M, Means ) 40.24 | 39.89 | 39.539| 39.40 | 39.43 | 89./8 | 39.51 | 39.61
J%(L, Centroid ) || 39.34 | 39.17 | 39.08 | 39.09 | 39.13 | 39.40 | 39.49 | 39.68
J%(L, Means) 38.84 | 38.80| 38.81 | 38.82 | 38.87 | 89.15| 39.30 | 39.56

Table 5.10: The performance index corresponding to changes in WOR with different
implication and defuzzification methods, three-phase to ground fault

Operating condition || PO P1 P2 P3 P4
Real power 1 pu 0.5 pu 0.8 pu 1.2 pu 1.5 pu
Power factor 0.85 (lag) | 0.95 (lag) | 0.95 (lag) | 0.95 (lag) | 0.95 (lag)

Table 5.11: Operating conditions

Similar studies as above have also been conducted under different operating
conditions. Those operating conditions are shown in Table (5.11), where PO is the

nominal operating condition used before.

Table (5.12) shows the performance index corresponding to changes of both
input and output membership functions WOR in response to a 20% step increase
in mechanical torque T,, under different operating conditions with the Mamdani
implication method. It can be seen that the WOR value chosen works well under

various operating conditions.

Table (5.13) shows the performance index corresponding to changes of both
input and output membership functions WOR in response to a 20% step increase in
mechanical torque 7T, under different operating conditions with the Larsen implica-
tion method. It shows that the WOR value chosen also works well under different

operating conditions in this case.

WOR % [ 30.95 | 24.27 | 18.79 | 14.29 [ 10.58 | 7.6 | 5.1 | 3.2

T% (P0) |[7.05 [ 0.78 [0.75 | 0.69 | 0.71 | 0.74 | 0.85 | 4.70
T% (P1) ([ 1.3 | 1.07 | 1.04 | 0.97 |1.00 | 1.04 | 1.14 | 1.51
J% (P2) | 0.97 073 [0.70 |0.64 | 0.66 | 0.70| 0.80 | 1.72
J% (P3) ] 0.96 [0.67 | 0.6/ | 0.58 | 0.60 | 0.64|0.75 | 37.53
J% (Pa) | 5.01 [ 202 [1.92 |1.70 | 1.75 | 1.86 | 2.33 | 96.50

Table 5.12: Performance index corresponding to changes in WOR under different

operating conditions (Mamdani, Means of maximum or centroid, 20% step increase
in mechanical torque)
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WOR % ] 30.95 | 24.27 | 18.79 | 14.29 [ 10.58 | 7.6 | 5.1 | 3.2

T% (P0) || 0.98 | 0.78 | 0.76 |0.72 | 0.76 | 0.82 | 1.00 | 4.70
T% (P1)|[1.26 | 1.08 | 1.06 | 1.02 | 1.05 | 1.12| 1.25 | 1.81
J% (P2) || 0.91 | 0.73 0.71 |0.68 | 0.71 | 0.78]| 0.92 | 1.72
T % (P3) | 0.88 | 0.67 | 0.65 |0.62 | 0.63 | 0.73] 0.91 | 37.53
J% (P4) | 3.37 [2.01 | 1.92 [1.79 | 1.89 | 2.18 | 15.84 | 96.50

Table 5.13: Performance index corresponding to changes in WOR under different

operating conditions (Larsen, Means of maximum or centroid, 20% step increase in
mechanical torque)

WOR % | 30.95 | 24.27 [ 18.79 | 14.29 [ 1058 [ 7.6 | 5.1 | 3.2

T % (P0) | 40.24 | 40.00 | 39.48 | 39.58 | 39.78 | 39.77 | 39.81 | 59.97
T% (P1) || 13.62] 13.52 | 13.53 | 13.58 | 13.52 | 13.43 | 13.27 | 13.30
T% (P2) | 28.49 | 27.30 | 27.18 | 27.23 | 27.24 | 27.27 | 27.41 | 28.52
T% (P3) || 52.19 | 49.81 | 49.53 | 48.62 | {8.62 | 48.64 | 48.69 | 79.24
T % (P4) || 77.25 | 71.50 | 71.88 | 73.12 | 73.39 | 73.95 | 74.97 | 166.96

Table 5.14: Performance index corresponding to changes in WOR under different
operating conditions (Mamdani, Centroid, three-phase to ground fault)

Table (5.14) shows the performance index corresponding to changes of both
input and output membership functions WOR in response to a three-phase fault
under different operating conditions with the Mamdani implication method and
Centroid defuzzification method. It can be seen that the WOR value chosen also

works well under different operating conditions.

Table (5.15) shows the performance index corresponding to changes of both
input and output membership functions WOR in response to a three-phase fault
under different operating conditions with Mamdani implication method and means
of mazimum defuzzification method. It can be observed that the WOR value chosen

also works well under different operating conditions.

WOR % | 30.95 [ 24.27 | 18.79 | 14.29 | 10.58 | 7.6 |51 |3.2

T% (P0) || 40.2{  39.89| 39.39 | 39.43 | 39.48 | 39.51 | 39.61 | 39.82
T % (P1) [ 13.63] 13.53 | 13.54 | 13.58 | 13.53 | 13.44 | 13.29 | 13.92
T % (P2) | 28.38 | 27.09 | 27.05 | 27.23 | 27.23 | 27.26 | 27.43 | 28.53
T % (P3) || 51.32[ /9.33 | 49.15 | 48.46 | 48.55 | 48.66 | 48.33 | 79.83
T % (P4) || 77.23 | 71.70 | 71.95 | 73.17 | 73.48 | 74.03 | 74.79 | 166.36

Table 5.15: Performance index corresponding to changes in WOR under different
operating conditions (Mamdani, Means of maximum, three-phase to ground fault)
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5.3 Optimal Setting of the FLBPSS Parameters

and Sensitivity Analysis

5.3.1 Optimal Setting of the FLBPSS Parameters

There are several parameters to be adjusted to their optimal values for the FLBPSS.
The location of the switching line L (i.e., angle 3) between the positive and the
negative stabilising signals, the size of the cross-sections between the sectors A and
B (i.e., angle «) and the distance parameter D, (Figure 4.6). The maximum value

of the stabilising signal U,,,, depends on the generating unit to be studied.

The parameters «, 8 and D, can be adjusted to their optimal values by min-

imising a performance index J as defined in equation (5.1).

The performance index J has been studied for different values of o, 8 and D,
under nominal operating condition for both small and large perturbations. Figures
(5.2)-(5.5) shiow the performance index J as a function of « for different values of
D, and a fixed value of 3 corresponds to a small perturbation of a 20% step increase
in mechanical torque 7,,,. Figures (5.2)-(5.5) illustrate the performance index with
B =-350:=—-38,38 =—40 and f = —42 degrees respectively. Figures (5.6)-(5.9)
show the performance index J as a function of « for different values of D, and a
fixed value of f corresponds to a large perturbation of a three-phase to ground fault
at A (Figure 2.2) sustained for 125 milliseconds under nominal operating condition.
Figures (5.6)-(5.9) illustrate the performance index with f = =35, = —38,8 =
—40 and B = —42 degrees respectively.

Similar studies as above were carried out for £20% changes in certain system
parameters like inertia constant H and open circuit time constant 7j, under both
small and laige perturbations. As an example, for H = 1.2s (+20% variation in H),
Figures (5.10)-(5.13) show the performance index J as a function of « for different
values of D, corresponds to a small perturbation of 20% step change in mechanical
torque T, with 8= —35,8 = ~38, 8 = —40 and = —42 degrees respectively. For
H = 0.8s (-20% variation in H), Figures (5.14)-(5.17) show the performance index
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Figure 5.10: Performance index corresponding to « changes J = f(«a) with different
D, values and +20% variation in inertia constant H for a 20% step change in
mechanical torque (H = 1.2s,8 = —35)

J as a function of « for different values of D, corresponds to a small perturbation of
a 20% step change in mechanical torque T,, with 8 = —35,8 = —38,8 = —40 and
B = —42 degrees respectively.

The minimum value of the performance index J can be found easily from the
above figures and plots of such figures for a large range of § are shown in Figures
(5.18) and (5.19) respectively. Figure (5.18) shows all the minima versus 8 for a
nominal operating point and a +20% change in inertia constant H under a small
perturbation of 20% step change in mechanical torque T,,. Figure (5.19) shows the
case for the nominal operating condition under a large perturbation of a three-phase

fault.
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From the above figures it can be seen that the optimal performance can be
achieved with § = —42 degrees. However, it is seen that when 3 decreases marginally
from —42 degrees the performance index becomes very high resulting in system

instability. In order to provide a larger stability margin § is set to —40 degrees.

On further examining Figures (5.4) and (5.8) for the chosen 8 = —40, it is seen
that for a given value of D,, starting from a higher value of o, as a decreases, the
performance index J decreases, then starts increasing and abruptly becomes very

high indicating instability.

All the minima for a different D, in Figures (5.4) and (5.8) do not differ much
from each other and studies also reveal that there is not much difference in the
dynamic responses for such values. As an example, there is hardly any difference in
the dynamic responses for two Jy,:, (Figure 5.4) corresponding to D, = 0.2 and 0.3.
This is corroborated by a plot of the responses shown in Figure (5.20).

3_ .

2 54 solid line-Dr=0.2, alpha=90, beta=-40, J=0.0016
dashed line-Dr=0.3, alpha=60, beta=-40, J=0.0016

2 L -

Speed deviation in pu

o
4]
T
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0 0.5 1 1.5 2 2.5 3 3.5 4
Time in seconds

Figure 5.20: System response corresponding to a 20% step change in T, under two
optimal settings

Figure (5.8) shows the overall minimum J is achieved for the settings: D, =

0.6, = —40 and « = 20. Since a value of « little less than 20 can provide instability
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because of high value of J, it is safer to choose for the three-phase fault situation a

value of o somewhat greater than 20.

Considering Figures (5.4) and (5.8) for both small and large perturbations
comprehensively, the optimal parameter settings can be chosen as D, = 0.6, f = —40

and o = 30.

The optimal setting of «, 8 and D, obtained by applying large perturbations
such as a three-phase fault works well for a small perturbations of 20% step change
in T}, , and vice versa. This is verified in Figure (5.21). Figure (5.21) shows (a) the
system dynamic response under a 20% step change in mechanical torque T, and (b)

the response under a three-phase to ground fault sustained for 125 milliseconds.
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Figure 5.21: System response corresponding to a 20% step change in T}, and a three-
phase to ground fault, (a)-20% step increase in mechanical torque, (b)-three-phase
to ground fault
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5.3.2 Robustness to Operating Condition Variations and

Sensitivity to Nominal Parameter Variations

The nominal operating point of the system is considered with real power P = 1pu
and power factor of 0.85 (lagging) for which the optimal settings of the FLBPSS
have already been determined as D, = 0.6, 3 = —40 and o« = 30. It is intended to
investigate whether this optimal setting needs to be changed with changes in system

operating conditions and parameters.

The performance of the proposed FLBPSS is studied under different operating
conditions given in Table (5.11). Similar procedure has been adopted as described
in the last section to obtain the optimal settings of «, # and D, for these operating
conditions. As an example, Figures (5.22)-(5.25) show the performance index J as
a function of « for different value of D, and a fixed value of 3 corresponds to small

and large perturbations under operating conditions P1 and P4 respectively.
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Figure 5.22: Performance index corresponding to changes in o J = f(a) with dii-
ferent D, values in response to a 20% step increase in T, under operating condition

P1 (3 = —40)

The optimal settings of «, f and D, for these operating conditions are given
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Figure 5.23: Performance index corresponding to changes in o J = f(«) with

different D, values in response to a three-phase fault under operating condition

P1 (8 = —40)
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Figure 5.24: Performance index corresponding to changes in o J = f(«) with dif-
ferent D, values in response to a 20% step increase in Ty, under operating condition

P4 (8 = —40)
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Three phase fault (P=1.5pu)
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Figure 5.25: Performance index corresponding to changes in « J = f(«) with

different D, values in response to a three-phase fault under operating condition

P4 (B = —40)

oC PO |P1 | P2 | P3 | P4
Optimale | 30 | 20 |30 |30 | 20
Optimal # || -40 | -40 | -40 | -40 | -40
Optimal D, || 0.6 | 0.4 [0.5 | 0.6 | 0.6

Table 5.16: Optimal settings of the FLBPSS for different operating conditions

in Table (5.16).

Studies reveal that the optimal values of «, 8 and D, obtained at the nominal
operating condition works well for wide variation in the operating conditions under
both small or large perturbations. As an example, Figures 5.26(a) and 5.26(b) give
system responses for an operating condition P4 with its optimal setting of o = 20,
B = —40 and D, = 0.6 (solid line) and the nominal optimal setting of o = 30,
B = —40 and D, = 0.6 (dashed line) for a small perturbation of 20% step change in

mechanical torque and a large perturbation of three-phase fault at A (Figure 2.2)

sustained for 125 milliseconds respectively.

Similar studies as aforementioned were carried out for £20% changes in certain
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system pararneters like inertia constant H and open circuit time constant 7}, under
both small and large perturbations. Examination of the dynamic responses reveal
that the norainal optimal setting of «,3 and D, need not be changed following
such changes in system parameters. As an example for H = 1.2s, Figure 27(a)
provides the dynamic responses under 20% change in mechanical torque and Figure
27(b) provides the responses for a three-phase fault corresponding to both nominal

operating selting and the corresponding optimal setting.

Figure (5.28) shows the system response corresponding to a three-phase fault
at A (Figure 2.2) sustained for 125 milliseconds under different operating conditions
using nominal optimal setting. Figure (5.28) (a) are the results under operating
condition PO, P1, P2 and P4 with the proposed FLBPSS. The system response
under operaling condition P3 with and without the FLBPSS are shown in Figure
(5.28) (b).

Figure (5.29) (a) and (b) shows the system response with +20% change in
inertia constant H and d-axis open circuit transient time constant 7}, respectively

for a 20% step increase in T, using the nominal optimal setting.

5.4 Comparison of the Proposed FLBPSS and Has-
san’s Self-tuned FLBPSS

5.4.1 Review of Hassan’s Self-tuned FLBPSS (STFLBPSS)

Hassan et al [Hassan, 1992], [Hassan, 1993a], [Hassan, 1993b] have suggested a seli-
tuned FLBPSS (STFLBPSS) whose performance has been shown to be better than
that of the FLBPSS proposed by Hiyama et al [Hiyama, 1991]. In this work, it

is intended to compare the performance of the proposed FLBPSS with that of the
STFLBPSS of Hassan et al.

The significant differences in the design concept of the STFLBPSS and the
proposed FLBPSS are the following:
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1. The proposed FLBPSS uses different membership functions (Figure 4.7)
than those used by Hassan et al (Figure 5.30) [Hassan, 1992];

The membership functions shown in Figure (5.30) are defined below:

0.0 forz <a

2[(z — —a)? <
Seabe = { QoA dlresesho

1-2[(z—¢)/(c—a)]® forb<z<ec

1 forz > ¢

S(z;C — B,C — B/2,C) fora <C
(z; B,C) = (5.4)
1-S5(z;C,C+B/2,C+ B) forz>C

The membership functions P{6;(k)} and N{6;(k)} are expressed in terms

of the above membership functions:

P{0:(k)} = TL(8, 27 — B0, 0,) (5.5)

1 — S(z;60,0,m1,0,) forz <0,
S(x;0m, Oma, 27) forz > 40,,

N{ez(k)} =

where 0,, = (27 + 00)/2,0m1 = (00 + 0:n)/2, and 2 = (27 + 0,,)/2.

2. The proposed FLBPSS uses acceleration Aw as one of the input signal to
the PSS whereas Hassan et al use Aw multiplied by a scaling factor F,:

3. In the proposed FLBPSS, D, is optimised in a complete different manner
than being self-tuned according to a strategy discussed by Hassan et al;
The value of D, will be self tuned according to the amount of disturbance.
A starting value D,, will be assigned to D, at the initialisation of the
FLBPSS. The parameter D(k) in the phase plane as shown in Figure
(4.6) will be calculated at each sampling time and compared to D,. If

the value of D(k) will be less than D,, the value of D, will be the same
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as mentioned previously, otherwise, the value of D, will be chosen as:
D, = 1.01(maz(D(k))) (5.7)

4. The proposed FLBPSS optimises the parameters o and 8 (discussed in

Section 5.3) whereas Hassan et al considered optimisation of § and F, for

the STFLBPSS [Hassan, 1992].

5.4.2 Optimal Setting of the STFLBPSS Parameters

The optimal settings of the STFLBPSS parameters are also evaluated by using the
performance index as defined in equation (5.1). There are three parameters which
need to be adjusted to their optimal values namely angle 6, initial distance parame-
ter D, and scaling factor F,,. Studies reveal that at any operating point, the optimal
values of 8, D,y obtained by applying small perturbations of a 20% step change in
T,. differs from the ones for large perturbations such as a three-phase fault, and
vice versa. Considering the system performance under different operating condi-
tions with different perturbation (small or Jarge) and system parameter variations,
a compromise values of 6 and D,q were chosen as 105 degrees and 0.7 respectively
(the optimisation procedure is not shown here). For the chosen § and D,q, the per-

formance index was also evaluated with different values of F,. The optimal value of

F, is found to be 0.8.

5.4.3 Comparison of the Performance Index

In order to compare the performance of the proposed FLBPSS and Hassan’s STFLBPSS,
the following procedure is adopted:

For the system studied, we determine the optimal setting of o, 8 and D, pa-
rameters according to the strategy discussed in Section 5.3 for the nominal operating
condition, and keep this setting the same for all other operating conditions as justi-

fied by the sensitivity analysis performed in Section 5.3.2. However, in STFLBPSS
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Operating Condition PO |P1 | P2 |P3 |P4
J % (Proposed FLBPSS) || 0.19 | 0.31 | 0.17 | 0.16 | 0.29
J % (STFLBPSS) 0.31 | 0.40 | 0.25 | 0.25 | 0.69

Table 5.17: Comparison of the performance index (small perturbation of a 20% step
change in mechanical torque T,)

Operating Condition || P0 P1 P2 P3 P4
7% (FLBDPSS) 13.67 | 5.73 | 9.43 | 15.00 | 24.50
J% (STFLBPSS) 17.46 | 5.74 | 10.10 | 17.22 | 33.84

Table 5.18: Comparison of the performance index (large perturbation of a three-
phase fault at A of Figure (2.2) sustained for 125 milliseconds)

the optimal 6, F, and D, for different operating conditions are self-tuned according
to the procedure of Hassan et al [Hassan, 1992]. The performance index according to
J =M [tiAw(k)]? is obtained for different operating conditions for both FLBPSS
and STFLBPSS under small and large perturbations (Tables 5.17 and 5.18). From
the performance index, it is evident that the proposed FLBPSS performs better
than the STIFLBPSS.

Similar studies as aforementioned have also been carried out for changes in
system parameters like inertia constant H, open circuit field time constant 7, and
transmission line reactance X,. Investigations reveal that the proposed FLBPSS

performs better than the STFLBPSS which is evident from Tables (5.19)-(5.22) by

comparing the J values.

5.4.4 Comparison of the Dynamic Response

A few typical responses for different operating conditions P1-P4 are provided in this

section.

Figures (5.31) (a) and (b) show the system responses corresponding to a 20%

Parameters H=12s | H=1s | H=10.38s
J% (FLBPSS) 0.17 0.19 0.23
J% (STFLBPSS) 0.30 0.31 0.35

Table 5.19: Comparison of the performance index for parameter changes (small
perturbation of a 20% step change in mechanical torque T,,)
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Parameters H=12s| H=1s | H=10.8s
J% (FLBPSS) 12.51 13.67 | 17.21
J% (STFLBPSS) || 16.56 17.46 | 20.57

Table 5.20: Comparison of the performance index for parameter changes (large per-
turbation of a three-phase fault at A of Figure (2.2) sustained for 125 milliseconds)

Parameters 7o = 0.414s | 75, = 0.276s | X, = 0.48pu | X, = 0.32pu
J% (FLBPSS) 0.20 0.18 0.21 0.18
J% (STFLBPSS) || 0.31 0.32 0.39 0.27

Table 5.21: Comparison of the performance index (small perturbation of a 20% step
change in mechanical torque T;,)

step change in T, and a three-phase to ground fault under nominal operating con-

dition with the proposed FLBPSS and the STFLBPSS respectively.

Figures (5.32) (a-d) show the system response corresponding to a 20% step
increase in T, under different operating conditions P1-P4 respectively. Figures
(5.33) (a-d) show the system response corresponding to a three-phase to ground fault
at A (Figure 2.2) sustained for 125 milliseconds under different operating conditions

P1-P4 respectively.

Figure (5.34) shows the system response corresponding to a 20% step change
in T}, with +20% variations in inertia constant H. Figure (5.34) (a) shows the
response with the proposed FLBPSS and STFLBPSS respectively when H has been
increased by 20% and Figure (5.34) (c) is the result when H has been decreased by
20%. Figure (5.34) (b) is the response with no variation in H.

Figure (5.35) shows the system response corresponding to a 20% step change in
T, with a £20% variation in d-axis open circuit time constant 7j,. Figure (5.35) (a)
shows the response with the proposed FLBPSS and STFLBPSS when 7, has been
increased by 20% and Figure (5.35) (c) is the result when 7}, has been decreased by
20%. Figure (5.35) (b) is the response with no variation in 7.

Parameters Tio = 0.414s | 75, = 0.276s | X, = 0.48pu | X, = 0.32pu
J% (FLBPSS) 15.75 12.37 12.69 16.56
J% (STFLBPSS) || 16.56 17.96 18.31 19.48

Table 5.22: Comparison of the performance index (large perturbation of a three-
phase fault at A of Figure (2.2) sustained for 125 milliseconds)
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Figure (5.36) shows the system response corresponding to a 20% step change
in T, with £20% variations in the transmission line reactance X,. Figure (5.36) (a)
shows the response with the proposed FLBPSS and STFLBPSS respectively when
X, has been increased by 20% and Figure (5.36) (c) is the result when X, has been
decreased by 20%. Figure (5.36) (b) is the response with no variation in X..

It is clearly seen from the above figures that the maximum transient deviation
for both the FLBPSS and STFLBPSS are more or less the same, whereas the settling
time for the proposed FLBPSS is much faster than that for the STFLBPSS.

5.5 Comparison Study of the Two Fuzzy Control

Schemes

5.5.1 Comparison of the Performance Index

The performance indices according to J = M, [t:Aw(k)]® are obtained for different
operating conditions for both the proposed FLBPSS and FLC under both small and

large perturbations.

Table (5.23) shows the performance index for the two fuzzy control schemes

for different operating conditions under a 20% step increase in mechanical torque

T

Fuzzy controller || PO P1 P2 P3 P4
J% (FLC ) 0.42 | 0.64 | 0.39 | 0.35 | 0.89
J% (FLBPSS) 0.19 | 0.31 | 0.17 | 0.16 | 0.29

Table 5.23: Comparison of the performance index of the FLC and the FLBPSS

(small perturbation of a 20% step increase in mechanical torque)

Table (5.24) shows the performance index for the two fuzzy control schemes

for different operating conditions under a three-phase fault.

From these tables it can be seen that the FLBPSS provides better performance
than the FLOC since the performance index for the FLBPSS is much smaller than
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Fuzzy controller || PO P1 P2 P3 P4
J% (FLC) 39.48 | 13.58 | 27.23 | 48.46 | 73.17
| J% (FLBPSS) 13.67 | 5.73 |9.43 | 15.00 | 24.50

Table 5.24: Comparison of the performance index of the FLC and the FLBPSS
(large perturbation of a three-phase to ground fault)

the performance index for the FLC. As an example, the performance index for the
FLC under operating condition PO is 2.2 times and 2.8 times larger than that of the

FLBPSS for small and larger perturbations respectively.

5.5.2 Comparison of the Dynamic Response

Comparison of the dynamic responses for the FLBPSS and the FLC for different
operating conditions P1-P4 under both small and large perturbations have been
studied in this section. A few typical responses for operating condition PO are
provided in Tigures (5.37)-(5.39). Figures (5.38)-(5.39) show the system dynamic
performance under a 20% step change in mechanical torque T,, followed by a 20%
step increase in reference voltage V,.; sustained for 7.5 seconds with the proposed
FLBPSS and the FLC respectively. To demonstrate the effectiveness of the FLBPSS
and the FLC, Figure (5.37) shows the speed deviation and rotor angle responses
without the PSS in operation. It is clearly seen that the FLBPSS provides ruch
better dynamic responses than the FLC since the maximum transient deviation and

settling time are both smaller with the FLBPSS in operation.

5.6 Concluding Remarks

In this chapter, the optimisation of the FLC and the FLBPSS have been investigated

and a performance index has been defined for this purpose.

The WOR has been proposed to evaluate the membership function shape for
the FLC. It has been found that the FLC gives best performance when the WOR is
approximately from 12% to 15%. Different implication methods, such as Mamdan:

and Larsen methods, and different defuzzification methods, such as Means of maz



Chapter 5. Optimisation of the Fuzzy Control Strategy 103

and Centroid methods, have also been evaluated by using the performance index.
Sensitivity test of the FLC has been demonstrated by varying the system param-
eters for £20% and for various operating conditions under both small and large

perturbations.

The optimal setting of the proposed FLBPSS parameters has also been eval-
uated by using the performance index. Two new non-linear membership functions
have been proposed. The optimal settings of the FLBPSS parameters o, 3 and D,
have been obtained either by applying small or large perturbations. The optimal
setting chosen at the nominal operating condition is quite robust and need not be
reset for a wide variation of operating conditions and parameters under both small
and large perturbations. The optimal values of a, 8 and D, at one optimal point
is sub-optimal at the other point with hardly any difference in the quality of the

dynamic response.

STFLBPSS has also been introduced in order to compare with the FLBPSS.
The optimal settings of 8, F, and D,o values have also been explored. It has been
found that al any operating point, the optimal values of the above mentioned param-
eters obtained by applying small perturbations differ from that for large perturba-
tions and vice versa. Considering the system performance under different operating
conditions with different perturbations and the system parameter variations, a com-

promise values of 8, F,, and D,o have been chosen.

Comparison study between the proposed FLBPSS and the STFLBPSS has
been demonstrated through both the performance index and the dynamic response.
Extensive study has been performed when the system is subject to small or large
disturbances, variations in the system parameters and under wide variation of the
operating conditions. The performance of the proposed FLBPSS is found to be
superior to that of the STFLBPSS.

Comparison study between the proposed FLBPSS and the FLC has also been
investigated through both the performance index and the dynamic response. Ex-
tensive study has been performed when the system is subject to small or large

disturbances, variations in the system parameters and under wide variation of the
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operating conditions. The performance index of the FLC is more than twice larger
than that of the FLBPSS. From the dynamic response, it can be seen that the
maximum transient deviation is smaller and the settling time is shorter when the

system is equipped with the FLBPSS. Therefore, the FLBPSS has been chosen as

the practical PSS for real time implementation.
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timal settings (COS) and the nominal optimal settings (NOS), (a)-20% step increase
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Figure 5.28: System response corresponding to three-phase to ground fault under dif-
ferent operating conditions with the nominal optimal settings (NOS), (a)-operating
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Figure 5.32: System response corresponding to a 20% step change in mechanical
torque under different operating conditions, (a)-(d) provide the speed deviation
responses under operating conditions P1-P4 respectively
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Figure 5.33: System response corresponding to a three-phase to ground fault under

different operating conditions, (a)-(d) provide the speed deviation responses under
operating conditions P1-P4 respectively
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Figure 5.34: System response corresponding to a 20% step change in mechanical
torque with +20% variation in inertia constant H, (a)-H = 1.2s, (b)-H = ls,
(c)-H =0.8s
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Figure 5.38: System response corresponding to a 20% step change in mechanical
torque and reference voltage change (with the FLC)
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Chapter 6

Implementation Study

6.1 Introduction

In order to verify the design for the optimised FLBPSS as well as the simulation
results, the digital AVR and the FLBPSS were implemented and tested on the
single-machine infinite bus system in the power laboratory. The configuration of the
single-machine infinite bus power system was shown previously in Figures (2.1) and
(2.2). The synchronous generator is a salient pole type with a damping winding on
the rotor shaft and driven by a DC motor. The generator was synchronised and

connected to the infinite bus.

The implementation of the optimised FLBPSS is tested on the single-machine
infinite bus power system. The hardware development is described in Section 6.2.
The sensor circuit which has been used to transform the three-phase line voltages of
400V into a reduced magnitude proportional DC signal is presented in Section 6.2.1.
In Section 6.2.2 and 6.2.3, the A/D and D/A converter and the field drive unit are
described. An optical shaft encoder which has been used for rotor position measure-
ment is described in detail in Section 6.2.4. The software development is presented
in Section 6.3 which includes a description of the main program, the driver routines,
the interrupt set up and the handling routine, the AVR routine and the FLBPSS as

well as other features. The flow chart of the software is illustrated in Section 6.3.7.

112



Chapter 6. [mplementation Study 113

The implementation test results are presented in Section 6.4. In order to test the
robustness of the optimised FLBPSS, three kinds of disturbances were applied to
the system, a 10% step change in the reference voltage as a small perturbation, a
sudden load change and a three-phase to ground fault as large perturbations. The

real time evaluation has also been tested under a wide range of operating conditions

which is also shown in Section 6.4.

6.2 Hardware Development

6.2.1 Sensor

The three-phase line voltages of 400V are transformed into DC by a six-pulse three-
phase rectifier circuit. The rectified voltage is reduced to 5V using a potential divider
and then filtered to get a smooth DC voltage, which is the input to an A/D converter.
The transducer output, a voltage between 0V and 5V, which represents a phase to
phase voltage input between 0V and 400V, is fed directly into the multiplexer of the
A/D converter. Figure (6.1) shows the rectifier, the potential divider and the filter

circuit.

DIODES IN5626
330K
QO
4.7uf—— 3K3 § Vout
25v
o
A B C

(o4 © O
3 -PHASE INPUT

Figure 6.1: Sensor circuit of rectifier, potential divider and filter circuit



Chapter 6. [mplementation Study 11t

6.2.2 A/D and D/A Adapter

The IBM data acquisition adapter card is used for all A/D and D/A functions. A
DT2801 card has been used as the means to perform A/D and D/A conversions.
The data acquisition adapter which provides eight analog input channels multiplexed
into an Analog to Digital converter and two analog output channels, all with 12 bit

resolution.

6.2.3 Field Drive Unit

The field drive unit is used to model the exciter circuit. The control signal from
the computer was sent out at each sample time through the D/A converter and

amplified by the field drive unit to obtain the generator field voltage.

6.2.4 Rotor Position Measurement by Using an Optical Shaft

Encoder

The machine is fitted with an incremental type position encoder which generates 72()
pulses per revolution for a 4 pole machine. It implies 360 pulses per 360 electrical
degrees, or 1 electrical degrees per pulse. By counting the number of pulses the
amount of incremental movement can be accurately measured. The pulses were
sent to an 8 bit hardware counter to keep track of the rotor position. A reference
pulse is provided by the encoder to enable a reference position to be obtained. This
occurs once per revolution in the rotary encoder. Direction can be detected enabling

up/down counting to take place with regard to the reference counting.

The digital signal is then passed through a hardware D/A converter to produce
a voltage signial which is proportional to the rotor position angle. The calibration test
revealed that 1V is equivalent to 5 mechanical degrees or 10 electrical degrees. The
computer reads the rotor position through the A /D converter and enables calculation

of the speed deviation and acceleration at each sampling period.
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6.3 Software Development

The functions of the PC and A/D, D/A converters are to read the terminal voltage
and rotor angle, calculate the speed deviation and acceleration signal, compute
the stabilising signal and excitation control signal. The excitation control signal has
hence been amplified by the field drive unit to control the field voltage. The software
used to achieve these objectives was arranged as a background Main program which
provided the user interface, an interrupt routine which handled interrupts from the

internal timer.

Turbo Pascal version 5.0 has been used as the programming language to im-

plement the AVR and the FLBPSS. The DT2801 card was used as the means to
perform the A/D and D/A conversions. Other necessary units such as the DT2801
drivers, graphics drivers etc. were incorporated in the program. Assembly language
was used for the DT2801 A/D and D/A converter in order to achieve optimum

conversion speed.

6.3.1 The Main Program

In the main program, the initialisation part of the program initialised the timer
for a designed sampling rate of 25milliseconds and also initialised the A/D and
D/A ports. Once initialisation was completed, A/D conversions were performed on
the data obtained. The initialisation procedure was included as a subroutine in the

background main program.

The analog inputs, i.e., the terminal voltage, the rotor position, the real power
and reactive power, etc. were obtained via the A/D converter. The results were
stored in memory locations ready for use by the appropriate interrupt routine as

required.



Chapter 6. Implementation Study 116

6.3.2 The Driver Routines

A separate unit called DT2801 contained all the necessary driver routines for the
DT2801 card. Procedures AD-READ and DA-WRITE were used to perform
the following functions:

1. Stop and reset the A/D converter;

2. Read the terminal voltage and rotor angle and convert them into digital

signal;

3. Convert the calculated control signal into analog form and send it out to

the field drive unit.

6.3.3 The Interrupt Set up and Handling Routines

The system timer and interrupt routines were used for the purpose of interrupting
the software at each sampling instant. The interrupt was initialised at the beginning

of the program and was restored at the end of the program.

6.3.4 The FLBPSS Routine

Procedure FLBPSS was used in order to calculate the stabilising signal. This

procedure was used to perform the following functions:

1. Set up optimal parameters for o, § and D, ;
2. Calculate the speed deviation from the measured rotor angle;

3. Filter the speed deviation using a 4th-order digital filter with a 12 Hz

cut-off frequency, and then calculate the acceleration;

4. Calculate the stabilising signal.
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6.3.5 The AVR Routine

The CONTROLLER procedure was used in order to calculate the control signal.

Since the D/A card can output a maximum of £10V, precaution was taken so that
control signal never exceeded this limit. This was realised by using if-then statement

to test and adjust the control signal before it was sent out to the D/A converter.

6.3.6 Screen Graphics
A separate unit called SCRINPLT5 was used for drawing the trend plots for data

logging. An OUTPUT-MENU procedure was also used to display the menus

distinctively.

6.3.7 Other Features

A parallel I/O port was used to send the control signal out to switch the relay on and
off in order 1o perform sudden load changes and three-phase to ground fault. The
software was written user friendly. The user has the option of selecting reference

voltage and testing time.

6.3.8 The Block Diagram of the Software

The software block diagrams are shown in Figures (6.2) and (6.3).

6.4 Implementation Tests

In order to test the robustness of the optimised FLBPSS, the following types of

disturbances were applied:

o a 10% step increase in the reference voltage sustained for 7.5 seconds;
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¢ 3/4 rated load increase sustained for 7.5 seconds;

o three-phase to ground fault at A (Figure 2.2) sustained for 125 milliseconds.

6.4.1 Step Change in the Reference Voltage

The speed deviation and rotor angle corresponding to a 10% step increase in the
reference voltage sustained for 7.5 seconds are shown in Figures (6.4)-(6.6). Figures
(6.4) and (6.5) provide the result under nominal operating condition (real power
P = lpu, power factor = (.866 lag) without and with the FLBPSS respectively.
Figure (6.6) shows the control signal applied to the generator field without and with
the FLBPSS respectively. It can be seen that the rotor angle and speed devia-
tion oscillations are damped out very quickly (within 2 cycles) when the system is
equipped with the FLBPSS, whereas the rotor angle and speed deviation oscillated
and damped out in 8 cycles without the FLBPSS.

Similar results as above were obtained (not shown here) under various operat-

ing conditions as listed in Table (6.1).

6.4.2 Sudden Load Change

The performance of the FLBPSS has been evaluated under various operating con-

ditions as shown in Table (6.1).

Operating condition || OC1 0C2 0C3 0C4
Real power 0.52 pu 0.9 pu 1.4 pu 0.86 pu
Power factor 0.95 (lag) | 0.866 (lag) | 0.42 (lag) | 0.99 (lead)

Table 6.1: Operating conditions for single-machine infinite bus power system

Figures (6.7)-(6.8) show the rotor angle and speed deviation corresponding
to 3/4 rated resistive load change without and with the FLBPSS under operating
condition P1. The oscillation of the rotor angle and speed deviation have been
damped out within 2 cycles with the FLBPSS in operation and the maximum tran-

sient deviation has also been reduced. Without the FLBPSS, the corresponding
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in the reference voltage sustained for 7.5 seconds (without the FLBPSS), (a)-rotor
angle, (b)-speed deviation

outputs oscillated and damped out in 8 cycles. A number of tests were conducted
for inductive and capacitive load changes and similar results were obtained. Figures
(6.9)-(6.10) show the rotor angle and speed deviation corresponding to 3/4 rated
inductive load change without and with the FLBPSS at operating condition P1.
Figures (6.11)-(6.12) show the rotor angle and speed deviation corresponding to 3/+4
rated capacitive load change without and with the FLBPSS under operating condi-
tion P1. The system oscillations resulted from the inductive, capacitive and resistive
load changes have been damped out very quickly (within 1.5 to 2 cycles) and the
maximum transient deviation has been reduced substantially in the presence of the
FLBPSS. From the above results, it can be concluded that the FLBPSS performance

1s robust with different types and values of step load changes.

Figures (6.13)-(6.18) show the rotor angle and speed deviation in response
to 3/4 rated resistive load change without and with the FLBPSS under operating
condition P2, P3 and P4 respectively. Under the above operating conditions, the
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Figure 6.5: Rotor angle and speed deviation corresponding to a 10% step increase in
the reference voltage sustained for 7.5 seconds (with the FLBPSS), (a)-rotor angle,
(b)-speed deviation

maximum transient deviation has been reduced and the settling time is 4 times
smaller when the FLBPSS was used. From these results, it can be seen that the

FLBPSS works satisfactorily over a variety of operating conditions.

6.4.3 Three-phase to Ground Fault

A three-phase to ground fault was applied at the generator side of the transmission
line (see Figure 2.2) and removed after 125 milliseconds. Figures (6.19) and (6.20)
demonstrate the rotor angle and speed deviation in response to the three-phase to
ground fault under the nominal operating condition (real power P = lpu, power
factor = 0.866 lag) without and with the FLBPSS respectively. It can be observed
that the speed deviation and rotor angle are damped out in 3 cycles by using the
FLBPSS, whereas the oscillations are damped out in 9 cycles without the FLBPSS

in operation. It takes a longer settling time in the three-phase to ground fault
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Figure 6.6: Control signal corresponding to a 10% step increase in the reference

voltage sustained for 7.5 seconds, (a)-without the FLBPSS and (b)-with the FLBPSS

condition since the excitation control signal reached the hardware limit.

Similar results as above for a three-phase to ground fault were also obtained

(not shown here) under various operating conditions P1-P4.

In the experimental results for the system studied, although the overall trend
of the experimental results followed closely the simulation results, yet discrepancies
were observed. The experimental value of D, was found to be 2 whereas it was 0.6
by simulation (which is more than 3 times). This difference are not only due to
the uncertainty in the system parameters measured, but also very low D, requires
almost bang-bang control due to the saturation in the controller. The increased
value of D, indicates that the effect of saturation is reduced and accordingly, bettec

performance was achieved in the experiment.
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6.5 Concluding Remarks

The implementation of the optimised FLBPSS was tested on a single-machine in-
finite bus power system. The hardware and software development were described
in detail in this chapter. The implementation test was carried out under different
perturbations such as a 10% step change in the reference voltage as a small pertur-
bation, a 3/4 rated sudden resistive, inductive and capacitive load changes and a
three-phase to ground fault as large perturbations. The real time evaluation has also
been tested under a wide range of operating conditions. The implementation results
reveals that the optimised FLBPSS works well when the system is subject to either
small or large perturbations. The performance of the optimised FLBPSS is robust
with different types of step load changes (inductive, capacitive and resistive load).
The optimised FLBPSS also works satisfactorily under a wide range of operating

conditions without tuning or resetting of any parameters of the FLBPSS.
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Chapter 7

Application of the FLBPSS to

Multi-machine Systems

7.1 Introduction

The interconnection of electric power systems is almost universal throughout the
world. Basically, the electric power systems interconnect to each other because the
interconnected systems is more reliable, it is a better system to operate and it may
be operated at less cost than if left as separate parts. The merits of integrated power

systems are summarised as follows [Wood, 1984]:

1. The maximum demand of an integrated system is much less than the
sum of the individual non-coincident maximum demand of the sub-system
comprising the system. The individual maximum demand occurs at dif-
ferent point of time because of diversity of the type of load, the lighting

up time and the special characteristics of the systems.

2. The reserve on the system wide basis is reduced, and this means less

economic operation.

3. During emergency, power can flow from surplus area to deficit areas. This
makes the interconnections more reliable, since the loss of a generatinz

unit in one of them can be made up from spinning reserve among units

131
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throughout the interconnection. Thus, if a unit is lost in a control area,
governing action from units in all connected areas will increase generation
outputs to make up the deficit until standby units can be brought on-line.
If a power system were to run isolated and lose a large unit, the chance of

the other units in that isolated system being able to make up the deficit

are greatly reduced.

4. It is possible to use large unit sizes which have better thermal efficiency

so that the operating cost can be reduced.

5. The peak consumer demands can be economically distributed between

the constituent sub-systems.

6. New generation size can be selected on a system wide basis rather than

on local basis resulting in saving capital cost.

7. Maintenance is economical on a system wide basis which means the cap-

ital cost can be reduced.

8. For any given local demand, the cost of generation can be minimised and

economic local dispatch can function most effectively.

However, 1t 1s observed that one of the most important stability problems
arising from large scale electric power system interconnections is the low-frequency
oscillations of interconnected systems. The frequency is of the order of a fraction
of 1 Hz to a few Hz. The oscillations may be sustained for minutes and grow to
cause system separation if no adequate damping at the system oscillating frequency

is available.

In this project, the FLBPSS was used to damp the oscillations for a two-

machine infinite bus power system.
This chapter is organised as follows:

In Section 7.2, the AVRs are designed for the two generators. The transfer
function of the AVR for generator 1 is the same as in Chapter 3. The AVR for
generator 2 is designed in Section 7.2.2. The practical evaluation of the AVRs are

presented in Section 7.2.3. Three kinds of disturbances are applied to the system in
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order to test the performance of the designed AVRs. The design and optimisation
of the FLBPSS is reviewed in Section 7.3. In section 7.4, simulation studies of the
designed AVRs and the FLBPSS are demonstrated. The implementation results on
the two-machine infinite bus power system are presented in Section 7.5 followed by

the concluding remarks. A mathematical model of a three-machine power system

can be found in Appendix D.

7.2 AVR Design

7.2.1 Design of the AVR for Generator 1

The design of the AVR for generator 1 in the two-machine infinite bus system was
the same as in the single-machine infinite bus power system which was described
previously in Chapter 3. The AVR transfer function for generator 1 can be rewritten

as:

5.0586 — 1.23452712
1 — BF(z)

Gavm(z)= A

BF(z) = 0.1467z"" 4 0.1304z"% + 0.11602 > + 0.1031z~* 4 0.09172 % + 0.08152°

+0.0725277 + 0.0644278 + 0.057327% + 0.050921° + 0.04532"1* 4 0.0402z7**
(7.2)

The sensor DC gain B was found to be 5/240 = 0.0208 and A is the gain of the field

drive unit and was found to be 25 in this case.

7.2.2  Design of the AVR for Generator 2

Again the dynamic behaviour of the generator is described by a simplified linear
model. The resulting block diagram was shown previously in Figure (3.1). The

system paraneters have been measured according to the IEEE test procedure for
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a 5kVA, 240V synchronous machine at the Power System Laboratory. The K pa-
rameters under one nominal operating condition (real power P = 1pu, power factor

PF=0.85 lag) are shown as follows:

o K, =1.1158
o K,=1.1825
o Ky =0.4347
o K,=0.3453
o Ks=0.1161
o K¢ =0.8204

M =2H =2 %0.524s

Ty = 0.565

e D=2

Considering the single voltage-regulator loop in the block diagram of Figure

(3.2), a simplified first order approximation voltage loop of the machine is given by

0.637

Gua(8) = 70385

(7.3)

Using discrete time analytical design methods described in Section 3.3 of Chap-

ter 3, the transfer function for AVR2 can be expressed as in the following equation:

N(z)

Gavre(z) = Al——Bm

(7.4)

where the sample time used is also 25 milliseconds and the gain A for the field drive

unit 1s 25.

N(z) =6.69 4 0.03827" — 0.03827% + 0273 + 02™% — 0.00627° + 0.0452°

+0.02527" +0.025278 — 0.04527° + 027'° + 0.0642* — 3.95271* (7.5)
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BF(z)=0.1052"" 4+ 0.10127% + 0.0962 ™ + 0.092z~* + 0.0882~° + 0.0842°

+0.081277 4 0.07727% 4+ 0.07427° 4 0.07271° 4 0.0672""* + 0.0652 ' (7.6)

7.2.3 Practical Evaluation of the Designed AVRs

The performance of the designed AVRs was tested experimentally in the power
laboratory. The following disturbances were applied to the system in order to test

the performance of the AVRs.

e a 10% step increase in the reference voltage at generator 1 side sustained for

7.5 seconds;
e 3/4 rated load increase at generator 1 side sustained for 7.5 seconds;

e a three-phase to ground fault at B (Figure 2.4) sustained for 125 milliseconds.

Test of AVRs on a step change in generator reference voltage

A small perturbation of a 10% step increase in the reference voltage sustained
for 7.5 seconds has been applied at generator 1 side in order to test the performance
of the designed AVRs on a two-machine infinite bus power system. Figure (7.1)
shows the voltage response for both generators in response to the disturbance. From
this figure it can be seen that the voltage is tracking the reference voltage value with
no steady state error. The overshoot and settling time all satisfy the IEEE standards
on excitation control [IEEE, 1978].

Test of AVRs in response to rated load change

Figures (7.2)-(7.4) show the terminal voltage response corresponding to a 3/+4
rated sudden inductive, capacitive and resistive load change with the designed AVRs;
It can be seen that the system equipped with the designed AVRs kept the terminal
voltage output constant under various loading conditions. The performance of the

digital AVRs is then theoretically analysed and experimentally verified.
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Test of AVRs in response to a three-phase to ground fault

Figures (7.5)-(7.6) show the terminal voltages and control signals in response
to a three-phase to ground fault at B (Figure 2.4) sustained for 125 milliseconds. It
can be seen that the excitation control signals reached the ceiling (i.e., the hardware
limit £10V) very quickly when the system was subject to such a large disturbance.
The terminal voltage of generator 1 reduced towards zero during the fault and has
been brought back to its original value as soon as the fault was cleared. The fault
occurred at generator 1 terminal, however, the terminal voltage at generator 2 has

also been affected due to the interconnection.

7.3 The Design and Optimisation of the FLBPSS

The design of the proposed FLBPSS was presented previously in Chapter 4. The op-
timisation strategy is the same as presented in Chapter 5. For the optimisation and
implementation study, only generator 1 was equipped with the proposed FLBPSS.
The optimal values of «, 8 and D, were found to be 30,-40 and 0.6 respectively.

7.4 Simulation Results for the FLBPSS

Figures (7.7)-(7.8) show the speed deviation of generators 1 and 2 corresponding to
a 10% step increase in the reference voltage followed by a 10% step increase in the
mechanical torque. Figures (7.9)-(7.10) show the speed deviation of generators 1 and
2 corresponding to a 20% step increase in reference voltage followed by a 20% step
increase in the mechanical torque. Figures (7.7) and (7.9) demonstrate the results
without the FLBPSS. Figures(7.8) and (7.10) show the results with the FLBPSS.
Figures (7.7)-(7.10) (a) show the system response for generator 1 and Figures (7.7)-
(7.10) (b) for generator 2. From those figures, it can be seen that the FLBPSS is

very effective in damping the system oscillations.
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7.5 Implementation and Test Results for the FLBPSS

The disturbances applied to the experimental two-machine infinite bus power systen

were:

a 10% step increase in the reference voltage at generator 1 side sustained for

7.5 seconds;

3/4 rated load increase at generator 1 side sustained for 7.5 seconds;

a three-phase to ground fault at B (Figure 2.4) sustained for 125 milliseconds;

the transmission line loss between generators 1 and 2.

Generators 1 and 2 were both equipped with the designed digital AVRs. During
all the tests, only generator 1 was equipped with the optimised FLBPSS.

7.5.1 Step Change in the Reference Voltage at Generator
1 Side

Figures (7.11)-(7.14) show the rotor angle and speed deviation in response to a
10% step increase in the reference voltage sustained for 7.5 seconds at generator |
side under the nominal operating condition (real power P, = lpu, P, = lpu, power
factor PF; = 0.95 (lag), PF, = 0.85 (lag)). Figures (7.11) and (7.12) show the
results without and with the FLBPSS respectively for generator 1. Figures (7.13)
and (7.14) demonstrate the results without and with the FLBPSS respectively for
generator 2. It can be seen that the oscillation has been damped out very quickly

(within 2 cycles) for both machines although only one machine was equipped with

the optimised FLBPSS.

7.5.2 Rated Load Change

Figures (7.15)-(7.26) show the rotor angle and speed deviation corresponding to

a 3/4 rated load change under the nominal operating condition (real power Py =
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lpu, P, = lpu, power factor PFy = 0.95 (lag), PF, = 0.85 (lag)). Figures (7.15) and
(7.16) show the results corresponding to 3/4 rated sudden resistive load change for
generator 1 without and with the FLBPSS respectively. Figures (7.17) and (7.18)
show the results for generator 2 in response to 3/4 sudden resistive load change with-
out and with the FLBPSS respectively. Studies were also carried out for different
load changes such as inductive and capacitive load changes. Figures (7.19)-(7.22)
show the results corresponding to sudden inductive load change and Figures (7.23)-
7.26) show the results corresponding to sudden capacitive load change. Figures
(7.19) and (7.20) show the rotor angle and speed deviation corresponding to 3/4
sudden inductive load change without the FLBPSS for generators 1 and 2 respec-
tively. Figures (7.21) and (7.22) show the rotor angle and speed deviation corre-
sponding to 3/4 sudden inductive load change with the FLBPSS for generators |
and 2 respectively. Figures (7.23) and (7.24) show the rotor angle and speed de-
viation corresponding to 3/4 sudden capacitive load change without the FLBPSS
for generators 1 and 2 respectively. Figures (7.25) and (7.26) show the rotor angle
and speed deviation corresponding to 3/4 sudden capacitive load change with the
FLBPSS for generators 1 and 2 respectively. It can be seen from the above figures
that the optimised FLBPSS damped the system oscillations out very effectively.
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Figure 7.1: Terminal voltage corresponding to a 10% step change in reference voltage
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Figure 7.11: Rotor angle and speed deviation for generator 1 corresponding to a
10% step increase in the reference voltage at generator 1 sustained for 7.5 seconds
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7.5.3 Test Results Under Different Operating Conditions

The performance of the FLBPSS corresponding to a 10% step change in reference
voltage and sudden load change has also been tested under different operating con-
ditions (OC) as shown in Table (7.1). However, only the system response cor-
responding to resistive load change under operating condition P1 is shown here.
Figures (7.27)-(7.30) show the rotor angle and speed deviation for both generators
corresponding to a 3/4 rated resistive load change under operating condition P1.
Figures (7.27) and (7.29) show the results without the FLBPSS for generators 1
and 2 respectively. Figures (7.28) and (7.30) show the results with the FLBPSS for
generators 1 and 2 respectively. It can be seen that the FLBPSS works well under
different operating conditions. Similar test results were also obtained (not shown

here) for inductive and capacitive load changes at different operating conditions.

OC || OCo OC1 0C2

P P, =1pu, P, = lpu P, = 0.6pu, P, = 1pu P, =0.42pu, P, = 1pu

PF | PF, =095, PF;, =085 | PR, =098, PF, =084 | PF; =0.707, PF, = 0.85

Table 7.1: Operating conditions for two-machine infinite bus power system

7.5.4 Three-phase to Ground Fault

The system response corresponding to a three-phase to ground fault at B (Figure
2.4) sustained for 125 milliseconds under the nominal operating condition are shown
in Figures (7.31)-(7.34). Figures (7.31) and (7.33) show the rotor angle and speed
deviation without the FLBPSS for generator 1 and 2 respectively. Figures (7.32)
and (7.34) demonstrate the rotor angle and speed deviation with the FLBPSS for
generators 1 and 2 respectively. Comparing Figures (7.32) and (7.34) with Figures
(7.31) and (7.33), it can be seen that the FLBPSS works well when the system was
subject to such large disturbances. Similar results were obtained (not shown here)

under different operating conditions as listed previously in Table 7.1.
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Figure 7.19: Rotor angle and speed deviation for generator 1 corresponding to 3/4
rated sudden inductive load change (without the FLBPSS), (a)-rotor angle, (b)-

speed deviation
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Figure 7.20: Rotor angle and speed deviation for generator 2 corresponding to 3/1
rated sudden inductive load change (without the FLBPSS), (a)-rotor angle, (b)-

speed deviation
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Figure 7.21: Rotor angle and speed deviation for generator 1 corresponding to 3/1
rated sudden inductive load change (with the FLBPSS), (a)-rotor angle, (b)-speed

deviation
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Figure 7.22: Rotor angle and speed deviation for generator 2 corresponding to 3/4
rated sudder. inductive load change (with the FLBPSS), (a)-rotor angle, (b)-speed
deviation



Chapter 7. Application of the FLBPSS to Multi-machine Systems 151

Scott machine (a)

[y
[$)]

iy
o
T
2

Rotor angle {degrees)
n

Oor i
e 5 10 15 20
Time in seconds
(b)
4 T T 1

N

'
N

Speed deviation {rad/s)
o

ot

5 10 15 20
Time in seconds

Figure 7.23: Rotor angle and speed deviation for generator 1 corresponding to 3/1
rated sudden capacitive load change (without the FLBPSS), (a)-rotor angle, (b)-
speed deviation
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Figure 7.24: Rotor angle and speed deviation for generator 2 corresponding to 3/+4

rated sudden capacitive load change (without the FLBPSS), (a)-rotor angle. (b)-
speed deviation
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Figure 7.25: Rotor angle and speed deviation for generator 1 corresponding to 3/4
rated sudden capacitive load change (with the FLBPSS), (a)-rotor angle, (b)-speed
deviation
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Figure 7.26: Rotor angle and speed deviation for generator 2 corresponding to 3/4
rated sudden capacitive load change (with the FLBPSS), (a)-rotor angle, (b)-speed
deviation
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Figure 7.27: Rotor angle and speed deviation for generator 1 corresponding to 3/4
rated sudden resistive load change without the FLBPSS (Operating condition OC1),
(a)-rotor angle, (b)-speed deviation
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Figure 7.28: Rotor angle and speed deviation for generator 2 corresponding to 3/4

rated sudden resistive load change without the FLBPSS (Operating condition OC1),
(a)-rotor angle, (b)-speed deviation
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Figure 7.29: Rotor angle and speed deviation for generator 1 corresponding to 3/-
rated sudden resistive load change with the FLBPSS (Operating condition OC1),
(a)-rotor angle, (b)-speed deviation
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Figure 7.30: Rotor angle and speed deviation for generator 2 corresponding to 3/+4

rated sudden resistive load change with the FLBPSS (Operating condition OC1),
(a)-rotor angle, (b)-speed deviation



Chapter 7. Application of the FLBPSS to Multi-machine Systems 153

Three-phase to ground fault (a)

[22]
[=]

T T T T T T

N H
[=] o (=]

Rotor angle (degrees)
0
o

1 1
8 10 12 14 16 18 20
Time in seconds

(b)

A
=]

o
N
IS
<

Q)
O
£
c
(=}
=
g
>
[1]
©
©
D -
@
Q
[47)
20 1 1 I 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Time in seconds

Figure 7.31: Rotor angle and speed deviation for generator 1 corresponding to
a three-phase fault at B (Figure 2.4) sustained for 125 milliseconds (without the
FLBPSS), (a)-rotor angle, (b)-speed deviation
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Figure 7.32: Rotor angle and speed deviation for generator 1 corresponding to
a three-phase fault at B (Figure 2.4) sustained for 125 milliseconds (with the
FLBPSS), (a)-rotor angle, (b)-speed deviation
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Figure 7.33: Rotor angle and speed deviation for generator 2 corresponding to
a three-phase fault at B (Figure 2.4) sustained for 125 milliseconds (without the
FLBPSS), (a)-rotor angle, (b)-speed deviation
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Figure 7.34: Rotor angle and speed deviation for generator 2 corresponding to
a three-phase fault at B (Figure 2.4) sustained for 125 milliseconds (with the
FLBPSS), (a)-rotor angle, (b)-speed deviation
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7.5.5 Transmission Line Loss Between Generators 1 and 2

The oscillation occurred when the system was subject to a transmission line loss
between generators 1 and 2. This happens when a power system is subject to a
fault and the circuit breaker at each end of the transmission line will trip resulting
the transmission line loss. The FLBPSS can also be used to damp out this kind of
oscillation. I"igures (7.35) and (7.36) show the rotor angle and speed deviation in
response to the transmission loss under the nominal operating condition without the
FLBPSS for both generators 1 and 2 respectively. Figures (7.37) and (7.38) show
the corresponding results with the FLBPSS for generators 1 and 2 respectively. It is
obvious from these figures that the oscillation has been damped out very effectively

by using the FLBPSS.
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Figure 7.35: Rotor angle and speed deviation for generator 1 corresponding to the
loss of the transmission line (without the FLBPSS), (a)-rotor angle, (b)-speed devi-
ation
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Figure 7.36: Rotor angle and speed deviation for generator 2 corresponding to the
loss of the transmission line (without the FLBPSS), (a)-rotor angle, (b)-speed devi-
ation
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Figure 7.37: Rotor angle and speed deviation for generator 1 corresponding to the
loss of the transmission line (with the FLBPSS), (a)-rotor angle, (b)-speed deviation
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Figure 7.38: Rotor angle and speed deviation for generator 2 corresponding to the
loss of the transmission line (with the FLBPSS), (a)-rotor angle, (b)-speed deviation

7.6 Concluding Remarks

In this chapter the merits of the interconnection of electric power systems have been
summarised. The design of the AVRs for the two synchronous generators have been
mtroduced. The performance of the designed AVRs have been tested in real time.
The test results show that the AVRs control the terminal voltage value according to
the reference voltage. The overshoot and settling time all satisfy the IEEE standard
for excitation control. The terminal voltages have been kept constant under various
sudden load change conditions. The performance of the AVRs is robust against
different step changes in loading. Experimental results have also been obtained

when the system was subject to a three-phase to ground fault.

The simulation and implementation studies of the optimised FLBPSS have also
been carried out for the two-machine infinite bus power system. The simulation test
has been demonstrated when a step change in the reference voltage and mechani-
cal torque have been applied to the system. The rotor angle and speed deviation

oscillations for both generators have been damped out within one and half cycles
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although only generator 1 was equipped with the FLBPSS. The implementation test
has been carried out under different disturbance and operating conditions. Four dif-
ferent kinds of disturbances such as a 10% step change in the reference voltage, a
3/4 rated load (inductive, capacitive and resistive) change, a three-phase to ground
fault and a transmission line loss have been applied to the system in order to test the
robustness of the FLBPSS. All the test results reveal that the oscillations resulted
from the above mentioned disturbances have been damped out within either one and
half to two cvcles in the presence of the optimised FLBPSS. The maximum transient
deviation has also been reduced substantially. For three-phase to ground fault, it
takes a longer time to damp the oscillation out due to the hardware limitation of the
control signal. The performance of the FLBPSS has also been tested under different

operating conditions.

From the simulation and implementation results, it can be concluded that the
FLBPSS works satisfactorily without resetting and tuning of the optimised paraime-
ters under different disturbances at various operating conditions for the two-machine

infinite bus power system.



Chapter 8

Rules Reduction for the FLC
Using Neural Networks

8.1 Introduction

The previously designed Fuzzy Logic Controller (FLC) is not very efficient in com-
parison with the Fuzzy Logic Based Power System Stabiliser (FLBPSS) because it
uses too many rules but provides poorer performance. By using neural network
techniques, the rules can be reduced, fine tuned and also the FLC performance can

be improved.

Neural networks are trained to give a certain output based on a certain input
through the use of learning methods. Generally, a node of a neural network contains
an activatiou level which during training is increased or decreased based on how
“close” the node is to the current input being trained for. Training methods are

used to change the value of the node based on this “closeness”.

In the literature, Neural Networks (NN) are used for learning rules from in-
put/output data. Such an example is given in Kosko [Kosko, 1992] for obtaining
rules to stabilise an inverted pendulum. Consider a system which has a simple in-
verted pendulum free to rotate in the plane on a pivot attached to the carl. A

human operator is taking actions in order to keep the pendulum vertical at all times

161
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by applying a restoring force F'(¢) (control signal) to the cart at some discrete time
t in response to change in both linear and angular positions (z(¢),6(t)) and velocity
(:c(t),@(t)) of the pendulum. The set of input and output (operator’s action) pairs
are the data fed into a NN to perform Adaptive Vector Quantisation (AVQ).

The obtained rules in correlation with the predefined membership functions
are used to define a fuzzy system for which the control surface is approximately the

one used by the human operator in stabilising the pendulum.

TILGen [Tilgen, 1991] is a tool that automatically generates a fuzzy expert
system from a set of inputs and required outputs. TILGen is a combination of two
techniques: a neural network to learn the input-output function described by the set
of inputs and outputs, and a technique to decode the neural network to generate the
rules for the fuzzy expert system. TILGen creates a neural network by partitioning
the input space of the fuzzy rule base being generated. This partitioning is based
upon the number of input variables and the number of membership functions defined

for each variable.

In TILGen any one of the three learning algorithms can be adopted: unsuper-
vised competitive learning, supervised competitive learning, or differential competitive
learning. The methods work by first initialising the n nodes of the neural network
with the first n test vectors. Then, each remaining vector is compared with the
n nodes and the node (or nodes) which most closely match the input vector are
found. These nodes are commonly known as the winning nodes. The nodes are then

updated according to the learning method used.

When unsupervised competitive learning is used, the winning nodes are re-
warded by having their activation levels increased. When supervised competitive
learning is used, the winning nodes are rewarded by increasing their activation lev-
els and the non-winning nodes are punished by decreasing their activation levels.
When differential competitive learning is used, the winning nodes are found and
the closest winning node is rewarded and the other winning nodes are punished. It
should be noted that unsupervised competitive learning and differential compeiitive

learning are similar in that they do not punish losing nodes; they are only concerned
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with winning nodes. Unsupervised competitive learning and differential competitive
learning tend to produce similar results and differential competitive learning is guar-
anteed to converge exponentially quickly, while unsupervised competitive learning
is not guaranteed to converge. The neural networks with supervised competitive

learning algorithm tend to need more time and information to train.

8.2 Rules Reduction for the FLC Using Neural
Networks

In the case when the FLC has been used as power system stabiliser, it is difficult
to have a predefined desired control surface. The idea was to approximate the FLC
in order to possibly simplify its structure (reduce rules). The input signals which
were generated by applying disturbances such as a 20% step change in mechanical
torque T,,, and a 20% step change in reference voltage V,.f to the power system have
been applied to the original 49-rule FLC to obtain the output control signal. Thus
the input/output pairs were not obtained from a human-based control but from
the excitation of the initial FLC. Using this input-output data, the Neural Network
facility of TILGen has led to a simplified version of the FLC.

System Inputs

TILGen takes input as two files: an input Fuzzy Programming Language (FPL)

file and an input data vector file.

The input FPL file must be a properly defined FPL file capable of being loaded
by the TILShell [Tilshell, 1991] or run through one of the TIL compilers such as
the Fuzzy-C Compiler. A FUZZY object for which TILGen will generate a tuzzy
rule base has been defined in this file. A VAR objects (including their membership
functions) which will be the inputs and outputs of the FUZZY object and the CON-
NECT objects which define the input/output relationships between the FUZZY
object and the VAR objects have also been defined in the FPL file. The only object
which will be modified by TILGen is the FUZZY object. It will have its current
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contents (if any) replaced by the newly generated rules. The input FPL file for the
FLC is listed in Appendix E.1.

The structure of the input data vector file is crucial for the proper execution
of TILGen. The structure of the vector file is simply that each line of the vector
file must contain one and only one entry for each input and output variable defined
in the input FPL file separated by either a comma, space or tab. The entries
should be ordered with the input variables in alphabetical order followed by the
output variables in alphabetical order. The data vector file contains input variables
aSpeed and bAcceleration and output variable Control which was generated by
applying disturbances such as a 20% step change in mechanical torque T, and a

20% step change in reference voltage V,.s to the original 49-rule FLC.

In order to guarantee proper training there have to be enough vectors in the
vector file. As a rule of thumb, there must be at least twice as many vectors as the
number of nodes used in the neural network. The number of nodes in the neural net-
work varies depending upon the number of variables and the number of membership
functions defined for each variable. To compute the number of nodes in the neural
network, compute the combined product of the number of membership functions for
each variable in the system. There are two inputs (speed and acceleration) and one
output (stabilising signal) in the system and there are 7 membership functions for
both inputs and output. The number of nodes in the neural network is 7 x 7 x 7
or 343 [Tilgen, 1991]. Therefore, 1000 data vectors have been used which is almost
three times the number of nodes. The input and output data have been multiplied

by 10000 to get large values in order to guarantee proper training.
Executing TILGen to generate fuzzy rule base

When cxecuting TILGen a few command line options have to be specified.

Some of the options are explained as follows:

e Specify the learning method

The differential competitive learning algorithm has been adopted in order to

guaraniee the convergence and reduce training time.
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e Specify the cell threshold

The cell threshold value can be specified for whether or not to emit a rule
based upon how many neurones converge to that point in the input space.
The default setting for this value is 5 and range from 1 to 100. This value
does not usually have a large effect on the output of the system as the neural
network nodes tend to clump into a few areas of the input space. As a result,
there are not areas in the input space which only one or two nodes have
been trained to. Instead of that there are areas where twenty or more nodes
have been trained to. To ensure all areas of the input space containing nodes
generate rules, the threshold can be set to one. With the threshold of one, a
rule will be generated for an area of the input space when at least one node
has becn trained to that area. This option works with the number of winners
option to give the user more control over how many rules are to be generated
from TILGen. Setting this value very low and the number of winners very
high causes more rules to be generated because more nodes will be rewarded,
causing less convergence to take place. The default value 5 has been chosen

for this option.

e Specify the number of winners

The number of winning nodes in the neural network being trained can be spec-
ified using this option. How these winning nodes are rewarded varies with the
learning method used. If unsupervised competitive learning is specified, the n
winning nodes have their activation levels increased. If supervised competitive
learning is specified, the n winning nodes have their activation levels increased
and the losing nodes have their activation levels decreased. If differential com-
petitive learning is specified, the closest winning node is rewarded by having
its activation level increased and the other n-1 winning nodes have their ac-
tivation levels decreased. The default value 3 has been chosen for this option.

However, this value can be ranged from 1 to 100.

The generated rule base is shown in Appendix E.2.

The rule base is summarised in Table (8.1).
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Aw Aw
| NB|NM |NS |ZR |PS |PM |PB
PB
PM ZR |PM | PM | PB
PS NS |ZR |PS |PM | PB
ZR NM | NM | ZR |PM | PM
NS NB |[NM NS | ZR | PS
NM NM | NM | NS
NB NB | NB

Table 8.1: The decision table after learning

The TILGen generated 24 rules by using neural network technique. Therefore,

the original decision table which contains 49 rules has been simplified.

8.3 Comparison Study

The comparison study between the original 49-rule FLC and the simplified 24-rule

FLC presented here were obtained on the single-machine infinite bus power system.

Table (8.2) shows the performance index corresponding to a changes of mem-
bership function whole overlap ratio (WOR) in response to a 20% step increase in
mechanical torque T, followed by a 10% step increase in reference voltage V,.; and a
10% step decrease in V,.; with the original 49-rule FLC and the 24-rule FLC. From
Table (8.2), it can be seen that the optimal WOR is 14.29% and the corresponding
performance index for the original FLC and the reduced rule FLC are 2.50% and
1.78% respectively. The performance index of the FLC has been improved substan-
tially by using the 24-rule FLC.

Table (8.3) shows the performance index corresponding to different mechanical
torque changes with the original FLC and the reduced rule FLC (WOR=14.29%).

It can be observed that the performance index has been reduced substantially with

the 24-rule FLC.

The dynamic results using this simplified FLC are compared with the initial
one as can be observed in Figure (8.1) to (8.4). Figures (8.1) and (8.3) show the
results with the original 49-rule FLC. Figures (8.2) and (8.4) show the result with
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WOR% || 30.95 | 26.78 | 24.27 | 21.95 | 18.79 | 15.98 | 15.12 | 14.7
49-rule | 4.81 | 3.51 2.82 | 2.79 | 2.7 | 2.63 | 2.58 | 2.5
24-rule || 3.04 | 2.39 | 1.91 |1.90 |1.88 |18/ |1.82 | 1.80
WOR% || 14.45 | 14.29  13.48 | 12.72 | 11.98 | 11.27 | 10.58 | 9.93
49-rule || 2.52 | 2.50 | 2.53 | 2.56 | 2.59 | 2.63 | 2.67 | 2.71
24-rule || 1.79 | 1.78 | 1.80 | 1.82 | 1.85 | 1.88 | 1.91 | 1.94
WOR% || 9.3 8.7 8.1 7.6 5.1 3.2
49-rule || 2.76 | 2.82 | 2.88 | 2.94 | 3.50 | 12.83
24-rule | 1.98 | 2.02 | 2.07 | 2.12 | 2.56 | 9.56

Table 8.2: The performance index corresponding to changes in WOR (20% step
increase in mechanical torque followed by a 10% step increase in the reference voltage
sustained for 7.5 seconds)

T original FLC with 49 rules | FLC with 24 rules
0.01pu | 8.0347 x 1074 4.7945 x 1071

0.2 pu | 0.69 0.42

0.5 pu (| 5.41 3.63

Table 8.3: The performance index corresponding to different mechanical torque
changes

the 24-rule FLC. Figures (8.1) and (8.2) demonstrate the speed deviation and ro-
tor angle corresponding to 0.1pu step change in mechanical torque and reference
voltage. Figures (8.3) and (8.4) demonstrate the speed deviation and rotor angle
corresponding to a 0.2pu step change in mechanical torque and reference voltage.
It can be seen that the simplified 24-rule FLC gives better performance. The maxi-
mum transient deviation of the speed deviation and rotor angle are smaller and the

oscillations corresponding to the mechanical torque change are less with the 24-rule

FLC.

The explanation for this is that the starting FLC was not shaping an opti-
mal control surface. Some of the cells of the starting FLC are just an extrapo-
lation/interpolation of the cells filled in by experience. The decision table was a

complete starting table.



Chapter 8. Rules Reduction for the FLC Using Neural Networks 163

x10°

N

1 |

0 5 10 15 20
Time in seconds

1
N
T

Speed deviation (pu)
o

0.1 T L T
i<}
g 0.05 J
2
g of |
@
o
© -0.05+ J
o

-0.1 1 1 ,

0 0 5 10 15 20

Time in seconds

Figure 8.1: Speed deviation and rotor angle corresponding to a 10% step increase in
mechanical torque followed by a 10% step increase in the reference voltage sustained
for 7.5 seconds with the original 49-rule FLC
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Figure 8.2: Speed deviation and rotor angle corresponding to a 10% step increase in
mechanical torque followed by a 10% step increase in the reference voltage sustained
for 7.5 seconds with the 24-rule FL.C
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Figure 8.3: Speed deviation and rotor angle corresponding to a 20% step increase in
mechanical torque followed by a 20% step increase in the reference voltage sustained

for 7.5 seconds with the original 49-rule FLC
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8.4 Concluding Remarks

TILGen which uses neural network techniques to learn the input-output function
described by the set of inputs and outputs, and a technique to decode the neural
network to generate the rules for the fuzzy expert system has been employed for rule
reduction for the FLC. 24 rules has been generated using differential competitive
learning when the system is subject to small disturbances. Both the performance
index and the dynamic response have been improved substantially with the reduced

rule FLC for the dynamic stability study.
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Conclusions

9.1 A Retrospective Overview of the Thesis

In this thesis, research has been conducted on the design, analysis, optimisation,
and laboratory evaluation of two types of fuzzy controllers, namely the FLBPSS,
and the FLC for power system stabilisation. Robustness and sensitivity analysis of
the two fuzzy control schemes have been investigated. In addition, an AVR has been
designed using discrete time analytical design method to assist in the assessment
of the fuzzy controllers as mentioned above. Neural network techniques have been
adopted to simplify the rule base of the second type of fuzzy controller. In particular,
the designed AVR and optimised fuzzy controllers have been implemented in real
time firstly on a single-machine infinite bus and secondly on a two-machine infinite

bus power system.

The development of fuzzy controllers as power system stabilisers is motivated
by the fact that a power system is a highly non-linear system, and the design of the
most widely used conventional PSS is based on linearised fixed parameter models
which are derived from the linearisation of the power system at a given operating
point. The gain settings of these conventional PSS are usually determined ofl-line
based on a particular operating condition and fixed in field applications. The use

of a conventional PSS will result in shortcomings since the operating point of a
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power system will change with varying system load. Moreover, drastic changes in
system operating conditions will result when the system is subject to a major dis-
turbances such as a three-phase fault. Hence, the best dynamic performance cannot
be achieved by a fixed gain PSS under varying operating conditions. The self-tuning
and adaptive PSSs have been developed to improve the damping characteristics of a
power systen over a wide range of operating conditions. In the self-tuning or adap-
tive PSS, the system model is first identified in real-time using the measured system
input and output variables. The gain settings are then computed and adjusted based
on the identified system model and the adaptation law. A major disadvantage of the
self-tuning or adaptive PSS is that the system model parameters need to be iden-
tified in real time which is very time consuming. The situation is worsened by the
fact that the self-tuning PSS must be implemented by a microcomputer with limited
computational capacity. The need to eliminate the above shortcomings suggests the
use of fuzzy control approach which can yield good damping characteristics over a
wide range of operating conditions and does not require model identification as the

self-tuning PSS does in real time.
In order to carry out an investigation into the design of fuzzy controllers as

power system stabilisers, the following four stages are essential:

e analyse the circuit of the single-machine and two-machine infinite bus power

system,;
e model the non-linear experimental power systems;
e design the AVR;
e evaluate the designed AVR in real time.

The above aspects have been discussed (in Chapter 2 and 3) prior to the design,

analysis, optimisation, and also implementation of the fuzzy controllers.

Firstly, the single-machine and two-machine infinite bus power system used
in the power laboratory has been introduced. The experimental circuits have been

analysed and the generator parameters have been provided.
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Secondly, the mathematical model of the single-machine infinite bus power sys-
tem has been developed. The development of the simplified linear model facilitates
the design of the AVR in this chapter. The parameters of the mathematical model

for the experimental power system have been derived (see Section 3.2).

Thirdly, the discrete time analytical design method has been analysed under
the requirements essential for the design of the AVR. The digital AVR hence has
been designed for the single-machine infinite bus power system according to the

chosen control law.

Fourthly, the designed AVR has been experimentally verified in real time fol-
lowed by the theoretical analysis of the AVR. The designed AVR has been tested

under the following disturbance condition:

[

. 1/2 rated and 3/4 rated inductive step load change;

[\~

. 1/2 rated and 3/4 rated capacitive step load change;

w

. 1/2 rated and 3/4 rated resistive step load changes;

4. a 10% step change in reference voltage;

o

a three-phase to ground fault;

6. at various operating conditions with the above disturbances.

The designed AVR performs satisfactorily as the AVR kept the generator out-
put voltage constant under normal operating conditions at various load levels. The
dynamic performance satisfy the IEEE standard of excitation control system dy-
namic performance indices. This is confirmed by both the simulation and real time

implementation.

The conpletion of the above four stages establishes a valid basis for the exci-

tation control on which the fuzzy controllers have been investigated.

The proposed design of two fuzzy control schemes has been investigated (see
Chapter 4). The basic structure of a FLC has been described and the design of
a FLC as a PSS has been developed. The generator speed Aw and acceleration

Aw have been chosen as the input signals of the FLC. The triangular membership
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function shape has been chosen for both the input and output signal and the universe
of discourse lias been specified. A 49-rule decision table has been developed based on
the theoretical knowledge. Different defuzzification methods have been introduced
and the performance have been compared in terms of memory requirement, speed,

etc.

The design of the FLBPSS has been presented and new two non-linear mem-
bership functions have been proposed. The resultant stabilising output is computed
according to the fuzzy membership functions depending on the speed Aw and ac-

celeration Aw states of the synchronous generator.

The main features of the FLC and the FLBPSS are:

e the stabilising signal is updated on line depending on the speed Aw and ac-
celeration Aw of the synchronous generator, and hence provides optimal per-

formance under a wide range of operating conditions;

o the design of the FLC and the FLBPSS does not necessitate the use of the

mathematical model of the power system.

In order to optimise the fuzzy control strategy, the following five steps have to

be performed (see Chapter 5):

e optimisation of the designed FLC;

e investigation of the optimal parameter settings for the proposed FLBP’SS;

e introduction of the STFLBPSS and the optimisation of its parameter settings;
e comparison study between the proposed FLBPSS and the STFLBPSS;

e comparison study between the proposed FLC and the proposed FLBPSS.

Firstly, in order to optimise the designed FLC, the Whole Overlap Ratio
(WOR) has been proposed to evaluate the membership function shape for the FLC.
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It has been found that the FLC gives best performance when the WOR is approxi-
mately from 12% to 15%. Different implication methods, such as the Mamdani and
Larsen methods, and different defuzzification methods, such as Means of maz and
Centroid, have also been evaluated by using the performance index. Sensitivity test
of the FLC has been carried out to assess the robustness of the FL.C by varying the
system pararneters for £20% and under various operating conditions for both small

and large perturbations.

Secondly, the optimal setting of the FLBPSS parameters has also been evalu-
ated by using the performance index. The optimal settings of the proposed FLBPSS
parameters «, 8 and D, have been obtained either by applying small or large per-
turbations. The best value of «, 8 and D, chosen for the nominal condition works
well with a £20% change in the nominal parameters. Thus no resetting or tuning
of these parameters are needed with deviation of the parameters from the nominal
conditions. Although the optimal values for different operating conditions are found
to be different, investigation reveals that the optimal values of &, 8 and D, obtained
at the nominal operating condition works satisfactorily for a wide variation of the
operating conditions under both small and large perturbations. The optimal values
of a, B and D, at one optimal point is sub-optimal at the other point with hardly

any difference in the quality of the dynamic response.

Thirdly. a STFLBPSS has also been introduced in order to compare with the
FLBPSS. The optimal settings of 8, F, and D, values have also been explored.
It has been found that at any operating point, the optimal values of the above
mentioned parameters obtained by applying small perturbations differs from that
for large perturbations and vice versa. Considering the system performance under
different operating conditions with different perturbations and the system parameter

variations, a compromise values of 8, F}, and D, have been chosen.

Fourthly, comparison study between the proposed FLBPSS and the STFLBPSS
has been demonstrated through both the performance index and the dynamic re-
sponse. Extensive study has been performed when the system is subject to small
or large disturbances, variations in the system parameters and under wide variation

of the operating conditions. Both the performance index and the dynamic response
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show that the proposed FLBPSS gives better performance than the STFLBPSS.

Lastly, a comparison study between the proposed FLBPSS and the proposed
FLC has also been demonstrated through both the performance index and the dy-
namic response. Extensive study has been performed when the system is subject to
both small and large disturbances, variations in the system parameters and under
wide variation of the operating conditions. The performance index of the FLC is 2
times larger than that of the FLBPSS. From the dynamic response, it can be seen
that the maximum transient deviation is smaller and the settling time is shorter
when the system is equipped with the FLBPSS. Therefore, the FLBPSS has been

chosen as the practical PSS for real time implementation.

The implementation of the optimised FLBPSS was tested on a single-machine

infinite bus power system (see Chapter 6). The implementation results reveal that:

o the optimised FLBPSS works well when the system is subject to either small
(10% step change in the reference voltage) or large (three-phase to ground

fault) perturbations;

e the performance of the optimised FLBPSS is robust with different types of

step load changes (inductive, capacitive and resistive load);

e the FLBPSS also works satisfactorily under a wide range of operating condi-

tions without tuning or resetting of any parameters of the optimised FLBPSS.

To demonstrate the effectiveness of the FLBPSS for multi-machine power sys-
tem, the single-machine infinite bus power system has been extended to two-machine
infinite bus power system due to the equipment limitation. The AVRs for the two
synchronous generators have been designed (see Chapter 7) in order to carry on the
research. The performance of the designed AVRs have been tested in real time. The

test results show that:

e The AVRs control the terminal voltage value according to the reference volt-

age;
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e The overshoot and settling time both satisfy the IEEE standard for excitation

control;

e The terminal voltages have been kept constant under various sudden load
change conditions; The performance of the AVRs is robust against different
kinds of step change in loading. The AVRs also works satisfactorily when the

system was subject to a three-phase to ground fault.

The effectiveness of the proposed FLBPSS for the two-machine infinite bus
power system has been demonstrated by both simulation and implementation stud-
ies. The simulation test has been evaluated when a step change in the reference
voltage and mechanical torque have been applied to the system. The rotor an-
gle and speed deviation oscillations for both machines have been damped out very
quickly (within one and half cycles) although only generator 1 was equipped with the
FLBPSS. The implementation test has been carried out under different disturbance
and operating conditions. Four different kinds of disturbances such as a 10% step
change in the reference voltage, a 3/4 rated load (inductive, capacitive and resistive)
change, a three-phase to ground fault and a transmission line loss have been applied
to the systemn in order to test the robustness of the FLBPSS. All the test results
reveal that the oscillations resulted from the above mentioned disturbances have
been damped out within either one and half or two cycles. The maximum transient
deviation has also been reduced substantially. For a three-phase to ground fault,
it takes a longer time to damp the oscillation out due to the hardware limitation
of the control signal. The performance of the FLBPSS has also been tested under

different operating conditions.

From the simulation and implementation results, it can be concluded that the
FLBPSS works satisfactorily without resetting and tuning of the optimised parane-
ters under different disturbances at various operating conditions for the two-machine

infinite bus power system.

In conclusion, the FLBPSS is an appropriate and practical approach for damp-
ing single-machine and two-machine infinite bus power system oscillations and im-

proving both the dynamic and transient power system stability.
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Finally, neural network techniques have been used to improve the dynamic per-
formance of the original 49-rule FLC (see Chapter 8). 24 rules have been generated
when the single-machine infinite bus power system is subject to a step change in
mechanical torque and reference voltage. Both the performance index and the dy-

namic response have been improved with the reduced rule FLC for dynamic stability

study.

9.2 Avenues to be Explored in Further Work

The studies reported in this thesis involve the design, optimisation, simulation, and
implementation of the fuzzy controllers for power system stabilisation. The following
aspects relating to future research into the fuzzy control strategies in the design of

power system stabilisers are suggested:

e Mathematically, the self-tuning control algorithm is much more complicated
due to parameter identification, state observation and feedback gain computa-
tion which require extensive computing power, whereas the fuzzy logic based
algorithm is very simple and easy to implement. Comprehensive comparison
study of the performance of the self-tuning PSS and the FLBPSS need to be

explored in future work.

e An adaptive FLC can be developed with a number of sets of parameters such
as the scaling factors for each variable, the fuzzy set representing the meaning
of linguistic values (the Whole Overlap Ratio of the membership functions)
and the if-then rules altered on-line to achieve the optimal performance. The
development of the so called self-tuning FLC and self-organising FLC need to

be studied in detail in further work.

e Fuzzy if-then rules have been formulated with the predefined membership func-
tions which are needed for calibration using neural network techniques. The
performance of the FLC with the generated rules by using input-output data

pairs and the defined membership functions has been improved for the dynamic
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response under small perturbations. However, the 24-rule FLC does not work
well wlen the system is subject to a large disturbance such as a three-phase
to ground fault. Therefore, the complete decision table is needed for transient
stability studies. In order to improve the performance of the FLC for both
small and large perturbations under various operating conditions, neural net-
work learning techniques can be used to produce the mapping rules from the
empirical training sets, but the mapping rules in the neural network is not
visible and is difficult to understand. It is also difficult to determine and to
tune the rules in the FLC since the fuzzy sets does not have learning and adap-
tation capability. In order to solve these difficulties, the neural networks and
the fuzzy sets can be combined to form Fuzzy Neural Networks (FNN)
which is believed to have considerable potential in improving the performance
of the FLC. There are two types of the synthesis of the fuzzy sets and the

neural networks:

1. The Neural Network and the Fuzzy Set: The fuzzy set and the
neural network are used independently in fuzzy control system or either
one serves as a preprocessor for the other. For example, the fuzzy set
can be used as a supervisor for the neural network in order to improve
convergence of learning. The learning rate is determined by using fuzzy

rules.

2. The Neural-like Fuzzy Set: The neural network uses the fuzzy neu-
rones that are described by fuzzy sets, instead of the non-fuzzy neuron.
In this case, antecedents and consequents in the ‘if-then” rules are treated

as fuzzy sets.

The work of using FNN to improve the overall performance of the FLC need
to be studied in the future.

e Fuzzy control systems are essentially non-linear systems. For this reason it is
difficult to obtain general results on the analysis and design of the fuzzy con-
troller. In the fuzzy control literature, the stability analysis of fuzzy controller
is usually done in the context of the following two views of the system under

control:
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1. Classical non-linear dynamic systems theory: the system under control
is a non-fuzzy system, and the fuzzy controller is a particular class of

non-linear controller;

2. Dynamic fuzzy systems.

Although the optimised fuzzy controllers work satisfactorily in practice in this
research work, mathematical studies of controllability and stability in fuzzy

control systems need to be investigated in depth in further work.

o Although the optimised fuzzy controller has been experimentally implemented
in the Power Laboratory, the algorithm and methodology need to be imple-

mented in the actual power system in the future.



Appendix A

Mathematical Model of the

Synchronous Machine

A.1 Mathematical Model of the Synchronous Ma-

chine

In this section a brief introduction is given to the mathematical model of a syn-
chronous machine connected to a very large power system through transmission

lines for use in the design of the AVR.

Two models have been developed [Anderson, 1977]:

e Current model, using the currents as state variables;

e Flux linkage model, using the fluxes as state variables.
The synchronous machine under consideration is assumed to have:

o three stator windings sa-fa, sb-fb, and sc-fc;
¢ one field winding F-F’;
e two amortisseur (damper) windings D-D’ and Q-Q’.

181
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These six windings are magnetically coupled. The type of the generator used

1s a salient pole type.

Let the positive directions of stator currents be the directions of leaving the
machine terminals. The sign convention of torque is that a positive (driving) torque
Tn(t) accelerates the shaft, whereas a positive electrical (retarding or load) torque
T.(t) decelerates the shaft. The definition of the position of the d-axis and g-axis is
described in detail in [Anderson, 1977].

For the six-winding salient-pole synchronous generator, it is assumed that:

o There is no saturation and there is no distributed material in which eddy cur-

rents can flow [Adkins, 1975];

o The harmonics above second-order can be neglected, thus all the inductances

vary sinusoidally with an additional constant term in some cases [Adkins,

1975], [Rafian, 1987];

e The machine is operating under balanced conditions [Anderson, 1977].

In the following equations all quantities are normalised in per unit except that time
t is in seconds. The mechanical torque T,,(t) and the electrical torque T.(¢) are

normalised on a three-phase base.

A.1.1 Flux Linkage Equations

The flux linkage equation for the six windings are as shown in equation (A.l):

Aa(2) Lao Lay Lee Lor Lap  Lag | |1a(t)
Ao (1) Leo Lyy Lic Lir Lip  Lig | | 2(1)
Ae(t) _ Lo Lo Le Ler Lep Legy |te(t) (A1)
Ar(t) Lra Lry Lre Lrr Lrp Lrq| |ir(t)
Ap(t) Lps Lpy Lp. Lpr Lpp Lpq| |ip(t)
re(W]  [Lea Loy Loe Lor Lop Loq] |io(t))
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self-inductance when j = k
where L, =

mutual inductance when j # k
and

where L, = Lg; in all cases.

Note that in equation (A.1) lower-case subscripts are used for stator quantities
and upper-case subscripts are used for rotor quantities. Most of the inductances
in equation (A.1l) are functions of the rotor position angle 6(¢). Also observe that
nearly all terms in the matrix of equation (A.1) are time-varying, since 6 is a function
of time. The time varying inductances can be simplified by referring all quantities
to a rotor frame of reference through Park’s transformation [Anderson, 1977]. After
utilising Park’s transformation, the flux linkage equation can be expressed in the

following equation:

)\o(t) Lo 0 0 0 0 0 Zo(t)
)\d(t) 0 L, 0 kMpr kMp 0 id(t)
)\q(t) _ 0 0 L, 0 0 kMg Zq(t) (A.2)
)\F(t) 0 kMpg 0 Lp Mg 0 iF(t)
)\D(t) 0 kMp 0 Mp Lp 0 ZD(t)
L)\Q (t)_ L 0 0 k‘MQ U 0 LQ ] _ZQ(t)_
where
e )\, is the flux linkage on the d-axis of the rotor;

A, 1s the flux linkage on the g-axis of the rotor;

Ao 1s completely uncoupled from the other circuits;

Mp is the mutual inductance between windings F' and D;

Mp is the mutual inductance between stator and rotor windings;

Mp is the mutual inductance between phase windings to damper winding D;

Mg is the mutual inductance between phase windings to damper winding Q:
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It can also be observed that the inductance matrix of equation (A.2) is a
matrix of constants (all quantities have only one subscript). The advantage of

Park’s transformation is such that it removes the time-varying coefficients.

A.1.2 Voltage Equations

The generator voltage equations are of the form [Anderson, 1977):

o(t) =+ > ri(t) £ S M) (A.3)

where A(t) is the flux linkage, r is the winding resistance, and :(¢) is the current.

The matrix equation can be written in equation (A.4):

Cva@®) ] [ 000 0 0 0] @] [l®]
vs(t) 0 rm 0 0 0 0]) Ay (1)
vet) | _ [0 0 e 00 0 |i(t)| '/'\c(t) | V(1) (A4
—~vp(t) 0 0 0 rp 0 0] |ip(t) Ar(t) 0
0 0 0 0 0 rp 0] |ip() Ap(t)
0 ] o 0 0 0 0 roflio®)] [Ae()]

For balanced conditions r = r, = ry = r.. The equation (A.4) is complicated by
the presence of time-varying coefficients in the A() term, but these terms can be
eliminated bv applying a Park’s transformation to the stator partition. The resulting

equation is shown below:
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o O O O O

—w(t)Aq(t)

o O O O

(3723,(t) + 3Lnio(t)]

For balanced conditions the zero-sequence voltage is zero and equation (A.5) can be

vo(t) P00 0 0
w®) | 0 r 0 0 o
) | 00 0 0
—oe®)] [0 0 0 rp 0
0 000 0 rp
0 ] looo 0 o0
do(?)
Ad(2)
ji
Ar(t)
Ap(t)
o()
written as:

o) | [r 0 0 o0
Vq(t) 0 r 0 0

—vp()| = [0 0 7
0 00 0 7p
I 0 | LO 0 0 0

FOINNPY(
(t) || A(D)
ip(t)| — [Ar(1)
ip(t) Ap(t)
io(t)| | Aa(®)

A.1.3 Torque and Power Equations

Expressing the total accelerating torque as

—w(t)Aq(?)
w(t)Aa(?)

T, (t) = 2Hw(t) = Thn(t) — To(t) — Ta(t)

where

o T.(t) is the electrical torque,

(A.T)
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e T,.(t) is the mechanical torque and,

e T4(t) is the damping torque.

Ty(t) = Dw(t)

where D is the damping constant.

Te(t) = 14(2)Aa(t) = ia(t)Aq(t)

The electrical power P.(t) is shown in the following equation:

A.1.4 Swing Equation

The swing equation is written as

ot) = 5 (Tnlt) = T(1) — Dio(1)
where
_ Pa(t)
0=

A.1.5 Load Equation

186

(A.10)

(A.11)

(A.12)

(A.13)

The external connection of the synchronous generator to the infinite bus can be

described by the following equations

t

0(t) = 6o + (w(t) — wo)dt

(A.14)
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in radians or

§(t) = w(t) —1 (A.15)
in pu.
0 1 0|
Vodg(t) = Voo V'3 | = sin(6(t) — ) | + Retoug(t) + Letoug(t) — w(t)Le | =i, (t)
| cos(b(t) — a) | | ig(t)({-16)

Expressing the synchronous machine terminal voltage V; in rms equivalent variables

Vi(t) = VValt)? + Vy(t)? (A17)

where Va(t) = va()/V3, Vy(t) = 0,(t)/V53.

L(t) = L) + ,(t)? (A.18)

where I;(t) = ig(t)/V/3, L(t) = i,(t)/V/3.

A.1.6 Formulation of State-Space Equations

The objective is to derive a set of equations describing the synchronous machine in

the form of equation (A.19)
i = f(z,u,t) (A.19)
where
e z is a vector of the state variables;

e u is the system driving function;

e f is a set of nonlinear function.



Appendix A. Mathematical Model of the Synchronous Machine 183

If the equations describing the synchronous machine are linear, equation (A.19)

1s of the well known form
t = Az + Bu (A.20)

Examining equation (A.6), it can be seen that this represents a set of first order
differential equations. On putting this set in the form of the equation (A.20), it can

be noted that equation (A.6) contains flux linkages and currents as variables.

A.1.7 Current Model

From equation (A.2), compute the values of A and A. Substituting these results into

equation (A.6) to replace the terms in A and X by terms in i and 7 and rearcanging

va(t) r 0 0 w(t) L, w(t)kMo)| [ia(t)
v (t) 0 re 0 0 0 ir()

0o |=| o 0 rp 0 0 in(t)
vy (1) —w(t)Ly —w(t)kMp —w(t)kMp 0 14(%)
0 0 0 0 0 ro | |ie(®)]

(
0 5D(t) (A.21)
g

Using matrix notation, equation (A.21) is written as

v(t) = —(R + w(t)N)i(t) - Li(t) (A.22)
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If the inverse of the inductance matrix exists, it can be assumed that
i(t) = —LH (R4 w(t)N)i — L™ o(t) (A.23)

This equation has the desired state-space form.

From equation (A.2) the flux linkage can be expressed in terms of current

/\d(t) = Ldid(t) + kMFZF(t) + kMDiD(t), /\q(t) = Lqiq(t) + kMQiQ(t)
(A.24)

Thus the electrical torque equation can be written as
24(1 1

Te(t): Ldiq(t) kMFiq(t) kMDiq(t) —Lqid(t) —kMQid(t)] iD(t
t

VQ([

(
ir(t
(

(A.25)

lq

)
)
)
)
)

By substituting equation (A.25) into equation (A.T), the swing equation may be

written as

_Talt)

 Luiglt) _ EMpig(t) _ kMpigt) _ Leia(t) _kMgia) _ D
2H 2H

(
2H 2H 2H 2H . ( (A'26)

Define K = /3Ve and y(t) = §(t) — o and let

R=r+R., Ly=1Ls+ L., Ly=1L,+ L. (A.27)
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Incorporating the above equations into equation (A.22), the current model is shown

in the following state-space equation:

ra(t)
ir(t)
ip(t) ~ LR+ w()N) 0
(1) | =
19(1)
I R U TR
Sy | o 0 0 0 0 1 0
' | [~ sin((2))
—vr ()
L 0 : 0
+ K cos(y(t)) | (A.28)
0
10 it
0 01| -1

The system described by the above equation is in the state-space form of z = Az+Bu
where u contains the system driving functions vg(t) and 7,,(¢). The state z* equal
to [2a(t) 17 () 1p(2) 14(¢) ig(¢) w(t) 6(t)]. The loading effect of the transmission line
1s incorporated in the matrix 132, j/, and N. The infinite bus voltage V., appears in

the term K sin(7y(t)) and K cos(7(t)).

Similar procedure can be adopted to derive the flux linkage model [Anderson,

1977].
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A.2 Linearisation of the Non-linear Power Sys-

tem Model

In this section the non-linear current power system model derived in Section A.1 is

linearised.

For the power system described previously, the non-linearities are mainly char-

acterised by the product non-linearities and the trigonometric non-linearities.

Most methods for the design of power system controllers in the literature are
based on linearised models of power systems. Linearisation of the non-linear power
system about a steady-state operating point provides information on the small-
perturbation dynamic behaviour of the system at the specified operating point.
When a power system is subject to a small perturbation, it tends to acquire a new
operating state. During the transition between the initial state and the new state
the system behaviour is oscillatory. If the two states are such that all the state
variables change slightly, the system is operating near the initial state. The initial
operating coundition may be considered as a quiescent operating condition for the
system. The linear equations thus derived are assumed to be valid in a region near

the quiescent condition.

A.2.1 Linearisation of the Generator State-Space Current

Model

Let the state-space vector z have an initial state z¢ at time ¢ = 5. At the occurrence

of a small disturbance, the state will change slightly from their previous values

T =0+ A (A29)

The state-space model is in the form

z = Az + Bu (A.30)
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by substituting equation (A.29) into equation (A.30)
.’1.,'0 + ;&A = A(-'L'O)(-'L'O + -'L'A) + B(-'L'O)U = A(.’L'()).’L'O + A(.’L'()).’L'A + B(.’L'U)U (A31)
since £ = A(zo)zo, the linearised state-space equation can be obtained as

za = A(zo)za + B(zo)u (A.32)

The linearised system equation for a synchronous machine (not including the

load equation) can be expressed as in equation (A.33):

- vaa(t) _ o 0 0 wolLg wokMg  Ago
—vpal(t) 0 TE 0 0 0 0
0 0 0 D 0 0 0
vaa(t) | =—| —woly —wokMp —wokMp r 0 —Aapo
0 0 0 0 0 ro 0
Tpa(t) Mo — Laigo —kMpin —kMpigo —Aao+ Lyiso kMgis —D
0 0 0 0 0 0 —1

@] [ Lo kMe kMp 0 0 0 0] [iaa®]
ira(t) kMg Ly Mg 0 0 0 0| |2palt)
ipa(t) kMp Mgp Lp 0 0 0 0| |2pa(?)
iga(t){— | 0 0 0 Ly kMg 0 0| |za(t)]| (A33)
1galt) 0 0 0 kMg Lg 0 0| |iga(t)
wa(t) 0 0 0 0 0 —2H 0| |wa(?)
6ty L0 0 0 0 0 0 1f|éal)]

A.2.2 Linearisation of the Load Equation for the Single-

machine Infinite Bus Power System

Equation (A.16) is repeated here for convenience:

o O O o o o O
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vg(t) = =K sin(6(t) — @) + Reia(t) + Leta(t) + w(t) Leig(t),

0y(t) = K cos(8(t) — &) + Reig(t) + Laiy(t) —w(t)Laialt)  (A34)

where K = /3V,, and « is the angle of V..

The linearised load equation is expressed as

UdA(t) = —KCOS((SO — CY)(SA(t) -+ ReidA(t) + wOLeiqA(t) + quLewA(t) + LeirZA(t)7

’UqA(t) = —K sin(50 — CY)(SA(t) + ReiqA(t) + Le%qA(t) — WOLeidA(t) - ’L'do(t)L,zwA(t)
(A.35)

By substituting and rearranging, the linearised system equation can be ob-

tained as:
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SR
—vra(t)
0
0 -
0
Trma(t)
R 0 |
R 0 0 woly  wokMy Ao K cos(bo — @)
0 TE 0 0 0 0 0
0 0 D 0 0 0 0
—| —wol, —wokMp —wokMp R 0 —dw —Ksin(s - a)
0 0 0 0 ro 0 0o
Mo — Latyo —kMpige —kMpig —Xio + Lyiae kMgige —D 0
0 0 0 0 0 -1 0 |
()] [ Le kMp kMo 0 0 0 0] [iea(t)]
ira(t) kMp Ly Mr 0 0 0 0| |ira(t)
ipa(t) kMp Mg Lp 0 0 0 0] |ipa(t)
()| — | 0 0 0 L, kMg 0 0| |ea(t)| (A.36)
iga(t) 0 0 0 kMg Lo 0 0| |iga(t)
wa(t) 0 0 0 0 0 —2H 0| |wa(t)
&) [0 0 0 0 0 0 1]|éalt)

Note that the only driving functions in the system equation (A.36) are the field

voltage vpa(t) and the mechanical torque Tp,a(2).

A.3 Simplified Linear Model

A simplified linear model for a synchronous machine connected to an infinite bus
through a transmission line having resistance R, and inductance L. (or a reactance

X.) can be developed [Hefron, 1952], [DeMello, 1969]. Let the following assurnptions
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be made:

1. Amortisseur effects are neglected;
2. Stator winding resistance is neglected;

3. The Ay and /.\q terms in the stator and load voltage equations are neglected

compared to the speed voltage terms wh, and why;

4. The terms wX in the stator and load voltage equations are assumed to be
approzimately equal to wrA;

5. Balanced conditions are assumed and saturation effects are neglected.

Based on the above assumptions, the simplified linear model can be achieved

by using a number of steps which are described below.
Step 1: The F' equation
The field equation are given by
vp(t) = rpip(t) + Ar(t),  Ap(t) = Lpip(t) + kMpig(t) (A.37)
Eliminating ¢z ()

op(t) = 7= (A1) = kMria(t)) + Ae() (A.38)

Let e (1) = \/?:E;(t) be the stator £ M F proportional to the main winding flux
linkage the stator; i.e., \/?:E;(t) = wrkMpAp(t)/Lr. Also let Epp(t) be the stator
EMEF that is produced by the field current and corresponds to the field voltage

vp(t); ie.,

\/gEFD(t) = kaMF’UF(t)/T‘F (A39)

Using the above definition and the definition of 7J,, equation (A.38) can be

expressed in the s domain

Erp = (14 1) B — (4 ~ 2214 (A40)
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where I; = i,//3.

Using the above definition for E/, the second equation in (A.37) can be ar-

ranged as follows
E(t) = wrkMpip(t)/V3 + (24 — o) 14(t) = E(t) + (zg —2)1a(t) (A.41)

From the voltage equation and the assumptions made in the simplified model, volt-

age vg and v, for infinite bus loading can be computed

va(t) = —wrLytq(t) = 3V, sin(6(t) — @) + Retq(t) + wrLety(t)

vo(t) = wpLaia(t) + wrkMpip(t) = V3V cos(8(t) — ) + Reig(t) — wrLeig(?)
(A.42)

Linearising equation (A.42),

0= —ReiqA(t) -+ (:L‘d -+ Xe)idA(t) + kaMFiFA(t) + [K sin(50 — a)]éA(t)
0= —Reiga(t) — (x4 + Xe)iga(t) + [K cos(bo — a)]éa(t) (A.43)

where K = 1/3V,, and V., is the infinite bus voltage to neutral.

Rearranging equation (A.41) and equation (A.43),

— (2 + X ) Lia(t) + Relya(t) = ElA(t) + [Veo sin(o — @)]6a(t)
R.Iga(t) + (24 + X ) I a(t) = [Veo cos(bo — @)]6a(t) (A.44)

Solving equation (A.44) for I;a(t) and I,a(t)

1
w0 _ g,
]qA(t)_
__(:vq + X.) Re.cos(8p— ) — (z,+ Xe)sin(bo — )| | Eja(t) (A.45)
I R, (2}, + X.) cos(6p — @) + Re sin(dp — a)| |Veobalt) .




Appendix A. Mathematical Model of the Synchronous Machine 197

where

1

K= —
R+ (2, + X.)(eh + X.)

(A.46)

Substituting I into an incremental version of equation (A.40) to compute
Epp = (1/K3 + 7508) Ejp + K4 (A.4T)

where K3 and K, are defined as follows:

1

B = T Ko — ) (e + %)

(A.48)

Ky = Vo Ki(za — 23)[(z4 + Xe)sin (do — a) — Re cos (8 — ] (A.49)

where K3 is an impedance factor that takes into account the loading effect of the
external impedance. K, is related to the demagnetizing effect of a change in the
rotor angle; 1.e.,

1 E,

_q'Eppzconstant (A50)

Ky = —
£ K3 6

From equations (A.47), (A.48) and (A.49), the following s domain relation can
be derived

K3 K3K4

E,.=—"2 Erpp———a—
aa FDA T L Karhys

5 A.51
1+ Karlys a (A-51)
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Step 2: Electrical torque equation

The pu electrical torque T.(t) is numerically equal to the three-phase power.

Therefore,

T.(t) = %(vd(t)id(t) T oy (8)iy(8) (A52)

Under the assumptions used in this model

Vi(t) = —z,0,(t), Vi(t) = z4la(t) + wrkMpip(t)/V3 (A.53)

Using equation (A.41) in the second equation of equation (A.42),

Vd(t) = —xq[q(t)> Vq(t) = x:i[d(t) + E;(t) (A-54)

From equation (A.54) and equation (A.52)
Teo(t) = [E(t) — (zq — 4) [a(1)]1(?) (A.55)
Linearising equation (A.55)

Tea(t) = [r.fOE:;A (1) + [Eéo — (2g = zg)Lao)lqa(t) — (zq — ) lp0lan(t)

= IoEga(t) + Eqaola(t) = (24 — zg)lgolan(t) (A.56)

where E,,(t) = E(t) 4 (24 — z4)14(t) with E taken from equation (A.41) to write

the initial condition

Euo = Eo + (24 — 24) a0
= Ego — (24 — o) lao + (24 — 7¢) a0
= Eéo — (24 — $:i)]do

(A.57)
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The incremental torque can be computed by substituting equation (A.45) and

equation (A.46) into equation (A.56)

Tea(t) = K1Voo{Egao[Resin(6g — a) + (2}, + X.) cos(6o — )] +
Lio(zg — ) [(zy + Xe) sin(bo — @) — R, cos(6p — )]}oa(t) +
Ki{lo[R> + (2 + Xe)’] + EgaoRe }EpA(t) = K164 (1) + K2 Ea () (A.58)

Where K is the change in electrical torque for a small change in rotor angle

at constant d-axis flux linkage.

— TeA(t)| ,
1 — 6A(t) Eq:qu

= KVoo{EpolResin (6o — ) + (2 + X¢) cos (89 — a)] +

(140/V3)(zq — z)[(24 + X.)sin (8 — @) — Recos (8o — )]} (A.59)

K, is the change in electrical torque for a small change in d-axis flux linkage

at constant rotor angle.

TeA(t)

—,—(5|5=50 = Ki{ReEqw + (iq0/V3)[Re* + (2 + X)!]}  (A.60)

K, =

Step 3: Terminal voltage equation

The synchronous machine terminal voltage V;(t) is given by equation (A.17).

This equation is linearised to obtain

Via(t) = (Vao/Vio) Vaa () + (Vao/Vio) Vaa (1) (A.61)
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Substituting equation (A.54) in equation (A.61),

Via(t) = =(Vao/Vio)zeLea(t) + (Voo / Vio) (€lua(t) + ELA(2)) (A.62)

Substituting for I;a(t) and I3a(t) from equation (A.45),

Via(t) = {{ K1VooxyVoo/ Vio)[Re cos(6 — ) — (z4 + X.)sin(6p — )]
~ (K 1VeoqVao [ Vio) (2} + X.) cos(6o — @) + R, sin(6y — a)]}éalt)
+{(Voo/Vao)[1 — K1ziy(zq + Xe)] = (Vao/Vio) K1z Re } El A (1)

= Ks6a(t) + KeElp(t) (A.63)

K5 is the change in the terminal voltage V() for a small change in rotor angle

at constant d-axis flux linkage.

_ V(1)
NG

(K Vo vao(V3Vio)[(z) + X.) cos (8 — @) — Resin (6 — a)]}  (A.64)

|By=k1, = {(K1Veo 040/ V3Vig)[Re cos (6 — a)—(z,+X.) sin (dp — a)]

K is the change in the terminal voltage V;(t) for a small change in the d-axis

flux linkage at constant rotor angle.

_ V() |55, =
B (t) 7

{(Klvoog’ilvw/\/?_’vto){(040/\/5‘/710)[1 — K Xg(Xq + Xe)] - (UdO/\/gV;fO)K.[XqRe}
(A.65)

6

This model is a substantial improvement over the classical model since it ac-
counts for the demagnetizing effects of the armature reaction through the change in

Equ(t) due to change in é,(t).
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Introduction to Fuzzy Set Theory

B.1 Fuzzy Sets and Terminology

A fuzzy set is an extension of a crisp set. Fuzzy sets allow partial membership. An

element may partially belong to a set.

In a crisp set membership of an element « in a set F' is described by a charac-

teristic function pr(u), where

1 fzeF
pr(u) = (B.1)
0 ifzg¢ F

Let U be a collection of objects whose generic elements are denoted by u, which

could be discrete or continuous, U is called the Universe of Discourse.
Fuzzy Set

A fuzzy set F' in a universe of discourse U is characterised by a membership
function pp which takes values in the interval [0,1] namely, ur : U — [0,1]. A
fuzzy set may be viewed as a generalisation of the concept of an ordinary crisp set
whose membership function takes only two values {0,1}. Thus a fuzzy set [" in U

may be represented as a set of ordered pairs of a generic element u and its grade of

201
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membership function pup(u):
F={(u,pp(u) | ue U} (B.2)
When U is continuous, a fuzzy set F' can be written concisely as
P = [ pr(uyfu (B.3)
When U is discrete, a fuzzy set F' can be represented as
F= zn:#F(Ui)/ui (B.4)

=1

It should be noted that the positive (+) sign in the summation in equation (B.4)

denotes the nnion rather than the arithmetic sum.
Support, Crossover Point and Fuzzy Singleton:

The support of a fuzzy set F' is the crisp set of all points w in U such that
pr{u) > 0. In particular, the element u in U at which pp = 0.5, is called the
crossover point and a fuzzy set whose support is a single point in U with pup = 1.0

1s referred to as fuzzy singleton.
a-cut of a Fuzzy Set F:

To exhibit an element u € U that typically belongs to a fuzzy set F, it may be
demanded that its membership value to be greater than some threshold « € [0, 1].

The ordinary set of such elements is the a-cut F, of F,

Fo ={u €U, pp(u) > a} (B.5)

One also define the strong a-cut as:

Fs={uelUur(u) > a} (B.6)
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Height of a Fuzzy Set:

By a height of a fuzzy set, height(F), it means a supremum of its membership

function

height(F) = sup pp(u) (B.7)
uwel

If herght(F) =1, the set F is called a normalised fuzzy set.
Fuzzy Number:

A fuzzy number F' in a continuous universe U is a fuzzy set F' in U which is

normal and convex, i.e.,

maz pr(u) =1 (normal)

pr(Auy + (1 = MNug) > min(pp(u), pr(uz)), ui,us € U A €[0,1] (conve)h\:}s)

B.2 Fuzzy Set Theoretical Operations

Let A and B be two fuzzy sets in U with membership functions p4 and up, respec-
tively. The membership function is the crucial components of a fuzzy set. Therefore,
the set theoretical operations of union, intersection and complement, etc., for fuzzy

sets are defined via their membership functions.

e Union (OR):

The membership function p,p of the union AU B is pointwise defined for all

u € U by
pavs(u) = maz{ps(u), pp(u)} (B.9)

e Intersection (AND):

The membership function psnp of the intersection AN B is pointwise defined

for all w € U by
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pans(u) = min{pa(u), pp(u)} (B.10)

¢ Complement (NOT):

The membership function 4 of the complement of a fuzzy set A is pointwise

defined for all w € U by

pa(u) = 1 = pa(u) (B.11)

e Cartesian Product:

If Ay,---, A, are fuzzy sets in Uy, - - -, U,, respectively, the Cartesian product
of Ay,---,A, is a fuzzy set in the product space U; x --- x U, with the

membership function

KA, X"-XAn(ulau% e ’un) = min{/"Al(ul)a U )/‘LAn(un)} (B12)
or
KA, X-"XA-,;(UI)UQ) e )u'n.) = A, (ul) T KA, (Uz) T /‘LAn(un) (B13)

¢ Triangular Norms or T-norms:

The triangular norm or t-norm * is a two-place function [0, 1] x [0,1] to [0, 1],
i.e., x: [0,1] x [0,1] — [0,1] which includes intersection, algebraic product,
bounded product, and drastic product. The greatest triangular norm is the
intersection and the least one is the drastic product. The operations associated
with triangular norms are defined for all z,y € [0, 1] by:

intersection: sty=z Ny = min{z,y}

algebraic product: cty=z -y = zy

bounded product: sty=z Oy = maz{0,z +y — 1}
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drastic product:

z ify=1
sty=aNy=< y ifz=1 (B.14)
0 ifz,y<l1

Triangular norms are employed for defining conjunctions in approximate rea-

soning.

e Triangular Co-Norms or S-norms:

The triangular co-norm or s-norm + is a two-place function from [0, 1] x [0, 1]
to [0,1], i.e., +: [0,1] x [0,1] to [0, 1] which includes union, algebraic sum,
bounded sum, drastic sum and disjoint sum. The operations associated with

triangular co-norms are defined for all z,y € [0, 1] by:

union: zsy=z Uy = maz{z,y}
algebraic sum: rsy=z+y =z +y —zy
bounded sum: zsy=z @y = min{l,z + y}
z ify=0
drastic sum: zsy=cHy =< y ifz=0
1 ifz,y>0

disjoint sum:
zsy = x Ay = maz{min{z,1 —y},min{l —z,y}} (B.15)

The triangular norms are employed for defining conjunctions in approximate
reasoning, while the triangular co-norms serve the same role for disjunctions.
A fuzzy control rule, “if zis A and y is B”, is represented by a fuzzy implication
function and is denoted by A — B, where A and B are fuzzy sets in universes

U and V with membership functions x4 and pp, respectively.

e Fuzzy Conjunction:

The fuzzy conjunction is defined for all w € U and v € V by

A= B=AxB= [  uau)spn(o)/(u,0) (B.16)
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where * is an operator representing a triangular norm or t-norm.

e Fuzzy Disjunction:

The fuzzy disjunction is defined for all w € U and v € V by

A—-B=AxB= UXV;LA(u)—i—/LB(v)/(u,v) (B.17)

where + 1s an operator representing a triangular co-norm or s-norm.

B.3 Linguistic Variables and Linguistic Hedges

e Linguistic Variables

Fuzzy sets provide a systematic means for dealing with uncertain and imprecise
notions. Of particular significance in control systems is the use of linguistic
variables, which may be considered as a variable whose value is a fuzzy number

or as a variable whose values are defined in linguistic terms.

A linguistic variable is characterised by a quintuple (z,T(z),U, G, M) in which
z is the name of variable; T'(z) is the term set of z, that is, the set of names
of linguistic values of z with each value being a fuzzy number defined on U;
G is a syntactic rule for generating the names of values of 2; and M is a
semantic rule for associating with each value its meaning. For example, if

speed is interpreted as a linguistic variable, then its term set 7'(speed) could

be

T (speed)=slow, moderate, fast, very slow, more or less fast, - - -

where each term in 7T'(speed) is characterised by a fuzzy set in a universe of
discourse U=[0,100]. It might be interpreted “slow” as “a speed below about
40 kmph,” “moderate” as “a speed close to 55 kmph,” and “fast” as “a speed
above about 70 kmph.” These terms can be characterised as fuzzy sets with

their miembership functions.

e Linguistic Hedges
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A major reason behind using fuzzy logic in control engineering is the use of
qualitative linguistic expressions favoured by human experts and operators
such as very small and rather big. The purpose of the hedges such as very,
more or less etc. is to generate a larger set of values for a linguistic variable
from a small collection of primary terms through the processes of intensifier

or concentration, dilation and normalisation.

e Concentration (CON(F)):

The concentration operation concentrates fuzzy elements by reducing in higher
grades of the membership function more than that in lower grades membership
function. This operation and the following ones of dilation, intensification and
normalisation have no counterpart in ordinary set operations. A common

concentration operator 1s:
peon(ry(w) = (ur(u))’ (B.18)

The concentration operator can be used to roughly approximate the effect of

the linguistic modifier very. That is, for some fuzzy set F

Very F=F=CON(F) (B.19)

The result of applying the operator very on a fuzzy label big is a new fuzzy

label very big.

e Dilation (DIL(F)):

pprL(Fy(u) = (pr(u)™? (B.20)

The dilation operation dilates fuzzy elements by increasing the lower grades of
membership function more than that in higher grades of membership function.
It performs the inverse operation to concentration for these choices of powers

2 and 0.5. The dilation operator is roughly approximated by the linguistic
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modifier More or Less. Thus for any fuzzy set F

More or Less F=F = DIL(F) (B.21)

e Intensification (INT(F)):

2 pr(u))? for 0 < pp(u) 0.5
,UINT(F](U) = ) 5 ) (B.QQ)

1 —2(1 = pp(u))” for 0.5 < pp(u) <1
The INT operation is like the contrast intensification of a picture. 'The in-
tensification raises the membership function grade of those elements within
the crossover points and reduces the membership grade of those outside the

crossover points.

e Normalisation (NORM(F)):

pnorm(ry(u) = pr(u)/maz{up(u)} (B.23)

where the maz function returns the maximum membership function for all
elements u. If the membership function is < 1, then all membership func-
tions will be increased. If the maxz = 1, then the membership functions are

unchanged.

B.4 Fuzzy Inference and Composition

¢ Fuzzy Relation:

In control systems, relationships are defined between systems inputs and out-
puts. In fuzzy systems, these relationships or mappings are between fuzzy vari-
ables defined on different universe of discourse through the fuzzy conditional
statement or linguistic implication which links the conditional or antecedent
set with the consequent or output set. An n-ary fuzzy relation R is a fuzzy

set in U/} X --- x U, and is expressed as
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Rle"‘XUn = {((ul? ?un)?/“LR(ula"' )un)) | (ula'” 7un) S Ul X X [/'n.}
(B.24)

A broad class of models for logical connectives (union and intersection) is
formed by triangular norms.

e Fuzzy Relation Projection

Given a fuzzy set A € U,B € V, and a fuzzy relation R defined by A — B,
with associated membership function ug(u,v); then A is A", where A% is the

projection of the binary relation R on the domain of A defined by:

par(u) = sup pr(u,v), wuelveV (B.25)
veV

e Fuzzy Composition

To adequately represent any dynamic process or to provide control, several
rules in the form of conditional statements or production rules are required.
It is impractical to have a rule for every possible situation, therefore use is
made of the compositional rule of inference which allows rules to be used in
situations not normally covered. This important rule may be viewed as a

combination of the fuzzy conjunctive and projection rules.

¢ Max-Min Composition:

If R and S are fuzzy relations in U xV and V x W, respectively, the composition

of R and S is a fuzzy relation denoted by R o .S and is defined by

RoS = {[(u,w), V(r(u,v) A ps(v,w))],u € Ujv € V,w e W} (B.26)

where V and A denote max and min respectively.

e Sup-Star Composition:
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If R and S are fuzzy relations in U xV and V x W | respectively, the composition

of R and S is a fuzzy relation denoted by R o S and is defined by

RoS = {[(u,w), sup(pr(u,v) * ps(v,w))],u € U,v € V,w € W} (B.27)

where * could be any operator in the class of triangular norms, namely, mini-
mum, algebraic product, bounded product, or drastic product. In addition to
these basic operations, there are other operations that are used in the repre-

sentation of linguistic hedges.

e Fuzzy Implication—Representing the Meaning of If-then Rules:

In general, a fuzzy control rule is a fuzzy relation which is expressed as a fuzzy
implication. Fuzzy implication may be defined in many ways and it may be
expressed as a fuzzy implication function. There are nearly 40 distinct fuzzy
implication functions described in the literature. In general, they can be clas-
sified into three main categories: the fuzzy conjunction, the fuzzy disjunction
and the fuzzy implication. The former two which were described previously
bear a close relationship to a fuzzy Cartesian product. In fuzzy logic and ap-
proximate reasoning, there are five families of fuzzy implication functions in

use. These implication functions can be shown as follows:

1. Material implication: A — B = (not A)+B

2. Propositional calculus: A — B = (not A)+(A x B)

3. Extended propositional calculus: A — B = (not A x not B)+B

4. Generalisation of modus ponens: A — B = sup{c € [0,1], A* ¢ < B}

5. Generalisation of modus tollens: A — B =inf{t € [0,1], B+t < A}
Based on these definitions, many fuzzy implication functions may be generated
by utilising the triangular norms and co-norms.

Mamdani’s mini-operation rule of fuzzy implication:

Rn=AXB= UXV,uA(u) A pp(v)/(u,v). (B.28)
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Larsen's algebraic product operation rule of fuzzy implication:

Ri=AxB= UXV,uA(u),uB(v)/(u,v). (B.29)

Selecting the s-bounded sum operator (see s-norm definition) in the material

implication rule leads to Zadeh’s arithmetic rule of fuzzy implication:

Ry, = (not Ax V)@ (U x B) = /va 1A (1= pa) + ps(0))/(u,0)
(B.30)

Also if the union operator is used in the material implication rule, the Boolean

fuzzy implication follows:

Rp=(not AxV)UU x B)= [ (1= ua(w)V (4a(v)/(u,0)
(B.31)

The fuzzy propositional implication, utilising the intersection and union oper-

ators leads to Zadeh’s maz-min rule of implication:

Rz, =(AXB)U(not Ax V)= [ (ua(u) A pp(0))V (1 = pa(w))/(u,0)
(B.32)

The generalisation of modus ponens (GMP) with bounded product leads to

the standard sequence fuzzy implication:

Ri=AxV -UxB= UXV(,uA(u) > pup(v))/(u,v) (B.33)

where

L if pa(u) < pp(v)
alt) = e (v) 0 if pa(u) > pp(v)
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If instead, the algebraic product is used for GMP, Goguen’s fuzzy implication

follows:
Re=AxV -UxB= . V(pA(u) > pp(v))/(u,v) (B.35)
where
L if pa(w) < pa(v)
pa(u) > pp(v) = p5(s) (B.36)

pa(v) if ,UA(U) > ,UB(U)

B.5 Fuzzy Logic and Approximate Reasoning

Approximate reasoning is the best-known form of fuzzy logic and covers a variety of
inference rules whose premises contain fuzzy propositions. Inference in approximate
reasoning is in sharp contrast to inference in classical logic-in the former the con-
sequence of a given set of fuzzy propositions depends on the meaning attached to
these fuzzy propositions. Thus, inference in approximate reasoning is computation
with fuzzy sets that represent the meaning of a certain set of fuzzy propositions. For
example, given the membership functions of y4 and pg, representing the meaning
of a fuzzy proposition “X is A” and the meaning of a fuzzy conditional “if X is A
then Y is B,” the membership function representing the meaning of the conclusion

“Y is B” can be computed.

o Inference Rules

In approximate reasoning, two inference rules are of major importance, i.e.,
the compositional rule of inference and the generalised modus ponens. The first
rule uses a fuzzy relation to represent explicitly the connection between two
fuzzy propositions, the second uses an tf-then rule that implicitly represents
a fuzzy relation. The generalised modus ponens has the symbolic inference

scheme

S1is @1,
if 51 is P; then Sy is P,
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& 53 is Q;

where 57 and S; are symbolic names for objects, and P, P;, @; and @, are

objects properties.

The compositional rule of inference can be considered to be a special case of

the generalised modus ponens. Its general symbolic form is

Sl 1s Ql)
Sl R 527
& 52 is (o

where 51 R S; reads as “S; is in relation R to S;” and its meaning is rep-
resented as a fuzzy relation ug. Hence, instead of the if-then rule, there is a

fuzzy relation R.

Sup-Star Compositional Rule of Inference:

If R is a fuzzy relation in U x V, and z is a fuzzy set in U, then the sup-star
compositional rule of inference asserts that the fuzzy set y in V induced by «

is given by

y=zo0R (B.37)

where 1 0 R is the sup-star composition of £ and R. If the star represents the

minimum operator, then this definition reduces to Zadeh’s compositional rule

of inference [Zadeh, 1973].
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The Whole Overlap Ratio (WOR)

C.1 The WOR for Linear Membership Functions

The proposed index of the Whole Overlap Ratio:

_ JZ MIN (pa(2), pa(z))dz

WOR = & M AX (1 (2), pa(2) )z

(C.1)

The expression for two adjacent linear membership functions u;(z) and po(z)

are:

r —m

p(e) =1 —abs(——) (C.2)
T —m
pa() = 1 — abs(— 2) (C.3)
This can be shown in Figure (C.1).
The maximum height h of the intersection area is:
Tt (my + §) me —m

h— 2 2 — 1 2 ! 0.4
) ! 26 (©4)
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o
[
Ot

Figure C.1: Two adjacent linear membership functions

For the intersection area:

|7 MIN (@), pa(a))de

:%th(ml—}—mg—}—,?(s)

1 mg — My
—ox (12T
3 < 26

PR L i)

25)

)(ma — mo + 26)

2

For the whole area:

/Z MAX (p1(2), pa(z))dz

1 1 o
=g X 26 x 1+ g % 26 x 1 ——/ min(pi(z), po(r))dz

mq — 1Ny 2

25)

2

=20—6x(1-

mqo — My

=82 (1= ")
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The WOR for the two adjacent linear membership functions can be derived as:

_ JZo MIN(pa (), pa(2))de
JZo MAX (1 (), p2(z))dz

_ 6X(1_m25m)

IREEEE)
1

2
T mo—mi 2 ]-
(1— 225m1)

WOR

(C.7)
C.2 The WOR for Quadratic Membership Func-

tions

The expression for two adjacent quadratic membership functions p1(z) and py(z)

are:

() =1 - (=) (C.8)

pa(z) =1—( 5 ) (C.9)

This can be shown in Figure (C.2).
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() pa(z)

mi1-6 mi  (mi+m2)2 m2  m2+b I

() ua()

1
! |
! t
1 |
[ |
[ '
! 1
[ [
! |
' !
! [

(M1+m2)2 m2 m1+6 mz#o 1

Figure C.2: Two adjacent quadratic membership funciions

For the intersection area:

| MIN(pm(), pa(z))dz

m]+m2 2

2 T —1m2
= 1 — d
2></m2_5< (F=72) Ve

m1_6m2
=2 X / (1 —y*)édy

-1
— 2% 6 Moyt me—m 2
=2x 8 x (g x (% 26 3

C.10)

NN}
—

~1
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For the whole area:

/Z MAX (p1(z), pa(z))dx

mo+6 T — My
:2xﬂqmﬂ—( ) )d

1
=2></ 1 —y2)éd
m;m( y*)ody
my — 1My

:2x5x(1—%x(

(C.11)

The WOR for the two adjacent quadratic membership functions can be derived

as:

JSo MIN (u1(z), po(z))dz
dx

WOR = ==
[ MAX (p1(2), pa(2))
B 2><5><(%><(m2;5ml)3—m2‘m1+)
_2><6><(—lx(ml—’—”—l)+ - 1)
_ (x(mmy- J-;gmw
(EEPIC=y
B %_mzé—am] +%(m22—6m] )3
- mo —Im maoy—1m 3
%_*_JTL_%(_ZTL)

(C.12)
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C.3 The WOR for Gaussian Membership Func-

tions

The expression for two adjacent Gaussian (exponential) membership functions p;(z)

and po(z) are:

pi(z) = e '3 (C.13)
pa(z) = &) (C.14)
This can be shown in Figure (C.3).
pi(x) f2(z)
5 -z
M1 (mi+m2)2 M2
pa(z) pa(z)
mi1 (mi1+m2)2 M2 T
Figure C.3: Two adjacent exponential membership functions
z t—m2 2
M(:z:):/ e~ (%) dt:éﬁF(%(I—m)) (C.15)
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For the intersection area:

/o:o MIN(p(2), po(z))de

m1+mo
2

t—

e gnz)zdt

=2 %

zgle(w)
:2xgxﬁp(?xm;;ﬂ)
:2><6><\/EF(\/§xml—2_6nl3)

(C.16)
For the whole area:

/0; MAX (p1(z), po(z))de

mi+my 2
2 t—my

e (75 dt

=2 X

— 00

:2x6x\/7_rF(\/§x$)

(C.17)

The WOR for the two adjacent Gaussian membership functions can be derived

as:
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WOR = JZo MIN(p(z), pa(z))dz

[2 MAX (1(2), pa(z))dz
_ F(\/§ X Mﬂz)

26
F(V/2 x mazma)
o 1—-F(\/§xﬂ%ﬂl)
F(V2 xmiges)

1

T R(VEx )

-1

(C.18)
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Mathematical Model for

Multi-machine Power System

D.1 Statement of the Problem

The equations will be developed here is in the case where the loads are to be repre-
sented by constant impedances. The objective is to give a mathematical description

of the multi-machine system with the load constraints included [Anderson, [977].

For multi-machine system, each machine is described mathematically by a set

of equations of the form
= f(z,v,Tm,t) (D.1)

where z is a vector of state variables, v is a vector of voltages, and T, is the
mechanical torque. The dimension of the vector  depends on the model used. The
order of z ranges from seventh order for the full model to second order for the

classical moclel where only w and § are retained as the state variables.

For machine i the phasors V; and I; can be defined as

Vi = ti +dei L = ]qi +j]di (D2)
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where
Vi 205/V3  VaSwa/V3 ;203 1203 (D3)

and where the axis ¢; is taken as the phasor reference in each case. Then the complex

vectors V and I can be defined by

Va +7Va Vi Ipn+71n I
72 Vo +7Va2 _ Vs 7o Tyo+ 71 _ I (D.4)
_‘/qn +den_ Vn _an +j1dn_ I_n

The voltage V; and the current I; are reffered to the g and d axes of machine :. In
other words the different voltages and currents are expressed in terms of different
reference frames. At steady state these currents and voltages can be represented
by phasors to a common reference frame. To distinguish these phasors defined by
(D.2), the symbols I, and Vi, s = 1,2+ ,n will be used to designate the use of

common frame of reference.

Similarly, the matrices I; and V; can be formed. From the network steady state

equation
=YV (D.5)
where
7] [V ]
= Iy v E V. (D.6)
| I, | [V, |

and Y is the short circuit admittance matrix of the network.
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D.2 Conversion to a Common Reference Frame

To obtain general network relationships, it is desirable to express the various branch
quantities to the same reference. Let us assume that we want to convert the phasor
V; = Vi + jVi to the common reference frame (moving at synchronous speed). Let

the same voltage, expressed in the new notation, be Vi = Voi + 7Vp, as shown in

Figure (D.1)

1;13 REF
di
Vpi = A
D1 = Vi=V;
R\ ai
f/—/ \\
- "/
e Vi
Vaik
63

77777777 LREF
Voi

Figure I).1: Two frames of reference for phasor quantities for a voltage V;

From Figure (D.1) it can be seen that

Voi + 3Vpi = (Viicosd; — Vygsind;) + 7(Vyisind; + Vaicosd;)

or Vl — V.el¥ (D.7)

Convert network branch voltage drop equation to the system reference frame by

using (D.7)

Vke—jéi = Z—klke_jéi

or Vi = Zi 1, k=1,2,---,0 (D.3)
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Where b is the number of the network branches and impedance matrix Z; is calcu-

lated based on rated angular speed.

Equation (D.8) can be expressed in matrix form
Vb = 50 (D.9)

Where the subscript b is used to indicate a branch matrix. The inverse of the

primitive branch matrix Z, exists and is denoted by Y}, thus
Iy =3V (D.10)

Equation (D.10) is expressed in terms of the primitive admittance matrix of a passive
network. From network theory the node incidence matrix A can be constructed

which is used to convert (D.10) into a nodal admittance equation

[ =(A'pA)V 2TV (D.11)
Where Y is the matrix of short circuit driving point and transfer admittances and
A = [ay,] =1 if current in branch p leaves node q

A = [apg] = -1 if current in branch p enters node q

A = [ap,] = 0 if branch p is not connected to node g

with p=1,2,--- ;band ¢ =1,2,--- ,n.

Since Y ' = Z exists,

A

V=Y1=2I (D.12)

Where Z is the matrix of the open circuit driving point and transfer impedances of

the network.
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D.3 Conversion of Machine Coordinates to Sys-

tem Reference

Consider a voltage vqpc; at node ¢. The Park’s transformation can be applied to this
voltage to obtain vg,. From (D.2) this voltage can be expressed in phasor notation
as V;, using the rotor of machine i as reference. It can also be expressed to the
system reference as Vi, using the transformation of equation (D.7). Equation (D.7)

can be generalised to include all the nodes. Let

et 0 ... 0 (Vo1 + 3V | Vo4 Vi)
T 0 &% ... 0 v Va2 + Vb2 v Vo2 + 3 Var (D.13)
0 0 .- e Van +3Von) Vin + 7V |
Then
V=TV (D.14)

Thus T is a transformation that transforms the d and ¢ quantities of all machines
to the system frame, which is a common frame moving at synchronous speed. The

transformation T is orthogonal, i.e.,

T-'=T" (D.15)
Therefore, from equation (D.14) and equation (D.15)

V=TxV (D.16)
Similarly for the node currents we get

I=TI I=TxI (D.17)
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The relation between machine currents and voltages is:
TI=YTV
Premultiplying equation (D.18) by 7!
[=T7YTV = 1V
Where

M2 (T-'YT)

and if M~! exists,
V=(r'v1)'I={T"ZT)]
For a three-machine system, the matrix Y of the network is of the form

Yllej@u )/1281912 Ylsej@]a
V — ] 1 6
Y = )/2161921 Y,,e%2  Y,5e7%20

)/316.7931 )/326.7932 )/336.7933

edfr 0 R 0 0
T=|0 &5 0 T'=1 0 e
0 0 elbs 0 0 e~ 163

Yy el (0uté) Yy, ei(r2+62) )/1361'(913+53ﬂ

YT = )/21ej(921+51) }/226j(922+52) }/QSej(923+53)

Ya1 ej(931 +61) Yao ej(932 +62) Ya3 ej(933+53)

(D.18)

(D.19)

(D.20)

(D.21)

(D.22)

(D.23)

(D.24)
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[ Vet Yete-te) Y. i)
TVYT L M = |Yyeilta=tn) Yl Y, cilb=bx) (D.25)
Va1 eI (031=631) Y326]'(t932—532) Y336j033

D.4 Linearised Model for the Network

From equation (D.14) V = TV, where T is defined by equation (D.23) and V and
V are defined by equations (D.4), (D.6) and also from (D.19) [ = MV, where M is
given by equation (D.20). Linearising equation (D.19)

iA:MOVA+MA‘—/() (D26)

Where M, is evaluated at the initial angles 80,4 = 1,2,--- ,n, and V; is the
initial value of the vector V. Let 6; = &;0 + 6;a. Then the matrix M becomes

Y]]ejt911 Y]26j(912—5120—512A) Ylsej(013_8130_813A)
M = Yo eJ(021—8210 6214 ) Y22ej922 Y236j(923—5230—523A) (DQ?)
Va1 eI (031=6310—6314) Vs, ¢ (0328320 —6324) Y;:,36j033

The general term n7,; of the matrix M is of the formY;;e?(%i—%0=8i:8) " thus

myj = Kjejw"f_aﬂ)e_j&im (D.28)

using the relation é;;4 = 1, s1né;;a = é;;a, the general term can be obtained:

i & Kjej(%—&m)(l — jbiin) (D.29)
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The general term in Mp is given by
Mija = —5Y;e/ 0705005, (D.30)
MaVo =

0 Yipel0r2=020)§,, 0 Yigel(ra=810)6150 | | Vi
—J |YoellP=bn0) gy 0 Yysed P =020) 6050 | | Vao| (D.31)

Yoy el (P=8s10) 551 5 Yaped(Frz=bam0lGyy 0 Vao

ey Yire? B0 Vg 61y

MaVo = —j | 3., Yare? 0220 Vo b (D.32)

3 (035 —6 7
D k=1 Vare?Oak=b3k0) V0 651 0

and the linearised equation (D.27) becomes

1 (6126 (6813 —6 7
LA Y, el Y12€J( 12~6120) Y13€J( 13—6130) Vio
— ] -6 6 1(023 —6 7

LAl = )/21(3](921 210) Y, ei022 Y23€J( 23—6230) Vao
. oi(0a1— (6326 0 7

Isa )/2316'7(031 6310) Y32€J( 32 —6320) Y33€J 33 Vao

Y Viged Ore=610) V061 a
~7J 22:1 YyrelOxb2:0) V0600 0 (D.33)

3 (O3 — 6250 ) 17
k=1 Yaped O =8sk0) Vo 64 o

Let T'= Ty + Ta to compute

Ta = §Toba §a 2 diag(81a, 620, 63n)

(D.34)
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MA == —j(TO_l(SA)_/TO - TO_IYT()(SA) (D35)

( )/116j911 )/lzej(912~5120) )/lsej(913—5130) 61A 0 0

TO“IYTO(SA = |Yy, ed(621=6210) Y22ej922 )/236j(923—5230) 0 &a O

Ys, ed(21—8310) )/3261'(932—5320) Y336j033 0 0 é3n
[ )/llejeu 61A )/126j(012_612°)51A )/lsej(els—élso]glA
TO_I(SAYTO = Y21€j(021—6210)52A Y22ej922 San )/236j(923~5230)52A
Yay (831 —52.10)53A Yaa ej(¢9e.2—f>\2.20)53A Y336j033 83
= 6aMy (D.37)
Ma = —j[6aMo — Moba) (D.38)

In = MoVa — j[6aMo — Moba]Vo (D.39)
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Lia
La| =
I3A
Yllej‘“ Yuej(‘n—hn) Ylsej(h:—éuo) _j‘_/;OYnei(‘n—Jno) __jf/sloywej(h;—hso) 0
Yﬂej(hx—hm) Ynejha Y2aej(9n—6no) leloYﬂej(hl '—6710) 0 _j‘—/sloyx,ej(ﬁn—éno)
Yme."(ou—’uo) Yszel'(on—hn) Ysse‘w‘“ 0 jf/lloyalej(‘u—hm) j‘_/2loys2ej(0n—6no)
-, -
Via
Vi
Vaa
V4
3A
(D.40)
612A
b13a
_623A_

D.5 Generator Equations

Generator 2 and 3 (two-axis model) (the subscript A is omitted, generator 1 has

been treated as infinite bus in this case)

P / . /
quEdi = —Ey — (@i — vy ) g

1

< !

/ !/ /
ToiLgi = —Erpi — Egi + (2ai — 24;)lai

. ! / / !
Ty = Tmi — Diw; — IdiOEdi - qu'OEqi - dioldi - E Iqi

g0

Si=w —wi, 1=23 (D.41)
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The Input FPL File and the
(Generated Rule Base

E.1 The Input FPL File

PROJECT FLC
VAR aSpeed
TYPE float
MIN -100
MAX 100
MEMBER NB
POINTS -100,1, -75, 1, -50,0
END
MEMBER NM
POINTS -75,0, -50, 1, -25, 0
END
MEMBER NS
POINTS -50,0, -25, 1, 0, 0
END
MEMBER Z
POINTS -25,0, 0, 1, 25, 0
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END
MEMBER PS
POINT'S 0,0, 25, 1, 50, 0
END
MEMBER PM
POINTS 25,0, 50, 1, 75, 0
END
MEMBER PB
POINTS 50,0, 75, 1, 100,1
END
END
END /* Speed definition +/
VAR bAcceleration
TYPE float
MIN -1500
MAX 1500
MEMBER NB
POINTS -1500,1, -1125, 1, -750,0
END
MEMBER NM
POINT'S -1125,0, -750, 1, -375, 0
END
MEMBER NS
POINTS -750,0, -375, 1,0, 0
END
MEMBER Z
POINTS -375,0, 0, 1, 375, 0
END
MEMBER PS
POINT'S 0,0, 375, 1, 750, 0
END
MEMBER PM
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POINTS 375,0, 750, 1, 1125, 0
END
MEMBER PB
POINTS 750,0, 1125, 1, 1500,1
END
END
END /* Acceleration definition */
VAR Control
TYPE float
MIN -800
MAX 800
MEMBER NB
POINTS -800,1, -600, 1, -400,0
END
MEMBER NM
POINTS -600,0, -400, 1, -200, 0
END
MEMBER NS
POINTS -400,0, -200, 1, 0, 0
END
MEMBER Z
POINTS -200,0, 0, 1, 200, 0
END
MEMBER PS
POINTS 0,0, 200, 1, 400, 0
END
MEMBER PM
POINTS 200,0, 400, 1, 600, 0
END
MEMBER PB
POINTS 400,0, 600, 1, 800,1
END
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END
END /% Control signal definition %/
FUZZY FLC-control
END /% Fuzzy rule base definition %/
CONNECT
FROM aSpeed
To FL(C-control
END
CONNECT
FROM bAcceleration
To FLC-control
END
CONNECT
FROM FLC-control
To Control
END
END /% of PROJECT FLC definition % /

E.2 The Generated Rule Base

RULE Rule0000
OPTIONS
ENABLE=“ON”
END
IF (aSpeed IS NB) AND (bAcceleration IS NS) THEN
Control=NB
END
RULE Rule0001
OPTIONS
ENABLE=“ON”

[\

T
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END
I (aSpeed IS NB) AND (bAcceleration IS Z) THEN
Control=NB
END
RULE Rule0002
OPTIONS
ENABLE=“ON”
END
IF' (aSpeed IS NM) AND (bAcceleration IS NS) THEN
Control=NM
END
RULE Rule0003
OPTIONS
ENABLE=“ON”
END
[F (aSpeed IS NM) AND (bAcceleration IS Z) THEN
Control=NM
END
RULE Rule0004
OPTIONS
ENABLE=“ON”
END
IF (aSpeed IS NM) AND (bAcceleration IS PS) THEN
Control=NS
END
RULE Rule0005
OPTIONS
ENABLE=“ON”
END
IF (aSpeed IS NS) AND (bAcceleration IS NM) THEN
Control=NB
END




Appendix E. The Input FPL File and the Generated Rule Base

RULE Rule0006

END

OPTIONS

ENABLE=“ON”

END

IF (aSpeed IS NS) AND (bAcceleration IS NS) THEN
Control=NM

RULE Rule0007

END

OPTIONS

ENABLE=“ON”

END

IF (aSpeed IS NS) AND (bAcceleration IS Z) THEN
Control=NS

RULE Rule0008

END

OPTIONS

ENABLE=“ON”

END

[F (aSpeed IS NS) AND (bAcceleration IS PS) THEN
Control=7

RULE Rule0009

END

OPTIONS

ENABLE=“ON”

END

IF (aSpeed IS NS) AND (bAcceleration IS PM) THEN
Control=PS

RULE Rule0010

OPTIONS
ENABLE=“ON”
END
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IF (aSpeed IS Z) AND (bAcceleration IS NM) THEN
Control=NM
END
RULE Rule0011
OPTIONS
ENABLE=“ON"
END
IF (aSpeed IS Z) AND (bAcceleration IS NS) THEN
Control=NM
END
RULE Rule0012
OPTIONS
ENABLE=“ON”
END
IF (aSpeed IS Z) AND (bAcceleration IS Z) THEN
Control=7
END
RULE Rule0013
OPTIONS
ENABLE=“ON”
END
IF (aSpeed IS Z) AND (bAcceleration IS PS) THEN
Control=PM
END
RULE Rule0014
OPTIONS
ENABLE=“ON”
END
IF (abSpeed IS Z) AND (bAcceleration IS PM) THEN
Control=PM
END
RULE Rule0015
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END

OPTIONS

ENABLE=“ON”

END

IF (aSpeed IS PS) AND (bAcceleration IS NM) THEN
Control=NS

RULE Rule0016

END

OPTIONS

ENABLE=“ON”

END

IF (aSpeed IS PS) AND (bAcceleration IS NS) THEN
Control=7

RULE Rule0017

END

OPTIONS

ENABLE=“ON"

END

IF (aSpeed IS PS) AND (bAcceleration IS Z) THEN
Control=PS

RULE Rule0018

END

OPTIONS

ENABLE=“ON”

END

IF (aSpeed IS PS) AND (bAcceleration IS PS) THEN
Control=PM

RULE Rule0019

OPTIONS

ENABLE=“ON"

END

IF (aSpeed IS PS) AND (bAcceleration IS PM) THEN
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Control=PB
END
RULE Rule0020
OPTIONS
ENABLE=“ON”
END
IF (aSpeed IS PM) AND (bAcceleration IS NS) THEN
Control=7
END
RULE Rule0021
OPTIONS
ENABLE=“ON”
END
IF (aSpeed IS PM) AND (bAcceleration IS Z) THEN
Control=PM
END
RULE Rule0022
OPTIONS
ENABLE=“ON”
END
IF (aSpeed IS PM) AND (bAcceleration IS PS) THEN
Control=PM
END
RULE Rule0023
OPTIONS
ENABLE=“ON”
END
IF (aSpeed IS PM) AND (bAcceleration IS PM) THEN
Control=PB
END
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Program response(Input,Output);

uses crt,dos,auxinout,dt2801,scrnplt5;

Const
dtconv=204.8;
number_points=800;
norm_color=red;
chan=0;
chanl=1;
chan2=2;
chan3=3;
chan4=4;
alt_color=cyan;
console : boolean = false;
print : boolean = true;
car_ret = AM;
NormalTimer=0; {Constants for interrupt}
OneMillisecond=1179;
TenMillisecond=11790;
Timerlnt=3$08;
type
line_string=string[70];
output_array=array[l..number _points] of real;
string19=string[19];
Var
{ Variables for main program }
| v_out:output_array;
control_array,power_array,speed_array:output_array;
angle_array,anglel _array,time_array:output_array;
inerror,outerror:array [1..2] of byte;

op-dev : text;
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repeatprocess,first_time,returnmenu,quit f :boolean;
voltage,current,voltagel,uk,uk_1,plant_output,control_output, uf,uf_1 :real;
plus,rnum,xmax,ymin,ymax,sample_time,timer,power facter :real;
plant_input,plant inputl,ref,error_signal,umax,umin,e_array_l,e_array : real;
angle,angle_0,angle_1,0p,op_1,ip,angle_old,angular_speed_1,angular speed :real;

pss,pss_1,pss_2,pss_3,speed,speed_1,a_speed,a_speed_l,a_speed 2,a_speed_3:real;

number_waits,wait,temp,index,IDX ,IDY da data,da_datal,i,ad_data,count :integer;

ad_datal,ad_data2,ad_datad :integer;

uk_2,uk_3,uk 4,uk_5,uk _6,uk_7,uk_8,uk 9,uk_10,uk_11,uk_12 :real;

eele2ededebebeleBe9ellell,e 12 angular speedl :real;
~ask,kb_char,reply :char;

Dr,Dk,Gk,Us,Pk,Usmax,acce,theta,x,y,power_voltage,power_current,power_angle :real-

op_6,0p.3, op-4,0p_3,0p-2,ip-6,ip_5,ip-4,1p-3,ip2,ip_1,: real;
uf_4,uf_3,uf_2: real;
plant_input4,plant_input3,plant_input2 :real;
anguspeed,anguspeed_1,anguspeed_2,anguspeed _3,anguspeed 4: real;
speed_4,speed_3,speed 2:real;
outf :text;
Clicks: Word; { For interrupt Procedure}
OldVector: Pointer;
key: Char;
{.PA}
[FRERRRR RO KProcedure for Interrupt SRR K )
Procedure TimerClick ;Interrupt;
Var
Regs: Registers;
Begin
Inc(Clicks);
port[$20]:=$20;
End;
Procedure SctTimerPeriod (N : Word);
Var
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A:Integer;
Begin
port[$13]:=$36;
Inc(A);
Port[$40]:=Lo (N);
Inc(A);
Port[$40]:=Hi (N);
End;
Procedure InitTimer;
Begin
GetInt:Vec(Timerlnt,Old Vector);
SetInt Vec(TimerInt,@TimerClick);
SetTimerPeriod (OneMilliSecond);
Clicks:=0;
End;
Procedure RestoreTimer;
Begin
SetTimerPeriod (NormalTimer);
SetInt Vec(Timerlnt,Oldvector);
End;
{ Frxrrrskiock Read Analog Voltage From Specified Channel st
Procedure ad_read;
var
ad_data,ad_datal,ad_data2,ad_data3,m,status,gain,dummy:integer;

ad_data4.chan,chanl,chan2,chan3,chan4: integer;

begin
chan:=:0;
chanl:=1;
chan2:=2;
chan3:=3;
chand:=4;

gain:=0;
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dummy:=0;
adstp;

rdadi(gain,chan,ad_data,status); {channel 0 terminal voltage}
rdadi(gain,chanl,ad_datal status); {channel 1 rotor angle}
rdadi(gain,chan2,ad_data2 status); {channel 2 voltage}
rdadi(gain,chan3,ad_data3,status); {channel 3 current}
rdadi(gain,chan4,ad_datad,status); {channel 4 power angle}
voltage:=ad_data/204.8; {convert digital voltage to analoge}
plant_output:=voltage/5; {convert to refence voltage, (400v:5v)}
ip:=ad_datal/204.8;
op:=1.62T%0p_1-1.89031%0p_2+1.07761*0p_3-0.46637*0p_4-+0.08469*0p_5
-0.0123%op_64-0.0550073*(ip+1.0491*ip_1+2.19433*ip_242.05156*ip..3
+2.19433*ip_4+1.0491*ip_54+1*ip_6);
op_6:=op_H;
op-9:=op-4;
op_4:=op_3; {use 6th order Chebyshev_I filter to filter from angle signal}

op-3:=0p-2;
op-2:=op_l;
op-l:=op;
1p_6:=1p_9;
ip_5:=1p4;
1p-4:=ip_3;
1p-3:=1p-2;
1p2:=ip_1;
ip-l:=ip;
angle:==op;

speed: =(angle-angle_1)/(0.025*314);{ calculate speed from measured rotor angle}
angle_l:=angle;

power.voltage:=ad _data2/204.8;

power_current:=ad_data3/204.8; {convert digital current to analogue}
power.angle:=ad_data4/204.8;

end;
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{Frrreeciarr Puzzy Logic Based Power System Stabiliser ¥***¥ssskkxtxon]

Procedure pssf;

begin

Dr:=2:
Usmax:=0.4;
anguspeed:=1.0586*anguspeed_1-0.98622*anguspeed _2+0.389485*anguspeed 3
-0.0789937*anguspeed _440.0385299* (speed+4*speed _1+6*speed 2
+4*speed_3+speed_4);
anguspeed _4:=anguspeed_3;
{use 4th order Chebyshev I filter to filter noise from angle signal}
anguspeed_3:=anguspeed_2;
anguspeed_2:=anguspeed_1;
anguspeed_l:=anguspeed;
speed_1:=speed_3;
speed_3:=speed.2;
speed_2:=speed_l;
speed.l:=speed;
angular_speed:=anguspeed;
acce:=(angular_speed-angular_speed_1)/0.025; {calculate acceleration signal}
Dk:=sqrt(angular_speed*angular_speed-acce*acce);
if Dk<Dr then Gk:=Dk/Dr

else Gk:=1;
angular_speed._l:=angular_speed;
x:=angular_speed;
y:=acce;
if x=0 then x:=0.0000001;
if x> 0 then

if y>0 then theta:=arctan(y/x)
else theta:=2%3.1415926+arctan(y/x);

if x<0 then theta:=3.1415926+arctan(y/x);
if theta<1.658 then Pk:=0;
if theta<1.91986 then
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if theta>1.658 then

Pk:=7.2951*(theta-1.658)*(theta-1.658);
if theta<2.18166 then

if theta>1.91986 then

Pk:=1-7.2951*(theta-2.18166)*(theta-2.18166);
if theta<4.7996 then

if theta>2.18166 then Pk:=1;
if theta<5.06145 then
if theta>4.7996 then
Pk:=1-7.2951*(theta-4.7996)*(theta-4.7996);
if theta<5.32325 then
if theta>5.06145 then
Pk:=7.2951*(theta-5.32325)* (theta-5.32325);
if theta>5.32325 then Pk:=0;
Us:=Gk*Usmax*(1-2*Pk);
pss:=1s;
end;
[FerpRR R R A itomatic Voltage Regulator **# s skisissiinioiii )
Procedure controller;
begin
error_signal:=ref+pss-plant_output;
e:=error_signal;
plant_input:=(0.1467*uk_1)+(0.1304*uk_2)+(0.1160*uk 3)+(0.1031 *uk_4)
-I-(0.09l7*uk_5)—I-(0.0815*uk-6)—I-(0.0725*uk-7)—|—(0.0644*uk_8)
-I-(0.0573*uk_9)—I-(0.0509*uk-10)—|—(0.0453*uk_11)—|—(0.0402*uk-12)
+50%((5.0586*e)+(0%e_1)+(0%e_2)+(0%e3)+(0%e4)
+(0*e.5)4(0*e_6)+(0*e_7)+(0*e-8)+(0%e9)
+(0%e.10)+(0*e_11)+(-1.2345%e_12));
uk:=plant_input;
uk_12:=uk_11;
uk_11: =uk_10;
uk_10:=uk_9;
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[\
*
N

uk_9:=uk_8;

uk 8:=uk_T7;

uk_7:=uk_6;

uk 6:=uk_5;

uk_5:=uk _4;

uk_4:=uk_3;

uk._3:=uk_2;

uk 2:=uk_1;

uk_1:=uk;

e_12:=e_11;

ell:=e_10;

e 10:=e9;

e 9:=eR;

e 8:=e.T;

e_T:=e_6;

e 6:=e.d;

e h:=ed;

ed:=e 3;

e d:=e2;

e 2:=e_l;

e_l:=e;

if(uk>9.9) then uk:=9.9; {DT2801 A/D and D/A converter limit 10}

if(uk<-9.9)then uk:=-9.9;
end;
{ eerrreeRooRkk Ouiput an Analog Voltage on Specified Channel **x#sstsrei}
Procedure da_write;
var

chan,dummy,status :integer;

begin

chan:=0;

control_output:=uk*204.8;

da_data:=round(control_output); {convert analog to digital}
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Wrdai(chan,da_data,dummy,status);
end;
Procedure da_writel;
var
chanl,dummy,status :integer;
begin
chanl:=1;
for i:=1 to 10 do
begin
plus:=5%204.8;
da_datal:=round(plus);
wrdai(chanl,da_datal,dummy,status);
end;
end;
Procedure da_write0;
var
chanl,dummy,status :integer;
begin
chanl:=1;
for 1:=1 to 10 do
begin
plus:=0%204.8;
da_datal:=round(plus);
wrdai(chanl,da_datal,dummy,status);
end;
end;
{********** AR 3Kk 3K K K K ok ok >k ok ko ok sk ok Kok ok ok ok Scale ********************************}
Procedure testr;
var
xply,rtmp:real;
icnt:integer;

begin
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1cnt:=0;
xply:=0.1;

while rnum>0.001 do

begin
rnum:=rnum*xply;
icnt:=icnt+1;

end;

rtmp:==0.001;

if(rnum>0.0001)then rtmp:=0.0002;
if(rnum>0.0002)then rtmp:=0.00025;
if(rnum>0.00025)then rtmp:=0.0005;
if(rnum>0.0005)then rtmp:=0.001;
if(icnt:>0) then
begin
for index:=1 to icnt do
rétmp:=rtmp/xply;
rnum:=rtmp;
end

else

rnum:=rtmp;

end; {testr}

{******************************************************************}

Procedure giaphresults;

begin

clearplotdata;

plotlabel(‘time (sec)’,‘plant output’,'System Response’);
plotdata(time_array,v_out,number_points,curve);
plotdata(time_array,control_array,number_points,curve);
plotdata

time_array,angle_array,number_points,curve);

plotdata(time_array,power_array,number_points,curve);

(
(
(
plotdata(time_array,speed_array,number_points,curve);

plotgraph;
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end;
Procedure hardcopy;
var
xfactor,yfactor,scalex,scaley,adds,increment:real;
ix,1y,increm,itemp,ixtk,yup,ydn,ilim,ixof,iyof,i,xx,yy:integer;
1yy :integer;
xact,yact:real;
iend:char;
coml:text;
begin
assignaux(com1,0,$E7);
rewrite(coml);
xfactor:=9000/xmax; {scale factor for Hp}
yfactor:=7000/(ymax-ymin);
ix:=1000; {seems good place for origin}
iy:=1000-round(ymin*yfactor);
scalex:=800/xfactor; {find scale value for 2cm}
rnum::=scalex; { get nice number for scale}
testr;
scalex:=rnum;
scaley:=800/yfactor;
rnum::=scaley;
testr;
scaley:=rnum,;
writeln(com1,'IN;SP1;PAPU’ ix,*," iy, "}’); {start plotter}
increm:=400; { 1 cm ticks}
itemp:=ix;
ixtk:=U;
repeat
writeln(com1,' PRPD’ increm,’,0,XT;"); {plot x axis with ticks}
itemp:=itemp-+increm;

ixtk:=ixtk+1;
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until (itemp>9300);
itemp:=1y;
yup:=0;
writeln(coml1,'PAPUix, iy, ;’); { return pen to origin}
repeat
writeln(com1,'PRPDO," increm,YT;’); { positive y axis now}
itemp:=itemp+increm;
yup:=yup+1;
until (itemp>7500);
writeln(com1,'PAP U ix, ) iy,");
itemp:=iy;
ydn:=0;
increm:=-400;
repeat
writeln(com1,'PRPDO,  increm,'YT};’); {negative y axis}
itemp:=itemp-+increm;
ydn:=ydn+1;
until (itemp<2000);
iend:=char(3);
xact:=scalex;
yact:=scaley;
writeln(coml,‘PAPU’,ix,‘,’,iy,‘;SI;DIO,l;’); {start printing scale}
1yof:=iy-720;
increm:=800;
ilim:=round(ixtk/2 -1);
if (ixtk>2) then
begin
for i:=1 to ilim do
begin
ixof:=ix+(i*increm)+40;
writeln(com1,‘PAPU’ ixof,’, iyof,";LB’ xact:4:2,iend);

xact:=xact+scalex;
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end;
end;
1xof: =1x-750;
writeln(coml,DI1,0;);
ilim:=rvound(yup/2);
if (yup>2)then
begin

for 1:=1 to ilim do

begin

iyof:=(increm*1)+1iy-40;
writeln(com1,'PAPU’ ixof ., iyof,;LB’ yact:4:2 iend);
yact:=yact+scaley;

end;
end;
yact:=-scaley;
ilim:=round(ydn/2);
if (ydn>2)then
begin

for i:=1 to ilim do

begin

iyof:=iy-(increm™1)-40;
writeln(coml,‘PAPU’ ixof,‘,’ iyof, ;LB yact:4:2,iend);
yact:=yact-scaley;
end;
end;
writeln(coml,' PAPU’ ixof,‘," iy, ;LB 0.00’,iend);
writeln(coml,'PAPUS5000,7000;

LB SYSTEM RESPONSE WITH AVR AND PSS’,iend);
iyy:=iy+round(800/scaley*v_out[1]);
writelni(com1,'SP2;PAPU ix, ) iyy);
for 1:=1 to number_points do

begin
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xx:=1x+round(800/scalex * time_ arrayl[i]);
vy:=iy+round(800/scaley * v_out[i]);
writeln(coml1,'PAPD’ xx, ") yy,;");
increment:=increment+adds;

end;

iyy:=ly+round(800/scaley*control array[1]);

writeln(coml,'SP3;PAPU ix, . iyy);

for i:=1 to number_points do

begin
xx:=ix+round(800/scalex * time_arrayl|i]);
yy:=iy+round(800/scaley * control_arrayl[i]);
writeln(com1,'PAPD’ xx,",",yy,;");
increment:=increment+adds;

end;

iyy:=iy+round(800/scaley*angle_array[1]);

writeln(com1,'SP4;PAPU ix,*, iyy);

for i:=1 to number_points do

begin
xx:=ix+round(800/scalex * time_arrayl[i]);
yy:=iy-+round(800/scaley * angle array[i]);
writeln(com1,' PAPD’ xx,,",yy,});
increment:=increment+adds;

end;

iyy:=iy+round(800/scaley*power_array(1]);

writeln(coml,‘SP4;PAPU’,ix,‘,’,iyy);

for i:=1 to number_points do

begin
xx:=ix+round(800/scalex * time_arrayli]);
yy:=iy+round(800/scaley * power_array[i]);
writeln(com1,'PAPD’ xx,",”,yy,}));
jncrement:=increment-+adds;

end;
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writeln(com1,'IN;PU,SP0;’);
close(coml);
end;
{**************************** Dlsplay Instructions ********************}

Procedure display_insts;

begin
clrscr;
textcolor(lightgray);
gotoxy(20,5);write(‘<<<<<< >>>>>>);
gotoxy(20,6);write(‘ << <<<< >>>>>>7);
gotoxy(20,7);write(‘<<<<<< >>>>>>7);

gotoxy(28,5);
textcolor(lightgreen);write(‘ MEASUREMENT OF STEP RESPONSE’);

1

textcolor(green);

gotoxy(28,7);write(‘Set_up Instructions for IBM’);

if first_time then

begin
textcolor(alt_color);
gotoxy(20,12);write(‘{1]);
textcolor(norm _color);
write(‘connect system output to A/D channel 0,1 and 2’);
yotoxy(20,15);
textcolor(alt_color);write(‘[2]’);
textcolor(norm_color);
write(‘ connect D/A channel 0 to plant input’);
gotoxy(20,18);
textcolor(alt_color);write(‘[3]’);
textcolor(norm_color);
write(‘ press ENTER key to continue....”);
repeat

kb_char:=readkey;

until kb_char = car_ret;
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first_time := false;
end;
textcolor(yellow);
clrscr;
gotoxy(17,8);write(‘Sample time is 25 milliseconds ’);
gotoxy(17,10);
write(‘Enter reference -> 7);
readln(ref);
repeat
gotoxy(17,18);
write(‘Enter final time of plot, minimum is 5 secs -> ’);
readln(xmax);
until xmax>5.0;
clrscr;
gotoxy(15,17);writeln(*WAIT - Response being measured 200
gotoxy(15,19);
writeln(‘Press any key to perform sudden load change and collect data...”);
end;
{displayinsts}
[ R R R S et Menu St AR AR RO A |
Procedure read.menu;
var
kb_char : char;
begin
repeatprocess := false;
returnmenu := false;
repeat
kb_char:=readkey;
kb_char := upcase(kb_char);
until kb_char in ['G’,Q’,‘R’,'H);
case kb_char of

‘H’: begin
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end;

o
~1

hardcopy;
returnmenu := true;
end;
‘R’: repeatprocess := true;
‘Q’: begin
clrscr;
end;
‘G’: begin
graphresults;
clrscr;
returnmenu := true;
end;

end;

Procedure output_menu;

begin

textcolor(lightgray);

gotoxy(20,5);write(‘< <<<<< OUTPUT MENU >>>>>>");
textcolor(red);

gotoxy(20,8);write(‘G’);textcolor(green);write(‘raph of results on screen’);
textcolor(red);
gotoxy (20,10

);write(‘H’);textcolor(green );write(‘ardcopy of plot’);
textcolor(red);

)

gotoxy(20,12);write(‘S’);textcolor(green);write(‘creen listing of graph data’);

)
textcolor(red);

gotoxy(20,14);write(‘P’);textcolor(green);write(‘rinter listing of graph data’);
textcolor(red

)
);
gotoxy(20,16);
);

3

write(‘R’);textcolor(green);write(‘epeat test Procedure’);

textcolor(red);

gotoxy(20,18);write(‘Q’);textcolor(green);write(‘uit resp.com program’);
textcolor(lightgray);

gotoxy(20,21); write(‘Enter highlighted letter option...");


http://resp.com
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read_menu;
textcolor(norm_color);
end;
{**********'k************** Main Program **************************}
var
status,dummy :integer;
Begin
clrscr;
writeln(‘Please wait for a while ...");
delay(5000);
Init Timer;
assign(outf,‘c:/tp/vilpss.shi’);
rewrite(outf);

first_time := true;

xmax :=J;
repeat
clrscr;
ref:=0;

1p6:=0; 1p-5:=0; ip_4:=0; ip_3:=0; ip_2:=0; ip:=0;
op-6:=0; op-5:=0; op-4:=0; op_3:=0; op-2:=0; op_1:=0; op:=0;
uf 4:=0;uf_3:=0;uf 2:=0;uf_1:=0;

plant_input4:=0;plant_input3:=0;plant_input2:=0;plant inputl:=0;

error.signal:=0;voltage:=0;

speed:=0; speed_1:=0; speed_2:=0;speed_3:=0;speed 4:=0;
anguspeed:=0; anguspeed_1:=0;anguspeed_2:=0;anguspeed_3:=0;
anguspeed_4:=0; angular_speed:=0; angular_speed_1:=0;
a_speed:=0; a_speed_1:=0; a_speed_2:=0; a_speed_3:=0;
angle:=0; angle_0:=0; angle_1:=1;

pss:=0; pss_1:=0; pss_2:=0; pss.3:=0;

power_voltage:=0; power_current:=0; power_angle:=0;

for i:=1 to number_points do

begin

’



Appendix G. Turbo Pascal Source Code For SMIB Power System

v_out[i]:=0;
control_array(i]:=0;
angle_arrayl[i]:=0;
anglel _array/[i]:=0;
power_array|i]:=0;
time_array|i]:=0;
speed_array|i]:=0;
end;
uf:=0; uf_1:=0;
plant_inputl:=0;
uk:=0; uk_1:=0; uk 2:=0; uk_3:=0; uk_4:=0; uk_5:=0; uk_6:=0;
uk_7:=0; uk_8:=0; uk_9:=0; uk_10:=0; uk_11:=0; uk_12:=0;
e:=0; e_1:=0; e 2:=0; e.3:=0; e_4:=0; .5:=0; e 6:=0;
e_71:=0; e_8:=0; €.9:=0; e_10:=0; e.11:=0; e_12:=0;
acce:=0;
angular_speed:=0; angular_speed_1:=0;
Dr:=0; Dk:=0; Gk:=0; Us:=0; Pk:=0;
theta:=0; x:=0; y:=0; plant_output:=0;
display_insts;
if clicks>25 then
begin
Clicks:=0;
ad_read;
pssf;
controller;
da_write;
end;
repeat
if clicks>25 then
clicks:=0;
ad_read;

pssf;
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controller;
da_write;
end;
until keypressed;
if clicks>25 then
begin
clicks:=0;
ad_read;
psst;
controller;
da_write;
v_out[1]:=plant_output*5;
power _facter:=cos(power_angle*3.14159/18);
power _array[1]:=(3*power_current*power_voltage*power facter)/10;
control_array[l]:=uk;
angle_array[l]:=angle;
speed_array{l]:=angular_speed;
time_array[1]:=0;
end;
for i:=2 to 200 do
begin
repeat until clicks>23;
clicks:=0;
ad_read;
pssf;
controller;
da_write;
v_out[i]:=plant_output*5;
power facter:=cos(power-angle*3.14159/18);
power_array|[i]: :(3*power-current*power_voltage*power_fact.er) /10;
control_array|i]:=uk;

angle_array[i]:=angle;
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speed_array[i]:=angular speed;
time_array[i]:=0.025+time_array[i-1];
end;
da_writel; {produce signal to operate the relay}
for 1:=201 to 500 do
begin
repeat until clicks>25;
clicks:=0;
ad_read;
pssf;
controller;
da_write;
v_out[i]:=plant_output*;
power _facter:=cos(power_angle*3.14159/18);
power_array|i]:=(3*power_current*power_voltage*power facter)/10;
control array|i]:=uk;
angle_array[i]:=angle;
speed_array([i]:=angular_speed;
time_array/[i]:=0.025+time arrayli-1];
end;
da_write0;
for i:=501 to number_points do
begin
repeat until clicks>25;
clicks:=0;
ad_read;
pssf;
controller;
da_write;
v_out|i]:=plant_output*5;
power facter:=cos(power_angle*3.14159/18);

power_array(i] ::(3*power_current*power_voltage*power_facter) /10;



Appendix G. Turbo Pascal Source Code For SMIB Power System

control_array|i]:=uk;
angle_array[i]:=angle;
speed_array[i]:=angular_speed;
time array[i]:=0.025+time array[i-1];
end;
for i:=1 to 200 do
begin
repeat until clicks>25;
clicks:=0;
ad_read;
pssf;
controller;
da_write;
end;
RestoreTimer;
for 1:=1 to number_points do
begin

[4

writeln(outf,time_array[i],* ’,v_out[i]," ’,control_arrayl[i], ’,

4

power_array[i],' ’,angle_arrayli]," ’,speed_array|i]);

end;
ymax:=10;
ymin:=_4;

for index:=1 to number_points do
begin

if v_out[index]>ymax then ymax:=v_out[index];
if v_out[index]<ymin then ymin:=v_out[index];
if control_array[index|>ymax then
ymax:=control _array[index];
if control_array[index]<ymin then
ymin:=control _array[index]|;
if anglel_array[index|>ymax then

ymax:=anglel array[index];

~1
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if anglel _array[index]<ymin then
ymin:=anglel array[index];
end;
if ymin>0 then ymin:=-4;
repeatprocess := false;
returnmenu := false;
repeat
clrscr;
output_menu;
until not returnmenu;
until not repeatprocess;
close(outf);
RestoreTimer;

end.



