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AN INTERNAL MODEL CONTROL BASED DESIGN METHOD FOR
SINGLE INPUT FUZZY PID CONTROLLERS

SUMMARY

The first goal of control engineering is to analyze and process the knowledge of how
a process can be controlled. However, with this structured control mechanism, reliable
and accurate results can be obtained on processes that require high performance.

Fuzzy control is a practical alternative for a variety of challenging control applications
since it provides a convenient method for constructing nonlinear controllers via the
use of heuristic information. Regardless of where the heuristic control knowledge
comes from, fuzzy control provides a user-friendly formalism for representing and
implementing the ideas we have about how to achieve high-performance control.

Conventional proportional-integral-derivative (CPID) controllers may not perform
well for the complex process, such as the high-order and time delay systems. Under
this complex environment, it is well-known that the fuzzy controller can have a better
performance due to its inherent robustness. Thus, over the past three decades, fuzzy
controllers, especially, fuzzy proportional-integral-derivative (FPID) controllers have
been widely used for industrial processes. Because their heuristic natures associated
with simplicity and effectiveness for both linear and nonlinear systems.

Even though industry shows growing interest in the applications of FPID, the tuning
mechanism of scaling factors (SFs) and the stability analysis are still difficult tasks due
to the complexity of the nonlinear control surface that is generated by FPID controllers.

In literature, several studies have been presented where the design of the two input
FPID (CFPID) controllers have been investigated. Because of the number of the design
parameters of CFPID is relatively big, the systematic design is still a challenging
problem. Besides of that the majority of the research focus on the two-input structures,
it has been shown in various works that single input FPID (SFPID) provide greater
flexibility and better functional properties.

In the SFPID controller structure a new called “signed distance” variable is used as
input signal. In this way, the number of rules and membership functions (MFs) is less
than CFPID while both of the controllers have almost same control performance as
showed in this thesis. This feature brings design simplicity to SFPID controller.

There are several design methods in literature for tuning design parameters of
controller. One of the most common used is internal model control based tuning
method. Having a single parameter dependent to the close-loop time constant is
effective for commanly used.

In this thesis, firstly, a brief information will given about CPID controller and internal
model control (IMC) based tuning method. Than, the CFPID structure will be
analyzied in detail. By extraction the rules and MFs, the relationship between input-
output of controller will shown.
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Present the an analytical tuning method based on IMC to tune SFPID controllers will
proposed in this thesis. First, reduction process from CFPID structure to SFPID
structure will be explaned. By examining the relationship between input-output and
MFs, in order to design the desired control structure, the design rule template will be
presented about how to set the membership function parameters.

As aresult of all the work done, it was said that, SFPID controller can be expressed as
a linear proportional-integral-derivative (PID) controller plus a nonlinear
compensation item. So, it is acceptable the IMC based tuning method is applicable to
SFPID controller and the formulations for tuning process will be presented. Finally,
by simulation studies it will be shown that the SFPID is capable to improve the
transient state performance while providing an identical disturbance rejection
performance of the CFPID structure.
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TEK GIiRiSLI BULANIK PID KONTROLORLER iCiN iC MODEL
KONTROL TABANLI TASARIM YONTEMI

OZET

Kontrol miihendisliginin birinci amaci, bir siirecin nasil kontrol edilebilecegi bilgisini
analiz edip isleyebilmektir. Ancak bu sekilde yapilandirilan kontrol mekanizmalariyla
yiiksek performans gerektiren siirecler ilizerinde giivenilir ve dogru sonuglar elde
edilebilir.

Bulanik kontroldrler, tasarim asamasinda sezgisel bilgilerin kullanilmasiyla linear
olmayan sistemlerin kontrolii icin kullanish bir yontem sunmaktadirlar. Bundan dolay1
zorlu kontrol uygulamalarn i¢in pratik bir alternatif olmuglardir. Bu sezgisel bilgiler
kontrol edilmek istenen sistemi uygun bir sekilde ifade etmesinin disinda nasil elde
edildigine bakilmaksizin, yiiksek-performansl kontroliin nasil saglanacagi konusunda
sahip oldugumuz fikirleri temsil etmektedir.

Gelisen teknolojiyle birlikte endiistride kontrol edilme gerekliligini doguran sistemler
giderek daha karmagik sistemlere doniigmiistiir. Bu tarz yiiksek dereceli, zaman
gecikmeli ya da lineer olmayan sistemlerde CPID kontrollorler istenilen bagariy1 elde
edememektedir. Bu tarz karmagik sistemlerde bulanik kontroldrler ile, 6zellikle FPID
kontrollorleri ile, daha saglam bir yapiya sahip olmalarindan dolay1 daha iyi sonuglar
elde edildigi bilinmektedir. Bu yilizden FPID kontrollorleri yiiksek dereceli lineer ya
da lineer olmayan endiistriyel siireglerde yaygin olarak kullanilmaktadirlar.

FPID kontrollorlerinin tek girisli, iki girigli ve ii¢ girisli olmak lizere ¢esitleri
bulunmaktadir. Hata ve hatadaki degisimi giris olarak kullanan iki girisli kontrollor
yapisi, aragtirmalarda ve uygulamalarda en ¢ok kullanilan FPID kontrollor yapisidir.
Ug girisli FPID kontrollérleri ¢ok sayida kural ve parametre ayarlamasi
gerektirdiklerinden ¢ok tercih edilmemektedir. SFPID kontroldrlerin tiirevsel evrede
daha fazla bilgi kagirilabilecegi diisiiniilse de bir¢ok ¢alismada diger FPID yapilarina
gore daha kullanish oldugu ifade edilmistir.

FPID kontrolor tasarim parametreleri iki baglik altinda toplanmistir. Bunlar bulanik
arayiziin  girig-¢ikis  degiskenlerini, dilsel setleri, tiyelik fonksiyonlarmi,
bulaniklastirma ve durulastirma mekanizmalarini kapsayan yapisal parametreler ve
girig-cikis dlcekleme katsayilarini kapsayan ayar parametreleridir.

Glinlimiizde bile kontrolor tasarim parametrelerinin ayarlanmasi zor ve miihendislik
bilgisi gerektiren islerdir. Literatiirde, CFPID kontroldr i¢in sistematik tasariminin,
sahip olduklar1 parametre sayisinin nispeten biiyiik olmasindan dolayi, halen biiyiik
bir problem oldugunu gésteren ¢alismalar bulunmaktadir. Ayn sekilde, her gecen giin
FPID kontrolor yapilarinin endiistri uygulamalarinda kullanimi yayginlagmakta olsa
da oOlcekleme katsayilarinin ayarlanmasi ve yapisal parametrelerinin elde edilmesi
problem olmay1 siirdiirmektedir. Sahip olduklari kontrol yiizeylerinin karmasik
yapisindan bu duruma neden oldugu sdylenebilir.
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Yapilan ¢alismalarin cogunlukla CFPID kontroldr {izerinde yogunlagmasina ragmen,
SFPID kontrolorlerinin ¢ok daha esneklik sundugu ve daha islevsellik getirdigi
savunulmaktadir.

SFPID yapist, iki boyutlu ¢arpik-simetrik kural tablosu kullanan geleneksel iki girisli
FPID kontrolor yapisi géz onilinde bulundurularak tiiretilmistir. CFPID kontroldrii
kural tablosunun bu 6zelligi, kural tablosunun ana kdsegenine bir mesafe tanimlamasi
yapilabilmesine imkén vermistir.

Kontrol teorisinde, elde edilen sistem modelinin derecesinin artmasiyla birlikte,
modelin sistemi daha az hatayla yansittigi bilinmektedir. Ancak yiiksek dereceli
sistemler i¢in kontroldr tasariminin da ¢ok daha zor oldugu unutulmamalidir. Ayn
sekilde kontroldr biinyesinde ne kadar fazla tasarim parametresi bulunursa sistemi
daha iyi analiz edecegi, daha hassas karar verecegi ve daha iyi performans elde
edileceginin diisiiniilmesi yanlis olmayacaktir. FPID kontroldrlerinde kural ve iiyelik
fonksiyon sayilarinin artmasi giris sinyalinin daha iyi degerlendirilmesine ve data
kayiplarinin en aza indirgenmesine olanak sunmaktadir. Ancak ayn1 zamanda fazla
sayida parametre ve kural sayisi, kontrolor yapisimi karmasiklastirmakta, tasarimi
zorlagtirmakta ve yapmin daha yavas c¢alismasina neden olabilmektedir. Bu
durumlarda yapilan ufak hatalar sistemin performansin biiyiik dl¢iide diisiirebilmekte,
hatta sistemi kararsizlia gotlirebilmektedir. Bu ylizden tasarim sirasinda uygun
kontrolor tipinin segilmesi, iiyelik fonksiyonlarmin ve dilsel terimlerin dogru
tanimlanmasi1 biiyilk 6nem tasimaktadir. Goriilmektedir ki fazla sayida kural
olusturmak en mantikli ¢6ziim degildir ve tiim bunlar disiiniildiigiinde kontrol
mithendisinin en optimize se¢imleri yapmasi gerektmektedir.

Bu calismada da kullanilan SFPID kontrolér yapisinda, hata ve hatadaki degisim
yerine “signed distance” (SD) diye adlandirilan yeni bir giris degiskeni
kullanilmaktadir. Buna bagli olarak kullanilacak kural ve tasarim parametreleri sayisi
CFPID kontroldrlerine kiyasla daha azdir. Yapilan arastirmalarda s6z konusu bu
durum SFPID kontrolloriin tasarim kolayligi olarak degerlendirilirken, bu tez
calismasinda da sunulmus oldugu gibi performans olarak neredeyse CFPID
kontrollorii ile esdeger oldugu ifade edilmistir.

Bulanik PID kontroldr parametre ayarlamasi i¢in birgok yontem tiiretilmistir. Bu
yontemlerden en yaygin olarak kullanilanlarindan biri de IMC tabanli ayarlama
yontemidir. IMC tabanli ayarlama yonteminin kapali ¢evrim zaman sabitine bagl tek
bir ayarlama parametresine sahip olmasi, yaygin kullanilmasinda etkili olmustur. IMC
tabanli ayarlama yonteminde, kontrol edilecek sistem birinci dereceden 6lii zamanl
bir model olarak tanimlanmakta ve ayarlama parametreleri elde edilmektedir.

Bu c¢alismada oOncelikle FPID kontrolorlerinin temel tasim1i olusturan CPID
kontrolderlerine kisaca deginilecektir. Tez kapsaminda kullanilcak olan IMC tabanli
ayarlama yoOnteminin ¢ikarimi ve nasil uygulandigi gosterilecektir. Ardindan en
yaygin kullanilan FPID kontrolor tipi olan CFPID kontrolor yapilart ayrintili bir
sekilde incelenecek, kural tablosunun ve iiyelik fonksiyonlarinin c¢ikarimi elde
edilerek, kontrolor giris-cikis arasinda nasil bir iliski oldugu gosterilecektir. IMC
tabanli ayarlama yontemi kullanilarak tasarim parametrelerinin nasil elde edilebilecegi
anlatilacaktir.

Bu c¢alismada SFPID kontroldrleri icin IMC tabanli ayarlama ydnetimin
kullanilabilirligini gostermek ve bu baglamda gerekli analitik ¢ikarimlari sunmak
amaclanmistir. Oncesinde CFPID yapisindan SFPID yapisina indirgeme islemi
ayrmtili bir sekilde agiklanacaktir. SFPID kontrolor giris ¢ikis iliskisi formiilize
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edilerek diger kontrolor yapilar ile karsilagtirilacaktir. Tiim bulanik kontroldrlerde
oldugu gibi SFPID kontrolorlerinde de iiyelik fonksiyonlar1 ve kontrolor c¢ikisi
arasinda dogrudan bir iliski mevcuttur. Bu iliski incelenecek ve istenilen kontrol
yapisinin tasarlanabilmesi i¢in iiyelik fonksiyon parametrelerinin nasil ayarlanmasi
gerektigi hakkinda tasarim kurallar sunulacaktir.

Yapilan ¢ikarimlar sonucunda SFPID kontrolor giris-¢ikis iliskisinin CFPID yapisina
benzer oldugu, hatta CPID kontrolér ve lineer olmayan bir kompanzasyon teriminin
kombinasyonu olarak ifade edilebilecegine dikkat ¢ekilecektir. Bu bilgiler 15181nda
CFPID de yaygin olarak kullanilan IMC tabanl ayarlama yonteminin SFPID
yapisinda da kullanilabilecegi kabul edilecek ve parametrelerin elde edilmesinde
kullanilacak formiiller sunulacaktir. Son olarak IMC tabanl ayarlama yontemi i¢in
tezde sunulan ¢ikarimlar kullanilarak yapilan benzetim ¢alismalari ile SFPID
kontroloriin, CFPID kontrolér bozucu soniimleme performansini korurken, gecici hal
performansini arttirdig1 goriilecektir.
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1. INTRODUCTION

1.1 Fuzzy Logic Controller

Although high number of alternative are suggested many industrial control system use
PID controller. It is known that the utilization rate of PID controller in industry is about

%90. Some reasons for this can be expressed like below:
- PID controller is robust.
- PID controller design is easy.

- PID and parameters of system response are associated. PID controller has just
three parameters. So, the designers have extensive knowledge about on the
effects of these parameters and advantages against each other on system

responsc.

Although the CPID controllers are commonly used, this type controllers are not
suitable against all control problems. For example, complex, time varying and time
delay systems. If a system is complex as cannot be expressed with analytic models,
then the controlling the system with classical approaches is impossible. In this case the
fuzzy control can be suggested as a solution. The control with fuzzy logic (FL) can
transform successfully the knowledge of experts and the control methods to numerical

algorithms [1-4].

Although CPID controller has easy implementation and produces linear control signal,
in general the FPID controller provides nonlinear parameters for nonlinear control
system. The FPID controllers are easily implemented to many linear and nonlinear
system by the agency of transformation of the fuzzy rules to nonlinear parameters.
Although demand of FPID controller applications is increased, number of standard and
systematic adjusting methods for FPID controller is less than the classic PID
controller. So, it is suggested that parameters of the FPID controller should be adapted
in two part for a better control performance. Thus, SFs of the FPID controller are

adapted at the lower part adjustment. At the higher part adjustment database



parameters (the membership parameters, fuzzy rules and fuzzy rules weights) of the
controller are adapted in order to using nonlinear features of the fuzzy PID much better

[1-13].

1.1.1 Philosopy

The ability of a human being to find solutions for particular problematic situations is
called “human intelligence”. Humans have the ability to process a large amount of
infotmation and mage effective decisions, although neither input infotmation nor
consequnet actions are precisely defined. Human thinking and decision making
mechanisms represent a perfect model, which scientists and engineers attempt to
imitate and transform into practiacal solutions of diverse technical and nontechnical

problems [14].

Fuzzy control is a methodology of intelligent control that mimics human thinking and
reacting by using a multivalent fuzzy logic and elements of artificial intelligence. The
word “fuzzy” is used here to describe terms that are not-well known ot not clear enough

[15].

1.1.2 History

The fuzzy set theory was suggested by Zadeh [16]. After that the fuzzy control theory
was first described in study of Bellman and Zadeh [17]. In the study, the linguistic
variables were suggested to describe the human knowledge as “if-then” rules. In the
last 30 years, the fuzzy control applications were developed to include various
industrial control applications and important research. In 1974 Mamdani used the
inference mechanism, which was suggested by Bellman and Zadeh, to control a
dynamic system [18]. After that only one year later, Mamdani and Assilian improved
first FL controller (FLC) and used it to control a steam engine [19]. But, due to that
algorithm was highly depended on knowledge of experts, Mac Vicar-Whelan

suggested rules in order to remove that disadvantage [20].

In fuzzy controller min-max inference mechanism, which was suggested by Mamdani
(1974) and product-sum inference mechanism, which suggested by Mizumoto (1996)
are used mostly. The defuzzification is a time-consuming process. Therefore, Takagi

and Sugeno suggested to use real numbers instead of fuzzy sets in final section of fuzzy



control rules [21]. The using this proposal with the product-sum inference mechanism

gives very good results and produces an easy algorithm.

Qiao and Mizumoto suggested a fuzzy controller structure called as without self-
regulation which similar as conventional PID controller [7]. According to this
controller, the control signal is produced by inference mechanism and data base. At
the beginning of the design all parameters of the controller are adjusted and the system

response of controller is obtained.

1.1.3 Importance of Fuzzy Logic Controller

While attempting to describe a system, simple or not, one must face the fact that all
possible event in the system cannot be indetified. Incomplete knowledge of event and
unpredictable frequency of their occurrences impose the usage of approximate
modeling of systems. In control system theory there are excellent tools for approximate
modeling of systems. For the systems, which can be well-described with a linear
second-order model there are number of procedures for design of PI and PID
controllers, while for the system modeled with high-order linear models one can use

[14].

The problem arises when the model of a system is unknown or when it is known but
so complex that the design of a controller by using classic analytical meyhods would
be totally impractical. There are also situations when the model of a system is highly
nonlinear and where variations of parameters and rates of parameter changes may be
extremely high. Some of these situations can be solved by using adaptive control
methods, but their basic mathematical apparatus is rather complex and very often ends

in a large number of computing iterations.

A special class of control problems is control of highly nonlinear processes that are
exposed to strong influence of external disturbances. Such systems are controlled by
operators using their years-long experience and knowledge about static and dynamic
characteristic of the system. The operator’s experience is connected to monitoring of
relevant process variables and depending on their states and deviations from reference
values, operators decide where, how and how much the need to act on the process to
achieve a given control goal. In other words, they execute their “program” or “control
algorithm” according to their experience and by applying the following typical pattern

of decision making



IF such states of process variables are THEN such control action are needed.

The main problem of control designer is confronted with is how to find a formal way
to convert the knowledge and experience of a system operator into a well-designed
control algorithm. By using fuzzy logic, linguistic expressions in antecedent and
consequent parts of IF-THEN rules describing the operator’s actions can be

eggicaciously converted into a fully-structured control algorithm.

Due to the fact that a fuzzy algorithm has the characteristics of a universal
approximator, a designer is able to model an unknown process with a set of IF-THEN
fuzzy rules [22-23]. Application of fuzzy logic is not limited only to systems difficult
for modeling. By application of fuzzy logic on systems with known but complex
mathematical models, the time needed for controller design and for practical

application can be shortened.

1.2 Purpose of Thesis

In control theory, one of the topics as important as modeling the system is tuning the
design parameters correctly. There is a lot of parameter tuning method in literature.
Although, there are many accepted researches for that purpose, especially in the high-
number parameter requirement systems , how to apply the tuning method is

complicated.

In FL controllers, definition of antecedent and consequent MFs and proper selection
of linguistic variables require experience and engineering knowledge. Incorrect
parameter settings or assignment of linguistic variables cause low performance or
unstable controller structures. Also, increasing the number of rules could be cause

delays in the controller and wrong decision making.

In controller design, it is a desired feature that low number of tuning parameters and
rules to reduce design complexity and time required. But, when considered the data
losses and accurate analysis of reference signal, using the small size rule table or low

number of parameters do not mean more efficient controller [14].

It is known that, SFPID controllers have better or same performance than CFPID
controllers while require less design parameter and rule. Purpose of these thesis is
applying the commanly used IMC based tuning method to the SFPID controller and

presenting the required formulation for this process to literature. At the same time,



one-input controller structure will be examined in detail and investigated that how

flexible structure can be used more efficiently.






2. FUZZY LOGIC SYSTEMS

2.1 Introduction

FL is a mathematical approximation which based on fuzzy set theory instead of
classical set theory. Namely, it is based on degrees of truth rather than usual true or

false. The idea of FL was first purposed by Lotfi Zadeh in 1965 [16].

Natural language is not easily translated into the terms of 0 and 1. In the Zadeh’s
study, it was said that the classical set theory is inadequate and the use of linguistic

expressions as needed. So that, the human logic can be modeled better.
Fundamentals of FL is described as follows by Lotfi Zadeh.

- Inthe FL, the truth is between [0, 1] instead of “0” or “1”.

- In the FL, the linguistic modifiers and linguistic expressions are used.

- Some rules are used for the fuzzy inference. These rules, which are identified

by linguistic expressions, are called fuzzy rules.
- Every logical system can be expressed with FL.

- The FL is very convenient for systems, which have complex mathematical

model.

In general a FL system is shown in Figure 2.1.

I npyts Outputs
(Crisp) (Crisp)
Input Scaling Output Scaling
Factors Fuzzy Rule Factors

Table A
(Crisp) 2+ (Crisp)
A 4
\ 4
Fuzzifier > I I;uzzy —» Defuzzifier
(Fuzzy) I Erence J (pyzzy)

Figure 2.1 : Structure of a fuzzy logic system.



A FL system occurs by input SFs, fuzzifier, fuzzy inference system, fuzzy rule table,

defuzzifier and output SFs.

In design of the FL system, firstly, the crisp input values are determined. These input
values can be in any range and must be meaningful for FL system. Thus, input values
are multiplied by input SFs. So, the input values are synchronized with the interval
that is using for inputs of FL system. The fuzzifier converts the crisp input values to
fuzzy input values by using the described MFs. After that, these fuzzy input values
are translated one fuzzy output value by using fuzzy inference system and fuzzy rule
table. The obtained fuzzy output value is converted to crisp value with defuzzifier.
Because the fuzzy output value is not a valid variable for apply to process. Finally,
the crisp value is multiplied by output SFs for synchronized to interval that is

suitable for the process [24].

2.2 Sets

2.2.1 Elements of sets

A universal set X is defined in the universe of discourse and it includes all possible
elements related with the given problem. If a set A is defined in the universal set X, the

following relationships can be written [25].
AcX 2.1

In this case, a set A is included in the universal set X. If A is not included in X, this

relationship is represented as follows:
AgX (22

If an element x included in the set A, this element is called as a member of the set and

the following notation is used.
x €A (2.3)

In general, a set is represented by enumerating its elements. For example, elements

a4, a,, ... ,a, are the elements of set 4, it is represented as follows:

A={aq,ay, .., ay} (2.4)



Another representing method of sets is given by specifying the conditions of elements.
For example, if the elements of set B should satisfy the conditions P;, P,, ... , B,, then

the set B is defined by the following:

B = {b|b sat, sf,ed py, 02, -, Pn} (2.5)

2.2.2 Relation between sets

If all elements in set A are also elements of set B, A is a subset of B.
ACBiff (ifonlyif) x€A=>x€EB (2.6)
The symbol = means implication. If the following relation is satisfied
ASB and BcA (2.7)

A and B have the same elements and thus they are the same sets. This relation is

denoted by

A=B (2.8)

2.2.3 Membership

Membership can represent whether an element x is involved in a set A or not. For a set

A, a membership p, can be defined as follows:

1 ifandonlyif x€A

Ha(x) = {0 if and only if x ¢ A (2.9)

2.3 Operation Sets

2.3.1 Complement

The relative complement set of set A to set B consists of the elements which are in B

but not in A. The compliment set can be defined by the following formula.
B—A={x|x € B,x & A} (2.10)

If the set B is the universal set X, then this kind of compliment is an absolute

complement set A. That is



A=X-4 @2.11)

P=X and X=0¢ (2.12)
2.3.2 Union
The union of sets A and B is defined by the collection of whole elements of A and B.
AUB ={x|x € B,x € A} (2.13)
The union of certain set A and universal set X is reduced to the universal set.
AuX =X (2.14)
The union of certain set A and empty set @ is A.
Aupg=A (2.15)
The union of set A and its complement set is the universal set.
AUA=X (2.16)

2.3.3 Intersection

The intersection A N B consists of whose elements are commonly included in both sets

AandB.
ANB ={x|x € Band x € A} (2.17)
The intersection between set A and universal set X is A.
ANnX=A (2.18)
The intersection between set A and empty set is empty set.
AN =0 (2.19)

The intersection between set A and its complement is all the time empty set.

10



ANA=9 (2.20)

When two sets A and B have nothing in common, the relation is called as disjoint.

Namely, it is when the intersection of A and B is empty set.

ANB=0 (2.21)

2.4 Fuzzy Sets

2.4.1 Expression for fuzzy set

Membership function p, in crisp set maps whole members in universe set X to set

{0,1}.

pa(x): X - {0,1} (2.22)
In fuzzy sets, each elements is mapped to [0, 1] by membership function.

Ua(x): X - [0,1] (2.23)
In the above equation, p4 represent the belonging degree of x to fuzzy set A.

2.4.2 Operator in fuzzy sets
There are some operators in the fuzzy expression such as negation, conjunction,
disjunction, implication [25]. The operators are defined as follows fora, b € [0, 1].
Negation a=1—-a
Conjunction a A b = mni n(a, b)
(2.24)

Disjunction av b =nmx(a,b)

Implication a—->b=mnin(1l,1+b—a)

11



2.5 Linguistic Variable

2.5.1 Membership functions

In crisp set theory, an element belongs to a set or does not. But in FL set theory, the
belonging of an element is graded. The crisp sets are defined with characteristic
functions while the fuzzy sets are defined with MFs. So, a fuzzy set, defined on X, is

described with membership function p, .

In literature, according to controlled system there are four types of MFs are used often:

Triangular, bell shape, Gaussian and trapezoidal as shown in Figure 2.2 [24].

Ha A
1

Figure 2.2 : Types of membership functions (a) Triangular, (b) Trapezoidal, (c) Bell
shape, (d) Gaussian.

2.5.2 Definition of lingusitic variable

In general, a variable takes number as its value. If the variable takes linguistic terms,
it is called “linguistic variable”. The values of these linguistic variables are can be
“young”, “hot” and “very young”. For example, a temperature linguistic variable is

given in Figure 2.3.

12



Linguistic

[TEMJERATURE ] D Variable

[Low] [ pedivom | —— Hnguisie

¢ Menbers hip
Functions

[
T »

o 5 20 30 45
Figure 2.3 : “Temperature” linguistic variable and linguistic terms.

9 G

In Figure 2.3, the temperature has three linguistic term defined as “low”, “medium”

and “high”. Each linguistic term has own membership function. This MFs are shown

as below.
1, 0<t<5
=1{20—t .
Urow - 5<t<?20 (2 25)
15
1, 20<t< 30
=5 5o t<20
Uredium = 15 (2~26)
-t S ct<as
15
1, 45 < t
={t—30 .
Hr.ow —— 30<t<45 (2.27)

2.5.3 Linguistic modifiers

Suppose that, set A is a fuzzy set and p, is the membership function belongs to set A.
Also m is a linguistic modifier (more, less) belongs to p4. Thus, mA defines the
qualified fuzzy set and p,y defines the membership function of the qualified fuzzy
set [24]. Some linguistic modifiers, which are used often, and MFs of these linguistic

modifiers are given as below.

13



Not: tnota =1 — Uy
More: Unprea = (ﬂA)z (2.28)

More or less: iy 4 = (ps)?

2.6 Fuzzification

Fuzzification is the conversion process of the crisp values of the inputs of fuzzifier to

fuzzy values by using the MFs. Fuzzification is performed by fuzzifier.

2.7 Fuzzy Rule Structure

Fuzzy rule table occurs by rules which have “if-then” structure. Fuzzy rules relate the
input and output of fuzzy system. A rule form of a two input-one output fuzzy system

is given below.
Ruley:If xis Aand y is B, Then zis C (Wit h w).

Where, x and y are the input variables and z is the output variables of the fuzzy system.
The w is defines the weight of that fuzzy rule and in general takes values in interval of
[0,1]. In given rule form “A” and “B” define the MFs belong to input variables and

“C” defines the membership function belongs to output variable.

2.8 Fuzzy Interference

The fuzzy inference system is the most important unit of the fuzzy system and
simulates the human decision-making and suggestion. The inference system obtain the
firing values of each fuzzy rule in a certain time interval and by using fuzzy rules

calculates the outputs.

The most known three fuzzy inference system are given below.

2.8.1 Fuzzy inference for Mamdani type fuzzy logic systems

In this type fuzzy inference system, fuzzy sets are used as output of the fuzzy rule
table. Thus, rules of the system, which has a two inputs and one output can be given

as below.

14



Ruley:If xis A, and y is B;, Then z is C;.
Rule,: If x is A, and y is B, Then z is C,.

Where x and y are the input variables, z is the output variables, A, B and C are the
fuzzy sets of input and output variables, respectively. In Figure 2.4, the fuzzy inference

system for Mamdani type fuzzy structure is given.

A A, A B,

O

Mninum or
Multinlication Onerator

Inputs Output

Xo X Yo y z

Figure 2.4 : Fuzzy inference for Mamdani type structure with two rule.

In certain time, the each fuzzy rules are fired by input values and for fired fuzzy rule
the membership function values of each input value are calculated. The total firing
strength (a;) for each fuzzy rule is calculated by applying the max or min operator to
obtained membership function values. The output membership function is subjected
to multiplication or min logic operator with obtained total firing strength. Thus, the
upper part of fuzzy set by a; is cropped. By combining the cropped fuzzy sets, which
obtained by each fuzzy rules, the fuzzy set is obtained, that will be applying to the

defuzzifier unit.

2.8.2 Fuzzy inference for Takagi-Sugeno type fuzzy logic systems

In this type fuzzy inference system, crisp functions are used as output of the fuzzy rule
table. Thus, rules of the system, which has a two inputs and one output can be given

as below.

15



Ruley:If x is A; and y is By, Thenz = fi(x,y).
Rule,:If xis A, and y is B,, Then z = f,(x,y).

In Figure 2.5, the fuzzy inference system for Takagi-Sugeno type fuzzy structure is

given.

A Ay A B, ’T\
<
~
o]
g
5 s a
el
s filo,y) = kxo + Ly, +m
<
ES
g g
51
S| %
S f2(x,9) = pxo + qyo + 7
g
3 3 . aifi +axfs
Inputs Output z =W

Xo x Yo y

Figure 2.5 : Fuzzy inference for Takagi-Sugeno type structure.
2.8.3 Fuzzy inference structure with Singleton consequents

In this type fuzzy inference system, crisp constant values are used as output of the
fuzzy rule table. This type fuzzy structure is a special format of Mamdani and Takagi-
Sugeno type fuzzy structures. Thus, rules of the system, which has a two inputs and

one output can be given as below.
Ruley: If xis A; and y is By, Then z = C,.
Rule,: If x is A, and y is By, Then z = C,.

In Figure 2.6, the fuzzy inference system for singleton type fuzzy structure is given.
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Figure 2.6 : Fuzzy inference structure with singleton consequent.
2.9 Defuzzification

The output of the fuzzy inference system is a fuzzy set. The conversion output value
of the fuzzy inference system to a crisp value is called defuzzification and the unit
where defuzzification is performed is called defuzzifier. The most used methods for
defuzzification are center of gravity, weight average and maximum defuzzification

methods.

2.9.1 Center of gravity defuzzification method

In this defuzzification method, center of gravity of the areas, which obtained by using
fuzzy inference system is calculated. The applying center of gravity method to fuzzy

set that obtained in Figure 2.4 is shown in Figure 2.7.

The formula of the defuzzification is given below.

« Juczdz
7 =

=== 2.29
J ¢ dz ( )
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Figure 2.7 : Center of gravity defuzzification method.
2.9.2 Weight avarage defuzzification method

In this method, the defuzzification is performed by used all of the fuzzy values and
membership function values. By weighting the each membership function with its own

maximum and using given formula, the output value is calculated.

. Y UcZ
X Uc

z (2.30)

The calculating of the output value by using the weight average method is shown in

Figure 2.8.

Figure 2.8 : Weight average defuzzification method.

For calculating of the output crisp value, the given formula in Eq.2.31 is used.

WiZ1 + WyZ
=22 2.31)
wy + w,

2.9.3 Maximum defuzzification method

In these method, interval of maximum value of obtained fuzzy set is determined. Then
the defuzzification is performed with three different method. In first method, the first
value of the determined interval, in second method, the median of the determined

interval and the third method, the last value of the determined interval is assigned as

18



the crisp value. The maximum defuzzification method and the calculation of the output

value are shoved in Figure 2.9.

A
u

v

1
i i i
i i i
i i i
. v v v z
Z— 7 Z, Z3

Figure 2.9 : Maximum defuzzification method.
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3. CONVENTIONAL PID AND FUZZY PID CONTROLLER

3.1 Conventional PID Controller Structure

The combination of the proportional, integral and derivative control modes are called
as PID controllers. There are many variations of PID control used in practice. Most

common forms are parallel and series forms of PID control [26].

3.1.1 Parallel form of PID control

Derivative action can be combined with proportional and integral actions by having
each of the modes, operate in parallel [27]. The parallel form of the PID control
algorithm is given by
U(s) 1
GParalleKS) =m= K.[1 +m+Tds] (3.1
Figure 3.1 illustrates that this controller can be viewed as three separate elements

operating in parallel on E (s).

\4

E(s) 1 _ll (s)

A 4
o
(%)

Figure 3.1 : Block diagram of the parallel form of PID control.
3.1.2 Series form of PID control

A PI element and a PD element operated in series. The series form of PID control is

shown in Figure 3.2 [27]. The series form of the PID control algorithm is given by
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U(s) 1
Gseries(s) = ) K.(1+ ﬁ) (Tys + 1) (3.2)
'E&’ KC > 1+T_ ;TdS‘l'l —P(:)
iS

Figure 3.2 : Block diagram of the series form of PID control.

In this study, series form of PID control is used.
3.1.3 PID design strategy

3.1.3.1 Principle of internal model control

A comprehensive model-based design method, Internal Model Control (IMC), was
developed by Morari et.al [28 — 29]. The IMC method is based on an assumed process
model and leads to analytical expressions for the controller setting. The main idea is

simplified block diagram shown in Figure 3.3 [26].

d d

+ e u
L GIIVEA’(%—'P

(@) (b)

Figure 3.3 : Illustration of the (a) IMC scheme, (b) IMC equivalent feedback control
system.

Where P is the plant, P is a nominal model of the plant, G is a controller, r and d are
the set point and the disturbance, y and ¥ are the outputs of the plant and it’s nominal

model, respectively.

The IMC structure is equivalent to the classic single-loop feedback controller shown

in Figure 3.3 b, if the G, is given by [3];
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G(s)

= W 3.3)

and
G = ! 34
(s) = f’__(s)f(s) 34

where P(s) = P_(s)P,.(s). Here, P_(s) is the minimum phase part of the plant model
and P, (s) contains all time delays and right-half-plane zeroes.f (s) is a low-pass filter

with steady-state gain of one, given as

(3.5)

where t. is represented as closed-loop time constant and n is a positive integer to be

determined.

Suppose that an industrial process can be modeled by a first order plus delay time

(FOPDT) structure as follows:

K

~Ls 3.6
Ts+1° (3-6)

P(s) =

where K, T and L are the steady state gain, the time constant and the time delay,

respectively.

By the applying first-order Pade approximation, the delay time is defined as follows:

1 75
e7ls = —= (3.7)

1+7S

Therefore, the P(s) can be factorized as P(s) = P,(s)P_(s), where P,(s) =1 —
Ls/2 and

P (s) = K

(Ts + (L +55) (3-8)

Substituting P_(s) into definition of G, (s) and setting n = 1 in filter
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(Ts +1) (1 +%s)

G () = I 3.9
K(z + tC)S
3.1.3.2 Internal model control based tuning for PID controller
Transfer function of PD-PI control Gg,,; .{(S) can be written as
1
Gserteds) = Ke (14 7=) (Tas + 1 (3.10)
l

A+ T;s)(A+Tys)
TiS

Gseri 65(5) =K,

If Ggori e(S) and Gy (s) are equalized, the IMC-base tuning for PD-PI control can be

simplified as follows:

L AT+ Ts) _ A+T9(1 +35)

¢ (3.11)
Tis K (% +to)s
In terms of Eq. 3.11, parameters K., T; and T4 can be given as follows:
L L
T, =T Td=E or TL=E Tu=T

T, (3.12)

Ke=—T—

K(7 +t.)

A small value of T; gives fast response. To improve the rise time, the value of T,

should be small [3]. Therefore, the two parameters T, and T; can be determined as

L L
T, = ni n(T,E) T, = max (T,E) (3.13)
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3.2 Conventional Fuzzy PID controller structure

3.2.1 General structure

Fuzzy PID controller that retains the characteristic similar to the conventional PID
controller, was proposed by Qiao and Mizumoto [7]. Structure of fuzzy PID occurs by

connecting a PI device with the basic fuzzy controller serially as shown in Figure 3.4.

e % . > @
rt c Fuzzy | U tu () R
- Derivative| € X Controller] +
Estimator | |_¢ " > .Bf

Figure 3.4 : Closed-loop control structure for fuzzy PID.

Here, K, and K,; are the input SFs bad a and f are the output SFs. Error e and change
rate of error é are the inputs and the control signal u is the output of the fuzzy PID
controller. U is the output of the fuzzy controller block [30]. The universes of
discourses of e and é are e € R and é < R. If linguistic values of e and é are denoted
as E(iel=[-m,..,—1,0,1,..,m]) and Rj(j €/=[-n..,—101,..,n]

respectively, the fuzzy control rules are given as in the form of
If eis E;and é is R;, ThenUis u,;;
Suppose that the MFs of E; and R; are E;(e) and R;(é). In Mizumoto’s study (1996),

the triangular MFs were used for each fuzzy linguistic value of the error e and the

change of error € and output as shown in Figure 3.5.

The support sets of E; are equal to [e;_4, €;41] and those of R; are equal to [é;_4, €j41].

€; —e e —e;
E;(e) :%, Eiyq1(e) :e-——Le-'
i+1 i i+1 i (314)

Ex(e)=0 (k= (i+1DeD
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€i—2 €i_1 e; €it1 €it2

€2 -1 & €j+1 €j42

Figure 3.5 : The antecedent membership functions.

fore € [e;, ei41]

€iy1— € é—¢
R(&) =22 R0 = o,
1(©) ir1 = € 41(0) it1— €
(3.15)

Re(&)=0(t#(,j+DE)

With the linguistic values of e and é, the rule table can be constructed as shown in

Table 3.1.
Applying the center of gravity method for defuzzification, the real output of U is given

by

U = 2kt Ex (R (Ut
YrtEx (@)R:(é)

(3.16)

Here, Uy; (k € I,t € ]) is the linguistic value of the output of the FLC. Under the
above descriptions, at any time only two neighborhood MFs can have non zero degrees

for each e and é. This means that at most 4 rules are fired at the same time [7].

For instance, if the inputs of the fuzzy controller are located in zone S, which is

described in S = [e;, €;1]x[€), €j41],
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Table 3.1 : Rule base for the conventional FPID.

é\e Ei» Eiq E; Eiyq

Ei»

Ri—2 | Ui-2y(j-2) Ui-niy-2 Uig-2 Ui+ni-2)

Ri-1 | Ui-2)¢-1) Ui-ng-n Uig-v Ug+ng-1)

UGir2)(j-2)

Ugir2)(j-1)

R; Uii-2); Ugi-1j Uij Ugirn)j Ugiv2)j
Riv1 | Ui-2)gi+1) Ui-ng+n Uig+ny Ugeng+n  Ugr2)g+n
Rivz | Ui-2y(j+2) Ui-ng+2) Ui+ Uirnigrz) Uis)+2)

the MFs and the output uy; . can be defined as follows
Ex(e) =0 (k+(,i+1) €]
R()=0=(Gj+DeE)
Yk=(ii+1) Ex ()R (é) Uy,

U= t=(j,j+1)
Zk:(i,i+1) Ek(e)Rt(é)
t=(j,j+1)
Ugir1);] — Ui j Uitj+1) — Ui j Ugir1) — Ui
U= U j— (i+1)j Uei . L(.]+1) ' Lje.j n (i+1)j L]e
€i+1 — € €j+1— € €i+1 — €

Ui+1) — Uij,
n (J+1) Jo

€j+1 = €
U=A+Pe + Dé

where

UG+1)j — Uij UiGj+1) — Uij,
A=y ;- (i+1)j Jei_ (_1 ) P
€i+1 — € €j+1 — €

UGi+1)j — Uij

p= J J
€i+1— €
Ui(j+1) — Uij

p=—F=—-
€j+17 €
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Here, Eq. 3.21 is the relation between the input and the output variables of FLC for the
fuzzy controllers with product-sum inference method, the center of gravity
defuzzification method and triangular MFs for the inputs and a crisp output. As it is

seen in Figure 4.4, the output of the fuzzy PID controller u is given by
U= Qaugc+ f f Up cdt (3.22)
Therefore, from Eq. (3.20) and Eq. (3.22), the controller output is obtained as
u = ad + BAt + (aK.P + BK;D)e + BK P f edt + aK,Dé (3.23)

Thus, the equivalent control components of the FPID controller are obtained as follows
[7]:

- Proportional gain: aK,P + BK;D

- Integral gain: BK,P

- Derivative gain: aK;D
3.2.2 Fuzzy PID design strategy

3.2.2.1 The analytical structure of the fuzzy PID controller

Assume that input-output MFs are chosen as triangular shapes shown in Figure 3.6.

All input MFs have an equal spread 2A while all output MFs have an equal spread 2B.

Decomposing rule base into inference cells
The rule base can be divided into many square blocks as shown in Figure 3.6. Output
rules are matched with four corners. All fuzzy inference operations can be calculated

on these blocks, which are called inference cells [31].

To maintain generality, the IC; ; is chosen for analysis. Two MFs from E (ith and i +
1 th) and R (jth and j + 1 th) are folded together to form the IC. Two line from MFs
divide the IC into four regions (IC1 — IC4) as shown in Figure 3.7. One of the diagonal
lines is called the S-line on which all the points have the same distance to the (S = 0).
The output from the inference is shown on the relevant corner and indexed by the

sequence number of input membership function.
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input
MFs

inference

uk_1 Ur Uk 41

Figure 3.6 : Decomposition of the rule base into inference cells.

é .u]+1
—n k=i+j+1
—ﬂ,u |
] |
(i,j+ 1 | | (i+1,j+1
(21, ug) A : : (U3 Uge41)
.\ |
|
| | I §
| *  ex
> (e €7) Hiv1
|
A |-
(i) Y G+1)) e

(U1, Uge—1) S — line (p22, uk)

Figure 3.7 : Functional composition of the inference cell IC; ;
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The absolute position of IC;  in the rule base is from [i4, j 4 to [(i + 1A, (j + 1)A].
Its relative position in the IC plane is from [0, 0] to [4, A]. The input data to the rule
base can always be mapped into the relative input data (e*,é*) by the following

mapping formula

e=id+e (i=..,-101,..)
(3.24)
e=jA+eé" (j

., —1,0,1,...)

Fuzzy inference operation
While the creating mathematic model of FPID, Mamdani’s max-min method has been

used as the inference method.

Fuzzification: The grades for e are y; and p; 4, the grades for € are uj and pj,q1. As
there always exists p; + pj4q7 = 1 and uj + puj ., = 1. Therefore, all the fuzzified

values of the input can be obtain as follows [31].

* *

e e
M=1—= i =—
(3.25)

w=1l-—= W=7

Inference Operation: Rule form “If eis E; and é is R; than the output is w,_,”

follows the linear operation indicated by the index formula
k=i+j+1 (3.26)
The output rule u;, can be obtained from the output MFs in Figure 3.6 as
u, = kB (3.27)

The minimum operation is used to get the output grade as shown in Eq. 3.28. Their

positions on the (IC; ;) are shown in Figure 3.7.

pq =mi n(#i,llj) for output uy_,
Uz = mi n(ui,,ujﬂ) for output uy (3.28)

Maz = min(pi1, 1)  for output uy
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pz =i n(fig, 1)  fOr output g,

The maximum operation is used to obtain the maximum effect of two outputs u; on

the S-line

Ho = max (Uaq, Uzp) (3.29)

Defuzzification: Center of gravity method is used for defuzzification.

3
_ D=1 Hili+i—2

U= (3.30)
2?:1 nul

Mathematical description

Different inputs may fall in the different regions (/C1 — IC4), which cause different
results from the max-min operation. All possible results are summarized in Table 3.2
[31].

Table 3.2 : Results from max-min operation.

Region | 1y H2 M3

IC1 Ui K Hj+1
1C2 Hj M Mt

1C3 i Hjr1 Hiva

1C4 i Hiv1  Hj+1

for region IC1, from Table 3.2 and Eq. 3.30

3
Z#l = Wit Rt e
=1

. (3.31)

e
:Hi+1:2—7

-1

="

from Table 3.2 and Eq. 3.31
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3

Z WU s1-2 = UiUg—1 + Uil + i1l (3.32)
=1

(1—;)(k—1)3+(1—%*)k8+(%*>(k+1)B

*

(1—%)(k—l)B+(1—%*)kB+(%*>(k+1)B

_Bl(k—1DA+e" +¢°]
B A

e*
+kB(1 -

3
B
> Mt =55 + kBt - 1)
=1

where S =FE +R = (k—1)A+ e* + ¢é*. From Eq. 3.30, Eq. 3.31 and Eq. 3.33, the

output of fuzzy control block in region /€1 can be obtained

B
3 - -1 _
U, = Zl:1gluk+l—2 _ AS + kBg/l 1 (3.32)
l:l#l Y].

B
Uy = ZhS + kB(1 —v1)

B
Uy = kB +—7:(S ~ kA)

The output of fuzzy block is obtained for only in region /IC1. By using the same

procedure in other regions, all the possible outputs of fuzzy block can be obtain as

follows.
B
U, =kB+ ZYI(S —kA) (1=1,23,4) (3.33)
where
yi=QQ+u)?
. (3.34)
v2 = (1+p))
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¥a = (14 ppq) 7"

-1
Va= (14 pj41)
S=E+R=(k—1DA+e" +é*

k=i+j+1
The output of FPID controller u is described as follows:
1
u=uqa+ [)’;) (3.35)
where
B
U=kB(1—-y)+ ZVS (3.36)
where 1/p = [dt,S =K,e + Kzé =E + R, K, = 1,y is a nonlinear time-varying

parameter (2/3 <y < 1) [ 3] By substitutingk =i+ j+ 1, where i = (e —e*)/A
and j = (é — é")/A into the Eq. 3.37

uz%(5+6)(a+[)’%) (3.37)

where
s=(1-p@A-e"—é)=010-y)o (3.38)
c=A—e"—¢é* (3.39)

Using S = E + R = K,(e + K;é) and letting K, = a/f, Eq. 3.39 becomes

KﬁB(K +K)(e+ ! ; Stk
U= RePy M Z(e K1+K2fe K1+Kze)

+[5’%(K28 + f 5)

u=uP? +yVN

(3.40)

where
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B 1 KK
PID — g B— (K, + K ( f 12 ) 3.41
u e.BA(1+ 2) e+K1+K2 e+K1+K2e ( )

uv =,8§(K26+f6dt>

If Laplace transform is taken of Eq. 3.42

1 KK,
(K, + Ky)s = K, + K,

UPID(s) = Keﬁg(Kl +K,) (1 + s) EGs) (3.42)

B(1+K;s)(1+K,s) £

UPP(s) = Koy ()

UM(s) = b (12 + ) 5

With § (s) is a nonlinear term without an explicit analytical expression can be rewritten

as a transfer functions form.

U (s) B(1+K;s)(1 +K,s)
E(s) A s

(3.44)

Grpip(s) =

It can be obviously said, the fuzzy PID control can be considered as a conventional

PID with a nonlinear compensation [3].
3.2.2.2 Internal model control based tuning for the conventional fuzzy PID
controller

If nonlinear compensation u” is considered as a process disturbance, which is shown
in Figure 3.8, and set Gpp;p(s) = Gy (s), the IMC-based tuning for fuzzy PID

controllers can be simplified.

N da

u
r + e y
Gpp]p‘fé—’é—* P

v

Figure 3.8 : Equivalent format of FPID control in the closed loop.
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In section 3.1, the FOPDT model of an industrial process and the transfer function of

IMC, which obtained by FOPDT, were given as follows:

K

P(s) =777

eLs (3.43)

(Ts +1) (1 +%s)

K(% +t.)s

By comparing G (s) with Ggp;p(s), parameters of fuzzy PID can be calculated [3].

Grpip(S) was obtained in previous section.

BU+KS)(L+Ks) _ (+79)(1+35)

(3.45)
e
4 s K (% +t)s
In terms of Eq. 3.47, parameters K;, K, and § can be given as follows.
g = A 1
"B, o (L.
KK (5 +1t)
(3.46)

L L
K1:T KZZE or K]_:E K2:T

The bandwidth of the fuzzy PID at the kth level can be controlled by adjusting K;. A
small value of K; gives wide bandwidth and fast response, otherwise it gives a low
bandwidth and sluggish response. To improve the rise time, the value of K; should be

small [3]. Therefore, the two parameters K; and K, can be determined as

L L
K, = ni n(T,§> K, = max (T,E> (3.47)
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4. SINGLE INPUT FUZZY PID CONTROLLER STRUCTURE

In case of high complex order plants, the design of an FLC is very difficult due to
increased number of fuzzy control rules as well as tuning parameters. Therefore, it is
necessary to design an FLC that has a simple control structure. The simplification
converts two inputs of FLC to a single input called as signed distance. For this
conversion “signed distance method (SDM)” is used. SDM was suggested by Choi et
al [12].

The main difference of SFPID from CFPID is the number of inputs. In SFPID structure
input of the fuzzy block is d, as shown in Figure 4.1. Only one input scaling factor
(A) is used while applying SDM. On the other hand, observing Figure 4.2, in CFPID

structure the variables K, and K are the input SFs for inputs e and é, respectively.

One of the important features of the SFPID is the significant reduction in the number
of rules. For a CFPID with p memberships, the number of rules will be p? whereas an
equivalent SFPID requires only p rules. Therefore it is possible that producing an
effective control surface without complex computations and convert the nonlinear
control surface to piecewise linear. But, it should be notted that this process will not
dispossess SFPID controller from the nonlinear properties that have made it a robust

controller [12, 32-33].

SFLC
A
T XX ANMER
+
<>i> - inzj‘:zéflsce - —
1 + fuzzification defuzzification
e —»ViTE

Figure 4.1 : Single input FLC structure.
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Conventional FL

e —> XZQQg
p? rules Urie
00 it =

e defuzzification
6 > p| fuzzification

Figure 4.2 : Conventional FLC structure.

In summary, it can be listed as below[32, 34-37];

Single input FLC (SFLC) requires only one input instead of two.

The control rule table for SFLC is constructed on a 1-D space.

The number of tuning parameters is greatly decreased in SFLC structure.

As a result, the SFLC provides a simpler method for design of FLC’s.

4.1 The Internal Structure of the SFPID Controller

As described, a FPID rule structure was described as follows
Ruley: If Eis Ajjand E is Ay,  ThenUisC;; i,j=12345

Where A;; and A,; are the actecedent MFs for E and E, respectively, and C; j is the
consequent MF. The antecedent MFs are defined with 50% overlappig triungular fuzzy
sets which are denoted NB (Negative Big), NM (Negative Medium), Z (Zero), PM
(Positive Medium), PB (Positive Big). The consequent MFs are defined with singleton
consequent and are defined as NB = —1, NM = —0.5,Z =0, PM = 0.5 and PB =
1.

Thus, a two-dimensional (2-D) rule table can be constructed depending on E and E as
shown in Table 4.1. Here, if there are p MFs for both of input and output, the number

of control rules is p?.
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Table 4.1 : Diagonal rule table of the conventional FPID controller

E/JE NB NM Z PM PB

PE PM  PM PE PE
PM | NM PM  PM PB

Z NM  NM PM PM
NM | NB NM NM PM
NB NB NB NM NM

Main Diagonal
Line

The rule tables, which are similar to this structure have the same output in a diagonal
direction. Additionally, the magnitude of the control input |u| is approximately
proportional to the distance from the main diagonal line. Instead of using two-variable
input sets (E, E), it is possible to obtain the corresponding output, using a single
variable input only. The significance of the reduction was first realized by Choi ef al.

and is known as the signed distance method.

Rule table has a skew-symmetric property, namely C; ;= —C;;. If the quantization
level of the independent variables is halved, then the boundaries of the control regions
become staircase shapes with double number of stairs and half pitches. Afterwards, the
control law describes the multilevel relay controller with five bands as shown in Figure
4.3. The absolute magnitude of the control input is proportional to the distance d from

the main diagonal line [12].

E
A
\o - - e ot e memems -
. N N 1
1 RN N, PL i
i N S, :
. \ N 1
L PM
[N Z S \I
i e -
! < - —» [
! N \'\ i
r, ., N
HE 1
'S, NM s i
1 \’ \’ i
/7N N i
e = PR A [
ée+le=0

Figure 4.3 : Rule table with the infinitesimal quantization levels.
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Main diagonal line can be represented as a straight line called the switching line as
follows:
s;:ée+de=0

Variable A is the sloope magnitude of the main diagonal line. Let B(ey, éy) be the
intersection point of the switching line and the line perpendicular to the switching line

from a known operating point A(es, é;) as illustrated in Figure 4.4.

»
»

B(eq, &)

ée+le=0

Figure 4.4 : Derivation of the signed distance.

The distance between the points A(eq, €;) and B(ey, ) can be expressed as

|é; + ey |
di =+/(eg —e1)? + (ég — €1)? = —— 4.1)
1 \/ 0 1 0 1 m
By the generalization of Eq. 4.1, signed distance can be rewritten as follows:
g = e+ e 42)
V1 + 22 '

Hence, the control action can be determined by d; only. The rule table can be
reconstructed on the one-dimensional (1-D) space with this derived distance d instead
of the 2-D. So, it can be called SFLC and the new 1-D rule base can be simply
generated from 2-D rule base as shown in Table 4.2 [12]. The rule form for the SFL.C

is given as follows:

Ruley: If dgis Ay ,Then Ug cis b, k €1,2,3,..,5
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Where Ay, is the antecedent MFs (AMFs) and is defined with its center (c;) and by, is
the onsequent MFs (CMFs) as shown in Figure 4.5 a and Figure 4.5 b, respectively.
Here I; and I, represent the spread of the AMFs while 0; and O, are the CMFs. The
MFs are denoted with NB, NM , Z, PM and PB.

NB NM Z H PM PB
cq cy c3=0 Cy Cs ds
— P —PC————P——>
12 11 Il 12
(a)
NB NM z|* PM PB
bl bz b3 =0 b4_ b5 Ufl c
—— P —P————— P ——>
02 01 01 02
(b)

Figure 4.5 : Illustration of the (a) antecedent and (b) consequent MFs.
Table 4.2 : The rule table of the SFPID controller

dg NB NM VA PM PB

NB NM Z PM PB

Uric

For an input dg € [cy, Ck+1], the MFs can be defined as

Cr+1 — ds ds — Ck
Ap(ds) =———, Ap(d)) =—, (4.3)
e Ck+1 — Ck ot Ck+1 — Ck

By using the observation value of dg, the firing strength for the k" rule is calculated

as follows [7]:

fie = Ar(ds) (4.4)
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Then, by applying the product-sum inference method to defuzzification, the real output

of the FLC can be obtained as follows [7]:

b
U= Yk fib 4.5)
L fr
Combining Eq. 4.4 with Eq. 4.5
Ar(ds)b
L Ag(ds)

Obviously, by definition of the membership function and by constructed 1-D rule base,
Ur c can be rewritten as
b1 — by by+1Ck — b Cr+1

Ui .= d. — 4.7)
Jie Cke1—Cr = Ck+1 — Ck

Eq. 4.7 can be rewritten as follows
Uflc = deS - TOF (48)

Here, Kr and Ty are the gain and offset values generatied from the fuzzy mapping

and are defined as follows:

byy1 — by b1k — brCrsq
Ke=—"—, Tor= (4.9)
Cr+1 — Ck Cr+1 — Ck

For the handled SFLC structure, the Kr and Ty are derived for ds € [y, ¢5] and are

presented in Table 4.3.

Table 4.3 : The gain and offset values of the SFPID

Region K; Tor
ds € [cq, C2] (by—b1)/(c2—¢1) (bac1—b1c3)/(c2—¢1)
d; €[cy, c3] b,/c, 0
dg € [c3,¢4] by/cy 0

d; € [c4, C5] (bs—by)/(cs—cy4) (bscs—bscs)/(c5—C4)
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4.2 General Structure

SFPID structure occurs with three sections. First section, where the signed distance
method applied, second section is the FLC block and the last section is the

proportional-integral (PI) controller block as shown in Figure 4.5.

In SDM block shown in Figure 4.6, e and é are reduced into one parameter. d; was

defined in Eq. 4.2. Transfer function of the SDM block is [12]

Ds(s)_ A+s 210
EG) Vit (4.10)

When considering the PD controller transfer function [38], SDM block is similar to
proportional-derivative (PD) controller. Eq. 4.10 has gain and derivative time constant

like a PD controller.

K.(1+4Tys) =

A 1
1+-=s (4.11)
V1+22 +32
where K, and T, are the gain and time constant of PD controller, respectively. Thus,
it can be said that SDM block acts like PD controller with gain and time constant as

below.

2
K. = T, =
‘T Vvizrz ¢

(4.12)

Output of SFLC is defined previous section. By substituting definition of dy into the
Eq. 4.7.

_ Ab —Aby Brsi b
UflC_ e+ e
(Crr1 — V1 + 22 (Cr+1 — CR)V1+ 22
4.13)
by..C;, — by C
n k+1Ck kCk+1
Cr — Ck+1
Usic=A+ Pe + De (4.14)

where
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b bis1A — bid
(Cr41 — CIV1 + A2

bry1—b
D= el Tk (4.15)
(Cr+1 — CRIV1 + 22
b1 — brc
4 = D16k T DkCiert
Cr = Ck+1
As it is seen in Figure 4.6, the output of the SFPID controller u is given by
u= auﬂc+[)’f Ugy cdt
u=a(A+Pe+De’)+[)’f(A+Pe+Dé)dt (4.16)
u=aA+BAt+(aP+BD)e+aDé+BPfedt
. |
¢ PV + 22 a
| u

v

(H syl FLC Urte

o N %f_

VIt

PI CONTROLLER

SDM

Figure 4.6 : General structure of the SFPID.

Thus, the equivalent control components of the SFPID controller are obtained as

follows:
- Proportional gain: aP + D
- Integral gain: BP
- Derivative gain: aD

In section 3.2, the equivalent control components of the FPID controller were obtained

as follows:
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- Proportional gain: aK,P + BK;D
- Integral gain: BK,P
- Derivative gain: aK;D

So, it can be said that the structure of SFPID is similar to CFPID structure. Both can

be expressed with similar proportional, integral and derivative components [39].

4.3 Gain Analysis of Single Input Fuuzy Controller

As shown in the previous section, the gain of SFLC depends on parameters of
anteceden and consequent MF parameters. In this section, we will analyze the gain

variation.

If MF parameters are set and fixed as ¢, = by, for Vk, then the SFLC will be linear
(Ky =1 for Vk) and thus a linear FLC (L-FLC) will be constructed. Thus, in
comparison to its linear counterpart, we can easily derive when the FLC act
aggressively or smoothly. In Table 4.4, we tabulated the possible control actions (CAs)
which can be generated by SFLC [39]. It can be concluded that:

- While keeping the spreads 0, and O, fixed, increasing the spread I, (c,) (thus
decreasing I, = c5 — c¢,) will result with a smooth CA (SCA). Conversely,

decreasing the spread I; will result with an aggressive CA (ACA).

- While keeping the spread I; and I, fixed, decreasing the spread 0, (b,) (thus
increasing 0, = bs — b,) will result more SCA. Conversely, increasing O,

willresult with an ACA.

- Increasing/decreasing the spread I; and O, (thus decreasing/increasing I, and

0,) simultaneously with the same ratio will result with a linear CA (LCA).

It can be concluded that it is possible to generate ACA and SCA by tuning the spreads
of the AMFs and CMFs. Thus, to show the difference of the FLC generated by tuning
the I; (FLC-I1) and bu tuning 0, (FLC-O1), we have examined the effects of various
MF parameter settings on the output of the FLC and gain variations which are
illustrated in Figure 4.7. The corresponding parameter setting are tabulated in Table
4.5. The presented results coincide with derivations presented in Table 4.4 and clearly
illustrate the design flexibility of the SFLC structure. Moreover, to clearly distinguish
the fundemental differences of the FLC-I1 and FLC-O1, we have presented in Figure
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4.7 ¢ the reults of the FLC-I1-3 and FLC-O1-3 which result with the same Ky value

for dg € [c;, c4]. It can be conclded that by tuning the spread of MFs, it is possible to

determine the interval where the FLC should result with a constant gain.

Table 4.4 : Control actions of fuzzy logic controller

Region
CA
ds € [c1, 2] ds € [c3,¢5] ds € [c3,¢4] ds € [c4, C5]
b,—b b b bs—b
ACA Ba=by) 4 —>1 —>1 (0s=ha) _ 4
(c2—¢1) ) Ca (cs—c4)
b,—b b b bs—b
SCA baby) 4 =<1 —<1 Bs7bs) 4
(c2—¢1) C2 Caq (c5—C4)
LA (=) by _ bi_ (bs=ba) _
(c2—¢1) C2 Ca (cs—c4)
4.4 The Design of The Single Input Fuzzy PID Controller
4.4.1 The output formulation
The output of SFPID controller u is described in section 4.2 as follow.
u=aA+[?At+(aP+BD)e+aDé+BPfedt (4.17)
where
b bead=b
(Cr+1 — CRIVL + 22
b1 —b
D ferl K (4.18)

(k1 — OV + 22

4= by+1Ck — byCri1

Ck — Ck+1

Now, in order to explicitly derive the output formulation of the SFPID, suppose that
fdt =1/pandy = a/B
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Table 4.5 : Parameter settings of the FLCs

Ly

Antecedent MF Parameters Consequent MF Parameters Spreads of the AMF Spreads of CMS
e 1 Cy C3 Cy Cs () Cy C3 Cy Cs I I, 0,4 0,
L-FLC -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 0.5 0.5 0.5 0.5

FLC-I1-1 -1 -0.2 0 0.2 1 -1 -0.5 0 0.5 1 0.2 0.8 0.5 0.5
FLC-I1-2 -1 -0.8 0 0.8 1 -1 -0.5 0 0.5 1 0.8 0.2 0.5 0.5
FLC-O1-1 -1 -0.5 0 0.5 1 -1 -0.8 0 0.8 1 0.5 0.5 0.8 0.2
FLC-O1-2 -1 -0.5 0 0.5 1 -1 -0.2 0 0.2 1 0.5 0.5 0.2 0.8
FLC-11-3 -1 -0.33 0 0.33 1 -1 -0.5 0 0.5 1 0.33 0.67 0.5 0.5
FLC-0O1-3 -1 -0.5 0 0.5 1 -1 -075 0 0.75 1 0.5 0.5 0.75 0.25
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by — by+1 byi1¢x — bka+1> 1
u=24g (e +¢é) + (—+y>
((ck — Cre V1 + 22 Ck — Ck+1 p

_ by — by+1 . l
-7 <(Ck — Cr+)V1 + A2 (e + e)> <p ’ V)

(4.19)
+B (bk+1ck - bka+1) (l ]/)
Ck — Cr+1 p
u=u;+u,
where
by = by+1 1
U = (le + é) (— + y) (4.20)
' ﬁ((ck—ck+1)\/1+/12 p
by+1Ck — bkck+1> (1
U, = ( -+ ) 4.21
2=F Cr — Cr+1 p Y ( )

Here, u, can be seen as compensation term. On the other hand, it is possible to derive
a transfer function from the control law wu; which is given in Eq. 4.20. Thus, by

employing the Laplace transform, it can be obtained

1
_ 1+ 1
bk bk+1 ) ( + As) ( + ]/S) E(S) (422)

Us(s) =48 ((Ck — Cry)V1 + A2

Eq. 4.22 can be rewritten as a transfer function form.

Ui(s) < by — b1 ) (1 + %s) (1+vys) 4.23)
E(s) (ck — Cre)V1 + 22 S .

U

% = Gspen(s) (4.24)

In the same way with expression of the nonlinear term as a nonlinear compensation in
mathematical description of FPID [3], u, term can be considered as a compensation
as shown in Figure 4.8. So, as it was said that the FPID controller can be expressed as

a CPID, SFPID can be considered as a CPID with a compensation [39].
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4.4.2 Internal model control based tiuning for single input fuzzy PID controller

Assume that the design is accomplished under the assumption that

the compensation term u, will be always zero.

ds € [cy, c4], thus

If set Gsppip(s) = G (s), the IMC-based tuning for SFPID controllers can be

simplified. By comparing Eq. 4.23 with Eq. 3.9, parameters of SFPID can be written

as follows:

Aﬁ( b — brsq ) (1+%s)(1+ys)
(ck — Cre)V1 + A2 S

_ (1+Ts) (1 +%s)

KG+to)s

(4.25)

In terms of Eq. 4.25, parameters 4, y and 8 can be given as follows:

P 1
b, —b L
AK k kil 5+t
((Ck_ck+1)V1+/12>(2 C)
. 1 L L 1_T
y==4 372 7 ¥Y=3 717

And a = By is formula of the output scaling factor a.

(4.26)

The bandwidth of the fuzzy PID at the kth level can be controlled by adjusting A. A

large value of 1 gives wide bandwidth and fast response. To improve the rise time, the

value of A should be large. Therefore, the two parameters y and 4 can be determined

as
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L L
y = mx (T,§> A=1/ni n(T,E) (4.27)
It can be concluded that the SFPID structure gives the opportunity to designer to tune

the SFs of the SFPID by employing the well-known IMC based PID strategy.

4.5 Simulation Results

In this section, the simulation studies are presented where the performance of two
SFPID structure which have different spreads of MFs are compared with a CFPD. In
the simulation studies, all controllers are implemented as the discrete-time versions
obtained with the bilinear transform with the sampling time 7,=0.01s. The simulations
were performed on a personal computer with an Intel Core 17-4700MQ 2.40 GHz
processor, 8 GB RAM, and software package MATLAB/Simulink 2014b.

The controller structures are evaluated on the following nonlinear system.

2
y@® dy(t)

2 = — 4.28
e It +0.25y* =u(t — L) (4.28)

where L represents the time delay and is taken as 0.5. In order to accomplish the IMC

based design, the FOPDT model of the system is found as follows:

4.0087
Groppr (5) = 1530944 e~1.86s (4.29)

In order to make a fair comparison, the performances of the controllers are evaluated
with respect to the Settling Time (Ty), Overshoot (0S%) and the IAE performance

measures.

Two SFPID control structure which have deifferent sizes of MFs spread are designed.
First one results a steady state gain Ky = 0.4 (SFPID-1) and second one results a steady
state gain Ky = 1.9 (SFPID-2). The parameters of the AMF and CMF of the SFPID
controllers are tabulated in Table 4.7. Then, the proposed IMC based design strategy
in this thesis employed to obtain SFs of the SFPID-1 and SFPID-2 controllers. In order
to make a fair comparison the time constant A is set and fixed to 1.078 for both SFPID

structures. The calculated SFs for SFPID-1 and SFPID-2 are found as aggpip_1 =
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0.9022, BSFPID—I = 0.4307 and AsrpiD-2 — 0.1899, ﬁSFPID—Z = 0.0907,

respectively.

The CFPID controller is constructed with a symmetrical 3x3 rule base where 50%
overlapping triangular MFs and crisp consequents are employed. It is worth to mention
that, in comparison to the, both SFPID controllers are constructed only from 5 rules
while the CFPID structure from 9 rules, i.e. in total 4 more rules and thus more design
parameters. The SFs of the CFPID are found via the IMC based design method. For
the same the time constant value A = 1.078, The SFs of the CFPID are calculated as
K, =4, Kz, = 3.709,acrp;p = 0.0661 and Bcrp;p = 0.0316.

The performances of the SFPID and CFPID controllers are illustrated in Figure 4.9 for
a reference signal with a magnitude of 0.25. The calculated performance measures are
tabulated in Table 4.6. It can be clearly observed that, in comparison to the SFPID-1,
the SFPID-2 was able to reduce the OS% value almost by 29%. On the other hand, the
SFPID-1 structure resulted with a faster convergence speed. It can be also observed
that, in comparison to the CFPID, the SFPID-2 was able to reduce the OS% value
almost by 14%. Moreover, we have also employed an input disturbance at the 40th
second with a magnitude of “0.03”. It can be clearly observed that both the CFPID and
the SFPID resulted with almost an identical disturbance rejection performance.
However, it is worth to remind that the transient performance of the SFPID-2 is better

with respect to the performance values.

It can be concluded that by only tuning the spread of the SFPID structure, the control
system designer has the opportunity to enhance the transient state performance while

the preserving the satisfactory disturbance rejection performance of the CFPID.

Table 4.6 Performance measures

Transient State Performance Disturbance Rejection Performance
T, (s) 0S% IAE IAE
SFPID-1| 18.088  41.62 1.074 0.320
SFPID-2 | 20.706  29.45 1.368 0.320
CFPID | 20.001 3459  1.248 0.328
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Table 4.7 : Parameter settings of the SFPID and CFPID structures

FLC Antecedent MF Parameters Consequent MF Parameters Spreads of the AMF Spreads of the CMF
Ci 2 C3 Cq Cs b[ bz b3 b4 b5 ]1 12 01 02
SFPID-1 -1 04 0 04 1 -1 -0.16 0 0.16 1 04 0.6 0.16 0.84
SFPID-2 -1 -04 0 04 1 -1 -076 0 076 1 0.4 0.6 0.76 0.24
-1 0 1 - - 1 1
CFPID -1 0 1 - - 1 1
-1 0 1 - - 1 1
0.4 T T 0.3 T T
" Reference .......................... SFP'D_1
0.35 SFPID-1 [ 0.25 SFPID-2 |
SFPID-2 CFPID
0.3 CFPID M 0.2 E
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2 = = g o015
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Figure 4.9 : Illustration of the (a) system outputs and (b) control signals.
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5. CONCLUSIONS AND RECOMMENDATIONS

Conventional control structures are inadequate while operating in nonlinear and high-
order systems. The fuzzy controller structures, which allow the use of intuitive data in
the design phase, provide higher performance control in such complex systems.
Therefore, every day, fuzzy control structures take place of conventional control

structures.

The selection of the appropriate controller for the system during the design as well as
the correct design of the design parameters is one of the main factors directly affecting
system performance. Although many parameters tuning methods have been studied for
this, correct tuning of the parameters continues to be a problem. In fuzzy controller
structures, the correct evaluation of linguistic terms, ie, input and output signals, is
directly related to the proper selection of antecedent and consequent membership
functions used in the design of the fuzzy interface. High degree of engineering
experience is required at this stage of design in order ro avoid to data loss and to make
accurate evaluation. Although various studies have been done in the regard, there is no

established rule yet, the design is left to the engineer’s skill.

In Chapter 2, fuzzy logic terms and expressions are given. Membership functisons,
fuzzification and defuzzification methods that form the basis of the fuzzy interface,

are briefly mentioned.

In Chapter 3, general information about PID and CFPID controller structure is given.
It is pointed out that CFPID resemblance to the structure of PID. Internal structure of
the commonly used IMC based tuning method is described and it is applied on

controllers.

In this thesis, the structure of SFPID controller is examined and the effect of
membership functions on the input-output relationship is analyzed. As a result of this
analysis, how the membership functions should have a distribution for the desired
control structure is explained in detail in Section 4.3 and a rule template for furure

work is presented. The control structure is left to the designer to present linear,
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aggressive or smooth control. How the relationship between antecedent and
consequent MFs should be defined in order to able to obtain the selected control
structure or to provide the desired gain value in the desired working range and it is
shown in Figure 4.7. These definitions are derived using 5 antecedent and 5 consequent

MFs. According to this;

a) If a linear controller structure is to be selected, the MFs must be selected in a
uniform distribution and the changes in the membership function distributions
in the same ratio will not affect lineartiy.

b) By removing the antecedent membership function distributions from the
center, the aggressive controller structure will be obtained and the work area
where stable gain is obtained will be narrowed. Antecedent membership
function distributions have an effect on gain of the controller and fixed gain
working range.

¢) The smooth controller structure will be obtained by removing the consequent
membership function distributions from the center. Hovewer, consequent MFs
alone do not have an effect on the working range where stable gain are

obtained.

Another result obtained during the study is that it is possible to control in which
working area the desired gain value can be obtained. In other words, by maintaining
the ratio between the distributions of MFs, removing the distributions from the center
or bringing them closer to the center, it will lead to enlargement or contraction of the

field of study where the desired value of gain will be obtained.

The main purpose of this thesis is to prove the applicability of the IMC based tuning
method to the SFPID controller. For this, it has been shown that the SFPID controller
can be expressed as a combination of the CFPID and a compensation term by following
the method in which Duan applies the IMC based tuning method to the CFPID
controller. The neccessary equations are presented taking into account the steady state

conditions.

In the simulations studies, CFPID and two SFPID controllers which have different
distribution MFs were compared. As a result, all controllers gave equivelent damping
response to the disturbance signal. The aggressive controller responded faster while

the smooth controller has less overshoot value than CFPID. Considering the obtained
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results, it seems that the SFPID controller performs the same performance as the
CFPID controller, although it has fewer rules and design parameters. Obtaining the
different controller structures by only changing the antecedent and consequent
membership function parameters shows the flexibility of the SFPID controller
structure. It also allows the use of this flexible structure with less rules and linguistic

terms than other fuzzy controller structures.

In future studies, the correctness of the suggested deductions in this thesis can be tested
on real-time systems. It is also suggested to test different types of MFs and distribution
variations to compare the obtained CSs with the antecedent and consequent

membership function distributions presented.
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