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ynopsis

The thesis is devoted to development of the methodology of fuzzy logic

controller design and implementation.

The thesis introduces a universal fuzzy logic controller structure. The structure
proposed combines three main functions and two support functions. The
support functions are implementing novel fuzzy logic concepts developed and
used in this work. These concepts represent the plant and the controller states
during the operation time. The main functions consist of a main fuzzy logic
controller refered to as Main-FLC where the initial knowledge about the
system 1is stored. The second main function considers the phase and amplitude
of the final control signal. It is called Shay-PA and it implements an implicit
on-line tuning and adaptation of the Main-FLC membership functions and
rules. The third main function is called Shay-Tune and is concerned with the
input and output ranges of the Main-FLC. An adaptation mechanism is
implemented for on-line updating of the Main-FLC ranges. Both the support
and the main functions operate in conjunction with each other. The decision
mechanism implemented in the overall structure is designed with the goals of

robustness and reusability in mind.

The thesis presents a practical implementation of the proposed FLC structure
in the excitation control of a synchronous generator connected to an infinite
bus through a transmission line. A novel fuzzy excitation control system was
developed and implemented in a laboratory prototype generator using a digital
signal processing board. The reported test results show the efficiency and

robustness of the proposed FLC structure.
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THESIS STATEMENT

Fuzzy logic control is a fact in modern control applications. Since the early days of its use
the technology has attracted a tremendous amount of attention and review. It brought to
reality some old expectations in automatic control. Fuzzy logic provided the practical
means to construct smart and intelligent controllers. These controllers are able to
implement the already available knowledge on how to operate a system in addition to
learning and developing their knowledge throughout the process. The controller
knowledge is developed via means of dynamic data storage of control rules, objectives and
parameters. Moreover fuzzy logic brought to life the possibility of applying modern
technology ie. computers and communication systems in a more practical way. Fuzzy logic
provides the mechanism for manipulating uncertainty and vagueness impeded in most of

real time applications.

However, the success story behind fuzzy logic was shadowed with many problems. Fuzzy
logic is well structured by the fuzzy set theory proposed by Zadeh in 1964 [1]. However,
practical implementation of fuzzy logic especially in automatic control i1s not a well
structured field as yet. The design procedure of a fuzzy logic controller is in most cases an
add-hoc procedure. The designer’s experience and trial and error attempts are the main
keys to have a working controller. These design procedures made it very hard to predict
and forecast the future behaviour of the controller. Evaluation of the designed controller

prior to implementation is not possible under this design procedure.

The two contrasts which were the main motivation for this thesis are as follows: 1) The
applicability of fuzzy logic in almost every aspect of our lives and what it brings of future
anticipation and 2) the lack of structured methodology, design procedures and evaluation

tools resulting in uncertainty and arguments against fuzzy logic.

To be able to enjoy the fruits of fuzzy logic a structured design methodology is required.
This methodology should give the designer the upper hand in setting the controller’s

objectives and not to leave the controller performance subject to random choices of

parameters.




Tuesis GoaLs

The main goal of this thesis is to develop a universal fuzzy logic controller design
methodology and to test its applicability in real life applications.

To achieve the main goal of the thesis the following sub-goals and objectives were

defined:

1) Develop Methods of Improving the Knowledge Representation in
FLC

This goal deals with the development of ways to utilise and refine the real
time inputs to the controller. The objective is to provide a better
representation of the system state that enhances further processing and

control.

2) Develop and Improve Fuzzy Reasoning

This goal is concerned with the processing of fuzzy rules which serves as
a base for any FLC operation. It aims to improve the performance of the
reasoning mechanism in the FLC. The optimum use of the already

available knowledge to the FLC is the objective of this goal.

3) Develop a Structured On-Line FLC Parameter Tuning Procedure

This is one of this thesis’s main goals. The main objective here is to
develop a method of an automatic adaptation to plant and/or environment
changes. The designer should not need to rebuild the FLC due to changes
in its operational environment. The tuning mechanism should be simple in

use and fast in operation.

4) Develop a Universal FLC Structure

A universal FLC structure which can be utilised in different applications is

to be produced. The output of this thesis is not supposed to be a single

case system. It is supposed to be a universal and reusable FLC structure




S)

6)

7

8)

for different applications and it should encapsulate all the objectives of the
thesis. The developed universal FLC structure should have the minimum
possible number of variables that require alterations when the structure is

used in different applications.

Develop the Tools of Parameter Tuning and Evaluation of their
Influence on the Performance Indicator

The universal FLC structure should be equipped with tools and parameters
that are accessible by the designer. These tools should allow the designer
to introduce changes in the FLC design. The change should have a clear
effect on the controller performance according to some predefined criteria.
This goal is set in order to give the designer a better view of the proposed
FLC performance prior to the implementation and an ability to evaluate

different design ideas.

Develop an Evaluation Criteria of the Controller Performance

This goal emerged as a major goal while investigating goal 3. The
questions of when, what and how to tune were raised and an answer was
set as the goal of defining measurable values used to enhance the tuning

process.

Develop Practical Guidelines for FLC Design

This goal aims at providing practical guidelines for using the universal
FLC developed in the thesis (see goal 4) in different control applications.
There should be clear directions of how and where to use it as well as

what the designer should do to use it in different cases.

Prove the Applicability and Effectiveness of the Proposed
Methodology in Real Time Applications

The objective of this goal is to prove the applicability of the intended
universal FLC structure in real industrial applications. To achieve this the

proposed methodology should be comprehensively tested by simulation

and phototyping and by the design of a real control system implementing
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this methodology.

Develop an FLC System for the Stability Control of Electrical Power
Generator

This goal was derived from goal 9. A classical and very important
application chosen was the excitation control of a synchronous generator
connected to an infinite bus through a transmission line. A fully fuzzy
logic based excitation system is to be built based on the universal FLC
structure in goal 4. This goal was set to prove that the intended universal
FLC structure i1s able to replace classical FLCs and conventional
controllers in standard and advanced applications. This is to be proven by
replacing the power system stabiliser and the automatic voltage regulator

in the excitation control loop with one single controller.

Develop Methods and Means for Practical Implementation of the
Universal FLC Structure Proposed

General purpose software and control protocols are needed to achieve this
goal. This software and firmware system will allow implementing the
FLC developed in the thesis. The practical implementation should be

performed via generalised software and control protocols. These programs

and protocols should be applicable to different environments.




Tuesis OvERVIEW

The thesis consists of four main sections with a total of 14 chapters and includes 10
appendices. The division of the sections and chapters is based on a logical flow starting
with a general analysis of the current situation in FL.C design and extending towards the
development of a methodology for FL.C design, description of a universal FL.C structure,
its analysis and research, then an implementation and design of the FLC system for the

excitation control of electric power generation is presented.

Section 1: Analytical Review of Fuzzy Logic Methodologies and
Applications

An analytical review of fuzzy logic control methods based on the literature
survey is provided in this section. The early days as well as the fundamentals
of fuzzy logic are presented in chapter 1. The chapter gives a brief description

of the current status of fuzzy logic and its areas of application.

Fuzzy logic in process control is introduced in chapter 2. A survey on fuzzy
processing, simple and advanced FLC structures, FLC stability and fuzzy
hardware is included in the chapter. Chapter 3 reviews the application of
fuzzy logic in power systems with the emphasis on its applications in the

excitation control.

Section 2: Development of the Fuzzy Logic Controller Design
Methodology Based on Universal Adaptive FLC Structure

This section introduces the proposed universal FLC structure. Chapter 4 gives

an overview of the structure which is called Stability handling Algorithm,




transient and steady-state (Shay). The structure comprises three main functions

and two support functions.

Chapter 5§ describes the support functions where the innovative concepts of
measuring the plant and the FLC status are introduced. Shay main functions
are introduced in chapters 6,7 and 8. Chapter 6 introduces the Main-FLC
which is one of the main Shay functions. Shay-PA which is the second main
function in Shay is presented in chapter 7. Shay-PA is responsible for the
implicit updating and tuning of the Main-FLC classes and rules. The
operational angle concept and its analogy to the proportional plus differential
controller algorithm is presented in chapter 7. Chapter 8 introduces Shay-
Tune which is the third main function in Shay. Shay-Tune is responsible for
the updating and tuning of the input and output ranges of the Main-FLC. The
relationship between the main and support functions is clearly defined and

explained along with the description of the main functions operations.

Chapter 9 provides the complete evaluation and design considerations based
on pre-defined performance criteria. The chapter explains with the aid of
examples obtained by computer simulations the effect of each of the designer

free variables included in Shay on the system performance.

Section 3: Implementation of A Universal Fuzzy Controller in the

Excitation Control

The practical implementation of Shay-FLC is explained in this section.
Chapter 10 explains, in detail, the knowledge engineering techniques used to
build up the information required to construct an FLC. The chapter also
introduces a novel fuzzy logic based excitation system. The Pre-Control stage
is also introduced in this chapter. The Pre-Control stage is where a single

parameter, that represents both the rotor angle speed deviation and the terminal

voltage, is made available.




Chapter 11 describes in detail the hardware developed and used for the
practical implementation of the Shay-FLC in the excitation control. The
software developed and applied for the practical implementation is also
introduced in chapter 11. Chapter 12 presents the laboratory tests and cases

studied along with the real time implementation results.

Section 4: Main Results and Conclusion

The conclusion, project achievements, publications and future work directions

are presented in this section.
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1.0 INTRODUCTION

Fuzzy logic is becoming one of the main streams in today’s research bibliography. There
is an ocean of references and resources explaining or dealing with the topic. The IEEE
published over 2,266 conference and journal papers related to fuzzy logic in one way or
another between the years 1990-1996. The keyword fuzzy logic results in over 13,000
sites’ in the Internet, which can be easily seen as the only competitor to fuzzy logic in the
speed of popularity amongst technical issues this decade. This alone is an enough reason
for research to commence in this area. However, one has to ask why? And how this term

“fuzzy” became of such great importance and popularity so quickly?.

Fuzzy logic existed along time ago, even before Zadeh’s” first paper in 1965 [1] when he
defined the famous “fuzzy sef’. This is not meant to dishonour Professor Lotfi Zadeh from
his novelty. It is just surprising, that it took the human mind so long to realise the existence
of such an idea, which is one of the main essence of human life on this planet. On the
contrary, around 300 B.C. Aristotles, the famous Greek philosopher, stated that “ every
thing either to be or not to be”. 1t was this very basic idea where the binary system (the 0
and 1 logic) came from. Things are either true or false. It is very hard to draw a clear line
between elderly and youth. Is it true that a man at 60 year of age is old? Can we draw a
clear border line here? And if so, what classification does a 59 year old man have? Or do
we need to consider the age of retirement to be fuzzy? Considering health and ability to
work as a measure? If this is true, we may classify a healthy 60 year old man as young and

an ill 25 year old man as old.

A general overview of fuzzy logic is provided in this chapter. The chapter describes the
very basic concepts of fuzzy logic. Followed by the early days of opposition to the fuzzy
logic idea and the current status of the technology. Description of different domains where

fuzzy logic is currently being used concludes the chapter.

! Infoseek: 13761 sites, AltaVista: 20000 sites and Excite: 20840 sites. The search was done on 1/3/97

? Lotfi A. Zadeh received the B.S. degree, in 1942, from the University of Teheran, Iran. The M.S. from
the Massachusetts institute of Technology (MIT) Cambridge, in 1946, and the Ph.D. from Columbia
University, NY, in 1949. He is currently the Emiritus Professor of Electrical Engineering and Computer
Science at the University of California, Berkeley.
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1.1 :DEFINITION OF FUZZY LOGIC BY Lotfi Zadeh
~AS A TOOL FOR REPRESENTING IMPRECISE

Lotfil Zadeh, the father of fuzzy logic, came up with the idea of graded sets and labelled it
as the fuzzy sets in 1965 [1]. In this paper, Zadeh wrote

|
" “ A fuzzgy set is a class of objects with a continuum of grades of membership.

,Such a set is characterised by a membership (characteristic) function which

Vassigns to each object a grade of membership ranging between zero and

one”.

The ljé)aper defined and formulated the basis of fuzzy logic. The most important definition
was df the fuzzy set in the form of

' A fuzzy set (class) A in X is characterised by a membership function (f,(x))
‘which associates with each point in X a real number in the interval [0,1] with

“ the value (f4(x)) at x representing the “grade of membership” of X in A.

The ﬁaper went into deeper definitions and operations related to the fuzzy sets, among

which, one can mention are:

Empty fuzzy set
A fuzzy set is empty if and only if its membership function is identically zero.

Equality between two fuzzy sets

Two fuzzy sets A and B are equal, A=B, if and only if f,(x)=fp(x) for all x in X.

The complement of a fuzzy set

The complement of a fuzzy set 4 (denoted 4" ) is £, =1-f,.

Containment of a set into another set
A is contained in B (or equivalently, 4 is a subset of B or 4 is smaller than or

equal to B) if and only if £, < f (ACBSS, < fy).
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Union of two fuzzy sets

The union of two fuzzy sets 4 and B with membership functions f,(x) and fz(x)
respectively is a fuzzy set C (written as C=A4 U B) whose membership function
is related to those of 4 and B by fo(x)=max[ f,(x), fs(x) ], x € X.

Intersection of two fuzzy sets

The intersection of two fuzzy sets 4 and B with respective membership
functions f,(x) and fz(x) is a fuzzy set C written as C=4 ~ B whose
membership function is related to those of 4 and B by f-(x)=minf f,(x) , fz(x) ],
xe X

Zadeh described the use of some algebraic operations on fuzzy sets. These operations can
be derived as the corresponding algebraic operations on the corresponding membership

functions. Zadeh explained the fuzzy interpolation of these algebraic operations;
Algebraic product of A and B (AB): f,3 = /5.
Algebraic sum of A and B (A+B): f,.p=fitfz-f1- /f5
Absolute difference between A and B (|4-B| ): [, = [f4-/3!.

Some other basic concepts and definitions where included in the paper. This paper laid
down the foundations for all the fuzzy logic oriented research. Later on in 1973, Zadeh
refined these concepts in his other paper [2] in which a vision of where this newly defined

prior existing concept is applicable.

1.2 PROBLEMS IN THE EARLY DAYS OF FUZZY
LOGIC DEVELOPMENT

The idea proposed by Zadeh did not meet the scientific circles requirements for a new idea
at that time. It lacked solid analytical proof and seemed to be so simple in such that it
could not be a great hit, in classical terminology. This was the kind of arguments fuzzy
logic was faced with in its infancy. This strong opposition forced some of those who had
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successfully implemented fuzzy logic towards hiding this fact for commercial reasons.
Two good examples in this sense are given by Elkan [3] when he described the talk by
Takeo Kanade in IJCAI’91 about Matsushita’s camcorder image stabiliser system without
mentioning its use of fuzzy logic. The second example was the 1994 Honda Accord
automatic transmission with an embedded fuzzy logic controller and how it was advertised

as a “ grade logic” controller.

1.3 CURRENT STATE OF FUZZY LOGIC

We believe that this kind of tough fuzzy logic childhood was useful for the idea to get
stronger as it reaches its mature years. The opposition the idea had proved to be true
motivating factor for the true believers in the fuzzy principle. They successfully devoted a
tremendous amount of effort in explaining and exploring the superiority of this idea, and

to demonstrate its applicability in many aspects of our life.

Zadeh, as expected, played a great role in this contest. He carefully tried to prove that
fuzzy logic is closer to the human way of thinking and reasoning than Boolean logic. In his
paper titled “Fuzzy Logic = Computing With Words” published in 1996 [4] he stated that:
“the main contribution of fuzzy logic is a methodology for computing with words”.
Others tried to follow a similar path in proving that it is more ‘human like’ to reason in the
form of IF-THEN rules that have more states than the Aristotles two states logic. Kosko in
his book “Fuzzy Thinking” [5] compared the eastern culture with its spiritual values and
people’s ways of thinking to the western one. He came up with the conclusion that the
cultural barriers, especially in the scientific circles, were the main reasons why the western
circles rejected the idea at first and why the eastern people were those who promoted it.

Mamdani [6] reached a similar conclusion.

The culture point of view is really surprising. However, it might be of a great influence.
Especially knowing that the real practical success of fuzzy logic was first reported in Japan
and some other Asian countries. In spite of the fact that the idea was formulated in the

western world capital and center of most research activities, the United Sates of America.
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In addition to that the first evidence of its applicability in real life was established in
England by Mamdani in 1975 [7].

The picture is much different in the late nineties. Fuzzy logic became a legacy. Western
institutes and researchers are doing their best to pick up some of what they have already
lost in the field. The west is strongly promoting fuzzy logic. In fact, some people seems to
be marketing it in such a way that facts are mixed with expectations and limitations or
problems are ignored. This is creating a “fuzzy” idea about fuzzy logic in peoples minds.
Fuzzy logic is shown as the ultimate solution and as a replacement for other techniques.
One of those fuzzy logic promoters is Earl Cox. In his World Wide Web (WWW) article
titled “The Seven Noble Truths of Fuzzy Logic” [8] he highlighted some very important
issues about fuzzy logic, some of them are true and others fall in the new exaggerating
trend in fuzzy literature. Cox “Noble Truths” are presented and discussed in this section
because they represent most of what is being propagated about fuzzy logic. These truths

can be considered as a good frame for a brief description of the current fuzzy logic state.
Truth One: “There is nothing fuzzy about fuzzy logic” [8]

This is a very solid truth and it is important to emphasise this fact. The name
“fuzzy” was unfortunately misunderstood by many people. The claims that
fuzzy logic violates the solid proven laws or that fuzzy logic produces a vague,
or uncertain result are, until now, appearing here or there. Another WWW
article [9] gave good support for this truth by stating that “ fuzzy logic is not
about thinking in a fuzzy, ie. Imprecise way, as its opponents would have us
to believe, instead, fuzzy logic is about precise thinking about imprecise
things”.

Truth Two: “Fuzzy logic is different from probability” [8]

The difference between fuzzy logic and probability is clear when we consider
the underlying concepts that each attempts to model. Probability is concerned
with the unpredictability in the outcome of clearly defined and randomly
occurring events. While fuzzy logic is concerned with the ambiguity or
undecidability inherent in the description of the event itself. This truth is very
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important to publicise, as the relationship between fuzzy logic and the

probability theorem is still not very clear for many people.
Truth Three: “Designing the fuzzy set is very easy” [8]

This is not fully accurate in practical terms. It is true that the realisation of the
problem is much easier using fuzzy sets as it is closer to the human way of
thinking. However when it comes to having a working system based on fuzzy
logic it needs more than just simple sketching of the problem. The defined
fuzzy domains and subdomains have to be tuned to match the problem status

and the required solution.

Truth Four: “ Fuzzy systems are stable, easy tuned and can be conventionally
validated " 8]

The stability, tuning and validation of a fuzzy system is not a settled matter
yet. However, in process control, people tend to argue the stability as industrial
and behaviour requirements and not on means of mapping with conventional
techniques. Sugeno and his colleagues [10] provided a good overview for this
issue. This fourth truth by Cox is one of marketing statements fuzzy logic
promoters are using. However, such claims when not supported with
evaluation and validation tools can have negative impact on fuzzy logic

progress as a branch of artificial intelligence (AI) and control.

Truth Five: “ Fuzzy systems are different from and complementary to neural

networks” [8]

This is a true fact. The relation between fuzzy logic and neural Networks (NN)
is often misunderstood. Both are branches of AI. But, the differences in the
processing and data manipulation are too obvious to ignore. One of the reasons
of this mix might be due to the joint titles in most of intelligent control
conferences and publications, where both fuzzy logic and NNs always appear

as if they were the same idea with two different names.
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Truth six: “Fuzzy logic “ain’t” just process control any more” [8]

This can be one of the most powerful points in favour of fuzzy logic. The
technique emerged as the solution in many different fields that were almost
impossible to be computerised based on the very old Aristotles principle. Refer

to section 1.4 in this chapter for various applications of fuzzy logic.
Truth seven: “Fuzzy logic is a representation and reasoning process” [8]

Fuzzy logic provided the means to represent and model different environments
in a non precise manner, while still conserving the characteristics of the
particular environment. It provides this representation so that non-deterministic
parameters can be processed in a fuzzy reasoning process that mimics the

human reasoning.

1.4 BRIEF REVIEW OF FUZZY LOGIC
APPLICATIONS IN DIFFERENT AREAS

Apart from these theoretical and philosophical arguments, fuzzy logic reached its
adulthood in practical terms. It is very hard to find any new concept that was widely
adopted in many fields of our modermn life as quickly as fuzzy logic did. In fact the concept
reached much beyond the expectations, and it became a legacy and a good marketing tool
to label consumer’s goods with “fuzzy logic inside”. Sugeno published a book [11] on
fuzzy applications and the literature is full of references to many other applications that

appear every day.

The most popular field of fuzzy logic applications is in process control, where new
dimensions became feasible for control engineers in such a way that the crowned

analytical linear control theory is in danger of loosing its crown.

However, the superiority of the concept is in its applicability to some other fields, ie.

medicine and business, where they traditionally seem to be very conservative towards new
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technologies. Different fields of fuzzy logic applications are briefly presented in this

section.
1.4.1 In Business and Finance

Brabazon [12] in his 1996 paper, discussed the advantages of using fuzzy logic
in business computer systems. Another description of fuzzy logic emerging in
the financial and business area is presented by Attaran [13] where he described
the importance of fuzzy logic in removing vagueness by recognising infinite
graduation between clear cut extremes. More exploration of the power of fuzzy

logic in the field is presented by Roger [14].

Business and financial applications of fuzzy logic involve estimation [15-17],

marketing [18], scheduling [19-22], diagnosis [23] and analysis [24,25].

Other financial and business applications of fuzzy logic include insurance rate
changes [26], credit card costumes forecasting [27], manufacturing, planning
and decision making [28-31], risk assessment [32] and production activity

control [33].
1.4.2 In the Medical Field

The very conservative medical field applied fuzzy logic in many areas.
Cabello, et al. [34] used fuzzy clustering algorithms for a statistical
characterisation of ECG (electrocardiogram) records. The membership
function matrix of the prototype of each of the clusters, and the matrices that
induce the norms in their environment give useful description over the training
set for constructing a feasible classifier for detecting ventricular arrhythmia’s.
Bounds et al. [35] compared the performance of a multilayer perceptron
(MLP) networks to a fuzzy logic based system in the diagnosis of low back
pain and sciatica. The comparison resulted in the fuzzy logic based diagnosis
system out-performed the MLP and a group of three doctors. Fuzzy logic was
also used in a more sophisticated medical application where an adaptive fuzzy

controller was used to regulate a blood pressure [36].
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1.4.3 In Consumer Products

In his 1996 paper, Berardinis [37] gave a vision of how consumer products will
behave in a few years time. He also described how computer and
communication technologies will migrate from the domain of high standard
applications to simple home appliances allowing gas valves to communicate
with gas companies and service centres. This might be very optimistic, but
looking at the currently available smart dishwashers, video cameras, VCR’s,
microwave ovens, there is the feeling that this might happen one day, “soon”.

Nowadays there is even a fuzzy cooktop controller on the market [38].

Fuzzy logic is also used in some heavy duty applications. For example the
automatic train operation system in Sendi municipal subway in Japan. This
system is based on a predictive fuzzy control [39]. Also the rule-based fuzzy
logic controller used to control the 5 MW Massachusetts Institute of
Technology research reactor [40]. A fuzzy logic approach was also used in
Brazil for oil recovery [41].

1.4.4 In Diagnosis Systems

The capability of the fuzzy logic principle to manipulate and deal with
imprecise data in a similar fashion as a human expert gave it the boost as a
great tool used in diagnosis systems. Fuzzy fault diagnosis systems have been
used in [42-44]. Different fuzzy diagnosis algorithms have been described in
[45,46].

1.4.5 In Scheduling and Process Planning

A fuzzy based inference using quantitative calculations and qualitative
knowledge is described in [47] for scheduling an optimum speed-up and load-
up operation of fossil power plants. Another fuzzy machine scheduling

approach has been introduced by Adampoulos and Papas in [48].
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1.4.6 In Expert Systems

Fuzzy expert systems are very popular and they cover a wide range of
applications. Hall et al. [49] gave a review of the use of fuzzy expert system
and described a reusable fuzzy expert system called Fess that was used in
several applications. Leung and Lam [50] presented the expert system Z-/I that
can use either Boolean or fuzzy processing by allowing fuzzy “imprecise” and
normal terms to be processed. A more complicated fuzzy expert system that
performs multi-stage decision-making process was presented by Kurano et al.
in [51]. The system uses the Markov-type fuzzy decision processing. In
Carajas, Brazil, a practical implementation of a new expert system that
employs fuzzy logic techniques to analyse train movement has been reported
[52]. Other approaches and applications of fuzzy expert systems can be seen in
[53-58].
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2.0 INTRODUCTION

“It was Zadeh’s paper [1] published at that time which persuaded us to use a
fuzzy rule based approach. Between reading and understanding Zadeh’s
paper and having a working controller took a mere week and it was

“surprising” how easy it was to design a rule-based controller” [6].

These were the words of the first man who ever applied fuzzy logic in real time control
applications. Mamdani published a paper about the first known fuzzy control application in
1975 [7]. He described his intelligent controller or as he recently has preferred calling it
“non-analytical” controller, on a laboratory prototype steam engine during his doctoral

research at Queen Mary college in the UK.

The surprising simplicity, as mentioned above, in having a working fuzzy logic controller
(FLC) had a negative impact on the technology in its early days. Fuzzy logic controllers
(FLCs) did not seem to be a realistic solution in the predominant analytical control theory

circles. Questions have been raised on the FLC stability and evaluation methods.

A review of FLCs is given in this chapter with more emphasis on what is still required to
be investigated. It is not scientific to go into exaggerated arguments in favour or against

FLCs. The fact is that FLCs are there and are being used in many applications.

2.1 FUZZY LOGIC CONTROLLER STRUCTURE
AND OPERATION

A very general definition which encompasses the majority of FLC systems may be

formulated as follows:

“A FLC is a system which enhances the performance, reliability, and
robustness of control by incorporating knowledge which cannot be
accommodated in the analytical model upon which the design of a control
algorithm is based, and that is usually taken care of by manual modes of
operation, or by other safety and ancillary logic mechanisms” [59]
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The general architecture of an FLC usually consists of three main parts as shown in figure
2.1, ie. fuzzification, fuzzy processing, and defuzzification.

Figure 2.1 FLC layout
2.1.1 Fuzzification

In this phase, the crisp input to the controller is converted into a fuzzy value,
symbolic representation. Generally, inputs to the FLC are non-fuzzy in nature,
but the data manipulation in a FLC is based on the fuzzy sets theory. Hence,
fuzzification of the input is necessary. To transform non-fuzzy (crisp) inputs
into fuzzy inputs, membership functions must first be determined. Once
membership functions are assigned, fuzzification takes a real input value and

compares it with the stored membership function information to produce a

fuzzy input value.

2.1.2 Fuzzy Processing

Fuzzy inputs are processed according to the rule base, which is the a set of
rules representing the available knowledge in some domain. The inference
engine takes the fuzzy value that resulted from the fuzzification process, and
produces a fuzzy output through symbolic reasoning based on the former
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knowledge stored as a set of rules. To express knowledge by means of fuzzy
rules one needs logical connectives. The most used logical connectives in
standard fuzzy controllers are : AND and THEN [60,61]. For implementation
of the operators, the so called T-Norm is applied. Some examples of the T-
Norm are: Zadeh T-Norm; Min(a,b), Lukasiewicz T-Norm
Max(a+b—-1,0), and algebraic ab T-Norm (derived from the probability
theory) [62-64].

Although many inference methods and approaches are reported in the
literature, the most frequently used inference methods are: Mamdam
(symbolic) type of rules that were implemented in the first applications of
fuzzy control. The consequence of this type of rules are symbolic, ie. controller
output is large. The Mamdani type of inference produces a fuzzy controller
output as a result of the fuzzy inference process, which has to be defuzzified to
obtain a numerical controller output. The other type of fuzzy rules is the
Sugeno type rule [65] where the consequence of a fuzzy rule is a function
(usually linear) of the controller inputs. Successful use of this type of rules in

the control of a model car was reported by Sugeno [66,67].
2.1.3 Defuzzification

This last step is the reverse of the fuzzification operation. The fuzzy output
from the rule base is transformed into a crisp value, realisable by the plant or
system under control. This is done by dividing the output universe of discourse

into several intersecting areas (membership functions).

A closer look at the influence of this specific part of the fuzzy controller is
worthwhile. The best known defuzzification methods are: Center of Area or
Center of Gravity (COG), Fuzzy Mean (FM), Weighted Fuzzy Mean (WFM)
and Mean of Maxima defuzzification methods [64,68-71]. Adaptive or
adjustable defuzzification methods have become more and more popular in

recent applications [72].
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This research resulted (in addition to the main results in sections 2 and 3) in
the development of a new reasoning method referred to as L/R COG

(Left/Right COG) see [73] and appendix A.

Choosing the wrong defuzzification method can adversely affect the results
achieved by the inference of fuzzy rules. It appears that applying a specific
defuzzification method can also affect the characteristics of a fuzzy controller.
For example, using the Weighted Fuzzy Mean (WFM) method transforms a
Mamdani type controller to a Sugeno type [68,69,74]. Speed and accuracy are
the most important criteria for validating any defuzzification technique

applied.

2.2 ADVANCED FLC STRUCTURES

Recently, the designers of FLCs started using more complicated structures of FLC to
enhance and improve the performance of the controllers. One of these advanced structures
is the adaptive FLC structure, where some of the controller parameters are altered and

modified throughout the process. The parameters that can be altered are:
1) scaling factors for both inputs and outputs of the FLC,
2) membership functions representing the meaning of linguistic values,
3) the rules set.

When adaptation is applied to the scaling factors or the definition of the membership
functions, the FLC is usually called an adaptive self-tuning FLC [75,76]. When altering
the rules set, the FLC is called, by some authors, an adaptive self-organising FLC [77-81].
Some adaptive FLC structures are based on a parameter estimation as in [82] and model
reference [83]. Some designers of adaptive FLCs started to use NN and Genetic algorithms
for on-line tuning of their designs [84,85]. A good overview of adaptive FLCs is given in
[86].
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Hierarchical schemes are also used in recent FLCs [87,88], where the controller has a
structure which changes continuously according to the input signal levels. A hierarchal
structure can have fast and strong control strategy under large performance degrading, and
a slow and smooth control strategy under steady-state conditions. This scheme improves
the system’s robustness, and makes it less sensitive to external or internal disturbances. A

comparison between adaptive and hierarchical schemes is given in [89].

2.3 ANALYSIS AND DESIGN OF FLCs

The design of a FLC is a very “fuzzy” issue. It is hard to find a well structured design
methodology that the designer can follow and still meet the requirements of the design,
one of this thesis commitments and contributions is the development of a FLC design
methodology (see section 2). There are already many attempts in this path, however, most
of them are either recommendations or insufficient enough to be considered as a general

FLC design methodology.

In [90] Kim and Yun, described the use of Genetic Algorithms (GA) in the design of
proportional plus integral (PI-like) FLC, where the controller design space is coded in
base-7 strings (chromosomes). Each gene matches one of 7 discrete fuzzy values. Another
GA based design has been presented [91]. Input and output mapping factors are also used
in the design [92].

The big-bang design, is another style in FLC design and the most popular one. As
presented in many papers, this approach is based on the designer’s experience and own
observations. An overview of this style is given in [93]. Some recommendations on the

choice of the FLC parameters are given in [94].

The stability of the FLC was discussed in many references. In [95] Sukhbir Singh tried to
provide an analytical stability analysis of a discrete FLC by characterising the nonlinearity
of the FLC in linear gain sectors. On the other hand, Ghassan et al., used a steady-state
analysis approach to evaluate a three-term FLC [96]. Kang [97] provided a generalised

design tool for a stable FLC based on Cell-State transitions.
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However, the best stability requirement and security is the “performance stability” defined
by Mamdani in {6] as the “industrial requirements and the set of rules that encapsulate a
stability requirement following the logical approach”. This thesis presents a stability tool
that is based not only on a philosophical approach but on realising continuous

monitoring of the controller and the plant performance, (see section 2 for details).

2.4 FLC APPLICATIONS

From a practical point of view, one can distinguish between two major classes of FLCs for

closed loop control:

1) a class where the FLC is involved in the supervision of the closed loop
operation, thus completing and extending the conventional control

algorithm,

2) a class where the FLC directly realises the closed loop operation, thus

completely replacing the conventional control algorithm [59].

Both types of FLCs were implemented in the control of linear and non-linear systems. The
FLC, with a particular choice of membership functions, logical operators and
inputs/outputs scales, can emulate a linear controller. From this point of view linear
control can be seen as a subset of fuzzy control. The best known linear controllers are the
proportional plus integral plus differential (PID) controllers. PID-like FLCs were
implemented and demonstrated a significant performance improvement over conventional
PID controllers [98-100]. The control signal generated from a PID-like FLC is not an
optimal average for the whole input space as in the case with conventional PID controllers,

but an interpolation between more local optimal averages.

FLCs were implemented in the control process for non-linear systems, such as induction
generators, aerospace controllers, target tracking systems, nuclear reactors, power system

stabiliser, induction motor control and robot controllers [101-109].
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2.5 FUZZY LOGIC HARDWARE

WITH fast growth of fuzzy logic applications in real time control there emerged the need
for fast fuzzy processing tools. Two types of fuzzy hardware are available nowadays in the
market. The first is the digital hardware with the first processors introduced by Togai
Infralogic. The second type of fuzzy hardware is the analog type. Digital processors are
performing very well in many fields. However, the digitisation process and the conversion
on the other side of the output are consuming large amounts of processor time and power,
this is why the analog type is becoming more feasible for future growth. Analog CMOS
fuzzy hardware is presented in [110], fuzzy implementations on PLAs, FPGAs, VHDL and
VLSI are reported [111-115].

Fuzzy logic based applications are often implemented in higher level languages
downloaded to digital signal processing (DSP) boards. Implementing a fuzzy logic
controller in higher level programming language is very useful in the prototype stage of
the controller development cycle. It is very easy to modify and change the controller’s

parameters via modifications on the source code.
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3.0 INTRODUCTION

Highly integrated power networks were the solution to resolve cost efficiency and natural
resources distribution problems faced by electrical power utilities since the early days of
power system generation for domestic consumptionl. However, as these large networks
evolved, new problems and considerations for control engineers to maintain the

operational requirements of the system emerged.

The electrical power system is highly nonlinear in nature, moreover the system parameters
are largely influenced by the operational conditions which combines both generation and
distribution. Load variations, faults and other disturbances (can alter the generation unit

mode severely) are likely to happen quite often.

Voltage stability and synchronism are the two main problems that should be attended to
when dealing with the problem of power system control. Voltage stability is the ability of
the system to maintain the terminal voltage of the generator and different busses in the
system within certain limits during steady-state conditions. Plus the ability to regain these
margins after subjecting the system to any perturbation. Synchronism or rotor angle
stability is the ability of the system to maintain synchronism between its rotating
components. Both phenomena are linked in one way or another, which adds more

complications to the control problem.

Power generation is a mean of energy conversion from mechanical power provided by the
prime mover into electrical power by the generator. Altering the mechanical parameters in
order to meet different load demands is not the optimal solution in the short term
consideration. This is due to the large time constants of the mechanical components of the
system. Excitation control is seen as the solution for the short term stability problem. It is
known that large control effect can be implemented in a very short time period using small
amount of control action through controlling the field of the synchronous generator. The
excitation system generally consists of an automatic voltage regulator (AVR) and power

system stabiliser (PSS).

! The first complete power system was built in 1882 by Thomas Edison. This was a power system consist
of a generator, cable, fuse meter and loads in the Pearl Street station in New York City, USA.
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Conventional control techniques were implemented in the design of the excitation system.
Linear control theory depends on the availability of an accurate plant model. This
dependency made it very hard for a conventional controller to be able to achieve the
control requirements for a power system under variable operational conditions, which
always occur through the operation time. Sophisticated adaptive control schemes were
implemented in an attempt to overcome this parameter variation problem. But they faced
some difficulties when practically implemented, as such techniques require excessive
computational power which is likely to consume significant amounts of time that might
decrease the efficiency of the controller. Modelling of the power system is a problem by

itself, as steady-state and transient conditions yield totally different operational parameters.

Thus adaptiveness, robustness and simplicity are the main requirements for the electric

power system stability problem. These are the characteristics of fuzzy logic controllers

(FLC).

This chapter starts with a brief discussion about the power system stability and control
objectives. The problem of power system modeling is discussed later. Conventional
excitation systems are also discussed. FLC applications in power systems in both the
control and non-control areas are described. Detailed descriptions of some of the most

popular FLC structures used in electric power system control are presented.

3.1 POWER SYSTEM STABILITY CONTROL
PROBLEM DESCRIPTION

Traditionally, power system stability is defined as “ the ability of the power system to
maintain operational equilibrium between different forces under normal operation and
to regain this equilibrium following any perturbation or disturbance” [116]. According

to this definition instability means loss of equilibrium.

The equilibrium is maintained by keeping a set of operational factors within certain ranges
such that, when these forces operate opposing each other, equilibrium is reached with

satisfactory power operation conditions of generated power and load angle.
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The analogy of this equilibrium point can be easily realised when considering the power
network as an equilibrium between mechanical forces developed by several springs
connected to a ball from different angles (figure 3.1). Each spring represents one of the
kinds of forces that the power system is subjected to. Any change in each spring “force”
effect can result in loss of equilibrium in the system, so, the ball in figure 3.1 will start
moving forward and backward. If after this movement the ball regained its equilibrium
while still in the domain of the stability circle (the shaded area in the figure), then it can be
claimed that stability was regained. Otherwise stability is said to be lost.

Stability Circle

Figure 3.1 power system stability analogy

In 1920, power system stability was recognised as an important problem. Early laboratory
stability tests were performed in 1924 and the first field test was conducted in 1925.
During these days the stability problem was seen as simple by keeping the delivered power

from the generator within certain limits.

In recent years, and with the trend of moving towards higher integrated networks, new
problems and considerations arose in power system operation. The stability problem has
expanded to new horizons which are related to global networks and subsystems ending
with a generating unit. The main consideration in power system stability studies, is to keep
the synchronism and to maintain acceptable voltage levels at all busses. Synchronism is
maintained via the stability branch called rotor angle stability and the voltage stability is

concerned with maintaining the bus voltage levels.
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3.1.1 Rotor Angle Stability

Rotor angle stability refers to the ability of the synchronous machines in the
system to maintain synchronism or to stay “in step”. The system is subject to
many forces (torques) under all operational modes. The rotor angle stability
requires maintaining equilibrium between these forces and torques within the
satisfactory conditions under the steady-state operational conditions. Plus the
ability to remain within these acceptable margins after subjecting the system to
any type of disturbance.

Disturbances in the power system network normally alter or eliminate one of
these torques and thus the existing equilibrium point is lost. The loss of an
equilibrium point does not in particular mean the loss of stability. The rotor
angle stability is that part of the power system stability concerned with the
relationship between the generated electrical power (P,) and the angular
positions of the rotors (3) of the synchronous machines in the system. For the

simple case, with the idealised model this relation is sinusoidal as in figure 3.2.
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Figure 3.2 power-angle curve

This is a highly nonlinear relationship, with more accurate system components
modeling the power angle curve can vary significantly from the sinusoidal

wave form shown in figure 3.2.
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The deviation in the electrical torque generated by the synchronous generator

after any disturbance is a function of two torques, AT, the synchronous torque

component of torque change which is in phase with the perturbation in 6 and

the damping torque change (A7}). Stability is achieved by the ability of the

system to provide sufficient amounts of both torques after the disturbance.

Lack or missing of any of these torques will result in an unstable system.

The stability categories and causes are shown in the diagram in figure 3.3 [116].
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3.2 CONVENTIONAL METHODS FOR STABILITY
CONTROL OF POWER SYSTEMS

Most of the control applications in power system generation are concerned with the
excitation control, which is seen by power engineers as the best form of short term
generation control due to the relatively small time response of the excitation system

compared to other components of the power system.

The excitation system is defined as “the source of field current for the excitation of
asynchronous machine and includes the excitor, regulator and manual control” [117].
The excitation system consists of one or more generating units designed to provide dc

current to a synchronous device under consideration.

In addition to the exciter, the excitation system has a regulator and other auxiliary control
units. The regulator is seen as a brain of an excitation system. Automatic voltage
regulators (AVRs) maintain continuos sensing on the generation unit terminal voltage (v,)
and provide the control signal to the exciter in order to keep the system performance as
desired. Power system stabilisers (PSSs) are used as auxiliary control units in the
excitation system in order to damp down any oscillations in the rotor angle and to keep a
minimum speed deviation. A comprehensive analysis of the advances and benefits of
conventional excitation techniques is given in [118-122]. Different AVR and PSS designs
are presented in [123-129]. Some PSS performance evaluation and analysis tools are

presented in [130-132]. Digital excitation systems are also introduced in [133,134].

Advanced excitation control structures based on linear control theory have also been
introduced. In [135] Ghandakly presented a model reference adaptive stabiliser. More
complicated adaptive excitation controllers involving the use of multi leveled control
structures are presented in [136-139]. Nonlinear learning and adaptive methods have been
used in [140] where self tuning techniques are used in the excitation parameter
identification. NN were also used in the tuning process (on and off line) of the excitation

system parameters [141-144].
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3.3 POWER SYSTEM MODELING

Modeling a power system is not an easy task to do, in fact it is almost impossible to have a

single sufficient model that can represent the system states due to:
1) the power system is highly nonlinear in nature,
2) the large changes to the systems parameters when the system is perturbed,
3) The huge size of the power system network,
4) The large number of factors that effect the power plant.

Some serious attempts have been proposed in the power systems modeling domain, see
[145-147] for more details. Conventional controllers rely on sufficient representation
(modeling) of the plant under control. This is why they suffer critical sensitivity when
operating under varying plant characteristics. This motivated the trend towards applying
fuzzy logic techniques to the field of power system generation and control. FLCs have
proved their robustness and do not totally rely on an accurate plant model in the design and
testing stages. The following section represents an overview of the already published

applications of FLCs in power systems.

3.4 FLCs APPLICATIONS IN POWER SYSTEMS

The application of fuzzy logic in power systems has reached new boundaries in the field. It
did not just replace some of the old linear controllers in the control loop of the generation
unit. It took a leading role in other areas of a power distribution and management, areas

that have been exclusive to human experts and some limited statistical methods.

This section describes the use of fuzzy logic in power systems under two main categories:

1) non-control and 2) control.
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3.4.1 Non-Control Applications

The superiority of fuzzy logic is clear in the theory ability to mimic human
expert’s ways of thinking and reasoning. The competition among large power
providers in the huge electric energy market made resources management a
major concern of electric power utilities. Forward planning is the best solution
for optimal resources usage which enables electric companies can deliver the
service at minimum cost. Load forecasting is the backbone in this domain.
Fuzzy logic plays an important role in managing the large sums of vague data
collected on daily basis in electric utilities in order to provide a future forecast
of the load demands as in [148-152]. Moreover, future planning and decision
systems based on fuzzy logic have been used in [153,154]. A revolutionary
fuzzy logic approach for load dispatch that takes into account environmental
concerns as well as economical ones is presented in [155], another fuzzy
system that optimises cost with consumer satisfaction and desires is presented

in [156].

Operation monitoring and security systems based on fuzzy logic have also been
introduced in [157-159] where emergency alert or warning signals are
produced according to accessible simple data collection. Fuzzy logic was also

used in diagnosing power network faults [160-162].
3.4.2 Control Application

Electric power generation, control and stability enhancement using fuzzy logic
algorithms have been a very active research and application area in the last few
years. The literature, in most cases, present the comparison between FLCs and
the already existing conventional controllers. The dominant area of FLC
application (control ones) in power systems is in the stability enhancement
using FLC power system stabilisers (PSSs). Different trends in stability and

excitation control are presented in sections 3.5 and 3.6.
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3.5 DIFFERENT APPROACHES TO FLCs DESIGN AS POWER
SYSTEM STABILISERS (PSSs)

It is very well known that providing supplementary control signals in the excitation control
loop will improve the stability margins in the power network. Conventional PSS systems,
with their model dependency, suffer great degrading in performance under variations in
the operation points of the power system. This section gives an overview of three of the

most popular FLC structures used for the PSS design.
3.5.1 Rule-Based PSS

In their paper in 1995 [163] El-Metwally and Malik presented a rule-based
fuzzy logic power system stabiliser. El-Metwally and Malik used the speed
deviation (Am) and the active power deviation (AP,) as inputs and the
stabilising signal (U) as the output in 7x7 two inputs one output rule table. The

input/output domains classes used in [163] are shown in figure 3.4.
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Figure 3.4 input/output domain for the rule-based PSS

The input tuning was represented by two factors (k; and k,) in this PSS where,
k; =2/(x,q, — Xny ). The designers used a symmetrical rule table, table 3.1,

with min-max inference method and COG defuzzification method.
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Table 3.1 symmetrical rules used in the rule-based PSS

The two input parameters, k; and k&, were tuned off-line based on three

criteria:

1) the maximum overshoot, L,
2) a performance index, j, = Y E*,
3) a performance index, j, = ) time x E*,

where E is the system output error. The indices applied along with the guided
training algorithm for the tuning process.

Another rule-based PSS using Ao as first input and Aw (the first derivative of

Aw) as its second input is presented in [164].
3.5.2 Fuzzy logic PSS

Hiyama [165] proposed a fuzzy logic PSS based on dividing the phase plane

between Ao and Aw into six control sectors shown in figure 3.5.

In this scheme the generator state at time =kA7, (p(k)) in the phase plane, is
calculated as p(k)=/Aw, (Ao (k)-Ao (k-1)/AT].
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The control action objective is to move the point p(k) to the origin as soon as

possible while applying six different control rules:
Rule 1: if p(k) € sector A then u(k)=G(k) U0
Rule 2: if p(k) € sector B then u(k)=G(k)U,,,;,
Rule 3: if p(k) € sector C then u(k)=G(k)U,,;,
Rule 4: if p(k) € sector D then u(k)=g(k) U,
Rule S: if p(k) € sector E then u(k)=g(k)U,,,;,

Rule 6: if p(k) € sector F then u(k)=g(k)U,,;,

where
G(k)=D(k)/D, D(k)<D,
G(k)=1 D(k)=D,

D®=lp)|=VhAo* + Av®.
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Figure 3.5 Hiyama’s sectors in the phase plane
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The gain factor dependence is shown in figure 3.6.
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Figure 3.6 gain factor dependence

This scheme requires the parameter optimisation for L;, L, and L; in the phase
plane in figure 3.5, D, in figure 3.6, U,,;, and U,,,. Hiyama used two discrete

quadratic performance indices for this purpose, they are:

Ji=2 A8k =Y ()-8, )

ARG

where A8(2) is the deviation of the phase angle between the generator and the
infinite busbar.

This scheme was later modified by Hiyama in [166] and the An-Aw phase
plane became as shown in figure 3.7. In this modification the stabilising signal
(U(k)) is using the two functions (P and N) as in figure 3.8 for its final

calculation,

NOF) - POK)

Y= Newm pody ™

where
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L A x Aw(k)

O(k) = tan™ =0 %)

and A4, is a scaling factor for Aw.

Switching Line

Sector 4

180

270
O (degrees)

360

HH

Figure 3.8 linear P and N functions

This scheme resulted in reducing the parameter number to be optimised to 3

parameters, A, D, and o (shown in figure 3.8). The performance index
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M
j=Z Ao (k) was used in the tuning and optimisation process. An evaluation
k=0

and optimisation of this scheme is presented in references [167-171].
3.5.3 Adaptive Fuzzy logic PSS

Dash et al. [172] proposed an anticipatory fuzzy control strategy for the PSS
design. In this anticipatory FLC, once the rules have been used and a control
signal was generated the effect of this control signal on the plant output is
anticipated by an anticipatory routine. In case of unsatisfactory results the
output control signal is adjusted. The adjustment of the control signal is
achieved by the use of additional rules or a different rules set other than the
one originally used. In other words, this FLC structure requires the storage of
different rules sets where the system can switch between them according to the

anticipated plant output.

The anticipation routine uses a modified back propagation algorithm in order
to model the plant under consideration. The anticipation of the future plant
performance is based on current and past controller and plant measurements.

Figure 3.9 shows the general layout of the anticipatory FLC structure.

The plant output y(#) shown in figure 3.9 represents A@. The fuzzy controller
uses Ao and A@ in a two input-one output rule base to derive the change in the
control signal (dU). Each of the input domains is divided into two different
classes, positive and negative, as shown in figure 3.10. Two scaling factors g,
and g, are used to normalise Ao and Aw respectively. The authors in [172]
used e as a reference for g,xAo and ce as a reference for g, xAw. The output
domain was divided into three classes positive (0,), negative (0,) and zero (0,)

as shown in figure 3.11.

L shown in figure 3.10 is the maximum Ae® range multiplied by g, or
maximum A® range multiplied by g, according to the input domain under

consideration. L, in figure 3.11 represents the maximum possible value of dU
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multiplied by g, where g, is a scaling factor for dU. The degrees of

membership functions for the inputs were calculated as
Hep(e)={L+g.e}/2L
Hen(€)={L+g.e}/2L
Wp(e)={L+grce}/2L

Hp(e)={L+g,ce}/2L

u(t)

u(t-1)
u(t-2)
() Fuzzy Controller

y(t-1)

y(t-2)

Power System Rl

L

error

|ﬂ(f)

u(t-1)
R
u(t-2) A

30 Neural-Net Model |2+

y(r-1)
—
y(r-2)

1

Figure 3.9 anticipatory FLC for PSS design
The output membership functions were calculated as

Mop(@U)= dU/2L
Uon(@U)= -dU/2L
Ho(dU)=0
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Figure 3.10 input classes for the anticipatory FLC

The anticipatory control used implies an additional control law of the form “if
the current control signal (#,) will cause the difference between the current and
anticipated values of Aw to be large then a new control signal should be

produced”. The new control signal U is calculated as:
=u[1-Buf A o(t+1)- Aw()}]
and
Aw =fAo(t+1)- Ao(@YT

where ( A @) is the membership function of the predicted Aw. The value of
varies between O and 1. In their work [172], Dash et al. determined [

according to the performance index j, where j is calculated as

J= j(mm )2 dt
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Figure 3.11 output classes for the anticipatory FLC

The implementation of the anticipatory fuzzy controller necessitates the
prediction of Ao (nT+1) one-step-ahead of the input signal. This was achieved
using NNs for system identification and one-step-ahead prediction. The authors

modelled the input-output relationship of the power system in the form,

y(t'D =f{y(t)!y(t'])!"'!y(t'n])!u(t)!"';u(t'n])}

where the function f represents a memoryless nonlinear function. A modified
back propagation NN was used to predict the plant output one-step-ahead. The
algorithm minimises the mean-square error between the desired output and the

actual output with respect to summation output.

Figure 3.9 shows that the output from the fuzzy controller #(?) goes to the NN
along with the current and past inputs and outputs to predict the one-step-ahead
output. If the NN predicted one-step-ahead output deviates significantly from
the actual system output, the weight adjustment of the previously learned

neural-net model is carried out.

Although this system produced satisfactory simulation results as mentioned in
the reference [172], it is very hard to practically implement or generalise it.
The structure contains many parameters that require off-line adjustment and
optimisation, ie. g,, g, g, and B in addition to the need of trained NN models

to model the power system. More over, the requirement of unlimited rules set
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where the system is going to switch between is not practical. It would seem
that the authors are suggesting the availability of an endless list of rules sets in
order to cover all possible operation conditions. No on-line updating of the
FLC parameters is carried out. Which means that under severe conditions and
when the operation point drifts significantly from its original point both the
NN model and the switching strategy had to be altered all the time. This is very
time consuming and the strategy switching, as long as it is not based on
performance analysis of the controller and plant, might result in loss of

stability.

Another adaptive scheme was proposed by Hiyama in [173] where he used
NN for real time tuning of a fuzzy logic PSS.

3.6 FLCs DESIGN FOR THE EXCITATION SYSTEM

All the previously mentioned PSSs have a conventional AVR in the control loop, and this
limits the overall performance of the power unit under parameter variations while
operating. Moreover, the problem such integration encounters, in most cases, is the
coordination between the operation of the two logics, fuzzy and linear. Some authors
proposed a fully fuzzy excitation system that employs fuzzy logic in the entire excitation
loop. In [174] Draper and King proposed a rule-based excitation system with v, and AQ
(the difference in the actual reactive power and the scheduled one at generator terminals)
as inputs and one output control signal AXCTTR as the change in the excitation setting.
The domains of the three variables were normalised between -1 and +1 and a 5x5 rule

table was used.

A more sophisticated excitation scheme was proposed by Handschin et al. in [175] where
three inputs v, P, and AP, were used as inputs to a multi level rule table, this scheme
applies the so called hierarchical or multi strategy fuzzy logic control concept with three

sets of rules:
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1) terminal voltage rules; where v, is the only parameter in the /F

part,

2) damping control rules, where P, and AP, are the only

parameters in the /F' part,
3) compensation part, to compensate part 1 and 2.

Hiyama in [176] proposed a fuzzy excitation system consisting of a fuzzy AVR and a
fuzzy PSS.

3.7 COMMENTS AND COMMITMENTS

The previously mentioned systems highlighted the fact that FLCs are applicable in the
power system generation and control. However the application of two control ideologies as
mentioned in the case of fuzzy PSS and conventional AVR is not the solution FLC can
provide to the industry. If there is a linear controller in the control loop then you are still
limited with the linear control theory restrictions. It will be a deviation of effort to struggle

with two methodologies on-line.

This is clear from the large sum of off-line tuning for the PSS parameters via extensive
simulations. This by itself puts fuzzy control under the conditions of plant modeling,
parameters adjustment and settings, as if those schemes are trying to map fuzzy control
into linear control, by imposing the same sort of restrictions “headaches” and requirements

in the design.

The commitment in this thesis is to provide a fully fuzzy logic based excitation system in
one control block, with adaptive tools operating on line and with one single input to the
controller educed by manipulating both v, and Ao in a Pre-Control stage, all done using
a novel adaptive fuzzy logic controller structure. This will be presented in section 3.
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4.0 INTRODUCTION

FLCs were very successful when implemented in many different applications. They
proved effectiveness in missile cruise control, automobile control, robotics and in the
medical field as mentioned in section 1. It was clear from the early days of FLC
implementation, that this control technique is superior to a conventional one, when used in
a non static environment with wide variation of operational conditions, and where
nondeterministic data are the main source of performance monitors. That is the reason why
the pioneers in FLC design started to introduce FLCs as the solution for controlling
difficult systems where conventional controllers failed or could not perform efficiently.
The failure of conventional controllers in an unstable environment can be explained by the
fact that they have design methodologies that rely on the availability of a model for the
plant under control, based on some predefined performance specifications. It is not always
possible to have an accurate plant model. In many cases it is almost impossible to have this
accurate model especially when dealing with complex real time systems. The design of a
FLC does not require this model restriction, to the same extent. However, in many cases, it
is possible to construct the FLC without an existing model. The fact is, that a model of the
plant under consideration is required for the initial design and fine tuning of the FLC,
specially if the design is to be implemented on expensive and hard to get equipment or in
some very critical fields such as in medical applications. It is totally unscientific to test a
controller on line during a heart surgery, for example. Even when a model is required, the

difference between this requirement for a FLC and that for a conventional controller is:
1) the reduced restrictions on the modeling accuracy needed for a FLC,

2) a single model could be sufficient to design a FLC that can cover a wide

range of operation conditions of the plant.

The lack of mature FLC design methodology emerges the need for a plant model which
has reasonable accuracy levels. The setting of the controller parameters, ie. the input and
output ranges, the membership functions and the rules, relies heavily on the designer
experience. A trial and error procedure based on some nondeterministic information taken

from a domain expert is followed in most cases. This section introduces a novel FLC
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design algorithm that can further reduce the accuracy restrictions for the plant model. The
algorithm proposed is adaptive in nature. The algorithm developed throughout this
research relies on some new concepts in automatic control. Some of these concepts were
derived and elicited from the linear control theory based on field and practical
experiments, refer to chapter 5, section 2 for more details on these concepts. The algorithm

proposed here handles the main obstacles of FLC implementation and design:

1) the interface between the FLC and the plant which involves mapping of

input and output universes of discourse,
2) input and output ranges tuning,
3) rule base,
4) robustness of the controller.

These issues are being carefully encountered and a working solution is proposed and
implemented for them. The algorithm proposed here deals with the problem of FLC design
from the early design and development stage, to the real time implementation stage. The
proposed logic provides the FLC designer with robust, effective and universally adaptive
controller that can be simply used for different types of applications having some
knowledge of the general facts, ie. expert knowledge about the system behaviour and
requirements. This was proven through practical implementation of an excitation system

for a synchronous generator presented in section 3.

General layout and brief description of the proposed algorithm is given at the beginning of
this chapter followed by description of the algorithm and its supporting functions and

features.
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4.1 BRIEF OVERVIEW OF THE PROPOSED Shay
STRUCTURE

The algorithm developed in this work is capable of handling both steady-state and transient
states of the operating plant. This is why it is called Stability Handling Algorithm,
transient and steady-state (Shay). this is how it will be referred to throughout the rest of
the thesis. An overview of the Shay algorithm and its implementation structure is shown in

figure 4.1.

The figure shows that the Shay structure consists of main and support functions, both
working in conjunction with each other to improve the performance of the plant under
control. The functionality of both parts is based on some input signals from the plant
environment as well as intermediate states and signals derived by the structure throughout
the operation time. This figure indicates that the input communication channel from the
plant environment and the controller is connected to both the support and the main
functions, while the output channel is connected to the main functions. This is due to the
fact that the support functions section, is a set of operations and procedures that are
supporting the operation of the main functions in order to enhance the final control signal
generated by the main functions. In other words, the Shay main functions perform the
operation of inputting a performance monitor from the plant environment, processing it
and then producing a control signal that is to be sent back to the plant. The main functions
use some extra supporting decisions from the support functions that clarifies the status of
the overall controlled system. These two main parts are explained in detail in later chapters

of this section.
4.1.1 Main Functions

Shay main functions are a set of three functions that work in conjunction with
each other in order to produce a final control signal (U). Each one of these
functions is responsible for a different task. These functions operate according
to the input from the plant and other derived parameters representing the plant
and FLC status, as explained in later chapters of this section. The main

functions are:
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1) Main-FLC
A single input single output (SISO) FLC used as a reference for the Shay
functions.

2) Shay-PA
A function that provides the control signal with the desired phase and fine
amplitude tuning.

3) Shay-Tune
A function that updates the input and output ranges of the Main-FLC.

From Plant

To Plant

Main Functions| __’J

Main-FLC
Shay-P/A
r Shay-Tune

Support Functions

Operational-Sector
'Operational-Status

%rom Plant

Figure 4.1 Shay algorithm
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4.1.2 Support Functions

These are two supporting functions that provide the main functions with more
precise description of the plant operation, and the main controller status. The
support functions use some performance monitors from the plant environment

and the Main-FLC. These functions are:

1) Operational Sector
A new concept developed and implemented in this work to give more

visualisation of the current state plant of operation.
2) Operational Status

A novel technique developed and implemented in this work to evaluate the

status of the Main-FLC.

The main and the support functions complete each others work. The support functions
provide the required extra information for the main functions, in order to help the latter in
producing U that is most suitable for the current state of operation. The relationship
between the main and the support functions follows an individual function basis. The
operational status support function deals with the Main-FLC and the plant environment for
the input. Its output is just used in the Shay-Tune main function. While the operational-
sector support function output is used in Shay-PA and Shay-Tune. The relationship
between these functions and their operations are explained in detail in later chapters of this

section.
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5.0 INTRODUCTION

This chapter explains in detail the logic and processing involved in Shay support functions.
These functions realise the system under control dynamics as well as the FLC structure

performance using several new concepts as explained as follows.

5.1 OPERATIONAL SECTOR CONCEPT

The basic idea of this new concept is realised from inspection of the unit step response of a
classical feedback system shown in the block diagram in figure 5.1, where y is the plant
output, R: unit step, used as a reference and the error signal (e), where e = R-y. The unit

step response of this classical second order system is shown in figure 5.2.

[N]

; R n
Unit Step »@ ‘> 1220 S+’ o T

Feedback

Figure 5.1 second order plant

By inspection of the unit step response shown in figure 5.2, an observer can find six

different states or sectors. These sectors are identified in figure 5.2 as:

1) Picking up: the range where the error is large and the system 1is still

building up towards the desired steady-state condition,

2) Crossing 1: the system response is crossing the reference line and switching
the sign from positive to negative (considering an error signal as Ref-

Output),

3) After Crossing 1: the system error is increasing and the plant is heading

towards its maximum positive overshoot ( L )

2
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4) After 1st ,: the error is decreasing and the system is going down towards

the reference line,
5) Crossing 2: the error signal sign is switching from negative to positive,

6) After Crossing 2: when the system is approaching its maximum negative

overshoot (u,,).

4 5
R
Ha
43

4 V/ S TTATIITIITT, Crossing 2& — —
~Crossing 15 =
¥ 2222202

= Before =
= lstp, =
S —————————

0.5

time

Figure 5.2 six different sectors in the unit step response of a second order system

The sectors are being identified by processing a performance monitor taken from the plant
environment, ie. the error signal (e(k)). Actually, two successive samples of the
performance monitor, e(k) and e(k-1), are required to fully represent the plant performance
for the sake of the sectors processing. The operational sectors are determined by the joint
effect of e(k), e(k-1) and Ae(k) which is the difference between e(k)and e(k-1), referred to
as an acceleration, Ae(k)=e(k)-e(k-1). A similar procedure is followed in [177] where four

-

different sectors called regions were identified.

The efficiency of Shay depends upon the right choice of the performance monitor, which
is the input parameter to the controller from the plant domain. Most of the Shay processing
stages apply in one way or another the basic ideas of the proportional plus differential plus

integral (PID) controller. A reference signal (Ref ) is required. A classical measurement
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that gives an indication of the plant performance with respect to this reference is used by
some parts. Other parts use some successive samples of the performance monitor. The

performance monitor used in this work (£;) was an error signal calculated as E,=Ref-plant

output.

Two successive samples of the performance monitor are applied to divide the operational
space of the system into six operational sectors. The three dimensional representation of
the sectors is shown in figure 5.3. Where the x-axis represents £, the y-axis E; ; and the z-
axis AE;. A scaling factor (S) is used to scale £, in this function. This factor is introduced
to give more freedom to the designer in controlling the Shay algorithm. For more details
on this factor and its effect on the Shay performance see chapter 9. The operational sectors

at time k are defined according to:
1) E;: the performance monitor at time k,
2) SE, ;: the performance monitor at time k-1,

3) E,: the difference between E; and SE, ;, AE,=E;-SE;.;

AE,

r S

AE, | Ty,

ey

-1

Figure 5.3 operational sectors, three dimensional view



Chapter S: Shay Support Functions Page 52

Table 5.1 shows the rules used to derive the operational sectors. Figure 5.4 shows the error
signal derived from the unit step response of the second order system. The operational

sectors are identified by the numbers 1 to 6 in the figure.

Sector

Table 5.1 sectors division

TR
SRREPRESRAIEI SRR RIS S b E e

TR

TR

SEPEb

T

time

Figure 5.4 operational sectors from the error signal as performance monitor



Chapter 5: Shay Support Functions Page 53

The operational sector information is stored in a six element vector called sct. Each
element of sct represents a sector flag that will have a value of 1 if the operation was in

that particular sector otherwise the flag’s value is zero.
sct=[sctl sct2 sct3 sct4 sct5 sct6]

These flags are assigned their values according to the rules shown in table 1 as:

If £,>0 and SE; ;>0 and AE;>0 Then
sctl=1
else sctl1=0

If £,>0 and SE;_ ;>0 and AF;<0 Then
sct2=1
else sct2=0

If £,<0 and SE,; ;>0 AE;<0 Then
sct3=1
else sct3=0

If £,<0 and SE,;_ ;<0 and AE;<0 Then
sct4=1
else sct4=0

If £,<0 and SE;_ ;<0 and AE,>0 Then
sct5=1
else sct5=0

If £,>0 and SE, ;<0 AE,>0 Then
sct6=1
else sct6=0

A simplified two dimensional representation of the sectors is shown in figure 5.5. Table
5.2 gives numerical illustration of the operational sector function. The definition of the
operational sector proved to be very helpful at later stages of the Shay processing as it
gave a more precise representation of the plant performance status. This will be clarified
through the explanation of the main functions and their use of the operational sector

information.
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SEt,

7
/// 2 5

i sector 6

nann

| Operational Sector

0.1 | 0.05 | 0.05 | [100000] Sector 1
003 | 02 |-017| [010000] Sector 2
- 0.1 0.1 -0.2 {001000] Sector 3
03 | 01| -02 | [0oo100] | Sector 4

Table 5.2 numerical examples of eperational sectors

5.2 OPERATIONAL STATUS CONCEPT

This part of Shay is responsible for generating an indicator that assists in the adaptive
process of updating the input and output ranges of the Main-FLC. New concepts of
evaluating the structure of the FLC based on its operation have been developed and

implemented in this part.
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Detailed explanation of the theory behind this indicator and its implementation procedures
is given in later sections. This indicator is called the operational status of a FLC and it is
defined as: an indicator that shows the suitability of the current input and output ranges

of a FLC in respect to the plant under control.

The definition of the operational status shows that the objective of this part of the Shay
system is to produce a suitability measurement of the current ranges of the FLC. The
operational status of an FLC is actually a weighted reasoning of whether the current Main-
FLC ranges require any updating or not, qualitative. The reasoning is performed based on
some predefined criterion. This procedure supports the operation of the Shay-Tune in the

main functions of Shay.
5.2.1 Preliminary Discussion

Any general evaluation of a FLC input and output ranges would result in one

of three situations:
1) the ranges need to be increased,
2) the ranges need to be decreased,
3) the ranges are suitable.

Any criterion or methodology which adaptively update and tune the FLC

ranges, should consider these three cases.

It is known that the overall ranging of the FLC is initially determined in a non
procedural fashion according to the designer’s experience and judgment'. This
work provides a systematic approach to assist this judgment, evaluate it and
gives it a standardised measurable form that can be used when attempting to
improve the ranges setting. In other words, moving the art of FLC design from
being an experience based art, towards becoming a procedural algorithm, with
a structured methodology, that can give the desired results when correctly

implemented.

! This is the most common practice. NN and GA can help in this. Still the designer’s experience is the
dominant factor.
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A classical FLC should have a current input/output universes of discourse with
predefined upper and lower limits where the membership functions are sharing
this domain. The universe of discourse shown in figure 5.6 has clear upper and

lower limits bounded by the range of the discourse from 0 (zero) to 1 (one).

Key:

Zr = Zero

S = Small

\ M = Medium

i B = Big
L = Large

0 A S
0 0.25 05 0.75 1

lower limit upper limit

T =

boundaries of domain

! s M B L

Figure 5.6 fuzzy domain

Classes Zr (zero) and L (large) in figure 5.6 are the boundary classes. If the
FLC operation was always in the Zr or L classes with the continuity of a
steady-state error, then, it is most likely that the current range of the FLC falls
either in category 1 if it was always in the Zr class or category 2 if it was in

class L. This is stated in general form in Remark 5.1 which is the mid-stone of

the operational status concept.

Remark 5.1

If the operation of the FLC with respect to this domain (whether input or
output domain) was centred in the boundary classes and the controller
shows unsatisfactory performance then we can claim that the current

ranges require some modifications.



Chapter S: Shay Support Functions Page 57

Three modes of operation are defined in this section, they are relatively
measured based on the initial assumptions implemented when designing a

FLC, these modes are:

1) Under Operation: When the operation is centred in the lower boundary

class(s), class Zr in figure 5.6,

2) Over Operation: When the operation is centred in the upper boundary
class(s), class L in figure 5.6,

3) Normal Operation: When the operation is not centred in the boundary

class(s), ie. operation in classes S, M or B in figure 5.6.

Consider the domain in figure 5.6 as an input domain. If this domain was
normalised to the range O to 1. Assume a gain factor is used to normalise the
crisp input to the domain. If the fuzzification stage of the FLC resulted in
having the class Zr fired most of the time while still having undesired steady-
state error, then the FLC is in an under operation mode and the input gain is
less than the required for the FLC to interactively respond to the input. On the
other hand, if the fuzzification stage resulted in firing the input class L most of
the time while still having unsatisfactory results, then the FLC is said to be in
over operation mode, and this indicates that the current input gain factor is
higher than what is required for the FLC to respond interactively to the input
signals. Otherwise, if the operation was in other classes of the domain, and
satisfactory results were achieved, then the FLC is said to be under normal
operation mode and no adjustments are required for the gain factor. The same
treatment and three modes are used for the output range of the FLC. The
procedure to determine the modes and the ranges updating procedures are

explained in full detail in later sections of this chapter.

The result of the fuzzification stage in the Main-FLC (fz) is required when
evaluating the current input range while the result of the rule evaluation (r/) is
used for the evaluation of the current output range, refer to chapter 2 for details

of the FLC operation steps.
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3.2.2 FLC Ranges Evaluation Criterion

In order to ease the processing in later stages of the operational status
derivation, we assign a number for each class in the domain. Thus the labels
are used for description while the numbers are used for the implementation and
processing. The numbering is in order, from left to right. So the domain shown

in figure 5.6 1s being assigned the numbers as in figure 5.7.

0 025 05 075 1

Figure 5.7 numbered fuzzy domain

The fuzzification stage for » number of input classes will result in an nx3 fz
matrix, with each row (i),of fz representing the fuzzification information

regarding class i, fz has the following syntax:

FFfl u, S,
F, u, §,

S Mpl S
. Mg S,

where

F : 1s an indicator that will have a value of 1 if the crisp input belongs

to class i, or 0 if it does not.
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M . © is the degree of membership of the crisp input to the class 7.

S . the side of the fired class 7 which is the location of the crisp input

with respect of the class i COG, refer to appendix A for L/R COG

method.

The same syntax is used to represent the fired output classes from the rule
evaluation stage. An n number of output classes will result in an #x3 r/ matrix

having the format shown below

i n url n |
n urz n
rl=|.
En—l urn—l Srn—l
Eoow, S

where

F,, ' is an indicator that takes a value of 1 or 0 to show that output class 7

was fired or not.

W, : is the degree of membership of the output to the class 7.

S,. : the side of the fired output class 7, with respect to the COG of output

class i.

A rule-based fuzzy logic processing is implemented in this stage in order to
derive the domains operational states. This part of the Shay system can be seen
as two rule-based fuzzy logic blocks operating in parallel, one is concerned
with the input domain and the other with the output domain. Processing in both
of them is quite similar, so, what is explained for the input operational status

can be directly mapped for the output domain.
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Two successive samples of fz are required to map the input domain to the three
modes. fz;, fz at time k, is used to define three temporary input mode

indicators, I U, I N, and I O, where
I U= fu? input under operation mode at time £.
I Ny=max(p PRI ), input normal operation mode at time &.
I O=n S input over operation mode at time £.

Szr.1, JZ at time k-1, is used to define three temporary input mode indicators,

I Uy, I Ny;and I Oy, where

I U,=u fas? input under operation mode at time &-1.
I N =max(pn R T ), input normal operation mode at time A-1.
I Oy ,;=1 fus? input over operation mode at time k-1.

A graphical representation of the input domain modes is shown in figure 5.8.

Figure 5.8 input domain modes

The point x; represents the upper limit of the lower class of the FLC, this is

class Zr in figure 5.7. x, represents the lower limit of the upper class, this is



Chapter S: Shay Support Functions Page 61

class L in figure 5.7. These two points are dependent upon the Main-FLC

under consideration, and vary from one system to another.

The two mapped values of fz, and fz, ; are processed in a two input single
output rule-based fuzzy block to derive the final indication of the input
operational status. The output of this step is a three element vector called 10§

(input operational status),
I0S=[I R; I R, IRy]

where
I R; = input under operation mode.
I R, = input normal operation mode.
I R; = input over operation mode.

These modes are represented graphically in figure 5.9. This representation is

fixed and does not change from one system to another.

IR, TRy IR,

frae
s OEErrerd

Figure 5.9 input operational modes

A 3x3 rule table is required to derive the final JOS. A very conservative rule
base (a rule base that implements a strategy which prevents applying large

changes) was used in this work. This rule base is shown in table 5.3.
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Table 5.3 rule base to derive I0S

The min operator is used in the rule evaluation and / R;, I R, and I R; are
assigned the min strength of the set of rules that fires each of them. ie.
I R;=min(I U, I U,), the first cell in table 5.3.

Processing the output domain in order to determine the output operational
status vector OOS is performed in the same manner, where O _U,, O N, and

O O, are calculated from rl; as:

0 U= i, > output under operation mode at time .
O Ny=max( N L ), output normal operation mode at time .
0 O= W, »output over operation mode at time £.

rl.; is mapped into O_U,.;, O N, ; and O Oy as

0O U= W,  ,output under operation mode at time A-/.
- -1
O N, ;=max( SN ), output normal operation mode at time A-/.
- -1 nlyy
O Oy,= W,  ,output over operation mode at time k-/.
-1

These two mapped values are processed in a two input single output rule-based
fuzzy block to derive the final indication of the output operational status. The
output of this step is a vector called OOS with three members as shown in the

following,
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00S=[0O R, O R, O Ry

where
O _R; = output under operation mode.
O R, = output normal operation mode.
O R; = output over operation mode.

Table 5.3 is used in this work for the input and output operational status. This

table is reintroduced in table 5.4 with reference to the output domain.

ON, | 00,

O R,

0 Rz O__Rz

rl

OK, | OR,

Table 5.4 rule base to derive 00OS
5.2.3 Generalised Form of the Operational Status

The explanation provided before was for the domain shown in figure 5.7 which
ranges from O to 1. This domain was used to simplify the description of the
operational status concept. However, the same procedures mentioned earlier in
section 5.2 stands for the fuzzy domain shown in figure 5.10 which ranges

from -1to 1.

The same modes are used as well as the same rules in tables 5.3 and 5.4. The

only difference is in determining the temporary modes indicators.
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nns A

o An,

0
-1-085 06 -03-010 0.1 03 06 0851

Figure 5.10 fuzzy domain of the range -1 to 1

For the domain in figure 5.10 the input temporary modes indicators are

calculated as in equation 5.1.

LU~n,, l
I Ny=max( My, oMy, ) r (.1
I Oy= ma( Llfl) > ufh ) /

JZi.; 1s used to define three temporary input mode indicators, I U, ;, I N, ; and

1 O; as shown in equation (5.2).

I Upy=p S )
I Ny j=max(p AL ) e (5.2)
I Opy= max(p Sy M ) J

The same technique is followed in case of an output domain. This form
mentioned in equations (5.1) and (5.2) is a general form of deriving the modes

temporary indicators.
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5.2.4 Nllustrative Example

Consider the FL.C shown in figure 5.11 which represents an air flow controller

that controls the air pressure in a container. The input to the FLC is the air

pressure inside the container measured via a sensor that gives values from -5 to

5 volts.

The output is the voltage setting of a compressor that moves clockwise

(forward) and anti-clockwise (backward) to increase or decrease the air

pressure.

Large Low
Small Low
Normal

Small High
Large High

Reverse Fast

) [ | |
r T [
i et L R I\ Reverse Slow
| ‘ | i e e )
| AN T o\ Zero
ULe SO _L@ ’ _@J_ \_L7/1_J_@_I__L\\_ Sﬁ
e G, BT R IE Eorvid §10v
020 4. Lo e g s i (il
TR (BTN AR ML T it 1 Forward Fast
P AR 15/ A TR S R
0 it i b o L L i 1 Il 1
AT T IR T T T

Figure 5.11 FLC for air flow controller example

If the sensor’s reading was -4.8 volt at time k (point E; in figure 5.11), E;

belongs to the input class LL with p,;;=0.8. If the reading was 3.2 volt at time

k-1 (point K, ; in figure 5.11), E, ; belongs to the input classes SH and LH with
Wsg=0.167 and p;5=0.367. Equations (5.3) and (5.4) show fz; and fz,; for

these two samples.
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(5.3)

>

|
O O O O =
o o o o o
SESECESES

and

[0 0. i

0 0

Sz =10 0 (5:4)
1 0.367

1

0.167

SESEE RS

Note that in equations (5.3) and (5.4) the sides columns are labelled X:
(ignore), as the sides are not considered in the operational status analysis for

simplicity reasons.

I_Uk= ufs; =0 .
I Ny=max(p fa M, )=max(0,0)=0
I O=max(n £ oM )=max(0.8,0)=0.8

and

I_Uk-l =H Sy =0
I Ny j=max(pn fos M )=max(0,0.367)=0.367
I Oy ;= max( Hp oMy )=max(0,0.167)=0.167

thus applying table 5.3 for the input operational status yields

I R,= min(I_UyI U,,)=min(0,0)=0
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I Ry=max(min(I_U,I Ny.;), min(I_U,l Oy.,), min(I NI U)),
min(I_Nk,I_Nk_I), min(I_Nk,I_Ok_I), min(I_OK,I_Uk_I),
min(I_Ok,I_Nk_I))

= max(min(0,0.367), min(0,0.167), min(0,0.367), min(0,0.367),
min(0,0.167), min(0.8,0), min(0.8,0.367))

=max(0,0,0,0,0,0,0.367)=0.367
I R;=min(I-0,,1 O,.;)=min(0.8,0.167)=0.167
= 108=[0 0.367 0.167]

Applying the SISO rule base shown in figure 5.11 gives r/, as

1 08 X
0 0 X
rlk = O O X
0 0 X
0 0 X
and
[0 0 X ]
0 0 X
rlk__l =0 0 X
1 0367 X
1 0167 X |
O_Ug=n, =0

O N=max( M, oM, )=max(0,0)=0
O _Oy= max( By, oM, )=max(0.8,0)=0.8

and
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O_Uk_1= ur3t-1 =0
O _N,.;=max( M, oMW, )=max(0,0.367)=0.367
O Oy ;= max( My, oMy, )=max(0,0.167)=0.167

using table 5.4 to derive OOS results in
O _R;=min(O_U, O U, ;)=min(0,0)=0

O_Ry=max(min(O_U,,O_N,.;), min(O_U, O _Oy ), min(O_N,,O U,.)D,
min(O_Nk, O_Nk-l)’ min(O_Nk, O_Ok_j), min(O_Ok, O_Uk_j),
min(O_0,0 N.)))

=max(min(0,0.367), min(0,0.167), min(0,0.367), min(0,0.367),
min(0,0.167), min(0.8,0.167), min(0.8,0.367))

=max(0,0,0,0,0,0.167,0.367)=0.367

O_Ry=min(0_0,,0_0O,.;)=min(0.8,0.167)=0.167

— 00S=[0 0.367 0.167]
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6.0 INTRODUCTION

This chapter and the following two chapters explain in detail the operation as well as the
logic implemented in the Shay main functions. Processing in Shay structure is performed
via a joint effort of the main functions, that are operating in a network of fuzzy nodes. Plus
the support functions which supply the main functions with more processed data regarding
the Main-FLC and the plant under control states.

This chapter starts with a general overview of the Shay structure and the communication

links used in it, then the Main-FLC ( the first of Shay main functions) is introduced.

6.1 GENERAL OVERVIEW

A general layout of the Shay structure is shown in figure 6.1. The figure shows both the
main and the support functions as well as the communication channels between Shay and

the plant and the internal communication within Shay itself.

main functions

:" E = from plant
o ~ >

delay delay

Lkl
05 A R S 4 6

00S operational status

Un(®)
Uouf®)

supporting
functions

Upa .Qﬁf-_.:

operational sector

Figure 6.1 Shay general layout
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Shay receives one input from the plant, ;. E; is then normalised by the input gain G;,. The
normalised E is the input to the Main-FLC which in turn produces U, The output gain,
G, 18 used to normalise U, Note that in the following parts of the thesis, the

normalised E; is referred to by E; and the unnormalised E; is referred to by E_,, :

The operational sector uses two successive samples of £ and produces the vector sct that
describes the operational sector. Shay-PA uses sct, E; and E; ; to produce the enhancement

signal Up,.

The operational status support function uses fz, fz;;, 1l and rl;_; (two successive samples
of the fuzzy input and output of the Main-FLC respectively) and produces the vectors JOS
and OOS describing the operational status of the Main-FLC from input and output

perspective.

Shay-Tune uses four inputs, the sct vector from the operational sector support function,
10§ and OOS from the operational status support function and E; in order to produce the
two updating signals for the input and output gains, G;, and G,,,. These updating signals
are U,, and U,,,. The final control signal, U, is produced at the last product node in the

form,
U= UmainXGoulx UPA

Figure 6.1 shows that the gain factors: (4) is used to scale E,_; in Shay-PA, and (S) is used
to scale £, ; in the operational sector support function. The effect of these factors is

explained in detail in chapter 9.

6.2 Main-FLC

This is a very simple single input single output (SISO) FLC. However it functions as the
center of action of the whole Shay structure, where all other main and support functions
are operating based on its operational characteristics. This SISO is effecting the final
control signal directly and indirectly. The direct effect is in its proportionality nature, as it

largely influences the amplitude of U. The indirect effect is clear when knowing that the
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status and performance of the Main-FLC is directly influencing the other main and support

functions.

The 108§ and OOS vectors are representatives of the status of this SISO. Thus the operation
of both Shay-Tune and Shay-PA is focused on the Main-FLC status. From this
dependency, the importance of Main-FLC is very obvious. This will become clearer in

chapters 7 and 8, as the operation of the other main functions are explained.

The initial design of the Main-FLC is not subjected to many restrictions. The designer has
enough margins in accuracy in choosing the initial parameters of the FLC. This is because
these parameters are going to be adaptively adjusted and tuned throughout the operation

time by the other two main functions:

1) Shay-Tune, which will continuously update the input and output ranges of
the Main-FLC utilising the operational sector and the operational status

information,

2) Shay-PA which applies an implicit membership functions adaptive tuning
from amplitude and phase points of view with the assistance of the

operational sector support function.

The Main-FLC produces the signal U,,,;, proportional to the absolute value of the
performance monitor. Whereas Shay-PA provides the required phase in the final control
signal, U. A sample of Main-FLC is shown in figure 6.2. The figure shows the actual
Main-FLC used in the practical implementation of Shay in this thesis.
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Very Small
Small
Medium
Large

Very Large

Figure 6.2 Main-FLC example
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7.0 INTRODUCTION

Shay-PA performs the differential controller action, it is concerned with the dynamics of
the plant under control. Shay-PA operates in conjunction with the operational sector

support function in order to produce the control signal U, that has two objectives:
1) to provide U,,,;, with the required phase,

2) to fine tune the amplitude of U,,,;, in accordance to the current dynamics of

the plant under control.

The two letters PA at the end of the string “Shay-PA” are abbreviations for Phase and

Amplitude, respectively.

Shay-PA applies a novel concept to evaluate the dynamics of the plant using two
successive samples of the performance monitor, £, and E,,, this concept is called the

operational angle concept.

This chapter starts with the description of the operational angle concept and the way it
represents the plant dynamics, the utilisation of the operational angle in Shay-PA is shown

in later sections.

7.1 OPERATIONAL ANGLE CONCEPT

7.1.1 Definition

The operational angle concept was developed in this work as an accurate
means of evaluating the dynamics of the plant under control. This
measurement 1s used to enhance the adaptive fine tuning control signal. The
plant dynamics are captured in a parameter called the operational angle (6,,,).
The operational angle is defined as: the angle between two successive samples
of the performance monitor, E, and the scaled E,, (AE,,), with E;

represents the horizontal axis and AE, , the vertical axis. 9,, is calculated at

opr
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time & in the form of: 6, = tan”(4E, ,/E, ) and presented graphically as

shown in figure 7.1.

current operational point

ope’rational angle

Figure 7.1 operational angle graphical representation
7.1.2 Differential Controller Analogy

The FLC based on the operational angle concept has a great analogy to the
classical differential controller. The differential controller uses the input that
represents the time differential of two successive samples, in discrete time
domain, and thus, this difference is considered as an input used mainly for the
transient state of the plant. 6,,, is doing the same, the quarter in the x-y plane
and the angle measurement can give a clear representation of the plant
dynamics at steady and transient states. Moreover, the analogy becomes clear if
one considers the procedure of producing 6,, which is performed by
processing two successive samples of the input. The only difference is that the
differential controller relies on the sampling time to perform the
differentiation, and ©,, does not require this. To realise a differential
controller based on the operational angle concept, one has to set the sampling
time according to the required time and set the 4 gain to 1. Based on this, it
can be seen that the operational angle concept is much broader than the
differential one, and that the differential principle is a subdivision of the

operational angle concept.



Chapter 7: Shay Phase and Amplitude Tuner (Shay-PA) Page 77

7.2 Shay-PA UTILISATION OF THE OPERATIONAL
ANGLE

Shay-PA utilises 6,,, in the derivation of Up, with the use of two nonlinear Gausian
functions P and N shown in figure 7.2. The x-axis used in the figure is 0,,, and the angle in
the x-axis where P=N is called the switching angle O,,. The two functions P and N are
mathematically represented as in equations (7.1) and (7.2). The two boundary angles,
Oopr min and 0,,, 1, are the angles that limit the operational angle range used. This is to be

clarified in later sections of this chapter.

iz :
ol .= s Oopr

eopr_mln e-‘"" eopr_ma:r

Figure 7.2 two Guassian functions, P and N

(0 0. <0

opr opr _min
1 e opr = e opr _min
2
B opr +0 a,,_mi,-ze,,,J

1 2[ 20O pr _min)

P=< - eopr_min <eOI" Sem (71)
2 2(6,,,—90_.,_.:..'..) em <eop, S(2e:w _eopr_min)
LO O o >(26” _e"”—m)

and
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0 00 <(20,0 =00 e
[e,,,wq,_m-ze,,Jz
2t Permmcos) (28, =0 1 ) <O
N =X [eq,, q,,_,,,_,,—ze,,,]2
12" Homr ) 0, <0, <0, .
1 0.r =0
\0 0o >0 e

<0

(7.2)

Equations (7.1) and (7.2) show that P and N are dependent on 6,,, and 6,,,. Knowing that

8,pr is dependent on the plant dynamics, and there is no on-line control on its value makes

the only variable that can change both P and N is 0,, This is based on the assumption of

having constant A, which is the case as used in Shay. Shay-PA uses different allocations of

0,pr in order to derive Up, as a combination of P-N or N-P.

To illustrate the effect of O,, on the P-N combinations, consider the example shown in
figure 7.3 where 6, is 50° in (a) 6, was 25° and P-N equals -0.84, in (b) 6,,, was 45° and
P-N became -0.21, notice that in (c) when 6, moved to the right of 6,,,, P-N became 0.72.

This example shows clearly that the allocation of 6,, can effect the amplitude and the sign

of the resultant combination of P and N.

P PR DS,

Figure 7.3 effect of different O,, on P and N
() 0,,=22.5°,8,,,=50°
(b) 6,,=45°, 8,,,=50°
() 8,=67.5°, 6,,=50°
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The allocation of 0,, in Shay-PA is achieved via fuzzy processing. The methodology
implemented in the allocation utilises both the operational sector and the operational angle

concepts. This procedure is explained in the following section.

7.3 UTILISATION OF THE OPERATIONAL
SECTOR AND THE OPERATIONAL ANGLE
CONCEPTS IN SHAY-PA

The main focus in this stage is the dynamics of the plant under control. The goal is to
provide the tuning signal Up, that enhances the plant operation under transient and steady-
state conditions. The solution is to utilise both the operational sector vector (scf) and the

operational angle information in the derivation of the switching angle 0,

Referring back to figure 5.5 which shows the six sectors in a two dimensional plane. The
sectors are defined in a Boolean manner with clear angles limiting their angular boundaries

as shown in figure 7.4.

AE,

sector

sector 3

Pl sector 1

sector 4

sector 6

= sector 5

/[ T

IRBIS DRI IS

Figure 7.4 the angular boundaries of the sectors
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In Shay-PA every sector is represented with a set of P and N functions with 8,,, ., and

O opr max
each sector to derive 0,,. An example is shown in figure 7.5 which represents different

defined according to table 7.1 for each sector. A different rule table is used for

allocations of 6, in sector 1. Notice that 6,,, i, and 6,,, e are set to 0 and 45 degrees

respectively for sector 1.
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Figure 7.5 different allocations of O,,, in sector 1

Shay-PA can been seen as a hierarchy of fuzzy nodes where sct parameters are used as the
Enable signal of the fuzzy node, according to the current operational sector (see section
1.5).
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7.4 CALCULATION OF THE SWITCHING ANGLE

The derivation of 0,, in Shay-PA is performed by fuzzy processing of two inputs in every
sector. The inputs to the fuzzy rule base are 0,, and |E;|. |E;| was used in order to give a
better realisation of the plant’s current state. At steady-state and while having very minor
deviations of the performance monitor from the desired value one can still have a large
operational angle that might mislead fuzzy processing of 6,, ie. if the performance
monitor used was the error signal, 6,,, will be 63.43°, if E; ; was 10 and E; was 5, and it

will have the same value if E;_; was 10* and E, was 5'4, with 4=1.

This section describes the fuzzy nodes (rule-tables) in detail with considerations applied
for constructing the nodes for each sector. The description provided next, assumes an error

signal as a performance monitor (£;), where E,=Ref-plant output. Ref=1 and A=1.
7.4.1 Sector 1

The operational point will be in this sector if both £, and E,_; were greater than
the desired steady-state. An important characteristic of the operation in this
sector is that a plant will be heading towards increasing a drift in the
performance monitor off from desired steady-state point with a positive AFE,.

Figure 7.6 shows the unit step response for this sector.

Figure 7.6 operation in sector 1
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The control objective in this sector is devoted towards preventing extra
building up of the system acceleration towards an overshoot in E;. Up, is
calculated as P-N combination in this sector with 8,, tending to be greater or
equal to 8,,,. The FLC used in sector 1 to derive 6,, is shown in figure 7.7.
The figure shows that the range of 6,, ( the output universe of discourse) is
from 0° to 56.25° while 6,,, ranges from 0° to 45°. This is done to ensure the
possibility of having 6,, greater or equal to 8,,, for all conditions. Figure 7.8
shows the control surface of sector 1 FLC. Note that this is a unidirectional
(the rules are in one direction, acceleration) FLC and that Up, is directly
proportional to |k and inversely proportional to ©,, This inverse
proportionality is there, because AE, will have lower values at the upper
boundaries of 6,,, in sector 1, which indicates that the plant speed towards

increasing the error is very low and vice versa.

Key Ey|
S Small
SM  Small Medium | g overboundan |
M Medium 0 z
LM  Large Medium f/ o
L Large 04f:S: > :SM : M (LM S
B S A » N v, e A
P ik
0 o5 1p o
60?,{‘_! ol 0,2 0,3 9,4 6,5
f,.'*"
nzl 9,2 ) %6, 20, 6,,4 0, 80,5
0 2s [ O3 P 0,,4 0,5 0,5 0,6

opr oL /

3375° Dot w 0,5 0,0 0, 0,.,

......

Figure 7.7 FLC used for sector 1
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Figure 7.8 control surface for sector 1 FLC

7.4.2 Sector 2

The operating point will be in this sector if both E;, and E, ; are greater than the
desired steady-state, with a tendency of the system towards reducing the drift
from the steady-state with a negative acceleration. The plant’s state in this

sector is shown in figure 7.9

Figure 7.9 operation in sector 2
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This sector is very critical, because the performance monitor is going to switch
its mode of operation from being above the desired steady-state to becoming
below it, after passing the Crossing 1 point. The control objective in this
sector, is to secure the safe arrival of the operating point to the desired steady-
state with the least possible acceleration. This reduces the chance of greater
overshoot in the next stage. It is achieved by an acceleration and a deceleration
control action implemented by the FLC shown in figure 7.10. The black

background boxes are the breaking (deceleration) rules.

Up4 18 calculated as P-N in this sector. The allocation of 6., in this sector relies
heavily on the value of 0,,, which ranges from 45° to 90°. The lower boundary
of 0,,, represents the low acceleration area. This is where the plant acceleration
has a minor influence on future states of the plant. However, the upper
boundaries of 6,,, range are in the high acceleration range, where the plant
dynamics are of great influence on future states of the plant. This is why the
breaking rules were implemented at high angles with lower |E;| values. The
control surface of sector 2 FLC is shown in figure 7.11. The figure shows the
inverse proportionality between Up, and 0,, and the direct proportionality

between Up, and |E].
7.4.3 Sector 3

This is a switching in mode sector. The performance monitor is changing from
being greater than the desired steady state to become lower than it. So for a
reference signal of zero and a performance monitor £, as the error, sector 3

occurs when E; is positive and E; ; is negative as indicated in figure 7.12.

The control objective in this sector is to dump down the system speed towards
the new mode. The FLC used in this sector is shown in figure 7.13. Up, is
calculated as N-P in this sector. The control surface of sector 3 FLC, figure
7.14, shows that Up, is directly proportional to 8,,, and |E,|.
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Figure 7.11 control surface for sector 2 FLC
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Figure 7.12 operation in sector 3
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Figure 7.13 FLC used for sector 3
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Figure 7.14 control surface for sector 3 FLC

7.4.4 Sector 4

The operation point will be in this sector if both £, and E;_; are lower than the
desired steady-state. An important characteristic of the operation in this sector
is that the plant will be heading towards increasing a drift of the performance
monitor off from desired steady-state point with a negative acceleration, AE,.

Figure 7.15 shows the plant’s state in this sector.

H
H

Figure 7.15 operation in sector 4
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The control objective in this sector is to reduce the system speed towards extra

drifting off from desired steady-state conditions. This is achieved by the

unidirectional FLC shown in figure 7.16. The control surface of sector 4 FLC,

figure 7.17, shows that Up, is directly proportional to both 6,,, and |F;|. Note

the similarities between the characteristics of sector 1 and 4.

=
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Q
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21375 O, 4
225°
):..{
180° 191.25° 202.5° 213.75°
B
Figure 7.16 FLC used for sector 4
7.4.5 Sector 5

The operational point will be in this sector if both E, and E, ; are lower than

the desired steady-state, with a tendency of the system towards reducing the

drift in the steady-state with a positive acceleration. Figure 7.18 shows the

plant’s status in this sector.
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Figure 7.18 operation in sector 5

This a critical sector because the plant dynamics are of great influence on the
current and future states of the operation. There is a great number of
similarities between this sector and sector 2. The plant status tends to cross the
Crossing 2 point. The control action required in this sector should consider
providing breaking signals to reduce the chances of larger overshoots in the

state after Crossing 2. The FLC used in this sector is shown in figure 7.19.
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The signal Up, is calculated using N-P. The figure shows that both accelerating
and decelerating control actions are performed in this sector. The deceleration
rules are identified by the black background in the rules cells. Figure 7.20
shows the control surface of the FLC of sector 5 as an inverse image of that of

sector 2. Up, is directly proportional to |F,;| and inversely proportional to 6,,,,.
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Figure 7.19 FLC used for sector 5

v,

7.4.6 Sector 6

This is a switching mode sector, where E; is becoming greater than the desired

steady-state, £ is negative and F; ; is positive, as shown in figure 7.21.

The control objective in this sector is to dump down the system speed towards
a new mode. The FLC used in this sector is shown in figure 7.22. Up, is
calculated as N-P in this sector. The control surface of sector 6 FLC, shown in

figure 7.23, shows that Up, is directly proportional to 6,,,and |E,|.
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Figure 7.21 operation in sector 6
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Figure 7.23 control surface for sector 6 FLC
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7.5 DERIVATION OF Uy,

The block diagram in figure 7.24 explains in full detail the logical operations in Shay-PA
from the initial stage to the derivation of Up,. Note that in figure 7.24, Up, out of each
sector is labelled Up, ,; where i stands for the sector’s number. This notation is used to
ease the understanding of the figure. The Enable signal shown in figure 7.24 triggers the
switching between the hierarchy levels.

Or Oepr 9 |
W e
| Ell ' ) PA_s1
%
Enable
e ]
9 1| U
Iy Clod N P4 52
K
sctl Enable
sct2 Q ]
<03 Oopr, BJW . =
sct4 Bl | EErEy i o Uy s
= ], o0 %
A AR\
T Fnable | Sector 3 Z U
PA
Bopr I / ~ :
E :
5 4 PA_sd :
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33
_ 5 I
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o UPA_:S
1] %
.4
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0 l
opr.
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| ;) N
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Key:U,, ,;: Up,out of sector i, if sc#i=0 then Uy, =0, i€ {1,2,3,4,5,6}
:
2

Figure 7.24 general procedures in Shay-PA
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The procedure to generate Up, starts with determining the vector sct and the operational
angle 0,,,. Both variables are generated from F; and AE, ;. The active sector (having the
corresponding bit in sec to be 1) enables the FLC for that sector, which in turn produces
0, using 0,,, and |E;|. Then the same sct bit will enable the P-N block, so the signal Up,
is calculated. Note that in figure 7.24, the last summation point is there to show the
modelling of Shay-PA in the form of a block diagram. At every k time, only one level of

the hierarchy is going to be enabled and thus the output of other levels is zero.
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8.0 INTRODUCTION

This chapter describes, in detail, a novel approach for an on-line adaptive FLC ranges
updating procedure. Shay-Tune is responsible for updating the two global normalising
factors G,, and G,,,. The updating procedure used is based on the plant performance and
the Main-FLC status. It was mentioned in chapter 5 that the Main-FLC 1is acting as the
fuzzy reference for the Shay structure. This is to be clarified in this chapter.

A learning period called L is required by Shay-Tune to produce the necessary updates for
G,, and G,,,. The period L is selected by the designer prior to the system running. The

guidelines for the selection of the L parameter are provided in chapter 9. The plant status is

represented by the sct vector and E, (the non normalised performance monitor). The
Main-FLC operational status is represented by IOS and OOS vectors as explained in

chapter 5, which are monitored during the L period.

The following sections of this chapter explain an integrated hierarchy of Boolean and

fuzzy logic used in the updating procedure.

8.1 PLANT PERFORMANCE CONSIDERATIONS IN
TUNING

The plant performance is monitored during the L time. The operational sectors represented

by sct and E_k are the two indicators used for this purpose.
8.1.1 Operational Sector Information

The operational sector information is collected during the L time. The sectors
are used to categorise the plant operation under three categories called modes.
The three modes (mode 1, mode 2 and mode 3) are used to switch between the

updating hierarchy strategy levels, as shown later.
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The modes are representatives of the average occurrence of particular sectors
during L time. Sectors 1 and 2 are represented by mode 1, sectors 4 and S are

represented by mode 2 and sectors 3 and 6 are represented by mode 3.

Careful analysis of the modes and the associated sectors can explain the
selection of the modes. Mode 1 is the case where the performance monitor is
greater than the desired value. This case occurs when the plant is in either
sector 1 or 2. Mode 2 is when the performance monitor is less than the desired
value, which is the case in sectors 4 and 5. Mode 3, represents a transient mode
as the plant state is moving between mode I and 2, as in the case of sectors 3
and 6. Later sections in the chapter show that mode 3 is the complement of the

algebraic sum of mode 1 and mode 2.
8.1.1.1 Determining the current mode

A flag called SFLG;, i€{1,2,3,4,5,6}, i1s assigned for every sector, where SFLG;
is the flag of sector i. The values of these flags are updated during the L period

in the form
M-1
SFLG,; = scilil(k)
k=0

where M is the total number of samples collected during L period and % is the

current sample.
After every L period, the strength of mode 1 (mdl) is calculated as

_ SFLG, + SFLG,
M

md|1

and the strength of mode 2 (md?) is calculated as

_ SFIG, + SFLG,
M

md?2

It should be noted here that mdl and md2 range from O to 1. The logic
implemented in this function implies that the strength of mode 3 (md3) is 1-
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(mdl+md2) or md3=(mdl+md2). More over mdl+md2+md3=1 and this

stands for all cases.

In order to give the designer more freedom and control on the performance of
the Shay-Tune scheme, a threshold value (7) ranging from 0 to 1 is used for
the mode choice. For more details on the optimisation of 7 and its effect on

overall Shay performance refer to chapter 9.

The procedure to determine the operational mode starts with comparing md! to
md2. The largest is then compared to 7. The mode is decided to be either mode
1 or mode 2 according to the condition that the largest one between mdl and
md2 is larger than 7 as well. Otherwise the mode chosen will be mode 3.

Figure 8.1 shows the decision tree used in determining the operational modes.

Setting a mode means that the operation is in that mode and it means resetting
the other modes. The modes effect on the ranges updating procedure is shown

in later sections.
8.1.2 Non-Normalised Performance Monitor Information

This parameter is used to set some guidelines for the performance monitor
levels that can be used to assist any improper settings of the Main-FLC ranges.
The performance monitor prior to the updating stage is used to encounter any

problem that might emerge due to inaccurate updating decisions.

A moderate number of three E levels 1s used. Figure 8.2 shows these levels
in the three classes labelled e_l, 2 and Z, where the x-axis is E The levels

are assigned fuzzy values according to the value of lTk .

Note that, the range of E, is set from 0 to 1 and the boundaries of e, and e,
are set to 0.1 and 0.9. These two values were found to be reasonable and robust
arrangement for the E_k range. Changes to these values can cause minor

effects on the Shay-Tune performance.
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E, levels are being updated and averaged every L period, thus after L time the

value of e, equals

M-1

Z u;(l_’:")
o = k=0
' M

where, i€ {1,2,3} and p_stands for the degree of membership of E, to the ith

class.

Initialize L

RESET:
md1-3, SFLG1-6, mode 1-3

sct

Update
SFLG1-6

If (md1>md2) and (md1>T)
Then SET mode 1

Else If (md2>md1) and (md2>T)
Then SET mode 2

Else
SET mode 3

SET mode 1

Figure 8.1 the decision tree to select the operational modes
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0.1 0.9

Figure 8.2 LT,( levels

8.2 MAIN-FLC PERFORMANCE CONSIDERATION
IN TUNING

The Main-FLC status is considered in the updating process of G;, and G,,,. The input and
output operational status vectors, JOS and OOS respectively, are being collected during the
L period. An average of /0§ and OOS (I0S,, and O0S,,) is produced at the end of every

learning time L, where

10S,=[I_R_ I_R, I_R, ]

I Rk
I_Ri = MT', ie {1,2,3}

and
oos,, = [O_R_ O_R, O_R, ]

M-1

> 0_R(k)
O_R, ="°T ic {1,2,3}

Both 10S,, and OOS,,, are processed in a two input rule base. A fuzzy representation of the
Main-FLC status is derived. This fuzzy process combines both I0S,, and OOS,,. The rule
base used for this purpose is shown in table 8.1.
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00S,,

Table 8.1 fuzzy rule base to determine the Main-FLC status

The min operator is used to generate the truth values of all R.s in table 8.1 in the form,
R,=min(/_R, ,O_R, ).

Note that the convention used in labelling the R s refers x to 10S,, and y to O0S,,,
ie. x=2=>10S,[2] = I_R,_andy=3 = 00S,,[3] = O_R, =Ry;.

The R,s are of crucial importance in drawing the updating strategy implemented in Shay-

Tune. This role is explained in later sections of this chapter.

8.3 MANIPULATING MAIN-FLC AND PLANT
PARAMETERS

Sections 8.1 and 8.2 showed that the final parameters produced after each L time are: 1)
the operational modes, 2) e_,. s and 3) R.s.
The operational modes are used to switch the updating strategy in a Boolean logic, creating

three virtual levels of processing. In practice two levels are used as modes I and 2 are

similar in nature. So what is produced for mode 1 is the complement of what is produced

for mode 2. The e_,. s and Rs are used in every level in order to generate three updating

parameters, Fix, Dec and Inc where:

o Fix stands for fix (keep constant) the domain range under consideration

o Dec stands for decrement the domain range under consideration
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e Inc stands for increment the domain range under consideration.

Both the input and output domains are considered in the updating process in every mode.
Two parallel processes are implemented in every mode. This parallel processing results in
Fix _In, Dec In and Inc_In for the input domain and Fix Qut, Dec QOut and Inc_Out for

the output domain.

The e, s and the R,;s are utilised in a 9x3 rule base that results in a 27 updating situation

matrix as shown in table 8.2.

Table 8.2 manipulating thee_,. s and the R s

The truth value of any F,,,; in table 8.2 is calculated as F,,,=min(R,, e, ).

The F,,.s can be labelled either Fix, Inc, or Dec according to the updating strategy used
for the particular domain.
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8.4 UPDATING STRATEGIES FOR INPUT AND
OUTPUT RANGES

The updating strategies used in Shay-Tune are based on the assumption that the ideal and
desired R, state is R;;. The updating effort is directed towards bringing the system to this

origin state.

Multilevel strategies are used for updating. This is done to ensure a smooth transition
towards the desired state while avoiding large changes in the domain ranges that might

have a negative effect on the system stability.
8.4.1 Modes 1 and 2

The updating strategy used for these modes is shown in figure 8.3.

Figure 8.3 updating strategy in modes 1 and 2
8.4.1.1 Input domain

Table 8.3, shows the implementation of the updating strategy shown in figure
8.3 for the input domain in mode I and mode 2. According to the table the

Fix In, Dec In and Inc_In are calculated as

Fix_In=max(F}; ,F,;,F,; . F 23,0821 2 31 233 2.F 132 F'33 2 F 31 3.F 313, F 32 3,
Fi333F)33F333)
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Inc_In=max(F 13.0F 11,2,F 122F 252 F 23,2811 3F 1235 F 23,3)

Dec_In=max(F,; 1,F ;1 1,F321.F33))

Table 8.3 input domain updating in modes 1 and 2

The full updating decision procedure for the input range in mode 1 and mode 2

is shown in the multidimensional representation in figure 8.4.

B e 2\
e, 3\
&0 R et I Ry
Inc
O Riay I Rypr
: Fix
O Rip : I R
! o Fix
g = T Rip.
P Inc -
0os,, O _Ruur  Fix I Riew I0S,,
E ) : o =
) Riae Foe IR,
O Ry - — I R
%oR : Fix : 3 IR,
o ™ 7% .

Figure 8.4 input updating in modes 1 and 2
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8.4.1.2 Output domain

The output domain updating rules are shown in table 8.4 for mode 1 and mode
2. These rules implement the updating strategy shown in figure 8.4.

€

Fix

Fix
Fix

Table 8.4 output domain updating in modes 1 and 2
Accordingly the fix-out, Dec QOut and Inc_Qut are calculated as

Fix_Qut=max(F 11,1:F 21,1:F 31,1:F 32,1:F JJ,InF 11,2:F 12,2 F 23, 2F 11,3:F 12,3:F 23,3,
Fj;))

Inc_Out=max(F 212F 31 2 F 32,2:F 13.2F 33,2:F 31,3:F 22,3:F 32,3:F 133833 3. F 21,3)
Dec_Out=max(}712'1,F22,1,F13'1,F23’1)

The output updating strategy is shown in the multidimensional representation

in figure 8.5.
8.4.2 Mode 3

This is an oscillation mode where the system is in a transition state between
sectors 3 and 6. A very conservative updating strategy is used in this mode.

The updating strategy is shown in figure 8.6.
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Figure 8.5 output updating in modes 1 and 2

s LA rES
H

Figure 8.6 updating strategy in mode 3

8.4.2.1 Input domain

The updating strategy of mode 3 is implemented in table 8.5 for the input

domain.
The values of Fix_In, Dec In and Inc In are calculated as shown below

Fix_In=max(F;; 1,F 15 1,F 2 1,F 231 F 33,08 112821 2F 122 F 22 2 F 132 F 23 2 F 11 3,
F21,3’FI2,3’F13,3)
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Dec_In=max(Fy; 1,F5; 1,F351F131.F 312 F 3228332 F31 5623 3,33 3,F 33 3,F33 3)

Inc In=0

Table 8.5 input domain updating in mode 3

The input updating strategy for mode 3 is shown in the multidimensional

representation of figure 8.7.

00s,,

108,

e

PO

Figure 8.7 input updating in mode 3
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8.4.2.2 Output domain

The updating strategy of mode 3 is implemented in table 8.6 for the output

domain.

Table 8.6 output domain updating in mode 3

The values of Fix In, Dec In and Inc In are calculated as shown below
Fix_In=max(Fy; ,F3;1,F31,1)

Dec_In=max(F 12,1,F 22,1,F 32,1,F 13,1,F 23,1,F 33,1,F 11.2»F 21.2»F 31.2,F 12,2,F 22,2,F 322
F 13,2,F 23,2:F 33,0F 11,3,F 21,3,F 31,3.F 12.5F 223 F323 F 13,3,F 23,3,F 33,3)

Inc In=0

The output updating strategy for mode 3 is shown in the multidimensional

representation of figure 8.8.
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108,

Figure 8.8 output updating in mode 3

8.5 CALCULATION OF INPUT AND OUTPUT
TUNING SIGNALS

The Fix, Inc and Dec values derived in the previous sections are used to calculate U;, and

U, 8S:
U,,=(1-Fix_In)x(Inc_In-Dec In)

and the output updating signal U,,, is calculated as
U,.=(1-Fix Out)x(Inc_Out-Dec Out)

Note that the procedure used to derive the updating signal ensures that Fix, Dec and Inc
range from O to 1 and that Fix+Inc+Dec=1 and Fix=1-(Dec+Inc) for inputs and output

domains in all modes.
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8.6 UPDATING INPUT AND OUTPUT SCALING
FACTORS

The values of G;, and G,,, are being updated after every L period. Note that the initial
conditions of G;, and G,,, are left free for the designer. Initial values of 1 for both gains

were used in this work.
Gin(k) =Gin(k'M + Uvin
Gour(k) =Gout(k'M + Uout

Figure 8.9 shows the overall operations of Shay-Tune. Table 8.7 expresses the operations
shown in the diagram. Note that the modes operate as the enable signal to switch between
the two parallel levels in figure 8.9.

Response
Block High L (ser) | Low L {reset)
1 0 mdl md2,md3
2 0 R,s
3 0 e_i s
4 Fix, Dec, Inc 0
5 Fix, Dec, Inc 0
6 U, 0
7 & 0
8 U, 0
9 U,ut 0
10 Gt Ui Gy
11 Gourt Uou Gour

Table 8.7 timing and sequence in figure 8.9
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Figure 8.9 overall Shay-PA operations
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9.0 INTRODUCTION

This chapter considers the performance and design of a Shay-FLC. The structure
mentioned in the previous chapters of this section is equipped with very powerful
adaptation tools. These tools can gradually alter the controller parameters, on-line, towards
better performance. Although the structure of Shay seems to be complicated and involves
many procedures, its use and implementation are very simple. The designer is not to be
concerned about the internal components of Shay. The only parameters in Shay that might

be altered to suit a particular system are the four factors:
1) S, the sectors scale,
2) A, the operational angle scale,
3) L, the learning period,
4) T, the learning threshold.

These factors are referred to as the SALT parameters for simplicity throughout the chapter.
The introduction of the SALT parameters should not, in any way, lead to understanding
that the Shay-FLC requires some off-line optimisation prior to any implementation. The
four factors were developed based on the learning algorithm used in Shay. They are
provided here in order to give the designer the advantage of having the best start for his

controller and to reduce the required on-line tuning by the algorithm.

This chapter analyses the independent influence of each of the SALT parameters on the
system performance under five of the standard controllers evaluation criteria. The chapter
also investigates the effect of the SALT parameters on each other and provides some

guidelines in utilising them.

9.1 EVALUATION CRITERIA

The effects of the SALT parameters on a Shay-FLC performance have been investigated. A

heuristic approach was taken in an attempt to develop general patterns of how each factor
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effects the system behaviour with respect to some standard control criteria. These criteria

are:
1) the maximum positive overshoot, p,,
2) the minimum negative overshoot, .,
3) the rise time, 7,
4) the absolute steady state error, |e,/,,,
5) the integral of the error, e;

These measures are shown in figure 9.1 which represents a standard unit step response.

1 N . =

e o &
\\\\ e = . :§<1—y<k))
2‘_1,_,5 Time —»

Figure 9.1 SALT parameters evaluation criteria

9.2 EVALUATION PROCEDURE

The analysis and evaluation of the SALT parameters effect on the Shay-FLC was
performed via computer simulations. The domain of application was the voltage control of
a synchronous generator connected to an infinite bus. A linearized third order model of the
synchronous generator was used [178]. The generator parameters are shown in section 3

chapter 12. Figure 9.2 shows the block diagram of the generator model.
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3

mechanical torque from prime mover (77,)

field excitation (Up) 0.6161
1+0.2126s

K,

Figure 9.2 linear third order model of a synchronous generator

Shay-FLC has been designed with the same parameters mentioned in section 2, and used
as an AVR in the closed loop control as shown in figure 9.3. The input to the Shay
controller was the error in the generator terminal voltage (e,,) as shown in the figure. The
output of the AVR is the excitation signal (Ug,). The unit step response of the terminal
voltage (v,) was used to analyse the SALT parameters effect on the Shay-FLC AVR.

Vyer €y AVR Uy Synchronous Vv,
| (Shay-FLC) Generator

v

Figure 9.3 closed loop control used in the investigation study

9.3 DOMAIN OF STUDY

The simulations were performed for all the possible combinations of the S4LT parameters

according to the following:
1) §: ranges from O to 2 with the incremental step size of 0.1, 20 cases,

2) A: ranges from O to 2 with the incremental step size of 0.1, 20 cases,
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3) L: ranges from 0 to 2.5 seconds with the incremental step size of 0.125, 20

cases,
4) T: ranges from 0 to 1 with the incremental step size of 0.05, 20 cases.

Nested loops of the form shown in figure 9.4 have been used in the simulation to cover

these ranges.

For §=0to 2 Step 0.1 Do

For 7=0 to [ Step 0.05 Do

I
|
|
|
I
|
I
[ =

[ e e e — o — -

AT

Figure 9.4 nested loops used in the investigation study

Thus, a total of 160,000 cases have been studied'. The ranges of S and 4 were chosen such
that they cover all conditions of greater, equal and less than in the amplitude difference
between E; and E;_; (the two successive samples of the performance monitor). The range
of L was chosen according to the synchronous generator time constants used. The transient
open loop time constant (s ) of the generator was 0.34 seconds and the simulation
sampling time was 25 milliseconds. The number of samples collected during the learning
period ranges from O to 100. 7" values were chosen to cover all the ranges of the possibility

of an occurrence of each sector during the learning period Z, 0% to 100%.

4/233

! Each case requires 56 seconds of simulation time using ALPHA Station 200" The simulation required
2489 hours in total, 17 work stations were used each for 146.4 hours, and the simulations were rmunning in
parallel for 6.1 days (excluding system crashes).
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The simulation results showed some great dependency of the influence of L and 7 on each
other. While both § and 4 influences can be seen as independent from each other and from

Land T
9.4 CRITERION PATTERNS

9.4.1 Maximum Positive Overshoot Criteria
9.4.1.1 Effect of § factor

Figure 9.5 shows the effect of different values of S on u,. The figure clearly
shows that increasing § will increase p,. Although the pattern shown in figure
9.5 has some local minimums and maximums, but a general approximation

yields an average positive slope. Thus one can conclude that;

HcS VS €[0,2]

= b e

S ha ]
Hp
g4l

0.2

T o e e
= i = = o
bt ——q ==

e e e

L

(L2
001 02 0304 0506 07 08 09 1 11 12 13 14 1516 17 1819 2 S

it

Figure 9.5 pu, pattern with respect to S
9.4.1.2 Effect of A factor

The effect of 4 on p,, is shown in figure 9.6. A general decaying pattern can be
noticed in the u, curve with an increase in 4. It is also clear from the pattern
that the decaying slope is larger in the region where A4 is less than 1. Therefore,
the relationship between n,, and 4 can be expressed as:

o 1 VA€[02]
Mo 1
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Figure 9.6 n, pattern with respect to 4
9.4.1.3 Effect of L factor

L effect on , is largely influenced by 7. Figure 9.7 shows that i, change has a
positive slope with the increase of L providing that 7 is large (the dashed line).
The values of T where this L-pu, characteristic will hold is approximately 0.8

and above.

The solid line in figure 9.7 shows that p, will demonstrate a decaying pattern
with increasing L in case T was less than 0.8. Thus the L-p, characteristics can

be represented as

mecL V' Lel[025] IfTislarge

1 VLe[025] IfTissmall

pr -

L
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25 L

05

0.25

v
Fo

Figure 9.7 1, pattern with respect to L

9.4.1.4 Effect of T factor

Figure 9.8 shows that the effect of 7' on p, results in a decaying pattern as long

as T is increasing. However, the pattern shows that smaller values of 7' (7<0.5),

will have minor effect on p,. While larger values of T' will result in more

negative slope. Thus the 7-p,, characteristics can be expressed as follows

V T €[0,0.5]

constant

T

V T €[0.5,1]

x L
IJ-pT

it

- — =4

0.9

08

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Figure 9.8 u, pattern with respect to T
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Conclusion 1

S and A are the best factors to adjust when considering \,. Both L and

T are to be kept constant while searching for an optimal combination
of S and A. The search should follow a decrease in A and an increase

in § for better results, see figure 9.9.

oy
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9.4.2 Maximum Negative Overshoot Criteria

9.4.2.1 Effect of S factor

Figure 9.9 u, patterns

Figure 9.10 shows that u, will have a step increase when § is close to one

(higher or lower) ., is approximately constant when § is small (below 0.85) or

high (above 1.2). Thus p, can be expressed as:

Wy = constant

WnocS

V S €]0.85,1.2

V S € [0,0.85 U[1.2,2]
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11 12 1314 1516 17 1819 2 S

1

02 0304 0506 07 08 09

0.1

0

Figure 9.10 p,, pattern with respect to S

WU, decays gradually as A4 increases from O to 1. The decaying slope is
becoming very small at the values of 4 higher than 1, it can be approximated
to zero. U, pattern with respect to 4 is shown in figure 9.11. The effect of 4 on

9.4.2.2 Effect of A factor
W, can be expressed as follows:

Y A €[0,0.5]

constant

~

My

V A €|0,1]

.
™4

A

11 12 13 14 15 16 17 18 19 2

05 06 07 08 09 1

03 04

0.2

0.1

0

o
L

Figure 9.11 p,, pattern with respect to 4
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9.4.2.3 Effect of L factor

The effect of L on ,, is directly influenced by 7. The pattern shown in figure
9.12 reveals that n, will increase with the increase of L as long as 7' is high
(solid line). However the sign of the slope will be reversed when T is low

(dashed line). The L-p,, characteristics can be expressed as:
Wocl V' Le[0,25] IfTislarge

1 VLe[025] IfTissmall

Hp—
L
1 o
N | I I I I I I |
\\ | | 1 | | I | 1
| o 8l e I | i i I I
(o]t - f it EA L S T LB e e ) o b = (e
| | | \| | | | { l__—J—___l
: : | | J | : ,W;vsTissmaII,
\ . e |
FRER e e AR, S T e e ety e ST A it
T I I I R | | i i
I I I I [ R || I I
I | I | i | I i
0'4 kkkkk i ___\_T-__—-r_—___‘_____‘___L'_\I__—-;F::\_\__\_____
| I = i \ EEHE ] =l
T is large e
Al e e O
O dm—mm = — — === = S I
| | | | | | | | |
| | | | | i ] | |
| | | | | 1 | l |
0O+ ! I I | I i 1 I I
0 025 05 0.75 10 125 15 175 20 225 251

Figure 9.12 ., pattern with respect to L
9.4.2.4 Effect of T factor

Figure 9.13 shows that i, will have a very small negative slope as long as T is
smaller than 0.35 or larger than 0.68, while having a large negative slope in the

region between. 1, can be expressed as:
un=constant V Te[0,035v]0.681]

1 V T [0.35,0.68]
Mo
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Figure 9.13 u, pattern with respect to T

Conclusion 2

Figure 9.14 shows that ,, is robust to any changes in S and A while S
is lower than 0.8 and A larger than 1. Thus the optimisation
mechanism should consider decreasing L while fixing S, A and T at

S, 1 for A and less than 0.5 for T.

values around 0.8 for

S

Y- —

T S e e S SR ST

Figure 9.14 |, patterns
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9.4.3 Rise Time Criteria
9.4.3.1 Effect of S factor

Figure 9.15 shows that 7, decreases with an increase in S as long as S is within
the range of 0.5 to 1.1. However the pattern suffers unpredictable changes
elsewhere. While other factors seem to be more dominant in these ranges. So

S- t, characteristics can be expressed as:
W, unpredictable ¥ S € [0,0. 5[ v ]0.1.1,2]

1 V S €[0.5,1.1]

0.8

06— —-————
t, (sec)
04 _ _

0alsss

———4-——q

s T
| |
| |
=S e e e e =
| I
| |
i i
| |

|
i
[P
001 02 0304 0506 07 08 09 1 1112 1314 15 16 1.7 18 19 2 S

Figure 9.15 ¢, pattern with respect to .§
9.4.3.2 Effect of A factor

t, is proportionally increasing with an increase of 4. The pattern shown in
figure 9.16 shows some step changes in the climbing slope when 4 is closer to
0.9 and 1.9. ¢, is robust to changes in 4 when 4 ranges from 0 to 0.7. The 4-¢,

characteristics can be expressed as follows:
r= constant V A €[0,0.7]
t,ca; A V A el0.7,1]

1, oca,d V A €[1,1.65]
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t, oca; A V A4 €[1.65,2]

where az;>a;>a,
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Figure 9.16 ¢, pattern with respect to 4

9.4.3.3 Effect of L factor

Figure 9.17 shows that #, will significantly be reduced when L is very small, in

the range between O and 0.25 seconds. However, ¢, tends to be robust to any

increase in L above 0.25 seconds. The L-#, characteristics can be expressed as:

t oL Vv L €[0,0.25]

tr = constant Y L>0.25

9.4.3.4 Effect of T factor

No clear pattern was obtained for the effect of 7 on #,, as other factors seemed

to be more dominant.
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Figure 9

Conclusion 3

To improve t, the optimisation effort should be directed towards

reducing S and L while keeping A at values less than 0.5. The patterns

shown in Figure 9.18 show that T does not have a clear pattern

HH

Figure 9.18 ¢, patterns
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9.4.4 Absolute Steady-State Error Criteria
9.4.4.1 Effect of S factor

The |e,|,, pattern shown in figure 9.19 demonstrates that |e,|,, is robust to any
changes in the values of S, when § is less than 0.5 or greater than 0.85. The
pattern shows a large negative decaying slope in |e,|,, in the area where § is

ranging between 0.5 and 0.85. The $-|e,|,, characteristics are expressed as:
|e| . = constant V § €[0,0.5[]0.85,2]

1 V S €[0.5,0.85]

iesiav x =

10x10'3
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Figure 9.19 |e,, pattern with respect to .S
9.4.4.2 Effect of A factor

Figure 9.20 shows that |e,|,, decays proportionally to an increase in 4 as long
as A is not in the range of 0.6 to 1. |e,|,, suffers an unpredictable characteristics
with respect to 4 in the region in between. The 4-|e,|,, characteristics can be

expressed as:

1 V A €[0,0.6]
iesiav o 'alz

V 4 €[0.6,1]

leslav o aZZ
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|e,|avoc-a3jli V A4 €]l2]

Where,

a,;|>|a;| and a, is dependent on other parameters

Figure 9.20 |e],, pattern with respect to 4
9.4.4.3 Effect of L factor

Figure 9.21 shows that |e,, is robust to changes in L as long as 7 is high.
Whereas smaller values of 7 will result in an unpredictable L-|e,|,,
characteristics as other factors dominate the behaviour. The L-|ey,,

characteristics can be expressed as:

|ey| oy = constant VL e[02] if Tis large
lelayoc L, L V L €[0,2] if T is small
Where L, _ is random (depends on other factors)
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Figure 9.21 |e/,, pattern with respect to L
9.4.4.4 Effect of T factor

The effect of 7 on |e,|,, is heavily influenced by L values. The patterns shown
in figure 9.22 demonstrate that |e,|,, is robust to any variations in 7 while T is
in the ranges of 0 to 0.4 and 0.6 to 1. This 7-|e,|,, characteristic is valid for
both cases when L is large or small. However smaller values of L will result in
a positive climbing slope in the |e,|,, pattern with an increase in 7 in the region
between 0.4 and 0.6. Larger values of L will reverse the sign of the slope in the

same region of 7. The |e,|,, characteristics can be expressed as:
|ey| . = constant V T €[0,0.4]]0.6,1]
eglayoc T V T €[0.4,0.6] If L is small

1 V T €[0.4,0.6] IfL is large

|es|av°c ?
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Figure 9.22 |¢,|,, pattern with respect to T

Conclusion 4

in the search for the

[5]

ElEl
e
e
£

best |e,,,, it is recommended to fix T between 0.6 and 0.7, fix S at
values larger than 1.2, fix L and search for an optimal A between 1.2

When trying to optimise the SALT parameters
and 1.8. See figure 9.23 for |e |, patterns.
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9.4.5 Integral of Error Criteria

9.4.5.1 Effect of .S factor

Figure 9.24 shows that e; proportionally increases with an increase in S.

However, changes in S in the range from 0 to 1 seem to have minor effect on

e;. The S-¢; characteristics can be expressed as:

e; = constant Vv §€l01]
e;cS VvV § e[l 15]
e XY
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Figure 9.24 ¢;

9.4.5.2 Effect of A factor

pattern with respect to S

No clear pattern for the A-e; characteristics was obtained out of the

simulations, as other factors seemed to be dominating these characteristics.

9.4.5.3 Effect of L factor

Figure 9.25 shows that for the values of L below 0.5 e; is proportionally

decaying with an increase in L. However, e; shows robustness for any

variations in L for higher values of L (L>0.5). The L-e; characteristics can be

expressed as follows:
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V L €[0,0.5]
ei(x: —_—
e; = constant V L €[0.5,2.5]
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Figure 9.25 ¢; pattern with respect to L
9.4.5.4 Effect of T factor

The effect of T on e; is largely influenced by the values of L. Figure 9.26
shows that e; will increase proportionally to any increase in 7 as long as L is
large. However, the pattern’s slope sign will be reversed in the case of smaller

values of L. The T-e; characteristics are expressed as:
Ei = constant V T €[0,0.4][0.6,1]
EicT V T €[0.4,0.6] If L is small

| V T €[0.4,0.6] IfL is large
EI(X: T
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Conclusion 5

Figure 9.27 shows that e; is robust to any changes in L when L is
greater than 1, and that decreasing T will improve e; when L is

greater than 1. S is preferred to be below 0.7.
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Figure 9.27 e; patterns
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9.5 DESIGNER GUIDELINES FOR INDIVIDUAL
PARAMETERS EFFECT ON PERFORMANCE
INDICATORS

Conclusion 6

Increasing S will improve t, and |e,|,, while negatively effect , W,
and e;. Figure 9.28 shows that an optimal S value can be found in the
range between 0.8 and 1.
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Figure 9.28 § factor effect
Conclusion 7

Figure 9.29 shows that increasing A will improve W, W, and |e|,, but
this will have negative effect on t. The figure shows that an optimal
value of A is not clear especially knowing that there is no clear
pattern for A on e, Thus, it is recommended to take extra care when

searching for a global optimal A.
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Increasing

Figure 9.29 A4 factor effect

Conclusion 8

L is largely effected with the value of T. For better performance and a

good global optimisation of both T and L, it is better to keep T

between 0.7 and 1 and to keep L between 1 and 50. Figures 9.30 and

9.31 show the L and T patterns.

=i i

p.p(t<0.8)

~ Figure 9.30 L factor effect
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Figure 9.31 T factor effect
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10.0 INTRODUCTION

The proposed Shay-FLC architecture was used for the excitation control of a synchronous
generator connected to an infinite bus through a transmission line. In order to cater for
both voltage and rotor angle stability, the performance monitor used in the system
considers the rotor angle speed deviation (A®) and the error in the generator terminal
voltage (v,) compared to a reference signal (v,.). This was achieved by having the input to
the Main-FLC as well as the inputs to Shay-PA and Shay-Tune derived from the
manipulation process of both signals in a Pre-Control stage (P-C). This manipulation stage

is explained in detail in this chapter.

This chapter starts with a preliminary discussion about the forces and torques that effect
the synchronous machine in operation. A control strategy is derived based on the
discussion. The description of the P-C stage is presented next. The full Shay-Excitation

system is shown at the end of the chapter.

10.1 PRELIMINARY DISCUSSION

This section discusses the main factors that effect the synchronous generator while in
operation. The forces and torques the machine is subjected to are explained with their
influence on both the stability and performance of the generator. The effect of these forces
is encapsulated in the swing equation as shown in section 10.1.1. The graphical solution of
the swing equation, refered to as the equal area criteria method, is described in section

10.1.2.

The following discussion is provided in order to build up the knowledge required and used

in constructing the Shay-Exciter.
10.1.1 The Swing Equation

The synchronous machine is subject to torques and forces of different sources
while operating. Some of these torques are caused by the machine itself and

are due to its characteristics and others are developed and generated due to a



Chapter 10: Shay in the Excitation Control Page 140

rotation of the rotating masses of the machine. Figure 10.1 shows these

mechanical torques and their relative direction. These torques are:

1) T,,, the mechanical torque supplied by the prime mover through
the shaft,

2) T}, the developed torque due to the moment of inertia J (kg.m’)

of the rotating masses in the machine,

3) Ty, the torque developed due to the coefficient of friction B
(N.m/rads/sec),

4) T, the electrical torque developed by the machine,

5) Tp, the damping torque caused by the currents circulating in the

windings of the rotor.

Figures 10.1 torques influencing the synchronous machine
Newton’ s law relates these torques for the synchronous machine as
TJ+TB+TD=TM_Te=Ta (10 1)

Where T, is the accelerating torque and
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T,=B
T a
Multiplying (10.1) by the rotor speed (@y) gives the torque equation in terms

of power as
P +P,+P, =P -P, =P, (10.2)

Pp in equation (10.2) can be neglected because of its small value compared to
other parameters in the equation. The machine design considerations
recommend B to be almost zero. P; in equation (10.2) is mostly presented in
terms of the angular momentum (M) where M=Jo,,, Thus (10.2) can be
rewritten as shown in (10.3).

o2 (10.3)

M=—:8(t)+P, =P, ~F =P,

Equation (10.3) is known as the swing equation.

M can vary within a wide range according to the value of J, where J depends
on the machine size and type. This is why the normalised inertia constant (H)

is more preferred in the swing equation (10.3), H normally varies between 1 to

10 pu.
e stored kinetic energy at synchronouse speed
generator rating
1 Jo? (10.4)
H= 2 synch
Srated

substituting H with (10.4) in the swing equation results in

o, 020 p, - P (- P()= R (10:3)

synch.

where
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o, = rotor mechanical speed
® ,= synchronous speed

Note that the second parameter at the left hand side of equation (10.5) (Pp)

will have a value not equal to zero only when the mechanical speed of the rotor

(w,) is not equal to the synchronous speed of the machine (o)), ie. ®,# o, In
db (1)

other words, when 77&0. Based on this, P, can be approximated in a

linear proportional relation with ? as

db (1) (10.6)
P (t)=P,——
D( ) D dt

where P, is the damping power per unit speed (watt.sec/rad). The parameter
P,(1) in the right hand side of equation (10.5) is the developed electrical power
by the synchronous generator. In the case of a single machine connected to an
infinite bus, the case studied in this work, P, is expressed as shown in equation
(10.7).
(10.7)

P.() = 2=Ysin5 (1)
X

where, v, is the infinite bus voltage and x is the transmission line reactance.

Solving the swing equation and plotting the resulting angle 6(2) versus time
would give an idea of whether the system can keep or lose synchronism under
severe disturbances. A straight numerical solution of the swing equation
(second order differential equation) is not easy to realise and a computer
simulation is needed to get the results. Simple linear approximations are
available for the swing equation. However, in most cases of power systems

disturbances, ie. short circuit, extensive loading, .... etc., linearisation is not
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valid at all because of the large variations in the system parameters under
severe disturbances. The non linear form of the swing equation is the only

valid form for large disturbances stability analysis.
10.1.2 The Equal Area Criteria

The equal area criteria gives a graphical analysis of the power system stability
for the case of a single machine (it is also applicable for double machines)
connected to an infinite bus. This simple case of a single machine is not the
real practice in power system networks. Large sized networks consist of much
more than one or two generating units. However, the introduction of the equal
area criteria in this section is aimed at gradually building the knowledge

required to construct an excitation control system.

Under steady-state conditions x, v,, and v, in equation (10.7) are constants, and

equation (10.7) can be simplified by:
FP,(1)=PF, sind(¢) (10.8)

Vo, —

Where P, is the maximum generated electrical power calculated as
e x

Equation 10.8 is shown in the power-angle curve in figure 10.2.

Figure 10.2 P,, and P, versus &
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An equilibrium in power should occur when the machine 1s in the steady-state.
This equilibrium occurs when the right hand side of swing equation, in (10.5),
equals zero. In other words, when the generated electrical power (P,) equals

the imputed mechanical power (P,,), neglecting the losses. This situation will

result in a zero acceleration power (P,) or (% = j This equilibrium is

shown at point 1 in figure 10.2. A sudden step change in the input mechanical
power, ie. moving it up to P,,,, shall change the electromechanical equilibrium
in equation (10.5) making P,>0 as P,,, becomes greater than P,. This extra
mechanical power will be absolved by the system in the form of increasing
rotational speed in the rotating elements of the synchronous machine. This
extra speed will pull up the generated electrical power along the power angle
curve to point 2, where P,=P,,. But still, at this stage, @, is greater than @, this
will move the operational point towards 9J,,,, where P, reaches its maximum

(P, ) and where P,=0. At point 3, P,>P,, this will drive the system back to

point 1 passing through point 2. If the damping effect of Pp, in equation (10.5)
is neglected, the operational point will keep swinging between points 1 and 2.
However, due to the natural damping the operational point will settle at point 2

and equilibrium will be established again after some transients.

The rotor acceleration from point 1 to 2 is due to a work done on the rotor.
This work increases the kinetic energy stored in the rotating masses. The work

done between from 1 to 2 is expressed as shown in (10.9) and (10.10).

7, 5 (10.9)
[aw=[T.()a® =W, -W, = AW,
w 8,
5, 10.10)
P.(1) (
AW, = |=—2db
o 5{@ 50)

P (1) is expressed as shown in (10.11),

P.(t)y=T,(H ,(1)=P,(t)-P,(2) (10.11)
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substituting (10.11) into (10.10) yields

(0]

5

| Te (10.12)
4 =—{J‘(PM—Pmsin6)d8}

-2
8,

The integration result, parameter between brackets, in (10.12) is the shaded

area (/) in figure 10.2.

At 6 values greater than 0,, P, is greater than P,, and this generates negative
P,. The rotor gradually loses the kinetic energy it has from 1 to 2, until it
completely loses it at 8, and it swings back a gain to point 1. From point 2 to
3 where ©,=a,, the rotor is losing energy to the infinite bus. The work done by

the rotor in this area is expressed as:

wo s (10.13)
[aw= [T,(0dd =W, -W, = AW, _,
w2 52
5 10.14)
P, (1) (
AW, ;= [ =
0,()
substituting equation (10.10) into (10.14)
1 [ (10.15)
>W, ,=—| |(P,— P, sind)dd
23 (DS 8_[( m max )

The parameter between brackets in (10.15) is the shaded area (D) in figure
10.2.

The two works, W,_,, and W,_,; in (10.12) and (10.15) represent the increase
and decrease in the kinetic energy of the rotational masses in the generator
rotor due to the variation in the rotor speed ®,. Dynamics suggest that

W,_,,=W,_; whenever ®,=w,, the case at points 1 and 3, which means
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SO
I=D

Thus we can conclude that to satisfy the equal area criteria, areas I (increase)

and D (decrease) should be equal.

The knowledge elicited from the equal area criteria method is used in
formulating the control strategy implemented in the P-C stage to handle the

rotor angle stability problem. The general control objective is to:
1) assure that both D and 7 areas are equal,

2) make D and 7 as small as possible.

10.2 CONTROL STRATEGY AND OBJECTIVES

The equal area criteria analysis in section 10.1.2 showed that any distraction in the
electromechanical equilibrium between the supplied mechanical power and the developed
electrical one will result in variations in the rotor angle position. The system’s physical
characteristics of the machine size and type, the transmission system in addition to the
excitation control type and efficiency as well as the disturbance type and severity all are
very important factors. These factors need to be considered when it comes to the power
system’s ability to sustain acceptable operation conditions under different situations. The
excitation control is the only handy tool for the power engineer to alter from this
combination. Alterations and changes in the controller response are required to help the

generator under transient as well as steady-state conditions.

Considering P, which is presented in equation (10.8) as P,=P, sin(6(r)). P, is a
function of three variables, v,, v, and x. It was mentioned in section 10.1.1 that these are

constants under steady-state and thus P,  is assumed to be constant. This fact will not be

valid any more when disturbances occur. Transmission line short circuits can significantly

effect x, and large sudden load variations alter v,. v,, might be constant in most conditions
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though it might suffer some changes as well. This means that P,  cannot be considered as
a constant under transient conditions. P,  varies when disturbances occur giving the

operational point a different curve than the original power-angle curve it started with
before the disturbance. To measure the variations in P, one can measure x or v, assuming
constant v,,. The transmission line reactance is not easy to measure accurately, so the only

easy measurable parameter in equation (10.8) that effect P, is v, In the control strategy

followed in this work v, is under continuous monitoring with the objective to maintain

certain levels of v, under all circumstances.

In section 10.1.2 it was mentioned that when the electromechanical equilibrium in the
power system is distracted, P, will no longer be zero and so dd/d¢ which is the speed

deviation A®. P, might be an acceleration (P,>0) or deceleration (P,<0) power according

to P,, and P,.

Knowing that P,=P,-P,, if P,, was larger than P, then P, is an accelerating power and A®
is greater than zero. The control objective in this accelerating condition is to increase P, by
increasing the excitation signal. On the other hand if P, was greater than P,, P, will be a
deceleration power and Ao will be negative. The control objective under this condition is
to reduce P, by reducing the excitation control signal. This is all based on the assumption

of having constant mechanical power, which is the case considered in this work.

One other mile-stone in the strategy was the dynamics of the system. From the practical
point of view it is not realistic to assume that P, will settle in a new point instantly and
without any intermediate transient modes. In fact when the system is subject to any
disturbance that can distract the balance between P, and P,,, resulting in either acceleration
or deceleration operation, the excitation system will not be able to regain the balance
immediately, some intermediate transients should occur. Figure 10.3 shows an example of
a synchronous generator which was subject to a short period of load changel. Certainly
after the sudden loss of the load and before the governor action took place, P, was greater

than P,, the operational point moved to point 1 and then due to the deceleration control

' The synchronous generator parameters are included in chapter 11 section 11.1.1.2. The disturbance
considered is a sudden inductive load change of 70% of the rated load sustained for 5 seconds and then
removed.
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action and the natural damping of the system the operational point swings back to point 2.
The swings continue with decaying amplitudes until P, settles back in its original position.
These swings are identified by the red crosses in the curve in figure 10.3. Note that figure

10.3 shows the power-angle curve after the sudden removal of the load.

0.8}
1
0.6} Post-Disturbance and
Pre-Disturbance
operation point
04;
0.2t :

dod s,

Time (sec)

® O » N O

Figure 10.3 variations in P, and d after sudden load change

The control objectives from the excitation control in this work was to: “ maintain the
terminal voltage and the speed deviation to the minimum under normal and abnormal
operation conditions, within very small margins of an error, and to return to these margins

after any disturbance within a short time, and with the minimal oscillations”.

To achieve these objectives, Ao and v, are considered as inputs to the excitation control
system. These two parameters cover the rotor angle and the terminal voltage stability

problems and considerations.

It is very obvious that there is a great deal of interconnection between the two factors, as

any disturbance in v, will result in a similar one in A®, especially when using fast
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excitation control action, which is one objective of this work. Moreover, it was noticed by
experience that in most cases Post-Disturbance stability problems are due to the effect of
one factor on the other (rotor angle control and terminal voltage control). To counter this
conflict, the decision was to use an integrated single input that encapsulates the required
information about both factors (the rotor angle and the terminal voltage) in A Pre-Control
(P-C) stage. This single input is then used as the performance monitor (£;) to an excitation
controller that uses the Shay structure explained in section 2. This controller is referred to

by Shay-Exciter in later parts of the thesis.
10.3 PRE-CONTROL STAGE

The P-C stage proposed in this work considers producing a processed scaled Ao (4,Am)

which is then added to the error in the terminal voltage (e,,) to produce E;.
10.3.1 Processing and Scaling of the Rotor Angle Speed Deviation

Ao and Aw (the acceleration in Ao calculated as Aw(k)= Ao (k)- Ao (k-1)) are
used in the manipulation stage that scales Am. The considerations in this phase
are directed mostly towards the plants dynamics, Ao is considered as the most
obvious and clear parameter to suffer in transient conditions. In this process the
current Ao 1is used as well as its first derivative (A®@). Both signals are used to
produce a parameter that can help when added to the error in the terminal

voltage to evaluate the current and anticipated future states of the plant.

In order to reduce the swinging of the operational point along the power-angle
curve it is very important to have control signals that consider a trend in the
system’s behaviour. For instance smaller Ao with very large Aw can indicate
larger Ao in future readings and thus a precautionary control signal is required
to reduce the deviation. Moreover a large Ao signal at time & with very large
Aw indicates that stronger control actions are required. The general guideline is
that when the acceleration of A® is large, more emphasis on the direction of
future states should be given. So if A® is positive and Aw is negative this can
indicate that the system is moving towards a reduction in A® amplitudes, and it

implies that the excitation system should pay less attention to the rotor angle
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stability, than it is paying to the terminal voltage one. However, a larger Aw
can assist the excitation system to predict larger Ae amplitudes in future steps,

so a precautionary control action should take place.

The manipulation of Ao and A® is achieved by a two input single output FLC
shown in figure 10.4. The stability considerations require an implementation of
three types of rules in the FLC. These three types of rules are identified by
different shadings in figure 10.4. The FLC in figure 10.4 implements the

following control objectives:

e Acceleration control: a set of rules that are responsible for
giving the excitation system the signal to boost up the excitation

in order to increase P,.

e Deceleration control: rules that are responsible to indicate to
the excitation system to bring down the excitation signal in

order to reduce P,.

e Breaking control: rules that are responsible of producing the
precautionary signals that will help the system to over come any

anticipated future undesired behaviour.
10.3.2 Voltage Stability

The generator terminal voltage stability is accounted for by considering the
error in the generator terminal voltage (e,,) compared to a reference voltage

(Vrep), €y 1s calculated as:
€y = Vygr = Vy (10.16)
The performance monitor used as an input to Shay-FLC (F) 1s calculated as;

E=AAo +e,, (10.17)
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Labels Key m
NB Negative Big
NS Negative Small
Ll -1 08 -06 02002 06 08 1
Z Zero
Pz Positive-Zero "NB : ; :
PS Positive Small CTss ' s : = e ; Al :
PB Positive Big

.......

Figure 10.5 P-C FLC control surface
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10.4 Shay-Exciter

Shay-Exciter is shown in the block diagram in figure 10.6. Note that the input to the

controller is the output of the P-C stage which is £,
E=4A A0 +e,, (10.17)

The output of the Shay-Exciter is Uy which is the excitation signal calculated as:

Ml (10.18)
de = Z U(k)
k-0
where U(%) is the output of Shay at time k.
U(k) = Umain(k) XGoul(k) X UPA(k) ( 10.1 9)

The summation point in equation (10.18) is used to maintain constant excitation levels

under steady-state conditions.
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Figure 10.6 Shay-Exciter block diagram




Chapter 11 Hardware and Software

Components Developed
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11.1.1 Primary Hardware Used
11.1.L.1 Prime mover
11.L12 Synchrosnous generafor
11.1L.1.3 Lead banks
11.1.1.4 Adjustable reactors
1LL.LS DSP board

11.1.2 Machine/Computer Interfacing Hardware
11.1L.2.1 Rectifier bridge
11.1.2.2 Optical shaft encodey
11.1.2.3 Counter and I¥/A circuit
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11L.1.2.8 Field drive unit
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11.2.1 Host Processor Driver
11.2.2 DSP Processor Driver

11.2.3 Shay Module
11.23.1 FLC drivers
11.2.3.2 General purpose fuzey processing functions
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11.0 INTRODUCTION

The implementation study was performed in a laboratory setup of a synchronous generator
connected to an infinite bus through a transmission line. Shay-Excitation system was
implemented in a C-program downloaded to digital signal processing board (DSP),
DPC/C40 board mounted with two TMS320C40 processors’. A 5 KVA synchronous
machine was used as a generator and a dc motor was used as the prime mover. The
adjustable reactors as well as variable load banks were also applied in order to imitate the
most of the real time components of a power system network. A general view of the

laboratory setup is shown in figure 11.1.

H

BECREEEREEE

Figure 11.1 general view of laboratory setup

The implementation study required the development of both hardware and software tools
to facilitate the implementation of the digital form of Shay-FLC, as well as to allow safe
interfacing between the synchronous generator and the DSP board, in addition to providing

a flexible man/machine interface through software. This section gives a detailed

! Texas Instruments C40 Processors
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description of both the hardware and software tools developed and used in the practical

implementation study.
11.1 HARDWARE DEVELOPED AND USED

The general view of the laboratory setup is described in a block diagram form in figure
11.2. The figure shows all the hardware circuit used to interface the synchronous generator
and both the host PC and the DSP board. The interconnection between the synchronous
generator and the infinite bus via the transmission line is also shown in the block diagram.

These hardware components are fully detailed in this section.
11.1.1 Primary Hardware Used
11.1.1.1 Prime mover

The objective of the prime mover is to provide the required constant
mechanical torque to the synchronous generator shaft. A Scott motor was used
for this purpose. The motor was fed from the infinite bus, which is sufficiently
stable, so a constant mechanical power output was possible from the dc motor.

The motor platform and view are shown in figure 11.3.

Scott
Machine No Frame Type of Machine
265443 F4C Motor
BHP Volts Amps RPM
8 415/240 13 1500 Sync
Winding
A

Figure 11.3 dc motor (prime mover)
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11.1.1.2 Synchronous generator

This is a 5 KVA silent pole synchronous machine. The generator plate and

view are shown in figure 11.4.

Scott
Machine No Frame Type of machine
265441 FeD Alternator
BHP Volts Amps RPM
SKVA  415/240 7 1500 Sync
Winding
NN

s

i3

Figure 11.4 synchronous generator (Scot 5 KVA)

The synchronous generator parameters are shown in table 11.1, these

parameters have been obtained following the IEEE standards for synchronous

machines test procedures and general synchronous machine parameters

estimation guidelines [178,179].

Direct-axis synchronous X, 1.03 pu | Open circuit saturation test
reactance

Short circuit saturation test
Quadrature-axis synchronous X, 0.49 pu | Maximum lagging current
reactance
Direct-axis transient Xy 0.48 pu | Sudden short circuit
reactance
Direct-axis transient open T4 | 0.34 sec | Field short circuit
circuit time constant
Inertia constant H 1 Estimated

Table 11.1 synchronous generator parameters
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11.1.1.3 Load banks

Two types of load banks were used, active/reactive and resistive load banks.
The active/reactive load bank features a current range from 0 to 7 Amperes and
a variable power factor from 0.1 to 0.98. The bank can be used as a capacitive

or inductive load. The plate of the bank is shown in figure 11.5.

R.L.C Equipment
‘Model  341-415-7 Serial No.  40-0029
Cap 5KVA 3 phase Volts 415v  S50hz
Amps 74 2r 0.1-0.98
YAMABISHI ELECTRIC CO. LTD.

Figure 11.5 active/reactive load bank plate

The resistive load bank used was 9 KW, 230 v load bank with variable load
settings ranging from /x500 to 5x500 watts/phase.

11.1.1.4 Adjustable Reactors

The adjustable reactors used in the transmission line have the plate shown in

figure 11.6.

Page 159

BRI ORI,
BB RAEE IR ERS

KVA 2.5 Volts 110 50 cycles

data for | Inductance 0.088 H
each coil

Ampers 4.6

Figure 11.6 adjustable reactors

Figure 11.7 shows the circuit diagram for the adjustable reactors. Different
settings of the switches have been used in the laboratory experiments in order

to simulate different operating and transmission conditions, as different
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settings of the transmission line will yield different contributions of the infinite

bus to the local and disturbance loads.

0.088 H 0088 H

222239

2243 -

2223492 ~

222029

0.088 H 0.088 H 0088 H

3

supply

Figure 11.7 variable reactors circuit
11.1.1.5 DSP board (TMS320C40)

The DSP board used in the application was the Texas Instruments floating
point TMS320C40 parallel digital signal processor (DSP). The DSP was
mounted on a DPC/C40B board with two TMS320C40 processors (SITE A
and SITE B). The board is clocked by a 40 Mhz clock, and is capable of having
2 million instructions per second (20 MIPS). A peak arithmetic performance of
220 million operations per second (220 MOPS) is possible to achieve.

The board contains two banks of Static Random Access Memory (SRAM)2 and
a Dual-Port Random Access Memory (DPRAM) block. The DPC/C40B board
was hosted by a 486 DXII mother board PC. Flexible and fast communication
between the DSP board and the PC was achieved through the DPRAM block.

Interfacing the DSP board with the isolation box was done via a Daughter
Module (DM) (AM/D16 SA) mounted on the DPC/C40B board. The DM
allows a 16 bit Analogue/Digital (A/D) conversions with a programmable
sampling rate up to 200 Khz.

2 39K x32 in bank 0 and 512Kx32 in bank 1
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The DM has two analogue input channels (AIN_A, AIN_B) and two analogue
output channels (AOUT A, AOUT B) with a voltage span of 3 volts. All
signal conversions from analogue to digital or vice versa were automatically
done by the conversion circuit in the DM. Figure 11.8 shows the DPC/C40
view with the DM on top. The board layout is shown in figure 11.9.

[ DM (amp16 sa)

Figure 11.8 DPC/C40B board view
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11.1.2 Machine/Computer Interfacing Hardware
11.1.2.1 Rectifier bridge

A six pulse diode bridge was used to convert the 3 phase generator terminal
voltage into a dc signal. This signal was then used as an input to the controller
after passing it through an isolation box (see 11.1.2.4). The bridge circuit was
supported with a voltage divider and a capacitor in a filtering circuit to
eliminate the ripples in the output voltage. The bridge circuit view and
schematic diagram are shown in figure 11.10. Figure 11.11 shows the input

output characteristics of the bridge circuit.

[l ]

— 7uf 3KQ
% % ::4 g v,
O

Figure 11.10 the rectifier bridge

0 . . . 3ph (rms) Volt
400

Figure 11.11 rectifier bridge input/output characteristics
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11.1.2.2 Optical shaft encoder

An incremental type optical shaft encoder is connected to the synchronous
generator in order to measure the rotor position (figure 11.12). The encoder
produces 360 pulses every 360 electrical degrees, thus one pulse per electrical
degree. The pulses as well as a reference signal are then passed to a counter
and digital to analog (D/A) converter circuit. The counter circuit produces an 8
bit digital count representing the rotor position with respect to the reference

signal (see 11.1.2.3).

Optical Shaft Encoder &

Figure 11.12 optical shaft encoder connected to the generator shaft
11.1.2.3 Counter and D/A circuit

A simple digital circuit is used to count the number of pulses generated by the
optical encoder. A reference signal is used in order to enable incremental and
decremental counting so the generator rotor position can be relatively
measured in an 8 bit count. This 8 bit count is then passed to the D/A circuit to
convert it into a dc voltage (v, ) used as an input to Shay-Exciter representing
the rotor angle. Figure 11.13 shows a view of the counter and D/A circuit. The
input/output characteristics plot of the circuit is shown in figure 11.14. The

circuit layout is shown in figure 11.15.
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e e e
i e e

Figure 11.13 counter and D/A circuit view

The input/output characteristics of the counter and D/A circuit shown in figure

11.14 can be best approximated by the second order form as in equation (11.1)

v,, = 0000152, , +014945 , +0192 (10. 1)

15
1.3}
1.1}
0.9/
0.7}
0.5
% gal
0.1
01}
0.3}
05}

07 1 S L e I L ¥ 1 L 8
6543210123456 7 meh

e
bk

Figure 11.14 3, versus v, from the counter D/A circuit
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11.1.2.4 Isolation box

Two isolation boxes were used in the laboratory setup in order to eliminate the
risk of any ac or back current into the DSP or the host PC. Isolation box 1,
shown in figure 11.16, is connected to the input channels of the DM on the
DPC/C40B and isolation box 2 is connected to the outputs channels of the DM
(refer to figure 11.2). Each isolation box has 4 channels with fixed output
voltage levels of 10 volts (maximum). The adjustable input range for the input

channels allowed a use of a wide range of input signal amplitudes.

Isolation box 1, was used as the Machine/DSP interface. Channel 0 of the
isolation box 1 was set to a gain of 10 and used as an input for the counter D/A
dc voltage output representing the rotor position. Thus, the output of channel 0
was scaled to 1. Channel 1 was used for the terminal voltage reading coming
from the rectifier bridge circuit, it was set to 100, thus the output of the

channel was scaled by 0.1.

Isolation box 2, was used to interface between the DSP and the machine. The
input to channel 1 was the output of channel 1 in the DM. This was the relay
enable signal. The range for channel 1 was set to 1 thus the output was scaled
by 10 as the relay requires high voltages (= 6 dc volf) to be activated. Channel
0 of the isolation box 2 was fed by the output from channel 0 of the DM which
is the field excitation control signal (Uy), from the DSP. The range of the

channel was set to 10, thus the scale was 1.
11.1.2.5 Field Drive Unit

The control signal from the DSP board through channel 0 of the isolation box
2 was fed to the field drive unit. The control signal is then amplified in the
field drive unit before passing it to the generator field. The field drive unit is
fed by a 200 dc voltage and operates from a 5v power supply. Figure 11.17
shows the view for the field drive unit, and figure 11.18 shows the schematic

diagram of the unit.
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SISRERIREE RISV 4

Figure 11.17 the field drive unit
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11.2 SOFTWARE DEVELOPMENT

The proposed Shay-Exciter was implemented as a software system including programs
written in C and Assembly residing in both the host PC and the DSP board. The DPRAM
in the DPC/C40B board was used in order to facilitate the communication between the
host PC and the DSP board.

Synchronising both processors, the host PC processor and SITE A processor in the
DPC/C40B board is accomplished using a restricted handshaking protocol. Several flags
were used to secure a synchronised parallel processing between the two processors. The
general layout of the handshaking protocol used is shown in figure 11.19. Note that, in the
following text and graphs PC-p, refers to the host PC processor and DSP-p, refers to
SITE A processor in the DPC/C40B board, as SITE B was never used in this application.

The synchronisation flowchart shows that the software developed for this application
consists of two main parts, the PC-y1, drivers and the DSP-p,, drivers. Each of these parts

is explained in the following sections.
11.2.1 Host Processor Driver

The left hand side of the chart in figure 11.19 shows most of the details of this
part. The source code of the PC-p, driver is shown in Appendix B.1. This

driver is responsible for:

1) user interface which involves getting the user information via
direct entries from the command line. The information required
from the user is:

a) Total run time.

b) Sampling time in milliseconds.
¢) Initial counter reading.

d) Disturbance type and value.

e) Disturbance start and end times.

f) Data file name for results saving. register receive
sample enable reset interrupts.
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get user data
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Interrupts
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]
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Figure 11.19 PC-p, and DSP-p, synchronisation flowchart
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2) initialising the DPC/C40B board and downloading the DSP-p,

driver to it,

3) time calculations and security of accurate sampling time. This
was achieved via integrating the PC-p, driver program with an
assembly function that gives time measures with the accuracy of
1 milliseconds resolution, see Appendix B.2 for the timer source

code,

4) provide most of the synchronisation control signals to the DSP
board via the DPRAM ° handshaking controller”,

5) save the real time results in a data file,
6) shutdown the DPC/C40B network and end running.
11.2.2 DSP Processor Driver

This driver utilises the TMS libraries included in the software supplied with
the board, which is simply an extended version of the ANSI-C language (see
Appendix B.3) for the source code of this driver. The program was compiled
and the object file was downloaded to SITE A processor in the DPC/C40B

board. This driver is responsible for the following functions:

1) A/D and D/A interfacing: The driver controls the DM channels
0 and 1 which receive the analogue input signals. The DSP-u,
driver reads these inputs after the A/D conversion. The
conversion results are received as 16-bit unsigned numbers in
2’s complement form. The driver negates these numbers and
processes them to get a 32-bit number scaled from -3 to +3. The
32-bit number is then stored in a buffer to be used for later
stages of the processing. This function is also responsible for the
reverse conversion of the final control signal from a 32-bit
floating number into a 15-bit unsigned integer scaled from 0 to

3 volts and to set or reset the most significant bit (MSB) of the
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16-bit number to zero or 1 according to the sign. The output, 16-
bit unsigned number, is then stored in the output buffer to be
sent out to the machine and then to the relay via output channels

0 and 1 in the DM,

2) implementing the Shay-Exciter algorithm: The inputs from the
analogue channels and the user inputs, are processed and used to
implement the digital form of the Shay-FLC used as the exciter
controller. The Shay function is explained in details in section
11.2.3,

3) passing the real time data to the PC-u,, via the DPRAM,
4) activating the relay when required.

This driver uses the interrupt and I/O flag 1 (IIOF1). The main processing is
done in the interrupt service routine This routine is merged with the main

functions in the flowchart in figure 11.19 for readability reasons.

11.2.3 Shay Module

The service routine in the DSP-p, driver calls the Shay module (see Appendix
B 4 for the source code). The Shay module consists of three main parts:

1) functions drivers,
2) general purpose fuzzy processing functions,
3) subfunctions.

This function fully implements the Shay algorithm presented earlier, in section
2. The function flowchart is shown in figure 11.20. This function and its
subfunctions represent the core of the whole software system developed in this
work. Both the FLC drivers and the general purpose fuzzy processing
functions are fully explained in the next section. The subfunctions are the
functions that perform the operational angle and the sector definition to

support the Shay main functions. Refer to Appendix B.5 for the subfunctions

source code.
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Figure 11.20 Shay function flowchart
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11.2.3.1 FLC drivers

A standard template is used to drive the fuzzy functions. This template can
accommodate any FLC providing that it has only one output, and no more than
20 classes for each input or the output. The FLC information is stored in this
template off-line by the user. Each FLC needs its own page of the template.
The number of inputs and the input classes are stored in this function along
with the number of output classes and the classes descriptions (formulas for the
shapes) are also stored in this template. The rules are stored in a matrix. All the
data stored in this template are of matrix form and are passed to the global
memory so other functions can use it. The template is shown in figure 11.21
(the actual C-Code, with comments). This template is explained in details in
the flow chart shown in figure 11.21. See Appendix B.6 for the FLC drivers

source code.
11.2.3.2 General purpose fuzzy processing functions

In order to be able to implement the FLC network used in the Shay-FLC
structure, a set of C-functions has been developed in this work. These
functions can accommodate and process any FLC with single output. The main
fuzzy processing functions are the standard three stages of FLC processing, the
functions are performing the 1) fuzzification, 2) rule evaluation and 3)
defuzzification. An intermediate function between the rule evaluation and the
defuzzification stages is used to accelerate the defuzzification step, refer to the
flowchart in figure 11.22.

1) Shay_fz: This is where the fuzzification stage takes place. The
crisp input from the analog channels (after conversion) are
imputed to this function. This function also uses the already
stored information about the FLC in the FLC driver for every
FLC. These two pieces of information are processed in order to
generate a fuzzy matrix called fuz mat (fz;) in the global
memory. This matrix is the fuzzy input to the rule evaluation
stage. Shay fz uses the L/R COG fuzzification in the production
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of the fuz mat matrix. See Appendix B.7 for the source code of
Shay fz.

2) Shay rl: The fuzzy input from Shay fz as well as the rule
matrix from the FLC driver function are both used in order to
generate a matrix called rules mat, rl. The rules mat represents
the fired rules, the corresponding output classes and the rules
truth values in the function and is stored in the global memory.
This function implements the inference for a Mamdani type
rules and uses the min operator as well as the L/R COG

inference. See Appendix B.8 for the source code of Shay rl.

3) Shay_dbr: This is an intermediate stage between the rules
evaluation and the defuzzification. It is used here in order to
provide only the necessary information to the defuzzification
stage. Shay bdr does some pre calculations to help accelerating
the defuzzification function. In other words, this function
organises and provides the rules mat matrix in a refined form to
the defuzzification stage. The output of this function is the
matrix bdr mat in the global memory. The source code of this

function is given in Appendix B.9.

4) Shay_dff: This function implements both the standard center of
gravity (COG) and the L/R COG defuzzification methods in
order to produce the final crisp output from the FLC. The inputs
to this function is the bdr mat. 1t also uses the already provided
information (regarding the output classes) from the FLC driver.
See Appendix B.10 for the source code of Shay dff.
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e e

oat FLC Template(float Input 1,float Input 2)
{

float i,u;

/* number of inputs to FLC*/

JrexrEan INPUE | definitions >* = x=*/

intNo In I=S§; /* number of input 1 classes*/
float Max In 1=56.25; /*maximum range of input 1*/
float Min In 1=11.25; /*minimum range of input 1*/
float In 1[6][4]=¢{ /*1st row==>No. of input 2 classes*/

define the classes here

rexntunn INPUE 2 definitions =*7 %5

intNo In 2=; /* number of input 2 classes*/

float Max In 2= /*maximum range of input 2*/

float Min In 2= /*minimum range of input 2*/

float In 2[6][41={ /*1st row==>No. of input 2 classes*/
define the classes here

srxades UFPUT definitions *2*7#ax/

int No Out=14; /*number of output classes*/

float Out mat[8][3]={ /*1st row==>No. of output classes*/
define the classes here

ixrxasrx Ryles definitions ~x*xaxx/

int Rules m[6][20]7i{ /*Rules m[0][0]==>No input 1,*/
efine the rules here  /*Rules m[0][1]==>No input 2,*/
: /*Rules m[0][2]==>no of output classes*/

Jrmrexns Geating Inpuag § rroex ey
if (Input 1>Max In 1)
Input 1=Max In I;
if (Input 1<Min In 1)
Input 1=Min In I;
for (i=1;i<No In 1+1;i++)

{
In 1[i][3}=bez bck(Input LIn I[i}[0LIn 1[i][1}In 1[i][1],In 1[1][2]);

e ras Qealing npuat 2 v r s Ry
if (Input 2>Max In 2)
Input 2=Max In 2;
if (Input 2<Min In 2)
Input 2=Min In 2;
for (1i=1;i<No In 2+1;i++)

{
In 2[i][3}=bez bck(Input 2,In 2[i][0],In 2[i][1]},In 2[i][1],In 2[i][2]);

[kt By sitication Syxassry
if No Input==1) /*single input*/

shay fuz(Input 1,In 1,Input 1,In 1,1);
if No Input=2) /* two inputs */
{

shay fuz(Input 1,In 1JInput 2,In 2,2);

fraxeans Ryle Eyvalization s #xsvex/

IR -'.k‘hll.l,”'i('ilﬁi\n k% :».-w*xl,'

U=shay dff(bdr mat,Out mat);
return(U); /*return the crisp output®/

} /* end of Template */

Figure 11.21 FLC drivers template
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Figure 11.22 FLC drivers flowchart.....cont.



Chapter 11: Hardware and Software Components Page 179

[ Scaling Input 1 :]

'
@pdate In_1 ]
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shay_fuz(lnput_1,In_1,Input_1,In_1) shay_fuz(lnput_1,In_1,input_2,In_2)

\ 4
Rules Evaluation
shay_ri(fuzzy_mat,Rules_m)

Borderd
shay_bdr(rules_mat,Out_mat)

.

( Deffuzification ‘

o
"3,

shay_dff(bdr_mat,Out_mat)

|

‘ Return Crisp OutputJ

u

Figure 11.22 FLC drivers flowchart ..cont.




Chapter 12  Laboratory Tests and Results

12.0 Introduction

12.1 Shay-Exciter Performance Under Sudden Load Changes
Tests
12.1.1 Small Load Changes
12.1.1.1 TEST-SLH
12.50.1.2 TEST-SL2
12.1.0.3 TEST-8L3
12.1.2 Large Load Changes

12.1.2.F TEST-LLI
12.1.2.2 TEST-LL2Z
12.1.2.3 TEST-LL3

12.1.2.4 TEST-L14

12.2 Shay-Exciter Performance Under Change in Reference
Voltage Tests

12.2.1 Small Change in Reference Voltage
12.2.1.1 TEST-VSI
12.2.1.2 TERT-VSZ
12.2.1.3 TEST-¥83
12.2.1.4 TEST-V4

12.2.2 Large Change in Reference Voltage
12.2.2.1 TEST-YLI
12.2.3.2 TEST-VEZ
12.2.2.3 TEST-VL3
12.2.2.4 TEST-VL4

12.3 Shay-Exciter Performance Under Transmission Line

Short Circuits Tests

12.3.1 TEST-LG

12.3.2 TEST-LLG
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12.0 INTRODUCTION

The robustness and efficiency of the proposed Shay adaptive FLC structure and its
applicability to the excitation control is verified in this chapter. Several tests were
conducted using the laboratory setup mentioned earlier in chapter 11. A wide range of

operating conditions and different types of tests have been performed.

The tests are categorised under three main categories according to the perturbation case

studied. These categories are:

1) sudden load changes,
2) reference voltage changes,

3) transmission line short circuits.

12.1. SHAY-EXCITER PERFORMANCE TESTS
UNDER SUDDEN LOAD CHANGES TESTS

In these tests a sudden load change in the generator loading was introduced. Two types of

sudden load changes have been tested, small load change and large load change.

12.1.1 Small Load Change

In these tests the synchronous generator was subject to 30% of rated load
balanced resistive sudden load change. The load was sustained for five seconds
and then removed. This test was conducted while the generator is operating

under three different operation conditions. Table 12.1 describes the tests and

the operation conditions.

TEST-SL1 0.9 0.9 (lag) |30% resistive load | S sec
TEST-SL2 0.5 0.6 (lag) [30% resistive load | 5 sec
TEST-SL3 0.4 0.98 30% resistive load | 5 sec

Table 12.1 sudden small load changes testing conditions



Page 182

Laboratory Tests and Results

12.3. Figure 12.4 shows the excitation control signal.

12.1.1.1 TEST-SL1
figure 12.1 shows a small overshoot (less than 2.5%) and a zero steady-state

error. Figure 12.2 shows that the rotor angle was stabilised after 1.5 seconds of

Figures 12.1-12.4 show the result of TEST-SL1. The terminal voltage plot in
the disturbance. The rotor angle stability is clear from the Ao plot in figure
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SL1

Figure 12.4 excitation signal (volts), TEST-
rotor angle stability requirements in 1 and 2 seconds respectively. The speed

that the generator using the Shay-Exciter fulfils the terminal voltage and the

TEST-SL2 results are shown in figures 12.5-12.8. Figures 12.5 and 12.6 show
deviation and the excitation signal are shown in figures 12.7 and 12.8.
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12 time (sec)

11

Figure 12.8 excitation signal (volts), TEST-SL2

The pure active load operation point test results (TEST-SL3) are shown in
due to the nature of the operational point which influenced the system

parameters due to the large changes in the plant characteristics. This gradual
tuning process was the reason behind the decaying amplitudes in the
oscillations shown in the figures. Note that the oscillations amplitudes became
much smaller when the load was released. Figure 12.10 shows the rotor angle
and the speed deviation is shown in figure 12.11. The excitation signal is

characteristics. The Shay-Exciter required more time in on-line tuning of its

figures 12.9-12.12. Note here that the terminal voltage required 2.5 seconds to
reach steady-state (figure 12.9) which is 1 second more that TEST-SL1. This is

12.1.1.3 TEST-SL3
shown in figure 12.12.
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Figure 12.9 terminal voltage (pu), TEST-SL3
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In these tests the synchronous generator was subject to a 70% rated sudden

inductive load change sustained for 5 seconds and then removed. Four

different operation conditions have been tested. Table 12.2 describes the tests

and the operation conditions.

Test

Operating conditions

Disturbance

Active power (pi)| Power Factor

Duration

TEST-LL1 0.9 0.9 (lag) |{70% inductive load| S sec
TEST-LL2 0.5 0.6 (lag) |70% inductive load| 5 sec
TEST-LL3 0.4 0.98 70% inductive load| 5 sec
TEST-LL4 0.6 0.98 70% inductive load| 5 sec

Table 12.2 sudden large load changes testing conditions

12.1.2.1 TEST-LL1

The large inductive load test (TEST-LL1) results are shown in figures 12.13-

12.16. The terminal voltage plot is shown in figure 12.13. The figure shows

that the voltage level was retained in less than 1 second under this very

difficult test. The rotor angle reached its new position after one oscillation in 2

seconds as shown in figure 12.14. The speed deviation is shown in figure 12.15

and the excitation signal is shown in figure 12.16.
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12.1.2.2 TEST-LIL.2

The results of this test demonstrate the ability of Shay-Exciter to maintain the

voltage stability in 1.5 seconds as shown in figure 12.17 when the disturbance

was first introduced and to return to steady sate conditions in 1 second after

releasing the load. Figure 12.18 shows that the rotor angle reached steady-state

in 3 seconds after the introduction of the load and in 1.5 seconds after the load

was released. Figure 12.19 shows the efficiency of the excitation signal, shown

in figure 12.20, in dumping down the oscillations in A.
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Figure 12.17 terminal voltage (pu), TEST-LL2
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12.1.2.3 TEST-LL3

The results of this test are shown in figures 12.21-12.24, where the terminal

voltage is shown in figure 12.21, the rotor angle in figure 12.22. The speed

deviation is shown in figure 12.23 and the excitation signal is shown in figure

12.24. The figures show good performance of the Shay-Exciter in response to

=0.98.

0.4 and pf

the large inductive load changes in this operation point, P
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12.1.2.4 TEST-LL4

The result of this test demonstrate the efficiency of Shay-Exciter under the

large inductive load change. Figures 12.25 and 12.26 show that the terminal

voltage and the rotor angle reached their steady-state in a very short time after

the disturbance. The speed deviation and Uy, signals are shown in figures 12.27

and 12.28.
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12.2 SHAY-EXCITER PERFORMANCE TESTS
UNDER CHANGE IN REFERENCE VOLTAGE

The second category of the implementation study tests was concerned with the system
behaviour under changes in reference voltage. Two types of reference voltage ranges were

tested, 5% and 10% change.
12.2.1 Small Change in Reference Voltage

Table 12.3 describes the tests and the operation conditions used for theses tests.

Operating conditions

Test m Disturbance | Duration
TEST-VS1 0.9 0.9 (lag) |5% change inv,,, 5 sec
TEST-VS2 0.5 0.6 (lag) |5% change inv,,; 5 sec
TEST-VS3 0.5 0.9 (lead) 5% change in v,,, 5 sec
TEST-VS4 0.4 0.98 5% change in v, 5 sec

Table 12.3 small change in reference voltage testing conditions

12.2.1.1 TEST-VS1

Figure 12.29 shows that the terminal voltage under this test reached its steady-
state conditions in 1.5 seconds with 1% p, and 1% steady-state error. Figure
12.30 shows the rotor angle and figure 12.31 shows the speed deviation. Uy, is
shown in figure 12.32.

12.2.1.2 TEST-VS2

This test’s results are shown in figures 12.33-12.36, where figure 12.33 shows
that the terminal voltage reached its steady-state in less than 1 second and
figure 12.34 shows that the rotor angle reached its steady-state in 2 seconds.
Ao and Uy, are shown in figures 12.35 and 12.36 respectively.
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12.2.1.4 TEST-VS4

The results of this test are shown in figures 12.41-12.44. Note the terminal

voltage and the rotor angle responses in figures 12.41 and 12.42 respectively,

where both terminal voltage and rotor angle stability are maintained. Figures

12.43 and 12.44 show the speed deviation and the excitation signals plots.
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Table 12.4 describes the tests and the operation conditions used.

12.2.2 Large change in reference voltage

Duration

Disturbance

Active power (pu)‘ Power factor

Test

AETERE
5} © 5} o}
v v v v
® > % >
1) R A
g 8 |82 ]| .B
Q (] 9] Q
gl 88§
§|8|5 |35
flelsls
S8 |8 |8
y—] — —] p—
BB T

IR
~— ~— £ \
@ |[e [ ]| @
= T N = =t

S v v <
(e o <o o
22| g8
] 1 1 W-
feei e e e
<R B < E-<  [E <
e o m o

Table 12.4 large change in reference voltage testing conditions
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12.2.2.1 TEST-VL1
shows that v, reached its steady-state conditions in 1 second with 5% p, and

zero steady-state error. Figure 12.46 shows the rotor angle reaching its steady-
state in 2.5 seconds when the disturbance was first introduced and released.
The speed deviation is shown in figure 12.47 and the excitation signal is shown

Figure 12.45 shows the terminal voltage response for TEST-VL1. The figure

in figure 12.48.
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12.2.2.2 TEST-VL2

The results of this test show that v, reached its steady-state in 1.5 seconds with

less than 1% steady-state error (figure 12.49). Figure 12.50 shows that the

rotor angle reached steady-state conditions in 2.5 seconds. The speed deviation

plot in figure 12.51 shows that Uy was able to dump down the oscillations in &

in 2.25 seconds after the introduction of the disturbance and in 2 seconds after

removing it. Uy, is shown in figure 12.52.
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12.2.2.3 TEST-VL3

The terminal voltage response in this test is shown in figure 12.53. While the

rotor angle is shown in given 12.54. Figure 12.55 shows the speed deviation.

The control signal is shown in figure 12.56.
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12.2.2.4 TEST-VLA4

Figure 12.57 shows that the terminal voltage reached steady-state in 1.5

seconds with 55 p, when the disturbance was first introduced and removed. 3

in figure 12.58 required 1.5 seconds to reach steady-state conditions when the

10% increase in the reference voltage occurred and it took 2 seconds to reach

steady-state when the disturbance was released. Figure 12.59 shows the speed

deviation while figure 12.60 shows the excitation signal.
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12.3 SHAY-EXCITER PERFORMANCE TESTS
UNDER TRANSMISSION LINE SHORT
CIRCUITS

The final tests conducted, involved subjecting the synchronous generator to severe
disturbances in the form of short circuits in the transmission line. The machine was subject
to two different short circuit disturbances 1) line to ground (L-G), and 2) line to line to
ground (L-L-G) short circuits. Table 12.5 describes the short circuit tests and operation

conditions.

Operating conditions

Test Active power {pu}| Power factor Disturbance | Duration
TEST-LG 0.9 0.9 (lag) L-G short circuit | 100 msec
TEST-LLG 0.9 0.9 (lag) |L-L-G short circuit| 100 msec

Table 12.5 transmission line short circuit testing conditions
12.3.1 TEST-LG

The L-G short circuit test results show that Shay-Exciter was able to maintain
the terminal voltage level in 1.5 seconds after the disturbance with 2.5% pp as

shown in figure 12.61. Figure 12.62 shows the rotor angle and figure 12.63
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shows that the oscillations in & were eliminated in 1 second after the L-G short

circuit. The excitation signal is shown in figure 12.64.
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12.3.2 TEST-LLG

The very difficult L-L-G short circuit test sustained for 100 milli seconds

results are shown in figures 12.65-12.68. The figures show the efficiency of

Shay-Exciter to maintaining both the rotor angle and the terminal voltage

stability. Figure 12.65 shows that the terminal voltage reached its steady-state

conditions in 7 seconds after the clearance of the short circuit. While the rotor

angle reached its steady-state after 6 seconds of the short circuit clearance, as

shown in figure 12.66. The efficiency of the excitation signal in dumping

down the oscillations in the rotor angle is shown in the speed deviation plot in

figure 12.67. The excitation signal is shown in figure 12.68.
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13.0 INTRODUCTION

This chapter presents the main results and achievements of this thesis. Practical and
theoretical achievements are presented in section 13.1 followed by the publication and
presentation list in section 13.2. The chapter ends with discussion of future work directions

in the domain of fuzzy logic control.

13.1 MAIN RESULTS AND ACHIEVEMENTS

The main result of this work is the development of the new methodology of FLC design
ahd implementation for different applications. The methodology includes a number of
innovative methods and concepts, developed by the author, ie. the operational angle,
operational sector, FLC operational status, a universal FLC structure (Shay) and a method
of simultaneous tuning of both input and output FLC scaling factors. Practical
recommendations on the application of this methodology and its implementation tools are
given as well. The proposed methodology has been comprehensively tested by computer
simulation and prototype. The universal FLC structure was implemented for the electric

power system excitation control.
MAIN RESULTS IN THEORETICAL DEVELOPMENT

1) Improvement of the Knowledge Representation

The thesis provided new techniques and methods of refining the data
obtained by on-line measurements. These techniques give better
representation of the plant performance and status. This goal was achieved
by the introduction of the operational angle concept in chapter 7. The
chapter shows that the operational angle concept is much broader than the
differential one and that the differential principle is a subdivision of the

operational angle concept.
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2) Improvement of Fuzzy Reasoning Methods

The thesis developed the L/R COG method (see appendix A). This
reasoning method makes use of the already available positional
information with respect to the membership function prototype. The L/R
COG method provides the mechanism of implementing and processing the
positional information. The method treats every single convex
membership function (class) in the universe of discourse (input/output) as
two non-intersected classes separated by a singleton at the prototype of the

class.

3) Development of A Structured On-Line FLC Parameter Tuning

The thesis includes the introduction of Shay-Tune in chapter 8, Section 2.
The method developed enables simultaneous tuning of both the input and
output ranges of the FLC. Shay-Tune applies a standardised algorithm that
requires minimal changes for different applications. The tuning
mechanism used requires no off-line parameter adjustment. The
superiority of Shay-Tune was clear from the practical implementation
results shown in chapter 12. Shay-Tune enabled the excitation control
system to operate and prove robustness under different operational points.
Shay-Tune enables the designer to largely influence the tuning process by

altering two clearly defined parameters, L and 7.

4) Development of the Universal FLC Design Structure

The Shay structure developed in the thesis can be grouped into one
controller block with only one input as shown in chapter 10. The structure
proposed is universal as it is not based on a particular model or
application. Shay applies mechanisms and means of processing the plant
information according to pre-defined performance criteria. The processing
is performed regardless of the characteristics of the plant under control.
Reusability is a major feature of Shay where few and simple alterations
are required when using Shay in different applications. Shay structure

employs two basic concepts, the operational status and the operational
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sector. The operational status concept used in Shay provides a means of
measuring the FLC ranges suitability upon which the input and output
ranges are updated. The operational sector concept used in Shay gives a

clear representation of the plants dynamics.

PRACTICAL ACHIEVEMENTS

1) Provision to the Designer of Practical Recommendations on the
Application of the Proposed Methodology and Shay Structure
Parameter Choice

Based on the research made in the thesis (chapter 9, section 2)
recommendations are given to choose the proposed structure parameters to
satisfy different criteria traditionally applied in control engineering. The
chapter highlighted the general and specific guidelines of how the
designer can change the SALT parameters so the FLC meets some
predefined performance criteria. The influence of every individual factor
is detailed in chapter 9. The chapter shows a heuristic approach in
developing general patterns of how each factor effects the system

behaviour.

2) Provision of Practical Guidelines for FLC Design

The thesis includes an experience based description of how to utilise the
available theoretical knowledge about the system. This was shown in
Chapter 10 while setting the general control strategy. In chapter 10 the
analysis of the equal area criteria was directed towards the evolution of
the control strategy. Secondly it gives a practical guide on how to
manipulate the SALT parameters to meet the control criteria based on

simulation results.

3) Provision of a Model for A Practical Implementation

The thesis gives a provision of a model for practical implementation of the
Shay FLC in section 3. In this section the design procedure is explained in

detaill. The knowledge engineering part of manipulation of the
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information captured and utilised from field and theoretical resources is
shown in chapter 10. Chapter 11 shows the practical implementation
model where Shay-Exciter is implemented for the excitation control of a
synchronous generator connected to an infinite bus through a transmission
line. The chapter shows the hardware and software components used in
the implementation. It is important to indicate here that the
implementation procedure involves the use of generalised protocols and
interfacing tools. It would have been much easier to implement the Shay-

Exciter in a more application specific manner.

4) Provision of General Purpoese Software and Control Protocols

The handshaking protocol developed by the author and used to
synchronise the operation of the host PC and the DSP microprocessors is a
generalised protocol. This protocol can be used in any other
multiprocessing application. The concept of having shared memory
proved to be very useful in such applications where more than one
processor is operating in parallel. The thesis provided software tools that
perform bit-by-bit manipulation and conversion of the input data registers
in the DSP. This is very important in most DSP applications as the
registers size and organisation can vary from one board to another and is
in most cases different than the 32-bit organisation used in most IBM
compatible PCs. Thus, having a high level language code (ANSI-C) that

can perform this conversion is a very useful tool.

The thesis contributes general purpose fuzzy processing functions written
in ANSI-C (see Appendices B.1-9). These functions are robust and require
no modifications when used to implement different FLCs. The DSP and
host PC drivers as well as the machine/computer interfacing hardware and
software developed in this work are currently used in the Electrical and
Electronic Engineering Department laboratories for many applications

with the author’s limited permission.
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IMPLEMENTATION
1) Implementation of Fuzzy Excitation Control System

The thesis contributed a fully fuzzy excitation control system. Shay-
Exciter introduced in chapter 10 replaced both the automatic voltage
regulator and the power system stabiliser. The author achieved this by the
introduction of the Pre-Control stage where a single parameter

representing the rotor angle and the terminal voltage was made possible.
2) Implementation Circuity and Hardware

The thesis gives a full description of the practical implementation circuity
and hardware used in the implementation study (see chapter 11). These

procedures can be followed for any other similar application.
3) Implementation Results

A large number of tests have been conducted. The tests presented in
chapter 12 were conducted under a wide range of operational points and
disturbances that vary in severity. Shay-Exciter was able to maintain the
rotor angle and the terminal voltage stability for all the tests and without
the need of any intervention or parameter adjustment from one test to

another. This confirms the effectiveness and robustness of the controller.

13.2 PUBLICATIONS AND PRESENTATIONS

The results of this thesis have been published and presented in a number of national and

international journals, conferences and seminars. A list of the publications is given below.

Chapters in Books

¢ Ghanayem O. and L. Reznik, Excitation Control Of A Synchronous
Generator Using Universal Adaptive Fuzzy Logic Controller Structure, to
be published in the book titled: “Fuzzy System Design: Social and
Engineering Applications”/Ed.: L. Reznik, V. Dimitrov, J. Kacprzyk.
PHYSICA-VERLAG (a Springer-Verlag Company), Heidelberg, to be
published in 1997.
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International Journals

e Ghanayem O. and A. Stoica, Fuzzy Reasoning Using Positional
Information, accepted for publication in the International Journal of
General Systems, the Special Issue on Approximate Reasoning (IJGS), to
be published in 1997.

International Refereed Conferences

e Ghanayem O. and L. Reznik, A Universal Adaptation Procedure For
Fuzzy Controller Design With The Application To Power System Stability
Control, Proceedings of the 35th Conference on Decision and Control, pp.
1141-1146, December 11-13, 1996, Kobe, Japan

e Ghanayem O. and L. Reznik, A Fuzzy Logic Structure For On-Line
Parameter Tuning With The Application To Power System Fxcitation
Control, accepted for presentation at the 7th International Fuzzy Systems
Association (IFSA) World Congress, to be held in, June 25 - 29, 1997,
Prague, Czech republic, to be published in 1997.

¢ Ghanayem O and L. Reznik, FExcitation Control of a Synchronous
generator using An On-Line Adaptive Fuzzy Logic Controller Structure,
accepted for presentation at the 6th IEEE International Conference on
Fuzzy Systems (FUZZ-IEEE’97), to be held in, July 1-5, 1997, Barcelona,
Spain, to be published in 1997.

e Ghanayem O. and L. Reznik, Hierarchical Versus Adaptive Fuzzy Logic
Controllers: Design and Performance, Proceedings of the 2nd Australian
and New Zealand Conference on Intelligent Information Systems, pp. 224-
228, November 29-December 2, 1994, Brisbane, Australia.

¢ Ghanayem O., An Alternative Reasoning Method, Proceedings of the
Industrial and Engineering Applications of Artificial Intelligence and
Expert Systems Conference (IEA/AIE) (invited and additional papers), pp
41-45, June 6-8, 1995, Melbourne, Australia.

¢ Ghanayem O. and L. Reznik, 4 New Reasoning Approach and its
Application in Power System Stability, Proceedings of the Third European
Congress on Intelligent Techniques and Soft Computing (EUFIT’95), vol.
3, pp. 1527-1532, August 29-September 1, 1995, Aachen, Germany.

e A. Stoica, L. Herron, M. Wingate, and O. Ghanayem, Fuzzy Neural
Networks as Distributed Fuzzy reasoning Systems, Proceedings of the Third
European Congress on Intelligent Techniques and Soft Computing
(EUFIT’95), vol. 1, pp. 86-90, August 29-September 1, 1995, Aachen,
Germany.
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¢ Ghanayem O. and L. Reznik, 4 Hybrid AVR-PSS Controller Based on
Fuzzy Logic Technique, Proceedings of the Control-95 Conference, vol. 2,
pp- 347-351, October 20 -24, 1995, Melbourne, Australia.

¢ Ghanayem O. and R. Berangi, On Line Identification Of Input/Output
Ranges Of A FLC Scheme, Proceedings of the First International Discourse
on Fuzzy Logic and the Management of Complexity (FLAMOC’96), pp
150-154, January 15-18, 1996, Sydney, Australia.

e Ghanayem O. and L. Reznik, 4 Novel Excitation Control Scheme:
Design And Implementation, Proceedings of the 4th Australian and New
Zealand Conference on Intelligent Information Systems (ANZIIS 96),
November 18-20, 1996, Adelaide, Australia.

13.3 DIRECTIONS OF FUTURE DEVELOPMENT

e Fuzzy Logic Stability and Evaluation Criteria

Although this thesis contributes performance based evaluation criteria, we still
feel that more work is necessary in this field. Efforts should be directed
towards new definitions of FLC stability and evaluation criteria. Research
should avoid the attempts of mapping FLCs to linear controllers evaluation
methods. The criteria should reflect the nature of fuzzy logic as an integrated
mixture that combines knowledge engineering, control and artificial
intelligence and not to focus on the control part only. Some non-deterministic
measures are required. We believe that extra work should be done to generalise
the definitions introduced in this work as they may form a suitable foundation

for such research.
e Fuzzy Logic Hardware

To bring fuzzy logic more in line with real time applications, simple fuzzy
hardware should be available. Most of the available hardware on the market
provides a one set kit where the processor and the peripherals come in one
single compact board limiting the upgrading and improvement of the kit. We

need small chips that implement different parts of the fuzzy mathematics. This
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will make the upgrading and reusability of the hardware possible as you can

always update your system without the need of buying a new one.

o Fuzzy Logic Education

This is a very urgent need for fuzzy logic. This super concept should be
transferred from higher level research laboratories to the standard engineering
or other courses in the first years of the undergraduate studies. This can be

achieved by introducing the subject as a general studies subject in universities.
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eft/Right Center Of Gravity

(L/R COG)

The Left-Right Centre Of Gravity (L/R COG) seeks a compromise between additional
knowledge (precision) and processing calculations (time). This is achieved by the use of
positional information already available from the input. The method treats every single
convex membership function (class) in the universe of discourse (input/output) as two non-
intersected classes separated by a singleton at the prototype of the class, as in figure 4.1

(L: left of the prototype, C: the prototype and R: right of the prototype).

i

" N

. rn,

Figure A.1 convex membership function

This division of the class allows L/R COG to ensure a unique output for every input in the
class. The way this method operates is explained for a SISO for which figure 4.2 shows
the input and output classes. The rule table is shown in table 4.1. The following explains

L/R COG in detail.

Figure A.2 input/output classes
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NS | Z | PS| PB
NS| Z | PS | PB

Table A.1 SISO system rule table
Fuzzification:
Fuzzification in the L/R COG is related to the fact that the input at x is to the

Right of the input class NS and the Left of the Z class. To consider this

positional information L/R COG makes the association
x = {Set;, w;{x},S;}

where §; is the input class side and P is the prototype of the class, and

L x<P
§,=¢C x=P
R x>P

Fuzzy Processing:

To make use of the positional information provided by fuzzification, the
inference uses an extended rule base expressing the mapping of S, to S, (input
class side to output class side). For a SISO fuzzy system, the sides rules can be

expressed as in table 4.2.

S, L C R
S, L C R

Table A.2 sides rule table

The sides rule table can be treated in the same manner as the classes rule table,

and one may have different setting for both of them based on the system under

consideration.

For a two input system the sides rule table is of a size 3x3, ie. Table 4.3,
expressing information in the form if S, is X, and §;, is X, then S, is ¥, where

X;, X, and Y can be either L, C or R.
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| earaws
L C C

S, c | ¢ | ¢C

C C R

Table 4.3 sides rule table for a two input one output FLC

As mentioned above, the knowledge in the sides rule table varies according to
the type of system under consideration. The size of the table depends on the

number of inputs based on the fixed division of the class shown in figure 4.1,

which for » inputs is 3”.

The rule base used in this section comprises of two rule tables, one describing
the class mapping and the other describing the sides mapping. Both operating
in parallel. For each particular input an even number of rules will fire at the

same time. The fuzzy output resulting from the inference process is expressed

by {Set,, 1,(x),S,}.

Defuzzification:

The defuzzification phase in the L/R COG differs from the classical
defuzzification in considering the parameter S,. The output class is subjected to
the same treatment as the input class, (divided into three non-intersected
classes as in figure A.1). L/R COG uses the centre of gravity for
defuzzification (at this point other defuzzification methods can be used). If an
inference process results in a fuzzy output of the form {S,0.5,L} the L/R COG
would result in a crisp output which is the COG of the shaded area in figure
A3,
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Figure A.3 defuzzification area selected by the L/R COG
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Figure 4.4 explains the overall fuzzy processing using the L/R COG method for the input

atx.
p e
Hys
Ny Fuzzification
{NS,uxs R} and (Z,p15L} Fuszy Processing

i

1z : - Defuzzification %
I

Hxs

Figure A.4 L/R COG fuzzy processing
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PC-p, Driver Source Code

73 e ok ROK e ok e Ok EOKOKOK R K

Header Files

‘**‘*****“**‘**‘***/
#include <stdlib.h>
#include <stdio.h>
#include <time.h>
#include <conio.h>
#include "c4xapp.h”
#include "dpram.h"
#include "declare3.h"
#include "timer.h"

%% ko ok okOkOK KOk KOk OK s ROk Kok

Define Constants

Ak ko R OKOKOK OROKOKOK K R KOk KOk ok /

#define SITE_A_C40_FILE "hussein.out”

AR RO K OK OKROKK K

define DPRAM locations

************t**!*****/
f##define DPRAM_BUFFERI START 0xA0000200L
#define BUFFERI LENGTH 0x100

#define  Start DSP_Prog DPRAM_HANDSHAKEO
#define PC_Ready_to_Recieve DPRAM_HANDSHAKEI
#define PC_In_Data Ready DPRAM HANDSHAKE2

#define  Sample Start DPRAM_HANDSHAKE3
#define Sample_End DPRAM_HANDSHAKE4

#define Relay On DPRAM HANDSHAKES

#define bb 65535

KK R OKOK ok ok koK ROk ROk Ok R K

Function ProtoTypes
***********************/

void checkReturmnCode(UINT returnCode);

6 R ROK R ROKOKOK Ok X K

Main Program
************l******/
void main()

{
UINT ret;

ULONG  dataReady,DSPReady;
ULONG zero;

ULONG one;

PROC ID *handle;

char proc_name[MAX PROC_NAME_SIZE])="CPU_A" FileName[40];
float i,data_buf]3),SampleRate;

float RunTime, TTm=0,R10n,R10ff,R20n,R20ff,SaveOn,;

float Nw_st Nw_End Nw_Ref,scOff=0,sv_pnt,

int Ref Flg=0,Load_Flg=0,Sc_Flg=0,Dst_Type,

float count=0 ,CNTRL;

int keyboardHit;

unsigned int Smpl_Diff,;

unsigned long int start_p,end_p.ellaps_p;
unsigned long int start_rlelps_rl;
unsigned long int Smpl_St,Smpl End,Smpl_Elps;
unsigned long int elps_sc=0;

FILE *ofp;

system("cls");

zero=0;

one=];

printf("\n\n\n ENTER RUN TIME: "),
scanf("%f",&RunTime),
data_buf[0]=RunTime;

printf("\n ENTER SAMPLING TIME: "):
scanf{"%f",&SampleRate),
data_buf]1]=SampleRate;

printf("n ENTER initial tacho reading: ");
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scanf("%f" &ich_1st);

data_buf[2]=tch_lst;

Tachok=tch_1st,

data_buf[3]=Tachok;

printf("'n enter disturbance type : "),

printf("™n 1) Change Reference Voltage"),

printf("n 2) Load change");

printf("\n  3) Short circuit (Tr. L.)");

printf("\n choose.....");

scanf("%d",&Dst_Type),

data_buf[4]=Dst_Type,

switch (Dst_Type)

{
case 1:

{
Pmltf("\n k2 ok ok ek Ok k Ok Refvolt ********")-’
printf("\n Input New reference voltage : "),
scanf("%f",&Nw_Ref),
data_buf[5]=Nw_Ref,
printf("\n Input Disturbance start time :");
scanf("%f",&Nw_st),
data_buf[6]=Nw_st,
printf("\n Input Disturbance stop time :");
scanf ("%f",&Nw_End),
data_buf[7]=Nw_End;
Ref Flg=1,
data_buf[8]=Ref Flg;
break;
}

{

Pnntf("\n A Ok kK ook kKoK l()ad Cha.nge *********");
printf("\n ENTER RELAY _1 On TIME : "),
scanf("%f",&R10n},

data_buf[5]=R10n;

printf("\n ENTER RELAY _1 Off TIME : "),
scanf("%f",&R10fT),

data_buf[6]=R10fT;

printf("\n ENTER RELAY_2 On TIME : ");
scanf{"%f",&R20n),

data_buf[7]=R20n;

printf{"\n ENTER RELAY_2 Off TIME : "),
scanf("%f",&R20ff),

data_buf[8]=R20fT;

Load_Flg=1,

data_buf[9]=Load Flg,

break;

}

{

pnntf("\n EE S ES EE SRS S 3 shon Cj.rcuit ********");

printf("\n ENTER RELAY (short circuit, sec) On TIME : "),
scanf{"%f",&R 10n),

data buf[5]=R10n;,

printf("\n ENTER RELAY (short circuit, m_sec) duration : "),
scanf("%f",&scOfT),

data_buf[6]=scOff;,

printf("\n scOff=%f",scOfF),

case 2:

case 3:

Sc_Flg=1,
data_buf[7]=Sc_Flg,
break;

}

}

printf("\n Enter INITIAL Global Input Range ");
scanf("%f",&G _In_Rng);
data_buf{10]=G_In_Rng,

printf("\n Enter INITIAL Global Output Range "),
scanf("%f",&G_Out_Rng);
data_buf[11]=G_Out_Rng;

printf("\n Apply Learning ves ==>1"}.
scanf("%f",&Leam),

data_buf[12]=Leam;
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if (Leam==1)
{
printf("*n ENTER Leamning Rate: "),
scanf("%f",&Leam_T);
data_buf[13])=Leam_T,
}
printf("n control (y==1;n0==0): "),
scanf("%f",& CNTRL),
data_buf[14]=CNTRL,
printf('"\n enter data file name "),
scanf("%40s",FileName),
ofp=fopen(FileName,"w"),
printf("\nRebooting the C40 network ...."),
ret = Global_Network_Reboot(),
checkReturmnCode(ret);
printf("OK");
printf("\nOpening processor .....");
ret=Open_Processor_ID(&handle,proc_name,NULLY),
checkReturnCode(ret),
printf("OK"),
ret=Change Board Register Fields(handle, CONFIG REG,0,DPC DB TIM 0 SEL},
checkReturnCode(ret),
ret=Change Board_Register Fields(handle, CONFIG_REG,DPC_DB_TIM 1_SEL,0),
checkReturnCode(ret),
ret=Change _Board_Register Fields(handle, CONFIG_REG,DPC_DB_MCLK_0_SEL,0);
checkRetumCode(ret);
ret=Change Board Register Fields(thandle, CONFIG REG,DPC_DB_MCLK _1 SEL.0);
checkReturnCode(ret);

ret = Write DPRAM_ Words 32(handle,Start_DSP_Prog,1,&zero);

checkReturnCode(ret);

ret = Write DPRAM_Words_32(handle,PC_Ready_to_Recieve,1,&zero);
checkReturnCode(ret);

ret = Write. DPRAM_Words_32(handle,PC_In_Data_Ready,l,&zero);
checkReturnCode(ret);

ret = Write. DPRAM_ Words_32(handle,Start_Sample,1,&zero),
checkReturnCode(ret),

ret = Write. DPRAM_Words_32(handle,Sample_End,1,&zero);
checkReturnCode(ret),

ret = Write DPRAM_Words_32(handle,Relay On,1,&zero);
checkReturnCode(ret);

printf("\nLoading program to C40 in Site A....."),
ret=Load_And_Run_File_DPRAM(handle,SITE_A_C40_FILE),
checkReturnCode(ret);

printf("OK"),

ret = Write DPRAM_Floats_32(handle, DPRAM_BUFFER1_START,15,data_buf);
checkReturnCode(ret);

ret = Write. DPRAM_Words_32(handle,Start DSP_Prog,1,&one);
checkReturnCode(ret),

Z%0K0KOK R OkOKOK KR ROKOK ok K R OKOK ROk OKOK

start the processing
A0k kKRR R OROK KK OROK KOROK FOK koK ok ok ok /
nit8h(1000);
ticks_8h=0,
TTm=0;
start_p=ticks_8h;
ellaps_p=0,
Smpl_St=ticks_8h;
ret = Write DPRAM_Words_32(handle,Sample_Start,1,&one);
checkReturnCode(ret);
ret = Write. DPRAM_Words_32(handle,PC_Ready_to_Recieve,l,&one),
checkReturnCode(ret);
while(ellaps_p<RunTime)
{
ret = Write. DPRAM_Words_32(handle,PC_Ready to_Recieve,l,&one);
checkReturnCode(ret),

%00 ok ok ok ok ok ok ok ok OKOK R R KOKOKOK ROk

sampling time calculations
a0k kR K kK 3k KOk ok K kK Kk KOKR 0K R OKOJOK K

Smpl_End=ticks 8h;
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Smpl_Elps=time8h(Smpl_St,Smp]_End);
if (Smpl_Elps<SampleRate)
{
Smpl_Diff=abs(Smpl_Elps-SampleRate),
delay8h(Smpl_Diff);
}
ret = Write. DPRAM_Words_32(handle.Sample_End,1,&one);
checkReturnCode(ret);

/*t*tt**#**t#*tt*tt

Check the relays

***#tt**‘**“*‘*t‘*/
start_rl=ticks_8h,
elps_rl=time8h(start_p,start_rl),
elps_sc=elps_rl;
elps_rl=elps_rl/1000;
if (Ref_Flg==1)

{

if ((elps_rI>=Nw_st) && (elps_rl<Nw_End))
V_Ref sg=Nw_Ref;

if (elps_ri>=Nw_End)
V_Ref sg=1,

}
else if (Load Flg==1)

{

if (elps_rl<R10n)
{
ret = Write_DPRAM_Words_32(handle,Relay On,1,&zero),
checkRetumCode(ret),
}

else if ((elps_rI>=R10n)&&(elps_rl<R10f1Y))
{
ret = Write_ DPRAM_Words_32(handle,Relay_On,1,&one),
checkReturnCode(ret),

}
else if ((elps_rI>=R10ff)&&(elps_rl<R20n))

ret = Write. DPRAM_Words_32(handle,Relay On,],&zero);
checkRetumnCode(ret),

}

else if ((elps_rl1>=R20n)& &(elps_rl<R20ff))

{

ret = Write. DPRAM_Words_32(handle,Relay_On,1,&one);
checkRetumCode(ret),

}

{
ret = Write. DPRAM_Words_32(handle,Relay_On,1,&zero);
checkReturnCode(ret);

}

else

}
else if (Sc_Flg==1)

{

if ((elps_rl1>=R10n)&&(elps_sc<=((R10n* 1000)+scOf)))
{
ret = Write. DPRAM_Words_32(handle,Relay_On,1,&one);
checkRetumCode(ret);
}

if (elps_sc>=((R10n*1000)+scOff))
{
ret = Write. DPRAN_Words_32(handle,Relay_On,1,&zero),
checkRetumnCode(ret),
}

}

Smpl St=ticks_8h;
ret = Write. DPRAM_Words_32(handle,Sample_Start 1,&one),

checkReturnCode(ret),

do
{
ret = Read DPRAM_ Words 32(handle,PC_In_Data_Ready,l, &dataReady).
checkReturnCode(ret);
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keyboardHit = kbhit();

}
while( (dataReady != 1) && ('keyboardHit) );
ret = Write._ DPRAM_Words_32(handle,PC_In_Data_Ready,},&zero);
checkReturnCode(ret),

JRERXKEEKKRAR KRR RN AR AR KRR KRR KR AKX

reading the inputs and processing it
tttt‘ttttttt*#‘t*ttt*t“*‘tt**tt““t*‘/
ret = Read_DPRAM_Floats_32(handle, DPRAM_BUFFER1_START,5,data_buf),
checkReturnCode(ret),
for (i=0;1<5;i++)
fprintf(ofp,"%7.4f ",data_bufli]);
fprintf(ofp,"\n"Y,
end_p=ticks_8h;
ellaps_p=time8h(start_p.,end p);
TTm=(float)ellaps_p);
TTm=TTm/1000;
ellaps_p=ellaps_p/1000;
}
clrser();
ret=Close_Processor_ID(handle),
checkReturnCode(ret),
Clear_All_Lib_Memory(),
}
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Timer 5ource Code

#include <dos.h>
#include <bios.h>
#include <conio.h>
#include "tcimt8.h"
#ifdef _ cpluspls

# define  CPPARGS ...

Helse

# define _ CPPARGS void

#endif

char *get_cmostime(void);

void interrupt new8h(__ CPPARGS),

void init8h(unsigned int);

void quit8h(void);

unsigned long time8h(unsigned long, unsigned long);
void delay8h(unsigned int),

void sound8h(int, int);

extern volatile unsigned long int ticks_8h;

#define IRQO 0x8

#define PITO 0x40

#define PIT1 0x41

#define PIT2 0x42

#define PITMODE 0x43
#define PITCONST 1193180L
#define PITODEF 18.2067597
#define KBCTRL 0x61
#define NEWSH 1

static float tick_per ms = 0.0182068;

static float ms_per_tick = 54.9246551,

static float freq8h = 18.2067597;

static unsigned char flag8h = 0,

static void  interrupt(*old8h) (_ CPPARGS),

volatile int counter_8h,
volatile int counter reset,
volatile unsigned long int ticks_8h;

void mit8h(unsigned int Hz)
{
unsigned int pit0_set,
pit0_value;

if (flag8h = NEW8H) {
disable(),
old8h = getvect(IRQO),
setvect(IRQO, new8h),
outportb(PITMODE, 0x36);,
pit0_value = PITCONST / Hz,
pit0_set = (pit0_value & 0x00fT),
outportb(PITO, pit0_set);
pit0_set = (pit0_value >> 8),
outportb(PITO, pit0_set),
enable();

flag8h = NEWS8H,

freq8h = Hz;

counter_8h = 0;

counter_reset = freq8h / PITODEF;
tick_per_ms = freq8h / 1000,
ms_per_tick = 1000 / freq8h,

void quit8h(void)
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unsigned imt  pit0_set,

pit0_value;
long tick;
char *cmostime;

if (flag8h == NEWS8H) {
disable();
outportb(PITMODE, 0x36),
outportb(PITO, 0x00),
outportb(PITO, 0x00),
setvect(IRQO, old8h),
enable();

cmostime = get_cmostime();

tick = PITODEF *
(
(((float) *cmostime) * 3600) +
(((float) *(cmostime + 1)) * 60) +
(((float) *(cmostime + 2)))
%

biostime(1, tick);

flag8h = 0;

freq8h = PITODEF,

counter_reset = freq8h / PITODEF;
tick_per_ms = freq8h / 1000;
ms_per_tick = 1000 / freq8h,

void interrupt
new8h(_ CPPARGS)

disable();
ticks_8h++;
counter 8h++;

if (counter_8h == counter_reset) {
counter 8h =0;
enable();
old8h();

}else {
outportb(0x20, 0x20);

}

}

unsigned long time8h(unsigned long start, unsigned long stop)
{
unsigned long duration,
millisec;

if (stop < start)
return 0;

else {
duration = stop - start;
millisec = duration * ms_per_tick;
return millisec;

}

}

void delay8h(unsigned int delayms)
{
unsigned long int delaybegin = 0;
unsigned long int delayend = 0;
unsigned int  delaytick;

delaytick = delayms * tick_per_ms;

if (flag8h == NEW8H)
delaybegin = ticks_8h;

else
biostime(0, (long) delaybegin);
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do {
if (flag8h == NEW8H)
delayend = ticks_8h,
else
biostime(0, (long) delayend),
} while ((delayend - delaybegin) < delaytick);

}
void sound8h(int freq, int duration)
{

int byte;

unsigned int  freql,

freql = PITCONST/ freq;
outportb(PITMODE, 0xb6),
byte = (freql & 0x{¥),
outportb(PIT2, byte),

byte = (freql >> 8);
outportb(PIT2, byte),

byte = inportb(KBCTRL),
outportb(KBCTRL, (byte | 3));

delay8h(duration),
outportb(KBCTRL, (byte & 0xfc));
}

char *get_cmostime(void)

{

union REGS  inreg;
union REGS  outreg;
char *buff;

static char  buffer([6],
char ch;

buff = buffer;
inreg.h.ah = 0x02;
int86(0x1a, &inreg, &outreg),

ch = outreg.h.ch;

buffer[0] = (char) ((int) (ch & 0xOf) + (int) ((ch >> 4) & 0x0f) * 10);
ch = outreg.h.cl;

buffer[1] = (char) ((int) (ch & 0x0f) + (int) ((ch >> 4) & 0x0f) * 10);
ch = outreg.h.dh;

buffer[2] = (char) ((int) (ch & 0x0f) + (int) ((ch >> 4) & 0x0f) * 10);
buffer[3] = outreg.h.dl;

buffer[4] = (char) (outreg.x.cflag & 0x0001),

bufferf5] = 0x00;

return (buff),
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DSP-p, Driver Source Code

/*global variables*/

float fuz_mat[30](3]={{0}},rules_mat[3][10]={{0} },bdr_mat[3]({5]={{0}};

float Glob_AVR=1,Glob_PSS=1,U_AVR[10],U_PSS[10],ekm1=0,ekm2=0,ekm3=0,sectrs[6]={0};
/**** filters parameters ****/

float f tachf tch k1=0,f tch k2=0f tch_k3=0f tch_k4=0f tch k5=0,f tch_k6=0;
float tch_k1=0,tch_k2=0,tch_k3=0,tch_k4=0tch_k5=0,tch_k6=0;

* vt filter*/

float f VT k1=0f VT k2=0,f VT k3=0,f VT k4=0,f VT k5=0f VT ké=0,

float VT k1=0,VT_k2=0,VT k3=0,VT _k4=0,VT_k5=0,VT _k6=0;

float speed_k1=0,speed_k2=0,speed_k3=0,speed_k4=0;

float f speed k1=0,f speed_k2=0.f speed_k3=0,f speed_k4=0;

float er_ang_km=0,speed,m_ang,er_ang,ed_angf speed,Dw_k1=0;

/* updating variables*/

int updt_count=-1;

float sectl_FL.G=0,sect2_FL.G=0,sect3_FLG=0,sectd_FLG=0;

float sect5_FL.G=0,sect6_FLG=0,Learn_T,sum_err=0,er_av_km=0;

float flc_sts[3]={0},Main_FLC_k=0,Main_FLC_Sum=0,Main_FLC_S km=0;

float C In_Rng=0,C_Out_Rng=0,G_In_Rng=1,G_Out_Rng=1mode=0,Leam,
floattch_l1st=1;

/*functions*/

float bez_bck(float ,float float float float),
float shay_fuz(float float [)[4] float float [][4], int);
float shay_rl(float [][3], int [][20] );
float shay_bdr(float [][10], float [][3]);
float shay dff(float [][5], float [][3]);
void sectors(float,float float),

float Main_FLC(float );

float *shay_pa_n(float float ,char ),
float angg(float ,float ),

float sw_pa_n(float ,float, char ),

void PSS_PARM(float ),

float sw_sctl(float float ),

float sw_sct2(float ,float );

float sw_sct3(float float ),

float sw_sctd(float float );

float sw_sct5(float float ),

float sw_sct6(float float );

void Shay(float ,float float );

float vt_fltr(float ),

float PRE_ CONTROL(float ,float );
void updt_in_out(float, float float),
void opra_sts_in(float ,float ),

void opra_sts_out(float ,float ),

float max_arry(float [},int ),

void Qmar(float * float * float ,int );
float Monkey(float ),

900 oo R OOKOROK KOOI R KOk

Header Files
***tt***************/
#include "intpt40.h"
#include "amelia.h"
#include "dpram.h"
#include "out_sg.h"
#include "dsp_head.h"
#include "shay_fnc.h"

/t**t***t**t************t***t***t

flags and data buffer in DPRAM

k0K R oK ok koK K kK a0k koK ok ok ok 30Kk K OK KK R IOk K OK KOk /

#define  Start DSP_Prog ((long *) DPRAM_HANDSHAKED)
#define  PC_Ready_to_Recieve ((long *) DPRAM_HANDSHAKE])
#define PC_In_Data Ready ((long*) DPRAM_HANDSHAKE2)

#define  Sample_Start ((long *) DPRAM_HANDSHAKE3)
#define Sample End ((long *) DPRAM_ HANDSHAKE4)

#define Relay_On ((long *) DPRAM_HANDSHAKES)

#define BUFFER ((float *) 0x.A0000200)
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#define BUFFERI LENGTH  0x100

JEREERRRARRRERRKERRKERR KR

Function ProtoTypes
ttt#t##t##t#t‘#tt###t#ttt/

void ¢_int04(void);

/t####tt##t#t#ttttt

Main Program
ARERR AR KRR AR KRRk
void main(void)

{

ﬁ###ttt#**ttt#*ttt#t**##*ttt#t#ttt

start JACK

ok o K 0K KOk o K R K koK K X0k ok KOR R IOKKROK ROk X Rk [

asm(" PUSH ARO");
asm(" PUSH DP");
asm(" LDI 030H,AR0");
asm(" LSH 16,AR0");
asm(" JACK *ARO"),
asm(" POP DP");

asm(" POP ARO");

INT _DISABLE(),

set_ivip( (void *)0x002ffe00),
install_int_vector((void *)c_int04, 0x04),
lead_iif(0x00BO0),
*USER_CONTROL_REG = 0xA400;
*AMELIA CONTROL_REG = 0x00B2;
*TIMER1_REG = 0xFFC4;
*INTERRUPT _MASK_ REG = 0x0002;
*CONFIGURATION REG = 0x8DFF;

3R kO O OK K SOIOIOK R OK R R Kk Ok K R

Get Data from user

**11#*ttt‘***ttttt*tt****tt*/
while(*Start_DSP_Prog==0);
Start_DSP_Prog=0;
Run_Time=*(BUFFER),
SampleRate=* (BUFFER+1),
tch_1st=*(BUFFER+2),
Tachok=*(BUFFER+3);
Dst_Type=*(BUFFER+4),
switch(Dst_Type)

{

case 1:

{
Nw_Ref=*(BUFFER+5),
Nw_st=*(BUFFER+6),
Nw_End=*(BUFFER+7),
Ref Flg=*(BUFFER+8),
break;

}

{

R10n=*(BUFFER+5),
R1Off=*(BUFFER+6),
R20n=*(BUFFER+7),
R20ff=*(BUFFER+8),
Load_Flg=*(BUFFER+9),
break;

}

case 2:

case 3:

{
R10n=*(BUFFER+5),
scOff=*(BUFFER+6),
Sc_Flg=*(BUFFER+7);
break;

}
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JEEREEERERR KRR KRR Rk ok ko R Rk

start enable interrupts
##t##**#t###tt##t##tt*tt##/
INT_ENABLEY();
while(1);
}

JERERERE R R AR R AR KRR R RN R AR Rk AR R R R AR

start interrupt service routine
t#tti#######i###i#t#iiii#ttt######*#t/
void ¢_int04(void)

{

volatile unsigned long clear;

unsigned long tempA, tempB,bit_16,bit_15,bit_ng.outl,out2,

int bb1,bb2,bb3,bb4,

float tempA_fitempB f,opl,op2,In_Mod;

bit_16=65535;

bit_15=32767,

bit_ng=32768;

clear = *INTERRUPT _STATUS_REG;

while(*Sample_Start==0);

*Sample Start=1;

tempA = *CHO_IN_DATA_REG,

tempB =*CH1_IN_DATA_REG;

tempA=(~tempA)+1;

tempB=(~tempB)+1;

bbl=tempA,;

bb2=tempA,;

bb3=tempB,;

bb4=tempB;

bbl=bbl&bit_16;

bb3=bb3&bit_16;

bb2=bb2&bit_15;

bb4=bb4&bit 15,

if (bb1<=32768)

{
tempA_f=(float}(bb1*3)/32767,

if (bbl>327}68)
t{empA_f=((ﬂoaI)((bb2-32768)“‘3)/32767);
if(bb3<=32}768)
t{empB_f=(ﬂoat)(bb3*3)/32767;
if(bb3>327}68)
t{empB_f=((ﬂoat)((bb4-32768)*3)/32767);

}

JREk kR kg ok R R Rk Rk R Rk Rk kR R kR Rk Rk Kk kR Rk Rk X K

PROCESSING THE INPUTS
**#***i****#*****##****#####***#*#*****#*i#*#*‘**/
Vit=2.12*tempA _f;

Vi=vt_fltr( V1),
Tacho=tempB_f;
Tacho_diff=Tachok-Tacho,
if (fabs(Tacho_diff)<0.1)

Tacho=Tachok;
else

Tachok=Tacho;

PSS PARM (Tacho);

Dw=f speed;

s_Dw=dw_scl2*f speed;

s Dw kl=dw_km_scI*Dw_kl;
DW_acc=s_Dw-s_Dw_kl;
ADW=PRE_CONTROL(s_Dw,DW_acc),
ek=V_Ref sg-Vt+ADW;

AVR_acc=ek-ekml;
AVR_EK=pow((pow(ek,2)+pow(ekm1,2)),0.5);
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AVR_EKM=pow((pow(ekm2,2)+pow(ekm3,2)),0.5),
Shay(ek,ekm1,AVR_EK);
excitation=Glob_AVR;

if (excitation>2.99)

excitation=2.99;
if(excitation<-2.99)

excitation=-2.99;
ekm3=ekm2;

ekm2=ekm]l;

ekm]=ek;

Dw_k1=Dw;
while(*PC_Ready_to_Recieve==0),
*PC_Ready to_Recieve=0;
*(BUFFER)=V1t,

*(BUFFER+1)=Dw;,
*(BUFFER+2)=excitation;
*(BUFFER+1)=ed _ang;
*PC_In_Data_Ready=1,
*DSP_Ready to Recieve=1;
while(*DSP_In_Data_Ready==0),
*DSP_Ready to_Recieve=0;
*DSP_In Data Ready=0,
opl=excitation;

if (*Relay_On==1)

op2=.6;
else

op2=0;
while(*Sample_End==0);
Sample_End=0;,
output_sg(opl,op2),

}

Author’s Permission is [JIRARNErVS
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Shay Module Source Code

void Shay(float ek _a,float ekm_a float AVR _EK_a)
{
float N_EE,U_Main_a,acc_a,opr_ang,sw_ang,PA;
float min_r,max_r,x1,max_p,x2,min_n,P,N;

N_EE=AVR_EK a,
AVR_EK_a=AVR_EK_a*G_In_Rng;
ek_a=ek_a*G_In_Rng,
¢km_a=ekm_a*G_In_Rng;
/t#tt**ttttttt#*
Main_FLC {AVR}
tt#ﬂ#titﬂ#i#ﬂ#*#/
U_Main_a=Main FLC(AVR_EK a),
/‘*#*‘*#*#***#**t##**
updt_in_out
**#*#***#****t**###*t/
if(Learn==1)
updt_in_out(ek a,ckm aN EE),
acc_a=ek_a-e¢km_a;
sectors(ek_a,ckm_a,acc_a),
opr_ang=angg(ekm_a,ek_a);

if (sectrs[0]==1)
{

KR gOK R gk OkOR RKOROK ROk R Rk

operation in sector 1
t*******tt**tt***t*****t*/

opr_ang=opr_ang+11.25;
sw_ang=sw_sctl(opr_ang.fabs(ek_a));

78ROk ROk aOROR K 0 OK KR 0K OK 3 OROK RO OR R RO R OOk X

calculating final increment/decrement

38Ok o SoOR R SOkOR K s oOK 30ROk SOROK RO 30K ok 0Ok ROk ok Bokok /
min_r=0;

max_r=67.5;

x1=sw_ang-min_r,

max_p=xl+sw_ang;

X2=max_r-sw_ang;

min_n=sw_ang-x2;

P=bez_bck(opr ang,-0.1,0,0,max_ p);
N=bez_bck(opr_ang,min_n,67.5,67.5,68),
PA=P-N;

}

else if (sectrs[1]==1)
{

78Ok 308K OKOR 30K 330K 30K 30K KOK K 30Kk

operation in sector 2
t*******t***t***t#**tt***/

sw_ang=sw_sct2(opr_ang.fabs(ek_a)),

/K 30k g0k 30K RORCIOKJOR R OROROK kO IR R okoR 300k 3oiokokok 30kl iokok

calculating final increment/decrement
**tt***tt**tti**i***i**t*t**i***i**'***'/
min_r=33.75;

max_r=101.25;

xl=sw_ang-min_r,

max_p=xl+sw_ang;

X2=max_r-sw_ang;

min_n=sw_ang-x2;
P=bez_bck(opr_ang,30,33.75,33.75,max_p),
N=bez_bck(opr_ang.min_n,101.25,101.25,102),
PA=P-N;

}
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else if (sectrs[2]==1)
{

JRARK R Rk R ok R RO K

operation in sector 3
iii*****i**itiiiii*iiii*i/

sw_ang=sw_sct3(opr_ang,fabs(ek_a));

700k o K KKK KKK KK R ORIk ok Rk Rk K

calculating final increment/decrement
i*ii*iii#*iii**iiii***i****i*iiii**ii#*i/
min_r=67.50;

max_r=202.50;

x]1=sw_ang-min 1,

max_p=x]+sw_ang;

X2=max_r-sw_ang;
min_n=sw_ang-x2;
P=bez_bck(opr_ang,67,67.50,67.55,max_p),
N=bez_bck(opr_ang,min n,202.50,202.50,205);
PA=N-P;
}

else if (sectrs[3]==1)
{

kO ok ok gk ok 30K ROk R 3ok Kok koK k

operation in sector 4
**ii***ii********i****i**/

sw_ang=sw_sct4(opr_ang.fabs(ek_a));

Aok ook ok ook ook ok ko Rk k ok ok ok ok kR ok ok ok ok R K

calculating final increment/decrement
kK ke 30K 3k K ROk OOR 08OROK K0ROROK 3030k sk 30Ok ok sk 30k ook ok /

min_r=168.75;
max_r=236.25;
xl=sw_ang-min_r;
max_p=xl+sw_ang;

X2=max_r-sw_ang,

min_n=sw_ang-x2;
P=bez_bck(opr_ang,168,168.75,168.7500,max_p);
N=bez_bck(opr_ang,min n,236.25,236.25,239),
PA=N-P;

else if (sectrs[4]==1)

/**ii**ii***ii**iii***iii

operation in sector 5
0k Ok OOk O OKOK R ROKOE Kok Kok K/

sw_ang=sw_sct5(opr_ang fabs(ek a)),

6k kK ok KoK 3ok oK KKK ok oK Rk K Rk ok Rk R ok Rk ok Rk

calculating final increment/decrement

ke a3 ook kO ok Ok gk 3 3o ook K i ok ok oK oKOK Kok ok ok sk kokok ok /
min_r=213.75;

max_r=281.25;

xl=sw_ang-min_r;

max_p=xl+sw_ang;

X2=max_r-sw_ang;

min_n=sw_ang-x2;
P=bez_bck(opr_ang,213,213.75,213.75,max_p),
N=bez_bck(opr_ang,min_n,281.25,281.25,282),
PA=N-P;

}
else if (sectrs[5]==1)
{

/73 otk o okotoKOR Ok skl Ok ROk 0k sk 0k

operation in sector 6
e ke ke ok ok okok kO K K koK oK K s dokOROKOK R Kk R/

sw_ang=sw_sct6(opr_ang fabs(ek_a));

/ittti*iit****i****t*ttt**tit****i*iit**

calculating final increment/decrement
ttt*t********t**ttti*ttittttitttt*t***tt/
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min_r=247.5,

max _r=382.50,
xl=sw_ang-min_r,
max_p=xl+sw_ang,

X2=max_r-sw_ang;

min_n=sw_ang-x2;
P=bez_bck(opr_ang,247,247.5,247.5,max_p);
N=bez_bck(opr_ang,min n,382.5,382.55,383),
PA=P-N;

)

720300 s ool KRR RO R KR OK K K o K

start data arrangments
20K B8 K R R KK R R KOk Ok [
Glob_AVR=(U_Main_a*PA)+Glob_AVR,;
if (Glob_AVR>2.99)
Glob_AVR=2.99;
if (Glob_AVR<-2.9)
Glob_AVR=-2.9;
U_AVR[0]=Glob_AVR;
U_AVR[1]=PA*U_Main_a,
U_AVR[2]=U_Main_a;
U_AVR[3]=opr_ang,
U_AVR[4]=sw_ang;
U_AVRJ[5]=PA;

0 000 ko okl K8 K R RO R Ok kR END Shay Koo R R R R Kk Rk K
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Subfunctions Source Code

JEEEERRERERRRRKRR KR

function: bez_bck

##*#*##########*##t*/

float bez_bck(float t,float al float a2,float a3 float a4)

{
float u;
float bl=((a2-al)/2)+al;
float b2=((a4-a3)/2)+a3;
if ((al==a2)& & (a3!=a4))
{
if (t<al)
u=0;
else if (t<=a3)
u=l,;
else if (1<=b2)
u=1-2*pow(((t-a4)/(ad-a3)),2),
else if (t<=a4)
u=2*pow(((t-a4)/(a4-a3)),2),
else
u=0;
}
else if ((a3==a4) && (al != a2))
{
if (t<al)
u=0;
else if (t<=b1)
u=2*pow(((t-al)/(a2-al)),2);
else if (t<=a2)
u=1-2*pow(((t-a2)/(a2-al)),2),
else if (t<=a3)
u=1;
else
u=0;
}
else
{
if (t<al)
u=0;
else if (t<=bl)
u=2*pow(((t-al)/(a2-al)),2),
else if (t1<=a2)
u=1-2*pow(((t-a2)/(a2-al)),2),
else if (t<=a3)
u=l;
else if (1<=b2)
u=1-2*pow(((t-a3)/(a4-a3)),2),
else if (t<=a4)
u=2*pow(((t-a4)/(a4-a3)),2),
else
u=0;
}
return u;
}
JEEERRRRRRERRR
sectors
*#####*tt#ii#t/
void sectors(float ek_s,float ekm_s, float acc_s)
{
int wkp,wkn_wkmp,wkmn,accp,acen;
if (ek_s>=0)
{
wkp=1;
wkn=0;
}
else
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{
wkp=0,
wkn=1;

}

if (ekm_s>=0)
{
wkmp=1,
wkmn=0;
}

{
wkmp=0;
wkmn=1;
}
if (acc_s>=0)

{

accp=1;
accn=0;

}

{
accp=0;
accn=1,

else

else

}
sectrs[0]=wkp*wkmp*accp,
sectrs[1]=wkp*wkmp*accn;
sectrs[2]=wkn*wkmp*accn;
sectrs[3]=wkn*wkmn*accn;
sectrs[4]=wkn*wkmn*accp;
sectrs[5]=wkp*wkmn*accp,

}

I IIT RIS PREL

ANGG
tt**tt***tt**t/
float angg(float a,float s)
{
float tht;
if ((s==0)&&(a==0))
tht=0;
else if ((s==0)&&(a>0))
tht=90;
else if ((s<0)& & (a==0))
tht=180;
else if ((s==0)&&(a<0))
tht=270;
else
tht=180*(atan(a/s))/3.141593;
if ((s<0)&&(a>0))
tht=tht+180;
if ((s<0)&&(a<0))
tht=tht+180;
if ((s>0)&&(a<0))
tht=360+tht;
retumn(tht);
}

R Rk R Rk

PSS_PARM

iiiiitiiitttii/
void PSS_PARM(float Dw1)
{
float f_tch_k,diffr,
f tch_k=1.627*f tch_k1-1.89031*f tch_k2+1.0776*f tch k3-0.46637*f tch_k4+0.08469*f tch_kS-
0.0123*f tch_k6+0.0550073*(Dw1+1.0491*tch k1+2.19433*tch k2+2.05156*tch_k3+2.19433*tch_k4+1.049[*
tch_k5+1*tch_k6);
f tach=f tch_k;
diffr=f tch_k-(tch_lst);
m_ang=diffr/(0.14),
ed_ang=m_ang*2;
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er_ang=ed_ang*3.14/180;

speed=er_ang-er_ang km;

er_ang km=er ang,

speed=speed/(.025*314),

f speed=1.0586*f speed k1-0.98622*f speed_k2+0.389485*f speed k3-

0.0789937*f speed_k4+0.0385299*(speed+4*speed_k1+6*speed_k2+4*speed k3+speed k4);

f tch_k6=f tch_kS;

f tch_kS=f tch k4;

f tch_k4=f tch_k3;

f tch_k3=f tch k2,

f tch_k2=f tch kI,

f tch_k1=f tch k;
ich_k6=tch_ks,
tch_kS=tch_k4;
tch_k4=tch_k3;
tch_k3=tch_k2;
tch_k2=tch_k1,
tch_k1=Dwl,
f_speed_k4=f speed k3,
f speed k3=f speed k2;
f speed_k2=f speed ki,
f speed_kl=f speed,
speed_k4=speed _k3;
speed_k3=speed k2,
speed_k2=speed_kl;
speed_kl=speed;

f _speed=f speed,

}

JEEER KRR EX

max_arry

LR L L L L

float max_arry(float f_arry|[],int szz )
{

float tempr=0,
int i;
for (i=0;i<szz;i++)
if tempr<f arry[i])

tempr=f_arry[i];
return(tempr);
}
/* &k k ok
Qmar
LR 2 2 ] t/

void Qmar(float in_ar[3],float out_ar[3],float GE, int md)
{
float Rs[9],Es[3],Fs[27],F_in[27),F out[27},D_in[27),D out[27];
float I_in[27],1_out[27};
float Sum_updt Mnky,Fix_In,Fix_Out,Inc_In,Inc_Out,Dec_In,Dec_Out,
int sszz,i,j,F=0 k=0,
/3OO R R ROR R KooK koK ok
calculating the R's
ook oKk JoOOK R KRR OIOK Rk /
for (i=0;1<3;i++) /*out array*/
for(j=0,j<3;j++) /*in array*/
{
Rs[k++]=in_ar{j]*out_ar[i];

ROk Rk kR Rk Rk

calculating ei's
*ttttt********ttt*/
if (GE>0.1)

GE=0.1;
Es[0]=bez_bck(GE,-0.01,0.00,0.00,0.02);
Es[1]=bez_bck(GE,0.01,0.04,0.04,0.07),
Es[2]=bez_bck(GE,0.06,0.10,0.10,0.11);
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JEEEEEERREE AR AR RAER

calculatinfg the F's
EAERERERAER A AR KRR RRRN
for (i=0;i<ki++)
for(j=0;j<3;j++)
Fs[F++]=Es[j]*Rs[i];
REIIEZ 2222322222220

calculate update signal

e 2222 S22 2222222222 2N

Mnky=Monkey(GE);

[EEEREEERREEARREERARRRRERRRER

calculating Dec,Inc and Fix
##lt##!#t##tt##!##l#‘#“##‘##/
switch (md)

{

case 1 : /*over*/

{

[EEEERXEREXEERXE

INPUT
(22222222222 223 L 0
F in[0]=Fs[0];,

F n[1]=Fs[9],

F in[2]=Fs[12];

F _in[3]=Fs[21];
F_in[4]=Fs[4];
F_in[5]=Fs[7],

F in[6]=Fs[16];

F in[7]=Fs[19];

F in[8]=Fs[25];
F_in[9]=Fs[5);
F_in[10]=Fs[8];
F_in[11)=Fs[14];

F in[12)=Fs[17],
F_in[13]=Fs|20];

F _in[14]=Fs[26];
sszz=15;
Fix_In=max_amry(F_in,sszz),
I in[0]=Fs[18];

I in[1]=Fs[1];
I_in[2]=Fs[10];

I in[3]=Fs[13];

I in[4]=Fs[22];
1_in[S]=Fs[2],

I in[6]=Fs[11];

I in[7]=Fs[23];
sszz2=8§;

Inc In=max amy(l_in,sszz),
D _in[0]=Fs[3];

D _in[1]=Fs[6];

D _in[2]=Fs[15];

D _in[3]=Fs[24];
sszz=4;
Dec_In=max_armry(D_in sszz),

[BEERKEERREREERS

OUTPUT
*EEERRRRRRRKER KK/
F_out{0]=Fs[0];
F_out[1]=Fs[3],

F out[2]=Fs[6];
F_out[3]=Fs[15];

F out[4]=Fs[24];

F _out[5]=Fs[1];

F out[6]=Fs[10];

F out[7]=Fs[13];
F_out[8]=Fs[22];
F_out[9]=Fs|[2];
F_out[10]=Fs[11];

F out[11]=Fs[23];
sszz=12;
Fix_Out=max_arry(F out,sszz);
I_out|0]=Fs[4];
1_out[1]=Fs[7];
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1 out[2]=Fs(16],

1 out[3]=Fs[19];

1 _out|4]=Fs[25];

1_out[5]=Fs[5];

1 _out[6]=Fs[8];

1 _out[7]=Fs[14];

1 _out[8]=Fs[17];

I _out[9]=Fs[20];
1_out[10]=Fs[26];

sszz=11;
Inc_Out=max_arry(I_out,sszz),
D out[0]=Fs[9];
D_out[1}=Fs[12];
D_out[2]=Fs[18],

D _out[3]=Fs[21],

sszz=4,
Dec_Out=max_arry(D_out,sszz),
Sum_updt=Dec_In+Inc_In+Fix_In;
Dec_In=Dec_In/Sum_updt;
Inc_In=Inc_In/Sum_updt;
Fix_In=Fix_In/Sum_updt;
Sum_updt=Dec_Out+Inc_Out+Fix_Out;
Dec_Out=Dec_Out/Sum_updt;
Inc_Out=Inc_Out/Sum_updt,
Fix_Out=Fix_Out/Sum_updt,
mode=1;

break;

}

case 2 : /*under*/

{

AR ookl KOl ROk K

INPUT

Bk ok Ok kR Ok K OKOR Ok KOk /
F_in[0]=Fs[0];,
F_in{1}=Fs[9];

F in[2]=Fs[12];
F_in[3]=Fs[21];
F_in[4]=Fs[4];
F_in[5]=Fs([7];
F_in[6]=Fs[16];

F in[7]=Fs[19];
F_in[8]=Fs[25];

F in[9]=Fs[5];
F_in[10]=Fs[8];
F_in[11]=Fs[14];
F_in[12]=Fs[17];
F_in[13]=Fs[20];
F_in[14]=Fs[26];
sszz=15;
Fix_In=max_arry(F_in,sszz),
I in[0]=Fs[18];

1 inf1]=Fs][1],

I in[2]=Fs[10];

1 inf3]}=Fs[13];

I in[4]=Fs[22];

I in[5]=Fsf2};

I in[6]=Fs[11];
Lin[7]=Fs[23];
sszz=8;
Inc_In=max_arry(I_in,sszz),
D in[0]=Fs[3];

D in[1]=Fs[6];

D _in[2]=Fs[15];
D_in{3]=Fs[24];
sszz=4;
Dec_In=max_arry(D_in,sszz),
koo koo ok ROk ok
OUTPUT
*#t##i****#***#*/
F_out[0]=Fs[0];
F_owt[1]=Fs[3];
F_out[2]=Fs[6];
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F_out[3]=Fs[15];
F_out[4]=Fs[24];
F_out[5]=Fs[1];
F_out[6]=Fs[10];
F_out[7]=Fs[13];
F_out[8]=Fs[22],
F_out[9]=Fs[2};
F_out[10}=Fs[11];
F_out[11]=Fs[23];

sszz=12;
Fix_Out=max_arry(F_outsszz),
1 _out[0]=Fs[4];

I_out[1]=Fs[7];
1_out[2]=Fs[16];
I_out[3]=Fs[19];
1_out[4]=Fs[25];
I_out[5]=Fs[5];

1_out[6]=Fs[8],
1_out[7]=Fs[14];
1_out[8]=Fs[17];
1_out[9]=Fs[20];
I_out[10]=Fs[26],

sszz=11;

Inc_Out=max_arry(l outsszz);
D_out[0]=Fs[9];
D_out[1]=Fs[12];
D_out[2]=Fs[18];
D_out[3]}=Fs[21];

3szz=4,
Dec_Out=max_arry(D_out,sszz),
Sum_updt=Dec_In+Inc_In+Fix_In;
Dec_In=Dec_In/Sum_updt,
Inc_In=Inc_In/Sum_updt,
Fix_In=Fix_In/Sum_updt;
Sum_updt=Dec_Out+Inc_Out+Fix_Ont;
Dec_Out=Dec_Out/Sum_updt,
Inc_Out=Inc_Out/Sum_updt;
Fix_Out=Fix_Out/Sum_updt;
mode=2;

break;

}

case 3 : /*osc*/

/lhhhklhhhhhhhhhhk

INPUT
l*l**ll**lllll*l/
F_in[0]=Fs|[Q];
F_in[1]=Fs[9];

F in[2]=Fs[12];
F _in{3)=Fs[18];
F_in[4]=Fs[21],
F_in[5]=Fs[24];
F_in[6]=Fs[1];
F_in[7]=Fs[4],
F_in[8]=Fs[10];
F_in[9]=Fs[13];
F_in[10]=Fs[19];
F_in[11)=Fs[22];
F_in[12]=Fs[2],
F_in[13]=Fs[5];
F_in[14]=Fs[11};
F_in[15]=Fs[20];
sszz=16;
Fix_In=max_arry(F_in,sszz);
Inc_In=0;
D_in[0]=Fs[3];
D_in[1]=Fsl[6];
D_in{2]=Fs[15];
D_in[3]=Fs[7];
D_in[4]=Fs[16];
D_in[5]=Fs[25];
D_in[6]=Fs][8];
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D _in[7]=Fs[14];
D_in[8]=Fs[17];
D_in[9]=Fs[23];

D _in[10]=Fs[26];

sszz=11;
Dec_In=max_arry(D_in,sszz);

JREERRERRRR kR KKK

OUTPUT

AT EE LSS L LE LY
F_out[0]=Fs[0];
F_out[1]=Fs[3];
F_out[2]=Fs[6];

882z=3;
Fix_Out=max_arry(F_out,sszz),
Inc_Out=0,

D_out[0]=Fs[9];
D_out[1]=Fs[12],
D_out[2]=Fs[15],
D_out[3]=Fs[18];
D_out[4]=Fs[21],
D_out[5)=Fs[24];
D_out[6]=Fs[1];
D_out[7]=Fs[4];
D_out[8]=Fs[7];
D_out[9]=Fs[10],
D_out[10]=Fs[13],
D_out[11]=Fs[16];
D_out[12]=Fs[19];
D_out[13]=Fs[22],
D_out[14]=Fs[25];
D_out[15]=Fs|[2];

D _out[16]=Fs[8];
D_out[17]=Fs[11];
D_out[18]=Fs[14],
D_out[19]=Fs[17];
D_out[20]=Fs[20];
D_out[21]}=Fs[23],
D_out[22]=Fs[26];
D_out[23]=Fs[5],

sszz=24,
Dec_Out=max_arry(D_out,sszz),
Sum_updt=Dec_In+Inc_In+Fix In;
Dec_In=Dec_In/Sum_updt;
Inc_In=Inc_In/Sum_updt;
Fix_In=Fix_In/Sum_updt;
Sum_updt=Dec_Out+Inc_Out+Fix_Out;
Dec_Out=Dec_Out/Sum_updt;
Inc_Out=Inc_Out/Sum_updt,
Fix_Out=Fix_Out/Sum_updt;
mode=3;

break;

default :
{
Fix_In=1;
Fix Out=1;
Dec_In=0;
Dec_Out=0;
Inc_In=0;
Inc_Out=0;
mode=0;
}

}/*end switch*/
7020k gk ok i OR OOk Ok ok K 0K K ok Ok Kk kK

calculate final updating signals

*********************************/
C_In_Rng=(1-Fix_In)*(Inc_In-Dec_In)*Mnky;
G_In_Rng=G_In_Rng+C_In Rng;
C_Out_Rng=(1-Fix_Out)*(Inc_Out-Dec_Out)*Mnky;
G_Out_Rng=G_Out_Rng+C Out_Rng;
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JEEER kR E R kR Rk

updt_in_out

““‘#**“““/

void updt_in_out(float eRk, float eRkm,float N_E)
{
float In_Sts[3],0ut_Sts[3],under,over,mode,er_av,In_R1=0,IJn_R2=0,In_R3=0;
float AcC=0,0ut_R1=0,0ut_R2~0,0ut_R3=0;
/t**‘**‘*t“**“
update sectors
*“****‘t#*‘*‘/
updt_count++;
AcC=eRk-eRkm;
sectors(eRk,eRkm,AcC);
sectl FLG=sectrs[0]+sect]l_FLG;
sect2 FLG=sectrs[1]+sect2_FLG;
sect3 FLG=sectrs[2]+sect3_FLG;
sect4_FLG=sectrs[3]+sectd_FLG,
sectS FLG=sectrs[4]+sect5 FLG;
sect6_FLG=sectrs[5]+sect6_FLG;
Main_FLC_Sum~=Main_FLC_Sum+Main_FLC k;
/**#*“**“**‘**“*

update error array
tittttttttttttttit/

sum_ermr=pow((pow(eRk,2)+pow(eRkm,2)),0.5)+sum_err,
/*start */
if (updt_coumt==Leam_T-1)
{
er_av=sum_err/Leamn_T,
Main_FLC_Sum=Main_FLC_Sum/Leam_T,
if (er_av>0.01)
{
/* check input and output operational status */
/‘*****t*‘**“**‘**“‘
input oprational status
‘*‘*‘i*“*‘t**‘**“*‘/
opra_sts_in(er_av,er_av_km),
In_R1=flc_sts[0];
In_R2=flc_sts[1];
In_R3=flc_sts[2];
In_Sts[0]=In_R1,
In_Sts[1]=In_R2;
In_Sts[2]=In_R3;
/‘**‘**‘**‘**“**“‘
output oprational status
‘***‘*‘**“#***‘*‘*‘/
opra_sts_out(Main FLC Sum,Main_FLC_S_km),
Out_R1=flc_sts[0];
Out_R2=flc_sts[1];
Out_R3=flc_sts[2];
Out_Sts[0]=Out_R1;
Out_Sts[1]=0Out_R2;
Out_Sts[2]=Out_R3;
0 0k ok ok Rk R koK kR
determine mode
i*t#***i‘******i‘*‘/
under=(sect] FLG+sect2_FLG)/Leam_T;
over=(sectd FLG+sect5_FLG)/Learn_T;

mode=max(under,over),
if (mode>0.75)
{
if (under>over)
{
Qmar(In_Sts,Out_Sts,N_E,1);
}
else if (over>under)
{
Qmar(In_Sts,Out_Sts,N_E,2);
}
else
{
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Qmar(In_Sts,Out_Sts,N_E,3);
}

else
{
Qmar(In_Sts,Out_Sts.N_E,3);

I TE R R EE L L E L

reset all

e ok ok koo A okok ok ok A0k KOk ok /
er_av_km=er_av,
sum_err=0;
updt_count=-1;

sect] _FLG=0;
sect2_FLG=0;
sect3_FLG=0;
sect4_FLG=0;
sect5_FLG=0;

sect6 FLG=0;
Main_FLC_S_km=Main_FLC_Sum,
Main_FLC_Sum=0,

}

{

else

er_av_km=er_av;
sum_err=0;
updt_count=-1;
sectl FLG=0;
sect2_FLG=0;,
sect3_FLG=0;
sect4_FLG=0;
sect5_FLG=0;
sect6_FLG=0;
Main FLC_S_km=Main_FLC_Sum,;
Main_FLC_Sum=0;
}

}

else

_In_Rng=0;

{
C_In
C_Out_Rng=0;
}

L
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FLCOC Drivers Source Code

0k e sk ke o ok ok ok ok ok ok ok

Main_FLC

***************/

float Main_FLC(float Input_1)
{
float i,U_MAIN;
int No_Input=1;
ittt 222 2222222222228 )
INPUT 1 definitions
********************/
int No_In_1=5;
float Max_In 1=0.2;
float Min_In_1=0;

float In_1j6][4]= {
{5 4 0 b
{-0.0200,0.0000 ,0.0100 3},
{0.0000 ,0.0200 ,0.0500 },
{0.0200 ,0.0500 ,0.1000 3},
{0.0500 ,0.1000 ,0.1500 },
{0.1000 ,0.2000 ,0.2100 }

/****************t#********L

OUTPUT CLASSES DEFINITIN

*************i***i****t*i**/

int No_Out=5,

float Out_mat[6][3]= {
(s 3 0 3,
{-0.0500,0.0000 ,0.0500 3},
{0.0000 ,0.0500 ,0.2000 3},
{0.0500 ,0.2000 ,0.5000 3},
{0.2000 ,0.5000 ,0.7000 3},
{0.5000 ,1.0000 ,1.1000 }

/i**t*i**ttt**ii*tt***i***ii;t

Rules
**i*i*iii*tt*i**t*t**iitt***ii/
int Rules_m[2][20]= {

{1,5,5,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
{1,2 .3 ,4,5,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}
I

o3 ook ok o ok ok Rk ROk R Ok K kR Ok

END DEFFINITIONS

*****i*i**i*it*i*ii***i**t/

Input_1=Input_1,

[ ROk R OlOR R R RoloRoR kR Rk ok kookok k

SCALLING Input 1
iii**ii*tt***iiii***t*ti****/
if (Input_1>Max In_1)
Input_1=Max In I;
if (Input_1<Min_In 1)
Input 1=Min In I,
3RO RO R K RO K R ROROKOR SR 0Kk ook K
generation of final in_1 matrix
**t******#***********t****t*l***/
for (i=1;i<No_In_1+1;i++)
{
In_1[i][3]=bez_bck(Input_1,In_1[i][0],In_1[i][1],In_1[i]J[1],In_1[i][2]);
}

/73 R koK KKK Ok K ok k0K Kk K ok Ok ROk

FUZZIFICATION
***t****t***t****************/
if No_Input==1)
{
/*sinle input*/
shay_fuz(Input_1,In_1,Input_1,In 1,1},
}

/o ok koK o koK KK K K ok oK Kk KOk K

Rules Evaluation

l**i*********tl*tit*ttl*t*tti/
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shay_rl(fuzzy_mat,Rules_m),

/##t##ttttttt*t#t*#tt*#ttt#tt

BORDERS

Ahkk AR Rk Rk kR Rk kR kR Rk

shay_bdr(rules_mat,Out_mat),

JHREREERRE R AR R AR R RN Rk X K

deffuzification
et R L e R L LY
U_MAIN= shay_dff(bdr_mat,Out_mat),
Main_FLC_ k=fabs(U_MAIN);,
return (U_MAIN);
}

00 o o oo K R R ROk R

sw_sctl
ii*itt*******it*t**/
float sw_sctl(float Input_1,float Input_2)
{
float i,swang;
imt No_Input=2;
/i*i*******ttt**t**tt
INPUT 1 definitions
ttt#tt*t***i**it***i/
int No_In_l=5;
float Max_In_1=56.25;
float Min_In_1=11.25;
float In_1[6][4)= {
{s 4 0 ),
{00.0000, 11.2500, 22.5000},
{11.2500, 22.5000, 33.7500},
{22.5000, 33.7500, 45.0000},
{33.7500, 45.0000, 56.2500},
{45.0000, 56.2500, 58.0000}

b

/***t***tt**tt**ttttt

INPUT 2 definitions

**t#**tt**tt**ttt**t/

int No_In_2=5,

float Max_In 2=0.2;

float Min_In_2=0;

float In_2[6][4]= {
{5 4 ,0 )
{-0.0200,0.0000 ,0.0100 1},
{0.0000 ,0.0200 ,0.0500 I8
{0.0200 ,0.0500 ,0.1000 )},
{0.0500 ,0.1000 ,0.1200 },
{0.1000 ,0.2000 ,0.2100}
b

/‘***tttt**tt****“ttttttt*

OUTPUT CLASSES DEFINITIN

**tt***tt**ttt*tt**tt***tt*/

float Out_mat|8][3]= {
{7 ,3 N Y

£00.0000, 00.0000, 11.2500},
{00.0000, 11.2500, 22.5000},
{11.2500, 22.5000, 33.7500},
{22.5000, 33.7500, 45.0000},
{33.7500, 45.0000, 56.2500},
£45.0000, 56.2500, 68.5000},
£56.2500, 67.5000, 68.5000}
I

/tttt*tt**ttt***t*t*t#ttt*tttt

Rules

20k ok o o ok ok K i R Rk ik kR ok ok ok ko ok kok /

int Rules_m[6][20]= ¢

(5,5 ,7,0 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
/*1%1 2.3 .,4.,5,6,0,00,0,0,00,0,0,0,00,0,00},
%28/ (3 ,4.5.6 .6 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}.
%3%/ (4.5 .6 .6 .,7,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
4%/ (5,6 .6 ,7.7,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
k5% (6 .6 7.7 ,7,00,00,0,0,0,0,0,0,0.0.0.0,0}
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Y

/##t##tt##tt#t#t*###*#######

SCALLING Input 1
03 o ok ok kR koROKOK ORI OKROR R R R ROk kR /
if (Input_1>Max_In_1)

Input_1=Max In_1;
if (Input_1<Min_In_1)

Input 1=Min In_1;
/*********‘***‘*‘*‘***‘**‘**"**
generation of final in_1 matrix
*#***#*********#*‘***‘*‘“*‘***#/
for (i=1;i<No_In_1+1;i++)

{

In_I[i][3]=bez_bck(Input_LIn_1[i][0],In_1{i][1]In_1[i][1].In_1[i][2]);

7% 20k ok ook KK KK ROKOK K ROK R ROk

SCALLING Input 2

*******‘*****‘t"*‘*****"*#/

if (Input_2>Max_In_2)
Input_2=Max_In_2;

if (Input_2<Min_In_2)
Input_2=Min_In 2;

/7% e ok v e e ok s ol ok ok ok ook ok oK ok ok ok koK 0k ok Ok koK

generation of final in 2 matrix

ook Kok ok Kok ok ok ok ok ook ROk koK ok ok R koK ok R ok /

for (i=1;i<No_In_2+1;i++)
{
In_2[i]{3]=bez_bck(Input_2,In_2{i}{0],In_2{i}[1],In_2{i}{1],In_2(i][21);

700k ok K OR K OROROR R ROROROK R ROk Rk R

FUZZIFICATION
L T T L TP LY,
if No_Input==1)
{ /*sinle input*/
shay fuz(Input 1,In 1]Input 1,In 1,1);
}
if (No_Input==2)
{ /* two inputs */
shay fuz(lnput 1In 1 Input 2]In 2,2),

* printf("\n input2=%f input 1=%f ",Input_2,Input_1);*/
}
728 30K KK R KK RO O ROK OK K KOk R ROk
Rules Evaluation

33 ok e oo ok ok ok ok ok ok ook ok ooKoOK K Rk koK oKk /

shay rl(fuzzy _mat Rules_m),

R R OOK R OROROROROR OO R R R R Rk

BORDERS

a3 s 0 oK R O KOROR K KR R A K ok kR Rk /

shay bdr(rules_mat,Out_mat);

/R R OR K K R KOk KRR Ok KRk Kk ko

deffuzification
ok o K R OR kK OR OK R oK R R ok koK Rk R/
swang=shay dff(bdr_mat,Out_mat),
retumn(swang),
}

JA R RO K R KKK ROK KK

sw_sct2

“iiii#i‘#*iii“iii/

float sw_sct2(float Input_1 float Input_2)
{
float i,swang;
int No_Input=2;
/ii*ii‘i**‘iiiiitiii‘
INPUT 1 definitions
i#i#‘iii*‘#*ii‘*iii‘/
int No_In_1=5;
float Max_In_1=90;
float Min_In_1=45;

ILLEGAL
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float In_1{6][4]= {
{5 4 0 }
{33.7500,45.0000,56.25000 },
{45.0000, 56.2500, 67.5000},
{56.2500, 67.5000, 78.7500},
{67.5000, 78.7500, 90.0000},
{78.7500, 90.0000, $1.0000}

/t**tt*tt**t*t*tt*t** },

INPUT 2 definitions

tttttt*tt*t*******i*/

int No_In_2=5;

float Max_In 2=0.2;

float Min_In_2=0;

float In_2[6][4]= {
{5 ’4 70 L
{-0.0200,0.0000  ,0.0100 3},
{0.0000 ,0.0200 ,0.0500 3},
{0.0200 ,0.0500 ,0.1000 }
{0.0500 ,0.1000 ,0.1200 3},
{0.1000 ,0.2000 ,0.2100}

/*****t**********t****t**ttL

OUTPUT CLASSES DEFINITIN

t**************************/

int No_Out=14;

float Out_mat[8][3]= {
G 3 7 3,
{33.7500,33.7500, 45.0000},
{33.7500,45.0000,56.25000 3},
{45.0000, 56.2500, 67.5000},
{56.2500, 67.5000, 78.7500},
{67.5000, 78.7500, 90.00003},
{78.7500, 90.0000, 101.2500},
{90.000, 101.2500, 102}

/tt*tt*****t*****t****t***t*;*

Rules

t**t*t*t********t****t****t***/

int Rules_m[6][20)= {

(5,5 .,7.,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},

/1% {2 .,3,3,6,7,0,00,0,0,0,0,0,0,0,0,0,0,0,0},
oLy, 3 .,4.,5.6,7,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
/*3%/ (3 .4.,5,5,6,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
r4xy {4 .,5.,5.,6.,6,0,00,0,0,0,0,0,0,0,0,0,0,0,0},
/%5%/ {4.,5.6.,7.7,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}

’
0K ko RO R R OB R OROK iR Ok 0K K K i KOK K KKK K ROK RO K KR oK KO ROk R KR R R Rk R kR Rk Rk kR kR R kK

END DEFFINITIONS
**t*******t***t*****t****t****t******t*******t**tttttt**t*****t*ttttt*t*t*/
/***t****tt**t***t********tt
SCALLING Input 1
******t****t****tttt****tt**/
if (Input 1>Max In_1)

Input 1=Max_In_1;
if (Input_1<Min_In_1)

Input_1=Min In_1;
/**#*ttt*****tlt****tttt***ttt**
generation of final in_1 matrix
********#*********t***ttl**tttt*/
for (i=1;i<No_In_1+1;i++)

{
In_1]i]{3]=bez_bck(Input_1,In_1[i][0],In_1[i][1],In_1]i][1],In_1[i][2]);

3R R ok R R KKK R RO K Rk ok R Rk

SCALLING Input 2
ok ok ok Ok kR OROK R R OROK ROk R R Rk R Rk ok /
if (Input_2>Max_In_2)
Input 2=Max In 2;
if (Input_2<Min_In_2)
Input_2=Min_In_2;

73 A K K K KK K K K R kK K KRRk
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generation of final in_2 matrix
LI SIS RS SR SRS SR L A R R L LR R LY

for (i=1;,i<No_In_2+1;i++)
{
In_2[i][3]=bez_bck(Input_2,In_2[i][0],In_2[i][1],In_2[i][1],In_2[i][2]);
}

/0 oK ko ot i ook ook g0k g kok KoKk K ok K

FUZZIFICATION
e o ok e okokoR fokok dokokokokokokok dokok dokok ok /
if (No_Input==1)
{ /*sinle input*/
shay fuz(Input_1,In_1,Input_1,In 1,1);
}
if (No_Input==2)
{ /* two inputs */
shay_fuz(lnput_1In 1,Input 2,In_2,2),

/28 ook ok ok kKoK ok ok ok 0k ok ok ok 0ok ROk B okok K

Rules Evaluation

Aok oKk Rk ok ok ok SOk ok R ok Kok

shay_ri(fuzzy_mat Rules_m),

ok ok ok kRO Ok ROk Ok OlokOk dOkok dokok Jokok &

BORDERS

e dROKKROKOKOKOKOKOIOIOKOK S0IOK R SO R dOlOK ook ok /

shay bdr(rules_mat,Out_mat);,

/0 ROKOR R OROKOKOOKOK SoOlOKOK KOOk ROROlOR oKk R ok

deffuzification
e e ok e Rk ok OKOK R OKOKOIOKOIIOKOKOKOR OKOK R ROk Ok /
swang=shay dff(bdr_mat,Out_mat),
return(swang);

}

e R RO K K KK kK K kR K

sw_sct3
***#**tt**********i/
float sw_sct3(float Input_1 float Input_2)
{
float i,swang;
int No_Input=2;
/***t*********t***t*t
INPUT 1 definitions
**#*#tt*#*tt********/
int No_In_1=5;
float Max_In_1=180.0;
float Min_In_1=90;
float In_1[6][4)= {
{5 4 ;0 h
{67.5000, 90.0000,112.500003,
{90.0000, 112.500, 135.000},
{112.500, 135.000, 157.500},
{135.000, 157.500, 180.000},
{157.500, 180.000, 181.000}
b
/******t****ttt**#***
INPUT 2 definitions
********************/
int No_In_2=5;
float Max_In_2=0.2;
float Min_In_2=0;
float In_2[6][4]= {
{S ,4 0
{-0.0200,0.0000 ,0.0100
{0.0000 ,0.0200 ,0.0500
{0.0200 ,0.0500 ,0.1000
{0.0500 ,0.1000 ,0.1200
{0.1000 ,0.2000 ,0.2100}
b
/**********t****t*****t***t

OUTPUT CLASSES DEFINITIN

ok ok ok kO ok K ok ok Kok K Ok kK ok K Ok KR Kk K /

R
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int No_Out=14;

float Out_mat[8][3]= {
@ 3 7 ),
{67.5000 ,90.0000, 112.5000},
{67.5000, 90.0000, 112.5000},
{90.0000, 112.500, 135.000},
{112.500, 135.000, 157.500},
{135.000, 157.500, 180.000},
{157.500, 180.000, 202.5000},
{157.500, 202.5000, 203.000}

/t***************t*********i;t

Rules

****************t**********ttt/

int Rules_m[6][20]= {

{5,5,7,0 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
*1%/ {2,233 ,4,00,0,0,0,0,0,0,0,0,0,0,0,0,0},
2%/ (33,4.,4.5,000,000,00,0,000,000},
#3%/ (4,5 .6 ,6,7,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
4% {5 ,6,7.,7,7,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
e5%/ 6 ,7,7.,7.,7,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}

B
JRAR RO AR KRR KRR KR R R AR R R R R AR R AR R Rk kR kR kR kR Rk R Rk kX

END DEFFINITIONS
**l****ttt***t‘t**t**t****t**t***t**tt**tt***t*‘**‘**t**tt*ttt‘*tt‘ttt*ttt/
/% ok ok sk Kok KKK KK oK KOOk ok &
SCALLING Input 1
‘***l****‘**l*‘*l‘**l‘**tttt/
if (Input_1>Max_In_1)
Input_1=Max In 1;
if (Input_1<Min_In_1)
Input 1=Min_In_1I;
/**tt***t***t***t****‘**t“*t*tt

generation of final in_1 matrix

e koK ok oK K KoK oK K KoK KOk oKk Sokokokok /

for (i=1;i<No_In_1+1;i++)

{
In_1[i][3]=bez_bck(Input 1,In_1[i][0],In_1[i][1],In_1[i][1],In_1[i][2]);
}

/tttttttttttt*tttttttttttltt

SCALLING Input 2
lttti*ttittt***tttttlttttttt/
if (Input_2>Max_In_2)

Input 2=Max In 2;
if (lnput_2<Min_In_2)

Input 2=Min_In_2;
ﬂt*t*ttttttttttttlttttttttttttt
generation of final in_2 matrix
ek ok ok okl OK okoRoKoK KoK KK Kok K R KoK Kok R ok /
for (i=1;i<No_In_2+1;i++)

{

In_2[i][3]=bez_bek(Input_2,In_2[i}{0],In_2{i][1}.In_2[i}[1].In_2[i]{2]);

}

/tttttttttttttttttttttttttttt

FUZZIFICATION
t***tt*tl**tlt*t*t*tl**tltt**/
if No_Input==1)
{ /*sinle input*/
shay fuz(Input_1,In_1]Input_1,In_1,1);
}
if (No_Input==2)
{ /* two inputs */
shay fuz(Input 1,In_1,Input_2,In_2,2);
}

/R OK K oK Ok o K K K R K K K K Rk K K K K K

Rules Evaluation

0 08O KKK KOO K K oK KoK koK KR K KK K /

shay_rl(fuzzy_mat,Rules_m);

/3RO RO R R K R R K R K R kR Rk ok Rk Kok

BORDERS

ttttttttltt#tttt*ttt*tttttt**/

shay_bdr(rules_mat,Out_mat),

e ILLEGAL
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Vidd i i LR R 2SR S22 2 22 22t 2

deffuzification

***ii*ttt**i*******t*ii*i*ti*/

swang=shay dff(bdr mat,Out_mat);

return(swang);

}

778K OK K R K K 3k

sw_sct4
tt*‘ittt*t*tttt*ttt/
float sw_sct4(float Input_1,float Input_2)
{
float i,swang;
int No_Input=2;
/*t*ttt‘*t*tt**ttttt*
INPUT 1 definitions
**t**“tttttt**ttttt/
int No_In_1=5;
float Max_In 1=180;
float Min_In_1=225;
float In_l[6][4]= {
{5

4 0 b

{168.000, 180.000, 191.2500 },
{180.000, 191.250, 202.500},
{191.250, 202.500, 213.750},
{202.500, 213.750, 225.000},
{213.750, 225.000, 226.000}

¥

3 3o 3 ook ok KO ROk KOk K

INPUT 2 definitions

‘*“‘*“‘**t“**tt‘*/

int No_In_2=5;

float Max_In_2=0.2;

float Min_In_2=0;

float In_2[6][4])= {
{5 A 0 )
{-0.0200,0.0000 ,0.0100 1},
{0.0000 ,0.0200 ,0.0500 },
{0.0200 ,0.0500 ,0.1000 },
{0.0500 ,0.1000 ,0.1200 },
{0.1000 ,0.2000 ,0.2100}
I8

/% 3 sk ok ok 0K OKOKOKOK OKOKOIOK KR OK

OUTPUT CLASSES DEFINITIN

A8 O R OR OKOOKOIOR K OIOIOK SOOI K KOk /

int No_Out=14;

float Out_mat[8][3]= {
U 3 7 ),

{168.750, 168.75 ,180.00 },
{168.000, 180.000, 191.2500 },
{180.000, 191.250, 202.500},
{191.250, 202.500, 213.750},
{202.500, 213.750, 225.000},
{213.750, 225.000, 226.000},
{213.750, 225.000, 236.250}

3

77 3k KKK R Ok K KK KKKk K K KKk

Rules

******************************/

int Rules_m[6][20]= {

55,70
1%/ 23,5,
/*2%/ 3,456
43/ 4556
e/ (5 .6 .6 .6
RS/ 67,77

b

,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
,6 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
,7,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
,6 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
.7 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
,7,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}

R R KR R o R o R R R K KK K K K R R R KK K R R R oK ok oKk K KK R R R K KKK K K K R K K KK KK K K

END DEFFINITIONS

A KKK o K K o o i K KKK R K K K K K R KK K i R KK KK R 3K K K K K K R KK 3 K K i K K K oK o K K K ok R K KKK /

7730 3k K K K o K ok K ik K K ok K K KK ok

SCALLING Input 1

*t**************************/
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if (Input_1>Max_In_1)
Input_1=Max In_1,
if (Input_1<Min_In 1)
Input_1=Min In_1;
78000 KK o K K ok K 3k o ok o K ok o ok ok R ok ok ok ok
generation of final in_1 matrix
*ﬁﬁ*****‘ﬁ***ﬁ**t*ﬁﬁ****t**ﬁ*t‘*/
for (i=1;i<No_In_1+1;i++)
{
In_Ifi][3]=bez_bck(Input_1,In_1[i}[0},In_1[i][1].In_1[i][1].In_1[i}[2]);
}

73RO Kk K Kk ok ok ok Kk ok ok k K

SCALLING Input 2
*ti*‘**ti*t***i***‘ttit***ii/
if (Input_2>Max_In_2)
Input_2=Max In_2,
if (Input_2<Min_In_2)
Input_2=Min_In_2;
7%k o K ko ik ok ko Ok K K ok K ROk Ok ok K
generation of final in_2 matrix
**t****t*tt#********t**tt**tt*t*/
for (i=1;i<No_In_2+1;i++)

{
In_2[i][3]=bez_bck(Input_2,In_2[i][0],In_2[i][1],In_2[i][1],In_2[i][2]);
}

7303 i Kok O R KOROK R OROK Rk R Rk

FUZZIFICATION
*t"‘t**tt**‘t*‘*t***t**t***t/
if No_Input==1)
{ /*sinle input*/
shay_fuz(Input_l.,In_1,Input_1,In_1,1);

}
if (No_Input==2)
{ /* two inputs */
shay_fuz(lnput_l,In_l,Input 2,In_2.2);

/3% ok ok e o ook ok ko koK s koK ook ok ok ok

Rules Evaluation
*‘t‘***‘t**“ttt*‘ttt‘*tt***t/

shay_rl(fuzzy _mat,Rules _m);

L T P P PP P AR P T E

BORDERS

*********t****t****t*****‘t**/

shay bdr(rules_mat,Out_mat);

70 ARk R KRR OK R OKOK K K K Ok K K

deffuzification
*"tt**‘tt**‘*“*t**“*tt“**/

swang=shay dff(bdr_mat,Out_mat),
return(swang);

}

R o K RO K R RO KOK K
sw_sctS
***‘*t‘*‘**“t*‘***/
float sw_sct5(float Input_1,float Input_2)
{
float i,swang;
int No_Input=2;
AR ROR RO RO OOKOK O K K RO
INPUT 1 definitions
R K KK R ROKOR KO R Ok
int No_In_1=5;
float Max_In_1=270;
float Min_In_1=225;
float In_1[6][4]= {
{5 A4 0 3
{213.750, 225.000,236.2500 },
f {225.000, 236.250, 247.500},
{236.250, 247.500, 258.750},
{247.500, 258.750, 270.000},
{258.750, 270.000, 271.000}

It ILLEGAL
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|

/ttttttt*ttttttt‘tt‘t

INPUT 2 definitions

tt‘tt*ttttt##ttttttt/

int No_In_2=5,

float Max_In_2=0.2;

float Min_In_2=0;

float In 2[6][4]= {
{5 A4 ,0 3
{-0.0200,0.0000 ,00100 3,
{0.0000 ,0.0200 ,0.0500 },
{0.0200 ,0.0500 ,0.1000 },
{0.0500 ,0.1000 ,0.1200 },
{0.1000 ,0.2000 ,0.2100}
5

/ttt‘**‘ttttt‘*t‘tt‘ttttt#t

OUTPUT CLASSES DEFINITIN

t#********tt*************'*/

int No_Out=14;

float Out_mat[8][3]= {
{7 3 .7 3
{213.750, 213.750, 225.000 },
{213.750, 225.000, 236.2500 },
{225.000, 236.250, 247.500},
{236.250, 247.500, 258.750},
{247.500, 258.750, 270.000},
{258.750, 270.000, 271.000},
{270.000, 281.25,282}
b

/**#******tt*****t****ttt*t**t

Rules

**t#t***********tt****tt******/

int Rules_m[6][20]= {

{5,5.,7 ,0 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},

%1%/ {2 .3 ,3 .4 .4,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},

[*2%/ {3 .3 .4 ,4,6,00,00,0,0,0,0,0,0,0,0,0,0,03},

/*3%/ {3 .4 4.5 .6 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},

1%4%/ {3 .4 .5 ,6 .6 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},

1% 5%/ {4 .,5 .6 ,7 ,7 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}
b

ﬁ*******t*ttt***********t****tt********t*tt***t*t***tt*****tt***ttt***t*t
END DEFFINITIONS

***'tt*******t*****t**'**t*****t*******t*********tt****t*ttt**tttt*tttt***/
/*************t*******t***tt
SCALLING Input 1
**t***tt*****t*************t/
if (Input_1>Max In 1)
Input_1=Max_In_1;
if (Input_1<Min_In_1)
Input_1=Min In_l;
/*****t****t***tt****t***t******
generation of final in_1 matrix
*******t*t***tttt****tt*********/
for (i=1;i<No_In_1+1;i++)
{
In_1[i][3]=bez_bek(Input_1,In_1[i][0],In_1[i]{1],In_1{i][1],In_1[i}{2]);
}

KK ok o ROk ook sk ok ok ok oK ok K ok

SCALLING Input 2
*******#*t**t*t*************/
if (Input_2>Max_In_2)
Input_2=Max In 2;
if (Input_2<Min_In_2)
Input_2=Min In 2,
70 3 A ok ok e kK ok ok ok kK ok ok ok ok ok ok ok 0K ok ok ok ok K
generation of final in_2 matrix
t********t******#*****t******tlt/
for (i=1;i<No_In_2+1;i++)
{
In_2[i][3]=bez_bck(Input 2,In_2[i][0],In_2{i][1].In_2[i][1],In_2[i][2]);
}

/7% 3 3 ke ok e ok ok o ok ok K K ok ok ok ok K K ok ok

ILLEGAL
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FUZZIFICATION
***t**tti************‘*******/
if No_Input==1)
{ /*sinle input*/
shay_fuz(Input 1.In_1Joput 1,In 1,1)
}
if (No_Input==2)
{ /* two inputs */
shay_fuz(Input_1,In_1,Input 2,In 22);
}

/7oK Ak oK R ol R R Ok Kok

Rules Evaluation

AR KKK A AOR R ROR R K R OR R R R kR R Kk ok

shay rl(fuzzy mat Rules m),

/0K AR RO KRR KR KK R Rk K

BORDERS

tt*tttttttttt**tt***tt*ttt**t/

shay_bdr(rules_mat,Out_mat),

/0o o KR KR R R K

deffuzification
**tt***t‘***#**************t*/

swang=shay_ dff(bdr_mat,Out_mat),
retum(swang);

}

JEREARER AR AR KK

sw_sct6
Aok kR kokoiokoK ok oKk dokolok ok /
float sw_sct6(float Input_1,float Input_2)
{
float i,swang;
int No_Input=2;
/**tt***t****‘**t****
INPUT 1 definitions
e ok KOk KO R KK Rk ok /
it No_In_1=5;
float Max_In_1=360;
float Min_In_1=270;
float In_1[6][4]= {
{s 4 0 3,
{247.500, 270.000, 292.5000 },
{270.000, 292.500, 315.000},
{292.500, 315.00, 337.500},
{315.000, 337.500, 360.000},
{337.500, 360.000, 382.500}

b

/***t*******t****t***

INPUT 2 definitions

***************tt***/

int No_In 2=5;

float Max_In_2=0.2;

float Min_In_2=0,

float In 2[6][4])= {
{5 A 0 }
{-0.0200,0.0000 ,0.0100 1},
{0.0000 ,0.0200 ,0.0500 1
{0.0200 ,0.0500 ,0.1000 1
{0.0500 ,0.1000 ,0.1200 3},
{0.1000 ,0.2000 ,0.2100}
b

i e P Y

OUTPUT CLASSES DEFINITIN

ﬁ******t***tt**tt**tt******/

int No_Out=14;

float Out_mat[8][3]= {
{7 3 7 }s

{247.500, 247.500,270.000 },
{247.500, 270.000, 292.5000 },
{270.000, 292.500, 315.000},
{292.500, 315.00, 337.500},
{315.000, 337.500, 360.000},
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{337.500, 360.000, 382.500},
{360.000, 382.500, 383.00}
/tttttt“t!tt“tﬁﬁtt‘ttﬁtt‘i;t
Rules
EREERRE R AR AR R Rk Rk Rk
int Rules_m([6][20]= {
{5,5,7,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,03},

1%/ {223 ,4,5,00000,0,0,0,0,0,0,0,0,0,0},
2%/ (3.3.,4.,5,5.,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
3%/ {4 .4.5.5,5,000,0,0,0,0,0,0,0,0,0,0,0,0},
/x4%/ (5.5 .6 .6 ,7,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
/%5%/ 6,6 ,7.,7,7,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}

IR

/ttt**‘*‘tt*tttttt*tttttttttttttttttttt**tttt!tttttttttt*ttt**t**tttttt*tt
END DEFFINITIONS
oK KRR KR R R R OR R R R R KRR KR KRB R R R R R R kR Rk kR kR kR R kR kR kR kR kR kkokk
JRRsa ok ook ook R ok Rk Rk
SCALLING Input 1
kK ok dOR ROK KK O OR R KOROR ROR RO R OROR /
if (Input_1>Max_In_1)
Input_1=Max In_1;
if (Input_1<Min_In_I)
Input_1=Min In_];
/*t‘*t"‘tt‘t“tt“tt“tttttt‘t#

generation of final in_1 matrix
Ak ok ok ok kR ok Ok Rk koK R R ok R R O R ROk k)

for (i=1;i<No_In_l+1;1++)

{
In_1[i][3]=bez_bck(Input_1,In_1[i][0],In_1[i][1])o_1[1][1].In_1[i)[2]);

SRRk Rk Rk R kR Rk kRN kR Rk K

SCALLING Input 2
ok dkoRoRok R ok Rk kR R kR ko ok k)
if (Input_2>Max_In_2)
Input_2=Max In 2;
if (Input_2<Min_In_2)
Input 2=Min_In_2;
/t‘tttt‘ttitt“ttttttttt“ttit‘t

generation of final in_2 matrix
Aok ook R KR Rk Rk ook ok R R Rk Rk Rk Rk Rk

for (i=1;i<No_In_2+1;i++)
{
In_2[i][3]=bez_bck(Input_2,In_2[i] [01,In_2[i][1],In_2[i][1],In_2[i][2]);

/‘ttttt‘ttt‘t‘tttt‘tt‘ttt‘t‘t

FUZZIFICATION
d ok o R ORIk R ok kR kK /
if No_Input==1)
{ /*sinle input*/
shay_fuz(Input_1,In_l,Joput_1,In_1,1),
}
if (No_Input==2)
{ /* two inputs */
shay fuz(lnput 1,In_1Input 2,In 2,2,

/tt‘“t‘“titttt“‘tt‘ttttttt

Rules Evaluation
tt‘tttiitt“ttttttt‘*itt‘tt“/

shay_rl(fuzzy_mat,Rules_m);

/ttttttttttttttttttt‘tttt‘ttt

BORDERS

ok o kK o oK kR R ok R Rk R ok koo K/

shay_bdr(ruies_mat,Out_mat);

/tt‘ttt‘ttt"tttt“tttttttttt

deffuzification

Aok koK Rk koK R R KRR R R R R kR Rk Rk
swang=shay dff{bdr_mat,Out_mat),
retum(swang);

}

J ok R ok R OKR R RO

T [ILLEGAL
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PRE_CONTROL
*“t*“‘*‘t“*‘t“‘/
float PRE_CONTROL(float Input_1 float Input_2)
{
float SCLD_DW,
int No_Input=2 i,
/t‘**“it“t“‘t‘*i“
INPUT 1 definitions
*‘t‘**tt***tt“‘**‘t/
int No_In_1=9,
float Max_In_1=1,
float Min_In_1=-1;
float In_1[10][4]= {
{ 4 0 ),
{-1.1000, -1.0000, -0.7500 },
{-1.0000, -0.7500, -0.5000 },
{-0.7500, -0.5000, -0.2500 },
{-0.5000, -0.2500, 0.0000 },
{-0.2500, 0.0000, 0.2500 },
{ 0.0000, 0.2500, 0.5000 },
{ 0.2500, 0.5000, 0.7500 },
{ 0.5000, 0.7500, 1.0000 },
{ 0.7500, 1.0000, 1.1000 }

b

/00 3 3o o R ROK KOk Ok K

INPUT 2 definitions

R ok ok Rk Kk KK R R ROK Ok /

int No_In_2=9;

float Max_In 2=];

float Min_In_2=-1;

float In_2[10][4]= {
{ 4 0 ),
{-1.1000, -1.0000, -0.7500 },
{-1.0000, -0.7500, -0.5000 },
{-0.7500, -0.5000, -0.2500 },
{-0.5000, -0.2500, 0.0000 },
{-0.2500, 0.0000, 0.2500 },
£0.0000, 0.2500, 0.5000 },
{ 0.2500, 0.5000, 0.7500 },
{ 0.5000, 0.7500, 1.0000 },

{ 0.7500, 1.0000, 1.1000 }

b

/020 e o o K ok ok kK Ok ok ok

OUTPUT CLASSES DEFINITIN

0000 oK 8RR ROk Ok K Ok K K R K

int No_Out=14;

float Out_mat[10][3]= {
{9 3 9 2
{-1.1000, -1.0000, -0.7500 },
{-0.8000, -0.500, -0.3000 },
{-0.3500, -0.1000, -0.0500 },
{-0.1000, -0.0500, 0.0000 },
{-0.100, 0.0000, 0.100 },
{ 0.0000, 0.0500, 0.1000 },
{0.0500, 0.1000, 0.3500 },
{ 0.3000, 0.500, 0.8000 },

{ 0.7500, 1.0000, 1.1000 }

I8

/0 30 ok ook ok Kok K RO OR Rk ROK OkOkok

Rules

0o bk ok kR koK ok ROk K KOk ROK R OROKOR ok /

int Rules_m{[10][20]= {

{9 ,9,10,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
*f f1,1,1,2,2,3.,4,5,5,00,0,00,0,0,0,0,0,0},
ovAdl {122,2.3.,4.,4.,5,5,00000,0,0,0,0,0,0},
/*3*f {1223,44,.,5 ,,00000000000},
1*4*/ {1.23.,4,4.,5,5,,7,000,0,0,0,0,0,0,0,0},
1*5%/ {2,2,3,4,5,6.,,7,7,00,0,00,0,0,0,0,0,0},
/*6*/ 3.4.,5,5,6,.,7.,8.,9,000,00,0,00,0,0,0},
T {4.,5.,5 .6 ,6.,7.8,8,9,0000,0,00,0,0,0,0},
*8*/ {5, .6.,6.,7.8.,8.,8,9,000000,000,0,0}
/*9%/ {5.,5.6,7.8.8.,.,9.,9,00000000,00.0}
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b
AR R OR KRR AR R R R R R R R R R R R R AR R AR R R R A R R Rk R R R k&
END DEFFINITIONS
t"‘“""““t“t‘“t‘tt‘ttt‘tt“ttttttttttttttt‘tttttt‘tt‘tt“tttttttttt/
/‘tttttttttttttttt“ttt‘t“t
SCALLING Input 1
tttttt““““t“t“‘t‘“t‘t/
if lnput_1>Max_In_1)
Input_1=Max In I,
if (Input_1<Min In 1)
Input_1=Min_In_I;
J O R Rk Ok R sk Ok KOOk
generation of final in_1 matrix
‘tlt“ttlt‘**‘t“l***t*l**‘*‘***/
for 1=1;)<No_In_1+1;i++)
{
In_1[i]{3]=bez_bck(Input_1,In 1[i][0LIn_1{i][1],In_L[i]{1],In_1[i][2]);

7% 3% ok ok ok koK K ROk KKKk KK kK Kk

SCALLING Input 2
%k ok Kok ok ok o oK oK ok ok K ok ok ok K ok R 0K KOk ok /
if (Input_2>Max_In_2)
Input_2=Max_In_2,
if (Input_2<Min_In 2)
Input 2=Min_In_2;
/3 3 0k koo ok ook koK ook Kok ok ok ko ok ok ok ko
generation of final in_2 matrix
‘*****t***t******#‘ttt**t*lt‘**l/
for (i=1;i<No_In_2+1;i++)
{
In_2[i][3]=bez_bck(Input_2,In_2[i|[0]In_2[i]{1],In_2[i][1],In_2[i][2]);

/**t***#**#**tl**tt*lt*lt**ll

FUZZIFICATION
******t**#****l*t**lI******tt/
if No_Input==1)
{ /*sinle input*/
shay fuz(Input 1,In_l]Input 1,In_1,1),
}
if (No_Input==2)
{ /* two inputs */
shay_fuz(Input_1,In_1l,Input 2.In_2,2),

/****#t####*#tt##l**t**#ll#t#

Rules Evaluation

4 o o ko kK ORoKOK oK Kok KokoloRoRok Sokokok ok /

shay rl(fuzzy mat,Rules_m),

/*t****tttt****tt**t*t****tt*

BORDERS

e 3 3 3 3 ok ok kK ok SOR ook ook SOk skokokokok /

shay_bdr(rules_mat,Out_mat);

/***tttt****ttt*****lt*****t*

deffuzification
***********************I*****/
SCLD_DW=shay_dff{bdr_mat,Out_mat),
retumn(SCLD_DW),
}

3k ok ok e ok ok ko K ROk KK ok KOk ROk R ok
opra_sts_in
*************I**I**********/
void opra_sts_in(float Input_1 float Input_2)
{
int rl_rows,m;
float i,R1,R2,R3;
int No_Input=2;
/#*******************

INPUT 1 definitions

********l***l*******/

int No_In_1=3;

e ILLEGAL
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float Max_In_1=1,
float Min_In_1=0;

float In_1[4][4])= {
3 4 0 b,
{-0.0100,0.0000 ,0.1000 3,
{0.0000 ,0.4000 ,1.0000 3},
{0.5000 ,1.0000 ,1.1000 }

/******#***tt*t****** }’

INPUT 2 definitions

**t***t*********t***/

it No_In_2=3;

float Max_In 2=1;

float Min_In_2=0,

float In_2[4][4)= {
{3 »4 0 1

{-0.0100,0.0000 ,0.1000 3},
{0.0000 ,0.4000,1.0000 3
{0.5000 ,1.0000 ,1.1000 }

3
717 2%k ok s ok ok o kK ok ok ok ok ok ok Rk ok ok ok

Rules
tt#***#t*#tt********t***#t*tti/
int Rules m[4][20]= {
{3.3 .,3,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
{1.,2,2,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
{2 .2 ,2,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
{2 ,2 ,3,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}
b
ﬁt*******tt**ttt**#t****t***#t***#***#t***##**#t**t#t#*#tt*ttt*###t*#tt#*
END DEFFINITIONS
ek e e e e ok ok ok b ok ok ook ol ke ook kol ok ook i i koo kol okl kool kool kol R ko KooK OR IOR SOk ROk R R ROk R kK /
/***************tt*###**#tt*
SCALLING Input 1
e e 0k ok ok ok 8Ok ek ok ok ok ko Kok ok R Kok ok ok ok /
Input_l=Input_1*5;
if (Input_1>Max_In_1)
Input_1=Max In I,
if (Input_1<Min_In_1)
Input_1=Min In_1;
/*****t##***#******‘**“ttt***t#
generation of final in_1 matrix
230 R OR R OR Rk R K R OR R OR kOl OK Ok Kk ROk K/
for (i=1;i<No_In_l+1;i++)
{
In_1[i}[3]=bez_bck(Input_1,In_1[i}[0],In_1[i]{1].In_L[i][1],In_1{i][2]);
}

70K KRR KRR ROR R OR R OK KO Ok

SCALLING Input 2

A K K K ROK KRR KRR OKOR R ROK R R R R/
Input_2=Input_2*5;

if (Input_2>Max _In_2)

Input_2=Max_In_2;
if (Input 2<Min_In_2)

Input 2=Min In_2;
/ttttttt****t*ttttttttt*t*t*tt*t
generation of final in_2 matrix
**t**ttt*t*t********t***ttt*tttt/
for (i=1;i<No_In_2+1;i++)

{
In_2[i][3]=bez_bck(Input_2,In_2[i][0]In_2[i][1].In_2[i][1],In_2[i][2]);

773 R kK K ok kK K kK kK KK 0K K KOk R Rk

FUZZIFICATION

‘i‘i‘i‘*“***‘ii**‘ii‘ii‘i*i‘/
if (No_Input==1)

Msinle input*/
shay_fuz(Input_1,In_I,Input_l,In_1,1);

}
if (No_Input==2)
{

TIE
hout SN

ILLEGAL
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*two inputs*/

shay fuz(Input_1In_1,Input 2,In 22);

}

/0% 3 o ok o ook ok ok o o K K o K K K o O R K R K

Rules Evaluation

t**#tttt#tttt*ttttt##t#t#*tt#/

shay_rl(fuzzy_mat,Rules m);
rl_rows=rules_mat[0][0];

Rl=rules_mat[m][1];
R2=rules_mat[m][1};

R3=rules_mat[m][1];

R1=0,
R2=0;
R3=0;
for (m=1;m<=r1l_rows;m++)
{
if (rules_mat[m][0]==1)
if (rules_mat[m][0]==2)
if (rules_mat[m][0]==3)
}
fle stsj0]=R1,
flc_sts{1]=R2;
flc_sts[2]=R3;
}

ﬁtt*#t##t#t‘****tt*tt####t#
opra_sts_out
t###*########t##t#tt*######/
void opra_sts_out(float Input_1 float Input_2)
{
int rl_rows,m:;
float i,R1,R2,R3;
int No_Input=2;
/tt#***###t*###ttt###
INPUT 1 definitions
#t*t#*t*tt*#**##t#*#/
int No In 1=3;
float Max_In_1=1,
float Min In_1=0;

float In_1[4][4])= {
{3 4
{-0.0100,0.0000

{0.0000 ,0.4000
{0.5000 ,1.0000
¥

JAR Rk Rk kKK ok kR K

INPUT 2 definitions

Aedokokok KKk K KR R koK R Kok /

int No_In_2=3;

float Max_In_2=1;

float Min_Jn_2=0;

float In_2[4][4]= {
{3 A4
{-0.0100,0.0000

{0.0000 ,0.4000,1.0000
{0.5000 ,1.0000 ,1.1000

b

J SRRk kKooK ORI R ROk Rk ROk

Rules

ook kRO K KR SR KRR OK R Rk ok kKKK K |

int Rules_m[4][20]= {

{3.3 .3 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},
{1 ,2,2,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,03,
{2 ,2 ,2,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0},

{2 2 ,3,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}
b

>

}
}
)
}

/###########t**#####*#####tttttt##t########*##*###tt######l#######ltt#t###

END DEFFINITIONS

AR KR OK R OR KKK K R oK KK R R KK KOKOKKOKOK R ORI KKK K R OR R R Kk Kk KKKk Rk R |

JROROROROKROKOKOKOKOR Ok koROkoOROIOKR Kook Kok

SCALLING Input 1
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ﬂﬂ*tﬂﬂttﬂﬂttﬂ**tﬂt*tﬂttﬂ*t#t/
if (Input_1>Max_In_1)

Input_1=Max_In_1,
if (Input_1<Min_In_1)

Input 1=Min_In_I;
/tt#tt‘*‘ﬂtt‘ttt*tttttttttttt‘tt
generation of final in_1 matrix
tttﬂ‘*ttﬂttt**t“ttttttt*tt*‘tti/
for (1=1;i<No_In_1+1;i++)

{

In_1[i][3]=bez_bck(Input_1,In_1[i][0],In_1[{]{1],In_1{i][1],In_1[i][2]);

[EEEEEEAEEAREAREE R AR AR AR Ak

SCALLING Input 2
ttttt‘tt‘ﬂtt***‘******tt****/
if (Input_2>Max In 2)
Input 2=Max In 2;
if (Input_2<Min_In_2)
Input 2=Min_In 2;
ittt bt R I R R 2 2 2222 2222t td
generation of final in_2 matrix
**t‘*ttt***t**‘t***tﬁﬁﬁﬁﬁﬁiﬁﬁiﬁﬁ/
for (i=1;i<No_In 2+1;i++)
{
In_2[i][3]=bez_bck(Input 2,In 2[i}[0].In_2[i][1],In_2[i][1].in_2[i]{2]);
}

[OOSR R RO R R R R R R R R kK

FUZZIFICATION
ﬁ"‘ﬁﬁ‘tﬁ“tﬁ*tﬁﬁt#t“**ﬁﬁ#tﬁ/
if (No_Input==1)
{
/*sinle input*/
shay fuz(Input_l,In_1,Input_1,In_1,1);
}
if Wo_Input==2)
{
/*two inputs*/
shay_fuz(lnput_1,In_1,Input_2,In_2,2),

/ttt‘tt‘ii#tii‘#*itttit#*‘t“

Rules Evaluation
*****************************/
shay rl(fuzzy mat,Rules_m),
rl_rows=rules_mat[0][0];

R1=0;
R2=0;
R3=0;
for (m=1;m<=rl_rows;m++)
{
if (rules_mat[m][0]==1)
Rl=rules_mat[m][1];
if (rules_mat[m}[0]==2)
R2=rules_mat[m][1];
if (rules_mat[m]}[0]==3)
R3=rules_mat[m][1];
}
flc_sts[0]=RI;
flc_sts[1]=R2;
flc_sts[2]=R3;
}
/‘**t*‘**ﬁ*t*ﬁ*
Monkey
“**i**‘****i**/
float Monkey(float Input_1)
{
float ,U_MAIN,

int No_Input=1;
/**********i*‘*‘**‘**

INPUT 1 definitions

AR KR ROROR ORI OR RO Rk
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int No_In_1=3;

float Max_In_1=0.1,
float Min_In_1=0;
float In_1[4][4)=

AR R ok ok koK kO K ok ok ook ok ok ok ok Kk

OUTPUT CLASSES DEFINITIN
tl***l*****lll**t**l*****lt/
int No_Out=5;

float Out_mat[4][3]= {

{
3 4 0 }
{-0.0200,0.0000  ,0.0200 }
{0.0000 ,0.0400 ,0.0700 },
{0.0600 ,0.1000 ,0.1100 }

b

3 3 0 2
{-0.0200,0.0000  ,0.0200 },
{0.0100 ,0.0300 ,0.0500 },
{0.0400 ,0.1000 ,0.1100 }
/tttt*ltttttttttttttttttttti;l

Rules

lt****l**tt*ll******l**tll*tl*/

int Rules_m[2][20]= {
{
{

b

/A ok ook o ok ok ok gk ok o ok kR ook k

END DEFFINITIONS

lltl##l#*l#l***##l**####ll/

1.,3,3,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}
1,2,3,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}

Any Reproduction or Use of this Code, in

Input_l=Input 1,
78l sk o ok ok kR SRR oOkOR SOR R K
SCALLING Input 1
##**l#####*######l###*#l##l#/
if (Input_1>Max_In_1)

Input 1=Max In_1;
if (Input_1<Min_In_1)

Input_1=Min_In 1;
/#l#######l###l#*##l###l#ll#l#l#
generation of final in_1 matrix
#ll##########l#l####t#l##l####ll/
for (i=1;i<No_In_1+1;i++)

{

In_1[i][3]=bez_bck(Input_1,In_1[i][0],In_1[i][1],In_1{i]{1],In_1[i]{2]);

}

/oo sk kR o skl R Rk ok kR kK R Kk R

FUZZIFICATION
***ll*****ll*********l**l**ll/
if (No_Input==1)

{

/*sinle input*/

shay fuz(Input LiIn_ lInput 1In_1,1);

7 ko ook ko ok ok ook Rk ok ok ook ROk oK K ok

Rules Evaluation

ok o ol oK kOl ko Rk R R Kok R R R kR /

shay_ri(fuzzy _mat Rules_m),

/2 ook o s o koo ok okl ok ok ook ok koK ok Kok

BORDERS

e e e ok ook o ok ol ookl ko ook oKk ok ROk Kok /

shay_bdr(rules_mat,Out mat),

736 e ok okl ook ook ok kol Rk ook ko kok ok Kok

deffuzification
****l****ll***ll***tl#**l****/
U_MAIN= shay dff(bdr mat,Out_mat),
return (U_MAIN),
}

>

any Form, Without the Auther's Permission is
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JEEEERRAR KRR RR R R R R AR AR AR K

function: shay fz
ﬁﬁﬁiiiﬁi#ﬁﬁtii‘tiit**t**t**tt/
float shay_fz(float ip_1,float thyil[][4],float ip_2, float thyi2[][4], int no_ip)
{
float tol=1e-12;
int Lrows_x1,rows_x2;
7k ok ROk kKR KOk KK
data required
***t****t**t**tt/
/t*t**tt****t*ﬁi*
mnput 1

***i**ttti*ttiii/

rows_x1=thyil[0][0];

JRE R Rk K
input 2
i*iiiiiiiiitiiit/
rows_x2=thyi2[0][0];

/iiii**iiiitiiitiittittii

start fuzzification

iiii**tiii*tiittiitiii*ii/

switch (no_ip)

{
case 1:/*single input */
{
for (i=1;i<rows_x1+1;i++)
/ii‘*iiii‘iiiittiitttittt
detrmine fired classes
ii‘iiiiitiiiitiiiittiiti/
if (thyil[i][3] >tol)
fuz_mat[i][0)=1;
else
fuz_mat[i][0]=0;
/iiiiittiiiiitttiiitttt
detrmine sides
ii*iiiiii‘ttiiiiitti#i/
fuz_matfi][2]=0;
if (((i'=1) && (i'=(rows_x1))) && (ip_1<thyil[i][1]))
fuz_mat[i][2]=1; /*left*/
if (((it=1) && (i'=(rows_x1))) && (ip_1>thyil[i}[1]))
fuz_mat[i][2)=2; /*right*/
/iiiiiit*ttiiiiii
alpha cuts
##ii*ttt*i#iiii#i/
fuz_mat[i][1]=thyil[i}[3];
}
fuz_mat[0][0]=rows_x1;
fuz_mat[0][1]=rows_x2;
fuz_mat[0][2]=3;
break;
}
case 2: /*two inputs */
{
for (i=0;i<rows_x1+1;i++) /* for Ist input*/

{

/i*i#i#i*i#iiiiii#ii#

detrmine fired classes
##t**###t#t*##t**##t#/
if (thyil[i][3] >tol)
fuz_mat[i][0]=1;
else
fuz_mat[i][0]=0;
/i##iiti*ii#*ii‘*ii#i

detrmine sides
iii*iititii#i#iiii##/

fuz_mat[i][2]=0;

ILLEGAL
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retun 0;

if (((it=1) && (i!=(rows_x1))) && (ip_l<thyil[i][1]))
fuz_matfil[2]=1;  /*left*/

if (((i1=1) && (i'=(rows_x1))) && (ip_1>thyil[i][1]))
fuz_mat[i][2]=2;  /*right*/

JEEER R AR R Rk ok

alpha cuts

tttttttt#titttttttt/

fuz_mat[i][1]=thyil[i][3];
}

/* input 2 fuz_mat2*/
for (i=1;i<rows_x2+1;i++) /* for 2st input */

{

[EEEREERRERF AR AR AR Rk

detrmine fired classes
“t“t‘t#t‘tt‘ttt‘#t/
if (thyi2[(i))(3] >tol)
fuz_mat[i+rows_x1][0]=1,
else
fuz_mat[i+rows_x1][0]=0,
JEEEEREEERRE R R R

detrmine sides
‘#ttt““#“ttt‘/

fuz_mat[i+rows_x1][2]=0,

I ((((1)1=1) && ((i)!=(rows_x2))) && (ip_2<thyi2[(D)}[1]))

fuz_mat[i+rows_x1][2]=1, /*left*/
if (((1)!=1) && ((i)!=(rows_x2))) && (ip_2>thyi2[()][1}))
fuz_mat[i+rows_x1][2]=2, I*right*/
PEEEREERE R AR RN
alpha cuts

“##t“#lt#‘##t##/
fuz_mat[i+rows_x1][1]=thyi2[(i)][3];
} /* end of generating fuz_mat1 */

fuz_mat[0][0]=rows_x1+rows_x2;
fuz_mat[0][1]=3;
fuz_mat[0][2]=3;

} /*end of multiple input*/

Any Reproduction or Use of this Code, in any Form, Without the Author's Pe
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Shayv_rl Source Code

[EEEEERERE R AR AR A&

start RULE EVALUATION

AEEEEEEERRRARAREEREE R AR &/

float shay _rl(float fuzzy_in[][3],int rule_mat[][20])
{

int No_In_1,No_In_2,indx,j,i,indx2;
float rules[20][3],f_rules[20][3],TemP1,TemP2, TemP3;
No_In_l=rule_mat[0][O],
No_In_2=rule mat[0][1];
indx=0;
if No_In 1==1)

{

for(j=1;j<=No_In_2;j++)

if( fuzzy_in[j][0]!=0)
{

indx++;
rules[indx][0]=rule_mat[1][j-1];
rules[indx|[1]=fuzzy_in[j][1];
rules[indx][2]=0;

}
rules[0][0]=indx;
rules[0][1]=3;

}

/t!!!tttttt“tt‘tttt
multiple inputs
t!tt!!ttt‘tt!!tt!!t/
if (No_In_1>1)

{

for(i=1;i<=No_In_1;i++)

for(j=1;j<=No_In_2;j++)
if ((fuzzy_in[i][0])*(fuzzy_in[No_In_1+j][0]))!=0)
{

indx++;
rules[indx][0]=rule_mat[i][j-1];
rules[indx][1]=min(fuzzy_in[i][1],fuzzy_in[No_In_I+][1]);
rules[indx][2]=0;
}
rules[0][0]=indXx;
rules[0][1]=3;
}
indx2=0;
for (i=1;i<indx+1;i++)
if(rules[i][0]!=100)
{

ndx2++;
f rules[indx2][0]=rules[i][0];
f rules[indx2][1]=rules[i][1];
f rules[indx2][2]=rules[i][2];
rules[i][0]=100;
for (j=i+1;j<=indx;j++)
if (rules[j][0]==f_rules[indx2][0])

{
if (rules[j][1]>f_rules[indx2][1])
{
f rules[indx2][0]=rules[j][0];
f rules[indx2][1]=rules[j][1];
f rules[indx2][2]=rules[j][2];
}
rules[j][0]=100;
}
}
f_rules[0][0]=indx2;
f_rules[0][1]=3;
/ttltlt!*tttl‘t!t

SOERTING
#!#!t#!t#ttl!#t/
for(i=1;i<indx2;i++)
for (j=2;j<=indx2;j++)
if (f_rules[i][1]<f_rules[j][1])

Lol ILLEGAL

Any Reproduction or Use of this Code, in any Form, Without the Author's Pe




Appendix B.8: Skay _rl Source Code

Page B.8.ii

{

TemP1=f rules[i][0];
TemP2=f rules[i][1];
TemP3=f _rules[i]2];

£ rules[i][0]=f_rules[j]{0];
f_rules[i]{1]=f_rules[j][1];
f_rules[i][2]=f_rules[j][2];
f_rules[j][0]=TemP1,
f_rules(j][1]=TemP2,

f rules[j][2]=TemP3,

}
indx=0;
for (i=1;i<=indx2;i++)
if (i<3)
{
indx++;

rules mat[indx][0]=f rules[i][0];
rules_mat[indx]{1]=f_rules[i][1];
rules_mat[indx][2]=f rules[i][2];
}

rules_mat[0][0]=indx;

rules_mat[0][1]=3;

retumn Q;

}

Any Reproduction or Use of this Code, in any Form,

Without the Author's Permission i
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Sshay_bdr Source Code

[EEEREEEERKERRERRR N KR

start: SHAY BORDER

ttttlttttttttl!tttt‘/

float shay_bdr(float c_c[][10],float thy[][3])
{

int r_otr_thyo,rthyo rowd kk sz;
float temp 1,temp2,temp3,temp4 temp$;
r_ot=c_c[0][0];
r_thyo=thy[0][0];
/‘Itltt‘tt*l‘t“t
organisation
tt“t‘ttt*tt“tt/
kk=0;
for (rthyo=1;rthyo<r_thyo+1;rthyo++)
for(rowd4=1;row4<r_ot+1;rowd++)
if (c_clrow4][0]==(rthyo))
{

if (c_c[row4][2]==1)
{
kk++;
bdr_mat[kk][0]=c_c[row4][0];
bdr_mat[kk][1]=c_c[row4][1];
bdr_matfkk][2]=thy[rthyo][0];
bdr_matfkk][3]=thy[rthyo][1];
bdr_matfkk][4]=c_c[row4][2];
}

if (c_c[row4][2]==4)
{

kk++;
bdr_mat[kk][0]=c_c[row4][0];
bdr_matfkk][1]=¢c_c[row4][1];
bdr_mat[kk][2]=thy[rthyo][1];
bdr_mat[kk][3]=thy[rthyo][2];
bdr_mat[kk][4]=c_c[row4][2];

}

if ((c_c[row4][2]!=1) && (c_c[row4][2]!=4))

{

kk++;
bdr_mat[kk][0]=c_c[row4][0];
bdr_matfkk][1]=c_c[row4][1];
bdr_mat[kk][2]=thy[rthyo][0];
bdr_mat[kk][3]=thy[rthyo][2];
bdr_mat[kk][4]=c_c[row4][2];
}

}
bdr_mat[0][0]=kk;
bdr_mat[0][1]=5;
bdr_mat[0][2]=kk;
bdr_mat[0][3]=kk;
bdr_mat[0][4]=kk;
sz=bdr_mat[0][0];
/t‘t“t‘tl“‘l
filter
tllt‘lttt‘**‘/
if (sz==2)
if (bdr_mat[1][1] < bdr_mat[2][1])
{

temp 1=bdr_mat(2][0];
temp2=bdr mat[2][1];
temp3=bdr_mat[2][2];
temp4=bdr_mat[2][3];
tempS=bdr_mat[2]{4];
bdr_mat[2][0]=bdr_mat[1][0];
bdr_mat[2][1]=bdr_mat[1][1];
bdr_mat[2][2]=bdr_mat[1][2];
bdr_mat[2][3]=bdr_mat[1][3];
bdr_mat[2][4]=bdr_mat[1][4];
bdr_mat[1][0]=templ;
bdr_mat[1][1]=temp?2;

Any Reproduction or Use of this Code, in any Form, Without the Author's Permission is RIBBAEEIY
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bdr_mat[1}[2]=temp3;
bdr_mat[1][3]=temp4;
bdr_mat[1][4]=temp5;
}

return 0;

Any Reproduction or Use of this Code, in any Form, Without the Author’s Permission s ILLEGAL
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Shay dff Source Code

[EEXXERKERARAXRRRXE

start shay dff

AR OR KRRk oKk Kk

float shay_dff(float rmat[][5],float bezs[][3])

{

float suml,sum?2,s,ss,a,stpl,yl,s11,512,821,822,ss1,s1,al,a2,stp2,y2,y KK crisp_out=0.0000;

intr matel,e2;
r_mat=rmat[0][0];
if (r_mat==1)

{

sum]=0;

sum?2=0,
s=min(rmat[1][2],mmat[1][3]);
ss=max(rmat[1][2],rmat[1][3]);
stp1=(ss-s)/25;

el=mmat{1]{0];

a=mmat[1][1];

for (KK=s;KK<=s3;KK=KK+stp1)

{
yl=bez_bck(KK bezs[e1][0],bezs[el][1],bezs[el][1],bezs[el][2]);
if (yl1>a)

y=a,
else

- y=yh
suml=y*KK+suml;
sum2=y-+sum?2;
3
crisp_out=suml/sum?2;

3

if (r_mat==2)

3

{
sum]=0;
sum2=0;
s11=min(rmat{1][2],rmat[1]{3]);
s12=max(rmat[1][2],rmat[1][3]);
s21=min(rmat[2][2],rmat[2][3]);
s22=max(rmat[2][2],rmat[2][3]);
ssl=max(s22,312),
sl=min(s11,s21);
el=mmat[1][0];
e2=rmat[2][0];
al=rmat[1][1];
a2=rmat[2][1];
stp2=(ss1-s1)/35;
for (KK=31;KK<ss|;KK=KK+stp2)
{ yl=bez_bck(KK,bezs[el][0],bezs[e 1][1],bezs[el][1],bezs[e1][2]);
y2=bez_bck(KK,bezs[e2][0],bezs[e2][1],bezs[e2][1],bezs[e2] 2n:
if (y2>a2)
y2=al;
if (y1>al)
yl=al;
if (y1>y2)
y=yL;

y=y2;
sum]=y*KK+suml;
sum2=y+sum2;

}

crisp_out=suml/(sum?2);

else

return crisp_out;

3
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