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s ynopsis 

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

controller design and implementation. 

The thesis introduces a universal fuzzy logic conttoUer straeture. The stracture 

proposed combines three main functions and two support fimetions. The 

support functions are implementing novel fijzzy logic concepts developed and 

used in this work. These concepts represent the plant and the controller states 

during the operation time. The main fimetions consist of a main fiizzy logic 

controller refered to as Main-FLC where the initial knowledge about the 

system is 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 

rales. The third mam function is called Shay-Time and is concerned with the 

input and output ranges of the Main-FLC. An adaptation mechanism is 

implemented for on-line updating of the J^in-FLC ranges. Both the support 

and the main functions operate in conjunction with each other. The decision 

meehaiusm implemented in the overall stracture is designed with the goals of 

robustness and reusability in mind. 

The thesis presents a practical implementation of the proposed FLC straeture 

in the excitation control of a synchronous generator connected to an infinite 

bus through a ttansmission line. A novel fuzzy excitation conttol 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 stracture. 
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THESIS STATEMENT 

Fuzzy logic conttol is a fact in modem conttol applications. Since the early days of its use 

the technology has attracted a ttemendous amount of attention and review. It brought to 

reality some old expectations m automatic conttol. Fuzzy logic provided the practical 

means to constract smart and intelligent conttollers. These conttoUers are able to 

implement the already avaUable knowledge on how to operate a system in addition to 

learning and developing their knowledge throughout the process. The conttoUer 

knowledge is developed via means of dynamic data storage of conttol rales, objectives and 

parameters. Moreover fiizzy logic brought to life the possibility of applying modem 

technology ie. computers and communication systems in a more practical way. Fuzzy logic 

provides the mechanism for manipulatmg uncertamty 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 stractured by the fiizzy set theory proposed by Zadeh in 1964 [1]. However, 

practical implementation of fuzzy logic especially in automatic conttol is not a well 

stractured field as yet. The design procedure of a fuzzy logic conttoUer is in most cases an 

add-hoc procedure. The designer's experience and trial and error attempts are the mam 

keys to have a working conttoUer. These design procedures made it very hard to predict 

and forecast the future behaviour of the conttoUer. Evaluation of the designed conttoUer 

prior to implementation is not possible under this design procedure. 

The two conttasts which were the main motivation for this thesis are as foUows: 1) The 

applicability of fiizzy logic in almost every aspect of our lives and what it brings of future 

anticipation and 2) the lack of stractured methodology, design procedures and evaluation 

tools resulting in uncertainty and arguments against fuzzy logic. 

To be able to enjoy the fraits of fiizzy logic a stractured design methodology is requned. 

This methodology should give the designer the upper hand in setting the conttoUer's 

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

parameters. 
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THESIS GOALS 

The main goal of this thesis is to develop a universal fuz^ 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 conttoUer. The objective is to provide a better 

representation of the system state that enhances further processing and 

conttol. 

2) Develop and Improve Fuzzy Reasoning 

This goal is concerned with the processing of fiizzy rales 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 timing mechanism should be simple in 

use and fast in operation. 

4) Develop a Universal FLC Structure 

A universal FLC stracture which can be utilised in different appUcations 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 stracture 



for different applications and it should encapsulate all the objectives of the 

thesis. The developed uruversal FLC stracture should have the minimum 

possible number of variables that require alterations when the stracture is 

used in different applications. 

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

The uruversal FLC stracture should be equipped with tools and parameters 

that are accessible by the designer. These tools should aUow the designer 

to inttoduce changes in the FLC design. The change should have a clear 

effect on the conttoUer 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. 

6) Develop an Evaluation Criteria of the Controller Performance 

This goal emerged as a major goal while mvestigating 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. 

7) 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 conttol 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. 

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

The objective of this goal is to prove the appUcability of the intended 

universal FLC stracture 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 conttol system implementing 
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this methodology. 

10) 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 conttol of a synchronous generator 

connected to an infmite bus through a ttansmission line. A fully fiizzy 

logic based excitation system is to be built based on the universal FLC 

stracture in goal 4. This goal was set to prove that the intended universal 

FLC stracture is able to replace classical FLCs and conventional 

conttollers in standard and advanced applications. This is to be proven by 

replacing the power system stabiliser and the automatic voltage regulator 

in the excitation conttol loop with one single conttoUer. 

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

General purpose software and conttol 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 conttol protocols. These programs 

and protocols should be applicable to different envu-oiunents. 
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THESIS 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 FLC design and extending towards the 

development of a methodology for FLC design, description of a universal FLC stracture, 

its analysis and research, then an implementation and design of the FLC system for the 

excitation conttol of electric power generation is presented. 

Section 1: Analytical Review of Fuzzy Logic Methodologies and 

Applications 

An analytical review of fuzzy logic conttol 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 fiizzy logic and its areas of application. 

Fuzzy logic in process conttol is mttoduced in chapter 2. A survey on fiizzy 

processing, simple and advanced FLC stractures, FLC stability and fuzzy 

hardware is included in the chapter. Chapter 3 reviews the appUcation of 

fiizzy logic in power systems with the emphasis on its applications in the 

excitation conttol. 

Section 2: Development of the Fuzzy Logic Controller Design 

Methodology Based on Universal Adaptive FLC Structure 

This section inttoduces the proposed universal FLC stracture. Chapter 4 gives 

an overview of the stracture which is called Stability handling Algorithm, 
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ttansient and steady-state (Shay). The stracture comprises three mam fimetions 

and two support functions. 

Chapter 5 describes the support functions where the innovative concepts of 

measuring the plant and the FLC status are inttodueed. Shay main fimetions 

are inttodueed in chapters 6,7 and 8. Chapter 6 inttoduces the Main-FLC 

which is one of the main Shay fimetions. Shay-PA which is the second main 

fiinction in Shay is presented in chapter 7. Shay-PA is responsible for the 

implicit updating and tuning of the Main-FLC classes and rales. The 

operational angle concept and its analogy to the proportional plus differential 

conttoUer algorithm is presented m chapter 7. Chapter 8 inttoduces 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 defmed and 

explained along with the description of the main functions operations. 

Chapter 9 provides the complete evaluation and design considerations based 

on pre-defmed 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 explamed in this section. 

Chapter 10 explains, in detail, the knowledge engineering techniques used to 

build up the information required to constract an FLC. The chapter also 

inttoduces a novel fuzzy logic based excitation system. The Pre-Conttol stage 

is also inttodueed in this chapter. The Pre-Conttol stage is where a single 

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

voltage, is made available. 



Chapter 11 describes m detail the hardware developed and used for the 

practical implementation of the Shay-FLC in the excitation conttol. The 

software developed and applied for the practical implementation is also 

inttodueed 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 stteams in today's research bibUography. There 

is an ocean of references and resources explaining or dealing with the topic. The IEEE 

pubUshed over 2,266 conference and joumal 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 fiizzy logic m 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 

defmed 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 

conttary, around 300 B.C. Aristotles, the famous Greek philosopher, stated that " every 

thing either to be or not to be". It was this very basic idea where the binary system (the 0 

and 1 logic) came from. Things are either trae or false. It is very hard to draw a clear line 

between elderly and youth. Is it trae 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 fiizzy? Considering health and ability to 

work as a measure? If this is trae, 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 fiizzy logic. Followed by the early days of opposition to the fiizzy 

logic idea and the current status of the technology. Description of different domains where 

fiizzy logic is currentiy being used concludes the chapter. 

' Moseek: 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 tiie Emiritus Professor of Electrical Engineering and CompvXcr 
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 fiizzy logic, came up with the idea of graded sets and labeUed it 

as th(? fiizzy sets in 1965 [1]. In this paper, Zadeh wrote 

i 

' " Afuzxy set is a class of objects with a continuum of grades of membership. 

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

^assigns to each object a grade of membership ranging between zero and 

one*'. 

The paper defined and formulated the basis of fuzzy logic. The most important definition 
i 

was C|>f the fuzzy set in the form of 

^ A fiizxy set (class) A in X is characterised by a membership function (fA(x)) 

which associates with each point inXa real number in the interval [0,1 J with 

the value (fA(x)) atx representing the "grade of membership" ofXin A. 

The piaper went into deeper defmitions and operations related to the fiizzy sets, among 

whicĥ  one can mention are: 

Empty fuzzy set 

A fiizzy set is empty if and only if its membership fimction is identically zero. 

Equality between two fuzzy sets 

Two fuzzy sets A and B are equal, A=B, if and only ^fA(^)=fB(^) for all x'mX. 

The complement of a fuzzy set 

The complement of a fiizzy set A (denoted A") i&fA=l-fA-

Containment of a set into another set 

A is contained in B (or equivalentiy, ^ is a subset of .B or 4̂ is smaller than or 

equal to B) if and only if^ <fs (AcdB^A ^/B)-
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Union of two fuzzy sets 

The union of two fiizzy sets A and B with membership functions ̂ (^xj and^^xj 

respectively is a fuzzy set C (written as C-A u B) whose membership function 

is related to those of ̂  and B hyfc(x)=max[fA(x) , f^(x) ],x &X. 

Intersection of two fuzzy sets 

The intersection of two fiizzy sets A and B with respective membership 

functions fA(x) and fB(x) is a fuzzy set C written as C=A n B whose 

membership function is related to those of ̂  and B hy fc(x)=min[fA(x) , fs(x) ], 

x&X. 

Zadeh described the use of some algebraic operations on fiizzy sets. These operations can 

be derived as the corresponding algebraic operations on the corresponding membership 

functions. Zadeh explamed the fuzzy interpolation of these algebraic operations; 

Algebraic product of ̂ 4 and B (AB):fAs =fAfB-

Algebraic sum of.4 and B (A+B):fA+B ^fA^fB-fA-fs 

Absolute difference between A and B (\A-E{ ):f\a.h\ ^ IfA-fal • 

Some other basic concepts and definitions where included in the paper. This paper laid 

down the foimdations for all the fiizzy logic oriented research. Later on in 1973, Zadeh 

refined these concepts in his other paper [2] in which a vision of where this newly defmed 

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 termmology. This was the kind of arguments fiizzy 

logic was faced with in its infancy. This sttong opposition forced some of those who had 
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successfully implemented fiizzy 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 irCAI'91 about Matsushita's camcorder image stabUiser system without 

mentioning its use of fuzzy logic. The second example was the 1994 Honda Accord 

automatic ttansmission with an embedded fijzzy logic conttoUer and how it was advertised 

as a " grade logic" conttoUer. 

1.3 CURRENT STATE OF FUZZY LOGIC 

We beUeve that this kind of tough fuzzy logic childhood was useful for the idea to get 

sttonger as it reaches its mature years. The opposition the idea had proved to be trae 

motivating factor for the trae believers in the fuzzy principle. They successfiiUy devoted a 

ttemendous 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 carefiiUy tried to prove that 

fiizzy logic is closer to the human way of thinking and reasoning than Boolean logic. In his 

paper titied "Fuzzy Logic = Computing With Words" published in 1996 [4] he stated that: 

''the main contribution of fuzzy logic is a methodology for conqfuting with words". 

Others tried to follow a similar path in provmg that it is more 'human like' to reason in the 

form of IF-THEN rales 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 m the scientific circles, were the mam reasons why the western 

circles rejected the idea at first and why the eastem 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 appUcabiUty in real life was established in 

England by Mamdani hi 1975 [7]. 

The picture is much different in the late nineties. Fuzzy logic became a legacy. Westem 

institutes and researchers are doing their best to pick up some of what they have already 

lost in the field. The west is sttongly promoting fuzzy logic. In fact, some people seems to 

be marketing it m such a way that facts are mixed with expectations and limitations or 

problems are ignored. This is creating a "fiizzy" 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 fiizzy 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 trae and others fall in the new exaggerating 

ttend in fiizzy literature. Cox "Noble Traths" are presented and discussed in this section 

because they represent most of what is being propagated about fiizzy logic. These traths 

can be considered as a good frame for a brief description of the current fiizzy logic state. 

Truth One: "There is nothing fuzzy about fuzzy logic" [8] 

This is a very solid trath and it is important to emphasise this fact. The name 

"fiizzy" was unfortunately misunderstood by many people. The claims that 

fiizzy 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 trath by stating that " fuz^ 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. ProbabiUty is concerned 

with the unpredictability in the outcome of clearly defmed and randomly 

occurring events. While fiizzy logic is concerned with the ambiguity or 

undecidabiUty inherent in the description of the event itself. This trath is very 
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important to publicise, as the relationship between fuzzy logic and the 

probability theorem is stUl not very clear for many people. 

Truth Three: "Designing the fuzzy set is very eas^' [8] 

This is not fully accurate in practical terms. It is trae 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 stabUity, tuning and validation of a fuzzy system is not a settled matter 

yet. However, in process conttol, 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 trath by Cox is one of marketing statements fiizzy 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 conttol. 

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

networks" [8] 

This is a trae 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 tities in most of inteUigent conttol 

conferences and publications, where both fiizzy 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 powerfiil points in favour of fiizzy 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 arui 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-determiiustic 

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, fiizzy logic reached its 

adulthood m practical terms. It is very hard to fmd any new concept that was widely 

adopted in many fields of our modem life as quickly as fiizzy 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 appUcations is in process conttol, where new 

dimensions became feasible for conttol engineers in such a way that the crowned 

analytical linear conttol 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 ttaditionally seem to be very conservative towards new 
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technologies. Different fields of fiizzy logic appUcations are briefly presented in this 

section. 

1.4.1 In Business and Finance 

Brabazon [12] m 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 exttemes. More exploration of the power of fuzzy 

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

Business and financial appUcations 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 fiizzy logic in many areas. 

Cabello, et al. [34] used fiizzy clustering algorithms for a statistical 

characterisation of ECG (electtocardiogram) records. The membership 

function matrix of the prototype of each of the clusters, and the mattices that 

induce the norms in their environment give usefiil description over the ttaining 

set for constracting a feasible classifier for detecting ventricular arrhythmia's. 

Boimds et al. [35] compared the performance of a multUayer perceptton 

(MLP) networks to a fiizzy 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 

controUer 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 wiU 

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 aUowing gas valves to communicate 

with gas companies and service centtes. This might be very optimistic, but 

looking at the currently avaUable 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 conttoUer on the market [38]. 

Fuzzy logic is also used in some heavy duty applications. For example the 

automatic ttain operation system in Sendi municipal subway in Japan. This 

system is based on a predictive fiizzy conttol [39]. Also the rale-based fiizzy 

logic conttoUer used to conttol the 5 MW Massachusetts Institute of 

Technology research reactor [40]. A fuzzy logic approach was also used in 

Brazil for oU 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 inttodueed 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 fiizzy expert system 

and described a reusable fuzzy expert system caUed Fess that was used in 

several appUcations. Leung and Lam [50] presented the expert system Z-U that 

can use either Boolean or fiizzy processing by aUowing fiizzy "imprecise" and 

normal terms to be processed. A more compUcated fiizzy 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 hnplementation of a new expert system that 

employs fuzzy logic techniques to analyse ttain movement has been reported 

[52]. Other approaches and applications of fiizzy 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 

fiizzy 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" [61. 

These were the words of the first man who ever applied fiizzy logic in real time conttol 

applications. Mamdani published a paper about the first known fuzzy conttol application in 

1975 [7]. He described his intelligent conttoUer or as he recently has preferred calling it 

"non-anatyticaF conttoUer, 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 conttoUer 

(FLC) had a negative impact on the technology in its early days. Fuzzy logic conttoUers 

(FLCs) did not seem to be a realistic solution in the predominant analytical conttol theory 

circles. Questions have been raised on the FLC stabiUty 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 

AIVD 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 conttoUer is converted into a fuzzy value, 

symbolic representation. Grenerally, inputs to the FLC are non-fiizzy in nature, 

but the data manipulation in a FLC is based on the fuzzy sets theory. Hence, 

fuzzification of the input is necessary. To ttansform 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 rale base, which is the a set of 

rales representing the available knowledge in some domain. The inference 

engine takes the fuzzy value that resulted from the fiizzification process, and 

produces a fiizzy output through sjmibolic reasoning based on the former 
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knowledge stored as a set of rales. To express knowledge by means of fiizzy 

rales one needs logical connectives. The most used logical connectives m 

standard fuzzy conttoUers are : AND and THEN [60,61]. For unplementation 

of the operators, the so called T-Norm is appUed. Some examples of the T-

Norm are: Zadeh T-Norm; Mn(a,b), Lukasiewicz T-Norm 

Max(a+b-1,0), and algebraic ab T-Norm (derived from the probabUity 

theory) [62-64]. 

Although many inference methods and approaches are reported m the 

literature, the most frequently used inference methods are: Mamdani 

(symbolic) type of rales that were implemented in the first applications of 

fiizzy conttol. The consequence of this type of rales are symboUc, ie. conttoUer 

output is large. The Mamdani type of inference produces a fuzzy conttoUer 

output as a result of the fuzzy inference process, which has to be defiizzified to 

obtain a numerical conttoUer output. The other type of fiizzy rales is the 

Sugeno type rale [65] where the consequence of a fiizzy rale is a function 

(usuaUy linear) of the conttoUer inputs. Successfiil use of this type of rales in 

the conttol 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 rale base is ttansformed into a crisp value, realisable by the plant or 

system under conttol. This is done by dividing the output universe of discourse 

into several intersecting areas (membership fimetions). 

A closer look at the influence of this specific part of the fuzzy conttoUer 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 defiizzification methods [64,68-71]. Adaptive or 

adjustable defiizzification 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 appendk^. 

Choosing the wrong defuzzification method can adversely affect the results 

achieved by the inference of fuzzy rales. It appears that applying a specific 

defiizzification method can also affect the characteristics of a fuzzy conttoUer. 

For example, using the Weighted Fuzzy Mean (WFM) method ttansforms a 

Mamdani type conttoUer to a Sugeno type [68,69,74]. Speed and accuracy are 

the most important criteria for vaUdating any defiizzification techtuque 

applied. 

2.2 ADVANCED FLC STRUCTURES 

Recently, the designers of FLCs started using more complicated stractures of FLC to 

enhance and improve the performance of the conttoUers. One of these advanced stractures 

is the adaptive FLC stracture, where some of the conttoUer parameters are altered and 

modified throughout the process. The parameters that can be altered are: 

1) scaling factors for both mputs and outputs of the FLC, 

2) membership functions representing the meaning of linguistic values, 

3) the rales set. 

When adaptation is applied to the scaling factors or the defiiution of the membership 

fimetions, 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 stractures 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 conttoUer has a 

stracture which changes continuously according to the input signal levels. A hierarchal 

stracture can have fast and sttong conttol sttategy imder large performance degrading, and 

a slow and smooth conttol sttategy 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 fmd a well stractured design 

methodology that the designer can follow and stiU 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 (Pl-like) FLC, where the conttoUer design space is coded in 

base-7 strings (chromosomes). Each gene matches one of 7 discrete fiizzy values. Another 

GA based design has been presented [91]. Input and output mapping factors are also used 

m the design [92]. 

The big-bang design, is another style in FLC design and the most popular one. As 

presented m 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 stabUity 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 CeU-State ttansitions. 
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However, the best stabiUty requirement and security is the "performance stability" defmed 

by Mamdani in [6] as the "industrial requirements and the set of rules that enccpsulate 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 conttol: 

1) a class where the FLC is involved in the supervision of the closed loop 

operation, thus completing and extending the conventional conttol 

algorithm, 

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

completely replacing the conventional conttol algorithm [59]. 

Both types of FLCs were implemented in the conttol 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 conttoUer. From this point of view linear 

control can be seen as a subset of fuzzy control. The best known linear conttollers are the 

proportional plus integral plus differential (PID) conttollers. PID-like FLCs were 

implemented and demonsttated a significant performance improvement over conventional 

PID conttollers [98-100]. The conttol signal generated from a PID-like FLC is not an 

optimal average for the whole input space as in the case with conventional PID conttollers, 

but an interpolation between more local optimal averages. 

FLCs were implemented in the conttol process for non-linear systems, such as induction 

generators, aerospace conttollers, target ttacking systems, nuclear reactors, power system 

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

WITH fast growth of fuzzy logic applications in real time conttol 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 inttodueed 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 fiiture growth. Analog CMOS 

fiizzy hardware is presented in [110], fuzzy implementations on PLAs, FPGAs, VHDL and 

VLSI are reported [111-115]. 

Fuzzy logic based applications are often implemented m higher level languages 

downloaded to digital signal processmg (DSP) boards. Implementing a fiizzy logic 

conttoUer in higher level programming language is very usefiil m the prototype stage of 

the conttoUer development cycle. It is very easy to modify and change the conttoUer'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 utUities since the early days of 

power system generation for domestic consumption\ However, as these large networks 

evolved, new problems and considerations for conttol engineers to maintain the 

operational requurements of the system emerged. 

The electrical power system is highly nonlinear m 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 dealmg with the problem of power system conttol. Voltage stability is the abUity 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 synchrorusm between its rotating 

components. Both phenomena are linked in one way or another, which adds more 

complications to the conttol problem. 

Power generation is a mean of energy conversion from mechanical power provided by the 

prime mover mto 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 conttol is seen as the solution for the short term stability problem. It is 

known that large conttol effect can be implemented in a very short time period using small 

amount of conttol action through conttoUing the field of the synchronous generator. The 

excitation system generally consists of an automatic voltage regulator (AVR) and power 

system stabiliser (PSS). 

The first con:q)lete power system was bmlt in 1882 by Thomas Edison. This was a power system consist 
of a generator, cable, fuse meter and loads in the Peari Street station in New York City, USA. 
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Conventional conttol techniques were implemented in the design of the excitation system. 

Linear conttol theory depends on the avaUabiUty of an accurate plant model. This 

dependency made it very hard for a conventional conttoUer to be able to achieve the 

conttol requirements for a power system under variable operational conditions, which 

always occur through the operation time. Sophisticated adaptive conttol 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 conttoUer. Modelling of the power system is a problem by 

itself, as steady-state and ttansient 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 conttollers 

(FLC). 

This chapter starts with a brief discussion about the power system stability and conttol 

objectives. The problem of power system modeling is discussed later. Conventional 

excitation systems are also discussed. FLC applications in power systems in both the 

conttol and non-conttol areas are described. Detailed descriptions of some of the most 

popular FLC stractures used in electric power system conttol are presented. 

3.1 POWER SYSTEM STABILITY COIVTROL 

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, equiUbrium is reached with 

satisfactory power operation conditions of generated power and load angle. 
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The analogy of this equUibrium point can be easUy reaUsed 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 equUibrium 

while stUl in the domam of the stability circle (the shaded area in the figure), then it can be 

claimed that stabUity was regained. Otherwise stability is said to be lost. 

Figure 3.1 power system stability analogy 

In 1920, power system stttbility 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 ttend 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 stabUity 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 remam within these acceptable margins after subjecting the system to 

any type of disturbance. 

Disturbances in the power system network normaUy 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 concemed with the 

relationship between the generated electtical power (P^) and the angular 

positions of the rotors (5) of the synchronous machines in the system. For the 

simple case, with the idealised model this relation is sinusoidal as m 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 electtical torque generated by the synchronous generator 

after any disturbance is a fiinction of two torques, AJ,, the synchronous torque 

component of torque change which is in phase with the perturbation in 5 and 

the damping torque change (A7}j). Stability is achieved by the abUity 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 conttol applications in power system generation are concemed with the 

excitation conttol, which is seen by power engineers as the best form of short term 

generation conttol due to the relatively small time response of the excitation system 

compared to other components of the power system. 

The excitation system is defmed as "the source of field current for the excitation of 

asynchronous machine and includes the excitor, regulator and manual controF [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 conttol 

uiuts. The regulator is seen as a brain of an excitation system. Automatic voltage 

regulators (AVRs) maintain continues sensing on the generation unit terminal voltage (v,) 

and provide the conttol signal to the exciter in order to keep the system performance as 

desired. Power system stabilisers (PSSs) are used as auxiliary conttol units m 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 inttodueed in [133,134]. 

Advanced excitation conttol stractiires based on linear conttol theory have also been 

mttoduced. In [135] Ghandakly presented a model reference adaptive stabiliser. More 

complicated adaptive excitation conttollers involving the use of multi leveled conttol 

stractures are presented in [136-139]. Nonlmear 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 

smgle 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 conttollers rely on sufficient representation 

(modeling) of the plant under conttol. This is why they suffer critical sensitivity when 

operating under varying plant characteristics. This motivated the ttend towards applying 

fiizzy logic techniques to the field of power system generation and conttol. 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 fiizzy logic in power systems has reached new boundaries in the field. It 

did not just replace some of the old linear conttoUers in the conttol loop of the generation 

imit. 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 fiizzy logic in power systems under two main categories: 

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

The superiority of fuzzy logic is clear in the theory abiUty 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 concem of electric power utilities. Forward planning is the best solution 

for optimal resources usage which enables electric companies can deUver the 

service at minimum cost. Load forecastuig 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 fiiture forecast 

of the load demands as in [148-152]. Moreover, future planning and decision 

systems based on fiizzy logic have been used m [153,154]. A revolutionary 

fiizzy logic approach for load dispatch that takes into account enviromnental 

concerns as well as economical ones is presented in [155], another fiizzy 

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 

inttodueed in [157-159] where emergency alert or warning signals are 

produced accordmg 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, conttol and stability enhancement using fiizzy 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 conttollers. The dominant area of FLC 

application (conttol ones) in power systems is in the stability enhancement 

using FLC power system stabilisers (PSSs). Different ttends in stability and 

excitation conttol 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 conttol signals in the excitation conttol 

loop will improve the stability marguis in die power network. Conventional PSS systems, 

with thek 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 stractures used for the PSS design. 

3.5.1 Rule-Based PSS 

In their paper in 1995 [163] El-Metwally and MalUc presented a rale-based 

fiizzy logic power system stabiliser. El-Metwally and Malik used the speed 

deviation (Ao) and the active power deviation (AP )̂ as inputs and the 

stabilising signal (U) as the output in 7x7 two inputs one output rale table. The 

input/output domains classes used in [163] are shovm in figure 3.4. 

Figure 3.4 input/output domain for the rule-based PSS 

The input tuning was represented by two factors (kj and ^2) ^ this PSS where, 

kj =2/(x,^ -^min,)- The designers used a symmetrical rale table, table 3.1, 

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

The two input parameters, ki and ^2, were tuned off-line based on three 

criteria: 

1) the maximum overshoot, a 
?" 

2) a performance mdex, j.^ =^E^, 

3) a performance index, 72 = 2^ ̂ ^^ ^ ̂ ^ > 

where E is the system output error. The indices applied along with the guided 

ttaining algorithm for the tuning process. 

Another rale-based PSS using AQ as first input and Atu (the first derivative of 

Ao) as its second input is presented m [164]. 

3.5.2 Fuzzy logic PSS 

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

between Ao and Atu into six conttol sectors shovm in figure 3.5. 

In this scheme the generator state at time t=kAT, (p(k)) in the phase plane, is 

calculated as p(k) =/Ao, ̂ Ao ̂ >Ao (k-l)/ATJ. 
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The conttol action objective is to move the point p(k) to the origin as soon as 

possible while applying six different conttol rales: 

Rule 1: ifpfk) e sector^thenM(^=G(^f/„^ 

Rule 2: ifp(k) G sector.S then u(k)=G(k)U„i„ 

Rule 3: '\£p(k) e sector Cthen u(k)=G(k)U„i„ 

Rule 4: ifp(k) G sector D then u(k)=g(k)Uj„ 

Rule 5: ifpfk) G sector £ then u(k)=g(k)Uj 
mm 

Rule 6: '\fp(k) G sector i^ then u(k)=g(k)Uj 
mm 

where 

G(k)=D(k)/Dr 

G(k)=l 

D(k)<D, 

D(k)>D, 

D(k)=\p(k)\ = ̂  Asi^ + Am-

Figure 3.5 Hiyama's sectors in the phase plane 
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The gain factor dependence is shown m figure 3.6. 

L<UUUVUMAWW,^\KVVWVUV%VVVVV%^^^KVVCVVVVV».^^A^AA.^nA.-l^^ 

Figure 3.6 gain factor dependence 

This scheme requires the parameter optimisation for Lj, L2 and L3 in the phase 

plane in figure 3.5, Z)̂  m figure 3.6, C/̂ ,„ and t/„^. Hiyama used two discrete 

quadratic performance indices for this purpose, they are: 

M M 

y- =2^SW=Z{SW-Sor 
<r=0 Jlr=0 

M 

j , = ^{t\(^{k)Y 
k=0 

where Ad(t) is the deviation of the phase angle between the generator and the 

infmite busbar. 

This scheme was later modified by Hiyama in [166] and the Ao-Atu phase 

plane became as shown in figure 3.7. In this modification the stabilising signal 

(U(k)) is using the two fimetions (P and N) as in figure 3.8 for its final 

calculation. 

u^,)=G(k)Mm^m^u^ 
^ ^ ^ ^ N(Qik) + P(Q(k)) ° 

where 
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e(Ar) = tan 
_,A^xAw(k) 

A(o(k) 

and Ag is a scaling factor for Aw. 
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Figure 3.8 linear P and JV functions 

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

parameters, A^ D^ and a (shown in figure 3.8). The performance index 
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M 

7 = ^ Ao (k)^ was used in the tuning and optimisation process. An evaluation 

and optimisation of tiiis scheme is presented in references [167-171]. 

3.5.3 Adaptive Fuzzy logic PSS 

Dash et al. [172] proposed an anticipatory fuzzy conttol sttategy for the PSS 

design. In this anticipatory FLC, once the rales have been used and a conttol 

signal was generated the effect of this conttol signal on the plant output is 

anticipated by an anticipatory routine. In case of unsatisfactory results the 

output conttol signal is adjusted. The adjustment of the conttol signal is 

achieved by the use of additional rales or a different rales set other than the 

one originally used. In other words, this FLC stracture requires the storage of 

different rales 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 conttoUer and plant measurements. 

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

The plant output ĵ f̂  shown in figure 3.9 represents Ao. The fuzzy conttoUer 

uses Ao and Am in a two input-one output rale base to derive the change in the 

conttol 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 gg 

and gr are used to normalise Ao and Atu respectively. The authors in [172] 

used e as a reference for g^xAo and ce as a reference for g^xAm. The output 

domain was divided into three classes positive (Op), negative (o„) and zero (o )̂ 

as shown in figure 3.11. 

L shown in figure 3.10 is the maximum Ao range multiplied by g^ or 

maximum Am range multiplied by g^ according to the input domain under 

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

membership functions for the mputs were calculated as 

\igp(e)={L+gge}/2L 

[Lg„(e)={L+gge}/2L 

\Jirp(e)={L+grce}/2L 

\x^(e)={L+g^e}/2L 

Figure 3.9 anticipatory FLC for PSS design 

The output membership fimetions were calculated as 

\iop(dU)= dU/2L 

\Xon(dU)- -dU/2L 

\iJdU)=0 
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Figure 3.10 input classes for the anticipatory FLC 

The anticipatory conttol used implies an additional conttol law of the form "if 

the current conttol signal (u^ will cause the difference between the current and 

anticipated values of Am to be large then a new conttol signal should be 

produced". The new conttol signal C/is calculated as: 

U=uJl-^[i{A m(t+T)- A m(t)}] 

and 

A m ={AGi(t+1)- Aai(t)}/T 

where [xfA m) is the membership function of the predicted Am. The value of P 

varies between 0 and 1. In their work [172], Dash et al. determined P 

according to the performance indexy, wherey" is calculated as 

J=^{tAGifdt 
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Figure 3.11 output classes for the anticipatory FLC 

The unplementation of the anticipatory fuzzy conttoUer necessitates the 

prediction of Ao^wJ+T) 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-T)=f{y(tly(1-T),...,y(t-nT),u(t),...,u(t-nT)} 

where the function/represents a memoryless nonlinear fiinction. A modified 

back propagation NN was used to predict the plant output one-step-ahead. The 

algorithm minimises the mean-square error between the desu-ed output and the 

actual output with respect to summation output. 

Figure 3.9 shows that the output from the fuzzy conttoUer u(t) goes to the NN 

along with the current and past mputs 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 

neiu-al-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 stracture contams many parameters that requke off-line adjustment and 

optimisation, ie. g^, g„ g^ and P in addition to the need of ttained NN models 

to model the power system. More over, the requirement of unlimited rales 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 availabiUty of an endless list of rales 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 sttategy had to be altered aU the time. This is very 

time consuming and the sttategy switching, as long as it is not based on 

performance analysis of the conttoUer and plant, might result ui loss of 

stability. 

Another adaptive scheme was proposed by Hiyama m [173] where he used 

NNs 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 conttol 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 rale-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 conttol signal AXCTTR as the change in the excitation setting. 

The domains of the three variables were normalised between -1 and +1 and a 5x5 rale 

table was used. 

A more sophisticated excitation scheme was proposed by Handschin et al. in [175] where 

three mputs v,, P^ and AP^ were used as inputs to a multi level rale table, this scheme 

applies the so called hierarchical or multi sttategy fiizzy logic conttol concept with three 

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

part, 

2) damping control rules, where Pg and APg are the only 

parameters m the IF part, 

3) compensation part, to compensate part 1 and 2. 

Hiyama m [176] proposed a fuzzy excitation system consisting of a fuzzy AVR and a 

fiizzy PSS. 

3.7 COMMENTS AND COMMITMENTS 

The previously mentioned systems highlighted the fact that FLCs are applicable in the 

power system generation and conttol. However the application of two conttol 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 conttoUer in the conttol loop then you are still 

limited with the linear conttol theory restrictions. It will be a deviation of effort to straggle 

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 fiizzy conttol under the conditions of plant modeling, 

parameters adjustment and settings, as if those schemes are trying to map fiizzy conttol 

into linear conttol, by imposing the same sort of restrictions "headaches" and requirements 

in the design. 

The commitment in this thesis is to provide afuUyfitzzy 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 fiizQ^ logic controller structure. This wUl 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 craise conttol, automobile conttol, robotics and in the 

medical field as mentioned in section 1. It was clear from the early days of FLC 

implementation, that this conttol 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 inttoduce FLCs as the solution for conttoUing 

difficult systems where conventional conttollers failed or could not perform efficiently. 

The failure of conventional conttollers 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 conttol, 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 constract the FLC without an existmg model. The fact is, that a model of the 

plant under consideration is required for the initial design and fme 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 

conttoUer 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 conttoUer 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 settmg of the conttoUer parameters, ie. the mput and 

output ranges, the membership functions and the rales, relies heavily on the designer 

experience. A trial and error procedure based on some nondeterministic information taken 

from a domain expert is followed m most cases. This section inttoduces a novel FLC 
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design algorithm that can further reduce the accuracy resttictions for the plant model. The 

algorithm proposed is adaptive in nature. The algorithm developed throughout this 

research relies on some new concepts in automatic conttol. Some of these concepts were 

derived and elicited from the linear conttol theory based on field and practical 

experiments, refer to chapter 5, section 2 for more detaUs on these concepts. The algorithm 

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

1) the mterface between the FLC and the plant which mvolves mapping of 

input and output uiuverses of discourse, 

2) mput and output ranges tuning, 

3) rale base, 

4) robustness of the conttoUer. 

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 

conttoUer 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 fimetions and 

features. 
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4.1 BRIEF OVERVIEW OF THE PROPOSED Shay 

STRUCTURE 

The algorithm developed m this work is capable of handling both steady-state and ttansient 

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 stracture is shown in 

figure 4.1. 

The figure shows that the Shay stracture consists of main and support fimetions, both 

working in conjunction with each other to improve the performance of the plant under 

conttol. The fiinctionality of both parts is based on some input signals from the plant 

environment as well as intermediate states and signals derived by the stracture throughout 

the operation time. This figure indicates that the input communication channel from the 

plant environment and the conttoUer is connected to both the support and the main 

fimetions, while the output channel is connected to the main fimetions. This is due to the 

fact that the support fimetions section, is a set of operations and procedures that are 

supporting the operation of the main functions in order to enhance the final conttol signal 

generated by the main fimetions. In other words, the Shay main fimetions perform the 

operation of inputting a performance moiutor from the plant environment, processing it 

and then producing a conttol signal that is to be sent back to the plant. The main fimetions 

use some extta supporting decisions from the support functions that clarifies the status of 

the overall conttoUed system. These two main parts are explained m 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 conttol signal (U). Each one of these 

fimetions is responsible for a different task. These fimetions 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 

fimetions. 

2) Shay-PA 

A function that provides the conttol signal with the desired phase and fme 

amplitude tuning. 

3) Shay-Tune 

A function that updates the input and output ranges of the Main-FLC. 
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1 From 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 conttoUer status. The 

support functions use some performance monitors from the plant environment 

and the Main-FLC. These fimetions 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 extta mformation for the main fimetions, 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 fiinction output is used in Shay-PA and Shay-Tune. The relationship 

between these functions and their operations are explained m detail in later chapters of this 

section. 
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5.0 INTRODUCTION 

This chapter explains in detail the logic and processmg involved in Shay support functions. 

These fimetions realise the system under conttol dynamics as well as the FLC stracture 

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. 

Figure 5.1 second order plant 

By inspection of the unit step response shovm in figure 5.2, an observer can fmd 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 is still 

buildmg up towards the desu-ed steady-state condition, 

2) Crossing 1: the system response is crossing the reference line and switching 

the sign from positive to negative (considermg an error signal as Ref-

Output), 

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

towards its maxunum positive overshoot {\i ) , 
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4) After 1st Pj,: the error is decreasmg and the system is going dovm 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 (|i„). 

. lfl.̂ n«lnAsn/4Vvwvw^vvvv^vvv^^AVwuvvwv>nAAnA?w.̂ ;v^%^ 
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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 

envu-onment, ie. the error signal {e(k)). Actually, two successive samples of the 

performance monitor, e(k) and e(k-l), are required to fiiUy represent the plant performance 

for the sake of the sectors processing. The operational sectors are determined by the joint 

effect ofe(k), e(k-l) and Ae(k) which is the difference between e(^)and e(k-l), referred to 

as an acceleration, Ae(k)=e(k)-e(k-l). A similar procedure is followed m [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 conttoUer 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) conttoUer. A reference signal {Ref) is requu-ed. 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 moiutor used in this work {E^ was an error signal calculated as Ei^=Ref-plcmt 

output. 

Two successive samples of the performance moiutor 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 E^, the y-axis E^.i and the z-

axis AEfc. A scalmg factor (5) is used to scale E],.i in this function. This factor is inttodueed 

to give more freedom to the designer in conttoUing 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) Eff'. the performance monitor at time k, 

2) jSEfc-2' the performance monitor at time k-1, 

3) Ef^: the difference between E^^ and ^E^^.i, A£'t=£'̂ -ffi'/t.j 

Figure 5.3 operational sectors, three dimensional view 
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Table 5.1 shows the rales 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 Ek SE^.j AE^ 

1 

2 

3 

4 

5 

6 

+ve 

+ve 

-ve 

-ve 

-ve 

+ve 

+ve 

+ve 

+ve 

-ve 

-ve 

-ve 

+ve 

-ve 

-ve 

+ve 

-ve 

+ve 

Table 5.1 sectors division 

I 

11 

0.5 

1 L 

'jV';, 1 1 

jXi;'.. 1 1 
iiV:::. , | 
'.iiliii'?. 1 1 

• \ 2 ' ' 1 ! 
< V ' ^ i r X 1 

B ̂  1 ^ s ^ ,̂̂ -' '1 — 

time 
10 15 

Figure 5.4 operational sectors from the error signal as performance monitor 
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The operational sector information is stored in a six element vector called set. Each 

element of set 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 set2 set3 sct4 sct5 sct6\ 

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

ME^O and SEk.i>0 and AEfc>0 Then 
sctl=l 

else set 1=0 

If EfP>0 and SEk.i>0 and AEk<0 Then 
sct2=l 

else sct2=0 

1fEk<0 and SEk.j>0 AE,,<0 Then 
sct3=l 

else sct3=0 

VEk<0 and SEk.i<0 and AEk<0 Then 
sct4=l 

else sct4=0 

If E^<0 and SE^.j<0 and AE^O Then 
sct5=I 

else sct5=0 

If Ek>0 and 5Efc.;<0 AEp-O Then 

else sct6=0 

A simplified two dimensional representation of the sectors is shown in figure 5.5. Table 

5.2 gives numerical illusttation of the operational sector function. The definition of the 

operational sector proved to be very helpful at later stages of the Shay processmg 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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Figure 5.5 operational sectors, two dimensional view 

E/f SE,,^j A£,, set Operational Sector 

0.1 

0.03 

-0.1 

-0.3 

-0.02 

0.1 

0.05 

0.2 

0.1 

-0.1 

-0.12 

-0.1 

0.05 

-0.17 

-0.2 

-0.2 

0.1 

0.2 

[10 0 0 0 0] 

[ 0 1 0 0 0 0 ] 

[ 0 0 1 0 0 0 ] 

[ 0 0 0 1 0 0 ] 

[ 0 0 0 0 1 0 ] 

[ 0 0 0 0 0 1 ] 

Sector 1 

Sector 2 

Sector 3 

Sector 4 

Sector 5 

Sector 6 

Table 5.2 numerical examples of operational 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 mput and output ranges of the Main-FLC. New concepts of 

evaluating the stracture 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 

defmed 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 defmition 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 Mam-

FLC ranges require any updating or not, qualitative. The reasoning is performed based on 

some predefmed 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 accordmg 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 ejq)erience 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). 

"*" 

0 

Zr 

\ / 

( ^ B A ^ 

'Key: 

Zr =^ Zero 
S => Small 
M=> Mediimi 
B ^ B i g 
L => Large 

0 0.25 
lower limit 

0.5 0.75 1 
upper limit 

boundaries of domain 

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 ciurent range of the FLC falls 

either in category 1 if it was always in the Zr class or category 2 if it was m 

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. 
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Three modes of operation are defmed in this section, they are relatively 

measured based on the mitial assumptions implemented when designing a 

FLC, these modes are: 

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

class(s), class Zr in figure 5.6, 

2) Over Operation: When the operation is centted in the upper boundary 

class(s), class L m figure 5.6, 

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

class(s), ie. operation in classes S,MoxB\n figure 5.6. 

Consider the domain in figure 5.6 as an input domain. If this domain was 

normalised to the range 0 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 fiizzification 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 mput 

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 gam factor. The same 

tteattnent 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 ifz) is requked when 

evaluating the current input range while the result of the rale evaluation {rl) 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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5.2.2 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 m the domain. Thus the labels 

are used for description while the numbers are used for the implementation and 

processing. The numbering is m order, from left to right. So the domam shown 

in figure 5.6 is being assigned the numbers as in figure 5.7. 

_ ™ ™ 

1 ^ 

il 

1 0 

1= 

\ 

Zr y 
0/ 

D 

^.WT.^K.-^.".....K%^'VV^%^.-W^^..-Vi 

s y 
® A 

\ / 
0.25 

M \ 

© / 

0.5 

>MnjWWMfW«IIUWH«W««««SI 

^ \ 
I ® / 

0.75 

" - — I 

1 L 
\ ® 

i 

;i 
S: 

1 
li 

Figure 5.7 numbered fuzzy domain 

The fiizzification stage for n number of input classes will result in an nxi fz 

mattix, with each row (/),of fz representing the fuzzification information 

regarding class i,fz has the following syntax: 

fi = 

h 

F, 

fn 

Ff \if Sf 
Jn-l "̂  Jn-1 Jn-1 

^f. v„ 

where 

Ff. : is an mdicator that will have a value of 1 if the crisp input belongs 

to class /, or 0 if it does not. 
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|Liy.: is the degree of membership of the crisp input to the class /. 

Sf.: the side of the fired class / which is the location of the crisp input 

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

method. 

The same syntax is used to represent the fired output classes from the rale 

evaluation stage. An n number of output classes will result in an wx5 rl matrix 

having the format shown below 

rl = 

iV \ir ^r 

F^ \x^ S^ 

^ .̂ ^̂ .. s._, 
^r 

where 

iV. is an indicator that takes a value of 1 or 0 to show that output class / 

was fired or not. 

|Lî .: is the degree of membership of the output to the class /. 

Sr.: the side of the fired output class /, with respect to the COG of output 

class /. 

A rale-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 rale-based fiizzy logic blocks operating in parallel, one is concemed 

with the mput 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. 



Chapter 5: Shay Support Functions Page 60 

Two successive samples of^ are required to map the input domain to the three 

modes, fij^, fz at time k, is used to define three temporary input mode 

indicators, IJJ^ IJ^k and IJD^ where 

I_Uk= [if , input under operation mode at time k. 

I_Njf=max{ \if_^ ,...,]Xf^ ) , input normal operation mode at time k. 

I Oy= u f , input over operation mode at time k. 
• ' I 

fik-h fa at time k-1, is used to defme three temporary input mode indicators, 

tJJk-h t_Nk-i and/ 0;t.; where 

IJJk-i"^ 11/, , mput under operation mode at time k-1. 

IJ^k-i =rnax{ [i^^ ,..., p, ̂ ^ ), input normal operation mode at time k-1. 

I_Ok-i~ \if •> 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 Xi represents the upper limit of the lower class of the FLC, this is 

class Zr in figure 5.7. x̂  represents the lower limit of the upper class, this is 
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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 oi fa^^ wA fa^.i are processed m a two mput smgle 

output rale-based fiizzy block to derive the final indication of the input 

operational status. The output of this step is a three element vector called 10S 

(input operational status), 

IOS=[I_Rj I_R2 IJtj] 

where 

I Rl => input under operation mode. 

I R2 => input normal operation mode. 

I R3 => 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. 

IV.vw».w«.w*.v*.wv 

Figure 5.9 input operational modes 

A 5x3 rale table is requked to derive the fmal lOS. A very conservative rale 

base (a rale base that unplements a sttategy which prevents applying large 

changes) was used m this work. This rale base is shown m table 5.3. 
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fik-l 

Li'u-1 

Uh-i 

fZk 

I_U, 

LRi 

LRz 

1_R2 

I_N, 

LRi 

LR2 

LR2 

LOu 1 

LR2 

I_R2 

I_Rs 

Table 5.3 rule base to derive IDS 

The min operator is used in the rale evaluation and IRj, I_R2 and IRj are 

assigned the min sttength of the set of rales that fires each of them. ie. 

I Rj=min{I Ui,.j,I Uf,), 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 maimer, where O U^, O Nj^ and 

O Oj( are calculated from r^ as: 

O Uk= \ir , output under operation mode at time k. 

0_Nj^=max{ |î ^ ,..., \x^^^ ) , output normal operation mode at time k. 

0 0,^= |i^ , output over operation mode at time k. 

rlf^.j is mapped into OU^.j, OJSfk-i and OO^.i as 

OUf^.i = ]i^ , output under operation mode at time k-1. 
'i»-i 

O Nk.2 =max{ [i^ ,...,\x^ ) , output normal operation mode at time k-1. 
' • 2 » - l ' ' " ' ^ ' ' - l » _ , 

O Ok.j = |i^ , output over operation mode at time k-1. 
'-ft-i 

These two mapped values are processed in a two mput single output rale-based 

fuzzy block to derive the fmal 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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OOS=fO_Rj 0_R2 OJtj] 

where 

O Rl => output under operation mode. 

0_R2 => output normal operation mode. 

O R3 => output over operation mode. 

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

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

rlk-l 

(LVu., 

0 i^k-i 

0 Ok I 

rlk 

0 V,. 0 N... 0 0, 1 

O^Rj 

0_R2 

0_R2 

0_R2 

0^R2 

0_R2 

O^Ri 

0_R2 

0_Rs 

Table 5.4 rule base to derive OOS 

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 0 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 fiizzy domain shown in figure 5.10 which ranges 

from -1 to 1. 

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

only difference is in determining the temporary modes indicators. 
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Figure 5.10 fuzzy domain of the range -1 to 1 

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

calculated as in equation 5.1. 

I_Uk= ^ fn 

I_Nk=max{[if ,[x.) 

I Oj,= max{\Xf ,\Xf ) 
I t " Jh 

(5.1) 

fzj^.i is used to defme three temporary input mode indicators, IJJk.j, IJ^k-i and 

I_Ok.i as shown in equation (5.2), 

I_Nk.i=max{)Xf^^^,\if^^J 

I_Ok-i^rnax{\if^^,\Xf^^) 

(5.2) 

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 Illustrative Example 

Consider the FLC shown in figure 5.11 which represents an air flow conttoUer 

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

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 mcrease or decrease the air 

pressure. 

Key. 

Large Low 

Small Low 

Normal 

SmaUHigh 

Large High 

Reverse Fast 

Reverse Slow 

Zero 

Forward Slow 

Forward Fast 

.v^vvA7kvvbv^vukvuuK^bMMMn«vu^KvvunA«»»A,%;vvv>.vv%nA.xvL%vv^rvvwAn»%^nn^ 

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), Ej^ 

belongs to the input class LL with \iu^=0.8. If the reading was 3.2 volt at time 

k-1 (point Ej^.j in figure 5.11), Ej^.^ belongs to the input classes SH and Z ^ with 

\x.SH^0.167 and \x.ijj=0.367. Equations (5.3) and (5.4) show^^ and fo^.j for 

these two samples. 



Chapter 5: Shay Support Functions Page 66 

fak = 

1 

0 

0 

0 

0 

0.8 

0 

0 

0 

0 

X 

X 

X 

X 

X 

(5.3) 

and 

fak-\ = 

0 

0 

0 

1 

1 

0. 

0 

0 

0.367 

0.167 

X 

X 

X 

X 

X 

(5.4) 

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_N,^=max{\Xf ,\Xf )=max{0,0)=0 

I_Oi^= max{\if ,\Xf )=max{0.S,0)=0.8 

and 

TUk.i=\if,^_^=o 

I_Nf^.j=max{[if ,|iy^ )=max{0,0.367)=0.367 

lOj^.j = max{ [ij- , |i^ )=max{0,0.167)=0.167 

thus applying table 5.3 for the input operational status yields 

I Rl = min{I UkI_Uk.i)=min{0,0)=0 
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I_R2=max{min{IJJk,I_Nk.i), min{I_Uk,I_Ok-j), min{I_N,^I U^.j), 

min{I_Nk,I_Nk-il inin{I_Nk,I_Ok-i\ fnin{I_OK,I_Uk.j), 

min{IJ)^I_N,.j)) 

= 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_R3=min{I-OkI_Ok.i)=min{0.8,0.167)=0.167 

IOS=[0 0.367 0.167] 

Applying the SISO rale base shown m figure 5.11 gives r4 as 

rh 

1 

0 

0 

0 

0 

0.8 

0 

0 

0 

0 

X 

X 

X 

X 

X 

and 

h-\ -

OJJk-

0 

0 

0 

1 

1 

-^% 

0 

0 

0 

0.367 

0.167 

=0 

X 

X 

X 

X 

X 

O Nk=max{ \i,^^, \i^^^ )=max{0,0)=0 

O Ok=max{\i^ ,|i,^ )=max{0.%,0)=0.8 

and 
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O_U,.j=^,^^=0 

0_Nk-i=inax{\i^ ,\i^ )=max{0,0.367)=0.367 
%-l ' '^''4»-

O Ok.i=max{\i^^ ,\i^^ )=max{0,0.167)=0.167 

using table 5.4 to derive OOS results in 

0_Ri = min{0_Uk O_Uk.j)=min{0,0)=0 

0_R2=max{min{0 UkO_Nk-i), min{0_UhO O^.j), min{0_NkO_Uk.i). 

min{0_N^O_Nk.j), min{OJf^O_0,.j), min{0_OkO_U,.j), 

min{0_0^0_N,.j)) 

=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 

0_R3=min{0_0kO O,,.j)=min{0.8,0.167)=0.167 

^OOS=[0 0.367 0.167] 



6.0 Introduction 

6.1 General Overview 

6.2 Main-FLC 
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6.0 INTRODUCTION 

This chapter and the following two chapters explain in detail the operation as weU as the 

logic implemented in the Shay main functions. Processing in Shay stracture is performed 

via a joint effort of the main functions, that are operating in a network of fuzzy nodes. Plus 

the support fimetions which supply the main functions with more processed data regarding 

the Main-FLC and the plant under conttol states. 

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

Imks used m it, then the Main-FLC (the first of Shay main functions) is mttoduced. 

6.1 GENERAL OVERVIEW 

A general layout of the Shay stracture is shown in figure 6.1. The figure shows both the 

main and the support fiinctions as well as the communication channels between Shay and 

the plant and the internal communication within Shay itself. 

1. 

to plant 

main functions 

fiomplant 

xvvvv•cvvv.xvvv\\v^^vvvvvvVln:vvvVl^AV\^A•\w^ 

Figure 6.1 Shay general layout 
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Shay receives one mput from the plant, Ej^. E^ is then normaUsed by the input gain G,„. The 

normalised Ej^ is the input to the Main-FLC which in turn produces Uj^„. The output gain. 

Gout is used to normalise U,^„. Note that in the following parts of the thesis, the 

normalised E^ is referred to by Ei^ and the unnormalised E/i is referred to by E,^. 

The operational sector uses two successive samples of £jt and produces the vector set that 

describes the operational sector. Shay-PA uses set, E/^ and Ej^.j to produce the enhancement 

signal UpA-

The operational status support fimction uses^^^^^t.;, r4 and rlj^.^ (two successive samples 

of the fiizzy input and output of the Main-FLC respectively) and produces the vectors lOS 

and OOS describing the operational status of the Main-FLC from input and output 

perspective. 

Shay-Tune uses four inputs, the set vector from the operational sector support fimction, 

lOS and OOS from the operational status support fimction and Ej^ in order to produce the 

two updatmg signals for the input and output gains, G;„ and Go„,. These updating signals 

are Ui„ and Uout- The fmal conttol signal, U, is produced at the last product node in the 

form, 

Figure 6.1 shows that the gain factors: {A) is used to scale E^.j in Shay-PA, and (.Ŝ  is used 

to scale Ej^.i 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 stracture, where aU other main and support functions 

are operating based on its operational characteristics. This SISO is effecting the fmal 

conttol signal directiy and indkectly. The du-ect 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. 

VaelOSand OOiS" 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 

tune by the other two main fiinctions: 

1) Shay-Tune, which wiU contmuously 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 fiinction. 

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 conttol 

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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7.0 INTRODUCTION 

Shay-PA performs the differential conttoUer action, it is concemed with the dynamics of 

the plant under conttol. Shay-PA operates in conjunction with the operational sector 

support fimction m order to produce the conttol signal Up^ that has two objectives: 

1) to provide Uj^„ with the required phase, 

2) to fme tune the amplitude of Uj^„ in accordance to the current dynamics of 

the plant under conttol. 

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, Ej^ and Ej^.j, this concept is called the 

operational angle concq)t. 

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 conttol. This 

measurement is used to enhance the adaptive fine tuning conttol signal. The 

plant dynamics are captured in a parameter called the operational angle {Qopr)-

The operational angle is defined as: the angle between two successive samples 

of the performance monitor, E^ and the scaled E^.! (AE^J, with E^ 

represents the horizontal axis andAE^.j the vertical axis. Q^p^ is calculated at 



Chapter 7: Shay Phase andAmpUtude Tuner (Shay-PA) Page 76 

time ^ in the form of: ^opr^^ tan' (AÊ ._̂  jE^) and presented graphically as 

shown in figure 7.1. 

VWVVVVrtlVllVWVVVWVWVVVVVliVVVVVVVrtVV\VVVVVVWVVVli'VVVVVVW^^ 
'wvvvwvvv>rtivvvvvwvvvvinn«wvvvvvvvvwvvv«>ivvwvi«^^ 

current operational point 

operational angle 

WA*.»JiA*AAA*J 

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 conttoUer. The differential conttoUer 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 

ttansient state of the plant. Ĝ p̂  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 ttansient states. Moreover, the analogy becomes clear if 

one considers the procedure of producing Ĝ p̂  which is performed by 

processing two successive samples of the input. The only difference is that the 

differential conttoUer relies on the sampling time to perform the 

differentiation, and ^opr does not require this. To realise a differential 

conttoUer based on the operational angle concept, one has to set the sampling 

time according to the required time and set the A 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. 
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7.2 Shay-PA UTILISATION OF THE OPERATIONAL 

ANGLE 

Shay-PA utilises ^opr in the derivation of CTp̂  with the use of two nonlinear Gausian 

fiinctions P and N shown in figure 7.2. The x-axis used in the figure is ^^pr and the angle in 

the X-axis where P=N is called the switchmg angle 9^. The two fimetions P and Â  are 

mathematically represented as m equations (7.1) and (7.2). The two boimdary angles, 

Qopr_min and Qopr_max> arc the angles that limit the operational angle range used. This is to be 

clarified m later sections of this chapter. 

Figure 7.2 two Guassian functions, P and N 

P = 

0 
1 

1-2 
^<rr-^<1}r_mii~'^sK 

, 2(6^^-6^ „^| ^ 

Q<»»r+Q<¥r_min~2Qj|. 

, ^(^sw-^<fr_mn) , 

0 <0 
opr opr_mm 

ft =9 
opr opr_min 

0 <0 <0 
o p r m i n opr — sw 

0 <0 <(20 - 0 ) 
sw opr \ sw opr mm J 

(7.1) 

and 
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0 

N = \ 

^ opr <\psw ~^opr_m^) 

2 

9<»jr+6<^_nlK-2e„ 

1. 2(e^_,„-e„) j 

1-2 

9 <j»+9 ij» _ i i » - 2 6 „ 

> 2(e^_„„-ej„j ) 

1 

0 

(20^-0^_o^)<e 
2 

0 <0 <0 
sw opr opr_raax 

0 =0 
opr oprinax 

0 >0 
opr opr_max 

(7.2) 

Equations (7.1) and (7.2) show that P and N are dependent on Qopr and 0^. Knowing that 

Qopr is dependent on the plant dynamics, and there is no on-line conttol on its value makes 

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

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

Qopr in order to derive CTp̂  as a combination of P-N or N-P. 

To illusttate the effect of 0^ on the P-N combmations, consider the example shown in 

figure 7.3 where Q^pr is 50° m (a) 0̂ ^ was 25° and P-N equals -0.84, m (b) 0^ was 45° and 

P-TV b̂ecame -0.21, notice that in (c) when 0^ moved to the right of Q^pr, P-JV became 0.72. 

This example shows clearly that the allocation of 0^ can effect the amplitude and the sign 

of the resultant combination of P and N. 
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Figure 7.3 effect of different 0^ on P and N 
(a) 9^=22.5° e„^,=50° 
(b) e^=45°, Qopr=S(r' 
(c) 9^=67.5°, 9op,=50° 

50° 67.f 90 I 
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The allocation of 0^ in Shay-PA is achieved via fiizzy processmg. The methodology 

implemented in the allocation utilises both the operational sector and the operational angle 

concepts. This procedure is explained in the foUowing 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 conttol. The goal is to 

provide the tuning signal CTp̂  that enhances the plant operation under ttansient and steady-

state conditions. The solution is to utilise both the operational sector vector {set) 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 dunensional plane. The 

sectors are defmed in a Boolean manner with clear angles limiting their angular boundaries 

as shown in figure 7.4. 

MU*XXWhUI| 

AEi,_i 

• > ^ ^ 

.^^^MA^«A^«*s«***A^»AW.^A^^*«A^«A^^^^^^»AA«JlAJ^AJ^AV^A^*A«^^ 

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 Qopr_min ^^nd 

0 oprjnax defmed according to table 7.1 for each sector. A different rule table is used for 

each sector to derive 0^. An example is shown in figure 7.5 which represents different 

allocations of 0^ m sector 1. Notice that Qopr_min and Qopr_mwc are set to 0 and 45 degrees 

respectively for sector 1. 

sector 

1 

„2 J 

3 

4 

5 

6 

" oprmiii 

0° 

45° 

90° 

180° 

225° 

270° 

6 
oprnuix 
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90° 

180° 

225° 

270° 

360° 

Table 7.1 range of 0^^ for each sector 
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Figure 7.5 different allocations of 9^ in sector 1 

Shay-PA can been seen as a hierarchy of fiizzy nodes where set parameters are used as the 

Enable signal of the fuzzy node, according to the current operational sector (see section 

7.5). 
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7.4 CALCULATION OF THE SWITCHING ANGLE 

The derivation of 0^ in Shay-PA is performed by fiizzy processing of two inputs in every 

sector. The inputs to the fuzzy mle base are 0^ and \E,\. \Ej\ 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 processmg of Q^pr^ ie. if the performance 

monitor used was the error signal, Qopr will be 63.43°, if Eĵ .̂  was 10 and Ej^ was 5, and it 

will have the same value \£Ej^.i was 10' and E^ was 5''*, with A=l. 

This section describes the fiizzy nodes (rule-tables) m detail with considerations applied 

for constructing the nodes for each sector. The description provided next, assumes an error 

signal as a performance monitor {E^, where E^=Ref-plant output. Ref=l andA=l. 

7.4.1 Sector 1 

The operational point will be in this sector if both£';t and Ej^.j were greater than 

the desked steady-state. An important characteristic of the operation m 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 AE^. 

Figure 7.6 shows the unit step response for this sector. 

?.«, •>*VVV«V\VkVVV\VkVVVV*NVVkV\>>i%VVVk%%V\'*V>rtrWVV*VVV\VVVWV\VVVVVS^^ 

Figure 7.6 operation in sector 1 
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The control objective in this sector is devoted towards preventing extta 

building up of the system acceleration towards an overshoot in Ej^. Up^ is 

calculated as P-N combination in this sector with 0^ tending to be greater or 

equal to Q^p^. The FLC used m sector 1 to derive 0^ is shown in figure 7.7. 

The figure shows that the range of 0^ ( the output universe of discourse) is 

from 0° to 56.25° while 0op̂  ranges from 0° to 45°. This is done to ensiu-e the 

possibUity of having 0^ greater or equal to 0op. for all conditions. Figiu-e 7.8 

shows the conttol surface of sector 1 FLC. Note that this is a unidirectional 

(the rules are in one direction, acceleration) FLC and that Upj^ is dkectly 

proportional to [£̂ 1 and inversely proportional to Qopr- This mverse 

proportionality is there, because AEj, will have lower values at the upper 

boundaries of 0op̂  in sector 1, which indicates that the plant speed towards 

increasing the error is very low and vice versa. 
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Figure 7.7 FLC used for sector 1 
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7.4.2 Sector 2 

0,5 

Figure 7.8 control surface for sector 1 FLC 

II 

5! 

Jl 

The operating point will be in this sector if both Ej^ and E^-.i 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 

.SW^.N%.W.'VN%%%%S%VAN".'."i"iSV.'.N«."kV.SNSS%N«.ViV.>.'^V.VS.W^V.VlAiVW J 

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 conttol objective in this 

sector, is to secure the safe arrival of the operating point to the desired steady-

state with tiie least possible acceleration. This reduces the chance of greater 

overshoot m the next stage. It is achieved by an acceleration and a deceleration 

conttol action unplemented by the FLC shown in figure 7.10. The black 

background boxes are the breaking (deceleration) rules. 

Upji is calculated as P-N'm this sector. The allocation of 0^ in this sector reUes 

heavily on the value of Qopr which ranges from 45° to 90°. The lower boundary 

of Qopr represents the low acceleration area. This is where the plant acceleration 

has a minor influence on fiiture states of the plant. However, the upper 

boundaries of Qgpr 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 

breakmg mles were implemented at high angles with lower \E^\ values. The 

conttol surface of sector 2 FLC is shown m figure 7.11. The figure shows the 

mverse proportionality between Up^ and Qopr and the direct proportionality 

between Upj^ 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 E^ as the error, sector 3 

occurs when Ei^ is positive and Ek.j is negative as indicated in figure 7.12. 

The conttol 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 conttol surface of sector 3 FLC, figure 

7.14, shows that Upj^ is directiy proportional to Qopr and \EjJ{. 
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Figure 7.10 FLC used for sector 2 
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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 E^^ and Ef^.j are lower than the 

desired steady-state. An important characteristic of the operation in this sector 

is that the plant wiU 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. 
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Figure 7.15 operation in sector 4 
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The conttol objective m this sector is to reduce the system speed towards extra 

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

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

figure 7.17, shows that Up^ is directly proportional to both Qopr and |£fe|. Note 

the similarities between the characteristics of sector 1 and 4. 

Figure 7.16 FLC used for sector 4 

7.4.5 Sector 5 

The operational point will be in this sector if both Ejf^ and E^^.j 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 7.17 control surface for sector 4 FLC 

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 conttol 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 m figure 7.19. 
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The signal Up^ is calculated using N-P. The figure shows that both accelerating 

and decelerating conttol actions are performed in this sector. The deceleration 

rules are identified by the black background in the rules cells. Figure 7.20 

shows the conttol surface of the FLC of sector 5 as an inverse unage of that of 

sector 2. f/p̂  is directly proportional to \E]\ and inversely proportional to Qopr-

Figure 7.19 FLC used for sector 5 

7.4.6 Sector 6 

This is a switching mode sector, where Ej^ is becoming greater than the desired 

steady-state, Ej^ is negative andE'̂ .j is positive, as shown in figure 7.21. 

The conttol 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 conttol surface of sector 6 FLC, shown in 

figure 7.23, shows that fTp̂  is directly proportional to 0op;.and \Ej\. 
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Figure 7.20 control surface for sector 5 FLC 

Figure 7.21 operation in sector 6 
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Figure 7.22 FLC used for sector 6 
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Figure 7.23 control surface for sector 6 FLC 
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7.5 DERIVATION OF Up^ 

The block diagram in figure 7.24 explains in fiill 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 Upj^ „• where / 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. 

sctl 

sctZ 
sct3 
sct4 

sct5 
sct6 

Enable sector 1 

m 

Enable 

im\-/i 
sector2 

l^tl. 

Enable 

\cmA 
sectors 

l̂ tl 
^cmi\ 

sector 4 

m 
J ^ ^ 

Enable 

^pccxi 
sectors 

\Ei\ 

Enable 

-KXXXl 

inxoi 
sector 6 

U, 

C/p 

U, 

U, 

u. 

Key.Up, „: Up^ out of sector i,ifscti=0 then Up^ ,^=0, i&{l,2,3,4,5,6} 

5 V««>»KXVVVKVDO«OCa.-OOCO.V«nCVVO.>7CVVVVVKV<V<^^ 

Figure 7.24 general procedures in Shay-PA 
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The procedure to generate C/p̂  starts with determining the vector set and the operational 

angle Qopr- Both variables are generated from Ej^ and AEf^.j. The active sector (having the 

corresponding bit in sec to be 1) enables the FLC for that sector, which in turn produces 

0^ usmg Qopr and \E^. Then the same set bit will enable the P-iV^block, so the signal C/p̂  j,-

is calculated. Note that in figure 7.24, the last summation point is there to show the 

modellmg of Shay-PA m 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 Gin and Gout- 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 is acting as the 

fiizzy reference for the Shay structure. This is to be clarified in this chapter. 

A learning period called L is required by Shay-Time to produce the necessary updates for 

Gin a^d Gout- The period L is selected by the designer prior to the system running. The 

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

represented by the set vector and E^. (the non normalised performance monitor). The 

Main-FLC operational status is represented by lOS 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 set and E^ 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 sttategy 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 5 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 ttansient mode 

as the plant state is moving between mode 1 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 SFLGi, i&{l,2,3,4,5,6}, is assigned for every sector, where SFLGi 

is the flag of sector i. The values of these flags are updated during the L period 

m tiie form 

M-\ 

SFLG, = Yj^ct\i]{k) 
k=0 

where A/is the total number of samples coUected during L period and k is the 

current sample. 

After every L period, the sttength of mode 1 {mdl) is calculated as 

^, SFLG, + SFLG., 
mdl = 

M 

and the sttength of mode 2 {md2) is calculated as 
^^ SFLG, + SFLG, 

ma2 = ^ 
M 

It should be noted here that mdl and md2 range from 0 to 1. The logic 

implemented in this fimction unplies that the sttength of mode 3 {md3) is 1-
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imdl+md2) or md3={mdl+md2y. More over mdl+md2+md3=l and this 

stands for all cases. 

In order to give the designer more freedom and conttol 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 detaUs on the optimisation of T and its effect on 

overaU Shay performance refer to chapter 9. 

The procedure to determine the operational mode starts with comparing mdl to 

md2. The largest is then compared to T. 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 T as well. Otherwise the mode chosen will be mode 3. 

Figure 8.1 shows the decision ttee 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 Ef^ levels is used. Figure 8.2 shows these levels 

in the three classes labelled e\, el and e'3, where the x-axis is E^^. The levels 

are assigned fuzzy values according to the value of Ei^ . 

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^ range. Changes to these values can cause minor 

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

value of e, equals 

M-\ 

Z^^^c^o 
e, 

k=0 

M 

where, ie{l,2,3} and |i-stands for the degree of membership of E,^ to the rth 

class. 

Initialize L 

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

It {md1>md2) and (md1>T) 
Then SET mode 1 

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

Else 
SET mode 3 

1̂ 

VWWWVVWVWtlW 

Figure 8.1 the decision tree to select the operational modes 
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Figure 8.2 E^ levels 

8.2 MAIN-FLC PERFORMANCE CONSIDERATION 

EV TUNING 

The Main-FLC status is considered in the updating process of G,„ and Go„,. The input and 

output operational status vectors, lOS and OOS respectively, are being collected during the 

L period. An average of lOS and OOS {lOSa^ ^^^ OOS J) is produced at the end of every 

learning time L, where 

IOS^={I_R, I_R,^ I_R,] 

M-l 

E -̂̂ w 
I_R, k=0 

M 
, /e {1,2,3} 

and 

OOS^ = [0_R,^ 0_R^^ 0_R^^] 

M-\ 

0_Ri = 
J,0__R,{k) 
k=0 

M 
,i^ {1,2,3} 

Both lOSgy and OOSav are processed in a two input rule base. A fuzzy representation of the 

Main-FLC status is derived. This fiizzy process combines both lOSg^ and OOS^y,- The rule 

base used for this piupose is shown in table 8.1. 
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oos^ 
0 R. 

0 Rj 

0 R-i 

1 lOS^ 

r-^lj|^-^2j|/_^3j 
Rii 

R]2 

Rj3 

R2I 

R22 

R23 

R31 

R32 

R33 

Best 

gs-BSs;?;! 

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

The min operator is used to generate the tmth values of all R^^ in table 8.1 in the form, 

R^^rnm{I_R,^,0_R^J. 

Note that the convention used m labelling the R^ refers x to IOSi„ and y to OOS„y, 

ie. x=2::> I0S^[2] => I_R^^ andy=3 => 00SJ3] => 0_R^^ ^R23. 

The Rx^ are of cmcial importance in drawing the updating sttategy implemented m 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 fmal parameters produced after each L tune are: 1) 

the operational modes, 2) e,. s and 3) R^. 

The operational modes are used to switch the updatmg sttategy in a Boolean logic, creating 

three virtual levels of processing. In practice two levels are used as modes 1 and 2 are 

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

for mode 2. The e, s and R^^ are used in every level in order to generate three updating 

parameters. Fix, Dec and Inc where: 

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

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

Both the uiput and output domains are considered in the updating process in every mode. 

Two parallel processes are unplemented m every mode. This paraUel processmg results in 

Fixin, Decin and Incin for the input domain and FixOut, Dec Out and IncOut for 

the output domain. 

The Cj s and the R^^ are utilised in a 9x3 mle base that results in all updating situation 

matrix as shown in table 8.2. 

H î H H ^ 2 H H ^ 3 • 
Fiu 

P'21,1 

^31,1 

Fl2,l 

P22.I 

P32,l 

F13.I 

^23,1 

•.•.•.•.••.•.••.••.•MjJii.i<::y.>V-

Fn,i 

^21,2 

P3U 

Fn,2 

^22,2 

^32,2 

fi3a 

^23.2 

mmMiMfmiff: 

Flu 

^21^ 

P3U 

fl2J 

^22,3 

^32,3 

Pl3,3 

t^23J 

::::::W::::ik*S*:::::::xS< 

Table 8.2 manipulating thee,, s and the R^yS 

The truth value of any F^^ ^ table 8.2 is calculated as F^^=min(Rjn>, e.) 

The F^^ can be labelled either Fix, Inc, or Dec according to the updating sttategy used 

for the particular domain. 
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8.4 UPDATING STRATEGIES FOR INPUT AND 

OUTPUT RANGES 

The updating sttategies used in Shay-Tune are based on the assumption that the ideal and 

desired R^y state is Rjj. The updating effort is du-ected towards bringing the system to this 

origin state. 

Multilevel sttategies are used for updating. This is done to ensure a smooth ttansition 

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 sttategy 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 sttategy shown in figure 

8.3 for the input domain m mode 1 and mode 2. According to the table the 

FixIn, Dec In and Incjn are calculated as 

FiX_In=max(F 11 i,Fi2j,F22,i,F23,i,F2i^2,F31,2,F32,2,F 13j,F33 2,F21,3,F31,3,^22,3, 

P32,3,F 13.3,1^33,3) 
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InC_In=max(Fi3j,Fiij,Fi2j,F22,2,F23,2,Fll,3,Fi2,3,F23.3) 

Dec_In=max(F2ii,F3ii,F32i,F33i) 

1 l^lfJ^H^iJ^HfiJ 
Fix 

Dec 

Dec 

Fix 

Fix 

Dec 

Inc 

Fix 

Dec 

Inc 

Fix 

Fix 

Inc 

Inc 

Fix 

Fix 

Inc 

Fix 

Inc 

Fix 

Fix 

Inc 

Fix 

Fix 

Fix 

Inc 

Fix 

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 multidunensional representation in figure 8.4. 

>vvwvvvwvvvv«>iv«viwvviniwvvvvvvwvvvv«vvvvvvvtnMvv«vvvvvvv<n^ 

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 mles implement the updating sttategy shown in figtu^e 8.4. 

1 H î HH^2 HH^3 H 
Fix 

Fix 

Fix 

Dec 

Dec 

Fix 

Dec 

Dec 

Fix 

Fix 

Inc 

Inc 

Fix 

Fix 

Inc 

Inc 

Fix 

Inc 

Fix 

Inc 

Inc 1 
• 1 

Inc 

Inc 

Inc 

Inc 1 
^ 

Fix 
38 

Inc 

Table 8.4 output domain updating in modes 1 and 2 

Accordingly the fix-out, DecOut and IncOut are calculated as 

Fix_Out=max(Fiii,F2ii,F3ii,F32i,F33i,Fii2,Fi2 2, F23,2,Fii.3,F 12.3,^23.3, 

F22.2) 

InC_Out^max(F2ij,F3i2,F32_2,Fl3,2,F33,2,F31,3.F22.3,F32,3,Fl3.3,F33,3,F21,3) 

Dec_Out=max(Fi2i,F22,i,Fi3i,F23i) 

The output updating sttategy 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 ttansition state between 

sectors 3 and 6. A very conservative updating sttategy is used in this mode. 

The updatmg sttategy is shown in figure 8.6. 
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AAWWVIAIVWWAW 

Figure 8.5 output updating in modes 1 and 2 

Figure 8.6 updating strategy in mode 3 

8.4.2.1 Input domain 

The updating sttategy of mode 3 is unplemented in table 8.5 for the input 

domain. 

The values of FixIn, DecIn and Inc In are calculated as shown below 

FixJn-max(Fiii,Fi2j,F22,l,F23,l,F33,l,Fll,2,F21,2,Fl2,2,F22,2,Fi3,2,F23,2,Fn,3, 

F21,3,Fl2,3,Fl3,3) 
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DecJn=max(F2ij,F3ii,F32j,Fi3i,F3i2,F32j,F33 2,F3i3,F22,3,F32,3,F23,3,F33,3) 

Inc ln=0 

H^iH 
Fix 

Dec 

Dec 

Fix 

Fix 

Dec 

Dec 

Fix 

Fix 

1^2! 
Fix 

Fix 

Dec 

Fix 

Fix 

Dec 

Fix 

Fix 

Dec 

H^sH 
Fix 

Fix 

Dec ^m 

Fix 

Dec 

Dec m 

Fix 

Dec m 

Dec % 

Table 8.5 input domain updating in mode 3 

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

representation of figure 8.7. 

Figure 8.7 input updating in mode 3 



Chapter 8: Shay Input and Output Range Tuner (Shay-Tune) Page 108 

8.4.2.2 Output domain 

The updating sttategy of mode 3 is implemented m table 8.6 for the output 

domain. 

^ ^ ^ ^ • J S J ^ ^ ^ H 

H^iHHfiHHfiH 
Fix 

Fix 

Fix 

Dec 

Dec 

Dec 

Dec 

Dec 

^ ^ 

Dec 

Dec 

Dec 

Dec 

Dec 

Dec 

Dec 

Dec 

Dec 

Dec 

Dec 

Dec 

Dec 

Dec 

Dec 

Dec 

Dec 

Dec 

Table 8.6 output domain updating in mode 3 

The values of FixIn, DecIn and Inc In are calculated as shown below 

Fix In=max(Fiii,F2ij,F3ii) 

DeC_In=max(Fi2j,F22,l,F32j,Fi3i,F23i,F33i,Fii2,F2i2,F3i2,Fi2_2,F22,2,F32,2, 

Fl3,2,F23,2,F33,2,Fll,3,F21,3,F3ij,Fi2 3,F22,3,F32,3, Fi3 3,F23 3,F33 3) 

Inc ln=0 

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

representation of figure 8.8. 
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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 f/;„ and 

Uou, as: 

Ui„=(l-Fix_In)x(Inc_In-Dec_In) 

and the output updating signal Uout is calculated as 

Uo„,=(l-FixOut)x(Inc Out-Dec Out) 

Note that the procedure used to derive the updating signal ensures that Fix, Dec and Inc 

range from 0 to 1 and that Fix+Inc+Dec=l and Fix=l-(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 Gout are being updated after every L period. Note that the kiitial 

conditions of G;„ and Ggui are left free for the designer. Initial values of 1 for both gains 

were used in this work. 

Gi„(k)=Gi„(k-M)+Ui„ 

Gou/khGou/k-M)+U, out 

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. 

Block 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Response 

High L {set) 

0 

0 

0 

Fix, Dec, Inc 

Fix, Dec, Inc 

Uin 

'^out 

Ui„ 

'-'out 

Gi„+Ui„ 

^out^ 'J out 

Low L (reset) 

mdl,md2,md3 

^.vv^ 

e , 5 

0 

0 

0 

0 

0 

0 

Gin 

^out 

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 powerfiil 

adaptation tools. These tools can gradually alter the conttoUer 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 

concemed 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) iS", 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 i S ^ r parameters for sunplicity throughout the chapter. 

The inttoduction of the SALT parameters should not, in any way, lead to imderstanding 

that the Shay-FLC requkes 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 

conttoUer 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 conttollers 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 &4Lr parameters on a Shay-FLC performance have been mvestigated. 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 conttol criteria. These criteria 

are: 

1) the maximum positive overshoot, \ip 

2) the minimum negative overshoot, [i^ 

3) the rise time, tr. 

4) the absolute steady state error, |e. 

5) die mtegral of the error, e,-

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

Figure 9.1 «S<4Lr 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 conttol 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 shovm in section 3 

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



Chapter 9: Analysis of the Shay Paramaers Influence on the Main In^ators Performance Page 115 

mechanical torque from prime mover (T„) 

1.1184 

-K+y 

A. 
/ 0 . 8 0 8 8 \ 

1 

L528i 

314 

s 

field excitation {Ufj) 0.6161 
l + 0.2126i 

0.431 

K j 

K« 

^ 4 0 6 3 
K7 

^s^.^.•i^v^.^vvs.•vl.^.•v^.•.^l•Sl•^.^.•\%•^i%•vv^l•s.%%v^.VkVAVVVV%%".•.v%^^^v^.".•Av^^iV* 

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 conttol as shown in figure 9.3. The mput to the Shay 

conttoUer was the error in the generator terminal voltage {e^ as shovm in the figure. The 

output of the AVR is the excitation signal {Uf^. The unit step response of the terminal 

voltage (v,) was used to analyse the »S^r parameters effect on the Shay-FLC AVR. 

Vref 
-K+. 

AVR 
(Shay-FLC) 

U, 'Id Synchronous 
Generator 

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 SALT parameters 

according to the following: 

1) iS": ranges from 0 to 2 with the incremental step size of 0.1, 20 cases. 

2) A: ranges from 0 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 cas^. 

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

these ranges. 

(WA^fl.•k•^s^w^.vsA^n««^An^v^^^A^^^^^A^^^^uvv«rt.v^A^ 

•^ Begin S Loop 

For S=0 to 2 Step O.lBo 

^ Begin A L60p 

For^=0to2StepaiDo 
^ Begin L Loop 

For L=0 to 2.5 Step 0.125 Do 
Begin TLoop 

For T=0 to 1 Step 0.05 Do 

Figure 9.4 nested loops used in the investigation study 

Thus, a total of 160,000 cases have been studied . The ranges of 5' and A were chosen such 

that they cover all conditions of greater, equal and less than m the amplitude difference 

between Ef^ and Ejc.i (the two successive samples of the performance monitor). The range 

ofL was chosen according to the synchronous generator time constants used. The ttansient 

open loop time constant {xjg ) 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 0 to 100. rvalues were chosen to cover all the ranges of the possibility 

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

' 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 rumung in 
parallel for 6.1 days (excluding system crashes). 
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The simulation results showed some great dependency of the influence of Z and Jon each 

other. While both S and A influences can be seen as independent from each other and from 

L and T. 

9.4 CRITERION PATTERNS 

9.4.1 Maximum Positive Overshoot Criteria 

9.4.1.1 Effect of iS factor 

Figure 9.5 shows the effect of different values of S on p,p. The figure clearly 

shows that increasing S will increase |ip. 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; 

HpOc5 V ^ G [ 0 , 2 ] 

i*«;wvvvs 

1 

0.8 

0.6 

0.4 

0.2 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 L l l l ± l l I J L J L _ I L I l l J . y 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ly 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 V " ^ ^ 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 'y^"^' ' 

1 1 1 1 1 1 1 1 1 1 1 1 1 _ l i^.-"^ 1 1 1 
1 1 1 1 1 1 1 1 1 1 1^^—1—'-r^ 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 y^ 1 1 1 1 1 1 1 1 
1 r 1 r 1 T 1 T ^ 3 ^r "i r - | r i r i T 

1 1 1 1 1 ^i^^-"^"^ 1 1 1 1 1 1 1 1 1 1 1 

1 i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 •S 

iivvvvvvvvvvvvvvvvvvwvvvvvvvvvvvvinfinnnrtrvirt f^yi^^^'^-^<i^^'^^'^<igv*i^^<irf'^ft*r<f'^'^'€^^v'^vvvv^^^'<'<'i*^'^*€'€'t*V'€^vv^ 

Figure 9.5 p,p pattern with respect to S 

9.4.1.2 Effect of A factor 

The effect of A on jtp is shown in figure 9.6. A general decaying pattern can be 

noticed in the |j,p ctirve with an increase in A. It is also clear from the pattern 

that the decaying slope is larger in the region where A is less than 1. Therefore, 

the relationship between fj,p and A can be expressed as: 

S^p"^ — 
\_ \IA^\0,2\ 
A 
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Figure 9.6 pip pattern with respect to A 

9.4.1.3 Effect of L factor 

L effect on fXp is largely influenced by T. Figure 9.7 shows that \ip change has a 

positive slope with the mcrease of Z providing that Tis large (the dashed line). 

The values of T where this Z-p,p characteristic wUl hold is approximately 0.8 

and above. 

The solid line in figure 9.7 shows that \Xp will demonsttate a decaying pattern 

with increasing Z in case Z was less than 0.8. Thus the Z-p,p characteristics can 

be represented as 

HpxZ V Z G [0,2.5] IfTis large 

1 V Z G [0,2.5] IfTis small 
UnOC — 
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Figure 9.7 \ip pattern with respect to L 

9.4.1.4 Effect of J factor 

Figure 9.8 shows that the effect of Ton Hp results in a decaying pattern as long 

as Zis mcreasing. However, the pattern shows that smaller values of J(r<0.5), 

will have minor effect on p,p. While larger values of T will result in more 

negative slope. Thus the Z-iXp characteristics can be expressed as follows 

p,p = constant 

1 

y TG[0,0.5] 

\/ TG[0.5,1] 

0.8 

0.6 

0.4 

0.2 

1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 

L X X X J • — ^ J - . - _ 1 1 1 
1 1 1 1 1 1 VJ 1 1 
1 1 1 1 1 1 N . 1 1 
1 1 1 1 1 1 1 ^ v 1 1 
1 1 1 1 1 1 1 ^ ' • ^ l 1 

X
 

1 

1 
1 

I 
I 

1 
1 

I ... 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Figure 9.8 n- pattern with respect to T 

0.9 
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Conclusion I 

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

T are to be kept constant while searching for an optimal combination 

ofS and A. The search should follow a decrease in A and an increase 

in Sfor better results, see figure 9.9. 

Figure 9.9 Hp patterns 

9.4.2 Maximum Negative Overshoot Criteria 

9.4.2.1 Effect of .S factor 

Figure 9.10 shows that |i^ will have a step increase when .S" is close to one 

(higher or lower) 11,, is approximately constant when .S* is smaU (below 0.85) or 

high (above 1.2). Thus |LÎ  can be expressed as: 

|Lî  = constant \/SE [0,0.8S\^ [1.2,2] 

M^oc^ V S G]0.85,1.2[ 
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Figure 9.10 \i^ pattern with respect to S 

9.4.2.2 Effect of ̂  factor 

\i^ decays gradually as A increases from 0 to 1. The decaying slope is 

becoming very small at the values of .̂  higher than 1, it can be approximated 

to zero. \x^ pattern with respect to A is shown in figure 9.11. The effect of ̂  on 

\x^ can be expressed as follows: 

jLî  = constant y A G[0,0.5\ 

\^ oc-
\f A&[0,1] 

^̂  

0.8 

nn 

0.4 

0.2 

0 

1 1 1 1 1 1 1 1 ! 

r 1 1 1 1 \ i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 \ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 N . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 T ~ ^ l 1 1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 i \ 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 \ i 1 1 1 1 1 1 1 1 1 I 1 
1 1 1 1 1 1 1 \ 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 K 1 1 1 |Nr - 1 1 1 1 1 1 \ 1 -1 1 1 
1 1 1 1 1 1 1 1 \ l 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 TV 1 1 - . 1 , 1 1 1 1 1 1 1 

1 1 1 1 I I " 

0 a i 0.2 0.3 04 0.5 06 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 A 

AAnftnAAnnnwvwv^nnlv^^AAAA/vvvvwws^nAl^wvsArVV^wvvwvMAAK^AA/vvv^ 

Figure 9.11 \i^ pattern with respect to^l 
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9.4.2.3 Effect of Z factor 

The effect of Z on p.̂  is directiy influenced by T. The pattern shown in figure 

9.12 reveals that \x^ will increase with the increase of Z as long as Z is high 

(solid line). However the sign of the slope wiU be reversed when T is low 

(dashed line). TheZ-|Xp characteristics can be expressed as: 

Ĥ ocZ 'y LG[0,2.5\ IfTis large 

1 V Z G [0,2 5] IfTis small 
l in°c-

Figure 9.12 \L^ pattern with respect to L 

9 A.2 A Effect of J factor 

Figure 9.13 shows that \i^ will have a very small negative slope as long as Z is 

smaller than 0.35 or larger than 0.68, while having a large negative slope in the 

region between, i^ can be expressed as: 

[i^^onstant V Z G [0,0.55[ o ] 0.68,1] 

1 \f T&[0.35,0.68\ 
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Figure 9.13 p.̂  pattern with respect to T 

Figure 9.14 shows that \i„ is robust to any changes in S and A while S 

is lower than 0.8 and A larger than 1. Urns the optimisation 

mechanism should consider decreasing Z while fixing S, A and T at 

values around 0.8 for S, Ifor A and less them 0.5 for T. 

[ T ] [ j o ] [ ^ [ ^ [ g ] [ ^ [ ^ [ ^ [ ^ [ ^ OgEI 
[ T ] [ a 2 ] [ 0 4 ] [ 0 6 ] [ a 8 ] [T] [ l I ] [ l 4 ] [ l 6 ] [ T 8 ] [ 2 

Figure 9.14 \x^ patterns 
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9.4.3 Rise Time Criteria 

9.4.3.1 Effect of 5 factor 

Figure 9.15 shows that t^ decreases with an increase in 5" as long as ^ is within 

the range of 0.5 to 1.1. However the pattern suffers impredictable changes 

elsewhere. While other factors seem to be more dominant in these ranges. So 

S- tr characteristics can be expressed as: 

p^ unpredictable ^ S &[0,0. 5[^]0.1.1,2] 

^ S 
\/S G[0.5,1.1] 

tr (sec) 

0.8 

0.6 

04 
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J L I X l V l X I J L J L J L I X I X 
1 1 1 1 1 l \ 1 1 1 1 1 1 1 1 1 1 1 1 1 
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1 1 1 1 1 1 \ 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 V l 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 >. 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 l \ , 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 \ l 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 N s . 1 1 1 1 1 1 1 1 1 1 1 
1 r 1 r 1 T 1 T ^ s J " "1 r - i r - i r i r i T 
1 1 1 1 1 1 1 1 ^ ^ I I 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 ^ 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 V 1 .^^^ ' ' ' "̂""̂  ' ' ' 
1 1 1 1 1 1 1 1 1 i \ w . K 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

; 1 1 1 

0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 

Figure 9.151^ pattern with respect to S 

9.4.3.2 Effect of ̂  factor 

tr is proportionally increasing with an increase of A. The pattern shown in 

figure 9.16 shows some step changes in the climbing slope when A is closer to 

0.9 and 1.9. t^ is robust to changes in A when A ranges from 0 to 0.7. The A-tj. 

characteristics can be expressed as follows: 

tr^ constant 

tyOcaiA 

tr oc a2A 

yAG[0,0.7[ 

\fAG[0.7,l[ 

yAG[l,1.65[ 
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tr^a3A 

where a3>ai>a2 

V ^ G [ Z 5 5 , 2 ] 

yvMvvwv**wwvvw 

08 

0.6 

tr (sec) 
0.4 

02 

1 1 1 1 

1 ! 1 1 

•^— 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 I 1 1 1 1 1 1 i 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Figure 9.16 tr pattern with respect to A 

9.4.3.3 Effect of Z factor 

Figure 9.17 shows that tr will significantly be reduced when Z is very small, in 

the range between 0 and 0.25 seconds. However, tr tends to be robust to any 

increase in Z above 0.25 seconds. The L-tr characteristics can be expressed as: 

trOcL 

tr = constant 

\/LG[0,0.25] 

V Z >0.25 

9.4.3.4 Effect of J factor 

No clear pattern was obtained for the effect of T on tr, as other factors seemed 

to be more dominant. 
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Conclusion 3 

Figure 9.17 tr pattern with respect to L 

To improve tr, the optimisation effort should be directed towards 

reducing S cmdL 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 

against t^ 

•WVWW1 
mvyyvw 
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Figure 9.18 ^ patterns 
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9.4.4 Absolute Steady-State Error Criteria 

9.4.4.1 Effect of 5 factor 

The 1 ,̂1^ pattern shown m figure 9.19 demonsttates that |e,|av is robust to any 

changes in the values of S, when S is less than 0.5 or greater than 0.85. The 

pattern shows a large negative decaying slope in |e, |^ in the area where S is 

ranging between 0.5 and 0.85. The S-\eJ\^ characteristics are expressed as: 

\eg\av = constant \f S &{0,0.5[^[0.85,2] 

1 
oc — s 

y S &[0.5,0.85{ 

I VA>AUJSIUAAAIU.^A u.•.«J^^x^A^A.\A^^A>A.^l•.^x^K•A.^.•.•.^^>.^,^^^,^,^.^,^AX^AAAA.v^VA^v^v^J^v^^l^.^^^ 
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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 | ^ j | ^ decays proportionally to an increase in ^ as long 

as v4 is not in the range of 0.6 to 1. lê l̂ v suffers an unpredictable characteristics 

with respect to ^ in the region in between. The A-\eJ\cn characteristics can be 

expressed as: 

\e,\av ^ -Ci 
A 

\/Ae[0,0.6[ 

e,U,oca,— 
yAG[0.6,l[ 
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k,|av°c-a^— yAG]l,2] 
A 

Where, |a^ | > |aj| and a2 is dependent on other parameters 
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Figure 9.20 |e,|^ pattern with respect to A 

9.4.4.3 Effect of Z factor 

Figure 9.21 shows that |e,|^ is robust to changes in Z as long as Z is high. 

Whereas smaller values of T will result in an unpredictable Z-|e,|^ 

characteristics as other factors dominate the behaviour. The Z-lê l̂ v 

characteristics can be expressed as: 

\eg\av = constant V Z G [ 0 , 2 ] if Tis large 

\fL&[0,2] if Tis small 

Where L^ ^ is random (depends on other factors) 

kilov <̂  ^^,L ^ 
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Figure 9.21 \eg\gy pattern with respect to L 

9AAA Effect of J factor 

The effect of Zon |e,|ov is heavUy influenced by Z values. The patterns shown 

in figure 9.22 demonsttate that 1 ,̂1^ is robust to any variations in Z while Z is 

in the ranges of 0 to 0.4 and 0.6 to 1. This Z-|e,|av characteristic is valid for 

both cases when Z is large or small. However smaller values of Z will result in 

a positive climbing slope in the |e,|av pattern with an increase in Z in the region 

between 0.4 and 0.6. Larger values of Z will reverse the sign of the slope in the 

same region of Z. The |e, |^ characteristics can be expressed as: 

\ej\^ = constant V TG[0,0.4\(J[0.6,1] 

\es\av °c T V TG[0.4,0.6\ IfL is small 

1 
oc — 

T 

y TG[0.4,0.6\ IfL is large 

file:///eg/gy
file:///es/av
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Figure 9.22 |e,|av pattern with respect to T 

Conclusion 4 

When trying to optimise the SALT parameters in the search for the 

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 

and 1.8. See figure 9.23 for \e^avPf^cms. 

f o n [02] [04] foe] 

{T\ ^ ^ ^ ^ H ^^ ^^ ^ H T^ 
IIAMMMMMKAAAAAX<«M^SAAAAAA.< 

Figure 9.23 1̂ ,1̂ ^ patterns 
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9.4.5 Integral of Error Criteria 

9.4.5.1 Effect of 5 factor 

Figure 9.24 shows that (?/ proportionally increases with an increase in S. 

However, changes in 5' in the range from 0 to 1 seem to have minor effect on 

Ci. The S-Ci characteristics can be expressed as: 

Ci = constant ySG[0,l] 

CiOC S ysG[i,i.5] 

i -
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Figure 9.24 Ci pattern with respect to S 

9.4.5.2 Effect of ̂  factor 

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

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

9.4.5.3 Effect of Z factor 

Figure 9.25 shows that for the values of Z below 0.5 e, is proportionally 

decaying with an increase in Z. However, e,- shows robustness for any 

variations in Z for higher values of Z {L>0.5). The Z-e,- characteristics can be 

expressed as follows: 
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e.oc — 
' Z 

yLG\0,0.5\ 

Ci = constant V Z G [ 0 . 5 , 2 5 ] 
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Figure 9.25 e^ pattern with respect to L 

9.4.5.4 Effect of T factor 

The effect of Z on e,- is largely influenced by the values of Z. Figure 9.26 

shows that e,- will increase proportionally to any increase in Z as long as Z is 

large. However, the pattern's slope sign will be reversed in the case of smaller 

values of Z. The Z-e,- characteristics are expressed as: 

Ei = constant 

Ei cc T 

y TG[0,0.4]KJ[0.6,1] 

y TG[0.4,0.6\ IfL is small 

Ei oc — 
T 

y TG[0.4,0.6] IfL is large 
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Figure 9.26 Ci pattern with respect to T 

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. 

Figure 9.27 ê  patterns 
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9.5 DESIGNER GUIDELINES FOR INDFVTDUAL 

PARAMETERS EFFECT ON PERFORMANCE 

INDICATORS 

Conclusion 6 

Increasing S will improve tr and |e, |^ while negatively effect \i„, Pp 

and gf. Figure 9.28 shows that an optimal S value can be found in the 

range between 0.8 and 1. 

Increasing 

Increasing 

&AAIkAAAAMUWMUUUUUUUUUUUUUUUUI 

Figure 9.28 S factor effect 

Conclusion 7 

Figure 9.29 shows that increasing A will improve [L„, Pp 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 Ci. Thus, it is recommended to take extra care when 

searching for a global optimal A. 
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Conclusion 8 

Figure 9.29 A factor effect 

Z is largely effected with the value ofT. 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 Tpatterns. 

^^^^^sn^^^N^s^A j B w 

Figure 9.30 L factor effect 
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Figure 9.31 J factor effect 
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10.0 INTRODUCTION 

The proposed Shay-FLC architecture was used for the excitation conttol of a synchronous 

generator connected to an infinite bus through a ttansmission line. In order to cater for 

both voltage and rotor angle stabiUty, the performance monitor used in the system 

considers the rotor angle speed deviation (A©) and the error m the generator terminal 

voltage (v,) compared to a reference signal (v^ )̂. This was achieved by having the input to 

the Mam-FLC as well as the mputs to Shay-PA and Shay-Time derived from the 

manipulation process of both signals in a Pre-Conttol stage (P-C). This manipulation stage 

is explained in detail m this chapter. 

This chapter starts with a preliminary discussion about the forces and torques that effect 

the synchronous machine in operation. A conttol sttategy is derived based on the 

discussion. The description of the P-C stage is presented next. The fiill 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 m 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 

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

mechanical torques and their relative direction. These torques are: 

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

the shaft, 

2) Tj, the developed torque due to the moment of inertia J {kg.m^) 

of the rotating masses in the machine, 

3) Ẑ , the torque developed due to the coefficient of friction B 

{N.m/rads/sec), 

4) Tg, the electtical torque developed by the machine, 

5) TD, the dampmg torque caused by the currents ckculating m the 

windings of the rotor. 

Figures 10.1 torques influencing the synchronous machine 

Newton' s law relates these torques for the S5aichronous machine as 

Tj+Ts+Tn=T„-T,=T, (10. 1) 

Where Ẑ  is the acceleratmg torque and 
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T,=B^ 
^ dt 

Multiplymg (10.1) by the rotor speed {ds) gives the torque equation in terms 

of power as 

Ps in equation (10.2) can be neglected because of its smaU value compared to 

other parameters in the equation. The machine design considerations 

recommend B to be almost zero. Pj m equation (10.2) is mostly presented in 

terms of the angular momentum (M) where M=J©„. Thus (10.2) can be 

rewritten as shown in (10.3). 

^ . . . . ^ ^ „ . (10-3) 
dt' 

M—^5{t) + P^=P„-P,=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), Z/̂  normally varies between 1 to 

10 pu. 

„ stored kinetic energy at synchronouse speed 
ll = 

generator rating 

1 , 2 (10-4) 
- Z ( D 

'^rated 

substituting /f with (10.4) in the swing equation results m 

^^«^(O^.P.=i'.(0-i'.(0 = i',(r) ''"'' 
^ synch. "" dt 

where 
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© = 
pu 

© 

© 

Gir= rotor mechanical speed 

©,= synchronous speed 

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

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

(©y) is not equal to the synchronous speed of the machine (©,), ie. ©̂^̂^̂  ©,. In 

other words, when — — ^ 0. Based on this, PD can be approximated in a 
dt 

• , , • -^ d5{t) Imear proportional relation with —^̂ -̂  as 
dt 

at 

where Pf, is the damping power per unit speed {watt.sec/rad).The parameter 

P/t) 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). 

V V, (10.7) 
i'.(0 = ̂ -^sm6(0 

X 

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

Solving the swing equation and plotting the resulting angle d(t) versus time 

would give an idea of whether the system can keep or lose synchronism under 

severe disturbances. A sttaight 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 ckcuit, extensive loadmg, .... 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 stabUity 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 inttoduction of the equal 

area criteria in this section is aimed at gradually building the knowledge 

required to construct an excitation conttol system. 

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

equation (10.7) can be simplified by: 

P,(0 = P._sin5(0 (10.8) 

V — V 

Where P^ is the maximum generated electrical power calculated as -^ -

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

P,=P^^sin(5(0) 

Figure 10.2 P„ and Pg versus 5 
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An equilibrium in power should occur when the machine is in the steady-state. 

This equilibrium occurs when the right hand side of swmg equation, in (10.5), 

equals zero. In other words, when the generated electrical power {P^ equals 

the unputed mechanical power (P„), neglectmg the losses. This situation wUl 

(db \ 
result in a zero acceleration power (P^) or — = 0 . This equilibrium is 

\dt J 

shown at pomt 1 in figure 10.2. A sudden step change in the input mechanical 

power, ie. moving it up to P^^J shall change the electtomechanical equiUbrium 

in equation (10.5) making Pa>0 as P^^ becomes greater than P^. This extta 

mechaiucal power will be absolved by the system in the form of increasing 

rotational speed in the rotating elements of the synchronous machine. This 

extta speed will pull up the generated electrical power along the power angle 

curve to point 2, where Pe=Pm But still, at this stage, ©̂  is greater than ©„ this 

will move the operational point towards bmax where P^ reaches its maximum 

( P ) and where Pa=^0. At point 3, Pe>Pm tliis 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 ttansients. 

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 m (10.9) and (10.10). 

«5 6 , (10.9) 
jdw=\T^{t)c&=W,-W,=AW,_^, 

'ip(t\ (1010) 

S>r (0 

PJt) is expressed as shovm in (10.11), 

Pait)=Ut)drit) = PM-PSt) (1011) 
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substituting (10.11) into (10.10) yields 

W = 
© 

K^.-^n^smS)^ 
(10.12) 

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

area (/) in figure 10.2. 

At 5 values greater than 5 ,̂ P^ is greater than P„, and this generates negative 

Pa- The rotor gradually loses the kmetic energy it has from 1 to 2, until it 

completely loses it at 5„^ and it swings back a gain to pomt 1. From pomt 2 to 

3 where ©^=©„ the rotor is losmg energy to the infmite bus. The work done by 

the rotor in this area is expressed as: 

fK 

ldw= JT^{t)d5=W,-W, = AW,_^, 
W2 62 

(10.13) 

A .̂̂ 3 = j EM. 
©,(0 

db 
(10.14) 

substituting equation (10.10) into (10.14) 

w = ^ 
© . 

j(^.-^„^sm5)^ 
(10.15) 

The parameter between brackets in (10.15) is the shaded area (Z)) in figure 

10.2. 

The two works, Wi^2 and ^2^i in (10.12) and (10.15) represent the mcrease 

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 

Wi^2^^2-^3 whenever ©;.=©^ the case at points 1 and 3, which means 

^/ = iz> 
© © 
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so 

I=D 

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

and D (decrease) should be equal. 

The knowledge elicited from the equal area criteria method is used in 

formulating the conttol sttategy implemented in the P-C stage to handle the 

rotor angle stabUity problem. The general conttol objective is to: 

1) assure that both D and / areas are equal, 

2) make D and / as small as possible. 

10.2 CONTROL STRATEGY AND OBJECTIVES 

The equal area criteria analysis m section 10.1.2 showed that any disttaction in the 

electtomechanical equilibrium between the suppUed 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 ttansmission system in addition to the 

excitation conttol 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 conttol is the only handy tool for the power engineer to alter from this 

combination. Alterations and changes in the conttoUer response are required to help the 

generator under ttansient as well as steady-state conditions. 

Considering P^ which is presented in equation (10.8) as P^^ P^^sin{5{t)). 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 ttansient conditions. P^^ varies when disturbances occur giving the 

operational pomt a different curve than the original power-angle curve it started with 

before the disturbance. To measure the variations in Pg one can measure x or v,, assuming 

constant v«,. The ttansmission 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 conttol sttategy 
tXVKX 

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 electtomechanical equilibrium in the 

power system is disttacted, P^ will no longer be zero and so db/dt which is the speed 

deviation A©. P„ might be an acceleration {Pg^O) or deceleration {Pg^O) power according 

to P„ and Pg. 

Rnowmg that Pa=Pm-Pe^ ^Pm was larger than Pg then P„ is an accelerating power and A© 

is greater than zero. The conttol objective in this accelerating condition is to increase Pg by 

increasing the excitation signal. On the other hand if P^ was greater than P„, Pa will be a 

deceleration power and A© will be negative. The conttol objective under this condition is 

to reduce Pg by reducing the excitation conttol 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 sttategy was the dynamics of the system. From the practical 

point of view it is not realistic to assume that Pg will settle in a new point instantly and 

without any intermediate ttansient modes. In fact when the system is subject to any 

disturbance that can disttact the balance between Pg and P^, resulting m either acceleration 

or deceleration operation, the excitation system will not be able to regain the balance 

unmediately, some intermediate ttansients should occur. Figure 10.3 shows an example of 

a synchronous generator which was subject to a short period of load change . Certainly 

after the sudden loss of the load and before the governor action took place, Pg was greater 

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

The synchronous generator parameters are included m ch^ter 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. 



Chapter 10: Shay in the Excitation Control Page 148 

action and the natural damping of the system the operational point swmgs back to point 2. 

The swings continue with decaying amplitudes imtil Pg settles back in its original position. 

These swmgs 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. 
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Figure 10.3 variations in Pg and 5 after sudden load change 

The conttol objectives from the excitation conttol 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, A© and v, are considered as inputs to the excitation conttol 

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 ded of interconnection between the two factors, as 

any disturbance in v, will result m a similar one in A©, especially when using fast 
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excitation conttol action, which is one objective of this work. Moreover, it was noticed by 

experience that in most cases Post-Disturbance stabiUty problems are due to the effect of 

one factor on the other (rotor angle conttol and terminal voltage conttol). To counter this 

conflict, the decision was to use an integrated single input that encapsulates the required 

mformation about both factors (the rotor angle and the terminal voltage) in A Pre-Conttol 

(P-C) stage. This single input is then used as the performance monitor {E^ to an excitation 

conttoUer that uses the Shay structure explained in section 2. This conttoUer is referred to 

by Shay-Exciter m later parts of the thesis. 

10.3 PRE-CONTROL STAGE 

The P-C stage proposed in this work considers producing a processed scaled A© {AJ^a) 

which is then added to the error in the terminal voltage {e^ to produce Ef^. 

10.3.1 Processing and Scaling of the Rotor Angle Speed Deviation 

A© and Axn (the acceleration in A© calculated as Axn(^= A©f^- A&fk-l)) are 

used in the manipulation stage that scales A©. The considerations in this phase 

are directed mostly towards the plants dynamics. A© is considered as the most 

obvious and clear parameter to suffer in ttansient conditions. In this process the 

current A© is used as well as its first derivative (Atn). 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 conttol signals that consider a ttend in the 

system's behaviour. For instance smaller A© v̂ dth very large Aw can indicate 

larger A© in future readings and thus a precautionary conttol signal is required 

to reduce the deviation. Moreover a large A© signal at time k with very large 

AxD indicates that sttonger conttol actions are requked. The general guidelme is 

that when the acceleration of A© is large, more emphasis on the du-ection of 

fiiture states should be given. So if A© is positive and Atn 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 



Chapter 10: Shay in the Excitation Control Page ISO 

Stability, than it is paying to the terminal voltage one. However, a larger Atu 

can assist the excitation system to predict larger A© amplitudes in fiiture steps, 

so a precautionary conttol action should take place. 

The manipulation of A© and AID 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 shadmgs in figure 10.4. The FLC m figure 10.4 unplements the 

following control objectives: 

• Acceleration control: a set of rules that are responsible for 

giving the excitation system the signal to boost up the excitation 

in order to mcrease Pg. 

• Deceleration control: rules that are responsible to indicate to 

the excitation system to bring down the excitation signal in 

order to reduce Pg. 

• Breaking control: rules that are responsible of producing the 

precautionary signals that will help the system to over come any 

anticipated fiiture 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 

iyref)-, ^vt is calculated as: 

ev/ = V;^/-v, (10.16) 

The performance monitor used as an input to Shay-FLC (Z) is calculated as; 

E=AA(Si+e^, (10.17) 
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Figure 10.4 P-C FLC 
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Figure 10.5 P-C FLC control surface 
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10.4 Shay-Exciter 

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

conttoUer is the output of the P-C stage which is E^, 

Ej,=AM+e,t (10.17) 

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

^ (10.18) 

Uf, = Y,u{k) 
k-0 

where U(k) is the output of Shay at time k. 

U(k)=U^i„(k)xG^/k)^UpJk) (10.19) 

The siunmation pomt m 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 
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11.0 INTRODUCTION 

The implementation study was performed in a laboratory setup of a synchronous generator 

coimected to an infinite bus through a ttansmission line. Shay-Excitation system was 

implemented in a C-program downloaded to digital signal processing board (DSP), 

DPC/C40 board mounted witii two TMS320C40 processorsV 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. 

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 weU 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 

unplementation 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 ckcuit 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 ttansmission 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. 

Figure 11.3 dc motor (prime mover) 
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11.1.1.2 Synchronous generator 

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

view are shown in figure 11.4. 

Figure 11.4 synchronous generator (Scot 5 KVA) 

The synchronous generator parameters are shown in table 11.1, these 

parameters have been obtained followmg the IEEE standards for synchronous 

machines test procedures and general synchronous machine parameters 

estimation guidelines [178,179]. 

Parameter 

Direct-axis synchronous 
reactance 

Quadrature-axis synchronous 
reactance 

Direct-axis tiansient 
reactance 

Direct-axis tiansient open 
circuit time constant 

Inertia constant 

Symbol 

X, 

X, 

X, 

^do 

H 

Value 

1.03 pu 

0.49 pu 

0.48 pu 

0.34 sec 

1 

Test/s 
H 

Open circuit saturation test 

Short circuit saturation test 

Maximum lagging current 

Sudden short cncuit 

Field short circuit 

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. 

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 1x500 to 5x500 watts/phase. 

11.1.1.4 Adjustable Reactors 

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

figure 11.6. 

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 ttansmission conditions, as different 
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settings of the ttansmission line wUl yield different conttibutions of the infmite 

bus to the local and disturbance loads. 
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Figure 11.7 variable reactors circuit 

11.1.1.5 DSP board (TMS320C40) 

The DSP board used in the appUcation was the Texas Instruments floating 

point TMS320C40 parallel digital signal processor (DSP). The DSP was 

mounted on a DPC/C40B board witii two TMS320C40 processors (SITE A 

and SITE B). The board is clocked by a 40 Mnz 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) and 

a Dual-Port Random Access Memory (DPRAM) block. The DPC/C40B board 

was hosted by a 486 DXn 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 tiie DPC/C40B board. The DM 

allows a 16 bit Analogue/Digital (A/D) conversions with a programmable 

sampling rate up to 200 Khz. 

32Kx32 in bank 0 and 512Kx32 mbank 1 



Chapter 11: Hardware and Software Components Page 161 

The DM has two analogue input channels (AINA, AINB) and two analogue 

output channels (AOUTA, AOUTB) witii 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. 

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 conttoUer 

after passing it through an isolation box (see 11.1.2.4). The bridge circuit was 

supported with a voltage divider and a capacitor m 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. 

Figure 11.10 the rectifier bridge 

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). 

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 coimting so the generator rotor position can be relatively 

measured m an 8 bit coimt. 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 shovm in figure 11.14. The 

circuit layout is shown in figure 11.15. 
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Figure 11.13 counter and D/A circuit view 

The mput/output characteristics of the counter and D/A circuit shown in figure 

11.14 can be best approximated by the second order form as m equation (11.1) 

v„̂  = 0.00015 L* + 0.14946 _ , + 0.192 (10. 1) 

Vvvvvvvyvvofvvvvvtfvvvsvwv»yvvvvvvvyvvv<vvvvvvwvvvvvvv\vvvwvvv«vvvvvvvvvvvvvvv%^^ ^ 

Figure 11.14 5„„«A versus v̂ ^ 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 mto 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 mput 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 ckcuit, it was set to 100, thus the output of the 

channel was scaled by 0.1. 

Isolation box 2, was used to mterface between the DSP and the machine. The 

input to channel 1 was the output of channel 1 m 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 volt) 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 conttol signal {Uf^l), 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 conttol signal from the DSP board through channel 0 of the isolation box 

2 was fed to the field drive unit. The conttol signal is then amplified m 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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Figure 11.16 the isolation box 

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 

m the DPC/C40B board was used in order to facilitate the communication between the 

host PC and tiie 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-jXp refers to the host PC processor and DSP-|ip 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-Pp drivers and the DSP-Pp 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-Pp driver is shown in Appendix B.l. 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. 

c) Initial counter reading. 

d) Distittbance 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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Figure 11.19 PC-^. and DSP-p-p synchronisation flowchart 
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2) initialising the DPC/C40B board and downloading the DSP-Pp 

driver to it, 

3) time calculations and security of accurate sampling time. This 

was achieved via integrating the PC-Pp 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 conttol signals to the DSP 

board via the DPRAM' handshakmg conttoUer", 

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 utUises the TMS libraries included in the software suppUed with 

the board, which is sunply 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 mterfacmg: The driver conttols the DM channels 

0 and 1 which receive the analogue input signals. The DSP-Pp 

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 conttol 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 m 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 

conttoUer. The Shay function is explained in detaUs in section 

11.2.3, 

3) passing the real time data to the PC-̂ ip via the DPRAM, 

4) activating the relay when required. 

This driver uses the mterrupt and I/O flag 1 (IIOFl). The mam processmg is 

done in the interrupt service routine This routine is merged with the main 

functions in the flowchart in figure 11.19 for readabUity reasons. 

11.2.3 Shay Module 

The service routine in the DSP-Pp driver caUs the Shay module (see Appendix 

B.4 for the source code). The Shay module consists of three main parts: 

1) fimetions drivers, 

2) general purpose fiizzy processing functions, 

3) subfunctions. 

This fimction fiilly implements the Shay algorithm presented earlier, in section 

2. The fimction flowchart is shown in figure 11.20. This function and its 

subfimctions represent the core of the whole software system developed in this 

work. Both the FLC drivers and the general purpose fuzzy processing 

functions are fiilly explained in the next section. The subfimctions are the 

fimetions 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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[ Get inputs ~] 

1 
[ Scale Inputs ] 

Main FLC 
call: Main FLC 

Umain 

Update Ranges 
call: updt_ln_out 

I G &G 
r> a i 

Operational Sector 
call: sectors 

I scMsctI sct2 sct3 sct4 sctS scW] 

Operational Angle 
call: angg 

Switching Angle 
call: sw sctl 

Switching Angle 
call: sw sct2 

Min_r=0 
max r=45 

Switching Angle 
call: sw sct3 

I Min r=33.75 
[ F i n d P & N ] [ max_r=101.25 

[ Upa=P-N ^ L 
Switching Angle 

call: sw sct4 

[ Find P & N ] 

Min_r=67.5 
max r=20Z5 

Switching Angle 
call: sw sets 
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[ Upa=P-N ^ 

[ Find P&tT] 
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max r=236.25 
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I U=Umain*UPA*Gout ] 

I 

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-lme by the user. Each FLC needs its own page of the template. 

The number of mputs and the mput 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. AU the 

data stored in this template are of mattix 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 m details in 

the flow chart shovm 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-fimctions has been developed in this work. These 

functions can accommodate and process any FLC with single output. The main 

fiizzy processing fimetions are the standard three stages of FLC processing, the 

fimetions are performing the 1) fiizzification, 2) rule evaluation and 3) 

defiizzification. An intermediate function between the rule evaluation and the 

defiizzification 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 fuzjnat (fz^ in the global 

memory. This matrix is the fiizzy input to the rule evaluation 

stage. Shayfz uses the L/R COG fiizzification in the production 
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of the^zwa^ matrix. See Appendix B.7 for the source code of 

Shay_fz. 

2) Shay_rl: The fiizzy input from Shayfz 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 fû ed rules, the correspondmg output classes and the rules 

truth values in the fiinction 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 Shayrl. 

3) Shay_dbr: This is an mtermediate stage between the rules 

evaluation and the defuzzification. It is used here in order to 

provide only the necessary information to the defuzzification 

stage. Shaybdr does some pre calculations to help accelerating 

the defuzzification function. In other words, this function 

organises and provides the rules mat matrix in a refmed 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) Shaydff: This fimction implements both the standard center of 

gravity (COG) and the L/R COG defuzzification methods in 

order to produce the fmal crisp output from the FLC. The inputs 

to this fimction is the bdr mat. It also uses the already provided 

information (regarding the output classes) from the FLC driver. 

See Appendix B. 10 for the source code of Shaydff. 
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•MUUWlAAWWSWVVVlWlAW^AlWWtWtflArt/VS/^lVWAlWAAAAA^ 

QoatFLC Template(float Input l^loat Input 2) 

float i,u; 
intNo Input= 

"* ! M > r r I iiK-\'m\tUms 
intNo In 1=5; 
float Max In 1=56.25; 
float Min In 1=11.25; 
float In ir6ir41={ 

define the classes here 

IMMi 2 tktmi!i<ms 

intNo In 2=; 
float Max In 2= ; 
float Min In 2= ; 
float In 2r6ir41={ 

define the classes here 

()(TPrrd( ' l lniti(>iis 
intNo Out=14 
float Out matf8ir31={ 

define the classes here 

Rules definitions 
int Rules m[6][20] 

/* number of inputs to FLC*/ 

/* number of input 1 classes*/ 
/*maximum range of input 1 */ 
/•minimum range of input 1 */ 
/*lst row=>No. of input 2 classes*/ 

/* number of input 2 classes*/ 
/*maximum range of input 2*1 
/•minimum range of input 2*1 
/*lst row=>No. of input 2 classes*/ 

/•number of output classes*/ 
/*lst row=>No. of output classes*/ 

/*Rules m[0][0]=>No input I,*/ 
define the rules here /*Rules mfo][li==>No input 2,*/ 

/*Rules_m[0][2]=>no of output classes*/ 
Siiilin" Input 1 "*'•*»' 
if (Input l>Max In 1) 

Input l=Max In 1; 
if (Input KMin In 1) 

Input l=Min In 1; 
for(i=l;i<No In l+l;i++) 

{ 
In iriir31=bez bck(Input l,In IMfOlJn Ifilfl l ln i r i i r i l ln IfilfSl); 
} 

St;iliii<! Input 2 **' 
if (Input 2>Max In 2) 

Input 2=Max In 2; 
if (Input 2<Min In 2) 

Input 2=Min In 2; 
for(i=l;i<No In 2+l;i++) 

{ 
In 2[i][3]=bez bck(Input 2,In 2[i][0]Jn 2[i][l],In 2[i][l],In 2[i][2]); 
) 

Fii//.itK-!ifi<)n 
if (No I n p u t = l ) 

{ 

} 
if (No Input^=2) 

{ 

Rule K̂  ahiation 

/*single input*/ 

shay fuz(Input l,In l,Input l,In 1,1); 

/* two inputs */ 

shay fuz(Input l,In IJnput 2,In 2,2); 

" * Borders ****'*V 

defiiz/iJitation 

shay rl(fiizzy mat,Rules m ^ p j 

shay bdr^ruies mat,Out mat); 

U=shay dff(bdr mat.Out mat); 

retumOJ); /*retum the crisp output*/ 

) /* end of Template */ 

Figure 11.21 FLC drivers template 
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Define # Inputs 
(No_lnput) 

I 
Get Input 1 Information 

# of classes (No_ln_1) 
max. Range (Max_ln_1) 
min. range (Min_ln_1) 

input 1 classes (ln_1[No_ln_1+1][3] 

1 
tl 

Get input 2 information 
# of classes (No_ln_2) 

max. Range (Max_ln_2) 
min. range (Min_ln_2) 

input 2 classes (ln_2[No_ln_2+1][3] 

Get Output Information 
# of classes (No_Oirt) 

output classes (C)ut_mat[No_Out+1][3] 

Define Rules Matrix 
Rules_m[2][ln_1] 

Define Rules Matrix 
Rules_m[ln_1+1][ln_2] 

Figure 11.22 FLC drivers flowchart cent. 
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J**^**^^***************.'.*A^.vwi^wijirLAAnnAjijLflJVuvir 
9 *''''''AlVw^ftn(w««w l̂Vv^J^rtflrt*l̂ ^^*J^flJw^^JVl(^^^ 

^ 
Scaling Input 1 

Fuzzification 
shay_fuz(lnput_1, ln_1 ,lnput_1, ln_1) 

Fuzzification 
shay_fuz(lnput_1,ln_1 ,lnput_2,ln_2) 

Rules Evaluation 
shay_rl (f uzzy_m at, R ul es_m) 

Borderd 
shay_bdr(rules_mat,Out_mat) 

Deffuzification 
shay_dff (bdr_mat, Out_m at) 

Return Crisp Output 
U 

© 
Figure 11.22 FLC drivers flowchart ..cont. 
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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 

imder three different operation conditions. Table 12.1 describes the tests and 

the operation conditions. 

Test Active Power {jni) Power Factor Disturbaaice Duration 

TEST-SLl 

TEST-SL2 

TEST-SL3 

0.9 

0.5 

0.4 

0.9 {lag) 

0.6 {lag) 

0.98 

30% resistive load 

30% resistive load 

30% resistive load 

5 sec 

5 sec 

5 sec 

Table 12.1 sudden small load changes testing conditions 
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12.1.1.1 TEST-SLl 

Figures 12.1-12.4 show the result of TEST-SLl. The terminal voltage plot in 

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 

the disturbance. The rotor angle stability is clear from the A© plot in figure 

12.3. Figure 12.4 shows the excitation control signal. 

Figure 12.1 terminal voltage (pu), TEST-SLl 

S.W*.V«.*.<«*A.WK*.« 

Figure 12.2 rotor angle (electrical degrees), TEST- SLl 
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Figure 12.3 speed deviation {pu), TEST-SLl 

Figure 12.4 excitation signal {volts), TEST-SLl 

12.1.1.2 TEST-SL2 

TEST-SL2 results are shown m figures 12.5-12.8. Figures 12.5 and 12.6 show 

that the generator using the Shay-Exciter fulfils the terminal voltage and the 

rotor angle stability requkements in 1 and 2 seconds respectively. The speed 

deviation and the excitation signal are shown in figures 12.7 and 12.8. 
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Figure 12.5 terminal voltage {pu), TEST-SL2 
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Figure 12.8 excitation signal {volts), TEST-SL2 

12.1.1.3 TEST-SL3 

The pure active load operation point test results (TEST-SL3) are shown in 

figures 12.9-12.12. Note here that the terminal voltage requked 2.5 seconds to 

reach steady-state (figure 12.9) which is 1 second more that TEST-SLl. This is 

due to the nature of the operational point which influenced the system 

characteristics. The Shay-Exciter required more time in on-line tuning of its 

parameters due to the large changes in the plant characteristics. This gradual 

tuning process was the reason behind the decaymg 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 

shown in figure 12.12. 

Figure 12.9 terminal voltage {pu), TEST-SL3 
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12.1.2 Large Load Changes 
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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. 

Operating conditions 

Test 

TEST-LLl 

TEST-LL2 

TEST-LL3 

TEST-LL4 

Active power {pu) 

0.9 

0.5 

0.4 

0.6 

Power Factor 

0.9 {lag) 

0.6 {lag) 

0.98 

0.98 

Disturbance 

70% inductive load 

70% inductive load 

70% inductive load 

70% inductive load 

Duration 

5 sec 

5 sec 

5 sec 

5 sec 

Table 12.2 sudden large load changes testing conditions 

12.1.2.1 TEST-LLl 

The large inductive load test (TEST-LLl) results are shown m 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 shovm 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-LL2 

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 

releasmg the load. Figure 12.18 shows that the rotor angle reached steady-state 

m 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 

m figure 12.20, m dumpmg down the oscillations in Ao. 
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Figure 12.17 terminal voltage (pu), TEST-LL2 
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Figure 12.18 rotor angle (electrical degrees), TEST- LL2 
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Figure 12.19 speed deviation {pu), TEST-LL2 
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Figure 12.20 excitation signal {volts), TEST-LL2 

12.1.2.3 TEST-LL3 

The results of this test are shown m 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 figiu-es show good performance of the Shay-Exciter in response to 

the large inductive load changes in this operation point, P=0.4 andpf =0.98. 
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Figure 12.23 speed deviation {pu), TEST-LL3 
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Figure 12.24 excitation signal {volts), TEST-LL3 

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 tune after 

the disturbance. The speed deviation and Uj^ signals are shown in figures 12.27 

and 12.28. 

Figure 12.25 terminal voltage {pu), TEST-LL4 
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Figure 12.27 speed deviation {pu), TEST-LL4 
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12.2 SHAY-EXCITER PERFORMANCE TESTS 

UNDER CHANGE IN REFERENCE VOLTAGE 

The second category of the unplementation study tests was concemed 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. 

Test 

TEST-VSl 

TEST-VS2 

TEST-VS3 

TEST-VS4 

Operating conditions 

Active power {pu) Power Factor 

0.9 

0.5 

0.5 

0.4 

0.9 {lag) 

0.6 {lag) 

0.9 {lead) 

0.98 

Disturbance Duration 

5% change iu v ^ 

5% change in v^^ 

5% change in v^^j 

5% change in v^f 

5 sec 

5 sec 

5 sec 

5 sec 

Table 12.3 small change in reference voltage testing conditions 

12.2.1.1 TEST-VSl 

Figure 12.29 shows that the terminal voltage imder this test reached its steady-

state conditions in 1.5 seconds with 1% Pp and 1% steady-state error. Figure 

12.30 shows the rotor angle and figure 12.31 shows the speed deviation. Ufa is 

shown in figiu^e 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. 

AQ and Ufj are shown in figures 12.35 and 12.36 respectively. 
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Figure 12.29 terminal voltage {pu), TEST-VSl 
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Figure 12.31 speed deviation {pu), TEST-VSl 
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Figure 12.33 terminal voltage {pu), TEST-VS2 

Figure 12.34 rotor angle (electrical degrees), TEST- VS2 
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Figure 12.35 speed deviation {pu), TEST-VS2 
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Figure 12.36 excitation signal {volts), TEST-VS2 

12.2.1.3 TEST-VS3 

Figure 12.37 shows the terminal voltage response for this test. Figure 12.38 

shows the rotor angle while the speed deviation and the excitation signal are 

shown in figiu-es 12.39 and 12.40 respectively. 
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Figure 12.37 terminal voltage {pu), TEST-VS3 
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Figure 12.38 rotor angle (electrical degrees), TEST- VS3 

Figure 12.39 speed deviation {pu), TEST-VS3 
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Figure 12.40 excitation signal (volts), TEST-VS3 
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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 termmal 

voltage and the rotor angle responses m 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. 

Figure 12.41 terminal voltage (pu), TEST-VS4 
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Figure 12.42 rotor angle (electrical degrees), TEST- VS4 



Chapter 12: Laboratory Tests and Results Page 200 

ACD 

x ia ' 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

- - I 1 X - X - x A X - X - X - X - X _ 4 - 4 - 4 _ 4 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 j l l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 l l j 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

- - I 1 X - J - _ J - J J - - J l . _ X - X - 4 - 4 - 4 _ 4 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 U j l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 - L X X L J L X X X X 4 4 4 4 4 4 4 4 1 1 l _ l 1 1 

I 1 1 1 J jl 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

I I ' ' / l 1 1 1 1 1 1 1 1 1 l/N 1 1 1 1 1 1 I I 

I l l l l ^ / l l l l l l l l \ / l l l l l l l 1 l 

I 1 1 1 1 l l j l 1 1 1 1 1 1 1 l\ / l 1 1 1 1 1 1 1 1 
I I 1 1 1 1 1 j 1 1 1 1 1 1 1 1 i W 1 1 1 1 1 1 1 1 1 

- - I 1 X - X - X _ X U 4 L _ X - X - J _ J . _ 4 1 1 ^ 4 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 '̂  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

I I 1 1 1 1 1 1 1 1 1 1 1 1 

12 time (sec) 

Figure 12.43 speed deviation {pu), TEST-VS4 
WI»W*WWWWW««WViniVWVWVVWVVVllVVVVVWVVV¥VWVVVVVVVVVWVV>.V^ 

mwvwwviMwwwi 

Figure 12.44 excitation signal (volts), TEST-VS4 

12.2.2 Large change in reference voltage 

Table 12.4 describes the tests and the operation conditions used. 

Test 

TEST-VLl 

TEST-VL2 

TEST-VL3 

TEST-VL4 

Operating conditions 

y\ctive power {pu) Power factor 

0.9 

0.5 

0.5 

0.4 

0.9 {lag) 

0.6 {lag) 

0.9 {lead) 

0.98 

Disturbance Duration 

10% change in v ^ 

10% change m v^gf 

10% change in v^gf 

10% change in v̂ ŷ  

5 sec 

5 sec 

5 sec 

5 sec 

Table 12.4 large change in reference voltage testing conditions 
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12.2.2.1 TEST-VLl 

Figure 12.45 shows the terminal voltage response for TEST-VLl. The figure 

shows that v, reached its steady-state conditions in 1 second with 5% Pp 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 m figure 12.47 and the excitation signal is shown 

in figure 12.48. 
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Figure 12.45 terminal voltage {pu), TEST-VLl 
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Figure 12.46 rotor angle (electrical degrees), TEST- VLl 



Chapter 12: Laboratory Tests and Results Page 202 

xia^ 

1 

A© 0. 

0 

-0.5 

-1 

-1.5 

I I 
• r - T 

I I 

J L 

L^AAAAAAAAAA.̂ JSAA*A^>-"-" ..^^.^.^.^.v^.^.^.^.^.v^^.^.^.v^ 

Figure 12.47 speed deviation {pu), TEST-VLl 
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Figure 12.48 excitation signal (volts), TEST-VLl 

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 L̂ ^ was able to dump down the oscillations m 5 

in 2.25 seconds after the mtroduction of the disturbance and in 2 seconds after 

removmg it Ufa is shown m figure 12.52. 
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Figure 12.49 terminal voltage {pu), TEST-VL2 
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Figure 12.50 rotor angle (electrical degrees), TEST- VL2 
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Figure 12.51 speed deviation {pu), TEST-VL2 
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Figure 12.52 excitation signal (volts), TEST-VL2 

12.2.2.3 TEST-VL3 

The terminal voltage response m 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. 

Figure 12.53 terminal voltage (pu), TEST-VL3 

Figure 12.54 rotor angle (electrical degrees), TEST- VL3 
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Figure 12.56 excitation signal (volts), TEST-VL3 

12.2.2.4 TEST-VL4 

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. 5 

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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Figure 12.57 terminal voltage (pu), TEST-VL4 
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Figure 12.58 rotor angle (electrical degrees), TEST- VL4 
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Figure 12.59 excitation signal (volts), TEST-VL4 

12.3 SHAY-EXCITER PERFORMANCE TESTS 

UNDER TRANSMISSION LINE SHORT 

CIRCUITS 

The fmal 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 (/;«) Power factor 

TEST-LG 

TEST-LLG 

0.9 

0.9 

0.9 {lag) 

0.9 {lag) 

Disturbance Duration 

L-G short circuit 

L-L-G short circuit 

100 msec 

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% p^ 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 5 were eliminated in 1 second after the L-G short 

circuit. The excitation signal is shown in figure 12.64. 
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Figure 12.61 terminal voltage (pu), TEST-LG 
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Figure 12.62 rotor angle (electrical degrees), TEST- LG 
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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 m 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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Figure 12.67 speed deviation {pu), TEST-LLG 
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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 pubUcation and 

presentation list in section 13.2. The chapter ends with discussion of future work directions 

m 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 

and implementation for different applications. The methodology mcludes a number of 

itmovative 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 mtroduction of the operational angle concept m 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. 



Chapter 13: Main Results and Conclusion Page 214 

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 mput and 

output ranges of the FLC. Shay-Tune applies a standardised algorithm that 

requires minimal changes for different applications. The tuning 

mechanism used requkes no off-lme 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 defmed parameters, L and T. 

4) Development of the Universal FLC Design Structure 

The Shay structure developed m the thesis can be grouped into one 

controller block with only one input as shown in chapter 10. The structure 

proposed is imiversal as it is not based on a particular model or 

application. Shay applies mechanisms and means of processing the plant 

information according to pre-defmed performance criteria. The processmg 

is performed regardless of the characteristics of the plant imder 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 m 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 

detail. The knowledge engineering part of manipulation of the 
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information captured and utilised from field and theoretical resources is 

shown m chapter 10. Chapter 11 shows the practical unplementation 

model where Shay-Exciter is implemented for the excitation control of a 

synchronous generator coimected to an infinite bus through a transmission 

line. The chapter shows the hardware and software components used in 

the implementation. It is unportant 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 Purpose 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 

multiprocessuig 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, havmg 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 

m ANSI-C (see Appendices B.1-9). These functions are robust and requke 

no modifications when used to implement different FLCs. The DSP and 

host PC drivers as well as the machine/computer interfacmg 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 smgle 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. Dknitrov, J. Kacprzyk. 
PHYSICA-VERLAG (a Springer-Veriag Company), Heidelberg, to be 
pubHshed m 1997. 
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International Journals 

• Ghanayem O. and A. Stoica, Fuzzy Reasoning Using Positional 
Information, accepted for publication in the International Joumal of 
General Systems, the Special Issue on Approximate Reasoning (LTGS), to 
be published in 1997. 

International Refereed Conferences 

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 

Ghanayem O. and L. Reznik, A Fuzzy Logic Structure For On-Line 
Parameter Tuning With The Application To Power System Excitation 
Control, accepted for presentation at the 7th International Fuzzy Systems 
Association (IFSA) Worid Congress, to be held in, June 25 - 29, 1997, 
Prague, Czech republic, to be published in 1997. 

Ghanayem O and L. Reznik, Excitation 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. 

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 (lEA/AIE) (mvited and additional papers), pp 
41-45, Jime 6-8, 1995, Melbourne, Australia. 

Ghanayem O. and L. Reznik, A 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. 

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, A 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. 

Ghanayem O. and L. Reznik, A Novel Excitation Control Scheme: 
Design And Implementation, Proceedings of the 4th Australian and New 
Zealand Conference on Intelligent Information Systems (ANZnS 96), 
November 18-20, 1996, Adelaide, Australia. 

13.3 DIRECTIONS OF FUTURE DEVELOPMENT 

• Fuzzy Logic Stability and Evaluation Criteria 

Although this thesis contributes performance based evaluation criteria, we still 

feel that more work is necessary m this field. Efforts should be directed 

towards new defmitions 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 fiizzy 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. 

• 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. 

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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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 A. 1 

(L: left of the prototype, C: the prototype and R: right of the prototype). 

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 A.2 shows 

the input and output classes. The mle table is shown in table A.\. The following explains 

L/R COG in detail. 

^z 

^ NS 

NB NS 

1 ' \ 
/ ' \ 

/ ' 1 
/ ' \ 

/ ' \ 
/ ' \ 

1 / 

z PS 

/ L ' R \ 

PB. 

Figure A.l input/output classes 
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INPUT 

OUTPUT 

NB 
NB 

NS 
NS 

Z 
z 

PS 
PS 

PB 
PB 

Table .4.1 SISO system rule table 

Fuzzification: 

Fuzzification in the L/R COG is related to the fact that the mput 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 ^ {Seti,[ii{x},Si} 

where Sj is the input class side and P is the prototype of the class, and 

.̂. = 

L 

C 

R 

x<P 

x = P 

x>P 

Fuzzy Processing: 

To make use of the positional information provided by fuzzification, the 

inference uses an extended mle base expressing the mapping of S^ to S^ (input 

class side to output class side). For a SISO fuzzy system, the sides mles can be 

expressed as in table A.l. 

— 

L 
L 

C 
C 

R 
R 

Table A.l sides rule table 

The sides mle table can be treated in the same manner as the classes mle table, 

and one may have different setting for both of them based on the system under 

consideration. 

For a two input system the sides mle table is of a size 3x3, ie. Table A.3, 

expressing information in the form if Sjj is Xj and Si2 is JG then S„ is Y, where 

Xj, X2 and Y can be either L, C or R. 
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Sj2 m 
Sn 

^^^^^H^^I^^^HH^B^H 
L 
C 
C 

C 
C 
C 

C 
C 
R 

Table A.3 sides rule table for a two input one output FLC 

As mentioned above, the knowledge in the sides mle 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 m figure A.l, 

which for n inputs is 3". 

The mle base used in this section comprises of two mle 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 mles will fire at the 

same time. The fuzzy output resulting from the inference process is expressed 

by {Set„,\iJx),SJ. 

Defuzzification: 

The defuzzification phase in the L/R COG differs from the classical 

defuzzification in considering the parameter Sg. The output class is subjected to 

the same treatment as the input class, (divided into three non-intersected 

classes as in figure A.V). 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 

A.3. 
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11 

0.5 

Figure A.Z defuzzification area selected by the L/R COG 

Figure A.A explains the overall fuzzy processing using the L/R COG method for the input 

atx. 

'WM^M^ 

NB NS Z PS PB 

Fiiz/ificatlon 

1 ««> lapul 

{NS,ni^R}md{Z,ii^L} 

i^iSiCTiJliiiigi^l 
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\^NS 
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PS PB 

cri*prjirtp«« 

FMZ/.V Proces<iin" 
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Figure A.4 L/R COG fuzzy processing 
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/«**««*******«**«*** 
Header Files 

************ ***:tt****^ 

tfinclude <stdlib.h> 
#include <stdio.h> 
#include <tim6.h> 
#include <conio.h> 
#include "c4xapp.h" 
#include "dpram.h" 
#include "declares .h 
#mclude "timer.h" 

/********************* 
Define Cons tants 

**********************/ 

#defme SITE_A_C40_FILE "hussein.out" 

/********************* 

defme D P R A M locat ions 
*********************/ 

#define DPRAMBUFFERlSTART 0xA0000200L 
#define BUFFER1_LENGTH 0x100 
#define StartDSPProg DPRAMHANDSHAKEO 
#defme PCReadyJoRecieve DPRAMHANDSHAKEl 
#define PCIn Data Ready DPRAM HANDSHAKE2 
#define Sample Start DPRAM_HANDSHAKE3 
#defme Sample_End DPRAM_HANDSHAKE4 
#define Relay_On DPRAM HANDSH.4KE5 
#define bb 65535 

f * * * * * * * * * * * * * * * * * * * * * * 

Function Pro toTypes 
***********************f 

void checkRetumCode(UINT retumCode); 

^* ***************** 
Main Program 

*******************^ 
void main() 

{ 
UINT ret; 
ULONG dataReady,DSPReady; 
ULONG zero; 
ULONG one; 

PROCJD *handle; 
char proc_name[MAX_PROC_NAME_SIZE]="CPU_.A",FileName[40]; 
float i,data_buf[3],SampleRate; 
float RunTime,TTm=0,R10n,R10fr,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 SmplDiff; 
unsigned long int start_p,end_p,ellaps_p; 
unsigned long int start_rl,elps_rl; 
unsigned long int Smpl_St,Smpl_End,Smpl_Elps; 
unsigned long int elps_sc=0; 
FILE *ofp; 
systemC'cls"); 
zero=0; 
one=l; 
printf("\n\n\n ENTER RUN TIME: "); 
scanf("°'af',&RunTime); 
data_buftO]=RunTime; 
printf("\n ENTER S..U1PLING TIME: "); 
scanf("» if',&SampleRate); 
data_buftl]=SampleRate; 
printf|;"\n ENTER initial tacho reading: "); 

.\ny Reproduction or Use of this Code, hi anv Form, Without ihe Author's Permission is ILLEGAL 
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scanf("%f',&tch_lst); 
data_buf[2]=tch_lst; 
Tachok=tch_lst; 
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 (DstType) 

{ 
case 1: 

case 2: 

case 3: 

printf (^n ********** Ref Volt ********"); 
printf("\n Input New reference voltage : "); 
scanf("%f',&Nw_Ref); 
data_bufI5]=Nw_Ref; 
priiitf("\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=l; 
data buf[8]=Ref Fig; 
break; 
} 

{ 
printf ("\n *********** load change *********"); 
printf("\n ENTER RELAYl On TIME : "); 
scanf("%f',&R10n); 
data_buf[5]=R10n; 
printf("\n ENTER RELAYl Off TIME :"); 
scanf("%f',&R10ff); 
data buf[6]=Rl Off; 
printf("\n ENTER RELAY_2 On TIME : "); 
scanf("%f',&R20n); 
data_bufI7]=R20n; 
printf("\n ENTER RELAY_2 Off TIME : "); 
scanf("%f',&R20ff); 
data_buf[8]=R20ff; 
Load_Flg=l; 
data_buf[9]=Load Fig; 
break; 
} 

{ 
printf("\n ************ short circuit ********"); 
printf("\n ENTER REL.\Y {short circuit, sec) On TIME :"); 
scanfl;"%f',&R10n); 
data_buft5]=R10n; 
printf("\n ENTER REL.AY (short circuit, msec) duration : "); 
scanf("%f',&scOff); 
data bufI6]=scOff; 
printf("\n scOff=%f',scOff); 
Sc_Flg=l; 
data_bufl7]=Sc_Flg; 
break; 

printf("\n Enter INITI.AL Global Input Range "); 
scanf("»/if',&G_In_Rng); 
data_buf[10]=G_In_Rng; 
printf("\n Enter INITI.AL Global Output Range "); 
scanf("»/of',&G_Out_Rng); 
databufll l]=G_Out Rng; 
printf("\n .Apply Learning yes ==>! "): 
scanf("»/if',&Leam); 
data bufi 12]=Leam; 

\n\' Reproduction or Use ot this Code, in anv Form, Without the Author's Permission is ILLEGAL 
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if(Leam==l) 
{ 
printfC^n ENTER Learning Rate: "); 
scanf("%f',&Leam_T); 
databuf^ 13 ] =Leam_T; 
} 

printf("^n control (y==l;no==0): "); 
scanf("%f',&CNTRL); 
data_bufI14]=CNTRL; 
printf("\n enter data file name "); 
scanf("%40s",Fil6Name); 
ofp=fopen(FileName,"w"); 
printf("\nRebooting the €40 network...."); 
ret = Global_Network_Reboot(); 
checkRetumCode(ret); 
printf("OK"); 
printf("\nOpening processor "); 
ret=Open_Processor_ID(&handle,proc_name,NULL); 
checkRetumCode(ret); 
printf("OK"); 
ret=Change_Board_Register_Fields(handle,CONFIG_REG,0,DPC_DB_TIM_0_SEL); 
checkRetumCode(ret); 
ret=Change_Board_Register_Fields(handle,CONFIG_REG,DPC_DB_TIM_l_SEL,0); 
oheckRetumCode(ret); 
ret=Change_Board_Register_Fields(handle,CONFIG_REG,DPC_DB_MCLK_0_SEL,0); 
checkRetumCode(ret); 
ret=Change_Board_Register_Fields(handle,CONFIG_REG,DPC_DB_MCLK_l_SEL,0); 
checkRetumCode(ret); 

ret = Write_DPRAM_Words_32(handle,Start_DSP_Prog,l,&zero); 
checkRetumCode(ret); 
ret = Write_DPRAM_Words_32(handle,PC_Ready_to_Recieve,l,&zero); 
checkRetumCode(ret); 
ret = Write_DPRAM_Words_32(handle,PC_hi_Data_Ready,l,&zero); 
checkRetumCode(ret); 
ret = Write_DPRAM_Words_32(handle,Start_Sample,l,&zero); 
checkRetumCode(ret); 
ret = Write_DPRAM_Words_32(handle,Sample_End,l,&zero); 
checkRetuiliCode(ret); 
ret = Write_DPRAM_Words_32(handle,Relay_On,l,&zero); 
checkRetumCode(ret); 
printf("\nLoading program to C40 in Site A "); 
ret=Load_And_Run_File_DPRAM(handle,SITE_A_C40_FILE); 
checkRetumCode(ret); 
printf("OK"); 
ret = Write_DPRAM_Floats_32(handle,DPRAM_BUFFERl_START,15,data_buf); 
checkRetumCode(ret); 
ret = Write_DPRAM_Words^32(handle,Start_DSP_Prog,l,&one); 
checkRetumCode(ret); 

I************************* 

start the processing 
**************************! 

init8h(1000); 
ticks_8h=0; 
TTm=0; 
start_p=ticks_8h; 
ellapsjp=0; 
Smpl_St=ticks_8h; 
ret = Write_DPRAM_Words_32(handle,Sample^StaTt,l,&one); 
checkRetumCode(ret); 
ret = Write_DPRAM_Words_32(handle,PC Ready_to_Recieve,l,&one); 
checkRetumCode(ret); 
while(ellaps_p<RunTime) 

{ 
ret = Write_DPR.AM_Words_32(handle,PC_Ready_to_Recieve,l,&one); 
checkRetumCode(ret); 

^************************** 

sampling time calculations 
***************************! 

Smpl_End=ticks_8h; 

Xm Reproduction or L'sc ol this Code, in any Form, Without the Author s Permission is 
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Smpl_Elps=time8h(Smpl_St,Smpl_End); 
if (Smpl_Elps<SampleRate) 

{ 
Smpl_Diff=abs(Smpl_Elps-SampleRate); 
delay8h(Smpl_Diff); 
} 

ret = Write_DPRAM_Words_32(handle,Sample_End,l,&one); 
checkRetumCode(r6t); 

/****************** 

check the relays 

start_rl=ticks_8h; 
elps_rl=4ime8h(start_p,start_rl); 
elps_sc=elps_rl; 
elps_rl=elps_rl/1000; 
if(Ref_Flg==l) 

{ 
if ((elps_rl>=Nw_st) && (elpsrKNwEnd)) 

V_Ref_sg=Nw_Ref; 
if (elps_rl>=Nw_End) 

V_Ref_sg=l; 
} 

else if (Loadng==l) 
{ 
if(elps_rl<R10n) 

{ 
ret = Write_DPRAM_Words_32(handle,Relay_On,l,&zero); 
checkRetumCode(ret); 
} 

elseif((elps_rl>=R10n)&&(elps_rl<R10ff)) 
{ 
ret = Write_DPRAM_Words_32(handle,Relay_On,l,&one); 
checkRetumCode(ret); 
} 

else if ((elps_rl>=Rl Off)&&(elps_rl<R20n)) 
{ 
ret = Write_DPRAM_Words_32(handle,Relay_On,l,&zero); 
checkRetumCode(ret); 
} 

else if ((elps rl>=R20n)&&(elps_rl<R20ff)) 
{ 
ret = Write_DPRAM_Words_32(handle,Relay_On,l,&one); 
checkRetumCode(ret); 
} 

else 
{ 
ret = Write_DPRAM_Words_32(handle,Relay_On,l,&zero); 
checkRetumCode(ret); 
} 

} 
else if (Sc_Flg==l) 

{ 
if((elps_rl>=R10n)&&(elps_sc<=((R10n*1000)+scOff))) 

{ 
ret = Write_DPR.AM_Words_32(handle,Relay_On,l,&one); 
checkRetumCode(ret); 
} 

if (elps_sc>=((R10n* 1000)+scOff)) 
{ 
ret = Write_DPR.AM Words_32(handle,Relay On4,&zero); 
checkRetumCode(ret); 
} 

} 

Smpl_St=ticks_8h; 
ret = Write_DPILAM_Words_32(handle,Sample_Start,l,&one); 
checkRetumCode(ret); 
do 

{ 
ret = Read_DPR.\M_Words_32(handle,PC Jn_Data_Ready,l, &dataReady); 
checkRetumCode(ret); 

Anv Reproduction or Use of this Code, in any Form, Without the Author s Permission is ILLEGAL 
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keyboM-dHit = kbhit(); 

} 
while( (dataReady != 1) && (IkeyboardHit)); 
ret = Write_DPRAM_Words_320iandle,PC In_Data_Ready,l,&zero); 
checkRetumCode(ret); 

/************************************** 

reading the inputs and processing it 
* * * * * * » * * * * * * • * * * * * * * * « * « * « * * * * * * * * * » * * / 

ret = Read_DPRAM_Floats_32(handle,DPRAM_BUFFERl_START,5,data_buf); 
checkRetumCode(ret); 
for (i=0;i<5;i++) 

fprintf(o^,"%7.4f ",data_buf[i]); 
fprintf(ofp,"\n"); 
end_p=ticks_8h; 
ellaps_p=time8h(start_p,end_p); 
TTm=(floatXell^s_p); 
TTm=TTm/I000; 
ellaps_p=ellaps jp/1000; 

} 
clrscrO; 
ret=Close_Processor_ID(handle); 
checkRetumCode(ret); 
Clear_All_Lib_Memory(); 
} 

\n\ Reproduction or Use of this Code, in any Form, Without the Author s rkiUlill^fM ILLEGAL 
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#include <dos.h> 
#include <bios.h> 
#include <conio.h> 
#include "tcintS.h" 
#ifdef cpluspls 
# defme _CPPARGS... 
#else 
# defme _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); 

extem volatile unsigned long int ticks_8h; 

#defme IRQO 0x8 
#defme PITO 0x40 
#defme PITl 0x41 
#defme PIT2 0x42 
#defme PITMODE 0x43 
#defme PITCONST 1193180L 
#defme PITODEF 18.2067597 
#defmeKBCTRL0x61 
#define NEW8H 1 

static float t i ck j e rms = 0.0182068; 
static float ms_per_tick = 54.9246551; 
static float freqSh = 18.2067597; 
static unsigned char flag8h = 0; 
static void interrupt(*old8h) (__CPPARGS); 

volatile int counter_8h; 
volatile int counter_reset; 
volatile unsigned long int ticksSh; 

void init8h(unsigned int Hz) 
{ 

unsigned int pitO_set, 
pitOvalue; 

if(flag8h!=NEW8H){ 
disableO; 
oId8h = getvect(IRQO); 
setvect(IRQO, new8h); 
outportb(PrrMODE, 0x36); 
pitO_value = PrrCONST / Hz; 
pitO_set = (pitOvalue & OxOOff); 
ou^oitb(PrrO, pitOset); 
pitOset = (pitOvalue » 8); 
outportb(PITO, pitOset); 
enableO; 

} 

vc 
{ 

flag8h = NEW8H; 
freq8h = Hz; 
counter 8h = 0; 
counterreset 
tick_per_ms = 
ms_per tick = 

} 

>id quit8h( 

= freqSh / PITODEF 
lTeq8h /1000; 
lOOO/freqSh; 

void) 

Am Reijroduction or Use oJ this Code, in anv Form, Without the .Author's Permission is .LEGAL 
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unsigned int pitOset, 
pitOvalue; 

long tick; 
char *cmostime; 

if(flag8h==NEW8H){ 
disableO; 
outportb(PITMODE, 0x36); 
outportb(PITO, 0x00); 
outportb(PIT0,0x00); 
setvect(IRQO, oldSh); 
enableO; 

cmostime = get_cmostime(); 
tick = PITODEF * 

( 
(((float) *cmostime) * 3600) + 
(((float) *(cmostime + 1)) * 60) + 
(((float) *(cmostime + 2))) 
); 

biostime(l, tick); 

flag8h = 0; 
freq8h = PITODEF; 
counter reset = freqSh / PITODEF; 
t i ck j e rms = freqSh /1000; 
msjjertick = 1000 / freq8h; 

} 
} 

void interrupt 
new8h(_CPPARGS) 

{ 
disableO; 
ticks_8h++; 
eoimter8h++; 

if (counter8h == counterreset) { 
coimterSh = 0; 
enableO; 
old8h(); 

} else { 
outportb(0x20, 0.x20); 

} 
} 

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 * tickjperms; 

if(flag8h==NEW8H) 
delaybegin = ticks_8h; 

else 
biostime(0, (long) delaybegin); 

LiWlfB!Bll!!gif!ll!ftfMiyaa{'.lLl!g!iai ILLEGAL 
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do{ 
if(flag8h==NEW8H) 

delayend = ticks_8h; 
else 

biostime(0, (long) delayend); 
} while ((delayend - delaybegin) < delaytick); 

} 

void soimd8h(int freq, int duration) 
{ 

int byte; 
unsigned int freql; 

freql = PITCONST / freq; 
outportb(PITMODE, 0xb6); 
byte = (freql & Oxff); 
outportb(PIT2, byte); 
byte = (freql » 8); 
outportb(PIT2, byte); 
byte = inportb(KBCTRL); 
outportb(KBCTRL, (byte | 3)); 

delay8h(diiration); 
outportb(KBCTRL, (byte & Oxfc)); 

} 

char *get_cmostime(void) 
{ 

union REGS inreg; 
union REGS outreg; 
char *bulf; 
static char buifer[6]; 
char ch; 

buff = buffer; 
inreg.h.ah = 0x02; 
int86(0xla, &inreg, &outreg); 

ch = outreg.h.ch; 
bufrer[0] = (char) ((int) (ch & OxOf) + (int) ((ch » 4) & OxOf) * 10); 
ch = outreg.h.cl; 
buffer[l] = (char) ((int) (ch & OxOf) + (int) ((ch » 4) & OxOf) * 10); 
ch = outreg.h.dh; 
buffer[2] = (char) ((int) (ch & OxOf) + (int) ((ch » 4) & OxOf) * 10); 
buffer[3] = outreg.h.dl; 
buflFer[4] = (char) (outreg.x.cflag & 0x0001); 
buffer[5] = 0x00; 

return (bufE); 

Anv Repro<(uet!on or Use of this Code, in any Form, Without the Author s Permission is .LEGAL 
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/*global variables*/ 
float fijz_mat[30][3]={{0}},rules_mat[3][10]={{0}},bdr_mat[3][5]={{0}}; 
float Glob_AVR=l,Glob_PSS=l,U_AVR[10],U_PSS[10],ekml=0,ekm2=0,ekm3=0,sectrs[6]={0}; 
/**** filters parameters ****/ 
float fJach4Ltch_kl=0,f_tch_k2=0/_tch_k3=0,f_tch_k4=0/_tch_k5=0/_tch_k6=0; 
float tch_kl =0,tch k2=0,tch_k3=0,tch_k4=0,tch_k5=0,tch_k6=0; 
/*vt filter*/ 
float f_VT_kl=0/_VT_k2=04LVT_k3=0,f_VT_k4=0,f_VT_k5=0,f_VT_k6=0; 
float VT_kl=0,VT_k2=0,VT_k3=0,VT_k4=0,VT_k5=0,VT_k6=0; 
float speed_kl=0,speed_k2=0,speed_k3=0,speed_k4=0; 
float f s p e e d k l =0/_speedk2=0,f speed k3=0,f_speedk4=0; 
float er_ang_km=0,speed4n_ang,er_ang,ed_angjF_speedJ>w_kl=0; 
/* updating variables*/ 
int updt_count=-1; 
float sectl_FLG=0,sect2_FLG=0,seet3_FLG=0,sect4_FLG=0; 
float sect5_FLG=0,sect6FLG=0,LeamT,sum_err=0,erav_km=0; 
floatflc_sts[3]={0},Main FLC_k=0,Main FLC_Sum=0,Main FLC S_km=0; 
floatC In_Rng=0,C_Out Rng=0,G hi Rng=l,G Out Rng=l,mode=0,Leam; 
float tch_lst=l; 

/•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 Q[10], floatt Qi[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_sct4(float ,float); 
float sw_sct5(float ,float); 
float sw_sct6(float ,float); 
void Shay(float ,float ,float); 
float vt_fte(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 Qmai(float *,float *,float ,int); 
float Monkey(float); 

I******************* 

Header Files 
******************** J 

#include "intpt40.h" 
#include "amelia.h" 
#include "dpram.h" 
#include "out sg.h" 
#include "dsp_head.h" 
#include "shayfhch" 

^******************************** 
flags and data buffer in DPRAM 
*********************************/ 

#defme Start DSPProg 
#define PCReadytoRecieve 
#defme PC_In_Data Ready ((long 
#defme SampleStart 
#define SampleEnd ((long 
#define RelayOn ((long 
#defme BUFFER 

((long *) DPRAM_HANDSHAKEO) 
((long *) DPRAM_ILANDSH,.̂ KE1) 

*) DPRAM_HANDSHAKE2) 
((long *) DPRAM_H.ANDSH.AKE3) 

*) DPR.AM HANDSHAKE4) 
*) DPRAM HANDSH.AKE5) 

((float *) 0X.A0000200) 

Anv Rei)ro<{uction or Use of this t ode, in anv Form, Without the Author's Permission is ILLEGAL 
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# d e f m e B U F F E R 1 L E N G T H 0 x 1 0 0 

/************************ 

F u n c t i o n P r o t o T y p e s 
*************************/ 

void c_int04(void); 

/****************** 

M a i n P r o g r a m 
******************f 

void main(void) 
{ 

I********************************** 
s t a r t l A C K 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * f 

asm(" PUSH ARO"); 
asm("PUSHDP"); 
asm(" LDI 030H,AR0"); 
asm(" LSH 16,ARO"); 
asm(" lACK *ARO"); 
asm(" POP DP"); 
asm(" POP ARO"); 

INT_DISABLEO; 
set_ivtp( (void *)0x002ffe00); 
install_intvector((void *)c_int04, 0x04); 
load_iif(0x00B0); 
*USER_CONTROL_REG = 0xA400; 
* AMELIA_CONTROL_REG = 0x00B2; 
*TIMER1_REG = 0xFFC4; 
*INTERRUPT_MASK_REG = 0x0002; 
* CONFIGURATION REG = Ox8DFF; 

I*************************** 
Get Data from user 
* * » * » » » » » » » * * * » » » * » * * * * • » • » * / 

while(* Start DSP_Prog==0); 
Start_DSP_Prog=0; 
Run_Time=*(BUFFER); 
SampleRate=* (BUFFER+1); 
tch_lst=*(BUFFER+2); 
Tachok=* (BUFFER+3); 
Dst_Type=*(BUFFER+4); 
switch(Dst_Type) 

{ 
case 1: 

case 2: 

case 3: 

{ 
Nw_Ref=*(BUFFER+5); 
Nw_st=*(BUFFER+6); 
Nw_End=* (BUFFER+7); 
Ref_Flg=* (BUFFER+8); 
break; 
} 

{ 
R10n=*(BUFFER+5); 
R10ff^*(BUFFER+6); 
R20n=*(BUFFER+7); 
R20fif=*(BUFFER+8); 
Load_ng=*(BUFFER+9); 
break; 
} 

{ 
R10n=*(BUFFER+5); 
scOff=*(BUFFER+6); 
Sc_FIg=*(BUFFER+7); 
break; 
} 

Anv Reproduction or Use of this Code, in any Form, Without the Author s Permission is ILLEGAL 
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I************************** 

start enable interrupts 
**************************! 

INTENABLEO; 
while(l); 
} 

I * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

start interrupt service routine 
*************************************! 
void c_int04(void) 

{ 
volatile unsigned long clear, 
unsigned long temp A, tempB,bit_16,bit_15,bit_ng,outl,out2; 
intbbl,bb2,bb3,bb4; 
float tempA_f,tempB_f,opl,op2 JnMod; 
bit_16=65535; 
bit_l 5=32767; 
bit_ng=32768; 
clear = *INTERRUPT_STATUS_REG-, 
while(* Sample Start==0); 
•Sampl6_Start=l; 
tempA = *CHO_IN_DATA_REG; 
tempB = *CH1_IN DATA_REG; 
temp A=(H«mp A)+1; 
tempB=(~tempB)+l; 
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(bbl<=32768) 

{ 
tempA_f=(float)(bbl*3)/32767; 
} 

if(bbl>32768) 
{ 
tempA_f=((float)((bb2-32768)*3)/32767); 
} 

if(bb3<=32768) 
{ 
tempB_f=(float)(bb3 *3 )/32767; 
} 

if(bb3>32768) 
{ 
tempB_f=((floatX(bb4-32768)*3)/32767); 

} 

j * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

PROCESSING THE INPUTS 
*************************************************! 

Vt=2.12*tempA_f; 
Vt=vt_fltr(Vt); 
Tacho=tempB_f; 
Tacho_difP=Tachok-Tacho; 
if (fabs(Tacho_diff)<0.1) 

Tacho=Tachok; 
else 

Tachok=Tacho; 

PSSP.ARM (Tacho); 
Dw=f_speed; 
s_Dw=dw_scl2*f_speed; 
s D w k l =dw_km_scl*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-ekm 1; 
.AVR_EK=pow((pow(ek,2)+pow(ekml,2)),0.5); 
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AVR_EKM=pow((pow(ekm2,2)+pow(ekm3,2)),0.5); 
Shay(ek,ekml,AVR_EK); 
excitation=Glob_AVR; 
if(excitation>2.99) 

excitation=2.99; 
if(excitation<-2.99) 

excitation=-2.99; 
ekm3=ekm2; 
ekm2=ekml; 
ekml=ek; 
Dw_kl=Dw; 

while(*PC_Ready_to_Recieve==0); 
*PC_Ready_to_Recieve=0; 
*(BUFFER)=Vt; 
*(BUFFER+l)=Dw; 
*(BUFFER+2)=excitation; 
*(BUFFER+l)=ed_ang; 
*PC_In_Data Ready=l; 
*DSP_Ready to_Recieve=l; 
while(*DSP_In_Data_Ready==0); 
•DSPReady to_Recieve=0; 
*DSP_In Data Ready=0; 
opl=excitation; 
if(*Relay_On==l) 

op2=.6; 
else 

op2=0; 
while(* Sample_End==0); 
Sample_End=0; 
output_sg(opl,op2); 
} 

Ani. Re|Ho<kiCt!(iiii or Use of this Code, in any Fonn, Without the Author s Permission ts ILLEGAL 





Appendix B.4; PC-^ Driver Source Code Page B.4.Z 

void Shay(float ek_a,float ekm_a,float AVR EKa) 
{ 
float N_EE,U_Main_a,acc_a,opr_ang,sw_angJPA; 
float min_r,max_r,xl,max_p,x2,min_n,P,N; 

N_EE=AVR_EK_a; 
AVR_EK_a=AVR_EK_a*G_hi_Rng; 
ek a=ek_a* G_In_Rng; 
ekm_a=ekm_a* G_In_Rng; 
I*************** 
Main_FLC {AVR} 
« » « * * * * » * • « * • * « * / 

U Main_a=Main_FLC(AVR_EK a); 
j * * * * * * * * * * * * * * * * * * * * 

updt_in_out 
*************%***%*.** I 
if(Leam==l) 

updt_in_out(ek_a,ekm_aJ>I_EE); 
acc_a=ek_a-ekm_a; 
sectors(ek_a,ekm_a,acc_a); 
opr_ang=angg(ekm_a,ek_a); 

if(sectrs[0]==l) 
{ 
I************************ 
operation in sector 1 
*************************! 

opr_ang=opr_ang+11.25; 
sw_ang=sw_sctl(opr_ang,fabs(eka)); 

j * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

calculating final increment/decrement 
****************************************! 
min_r=0; 
max_r=67.5; 
X1 =sw ang-minr, 
max_p=xl +sw_ang; 

x2=max_r-sw_ang; 
min_n=sw_ang-x2; 
P=bez_bck(opr_ang,-0. l,0,0,max_p); 
N=bez_bck(opr_ang,rain_n,67.5,67.5,68); 
PA=P-N; 
} 

else if (sectrs[l]==l) 

{ 
j * * * * * * * * * * * * * * * * * * * * * * * * 

operation in sector 2 

sw_ang=sw_sct2(opr_ang/abs(ek_a)); 

I*************************************** 
calculating final increment/decrement 
* • * * * * * * • » * * » » * * * * * * » * * * « * * * * • * * * » * * * * * * / 

min_r=33.75; 
max_r=101.25; 
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,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]==l) 
{ 
I************************ 

operation in sector 3 
*************************! 
sw_ang=sw_sct3(opr_ang4'abs(ek_a)); 

I*************************************** 
calculating final increment/decrement 
****************************************! 
min_r=67.50; 
max_i=202.50; 
xl =sw_ang-min_r, 
max_p=x 1 +s wang; 

x2=maxr-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]==l) 
{ 
I************************ 
operation in sector 4 
*************************! 
sw_ang=sw_sct4(opr_ang,fabs(ek_a)); 

[*************************************** 

calculating final increment/decrement 
****************************************! 
min_r=168.75; 
max r=236.25; 
xl=sw_ang-min_r, 
max_p=xl +sw_ang; 

x2=niax_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]==l) 
{ 
I************************ 
operation in sector 5 
*************************! 
sw_ang=sw_sct5(opr_ang,fabs(ek_a)); 

I*************************************** 
c a l c u l a t i n g final i n c r e m e n t / d e c r e m e n t 
**************************************** I 

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,maxjp); 
N=bez_bck(opr_ang,min_n,281.25,281.25,282); 
PA=N-P; 
} 

else if (sectrs[5]==l) 
{ 
I************************ 
operation in sector 6 
*************************! 
sw_ang=sw_sct6(opr_ang4abs(ek_a)); 

j * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

calculating final increment/decrement 
» » » » * » • » » • * » » • * * » * • » » » * * * » » » » * » » * * * * * » * » / 
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min_r=247.5; 
max_r=382.50; 
X1 =s w_ang-min_r, 
max_p=x 1 +s w_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_ang4nin_n,382.5,382.55,383); 
PA=P-N; 
} 

I**************************** 

start data arrangments 
*****************************! 

Glob_AVR=(U_Main_a*PA)+Glob_AVR; 
if(Glob_AVR>2.99) 

Glob_AVR=2.99; 
if(Glob_AVR<-2.9) 

GIob_AVR=-2.9; 
U_AVR[0]=Glob_AVR; 
U_AVR[l]=PA*U_Main_a; 
U AVR[2]=U_Main a; 
U_AVR[3]=opr_aag; 
U AVR[4]=sw_ang; 
U_AVR[5]=PA; 
} 

I***************************** £|.JJ) SJiay ******************/ 
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j * * * * * * * * * * * * * * * * * * 

fiuction: bez_bck 
********************! 
float bez bck(floatt,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; 

elseif(t<=a3) 
u=l; 

elseif(t<=b2) 
u=l-2*pow(((t-a4)/(a4-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; 

elseif(t<=bl) 
u=2*pow(((t-al )/(a2-al )),2); 

elseif(t<=a2) 
u=l-2*pow(((t-a2)/(a2-al )),2); 

elseif(t<=a3) 
u=l; 

else 
u=0; 

} 
else 
{ 

if(t<al) 

elseif(t<=bl) 
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=l; 

else if (t<=b2) 
u=l-2*pow(((t-a3)/(a4-a3)),2); 

else if (t<=a4) 
u=2*pow(((t-a4)/(a4-a3)),2); 

else 
u=0; 

return u; 
} 

sectors 
**************! 
void sectors(float ek_s,float ekm_s, float aces) 

{ 
int wkp,wkn,wkmp,wkmn,accp,accn; 
if(ek_s>=0) 

{ 
wkp=l; 
wkn=0; 
} 

else 
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{ 
wkp=0; 
wkn=l; 
} 

if (ekm s>=0) 
{ 
wkmp=l; 
wkmn=0; 
} 

else 
{ 
wkmp=0; 
wkmn=l; 
} 

if(acc_s>=0) 
{ 
accp=l; 
accn=0; 
} 

else 
( 
accp=0; 
accn=l; 
} 

sectrs[0]=wkp*wkmp*accp; 
sectrs[l]=wkp*wfcmp*accn; 
sectrs[2]=wkn*wkmp*accn; 
sectrs [3]=wkn* wkirm* accn; 
sectrs [4]=wkn* wkmn* accp; 
sectrs [5]=wkp*wknm* accp; 

) 

/ * * * * * * » * * * • * * 

A N G G 
**************/ 

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; 
retum(tht); 
} 

/************* 
PSS PARM 
**************/ 
void PSS_PARM(float Dwl) 

{ 
float ftch_k,diflfr; 
f_tch_k=1.627*f_tch_kl-1.89031*f_tch_k2+1.0776*f_tch_k3-0.46637*fjch_k4+0.08469*f_tch_k5-

0.0123*f_tch_k6+0.0550073*(Dwl+1.0491*tch_kl+2.19433*tch_k2+2.05156*tch_k3+2.19433*tch_k4+1.0491* 
tch_k5+l*tch k6); 

f tach=f tch k; 
diffr=f_tch_k-(tch_lst); 
m_ang=dif&/(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_spe6d_kl-0.98622*f_speed_k2+0.389485*f_speed_k3-

0.0789937*f_speed_k4+0.0385299*(speed+4*speed_kl+6*speed_k2+4*speed_k3+speed_k4); 
f_tch_k6=f_tch_k5; 
f_tch_k5=f_tch_k4; 
f_tch_k4=f_tch_k3; 
fjch_k3=f_tch_k2; 
f_tch_k2=f_tch_kl; 
f_tch_kl=f tch_k; 
tch_k6=tch_k5; 
tch k5=tch_k4; 
tch_k4=tch_k3; 
tch k3=tch_k2; 
tch_k2=tch_kl; 
tch kl=Dwl; 
f_speed_k4=f_speed_k3; 
f_speed_k3=f_speed_k2; 
f_speed_k2=f_speed_kl; 
fspeed_kl=f_speed; 
speed_k4=speed_k3; 
speed_k3=speed_k2; 
speed_k2=speed_kl; 
speed_kl=speed; 
f_speed=f_speed; 
> 

I********* 
maxarry 
**********! 
float max_arry(float f_arty[],int szz ) 

{ 
float tempr=0; 
inti; 
for (i=0;i<szz;i++) 

if (temprcfarry [i]) 
tempr=f_arry[i]; 

retum(tempr); 
> 

I***** 

Qmar 

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],I_out[27]; 
floatSxmi_updt,Mnky,Fix In,Fix Out,Inc In,Inc Out,Dec In,Dec Out; 
int sszz,ij,F=0,k=0; 
I****************** 
calculating the R's 
********************! 
for(i=0;i<3;i++) /*out array*/ 

foii(j=0y<3-j++) /*in array*/ 
{ 
Rs[k++]=in ar[j]*out_ar[i]; 

} 
I***************** 
calculating ei's 
******************! 
if(GE>0.1) 

GE=0.1; 
Es[0]=bez_bck(GE,-0.01,0.00,0.00,0.02); 
Es[l]=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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I******************** 

calculatinfg the Fs 
*********************! 
for (i=0-4<k;i++) 

for(j=0J<3y++) 
Fs[F++]=Es[j]*Rs[i]; 

I * * * * * * * * * * * * * * * * * * * * * * * 

calculate update signal 
************************! 
M n k y = M o n k e y ( G E ) ; 
I**************************** 

calculating Decjnc and Fix 

switch (md) 
{ 
case 1 : I* oyer*I 

{ 
/*»*****»******* 
I N P U T 
****************/ 

F_in[0]=Fs[0]; 
F_in[l]=Fs[9]; 
F_in[2]=Fs[12]; 
F_in[3]=Fs[21]; 
F_in[4]=Fs[4]; 
FJn[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[ll]=Fs[14]; 
F_in[12]=Fs[17]; 
F_in[13]=Fs[20]; 
F_in[14]=Fs[26]; 
sszz=15; 
Fix_In=max_arryCF_in,sszz); 
I_in[0]=Fs[18]; 
I_in[l]=Fs[l]; 
I_in[2]=Fs[10]; 
I_in[3]=Fs[13]; 
I in[4]=Fs[22]; 
I_in[5]=Fs[2]; 
I_in[6]=Fs[ll]; 
I_in[7]=Fs[23]; 
sszz=8; 
Inc_In=max_any(I_in,sszz); 
D_in[0]=Fs[3]; 
D__in[l]=Fs[6]; 
D_in[2]=Fs[15]; 
D_in[3]=Fs[24]; 
sszz=4; 
Dec_In=max_arry(D_in,sszz); 
I * * * * * * * * * * * * * * * 

O L T P U T 
****************/ 

F_out[0]=Fs[0]; 
F_out[l]=Fs[3]; 
F_out[2]=Fs[6]; 
F_out[3]=Fs[15]; 
F_out[4]=Fs[24]; 
F_outt5]=Fs[l]; 
F_out[6]=Fs[10]; 
F_out[7]=Fs[13]; 
F_out[8]=Fs[22]; 
F_out[9]=Fs[2]; 
F_out[10]=Fs[ll]; 
F_outIll]=Fs[23]; 
sszz=12; 
Fix_Out=max_arry(F_out,sszz); 
I_outtO]=Fs[4]; 
I_om[l]=Fs[7]; 
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I_outl2]=Fs[16]; 
I_out[3]=Fs[19]; 
I_out[4]=Fs[25]; 
I_out[5]=Fs[5]; 
I out[6]=Fs[8]; 
I_out[7]=Fs[14]; 
I_out[8]=Fs[17]; 
I_out[9]=Fs[20]; 
I_out[10]=Fs[26]; 
sszz=ll; 
Inc_Out=max arry(I_out,sszz); 
D_out[0]=Fs[9]; 
D_oiit[l]=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+toc_In+Fix_In; 
Dec_In=Dec_In/Sum_updt; 
Inc_In=Inc_In/Sum_updt; 
Fix_In=Fix_In/Simi_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=l; 
break; 
} 

case 2 : /*under*/ 
{ 

INPUT 
****************! 
F_in[0]=Fs[0]; 
F_in[l]=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[ll]=Fs[14]; 
F_in[12]=Fs[17]; 
F_in[13]=Fs[20]; 
F in[14]=Fs[26]; 
sszz=15; 
Fix_In=inax_arry(F_in,sszz); 
I_in[0]=Fs[18]; 
I_in[l]=Fs[l]; 
I_in[2]=Fs[10]; 
I_inl3]=Fs[13]; 
I_in[4]=Fs[22]; 
I_inf5]=Fs[2]; 
I int6]=Fs[ll]; 
I_in[7]=Fs[23]; 
sszz=8; 
Inc_In=max_arry(I_in,sszz); 
D in[0]=Fs[3]; 
D in[l]=Fs[6]; 
D in[2]=Fs[15]; 
D in[3]=Fs[24]; 
sszz=4; 
Dec_In=max_arry(D_in,sszz); 
/**»************ 
OUTPUT 
****************/ 
F out[0]=Fs[0]; 
F out[l]=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[l]; 
F_out[6]=Fs[10]; 
F_out[7]=Fs[13]; 
F_out[8]=Fs[22]; 
F_out[9]=Fs[2]; 
F_out[10]=Fs[ll]; 
F_out[ll]=Fs[23]; 
sszz=12; 
Fix_Out=max arry(F_out,sszz); 
I out[0]=Fs[4]; 
I_out[l]=Fs[7]; 
I_out[2]=Fs[16]; 
I_out[3]=Fs[19]; 
I_out[4]=Fs[25]; 
I_out[5]=Fs[5]; 
I_oiit[6]=Fs[8]; 
I_out[7]=Fs[14]; 
I_out[8]=Fs[17]; 
I_out[9]=Fs[20]; 
I_out[10]=Fs[26]; 
sszz=ll; 
Inc_Oxit=max_arry(I_out,sszz); 
D_out[0]=Fs[9]; 
D_out[l]=Fs[12]; 
D_out[2]=Fs[18]; 
D_out[3]=Fs[21]; 
sszz=4; 
Dec_Out=max_aiTy(D_out,sszz); 
Sum_updt=Dec_In+Inc_In+Fix_In; 
Dec_In=Dec_In/Simi_updt; 
Ittc_In=Inc_In/Sum_updt; 
Fix_In=Fix_In/Siim_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=2; 
break; 
} 

case 3 : /*osc*/ 
{ 
I*************** 
INPUT 
****************! 
F_in[0]=Fs[0]; 
F_in[l]=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[l]; 
F_in[7]=Fs[4]; 
F_in[8]=Fs[10]; 
F_in[9]=Fs[13]; 
F_in[10]=Fs[19]; 
F_in[ll]=Fs[22]; 
F_in[12]=Fs[2]; 
F_in[13]=Fs[5]; 
F_in[14]=Fs[ll]; 
F_in[15]=Fs[20]; 
sszz=16; 
Fix_In=niax_arryCF_in,sszz); 
Inc_In=0; 
D_in[0]=Fs[3]; 
D_in[l]=Fs[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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default: 

D_in[7]=Fs[14]; 
D_in[8]=Fs[17]; 
D_in[9]=Fs[23]; 
D_in[10]=Fs[26]; 
sszz=ll; 
Dec_In=max_arry(D_in,sszz); 

OUTPUT 
****************! 
F_out[0]=Fs[0]; 
F_out[l]=Fs[3]; 
F_out[2]=Fs[6]; 
sszz=3; 
Fix_Out=max_arry(F_out,sszz); 
Inc_Out=0; 
D_out[0]=Fs[9]; 
D_out[l]=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[l]; 
D_out[7]=Fs[4]; 
D_out[8]=Fs[7]; 
D_out[9]=Fs[10]; 
D_out[10]=Fs[13]; 
D_out[ll]=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[ll]; 
D_out[18]=Fs[14]; 
D_oirt[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; 
} 

{ 
Fix In=l; 
Fix Out=l; 
Dec ln=0; 
Dec Out=0; 
Inc_In=0; 
Inc_Out=0; 
mode=0; 
} 
}/*end switch*/ 

I******************************** 
calculate final updating signals 
*********************************! 

C_In_Rng=(l-Fix_In)*(Inc_In-Dec_In)*Mnky; 
G In_Rng=G_In_Rng+C In Rng; 
C Out_Rng=(l-Fix_Out)*(Inc_Out-Dec_Out)*Mnky; 
G Out Rng=G_Out Rng+C Out Rng; 
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/************* 
updtinout 
**************^ 
void updt in out(float eRk,float eRkni,float N_E) 

{ 
float In_Sts[3],OutSts[3],under,over,mode,er_av,InRl=0JnR2=0,InR3=0; 
float AcC=0,Out Rl=0,Out_R2=0,OHt !R3=0; 
/*************** 
update sectors 
**************f 
updt_count++; 
AcC=eRk-eRkm; 
sectors(eRk,eRkm,AcC); 
sectl FLG=sectts[0]+sectl_FLG-, 
sect2_FLG=sectrs[l]+sect2_FLG-, 
sect3_FLG=sectrs[2]+sect3_FLG-, 
sect4_FLG=sectis[3]+sect4_FLG; 
sect5_FLG=sectrs[4]+sect5 FLG; 
sect6_FLG=sectrs[5]+sect6_FLG-, 
Main_FLC_Sum=Main FLCSum+Main FLCk; 
f****************** 
update error array 
******************^ 
s\im_err=pow((pow(eRk,2)+pow(eRkm,2)),0.5)+sum_err, 
/•start */ 
if (updt_count==Leani_T-1) 

{ 
er_av=sum_err/Leam_T; 
Main_FLC_Sum=Main_FLC_Sum/Leam_T; 
if(er_av>0.01) 

{ 
/* check input and output operational status */ 
/********************* 
input oprational status 
********************* I 
opra_sts_in(er_av,er_av_km); 
In_Rl=flc sts[0]; 
hi_R2=flc_sts[l]; 
In_R3=flc_sts[2]; 
In_Sts[0]=In_Rl; 
In_S1s[l]=In_R2; 
In_Sts[2]=hi_R3; 
I******************* 
output oprational status 
********************! 
opra_sts_out(Main_FLC_Sum,Main_FLC_S_km); 
Out_Rl=flc_sts[0]; 
Out R2=flc_sts[l]; 
Out R3=flc_sts[2]; 
Out_Sts[0]=Out Rl; 
Out_Sts[l]=Out R2; 
Out_Sts[2]=Out R3; 
/**»*»»»*»»»«»*»*** 
determine mode 
*******************! 
under=(sectl_FLG+sect2_FLG)/L6am_T; 
over=(sect4_FLG+sect5_FLG)/Leam T; 
mode=max(tmder,over); 
if(mode>0.75) 

{ 
if(under>over) 

{ 
Qmar(In Sts,Out Sts,N E,l); 
} 

else if (over>under) 
{ 
Qmar(In_Sts,Out Sts,N E,2); 
} 

else 
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else 

else 

Qmar(In_Sts,Out_StsJ*f_E,3); 

} 

else 
{ 
Qmar(In_Sts,0ut_StsJJ_E,3); 

} 
j * * * * * * * * * * * * * * * * * 

reset all 
*****************! 
er_av_km=er_av; 
sum_err=0; 
updt_count=-l; 
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; 
} 

{ 

er_av_km=er_av; 
sumen=0; 
updtcount=-l; 
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; 
} 

{ 
C In Rng=0; 
C_Out Rng=0; 
} 
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I************** 
MainFLC 
***************! 
float Main_FLC(float Input l ) 

{ 
float i,U_MAIN; 
intNo_Input=l; 
I******************** 
INPUT 1 definitions 
********************! 
intNo_In_l=5; 
float Maxin 1=0.2; 
float Minin 1=0; 
float ln_l[6][4]= { 

(5 ,4 ,0 
{-0.0200,0.0000 ,0.0100 
{0.0000 ,0.0200 ,0.0500 
{0.0200 ,0.0500 ,0.1000 
{0.0500 ,0.1000 ,0.1500 
{0.1000 ,0.2000 ,0.2100 

}; 
I************************** 
OUTPUT CLASSES DEFINITIN 
***************************! 
intNo Out=5; 
floatOut mat[6][3]= { 

{5 ,3 ,0 
{-0.0500,0.0000 ,0.0500 
{0.0000 ,0.0500 ,0.2000 
{0.0500 ,0.2000 ,0.5000 
{0.2000 ,0.5000 ,0.7000 
{0.5000 ,1.0000 ,1.1000 
}; 

I***************************** 
Rules 
******************************! 
intRules_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} 
}; 

END DEFFINITIONS 
**************************! 

Inputl =Input_l; 
I*************************** 
SCALLING Input 1 
****************************! 
if (Input_l>Max In_l) 

Input l =Max_In_l; 
if (Input_ 1 <Min_In_l) 

Input_l=Min_In_l; 
I******************************* 
generation of fmal i n l matrix 
********************************! 
for (i=l;i<No_In_l+l;i++) 

{ 
In_l [i][3]=bez bck(hiput_l,hi_l [i][0]4n_l[i][l],In_l[i][l]4n_l [i][2]); 
} 

I**************************** 
FUZZIFICATION 

*****************************! 

if(No_Input==l) 
{ 
/*sinle input*/ 
shay_fuz(hiput l,ln_ljnput_l,ln_l,l); 
} 

I**************************** 

Rules Evaluation 
*****************************! 
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shayrl(fuzzy_mat,Rules_m); 
/***********»**************** 

BORDERS 
*****************************I 
shay_bdr(rules_mat,Out_mat); 
I**************************** 

defluzification 
***»*************************! 
U_MAIN= shay_dff(bdr mat,Out mat); 
Main_FLC_k=fabs(U_MAIN); 

return (UMAIN); 
) 

/******************* 
sw_sctl 
******«***********•/ 
float sw_sctl(float Inpvrt_l,float Input_2) 

{ 
float i,swang; 
int No_Input=2; 
f******************** 
INPUT 1 defmitions 

intNo In_l=5; 
float Max_In 1=56.25; 
float Min_In_l=l 1.25; 
float In_l[6][4]= { 

{5 ,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} 

f******************** 

INPUT 2 definitions 
********************/ 
intNo_In_2=5; 
float Max_In 2=0.2; 
float MinIn 2=0; 
float In_2[6][4]= { 

{5 ,4 
{-0.0200,0.0000 
{0.0000 ,0.0200 
{0.0200 ,0.0500 
{0.0500 ,0.1000 
{0.1000 ,0.2000 

.0 } 
,0.0100 } 
,0.0500 } 
,0.1000 } 
,0.1200 } 
,0.2100} 

^************************** 
OUTPUT CLASSES DEFINTTIN 
***************************/ 
floatOut mat[8][3]= { 

{7 ,3 
{00.0000, 00. 
{00.0000,11, 
{11.2500,22. 
{22.5000, 33. 
{33.7500, 45. 
{45.0000, 56. 
{56.2500,67. 

}; 

0000, 

2500, 

5000, 

7500, 

0000, 

2500, 

5000, 

,7 
11.2500}, 
22.5000}, 
33.7500}, 
45.0000}, 
56.2500}, 
68.5000}, 
68.5000} 

/***************************** 

Rules 

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}, 

/*!*/ {2 ,3 ,4 ,5 ,6 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
/*2*/ {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}, 
/*5*/ {6 ,6 ,7 ,7 ,7 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0} 
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}; 
I*************************** 
SCALLING Inputl 
* * • * « * * * » » * » * * » * * * * » * * » * * * * * / 

if(Input_l>Max_In_l) 
Input_l=Max_In_l; 

if (Inputl <Min_In_l) 
Input_l=Min_In_l; 

/************»**»*************** 
generation of final i n l matrix 
*******»************************! 
for (i=l;i<No_In l+l;i++) 

{ 
In_l[i][3]=bez_bck(Input_l,In_l[i][0],In_l[i][l]Jh_l[i][l]Jn_l[i][2]); 
} 

/*************************** 
SCALLING Input 2 
****************************! 
if (Inp\it_2>Max_In_2) 

Input_2=Max_In_2; 
if (Input_2<Min_In_2) 

Input_2=Min_In 2; 
I******************************* 
generation of final in_2 matrix 
********************************! 
for (i=l;i<No_In_2+l;i++) 

{ 
In_2[i][3]=bez_bck(Input_2,In_2[i][0],In_2[i][l],In_2[i][l],In_2[i][2]); 
} 

I**************************** 
FUZZmCATION 

* * * * * * * * * * * * * * * * * • * * * * * * * * * * * * ! 

if (No Input==l) 
{/*sinle input*/ 

shay_fiiz(lnput_l,ln_ljnput_14n_l,l); 
} 

if(No_Input==2) 
{ /* two inputs */ 

shay_fuz(Input_l,In_l,Input_2Jn_2,2); 
/* printf("\n input2=%f input l=%f ",Input 2,Input 1);*/ 
} 

I**************************** 
Rules Evaluation 

*****************************! 
shay_rI(fuzzy_mat,Rules_m); 

I**************************** 
BORDERS 

*****************************! 
shay_bdr(rules_mat,Out_mat); 

I**************************** 
defEuzification 

***********»*****************! 
swang=shay_dff(bdr_mat,Out_mat); 

retum(swang); 
} 

I******************* 
sw_sct2 
************»******! 
float sw_sct2(float Input_l,float Input_2) 

{ 
float i,swang; 
int No_Input=2; 
I******************** 
INPUT 1 definitions 
********************! 
int No_In_l=5; 
float Max_In_l =90; 
float Min In 1=45; 
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float In_l[6][4]= 

I******************** 
INPUT 2 definitions 
********************^ 
int No_In_2=5; 
floatMaxIn 2=0.2; 
floatMinIn 2=0; 
float In_2[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, 91.0000} 
}; 

{ 
{5 ,4 
{-0.0200,0.0000 
{0.0000 ,0.0200 
{0.0200 ,0.0500 
{0.0500 ,0.1000 
{0.1000 ,0.2000 

,0 } 
,0.0100 } 
,0.0500 } 
,0.1000 } 
,0.1200 } 
,0.2100} 

/*****»******************** 
OUTPUT CLASSES DEFINITIN 
***************************f 
intNo_Out=14; 
floatOut mat[8][3]= { 

(7 ,3 ,7 }, 
{33.7500 ,33.7500, 45.0000}, 
{33.7500,45.0000,56.25000 }, 
{45.0000, 56.2500, 67.5000}, 
{56.2500, 67.5000, 78.7500}, 
{67.5000,78.7500,90.0000}, 
{78.7500,90.0000,101.2500}, 
{90.000, 101.2500, 102} 

}; 
/***************************** 
Rules 
******************************/ 
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 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
/*2*/ {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}, 
/*4*/ {4 ,5 ,5 ,6 ,6 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
/*5*/ {4 ,5 ,6 ,7 ,7 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0} 

}; 

END DEFFINITIONS 
**************************************************************************/ 

/*************************** 
SCALLING Inputl 
*******«********************/ 
if (Input 1 >Max I n l ) 

Input_l=Max_In_l; 
if (Input KMin In 1) 

Input l =Min_In_l; 
/******************************* 
generation of fmal i n l matrix 
********************************/ 
for (i=l;i<No_In_l+U++) 

{ 
In 1 [i][3]=bez_bck(Input l,In 1 [i][0]JnJ [i][l],In 1 [i][1]Jn_l [i][2]); 
} 

/*************************** 
SCALLING Input 2 
********«**********»****»***/ 
if (hiput 2>Max_In 2) 

Input_2=Max_In_2; 
if (Input_2<Min_In 2) 

Input_2=Min_In_2; 
f******************************* 
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generation of final in_2 matrix 
********************************! 

for (i=l;i<No_In_2+U++) 
{ 
In 2[i][3]=bez_bck(Input_2,In_2[i][0]Jn_2[i][l],In 2[i][l]Jn_2[i][2]); 
} 

/ » * » » » * • * » • « « « • » » * » » * » » * » * * » * 

FUZZIFICATION 
*****************************! 
if (No Input==l) 

{/*sinle input*/ 
shay_fuz(lnpiit_ljn_l,lnput_13i_l,l); 

} 
ifCNo_Input==2) 

{ /* two inputs */ 
shay fuz(lnput_ljn_ljnput 2Jn_2,2); 

} 
I**************************** 

Rules Evaluation 
*****************************! 

shay_rl(fuzzy_mat,Rules_m); 
I**************************** 

BORDERS 
*****************************! 

shay_bdr(rules_mat,Out_mat); 
^ * * « * * * * * i i i * * * * * * * * * * * * * * * * * * * 

deffuzification 
*****************************! 

swang=shay_dH(bdr_mat,Out_mat); 
retum(swang); 
} 

/ • * » » » » » » • • * * * » * * * » * 

sw_sct3 
*******************! 

float sw sct3(float Input_l,float Input_2) 

{ 
float i,swang; 
int No_Input=2; 
I******************** 
INPUT 1 definitions 
********************! 
intNo_In_l=5; 
float Max_In_l=180.0; 
float Min In_l=90; 
float In_l[6][4]= { 

(5 .4 
{67.5000,90.0000, 
{90.0000, 112.500, 
{112.500, 135.000, 
{135.000, 157.500. 
{157.500, 180.000. 
}; 

0 }, 
112.50000}, 
135.000}, 
157.500}, 
180.000}, 
181.000} 

/ * * • * * * » * * * * * * • * * * * * * 

INPUT 2 definitions 
* * « • • * * * • * • * * * * * * * * * / 

int No_In_2=5; 
float Max_In_2=0.2; 
float Min In_2=0; 
float In_2[6][4]= { 

{5 ,4 
{-0.0200,0.0000 
{0.0000 ,0.0200 
{0.0200 ,0.0500 
{0.0500 ,0.1000 
{0.1000 ,0.2000 

,0 }, 
,0.0100 }, 
,0.0500 }, 
,0.1000 }, 
,0.1200 }, 
,0.2100} 

}; 
I************************** 
OUTPUT CLASSES DEFINITIN 
***************************/ 

vkmrnmumMmumummmm ILLEGAL 



Appendix B.6: FLC Drivers Source Code Page B.6. VI 

intNo Out=14; 
floatOut_mat[8][3]= { 

(7 ,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} 
}; 

I***************************** 
Rules 
******************************! 
intRules_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 ,2 ,3 ,3 ,4 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
1*1*1 {3 ,3 ,4 ,4 ,5 ,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 ,7 ,7 ,7 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
/*5*/ {6 ,7 ,7 ,7 ,7 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0} 

}; 
I************************************************************************* 

END DEFFINmONS 

j * * * * * * * * * * * * * * * * * * * * * * * * * * * 

SCALLING Inputl 

if (Input l>Max_In_l) 
Input_l=Max_In_l; 

if (Input l<Min_In_l) 
Input_l=Min_In_l; 

I******************************* 
generation of final in_l matrix 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * j 

for (i=l;i<No_In_l+l;i++) 
{ 
In_l[i][3]=bez_bck(Input lJn_l[i][0]Jfa_l[i][l],In_l[i][l],In_l[i][2]); 
} 

^****»****»»**«»************ 
SCALLING Input 2 
****%***********************! 
if (Input 2>Max_In_2) 

Input 2=Max_In_2; 
if (Input 2<Min_In_2) 

Input 2=MinIn_2; 
j * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

generation of final in_2 matrix 
********************************! 
for (i=l;i<No In_2+l;i++) 

{ 
In_2[i][3]=bez_bcfc(Inpwt_2,In_2[i][0],In_2[i][l],In_2[i][l],In_2[i][2]); 

} 
I**************************** 

FUZZIFICATION 
* * * * • * * * • * • * * * • * * * * * * * » * * * * * * / 

if(No_Input==l) 
{/*sinle input*/ 

shay_fuz(lnput_ljn l,Input_l,In_l,l); 

} 
if(No_Input==2) 

{ /* two inputs */ 
shay_fiiz(Input l,In_l,Input_2Jn_2,2); 

} 
j * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

Rules Evaluation 
*****************************! 

s h a y _ r l ( f u z z y _ m a t , R u l e s _ m ) ; 
I**************************** 

BORDERS 
*****************************! 

shay bdr(rules_mat,Out mat); 
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I**************************** 
deffuzification 

*****************************! 
swang=shay_dff(bdr mat,Out_inat); 

retum(swang); 
} 

I******************* 
sw_sct4 
**»*****»**********! 
float sw_sct4(float Input_l,float Input_2) 

{ 
float i,swang; 
intNo Input=2; 
I******************** 
INPUT 1 defmitions 
********************! 
intNo_In_l=5; 
float Max In_l=180; 
float Min_In_l=225; 
float In_l[6][4]= { 

{5 ,4 ,0 
{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} 
}; 

I******************** 
INPUT 2 definitions 
********************! 
intNo_In_2=5; 
float Max_In_2=0.2; 
float Mia_In_2=0; 
float In_2[6][4]= { 

(5 A 
{-0.0200,0.0000 
{0.0000 ,0.0200 
{0.0200 ,0.0500 
{0.0500 ,0.1000 
{0.1000 ,0.2000 

=0 } , 
,0.0100 }, 
,0.0500 }, 
,0.1000 }, 
,0.1200 }, 
,0.2100} 

I************************** 
OUTPUT CLASSES DEFINITIN 
***************************! 
intNo Out=14; 
floatOut_mat[8][3]= { 

{7 ,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} 
}; 

I***************************** 
Rules 
******************************! 
intRuIes_m[6][20]= { 

{5 ,5 ,7 ,0 ,0 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
l*\*l {2 ,3 ,5 ,5 ,6 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
1*2*1 {3 ,4 ,5 ,6 ,7 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
/*3*/ {4 ,5 ,5 ,6 ,6 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
/*4*/ {5 ,6 ,6 ,6 ,7 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
1*5*1 {6 ,7 ,7 ,7 ,7 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0} 

}; 
I************************************************************************* 

END DEFFINITIONS 
**************************************************************************! 

I*************************** 

SCALLING Inputl 
****************************! 
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if (Input_l>Max_In_l) 
I n p u t l =Max_In_l; 

if (Input 1 <Min_In 1) 
Input_l=Min_In_l; 

/******************************* 

generation of final i n l matrix 
********************************, 

for (i=l-4<No_In_l+l-4++) 
{ 
In_l[i][3]=bez_bck(Input_l,In_l[i][0]Jn_l[i][l]4n_l[i][l]Jn_l[i][2]); 
} 

/*************************** 
SCALLING Input 2 
****************************! 

if (Input_2>Max_In_2) 
Input_2=Max In_2; 

if (Input_2<Min_In_2) 
Input_2=Min_In_2; 

/******************************* 

generation of final in_2 matrix 
********************************j 

for (i=lU<No_In_2+U++) 

{ 
In_2[i][3]=bez_bck(hiput_2,hi_2[i][0]Jn_2[i][l],In_2[i][l],In_2[i][2]); 

} 
/**************************** 

FUZZmCATION 
*****************************/ 

if(No_Input==l) 
{/*sinle input*/ 

shay_fuz(Input_l J n l ,Input_14n_l, 1); 

) 
if(No_Input==2) 

{ /* two inputs */ 
shay_fuz(Input_l,In_lJnput_2Jn_2,2); 

} 
/**************************** 

Rules Evaluation 
*****************************/ 

shay_rl(fuzzy_mat,RuIes_m); 
f**************************** 

BORDERS 
• * * « » » * • » » » * * • * » » • * * » * * * * * * * * / 

shay_bdr(rules_mat,Out_mat); 
/**************************** 

deffuzification 
*****************************^ 

swang=shay dff(bdr_mat,Out mat); 

retum(swang); 

} 

f******************* 
sw_sct5 
**************«****^ 

float sw_sct5(float Input_l,float Input_2) 

{ 
float i,swang; 
int No_Input=2; 
/******************** 

INPUT 1 definitions 
********************/ 

intNo_In_l=5; 
float Max_In_l=270; 
float Min In_l=225; 
float In_l[6][4]= { 

{5 ,4 ,0 
{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} 

Anv Reproduction or Use of this Code, in anv Form, Without the Author s Permission ts ILLEGAL 
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/******************** 
INPUT 2 defmitions 
********************/ 

intNo_In_2=5; 
floatMaxIn 2=0.2; 
float Min In_2=0; 
float In_2[6][4]= 

(5 ,4 
{-0.0200,0.0000 
{0.0000 ,0.0200 
{0.0200 ,0.0500 
{0.0500 ,0.1000 
{0.1000 ,0.2000 

'0 } 
,0.0100 } 
,0.0500 } 
,0.1000 } 
,0.1200 } 
,0.2100} 

J * * * * * * * * * * * * * * * * * * * * * * * * * * 

OUTPUT CLASSES D E F l N m N 
******************»********/ 

intNo_Out=14; 
float Out_mat[8][3]= { 

{7 ,3 ,7 }, 
{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} 

} ; 
f***************************** 

Rules 
******************************/ 

intRules_m[6][20]= { 
{5 ,5 ,7 ,0 ,0 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 

/*!*/ {2 ,3 ,3 ,4 ,4 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
1*2*1 {3 ,3 ,4 ,4 ,6 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
/ * 3 * / {3 ,4 ,4 ,5 ,6 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
/ •4*/ {3 ,4 ,5 ,6 ,6 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
1*5*1 {4 ,5 ,6 ,7 ,7 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0} 

}; 
/************************************************************************* 

END DEFFINITIONS 
**************************************************************************^ 

/*************************** 
SCALLING Inpu t l 
****************************/ 

if(Input_l>Max_In_l) 
Input_l=Max_In_l; 

if (Input K M i n I n l ) 
I n p u t l =Min_In_l; 

f******************************* 

generation of final i n l matrix 
********************************/ 

for (i=U<No_In 1+1U++) 

{ 
In_l[i][3]=bez_bck(Input_l,In_l[i][0]Jn_l[i][l],In_l[i][l],In_l[i][2]); 

} 
/*************************** 
SCALLING Input 2 
****************************/ 

if (Input_2>Max_In_2) 
Input_2=Max In_2; 

if (Input_2<Min_In_2) 
Input_2=Min In 2; 

/******************************* 

generation of final in_2 matrix 
********************************! 

for (i=l;i<No_In_2+l;i++) 

{ 
In-2[i][3]=bez_bck(Input_2,In_2[i][0],In_2[i][l],In_2[i][l],In_2[i][2]); 

} 
/**************************** 
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FUZZIFICATION 
*****************************! 
if (No Input==l) 

{/*sinle input*/ 
shay fuz(lnput_ljnljnput_14n 1,1); 

} 
if (No Input=2) 

{ /* two inputs */ 
shay_fuz(Input_l,In_lJnput 24n 2,2); 

} 
I**************************** 

Rules Evaluation 
*****************************! 

shay_rl(fiizzy_matj{.ules_m); 
I**************************** 

BORDERS 
*****************************! 

shay_bdr(rules_mat,Out_mat); 
I**************************** 

deffuzification 
*****************************! 

swang=shay_dff(bdr_mat,Out_mat); 
retum(swang); 
} 

I******************* 
sw_sct6 
*******************! 
float sw_sct6(float Input_l,float Input_2) 

{ 
float i,swang; 
int No_Input=2; 
I******************** 
INPUT 1 definitions 
********************! 
intNo_In_l=5; 
float Max_In_l=360; 
float Min_In_l=270; 
float In_l[6][4]= 

I******************** 
INPUT 2 defmitions 
********************! 

{ 
{5 ,4 ,0 
{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} 
}; 

intNo In 2=5; 
float Max In 2=0.2; 
float Min In 2=0; 
float In 2[6][4]= { 

(5 ,4 
{-0.0200,0.0000 
{0.0000 ,0.0200 
{0.0200 ,0.0500 
{0.0500 ,0.1000 
{0.1000 ,0.2000 

,0 } 
,0.0100 } 
,0.0500 } 
,0.1000 } 
,0.1200 } 
,0.2100} 

I************************** 

OUTPUT CLASSES DEFINITIN 
***************************/ 
intNo Out=14; 
float Out_mat[8][3]= { 

{7 ,3 ,7 
{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}, 

ILLEGAL 
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{337.500, 360.000, 382.500}, 
{360.000, 382.500, 383.00} 
}; 

/***************************** 

Rules 
******************************! 
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*1 [2 ,2 ,3 ,4 ,5 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
/*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 ,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0}, 
/»4*/ {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} 

}; 
I************************************************************************* 

ENDDEFFINinONS 

l * * « * * * * * * * * * * * * * * * * * * * * * * * * 

SCALLING Inputl 
****************************^ 
if (Input_l>Max_In_l) 

Input_l =Max_In_l; 
if(Input_l<Min_In 1) 

Input l =Min_In_ 1; 
^******************************* 
generation of final i n l matrix 
********************************/ 
for (i=l,i<No_In_l+l;i++) 

{ 
In_l[i][3]=bez_bck(Input l,In l[i][0],hi l[i][l]4n_lti][l],In l[i][2]); 
} 

/*************************** 
SCALLING Input 2 
****************************/ 
if (Input 2>Max_In 2) 

Input_2=Max_In 2; 
if (Input_2<Min_In_2) 

Input_2=Min_In 2; 
^**«**************************** 
generation of final in_2 matrix 
********************************/ 
for (i=l;i<No_In_2+l;i++) 

{ 
In_2[i][3]=bez_bck(hiput 2,hi 2[i][0],In_2[i][l],ln 2[i][l],In_2[i][2]); 
} 

I**************************** 
FUZZIFICATION 

* * * » * * * * * » * * • * * • * * * * * * * * * * » * * / 

if(No_Input==l) 
{/*sinle input*/ 

shay fuz(Input ljn_l,lnput_14n_l,l); 

} 
if(No_Input==2) 

{ /* two inputs */ 
shay_fuz(Input_l ,In_l ,Input_2,In_2,2); 

} 
/**************************** 

Rules Evaluation 
*****************************/ 

shay_rI(fuzzy_mat,RuIes_m); 
^ • • * » » » » » » * * * » * * » * » * * * * * * * * * * 

BORDERS 
* • * • * • * » * * * * * * * • • * * * * * * * * * * * * / 

shay bdr(rules_mat,Out_mat); 
/**************************** 

deffuzification 
* » • • * * * * » * » * * * * * * * * * » * * * • » * * * / 

swang=shay dff(bdr mat,Out mat); 
retum(swang); 
} 

/******************* 
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PRECONTROL 
*******************! 
float PRE_CONTROL(float Input_141oat Input_2) 

{ 
float SCLD_DW; 

int No_Input=24; 
I******************** 
INPUT 1 definitions 
********************! 
int No_In_l=9; 
float Max_In_l=l; 
float Min_In_l=-l; 
float In_l[10][4]= { 

{9 ,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} 
}; 

I******************** 
INPUT 2 definitions 
********************! 
intNo In_2=9; 
float Max_In 2=1; 
float Min_In_2=-l; 
float In_2[10][4]= { 

{9 ,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} 
}; 

I************************** 
OUTPUT CLASSES DEFINITIN 
***************************! 

intNo_Out=14; 
float Out mat[10][3]= { 

{9 ,3 ,9 
{-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} 
} ; 

I***************************** 
Rules 
******************************! 
int Rules 

/*!*/ 
1*2*1 
/ * 3 * / 
1*4*1 

1*5*1 
1*6*1 
1*1*1 
l*%*l 
1*9*1 

_m[10][20]= { 
{9 ,9 ,10,0 ,0 ,0 ,0 ,0 ,0 
{1 ,1 ,1 ,2 ,2 ,3 ,4 ,5 ,5 
{1 ,2 ,2 ,2 ,3 ,4 ,4 ,5 ,5 
{1 ,2 ,2 ,3 ,4 ,4 ,5 ,5 ,6 
{1 ,2 ,3 ,4 ,4 ,5 ,5 ,6 ,7 
{2 ,2 ,3 ,4 ,5 ,6 ,6 ,7 ,7 
{3 ,4 ,5 ,5 ,6 ,6 ,7 ,8 ,9 
{4 ,5 ,5 ,6 ,6 ,7 ,8 ,8 ,9 
{5 ,5 ,6 ,6 ,7 ,8 ,8 ,8 ,9 
{5 ,5 ,6 ,7 ,8 ,8 ,9 ,9 ,9 

,0,0,0,0,0,0,0,0,0,0,0}, 
,0,0,0,0,0,0,0,0,0,0,0}, 
,0,0,0,0,0,0,0,0,0,0,0}, 
,0,0,0,0,0,0,0,0,0,0,0}, 
,0,0,0,0,0,0,0,0,0,0,0}, 
,0,0,0,0,0,0,0,0,0,0,0}, 
,0,0,0,0,0,0,0,0,0,0,0}, 
,0,0,0,0,0,0,0,0,0,0,0}, 
,0,0,0,0,0,0,0,0,0,0,0}, 
,0,0,0,0,0,0,0,0,0,0,0} 
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}; 
I************************************************************************* 

END DEFFINITIONS 
*************************************************»************************! 

/*************************** 

SCALLING I n p u t l 
*******»********************/ 

if (Input_l >Max_In_l) 
Input_l=Max_In_l; 

if ( I n p u t l <Min_In_l) 
Input_l=Min_In_l; 

I******************************* 
generation of final in_l matrix 
********************************/ 

for (i=l-4<No_In_l+l,i++) 

{ 
In_l [i] [3]=bez_bck(Input_l J n 1 [i] [0]4n_l [i] [l],In_l [i] [l],In_l [i] [2]); 

} 
^ * * * * * * * * * * * * * * * * * * * * * * * * » * * 
SCALLING Input 2 
****************************! 

if (Input_2>Max_In_2) 
Input_2=Max In_2; 

if (Input_2<Min_In_2) 
Input 2=Min_In_2; 

f******************************* 

generation of final in_2 matrix 
********************************/ 

for (i=l;i<No_In_2+l;i++) 

{ 
In_2[i][3]=bez_bck(Input_2,In_2[i][0]Jn_2[i][l],In_2[i][l],In_2[i][2]); 

} 
I**************************** 

FUZZIFICATION 
*****************************/ 

if(No_Input==l) 
{/*sinle input*/ 

shay fuz(Input_l,In_l,Input l , In_l , l ) ; 

} 
if(No_Input==2) 

{ /• two inputs */ 
shay_fixz(Input_l,In_l,Input_2,In_2,2); 

} 
t * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

Rules Evaluation 
*****************************/ 

shay_rl(fuzzy_mat,Rules_m); 
/**************************** 

BORDERS 
*****************************/ 

shay_bdr(rules_mat,Out_mat); 

I**************************** 
defluzification 

*****************************/ 

SCLD_DW=shay_dff(bdr_mat,Out_mat); 

retum(SCLD_DW); 

} 

/ * » • * * * * * * * * * * » * • » * * » * * * * * * * 

opra_sts_in 
***************************/ 

void opra_sts_in(float Input_l,float Input_2) 

{ 
int rI_rows,m; 
float i,Rl,R2,R3; 
int No_lnput=2; 
f******************** 
INPUT 1 definitions 
********************/ 

intNo In 1=3; 

iBWiHiliiUMIil^ ILLEGAL 
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float Max_In_l=l; 
float Min_ln_l=0; 
float In_l[4][4]= { 

{3 ,4 
{-0.0100,0.0000 
{0.0000 ,0.4000 
{0.5000 ,1.0000 
}; 

,0 
,0.1000 
,1.0000 
,1.1000 

> 
} 
} 
} 

/******************** 
I N P U T 2 def in i t ions 
********************/ 

intNo_In_2=3; 
float Max_In_2=l; 
float Min_In_2=0; 
float In_2[4][4]= { 

(3 A ,0 }, 
{-0.0100,0.0000 ,0.1000 }, 
{0.0000 ,0.4000,1.0000 }, 
{0.5000 ,1.0000 ,1.1000 } 
}; 

/**********««***************** 
R u l e s 
******************************/ 
intRules_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} 

}; 
/************************************************************************* 

E N D D E F F I N I T I O N S 
**************************************************************************/ 

/*************************** 
S C A L L I N G I n p u t l 
****************************/ 

Input_l=Input_l*5; 
if (Input_l>Max_In 1) 

Inpiit_l=Max_In_l; 
if(Input_KMin_In_l) 

Input_l=Min_In_l; 
/******************************* 
g e n e r a t i o n o f final i n l m a t r i x 
********************************/ 

for (i=l;i<No_In_l+l;i++) 
{ 
In_l[i][3]=bez_bck(Liput_l,In_l[i][0],In_l[i][l],In_l[i][l],In_l[i][2]); 

} 
I*************************** 
S C A L L I N G I n p u t 2 
****************************f 

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; 
j * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

g e n e r a t i o n o f final i n _ 2 m a t r i x 
********************************/ 

for (i=l;i<No_In_2+l;i++) 
( 
In_2[i][3]=bez_bck(hiput_2Jn_2[i][0],In_2[i][l],In_2[i][l],In_2[i][2]); 

} 
/**************************** 

F U Z Z m C A T I O N 
*****************************f 

if (No Input==l) 
{ 
/*sinle input*/ 
shay_fuz(Input_l,In_l,Input_l,In 1,1); 
} 

ifCNo_Input==2) 
{ 

\m Rcisroduction or Use <tf this Code, in an-* Form, Without^ •mission ts ILLEGAL 



Appendix B.6: FLC Drivers Source Code Page B.6JI:V 

/*two inputs*/ 
shay_fuz(Input_l,In l,Input 2,In_2,2); 
} 

I**************************** 

Rules Evaluation 
*****************************^ 
shay_rl(fuzzy_matjtoleg m); 

rl rows=rules mat[0][0]; 
R1=0; 
R2=0; 
R3=0; 
for (m=l;m<=rl_rows;m-H-) 

{ 
if (rules_mat[m] [0]==1) 

Rl=^ules mat[m][l]; 
if (rules_mat[m] [0]=2) 

R2=rules_mat[m][l]; 
if(rules_mat[m][0]==3) 

R3^iiles_mat[m] [ 1 ]; 
} 

flc_sts[0]=Rl; 
flc_sts[l]=R2; 
flc_sts[2]=R3; 

} 

j * * * * * * * * * * * * * * * * * * * * * * * * * * * 

o p r a _ s t s _ o u t 
***************************/ 

void opra_sts_out(float Input_l,float Input_2) 
{ 
int rl_rows,m; 
float i,Rl,R2,R3; 
int No_Input=2; 
f******************** 
INPUT 1 definitions 
» • » * * » * • * » * * » » » * * * » » / 

intNo_In_l=3; 
float Max_In_l=l; 
float Min ln_l=0; 
float hi_l[4][4]= { 

{3 ,4 
{-0.0100,0.0000 
{0.0000 ,0.4000 
{0.5000 ,1.0000 
}; 

,0 
,0.0500 
,1.0000 
,1.1000 

} 
} 
} 
} 

/******************** 
I N P U T 2 d e f m i t i o n s 
********************/ 

intNo_In_2=3; 
float Max_In_2=l; 
float Min_In_2=0; 
float In_2[4][4]= { 

{3 ,4 ,0 }, 
{-0.0100,0.0000 ,0.0500 }, 
{0.0000 ,0.4000,1.0000 }, 
{0.5000 ,1.0000 ,1.1000 } 

/***************************** 

R u l e s 
******************************/ 

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} 

}; 
/************************************************************************* 

E N D D E F F I N i n O N S 
**************************************************************************! 

/*************************** 

SCALLING Input 1 
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****************************! 
if (Input l>Max_In_l) 

Input_l=Max_In_l; 
if (Input_l<Min_In_l) 

Inputl=Min_In_l; 
f******************************* 
generation of final in_l matrix 
********************************! 
for (i=lU<No_In_l+l;i++) 

{ 
In_l[i]{3]=bez_bck(Input_l,In_l[i][0],In_l[i][l]Jn_l[i][l]Jn_l[i][2]); 
} 

I*************************** 
SCALLING Input 2 
****************************l 
if (Input 2>Max_In_2) 

Inpirt 2=Max In 2; 
if (Input_2<Min_In_2) 

Input 2=Min In 2; 
^******************************* 
generation of final in_2 matrix 
********************************! 
for (i=l;i<No_In_2+l,i++) 

{ 
In_2[i][3]=bez_bck(Input_2Jn_2[i][0],In_2[i][l],In_2[i][l],In 2[i][2]); 
} 

^****«*****«***«***«********* 
FUZZIFICATION 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * y ' 

if(No_Input==l) 
{ 
/*sinle input*/ 
shay_fuz(Input_l ,In_l ,Input_l ,In_l, 1); 
} 

if(No_Input=2) 
{ 
/*two inputs*/ 
shay_fuz(Input l,In_l,Input_2,In_2,2); 
> 

*̂ *************************** 
Rules Evaluation 

» » * » » » * * » » » • * * » » * * * * * * * * * * * » * / 

shay_rl(fuzzy_mat,RuIes_m); 
rl_rows=rules_mat[0] [0]; 
R1=0; 
R2=0; 
R3=0; 
for (m=l;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][l]; 
if (rules_mat[m]I0]=3) 

R3=rules_mat[m][l]; 
} 

flc_sts[0]=Rl; 
flc_sts[l]=R2: 
flc_stst2]=R3 

I************** 
Monkey 
***************/ 

float Monkey(float Input 1) 

{ 
float i,U_MAIN; 
intNo_Input=l; 
^******************«* 
INPUT 1 definitions 
********************! 
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intNo_In_l=3; 
float Max_In_l=0.1; 
float Minln 1=0; 
float In_l[4][4]= { 

(3 A ,0 }, 
{-0.0200,0.0000 ,0.0200 }, 
{0.0000 ,0.0400 ,0.0700 }, 
{0.0600 ,0.1000 ,0.1100 } 
}; 

I************************** 
OUTPUT CLASSES DEFINITIN 
*****«*********************/ 
intNo_Out=5; 
floatOut mat[4][3]= { 

{3 ,3 ,0 }, 
{-0.0200,0.0000 ,0.0200 }, 
{0.0100 ,0.0300 ,0.0500 }, 
{0.0400 ,0.1000 ,0.1100 } 
}; 

I***************************** 
Rules 
******************************! 
intRules_m[2][20]= { 

{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} 
}; 

/******«******************* 
END DEFFINITIONS 

********«***********«*****^ 
Input_l=Input_l; 
^************««*******»***** 
SCALLING Inputl 
****************************! 
if(Input_l>Max_In_l) 

Input l =Max_In_l; 
if (Input_l<Min_In_l) 

Input_l=Min_In_l; 
I******************************* 
generation of final in_l matrix 
*********************«**********/ 
for (i=l;i<No_In_l+l;i++) 

{ 
In 1 [i] [3]=bez_bck(kiput_l,In_l [i] [0],hi 1 [i] [l],In_l [i] [l],In_l [i] [2]); 
} 

*̂ *************************** 
FUZZIFICATION 

*****************************! 
if(No_Input==l) 

{ 
/*sinle input*/ 
shay_fuz(Input_l ,In_l ,Input_l J n l , 1); 
} 

I**************************** 
Rules Evaluation 

*****************************y 
shay_rl(fuzzy_mat,Rules_m); 
I**************************** 

BORDERS 
******«*************«********/ 
shay_bdr(rules_mat,Out_mat); 
I**************************** 

deSiizification 
*****************************! 
U_MAIN= shay_dff(bdr mal,Out_mat); 

return (U MAIN); 
} 
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Shav fz Source Code 
/ *********«****************** 
function: shayfz 
*****************************! 
float shay_fz(float ip_14oatthyil[][4],float ip_2, float thyi2[|[4], int no_ip) 

( 
float tol=le-12; 
int i,rows_xl,rows_x2; 
/**************** 
data required 
****************! 

j * * * * * * * * * * * * * * * * 

input 1 
****************! 
rows_xl=4hyil[0][0]; 

*̂ *************** 
input 2 
****************! 
rows_x2=4hyi2[0][0]; 

*̂ *********************** 
start fiizzification 
*************************/ 

switch (noip) 

{ 
case l:/*single input */ 

{ 
for (i=l;i<rows_xl+l;i++) 

{ 
j * * * * * * * * * * * * * * * * * * * * * * * * 

detnnine fired classes 
************************^ 
if (thyil[i][3] >tol) 

fuz_mat[i][0]=l; 
else 

fuz_mat[i][0]=0; 
/«********************* 
detnnine sides 
**********************/ 
fuz_mat[i][2]=0; 
if (((i!=l) && (i!=(rows_xl))) && (ip_Kthyil[i][l])) 

fuz_mat[i][2]=l; /*left*/ 
if (((i!=l) && (i!=(rows_xl))) && (ip_l>thyil[i][l])) 

fuz_mat[i][2]=2; /*right*/ 
^**********««**** 

alpha cuts 
*****************! 
fuz_mati[i] [l]=thyil [iK3]; 

> 
fuz_mat[0] [OJ^owsxl; 
fuz_mat[0][l]=rows_x2; 
fiiz mat[0][2]=3; 
break; 

} 
/•two inputs */ 
{ 
for (i=0;i<rows_xl+l;i++) /* for 1st input*/ 

{ 
*̂ ******************* 

detrmine fired classes 
» « * » • » * • * * • • * • « * * * * * * / 

if (thyil[i][3] >tol) 
fuz_mat[i][0]=l; 

else 
fuz_mat[i][0]=0; 

j * * * * * * * * * * * * * * * * * * * * 

case 2: 

detimine sides 
********«***********/ 

fuz mat[i][2]=0; 
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if (((i!=l) && (i!=(rows_xl))) && (ip_l<thyil[i][l])) 
fiiz_mat[i][2]=l; /*left*/ 

if (((i!=l) && (i!=(rows_xl))) && (ip_l>thyil[il[l])) 
fuz_mat[i][2]=2; /*right*/ 

/****************** 
alpha cuts 
*******************! 
fuz mat[i][l]=thyil [i][3]; 
} 

/* input 2 fuz_mat2*/ 
for (i=l;i<rows_x2+l;i-H-) /* for 2st input */ 

{ 
/******************** 
detrmine fired classes 
«********«*********«^ 
if (thyi2[(i)][3] >tol) 

fuz_matti+rows_xl][0]=l; 
else 

fuzmatp-Hrowsxl] [0]=0; 
j**************** 

detrmine sides 
*************«**/ 
fuz_mat[i-)Tows_xl][2]=0; 
if ((((i)!=l) && ((i)!=(rows_x2))) && (ip_2<thyi2I(i)][l])) 

fuz_mat[i+rows xl][2]=l; /*left*/ 
if ((((i)!=l) && ((i)!=(rows_x2))) && (ip_2>thyi2[(i)][l])) 

fijz_mat[i+rows xl][2]=2; /*right*/ 
*̂ *************** 

alpha cuts 
*****************/ 
fiiz_mat[i-Hrows_xl] [l]=thyi2[(i)] [3]; 
} /* end of generating fuz_matl */ 

fuz_mat[0][0]=rows_xl-l-rows_x2; 
fuz mat[0][l]=3; 
fiiz_mat[0][2]=3; 
} /*end of multiple input*/ 

> 
return 0; 
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Source Code 
/ ************************ 
start RULE EVALUATION 
*************************/ 
float shay rl(float fiizzy_in[][3],int rule_mat[][20]) 

{ 
int No_In_l,No_In_2,indxj4,indx2; 
float niles[20][3]/_rules[20][3],TemPl,TemP2,TemP3; 
No_ln_l=rule_mat[0][0]; 
No_In_2=nile_mat[0][l]; 
indx=0; 
if(No_In_l==l) 

{ 
for(j=liJ<=No_In_2u++) 

if(fiizzy_in[j][0]!=0) 
{ 
indx-H-; 
rules[indx][0]=inle_mat[l][j-l]; 
rules[indx][l]=fuzzy_in[j][l]; 
rules[indx][2]=0; 
} 

rules[0][0]=indx; 
niles[0][l]=3; 

} 
j * * * * * * * * * * * * * * * * * * * 

multiple inputs 
*******************/ 
if(No_In_l>l) 

{ 
for(i=l ;i<=No_In_l ;i++) 

for(j=l u<=No_In_2y++) 
if(((fiizzy_in[i][0])*(fiizzy_in[No_hi_l+j][0]))!=0) 

{ 
indx++; 
rules[indx] [0]=rule_mat[i] [j-1 ]; 
rules[indx][l]=min(fuzzy_in[i][l]4uzzy_in[No In_l+j][l]); 
rules[indx][2]=0; 
} 

rules [0][0]=indx; 
rules[0][l]=3; 
} 

indx2=0; 
for (i=l;i<indx+l;i++) 

if(niles[i][0]!=100) 
{ 
indx2++; 
f_niles[indx2][0]^rules[i][0]; 
f_niies[indx2][l]=mles[i][l]; 
f_niles[indx2][2]=iules[i][2]; 
rules[i][0]=100; 
for (j=i+la<=indxy++) 

if(mles[j][0]=<_rules[indx2][0]) 
( 
if(niles[j][l]>f_niles[indx2][l]) 

{ 
f_niles[indx2][0]=niles[j][0] 
f_rules[indx2][l]^ules[j][l] 
f mles[indx2][2]=nilesD][2] 

} 
niles[j][0]=100; 

} 
} 

f_rules[0][0]=indx2; 
f_rules[0][l]=3; 

I**************** 

SOERTING 
***************/ 

for(i=l;i<indx2U++) 
for (j=2a<=indx2y++) 

if(f_niles[i][l]<f_mles[j][l]) 
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{ 
TemPl=f_niles[i][0]; 
TemP2=f_niles[i][l]; 
TemP3=f_mles[i][2]; 
f_rules[i][0]=f_rulesD][0]; 
f_njles[i][l]=f_mles[j][l]; 
f_rules[i][2]=f_rales[j][2]; 
f_mlesD][0]=TeniPl; 
f_niles[j][l]=TemP2; 
f_rales[j][2]=TemP3; 
} 

indx=0; 
for {i=l^<=indx2;i++) 

if(i<3) 

rules_mat[0] [0]=indx; 
roles_mat[0][l]=3; 
return 0; 
} 

{ 
indx-H-; 
rules_mat[indx][0]=f_rules[i][0]; 
rules_mat[indx]tl]=f_rales[i][l]; 
rules_mat[indx][2]=f_rules[i][2]; 
} 
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Shav bdr Source Code 
^**«*******«****»**** 
start: SHAY BORDER 
*****»************«*^ 
float shay_bdr(float c c[][10]41oatthy[][3]) 

{ 
int r_ot,r_thyo,rthyo,row4Jck,sz; 
float templ,temp2,temp3,temp4,temp5; 
r_ot=c_c[0][0]; 
r_thyo=thy[0][0]; 

I**************** 
organisation 
****************! 
kk=0; 
for (rthyo=lp1hyo<r_thyo-i-l;rthyo-H-) 

for(row4=l;row4<r_ot-l-l;row4-H-) 
if(c_c[row4][0]==(rthyo)) 

{ 
if(c_c[row4][2]==l) 

{ 
kk+-h; 
bdr matpdc] [0]=c_c[row4] [0]; 
bdr mat[kk][l]=c_c[row4][l]; 
bdr_mat[kk][2]=thy[rthyo][0]; 
bdr_mat[kk][3]=thy[rthyo][l]; 
bdr matpdc] [4]=c c[row4] [2]; 
} 

if(c_c[row4][2]==4) 
{ 
kk++; 
bdr_mat[kk][0]=c c[row4][0]; 
bdr matp£k][l]=c_c[row4][l]; 
bdr_niat[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]!=l) && (c_c[row4][2]!=4)) 
{ 
kk-h-h; 
bdr_mat[kk][0]=c c[row4][0]; 
bdrmatpdc] [l]=c_c[row4] [1]; 
bdr_mat[kk][2]=thy[rthyo][0]; 
bdr_mat[kk][3]=thy[rthyo][2]; 
bdr_matpck][4]=c_o[row4][2]; 
} 

} 
bdr_mat[0][0]=kk; 
bdr mat[0][l]=5; 
bdr_mat[0][2]=kk: 
bdr_mat[0][3]=kk 
bdr_mat[0][4]=kk; 

sz=bdr_mat[0][0]; 
/************* 
filter 
*************/ 

if(sz==2) 
if(bdr mat[l][l] <bdr_mat[2][l]) 

{ 
templ=bdr_mat[2][0]; 
temp2=bdr_mat[2] [1]; 
temp3=bdr_mat[2] [2]; 
temp4=bdr_mat[2] [3]; 
temp5=bdr_mat[2][4]; 
bdr_mat[2][0]=bdr_mat[l][0] 
bdr mat[2][l]=bdr_mat[l][l] 
bdr_mat[2][2]=bdr_mat[l][2] 
bdr_mat[2][3]=bdr_mat[l]t3]: 
bdr_mat[2] [4]=bdr mat[l] [4] 
bdr_mat[l][0]=templ; 
bdr_mat[l][l]=temp2; 
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bdr_mat[l][2]=temp3; 
bdr_mat[l][3]=temp4; 
bdr_mat[l][4]=temp5; 
} 

return 0; 
} 
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^«******«********** 
start shay_dff 
****************! 
float shay_dfr(float nnat[][5],float bezs[][3]) 

{ 
float suml,sum2,s,ss,a,stpl,yl,sll,sl2,s21,s22,ssl,sl,al,a2,stp2,y2,y,KK,crisp_out=0.0000; 
intr_mat,el,e2; 
r_mat=rmat[0][0]; 
if(rjnat==l) 

{ 
simil=0; 
sum2=0; 
s=min(nnat[l][2]jmat[l][3]); 
ss=max(rmat[l][2],rmat[l][3]); 
stpl=(ss-s)/25; 
el=imat[l][0]; 
a=rmat[l][l]; 
for (KK=s;KK<=ss;KK=KK-)-stpl) 

{ 
yl=bez_bck(KK,bezs[el][0],bezs[el][l],bezs[el]i[l],bezs[el][2]); 
if(yl>a) 

y=a; 
else 

y=yi; 
sum 1 =y * KK-i-sum 1; 
sum2=y-i-simi2; 
} 

crisp_out=suml/sum2; 

} 
if(r_mat==2) 

{ 
svunl=0; 
simi2=0; 
si l=nun(nnat[l][2],rniat[l][3]); 
sl2=max(nnat[l][2],nnat[l][3]); 
s21=min(rmat[2][2],nnat[2][3]); 
s22=max(rmat[2][2],rmat[2][3]); 
ssl=max(s22,sl2); 
sl=min(sll,s21); 
el=miat[l][0]; 
e2=nnat[2][0]; 
al=Tmat[l][l]; 
a2=rmat[2][l]; 
s1p2=(ssl-sl)/35; 
for (KK=sl;KK<ssl,KK=KK-Hstp2) 

yl=bez_bck(KK,bezs[el][0],bezs[6l][l],bezs[el][l],bezs[el][2]); 
y2=bez_bck(KK,bezs[e2][0],bezs[62][l],bezs[e2][l],bezs[e2][21); 

if(y2>a2) 
y2=a2; 

if(yl>al) 
yl=al; 

if(yl>y2) 
y=yi; 

else 
y=y2; 

suml=y*KK-i-suml; 
sum2=y-i-sum2; 

> 
crisp_out=simil/(sum2); 

} 
return crispou^ 
} 
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