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A MATLAB/SIMULINK TOOLBOX FOR TYPE-2 FUZZY LOGIC
SYSTEMS

SUMMARY

The fuzzy logic has obtained attention of the researchers for last couple of decades. It
has opened new scopes in both the academia and the industry site. Fuzzy logic was
first introduced in 1965 by Prof. Lotfi A. Zadeh. Fuzzy logic is flexible application of
classical logic rules and fuzzy sets are the extension of the classical logic set notation.
Fuzzy logic defines the interval between the crisp values while classical logic is
working with crisp values such as true or false. In addition, it is possible to define
linguistic variables such as short, very short, tall, or very tall with fuzzy logic.

Fuzzy logic sets proposed by Prof. Lotfi A. Zadeh in 1965 are knows as type-1
(ordinary) fuzzy sets. The systems that include at least one type-1 fuzzy set are called
as type-1 fuzzy logic systems. These type of systems are used in many areas like
robotics, modeling and control of nonlinear systems or image processing. Lately, it has
been demonstrated that type-1 fuzzy sets might be inadequate to cover uncertainties
and nonlinearities due to defining their members as a crisp number in an interval [0,1].
Type-2 fuzzy logic sets are also introduced by Prof. Lotfi A. Zadeh in 1975. The type-
2 fuzzy sets are extension of the type-1 fuzzy sets. The systems that include at least
one type-2 fuzzy sets are called as type-2 fuzzy logic systems. The studies have shown
that, type-2 fuzzy logic systems are more successful than type-1 fuzzy logic systems
to describe uncertainties and nonlinear behaviors. However, working with type-2
fuzzy logic systems are much more complicated than working with type-1 fuzzy logic
systems. There are many additional computational costs while working with type-2
fuzzy logic systems. Therefore, interval type-2 fuzzy sets are proposed. Interval type-
2 fuzzy sets are the special case of the type-2 fuzzy sets. In literature, there are many
successful studies in interval type-2 fuzzy logic sets and systems.

Interval type-2 fuzzy systems consists of five components: fuzzifier, inference, rules,
type reducer and defuzzifier. The only different component between type-1 fuzzy logic
systems and type-2 fuzzy logic systems is the type reducer. Interval type-2 fuzzy logic
systems need to the type reducer block to convert type-2 fuzzy sets to type-1 fuzzy sets
before defuzzifier. However, type reducer component brings some computation costs
to the type-2 fuzzy logic systems. There are many type reduction method proposed in
literature. The most widely used common type reduction method isthe iterative Karnik
and Mendel algorithm. The Karnik-Mendel algorithm aims to reduce the type-2 sets
to type-1 sets by finding the optimal switching points iteratively. In literature, there
are some studies that aim to enhance the Karnik Mendel Algorithm to improve the
performance such as enhanced Karnik-Mendel algorithm. In addition, there some
closed form type-reduction methods that find the solution without needing any
iterative.

In this thesis, firstly, type-1 fuzzy sets and systems are explained. Then, type-2 fuzzy
sets and systems are introduced and interval type-2 fuzzy sets and systems are
explained more in detail. In addition, differences between type-1 fuzzy sets and
systems and interval type-2 fuzzy sets and systems are explained. The components of
an interval type-2 fuzzy logic system are mentioned and the most known type
reduction methods are explained. Interval type-2 fuzzy logic systems are quite
complicated systems and it needs many steps to implement them from the first phase
to implementation phase. Therefore, in this thesis, a Matlab/Simulink toolbox is
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developed and proposed to cover all phases of an interval type-2 fuzzy logic system
design from the first description phase to the final implementation phase through type
reduction. The proposed interval type-2 fuzzy logic toolbox allows users to design an
interval type-2 fuzzy logic system by using the user interfaces. It makes the design of
the interval type-2 fuzzy logic system so easy and understandable.

The design of the interval type-2 fuzzy logic system toolbox starts by creating a
structure in the Matlab workspace to save the information of the interval type-2 fuzzy
logic system. Type reduction method, input and output variable types, the membership
function parameters, the rules and the other information are saved to this structure. The
interval type-2 fuzzy logic systems toolbox consists of four main pages: main editor,
membership functions editor, rule editor and surface viewer. The input and output
variables number of the interval type-2 fuzzy logic design is determined in main editor
page. In addition, itis possible to choose the desired type reduction method from the
main editor. The all type reduction methods that are explained in this thesis are
implemented as a Matlab function and embedded to the toolbox via a pop-up menu in
main editor. The user can select his desired type reduction method by using this menu
easily. The membership function editor page allows to define the upper and lower
membership functions of the each input and output variables. To provide this, the all
membership functions of the Matlab fuzzy logic toolbox have been reused by adding
an additional parameter into the end. The last parameter provides the opportunity to
define the height of the lower membership functions. In addition, itis possible to define
the membership functions of the output variables in either crisp or interval. Defining
rules for the interval type-2 fuzzy logic system design is possible in the rule editor
page. In addition, it is possible to view the surface of the current design from the
surface viewer page. The interval type-2 fuzzy logic systems toolbox is designed to be
working with Matlab/Simulink. To provide this feature, firstly a new Simulink library
has been created for the interval type-2 fuzzy logic toolbox. The created Simulink
library has two blocks. The first one in used to simulate the designed interval type-2
fuzzy logic controller, and the second one gives the user an opportunity to choose
desired type reduction method. Also, it is possible to export the interval type-2 fuzzy
logic system design from the toolbox to Simulink automatically by clicking a button.
Then, it creates a Simulink model with current design and the user can start the
simulations easily.

In the last section of this thesis, an interval type-2 fuzzy logic system is created by
using the proposed toolbox and some performance analysis are done. Firstly, an
interval type-2 fuzzy logic controller is designed by using the toolbox. Then, the
control surfaces of the different type reduction methods are given. The interval type-2
fuzzy logic controller exported to the Simulink and closed loop control system is
created with a first order plus dead time system. Then, the performances of the same
interval type-2 fuzzy logic controller with different type reduction methods are
compared for the nominal system parameters. After that, the system parameters are
perturbed several times and the simulations are repeated to compare the performances
of the different type reduction methods In addition, the computational time of the each
type reduction methods are measured and compared.

In summary, a Matlab/Simulink toolbox for interval type-2 fuzzy logic systems is
designed and proposed in this thesis. The proposed interval type-2 fuzzy logic toolbox
covers the all phases of an interval type-2 fuzzy logic system design from the initial
description phase to the final implementation phase including type reduction
component. Then, an interval type-2 fuzzy logic controller is designed by using the
toolbox and the simulations are done to compare the control performance of the



different type reduction methods for the same system. In addition, the computational
times of the each type reduction methods are measured and compared.
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ARALIK DEGERLI TiP-2 BULANIK SiSTEMLER iCiN BiR
MATLAB/SIMULINK ARAC KUTUSU

OZET

Son yillarda, bulamk mantik konusu bir ¢ok arastirmacimin dikkatini ¢ekmektedir.
Literatiirde ve sanayine, bulamk mantik ile bir¢ok yeni ufuklar agilmustir. Bulanik
mantik ilk olarak 1965 yilinda Prof. Lotfi. A. Zadeh tarafindan onerilmistir. Bulanik
mantik, klasik mantik yapisinin daha esnek halidir ve bulamk mantik kiimeler, klasik
mantik kiimelerin genislemis halidir. Klasik mantik dogru ve yanlis gibi keskin
ifadelerle iglemler yaparken, bulamk mantik, bu keskin ifadelerin aralarinda kalan
degerlerle de calisir. Bunlara ek olarak, bulanik mantik ile, kisa, daha kisa, uzun, daha
uzun gibi dilsel ifadeleri de tanimlamak miimkiin olmustur.

Prof. Lotfi. A. Zadeh tarafindan 1965 yilinda 6nerilmis olan bulamk mantik kiimeler,
klasik (tip-1) bulanmik mantik kiimeler olarak bilinir. En az bir adet tip-1 bulamk kiime
iceren sistemler de tip-1 bulamk sistemler olarak bilirnirler. Tip-1 bulanik sistemlerin
robotikte, modelleme ve kontrolde, karar verme konularinda, goriintii islemede ve
daha bir ¢ok konuda bir ¢cok basarisi uygulamasi1 vardir. Ancak, son yillarda yapilan
calismalar, tip-1 bulanik kiimelerinde bazi belirsizlikleri ve lineer olmayan
davramslar ifade etmede yetersiz kalabilecegini gostermistir. Bunun sebebi de, tip-1
bulanik kiimelerde, iiyelik fonksiyonunlarinin aitliklerinin keskin sayilarla ifade
ediliyor olmasidir.

Tiim bunlarin 1518inda, Prof. Lotfi A. Zadeh 1975 yilinda tip-2 bulanik kiimeler ile
ilgili ilk calismayr yayinlamustir. Aslinda tip-2 bulamk kiimeler, tip-1 bulamk
kiimelerin genisletilmis halidir. Caligsmalar gostermistirki, tip-2 bulamk kiimeler,
belirsizlikleri ve lineer olmayan davranislariifade etmede, tip-1 bulanik kiimelere gore
oldukga basarilidirlar. Bunun yaninda, tip-2 kiimeler ile ¢alismak, tip-1 kiimeler ile
calismaktan ¢ok daha karmasiktir. Tip-2 bulanmk kiimeler ile ¢alismak bir ¢ok islem
yiikiinii de beraberinde getirmektedir. Bu sebeple, nispeten islem yilikii daha diisiik
olan aralik degerli tip-2 bulamk kiimeler Onerilmistir. Aralik degerli tip-2 bulamk
kimeleri, tip-2 bulanik kiimelerin 6zel bir halidir. Aralik degerli tip-2 bulamk
kiimelerde, giris degiskenlerinin aitlikleri araliklar seklinde ifade edilir. Bir baska
degisle, aralik degerli tip-2 bulamk kiimelerde herhangi bir giris degiskenin aitligi
keskin bir deger yerine, bir aralik olarak ifade edilir. Bu sayede, belirsizlikler ve lineer
olmayan ifadeler aralik degerli tip-2 bulamk kiimelerde daha iyi ifade edilirler. Enaz
bir adet aralik degerli tip-2 kiime iceren sistemlere, aralik degerli tip-2 sistemler denir.
Literatiirde, aralik degerli tip-2 bulamk kiimeler ve sistemlerin bir ¢ok basarili
uygulamasi bulunmaktadir.

Temel olarak aralik degerli tip-2 sistemler bulamklastirici, ¢ikarim mekanizmasi,
kurallar, tip indirgeyici ve durulastirici olmak tizere 5 adet komponentten
olusmaktadir. Aralik degerli tip-2 sistemlerde giris isaretlerine ilk olarak
bulaniklastirici uygulanmir. Daha sonra, o anki giris isaretleri i¢in tammlanmis olan
kurallar kullanilarak ¢ikarim mekanizmasi tarafindan ¢ikarimlar yapilir. Aralik degerli
tip-2 bulamk sistemlerde ¢ikarim mekanizmasinin ¢ikisi tip-2 kiimelerdir ve bu tip-2
kiimelerin ~ durulastirict  Oncesinde tip-1 bulamk kiimelere doniistiiriillmesi
gerekmektedir. Bu sebeple, ¢ikarim mekanizmasdan sonra elde edilen tip-2 kiimeler,
tip indirgeyici blok ile tip-1 kiimelere doniistiiriiliir. Tip-1 bulamk mantik sistemler ile
tip-2 bulamk mantik sistemler arasindaki en biiyiik fark bu tip indirgeme blogudur. Tip
indirgeme islemi aralik degerli tip-2 sistemlerde hesaplama yiikiinii arttiran
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komponentlerden biridir. Literatiirde, tip indirgeme islemi icin bir ¢ok yontem
Onerilimistir. Bu yontemlerden en ¢ok bilineni ve yaygin olarak kullanilan1 Karnik-
Mendel algoritmasidir. Karnik-Mendel algoritmasi, optimum anahtarlama noktalarini
tekrarlamali olarak bulmayr hedefler. Ancak Karnik-Mendel algoritmasimin ¢Ozimi
tekrarlamal1 olarak bulmasindan dolay: aralik degerli tip-2 sisteme oldukga hesaplama
ylku getirmektedir. Bu sebeple, literatirde, Karnik-Mendel algoritmasinmin iterasyon
sayisim disiirerek, performansim artirarak optimum anahtarlama noktalarini bulmay1
hedefleyen bir ¢ok calisma vardir. Ayrica, literatiirde, tip indirgeme islemini
tekrarlamali olmadan kapali formda gercgeklestiren bir ¢cok calisma da bulunmaktadir.

Bu tez calismasinda, oncelikle tip-1 bulamik kiimeler ve tip-1 bulamk sistemler
anlatilmistir. Daha sonra, tip-2 kiimelerden bahsedilerek, aralik degerli tip-2 kiimeler
ve sistemler detaylica incelenmistir. Ayrica, tip-1 bulamk kiimeler ile aralik degerli
tip-2 kiimelerin ve sistemlerin temel farkliliklarindan da bahsedilmistir. Aralik degerli
tip-2 sistemlerin temel bilesenlerinden bahsedilerek, yaygin olarak bilinen ve
kullanilan bir ¢ok tip indirgeme yontemi agiklanmistir. Aralik degerli tip-2 kimeler ve
sistemler, anlagilmasi ve uygulanmas1 oldukca zor ve karmasik sistemlerden. Buradan
yola ¢ikarak, bu tez ¢alismasinda, aralik degerli tip-2 bulanik bir sistemin tasarimindan
uygulanmasina kadarki biitiin siirecleri kapsayan ve uygulanabilmesine imkan
saglayan bir Matlab/Simulink ara¢ kutusu gelistirilmis ve onerilmistir. Bu gelistirilen
aralik degerli tip-2 sistemler Matlab/Simulink arag¢ kutusu ile, bir aralik degerli tip-2
bulanmk mantik sistemi tasarlamak ve benzetim asamasina gegmek oldukca kolay ve
anlagilir bir sekilde yapilabilmektedir. Biitiin tasarim agamalari, ilk adimdan benzetim
adimina kadar ara¢ kutusunun arayiizleri sayesinde yapilabilmektedir. Ayrica, tez
igerisinde anlatilmig olan tiim tip indirgeme yontemleri de arag¢ kutusuna eklenmisg
olup, tasarimci sadece araylizii kullanarak istedigi tip indirgeme yOntemini
secebilmektedir. Ayrica, gelistirilmis olan ara¢ kutusu Simulink ile de ¢alisabilecek
sekilde tasarlanmugtir. Kullamci arayiizii kullanarak tasarlamuis oldugu aralik degerli
tip-2 bulanik sistemi kolayca Simulink ortanmina aktarabilmektedir.

Gelistirilmis olan aralik degerli tip-2 bulamik sistemler Matlab/Simulink arac
kutusunun tasarimu Matlab ¢alisma uzayinda bir tip-2 ¢ikarim yapisi olusturarak
baglar. Tip indirgeme yontemi, giris ve ¢ikis degiskenlerine ait iiyelik fonksiyonu
tipleri, parametreleri, olusturulan kurallar ve diger tiim bilgiler bu yapida saklanir.
Arag kutusu ile aralik degerli tip-2 bulanik system tasarimu yapilirken, her adimda bu
yap1 giincellenerek tasarimin korunmasina ve daha sonra da kullamibilmesine olanak
saglar. Bu aralik degerli tip-2 bulank sistemler igintasarlanan arag¢ kutusu temel olarak
dort kullanict arayiiziinden olugsmaktadir. Gelistirilmis olan aralik degerli tip-2 bulamk
sistemler ara¢ kutusu ilk olarak agildiginda tasarima ana ekran ile baslanir. Bu
arayiizden, tasarlanacak olan aralik degerli tip-2 bulamk sistemin giris ve ¢ikis
degiskenleri sayilar1 belirlenebilir. Ayrici tip indirgeme icin, bu tezde anlatilan tiim
yontemler birer Matlab fonksiyonu haline getirilip ara¢ kutusunu entegre edilmistir.
Bu ana arayiizden istenilen tip indirgeme yontemi kolayca secilebilecek sekilde
uygulanmistir. Ayrica, tasarimu kaydetme, kaydedilmis onceki bir tasarimi agma veya
tasarlanmis olan aralik degerli tip-2 bulamk sistemi Simulink’e aktarma islemleri de
yine bu ara¢ kutusunun ilk arayiizii olan ana ekran ile kolayca yapilabilir. Diger bir
arayiiz ise liyelik fonksiyonlar1 editoridir. Bu arayiz ile giris ve ¢ikis degiskenlerine
ait iiyelik fonksiyonlar1 tasarlamr. Uyelik fonksiyonu tamimlamalar1 Matlab bulamk
mantik arag¢ kutusu fonksiyonlarina yeni parameter tammlayarak uygulanmustir. Bu
yeni eklenen parametre ile alt iyelik fonksiyonlarimin yiikseklikleri kolayca
tammlanabilir. Bu gelistirilmis olan aralik degerli tip-2 bulamk sistemin en biiyiik
artilarindan biri de bu iiyelik fonksiyonlar1 editorii araylizii ile yapilan {iyelik
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fonksiyonu tasarimlarida kullaniciya sagladigi listiin serbestliktir. Tasarimci, bu
arayuz ile herhangi bir iiyeik fonksyionu tammlarken alt ve iist liyelik fonksiyonlarini
istedigi gibi kolayca tammlayabilir. Hatta, alt ve iist iiyelik fonksiyonlarimn farkl
tiplerde tanrmlanmas1 da miimkiindiir. Ornegin, bir iiyelik fonksyionu tanimlamasinda
ust Uyelik fonksiyonu gauss tipinde olurken, alt Gyelik fonksiyonu Uggen olarak
tantmlanabilir. Uyelik fonksyionu tanimlamadaki tek kisit, alt iiyelik fonksiyonunun
aitliklerinin her deger icin lst iiyelik fonksiyonu aitliklerinden kiigiik olmasi
gerektigidir. Bu kosul goz Oniine alinarak iiyelik fonksiyonu tanimlamalar1 istenilen
sekilde yapilabilir. Gelistirilen ve Onerilen bu aralik degerli tip-2 bulamk mantik
sistemler Matlab/Simulinkk arag kutusunun bir diger arayiizii ise kural tammlamarinin
yapilmasina olanak saglayan kural editoridur. Giris ve ¢ikis degiskenleri bu araylizde
otomatik olarak gelir ve tasarlanmis olan kural tablosu kolayca uygulanir. Bir diger
arayliz ise, tasarlanmus olan aralik degerli tip-2 bulanik sistemin giris degiskenleri i¢in
elde edilecek olan yiizeyin incelenmesine olanak saglar. Belirli araliklarla giris
degiskenleri icin aitlikler hesaplanarak bu yizey elde edilir ve bu araytize cizdirilir.
Tasarlanan ve 6nerilen bu arag¢ kutusunun en énemli 6zelliklerinden birisi de Simulink
ile entegre olarak gelistirilmis olmasidir. Bu amacla 6ncelikle ara¢ kutusu icin yeni bir
Simulink kiitliphanesi olusturulmustur. Bu kiitiiphane de iki adet blok bulunmaktadir.
Ik blok, ara¢ kutusu ile tasarlanmus olan aralik degerli tip-2 sistemin benzetimde
kosturulmasina olanak saglar. Ikinci blok ise bunun yam siratip indirgeme yonteminin
secilmesine imkan saglar. Aralik degerli tip-2 bulanik sistem Matlab/Simulink arag
kutusunun ana arayiiziinden sadece bir diigmeye tiklanarak o anki tasarimin otomatik
olarak Simulink’e aktarilmas1 miimkiindiir. Bu sekilde, tasarlanus olan aralik degerli
tip-2 bulanik sistem otomatik olarak Simulink ortamina aktarilir, tammlanmig olan
giris degiskenleri otomatik olarak olusturulur ve baglantilar1 yapilir. Tasarime1 bu
sayede istedigi sistemi Simulink ortanminda olusturarak benzetim agamasina kolayca
gecebilir.

Son bollimde, gelistirilmis olan bu aralik degerli tip-2 bulamk sistemler
Matlab/Simulink ara¢ kutusu kullamlarak bir uygulama yapilmis ve bazi analizler
yapilarak sonuglar1 paylasilmustir. Yapilan uygulamada oncelikle gelistirilmis olan
ara¢ kitis1 kullamlarak bir aralik degerli tip-2 bulanik kontrolldr tasarlanmustir. Bu
amagla Oncelikle ara¢ kutusunun ana arayiiziinden giris degiskenleri sayilan
belirlenmistir. Giris ve ¢ikis degiskenleri belirlendikten sonra giris ve c¢ikis
degiskenlerine ait iiyelik fonksiyonlar1 tiyelik fonksiyonlari editorii kullamlarak
tammlanmistir. Daha sonra, kural editorii arayiiziinden kurallar tammlanmustir. Bu
tasarlanmus olan aralik degerli tip-2 bulamk kontrolér icin 6ncelikle farkli tip
indirgeme yontemleri kullamlarak her bir tip indirgeme yontemi i¢in kontrol ylzeyleri
cizdirilmis ve sonuglar1 paylagilmistir. Beklendigi gibi Karnik-Mendel algroritmasi ve
onun genisletilmis algoritmalar1 aym yiizeyi vermekte ancak kapali formdaki tip
indirgeme yontemleri kullamlarak elde edilen yilizeylerde kiigiik farklilar
gozlemlenmistir. Daha sonra, tasarlanmis olan bu aralik degerli tip-2 bulamk kontrolor
Simulink ortamina otomatik olarak aktarilmus ve bir adet de birinci dereceden 0l
zamanlt bir sistem de eklenerek benzetimler yapilmistir. Benzetimlerde tiim tip
indirgeme yontemleri ayr1 ayr1 benzetimlerde kullanilmug ve asim, yerlesme zamani
gibi kontol performanslar1 karsilastirmali olarak verilmistir. Daha sonra sistem
parametreleri bozulmaya zorlanarak bu durumda benzetimler yapilmus ve farkli tip
indirgeme yoOntemlerinin yine asim, yerlesme zamami gibi kriterler igin kontrol
performanslari bozulmus sistem igin karsilastirmali olarak verilmistir. Bunlara ek
olarak, farkli tip indirgeme yontemleri igin hesaplama siireleri giris degiskenlerinin



belirli bir araliktaki tiim degerleri igin esit sayida kosarak Ol¢iilmiis, ve her bir tip
indirgeme yontemi i¢in hesaplama siireleri karsilagtirmali olarak verilmistir.

Ozetle, bu tezde oncelikle tip-1 bulamk mantik kiimeler ve sistemler anlatilmustir.
Daha sonra aralik degerli tip-2 bulamk mantik kiimeler ve sistemler anlatilarak yaygin
olarak kullamlan tip indirgeme yontemleri detayli olarak anlatilmistir. Bu asamadan
sonra aralik degerli tip-2 bulamk mantik sistemler igin bir Matlab/Simulink arac
kutusu gelistirilmis ve dnerilmistir. Bu ara¢ kutusu ile, olduk¢a karmasik olan aralik
degerli tip-2 bulamk sistem tasarimu ilk asamasinda son asamasina arag¢ kutusunun
arayiizleri kullamlarak kolayca ve anlagilabilir bir sekilde gergeklestirilebilir.
Gelistirilen ara¢ kutusunun nasil gelistirildigi ve kullamilan arayiizler detayl1 olarak
anlatilmigtir. Daha sonra gelistiren ara¢ kutusunun Simulink ortamu ile nasil galistig
anlatilmig ve ara¢ kutusu icin gelistirilmig olan Simulink kiitiiphanesi agiklanarak
tasarlanmis olan aralik degerli tip-2 bulamik sistemin Simulink ortamina nasil
aktarilacagi agiklanmistir. Son boliimde, gelistirilmis olan bu aralik degerli tip-2
bulamk mantik sistemler Matlab/Simulink ara¢ kutusu ile bir uygulama gelistirilmis
ve farkl1 tip indirgeme yontemlerinin kontrol performanslar1 incelemistir. Ayrica buna
ek olarak farkli tip indirgeme yontemlerinin hesaplama performanslari da incelenerek
sonuclar1 tablolar sekilde verilmistir.
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1. INTRODUCTION

Fuzzy Logic has obtained attention of researchers for last couple of decades. It has
opened new scopes both in the academia and the industry site. Fuzzy Logic sets was
first introduced by Zadeh in 1965 (Zadeh, 1965). The fuzzy logic sets covers the
interval between crisp values while classical logic approach works with only crisp
values like true or false. In other words, it is possible to define the linguistic variables
like ‘short’, ‘very short’, ‘tall’ and ‘very tall’ with fuzzy logic sets. The fuzzy logic
sets proposed by Zadeh in 1965 are known as the type-1 (ordinary) fuzzy sets. The
systems that have at least one type-1 fuzzy set are known as Fuzzy Logic Systems
(FLSs). The first industrial application example of the type-1 fuzzy logic systems by
using the linguistic control rules was introduced by Mamdani in 1974 (Mamdani,
1974). Then, many successful studies of type-1 fuzzy logic systems were introduced
inmany areas like robotics, modelling and control of the nonlinear systems and making
decisions. However, type-1 fuzzy sets are inadequate for defining some uncertainties
and nonlinear behaviors because of the crisp membership grades of the employed type-
1 fuzzy sets. Therefore, Zadeh introduced type-2 fuzzy sets in 1975 (Zadeh, 1975).
Type-2 fuzzy sets are the extension of the ordinary (type-1) fuzzy sets. Also, type-2
fuzzy sets are known as the ‘fuzzy-fuzzy’ sets. The systems that have at least one type-
2 fuzzy setare known as type-2 fuzzy logic systems. Type-2 fuzzy sets have one more
degree of freedom which suites them for uncertain environments but higher degree of
freedom brings more computation complex. Due to high computational cost of the
type-2 fuzzy sets, interval type-2 fuzzy sets are proposed as an extension of the type-
2 fuzzy sets. Recently, interval type-2 fuzzy sets and systems has obtained more
interest on the fuzzy logic theory and related areas.

1.1 Purpose of Thesis

In literature, there are many studies on the interval type-2 fuzzy sets and systems in
different areas such as liquid level control, robotics, modelling and control of the
nonlinear systems. However, in literature, there is still a lack of useful toolbox to

facilitate the use interval type-2 fuzzy logic systems. Therefore, in this thesis, a toolbox



for the interval type-2 fuzzy logic systems is introduced to cover the all steps of the
implementation of an interval type-2 fuzzy logic system and make it more

understandable.

Firstly, type-1 fuzzy sets and systems are explained. Then, interval type-2 fuzzy sets
and systems are explained more in detail. The most known type reduction methods are
mentioned. The each type reduction method is given more in detail and differences

between the type reduction methods are explained.

The proposed toolbox are explained in the next sections. The each user interfaces of
the interval type-2 fuzzy systems toolbox is explained. The user interfaces of the
toolbox give the opportunity of defining membership functions of the input and output
variables, defining rules, and viewing surfaces of the interval type-2 design. In
addition, the type reduction methods that are explained in this thesis have been
implemented asa separate function in Matlab and embedded to the toolbox. Therefore,
desired type reduction method can be applied by choosing it from the menus of the
toolbox. Another possibility of the proposed toolbox isautomatic exporting the current
design to Simulink. It makes easier to start the simulations after completing the interval

type-2 fuzzy logic system design.

In summary, the interval type-2 fuzzy logic systems are quite complicated to
understand and implement from the initial description phase to the final
implementation phase. The proposed toolbox covers the all phases of an interval type-
2 fuzzy logic system. The proposed toolbox makes the interval type-2 fuzzy logic
system design possible by using the user interfaces of the toolbox. In addition, the
different type reduction methods are explained more in detail and the performances of
the different type reduction methods compared for different performance criteria.

1.2 Literature Review

A new researcharea has been opened since the first paper on fuzzy sets published by
Zadeh (Zadeh, 1965). The fuzzy logic sets covers the interval between crisp values
while classical logic approach works with only crisp values like true or false. In other
words, it is possible to define the linguistic variables like ‘short’, ‘very short’, ‘tall’
and ‘very tall’ with fuzzy logic sets. The fuzzy logic sets proposed by Zadeh in 1965
are known as the type-1 (ordinary) fuzzy sets. The systems that have at least one type-



1 fuzzy set are known as type-1 fuzzy logic systems. The first industrial application
example of the T1-FLSs by using the linguistic control rules was introduced by
Mamdani in 1974 (Mamdani, 1974). The systems that proposed in this study are
known as Mamdani-type systems. The another most well known FLSs are Tagaki-
Sugeno-Kang FLSs (Takagi and Sugeno, 1985). The Takagi-Sugeno-Kang type
systems are widely used in control applications. In addition, Tagaki-Sugeno-Kang type
FLSs makes designing and analyzing the fuzzy systems more obvious than Mamdani
type (Sugeno and Kang, 1988). Therefore, there are some studies on fuzzy logic
control and theory in literature to adopt the Takagi-Sugeno-Kang structure (Eksin et
al.,2001; Guzelkaya et al.,2003; Yesil etal., 2004; Kumbasar et al., 2008). In addition
to these studies, there are various successful studies that aim to modelling and
controlling the systems by using the fuzzy logic theory (Babuska et al., 2002;
Guzelkaya et al., 2003; Precup et. al, 2004; Duan et al., 2008; Ahn et al., 2009;
Karasakal et. al, 2013). However, type-1 fuzzy sets are inadequate for defining some
uncertainties and nonlinear behaviors because of the crisp membership grades of the
employed type-1 fuzzy sets. In literature, there are some studies that demonstrate the
limitations of the type-1 fuzzy sets to cover the uncertainties and nonlinear behaviors
(Hagras 2004, Wu, 2006). The reason of this limitation is occurring due to crisp value
of the membership grade for each input value (Mendel, 2007). Therefore, Zadeh
introduced type-2 fuzzy sets in 1975 (Zadeh, 1975). Type-2 fuzzy sets are the
extension of the ordinary (type-1) fuzzy sets. In addition, type-2 fuzzy sets are known
as the ‘fuzzy-fuzzy’ sets. The systems that have at least one type-2 fuzzy setare known
as type-2 fuzzy logic systems (Mendel, 2000). It has been shown that T2-FSs are much
more powerful to cover uncertainties and nonlinearities compared to T1-FLSs (Liang
et al., 2000 and Coupland et al., 2007). On the other hand, type-2 fuzzy sets have one
more degree of freedom which suites them for uncertain environments but higher
degree of freedom brings more computation complex (Liang and Mendel, 2000; Wu
and Mendel, 2002; Mendel et al. 2006). Due to high computational cost of the T2-FSs,
Interval Type-2 Fuzzy Sets (IT2-FSs) are proposed as an extension of the T2-FSs
(Liang at al. 2000; Mendel, 2000). Recently, IT2-FSs and Interval Type-2 Fuzzy Logic
Systems (IT2-FLSs) has obtained more interest on the fuzzy logic theory and related
areas. The type-reduction mechanism has to be used to map the IT2-FSs into T1-FSs
and afterwards, defuzzification operation is applied to obtain a crisp quantity (Liang
and Mendel, 2000; Mendel, 2000; Wu and Mendel, 2011). The most widely known



type reduction algorithm is Karnik-Mendel algorithm (Karnik and Mendel, 1999). The
fundamental of the Karnik-Mendel algorithm is to find the optimal switching points to
reduce the type. The Karnik-Mendel algorithm has to calculate the type-reduced set
iteratively because of the impossibility of predetermining the switching points as
explicit functions of the inputs (Liang and Mendel, 2000; Wu and Mendel, 2007).
Therefore, there are many studies in literature to reduce the computational cost of the
Karnik-Mendel (KM) algorithm. The earliest enhancement to the original KM
algorithm is Enhanced Karnik-Mendel (EKM) Algorithm (Mendel and Wu, 2009).
EKM algorithm have three improvements over the KM algorithm. First of the
improvements, EKM algorithms have a better initialization to reduce the number of
iterations. Secondly, EKM algorithms made a change for the termination condition of
the iterations to remove one unnecessary iteration. Finally, a better computing
technique is used to reduce the computational cost of each iteration. The Iterative
Algorithm with Stop Condition (IASC) algorithm was proposed as an alternative
solution to compute the generalized centroid of an IT2-FS (Duran at al., 2008). First
experimental results showed that, IASC algorithm would be faster than EKM
algorithms to find the solution. An enhancement of the IASC algorithm was proposed
by Wu and Nie (2011). The Enhanced Iterative Algorithm with Stop Condition
(EIASC) has two improvements over the IASC algorithm. First of the improvements,
EIASC algorithm has new stop condition. And secondly, IASC algorithm has new
starting points for iterations. Another enhancement of the KM algorithm is Enhanced
Opposite Direction Searching (EODS) algorithm (Hu et al. 2012). EODS algorithm
aim to compute the centroid of an IT2-FS by speeding up the KM algorithm. Except
of the enhancement of the KM algorithm, there are some studies in literature that finds
the closed form solution without need making any iteration. One of these types of
methods is the uncertainty bound method (Wu and Mendel, 2002). Another closed-
form TR method is Nie-Tan (NT) method (Nie and Tan, 2008). NT method saves the
the robustness performance of an IT2 FLS. Therefore, NT methob could be useful for
real time applications due to these advantages. The one of the other closed-form TR
and defuzzification method for IT2-FLSs is Begain-Melek-Mendel (BMM) method
(Begain at al., 2008). BMM has two adjustable parameters and the type reduction
performance can be adjusting easily by changing these two parameters. Although there
are many studies in literature on IT2-FSs and IT2-FLSs, there is a lack of useful

toolboxes to facilitate the use of IT2-FLSs. A toolbox for IT2-FLSs was proposed to



literature (Castro at al., 2007). Another toolbox for IT2-FLSs was proposed Ozek and
Zuhtu in 2008. In addition, a toolbox has been introduced for the IT2-FLSs in the
Matlab environment in 2008 by Zamani et al. However, there is still a lack of useful
toolboxes to cover all steps of an implementation of the IT2-FLSs from the initial
description phase the final implementation phase through implementing the type

reduction methods and exporting to a simulation environment.






2. TYPE-1 FUZZY SETS AND FUZZY LOGIC SYSTEMS

Professor Lotfi A. Zadeh at the University of California at Berkeley introduced the
fuzzy theory into the scientific literature in 1965. He published his study with a paper
titled “Fuzzy Sets” inthe journal Information and Control (Zadeh, 1965). In this study,
he proposed a fuzzy set theory that operated between the range [0, 1]. The difference
between Boolean logic and fuzzy logic is Boolean logic results can be ‘0’ or ‘1’,
however, fuzzy logic results can take any value between ‘0’ and ‘1. In other words,
the values between sharp results like true and false are defined by the fuzzy. Therefore,
fuzzy sets can define some commonly used concept in daily life like “very tall”, “tall”,
“short” and “very short”. Fuzzy logic uses linguistic variables and it can define level

and degrees of linguistic variables.

2.1 Type-1 Fuzzy Sets

The basis of the fuzzy logic is the fuzzy sets. A fuzzy set is a set that can include
elements with only a partial degree of membership. Therefore, a fuzzy set does not
have a crisp boundary. When the universe, Dy, is continuous and infinite, a fuzzy set

X in Dy can be defined as follows:

X = {(x, ux(x))|xeDy} (2.1)

In the equation given above, uy (x) isthe MF of x in X, and it represents the degree
of membership of the x belongs to X. The MF (uy (x)) maps each component in Dy
to a continuous unit interval [0, 1]. If uy (x) value is close to zero, it means that
belonging of the x to fuzzy set X is lower degree. If uy (x) value is close to one, it

means that belonging of the x to to fuzzy set X is higher degree.

Many different Membership Functions (MFs) defined in literature. The most known

and used MFs are triangular, trapezoidal and Gaussian MFs.



A type-1 (ordinary) triangular MF is defined by three parameters:{a, b,c}. Here, a
indicates the left endpoint, b indicates the cenral point, and c indicates the right

endpoint of the triangular. A type-1 triangular MF can be seenin Figure 2.1.

MF

Membership Degree

1 il L 1

1 08 06 04 02 0 0.2 0.4 0.6 0.8 1
Triangular MF, P = [-0.6 0.1 0.6]

Figure 2.1 : Triangular type-1 MF.

A type-1 trapezoidal MF is defined by four parameters: {a,b,c,d}. The a,b,c,d
(where a < b < ¢ < d) parameters define the corner points of the trapezoidal MF as

it can be seenin Figure 2.2.
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Figure 2.2 : Trapezoidal type-1 MF.

A type-1 Gaussian MF is defined by two parameters: {c, ¢}. Here, x represents the
center of the MF and o represents the width of the MF. A type-1 Gaussian MF can be

seen in Figure 2.3.
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Figure 2.3 : Gaussian type-1 MF.
2.2 Type-1 Fuzzy Logic System

In this section, Type-1 Fuzzy Logic Systems (T1-FLSs) are described. T1-FLSs
operate human’s knowledge by using the fuzzy sets and IF-THEN rules. A classical

type-1 fuzzy system structure consists of four components:

o Fuzzification

o Rule base

o Inference mechanism
o Defuzzification

The general structure of the T1-FLS is illustrated in the Figure 2.4.
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Figure 2.4 : Type-1 fuzzy logic system structure



The fuzzification operation is implemented by the fuzzifier block. The fuzzifier block
converts crisp values to degree of membership for linguistic terms of fuzzy sets. Each

MF by a membership degree represents a related linguistic.

The fuzzy rule base consists of IF-THEN fuzzy rules. Fuzzy rules provide the
relationship between inputs and outputs of the fuzzy system. Let “x” be the input
variables and “y” is the output variable, anexample fuzzy rule (R;) for this system can
be obtained like this:

Rule R™: If x4is X? and ... and x;is X' , then y is Y™ (2.2)

In this example fuzzy rule, X and ... and X" represent fuzzy sets of the input

variables, and Y™ represents the membership set of output variable.

One of the components of the type-1 fuzzy system is inference mechanism. Fuzzy
inference mechanism is one of the most important component of the fuzzy systems.
Generally, fuzzy inference mechanism makes inferences like decision, suggestion and
inference of human. Fuzzy inference mechanism identifies the firing of the each rule
in the rule base and calculates the outputs for a specific time period by using the input

variable.

The output value that was calculated by inference mechanism is fuzzy set. This fuzzy
output value is converted to crisp value by the defuzzification block. In literature, there
are different methods that are used for defuzzification. The most known methods are

center of area, mean of maximum and height defuzzification.
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3. INTERVAL TYPE-2 FUZZY SETS AND FUZZY LOGIC SYSTEMS

Zadeh proposed the type-2 fuzzy sets (T2-FSs) as an extension of the type-1 fuzzy sets
(T1-FSs) in 1975 (Zadeh, 1975). The memberships in a T1-FS are crisp values;
however, the memberships in a T2-FS are T1-FS (Wagner and Hagras, 2010).
Recently, T2-FSs and type-2 fuzzy logic systems (T2-FLSs) are used in many areas.
However, itis not so easy to describe mathematically the T2-FSsdue to their additional
dimension (Mendel, 2007). Therefore, people are interested in IT2-FSs whose
memberships are interval instead of T1-FSs in a general T2-FS (Mendel, 2000). This
brings many advantages like simplicity and reduced computational cost.

3.1 Interval Type-2 Fuzzy Sets

IT2-FSs are special case of the T2-FSs. Due to their reduced computational cost, there
are many study about the IT2-FSs in literature. In this section, background materials
on the IT2-FSs are given. The input variable (x) which was introduced in T1-FSs is
also defined as the primary variable (x), has domain D, for T2-FSs and IT2-FSs. An
IT2-FS X is characterized by its MF pg(x,u). An IT2-FS X can be expressed as

follows:

> e\ X, U
x€Dx Ju€j,<[0,1] (x,u)

In this equation, x is calledas the primary variableand ithas domain Dg, u € [0,1] is
called as the secondary variable and it has domain J, < [0,1] at eachx € Dy. J, is
called the support of the secondary MF, and, the amplitude of pgz(x,u), called a

secondary grade of X, equals 1 for Vx € Dy and Vu € J, < [0,1] (Wu, 2013).

An example of an IT2-FS can be seen in Figure 3.1. As seen inthe Figure 3.1, unlike
a T1-FS, the membership of an IT2-FS is an interval. In addition, the IT2-FS is

bounded from above and below by two T1-FS. The bound of the above is called as

11
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Figure 3.1 : Triangular interval type-2 MF.

Upper Membership Function (UMF) and the bound which locates below is called as
Lower Membership Function (LMF). The area between UMF and LMF is called as
Footprint of Uncertainty (FOU). Trapezoidal and Gaussian IT2-FSs can be seen in

Figure 3.2 and Figure 3.3, respectively.
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Figure 3.2 : Trapezoidal interval type-2 MF.
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Figure 3.3 : Gaussian interval type-2 MF.
3.2 Interval Type-2 Fuzzy Logic Systems

An IT2-FLS isa FLS that contains at least one IT2-FSs. IT2-FLSs (or T2FLSs) consist

of five main parts:

. Fuzzification
° Rule base
° Inference mechanism

o Type Reducer
° Defuzzification

As can be seen, IT2-FLSs have an additional part that is called as type-reducer, while
T1-FLSs do not have type-reducer. Type-reducer is necessary for the IT2-FLSs
because defuzzifier block can operates by using the type-1 information, so type-2
information have to be converted to type-1 information before the defuzzifier block.
The output of the type-reducer block is called as type-reduced set and then defuzzifier
uses the type-reduced set for defuzzification process. A simple block diagram of an

IT2-FLS which is special case of T2-FLSs can be seen in Figure 3.4.
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Figure 3.4 : Type-2 fuzzy logic system structure.
Let’s consider a rule base of an IT2-FLS that contains N rules as below:
R™: If x,is X and ... and x;is X' , then y is Y™ (3.2)

Where X'(i=1,...,I) are IT2-FSs and Y" = [3_/”,?"] is the interval output. For an

input vector x = (x4, x5,...,x3) classical steps of the IT2-FLS can be summarized

below:

1.  Compute the membership interval of each x; on each X@, e

[E}?{l(xl{)rﬁ;z{l(xz{)]'i =1,2,..I,n=12,..N.

2. Calculate the rule firing interval of the n'", F™(x"):

Fix) = [frf | n=1,.,N (3.3)
where

= lgn (1) * oo X pgm (6]

7= [gp (x1) X .. X Fign ()] (3.4)

3. Perform TR to combine F*(x") and the corresponding rule consequents. The
most commonly used TR is the center-of-sets type reducer defined as:
N nfn
"N = Zn=a YT
Ycos(x ) - gzl fn - [yl; Yr] (35)

freFn(xn
yneyn
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where y, and y,. are defined as:

—n
h=1 yUf o+ Yh=1+1 yirr
Y = . ) N (36)
n=1f + Zn=L+1 zn

_ =N
5=1yn£n + XNk f
Yr = 2 N —n (3.7
n=1 in + Zn=R+1 f

Here, R and L are the switching points that can be found via the iterative KM
algorithm or its enhancements mentioned in this thesis.

4.  Compute the defuzzified (crisp) output as follows:

_yl+yr
y_

5 (3.8)

3.3 Type Reduction Methods

Type reducer converts the T2-FSs to T1-FSs before the defuzzifier. There are many
Type Reduction (TR) method proposed in literature for IT2-FLSs. In this section, most
widely used type reduction methods are explained. The most widely used common
type reduction method is the iterative Karnik and Mendel algorithm (Karnik and
Mendel, 1999). In literature, there are some studies that aim to enhance the KM
algorithm to improve the performance. Some of them are explained in detail in the
next subsections. In addition, there are some studies that aim to reduce the type-2 sets
to type-1 sets by using the approximations. These type of methods find approximations
results and does not need any iteration. Therefore, they find the approximation results

faster.

3.3.1 Karnik-Mendel algorithm

The most known TR method that is used to reduce the type is KM algorithm (Karnik
and Mendel, 1999). The KM algorithm consists of two main parts. The aim of the one
part is to compute the left point of the output (y,) and the other part isto compute the

right point of the output (y;.). The calculation of the y; and y,. includes following steps.
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Define:

—n
51=1an + Xk vyt

kK Fr k i
n=1f +Zn=k+1f

filk) = (3.6)

_ _n—n
NV BN Y f

M e st

(3.7)

where k is an integer in [1,N — 1], and {y™} and {y™} are sorted to be increasing

form, respectively. Then, y; and y, can be expressed as (Mendel, 2011):

= j k)= f,(L
Vi ke%vr{l]ﬁ() fill) (3.8)

—n
ﬁ=1an + Zg=L+13_’n£n

_ f 2 3.9
Y v f XN S Y
VY, = kEY[%CAlI_JEﬂ fr(k) = fT(R) (310)

. )

n=1 yn]_cn + XNk ¥ f
Yy = = (3.11)
n=t S Xnerea f

where L and R are the switching points satisfying:
y'sysy (3.12)

<y <7 (3.13)

In addition, two mentioned inequalities in the study that published by Mendel (2011)

are:
yhsy syttt (3.14)

SW =Yy (3.15)

because there can be some elements that duplicated for {y™} and "}
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The steps pf the KM algorithm to compute y; and y, is given in Table 3.1. As seenin

this table, the main aim of the KM algorithm is to find the switch points for y, and y,.

Table 3.1 : Karnik-Mendel algorithm.

Step For computing y; For computing y,
1. Initialize Initialize
n +—Tl n_|_ ik
L LT 2 LT
"= "=
And compute And compute
Iy DX
Y g=1 fr £VL=1 fr
2 Findl € [1,N — 1] s.t. Findr € [1,N — 1] s.t.
Xl < Vi < Xl+1 71‘ < v, < 7T+1
3 Set Set
fn_{]_fnlnﬁl fn_{]_f",nSr
frn>1 ]7",,1 > r
And compute And compute
Iy I T
Y i’vl=1fn 71\1]=1fn
4 If y’=y,stopsety, = yandL = Ify =y, stopsety, = yand R=

otherwise, sety =y’ otherwise, set

y =y and go to Step 2.

r;
otherwise, sety =y’ otherwise, set

y =y and go to Step 2.
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3.3.2 Enhanced Karnik-Mendel algorithm

The earliestenhancement to the original KM algorithm is the EKM algorithm (Mendel
and Wu, 2009). The original KM algorithm make iteration to converge to the results.
EKM algorithm aim to reduce the number of iterations and computational cost of

original KM algorithm. The steps of the EKM algorithm are given in Table 3.2.

Table 3.2 : Enhanced Karnik-Mendel algorithm.

Step For computing y; For computing 1y,

1 Set! = [N/2.4] (the nearest integer to Set r= [N/1.7] (the nearest integer
[N/2.4]) and compute to [N/1.7]) and compute

l _n N r N _n
a=z y"'f +Z yrn a=z ?"f”+z y'f
n=1— n=l+1— - n=1 - n=Il+1
l _n N r N —n
b= F4)  fm b=) ) F
n=1 n=l+1" n=1" n=r+1

y=a/b y=a/b
2 Find I’ € [1, N — 1] such that Find v’ € [1, N — 1] such that
Xl, < y < :)_]l,‘l'l yT, < y < 7T’+1

3 If' =1 stopandsety, =yand L= |Ifr' =r,stopandsetr =yandR =

[; otherwise, continue. r; otherwise, continue.
4 Compute s = sign(l’ — 1) Compute s = sign(r’—r)

max(l,l') _n max(r,r') -—n
a’=a+sz y*(f a’=a+sz y'(f

n=min(,,l")+1— n=min(r,r)+1

—" —

max(L,1") n max(r,r’) —n
b=b+s) F-fr b=bts) Fr—fm
n=min(l,1")+1 - n=min(r,r' )+1
y' =a/b y' =a /b
5 Sety=vy,a=d,b=bandl=0. Sety=y,a=ad,b=>b"and r =
Go to Step 2. r’. Go to Step 2.
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EKM algorithm has three improvements over the KM algorithm. First of the
improvements, EKM algorithm has a better initialization to reduce the number of
iterations. Secondly, EKM algorithm made a change for the termination condition of
the iterations to remove one unnecessary iteration. Finally, a better computing
technique isused to reduce the computational cost of eachiteration.. Simulations result
show that EKM algorithm saves the computational time from %23 and up to %39 (Wu
and Mendel, 2009).

3.3.3 Iterative algorithm with stop condition
The steps of the IASC algorithm is illustrated Table 3.3. The IASC algorithm for

Table 3.3 : Iterative algorithm with stop condition.

Step For computing y; For computing y,
1 Initialize Initialize
N N _n
a=)  yfr a=) 3'F
n=1— " n=1
l L _p
b= fr b=) F
n=1"— n=1
ye=y" Y =7
=0 r=20
2 Compute Compute
[=1+1 r=r+1
P l 17t l
a=a+y'(f —fH a=a+y (f —f9)
1 r
b=b+f —f! b=b—f +f’
c = a/b Cc = a/b

3 If c >y, set L=1—1and stop; If c<y,, set R=r—1 and stop;

otherwise, otherwise,

y; = c¢ and go to step 2. v, = ¢ and go to step 2.
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computing the generalized centroid of an IT2-FS is proposed by Duran, Bernal and
Melgarejo in 2008. This algorithm based on that f; (k) monotonically decreases firstly
and then monotonically increases with the increase of k, and f,.(k) monotonically
increases firstly and then monotonically decreases with the increase of k. By using
this, the IASC algorithm counts the switch point for y; from 1to N - 1 until f;(k)
stops decreasing, at which point y; is obtained. Similarly, same steps for computing
the y, are applied. The IASC algorithm was proposed as an alternative solution to
compute the generalized centroid of an IT2-FS. First experimental results showed that,
IASC algorithm would be faster than EKM algorithm (Duran at al., 2008).

3.3.4 Enhanced iterative algorithm with stop condition

The steps of the EIASC algorithm is illustrated in Table 3.4. The EIASC algorithm

Table 3.4 : Enhanced iterative algorithm with stop condition.

Step For computing vy, For computing ;.

Initialize Initialize
N N
a=)  yr a=)  Fr
n=1— — n=1
l l
h = fn b= fn
n=1"— n=1"—
Compute Compute
L=L+1 L=L+1

a=a+y"(F —f"
b=b+f —f
y1 =a/b

If y, < yL*1, stop; otherwise,

go to step 2.

a=a+y(Ff —f"
b=b+f —fL
y1 =a/b

If y, < yL*1, stop; otherwise,

go to step 2.
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which is the enhancement of the IASC algorithm was proposed by Wu and Nie (2011).
The EIASC has two improvements over the IASC algorithm. First of the
improvements, EIASC algorithm has new stop condition. And secondly, IASC
algorithm starts from the switch point 1 to compute the y; and y,. However, EIASC
algortihm starts form the switch point L = N — 1 to compute the y;and R = N — 1to

compute the y,.

3.3.5 Enhanced opposite direction searching algorithm

EODS algorithms aim to compute the centroid of an IT2-FS by speeding up the KM
algorithm (Hu et al. 2012) .proposed two algorithms to speed up the KM algorithms.
The steps of the EODS algorithm are given in Table 3.5. This algorithm isan enhanced
version of the original Opposite Direction Searching (ODS) algorithm (Hu at al. 2010).
The EODS algorithms improved the ODS algorithms by using the new two high-speed
formulae for calculating the centroid endings. Some of the advantages of the EODS

algorithms can be summarized as follows:

i The computation and comparison complexity of the EODS algorithm is
O(N);
ii. EODS algorithm saves the computational costs about 50% when compared

with ODS algorithm.

iii. EODS algorithm saves the computational costs about 67% to 80% when
compared with EKM, EODS algorithms.

iv. The computational cost of EODS algorithm is very closely to that of an

estimated lower bound.

If another algorithm exists that is more efficient than EODS, then the computational
cost that can be reduced would not be more than N additions or subtractions (Hu atal.,
2012).

Table 3.5 : Enhanced opposite direction searching algorithm.

Step For computing y; For computing y,
1 Initialize m =2,n=N—1 and Initialize m=2,n=N—-1 and
compute compute
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Table 3.6 : Enhanced opposite direction searching algorithm (continued).

Si=Qm=yf Si=0" =y
S =" =yF S=0" -yL"
F=fNE=F Fi=f\ F=F
1= iy
If m = n then go to step 4. If m = n then go to step 4.
IfS; > S, , then If S, > S, , then
Fo=F+f" F=F+f
n=n-—1 n=n-—1
S, =S, + Fl(Xn+1 _ln) S. =S+ Fr@nﬂ _yn)
else else
Fr=Fr+j_fm Fp=FR+fm
m=m+1 m=m+1
Si=Si+ K™= y™™h) Si=S+RE" ="
Go to step 2. Go to step 2.
IfS, <S,, IfS, <S,,
L=m R=m
F=F+f Fo=F+fm
else else
L=m-1 R=m-1
Fi=F+fm F=F+f

Sr— 5 —m |, Sr =S

W=y

NW=EYTY e E+F
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3.3.6 Wu-Mendel uncertainty bound method

The uncertainty bound method was proposed by Wu and Mendel (2002). This method
computes the output of the IT2 FLS by using the following equations:

ity
V= 5 (3.16)
g + yr
Yr = 5 (3.17)
Where
Y = mi (0) (V)
Yy =min {X Y } (3.18)
¥ = max {7”,5"} (3.19)
—n —n
_ nai(f = f™M N= SO =y X O =™
Xl: L N ik N n>|< N Nnyn 1 N i N n (320)
n=1f Zn:li n=1£ (X -y )+Zn=1f (Z -y )
N (F" n N Flesn _SIyyN ne=N _=n
=1 = ™) n=1f O =Y )X "0 =)
=V — * — — _ (3.21)
N f SN ST NN O =YL PO -
in which
N nfLn
i
0) — an=12 L
y =
Z 71\11=1 zn (322)
—n
) g=1znf
Y= =T (3.23)
n=1f
N HNen
_ n=1Y i
¥ = (3.24)
n=1£
_n_n
—(N) _ i
Vy=="—"/"m" (3.25)

n
n=1f
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The uncertainty bound method does not require {y,} and {yn} to be sorted unlike the

KM algorithm. However, the method still needs to identify the minimum and

maximum of {y,} and {¥, }. This method is not an iterative method, so it calculates the

output very fast.

3.3.7 Nie-Tan method

Another closed-form TR method is NT method (Nie and Tan, 2008). The output is

calculating by using the equation below:

N YT
y= — (3.26)
n= (M)

NT method does not require {y™} to be sorted. NT method is a computationally
efficient alternative to the KM algorithm. Difference between the defuzzified outputs
calculated by using the KM algorithm and NT method is minimal. In addition, NT
method saves the robustness performance of an IT2 FLS. Therefore, NT method could

be useful for real time applications due to these advantages.

3.3.8 Begain-Melek-Mendel method

Another closed-form TR and defuzzification method for IT2-FLSs is BMM method
(Begain at al., 2008). BMM method calculates the output by using the following

equation:

I D Y A
N B —=
"zlj—r g=1f

y=a (3.27)

where a and £ are adjustable coefficients. In addition, BMM method does not require

{yn} to be sorted.
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4. INTERVAL TYPE-2 FUZZY LOGIC SYSTEM TOOLBOX

T2-FLSs have been used in many areas recently. However, designing and
implementing an IT2-FLS is more complex and needs more calculations than T1-FLS.
In addition, designing an IT2-FLS needs some different steps like type-reduction and
defuzzification. In this thesis, a Matlab/Simulink toolbox is proposed to design an IT2-
FLS from beginning to simulation. This IT2-FLSs toolbox is implemented by reusing
the Matlab® commercial Fuzzy Logic Toolbox and adding new functions for TR
operations, improving the toolbox user interfaces, creating Simulink library,

connecting the design of the toolbox to Simulink,.

The IT2FLS toolbox design starts by creating a structure in MATLAB. This structure
is named as interval type-2 fuzzy inference structure (IT2-FIS). The IT2-FIS structure
includes all information of the user’s design. In addition, when new MFs added or
current MFs modified or some rules added, actually, at each action this it2fis structure
is updated by the IT2FLS toolbox automatically. An example overview of the it2fis is

given in the Figure 4.1.

The implementation of the IT2-FLSs Toolbox User Interface is similar to the Graphical
User Interface (GUI) used for Type-1 FLS inthe Matlab® Fuzzy Logic Toolbox. Thus,
adapting to the toolbox is easy for the user familiar to the Matlab® Fuzzy Logic
Toolbox.

The IT2-FLS Toolbox consists of four main User Interfaces (Uls). All pages are
docked in one tab. So it easy to manage the pages for user. When the toolbox started
the firstly the main editor page isopened. It is possible to add input variables or output
variables to the current IT2-FLS design from this page. In addition, existing designs
can be loaded or the new design can be saved via this page. TR method is chosen in
this page and it is possible to open the other pages from the Main Editor. One of the
other pages is Membership Edit Page. From this page, UMFs and LMFs are designed.
Defining rules for the IT2-FLS design is possible in the page Rule Editor. The last

page is to see the surface of the design. The all pages can be seenin the Figure 4.2.
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Figure 4.1 : The interval type-2 structure of the IT2-FLSs toolbox in Matlab
workspace.
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Figure 4.2 : User interfaces of the 1T2-FLSs toolbox.
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4.1 Main Editor

Main Editor page is the entry point of the IT2-FLS Toolbox. When the IT2-FLS
Toolbox started, main editor is opened first. The other pages can be accessed from the

Main Editor. An overview of the main editor is given in the Figure 4.3.

QImerval Type-2 Fu ic Systems Toolbox - Main Editol =h

File Edit View Debug Desktop Window ¥ ax

XX

input1 \
_—

Rule Editor

(sugena)

M output1

Input2

And method prod - Current Variable
COr method probor — Name input2
Implication min - Type input
Aggregation max = Range [-1.51.5]
Defuzzification witaver -
Type Reduction KM -
‘ Save ‘ ‘ Export to Simulink

Figure 4.3 : Main editor of the IT2-FLS toolbox.

In the Main Editor, there are some menus in the top of the screen. The IT2-FLS toolbox
saves the designs to a file with extension ‘t2fis’ or to Matlab workspace as a structure.
Saving and loading operations are available under the file tab. In addition, it is possible
to open a new toolbox from the file menu.

Adding inputs and outputs is possible from the edit menu. Default is one input and one
output. However, users can add more inputs and outputs as desired by using the edit
menu in the main editor. In addition, naming the inputs and outputs are possible by

clicking the desired input or output.

In addition, another opportunity of IT2-FLS toolbox is to export the current design to
Matlab/Simulink automatically. There is button in the main editor for exporting. This

topic is explained in detail in the section 5.
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TR is one of the important operation for the IT2-FLS. The most common TR methods

is explained in the subsection 3.4 detailed. The IT2-FLS toolbox includes the codes of

the following TR methods:

KM (Karnik-Mendel Algorithm)

EKM (Enhanced Karnik-Mendel Algortihm)

IASC (Iterative Algorithm with Stop Condition)

EIASC (Enhanced Iterative Algorithm with Stop Condition)
EODS (Enhanced Opposite Direction Searching Algorithm)
WM (Wu-Mendel Uncertainty Bound Method)

NT (Nie-Tan Method)

BMM (Begain-Melek-Mendel Method)

Custom (User defined functions)

And methes m
Or method EKM
e [ASC
Implication EIASC
ECDS
Aggregation Wi
MNT
Defuzzification BIM
custom
Type Reduction KN v

Figure 4.4 : Embedded TR methods to choose.

In addition, itis possible to use a custom function for TR for the users who would like

to develop their own TR function. To do this, ‘custom’ must be selected from the pop-

up menu then the desired function can be selected for TR.

4.2 Membership Function Editor

MFs of the IT2-FLS design can be edited from the membership function editor page.

An overview of the membership function editor page is given in the Figure 4.5.
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Interval Type-2 Fuzzy Logic Systems Toolbox - Membership Function Editor - e -4 ==y X
Edit View Debug Desktop Window A x

Main Editor  * | Membership Function Editor =

FIS Variables
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inputl outputi

XX

input?

XX

inputd

1
-1 -08 08 -04 -0.2 0 02 04 06 08 1

input variable "input1"

Current Variable Current Membership Function (click on MF to select)
Mame Upper mf2U B
Name input1 @ 0On
Params Upper [0.3397 1.388e-17 1]
Off
Type input Type Upper srs [
-11
Range s Name Lower mf2L
Display Range 1 1] Params Lower [060060.7]
Type Lower e =

Figure 4.5 : MF editor of the input variables of the IT2-FLSs toolbox.

In this page, basically, range, types and values of the UMFs and LMFs are designed.
MFs types are original functions of Matlab Fuzzy Logic Toolbox for UMFs and LMFs
separately. The only difference, there is an additional parameters for each type of MFs
to define the height. For instance, triangle MF is defined with four parameters as

follows:

y = trimf(l,c,r,h) (3.26)

First parameter defines the left point (1), second point defines the center point (c) and
third parameter defines the right point (r) of the triangular MF. The last parameter (h)
defines the height of the triangle MF.

Another advantage of the IT2-FLS toolbox is possibility of designing UMFs and LMFs
in either same type or different type. For instance, LMF can be triangle while UMF is
Gaussian. The only prerequisite is that all the membership degree values of the LMF
have to be smaller than or equal to the UMF’s ones. Otherwise, the toolbox would give
a warning message. The warning message is given in the Figure 4.6.
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Il Warning!! ey X

The upper MF grade values must always be bigger then the lower MF ones for
any crisp input,

Flease check Farams Upper and Farams Lowerll

Figure 4.6 : Warning dialog box when the LMF is bigger than the UMF.

Designing output MFs by using the membership function editor page has some
opportunities. It is possibleto choose type of the output MFs either constant or linear.
In addition, it is possible to define parameters either as a crisp or as an interval. A

membership function editor page for output variables can be seen in Figure 4.7.

Interval Type-2 Fuzzy Logic Systems Toolbox - Membership Function Editor - l =S X
Edit Debug Deskiop Window View A x

Main Editor  * || Membership Function Editor =

FIS Variables
Y| [w ] .
input1 output? mf4
| .

input2 mf2

rmfl

output variable "outputl”

Current Variable Current Membership Function (click on MF to select)
Choose Qutput T
Name output1 X p _yp
Crisp (9} Inferval
Type output
Name
Range [-11] Type constant ¥
Params Upper -0.8
Display Range
Params Lower 0.8

Figure 4.7 : MF editor of the output variables of the IT2-FLSs toolbox.

4.3 Rule Editor

Rule editor page allows users to defining the rules of the type-2 fuzzy logic design.
Rule editor isimplemented by reusing the Matlab® commercial Fuzzy Logic Toolbox.

An overview of rule editor page is inthe Figure 4.7.
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Bl Type-2 Fuzzy Logic Toolbox - Rule Editor E@

File Debug Desktop Window Edit View Options ERIER

Main Editor * | Rule Editor *

2 If (input1 is mf1U) and (input2 is mfiL) then (output1 is mf2) (1)
3. If (input1 is mfiL) and (input2 is mf1U) then (output1 is mf3) (1)
4. If (input1 is mfiL) and (input2 is mfiL) then (output1 is mf4) (1)

If and Then
input? is input2 is output? is
- o

mf2 mf2
none none
| nat [ | nat
—  Connection Weight:

@

9/and 1 Delete nule Add rule Change rule ‘

<z ES
FIS Name: WuTest Close

Figure 4.8 : Rule editor of the IT2-FLSs toolbox.

As seen in the Figure 4.7, input and output variables are available in the rule editor.
Here, to add a new rule, desired input and output variablesare chosen by clicking and
then the new rule is added by clicking the add rule button. Then added new rule would
be appear in the top. All desired rules added for the IT2-FLS design from the rule
editor page. All added new rule information are written to the it2fis structure at the
Matlab workspace automatically, and after the rule editor page closed, these

information are hold by this structure.

4.4 Surface Viewer

After completing the IT2-FLS design, it is possible to see the surface of the output at
each point. To see the surface, surface button from the view menu in the main editor
is clicked. It is possible to edit or save the surface opened as desired. An example

surface is given in the Figure 4.8.
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File Edit View Insert Tools Debug Deskiop Window Help
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" Main Editor | Membership Edit *| Rule Editor » ]

Figure 4.9 : Surface viewer of the IT2-FLSs toolbox.
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5. WORKING WITH MATLAB/SIMULINK

The IT2-FLS toolbox is designed to be working with Matlab/Simulink. The one of the
main features of the IT2-FLS toolbox is the automatic connection to Simulink. It is
possible to use this feature by just clicking the button ‘Export to Simulink’ in the Main
Menu. Then, current design would be exported to Simulink automatically. Firstly, a
Simulink library of the IT2-FLS toolbox is created to connect the toolbox to Simulink.
And then a function is created to move the current design to Simulink environment.

These steps are explained in the next subsections.

5.1 Simulink Library of the IT2-FLS Toolbox

A Simulink library for the IT2-FLS toolbox is created first to ensure the connection
between toolbox and Simulink. The IT2-FLSs toolbox library consists of 2 blocks.
One of them can be used to embed the design to the block and the other also provides

opportunity to choose TR method. The IT2-FLS toolbox is given in the Figure 5.1.

#4 Simulink Library Browser =
File Edit View Help ‘
M, 3 » Entersearchterm v $§ &4 ‘

Libraries Library: Interval Type-2 Fuzzy Logic Systems Toolbox Search Results: (1 ¢ iil
+("8] Simulink
("l Control System Toolbox b A 4 Interval Type-2 Fuzzy
+-|"a) Embedded Coder A
b5 Fuzzy Logic Toolbox 4 %'| Logic Controller
(%l Instrument Control Toolbox
: p i 2 F Z i bo' Toolbox b 4 A Interval Type-2 Fuzzy Logic
("2l Model Predictve Control Toolbox w - -
| 4 ‘3| Controller with TR Selection

\"a) Neural Network Toolbox
{*&] Robust Control Toolbox
+(*& Simulink 3D Animation
\*al Simulink Coder
+(*&| Simulink Control Design
Il = %a| Simulink Design Optimization |
{*al Simulink Design Verifier
+- %3] Simulink Extras
I % Simulink Verification and Validation

\*al Stateflow
("] System Iidentification Toolbox

-

-

Showing: Interval Type-2 Fuzzy Logic Systems Toolbox

Figure 5.1 : Simulink library of the IT2-FLSs toolbox.
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As seen in the Figure 5.1, there are 2 blocks in the IT2-FLS toolbox Simulink library.
Firstblock is used to embed the output of the IT2-FLS toolbox. The name of the saved
design is written in this block and then inputs and outputs are connected to the block
in Simulink. Then, the block is ready for simulation. The second block has an
extension of opportunity to choose a TR method. Desired TR method for the current
design can be chosen easily by using the second block of the IT2-FLS toolbox library.
An overview of the second block is given inthe Figure 5.2.

Ifﬂ Function Block Parameters: Fuzzy Type-2 Controller with TR s... &

-

TR Method List for selection;

- Karnik-Mendel Algorithm (KM)

- Enhanced Karnik-Mendel Algorithm (EKM)

- Iterative Algorithm with Stop Condition (IASC)

- Enhanced Iterative Algorithm With Stop Condition (EIASC)
- Enhanced Opposite Direction Searching Algorithm (EODS)
- Wu-Mendel Uncertainty Bound Method (WM)

- Nie-Tan Method (NT)

- Begain-Melek-Mendel Method (BMM)

- Custom Function

L ONOWLSEWN-
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4
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Interval Type-2 Fuzzy Parameters
Logic Controller with

) t2fis name in Workspace or File Name
Type Reduction
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*Select TR method

2
\ -
< 11 »

| | OK || Cancel Help Apply

Figure 5.2 : Simulink library block of the IT2-FLSs toolbox for TR selection.
5.2 Exporting the IT2-FLS Design to Simulink

After completing the IT2-FLS design, it is possible to export it to Simulink
automatically from the IT2-FLS toolbox. To do this, there is a button named ‘Export
to Simulink” in the main editor. After finishing the IT2-FLS design, it is possible to
export it to Simulink automatically by clicking this button. Then, a Simulink model
would be created and opened automatically by the IT2-FLS toolbox. An example
Simulink model created by the toolbox is given in the Figure 5.3.
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Figure 5.3 : An example Simulink model that is created by the IT2-FLSs toolbox.
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6. ILLUSTRATIVE EXAMPLES

In this section, several simulations have been done to examine and compare the
different TR methods mentioned in this thesis, and the results are given. For this
purpose, firstly, an Interval Type-2 Fuzzy Logic Controller (IT2-FLC) is created by
using the IT2-FLS toolbox. Then, simulations are done to compare the control
performance of the different TR methods for the same closed loop control system. The
IT2-FLC is designed with two input variables and one output variable. The block
diagram of the IT2-FLC is given in Figure 6.1.

e E
— K. —>
K, Interval Type-2 Ka
. U +4 U
Fuzzy Logic
¢ E Controller ¥
_(:‘._ Ky F—» — Khj

Figure 6.1 : IT2-FPID controller structure.

The first input of the IT2-FLC is the error signal the second input of the IT2-FLC is
the derivative of the error signal. The MFs of the input variables are chosen same and
as triangle. The height of the LMFs are found by using the genetic algorithm. The
designed MFs for the Interval Type-2 Fuzzy PID (IT2-FPID) controller are given in
the Figure 6.2.

EE

Figure 6.2: The inputs MFs used for the IT2-FPID controller.
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The output MFs and the rule base of the IT2-FPID is given in Figure 6.3.

M
NB NM 1 PM PB
N | Z P o™ Z i

N |NB|NM| Z

Z |NM| Z | PM

P| Z |PM|PB

-1 -0.8 0 08 1 >u
(a) (b)

Figure 6.3: (a) The fuzzy rule base, (b) the consequent MFs used for the IT2-FPID

controllers.

The IT2-FPID MFs of the input variables can be seen in Figure 6.2.
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Name input1 @/ 0n
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Type input Type Upper trimf -
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Display Range 1) Params Lower [011603]
Type Lower trimf -

Figure 6.2 : Input and output MFs of the IT2-FPID controller.

Then, rules are defined for the IT2-FPID as seen in Figure 6.3.
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B Interval Type-2 Fuzzy Logic Systems Toolbox - Rule Editor

File Edit View Options Debug Desktop Window

Main Editor * | Membership Function Editor ><|[RuIeEditc>r ><]

1. If (input1 is mf1U) and (input2 is mf1U) then (output1 is mf1) (1
2_ If (input1 is mf1U) and (input2 is mfiL) then (output1 is mf2) (1)
3. If (input1 is mfU) and (input2 is mf2U) then {output1 is mf3) (1)
4_ If (input1 is mfiL) and (input2 is mfU) then (output1 is mf2) (1)
5. If (input1 is mfiL) and (input2 is mfiL) then (output1 is mf3) (1)
6. If (input1 is mfL) and (input2 is mf2U) then (output? is mfd) (1)
7. If (input1 is mf2U) and (input2 is mf1U) then (output? is mf3) (1)
3. If (input1 is mf2U) and (input2 is mf1L) then (output1 is mfd) (1)
9. If (input1 is mf2U) and (input2 is mf2U) then {output1 is mf5) (1)

If and
input? is input2 is
- -
mf2 mf2
mf3 mf3
none none
I:‘ not I:‘ not

Figure 6.3 : Rules of the IT2-FPID controller.

After defining the MFs of the input and output variablesand defining the rules, firstly,

the surfaces are viewed for different TR methods. The control surface would be the

same for Karnik-Mendel algorithm and its enhancements, so, just four different

surfaces are viewed. The IT2-FPID surface for the KM algorithm is given in Figure

6.4.
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Figure 6.4 : Surface of the IT2-FPID controller with KM algorithm.
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Figure 6.5 : Surface of the IT2-FPID controller with WM algorithm.

The surfaces for the WM method, NT method and BMM method are given in the

Figure 6.5, Figure 6.6 and Figure 6.7, respectively.

Figure 6.6 : Surface of the IT2-FPID controller with NT algorithm.
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Figure 6.7 : Surface of the IT2-FPID controller with BMM algorithm.,

As can be seen in the figures above, there are small differences in the surfaces as
expected. The closed-form methods find approximation results and it is the reason why
there are some differences between the same IT2-FPID controller with different TR

methods.

As the next step, the process to be controlled is chosen as a First Order Plus Dead Time
(FOPDT) system. The wide use of FOPDT is due both to its simplicity as well as its
ability to capture the essential dynamics of several industrial processes. The transfer

function of the FOPDT is as follows:

K

G) =777

ets (6.1)

where K is the process gain, T is the time constant and finally L is the time delay. In
the simulations, four different TR methods are used. In order to compare the
performance of transient responses of the different TR methods, overshoot, settling

time and these two following performance measures are considered:

41



i) Integral Absolute Error (IAE) which is defined as

IAE = J’O Ir(t) - y(t)| dt 6.2)
ii) Integral Time Absolute Error (ITAE) which is defined as

ITAE = IO tr(t) —y(t)| dt (6.3)

The Simulink model that was created for the simulations is given in Figure 6.8.

T ” “j?)*:]
iy I D AR

— s Process
Interval Type-2 Fuzzy Logic Controller with TR selection Integrator

Figure 6.8 : Simulink model that is created for the simulations.

As the first step, the nominal process parameters are setto K=1, T=1 and L=0.2. The
sampling time of the simulation is set to 0.05s. Since the unit step changes are studied
for the simulations K, is setto 1, then the other scaling factors are determined as K; =
0.5141, K, = 0.077, K;,, = 7.336 after optimization. The step responses of the closed

loop control system with different TR methods are illustrated in Figure 6.9 and Figure
6.10.

1.5

v(t)

— — Reference
— [T2-FPID-KM
==== [T2-FPID-WM
sesceen IT2-FPID-NT
=+=:= [T2-FPID-BMM

. i | | i
0 1 2 3 4 5 5]
Time[s]

Figure 6.9 : The step responses of the closed loop system for various TR methods
for the nominal process.

42



25 T .
L g | | [—— IT2-FPIDKM
b sssssssssssssnnasanaa | ................ il ...................... ? ...................... J;a I ITE-FPID.‘&M —
' | | ([ IT2-FPID-NT
----- [T2-FPID-BMM
H :
I i i
3 4 5 6
Time [s]

Figure 6.10 : The control signals of the IT2-FPID for different TR methods for the
nominal process.

In order to examine the performance of the different TR methods, the system
parameters are perturbed. The step responses of the closed loop control system with
different TR methods for the first perturbed process, which has the parameters as
K=1.3, T=1.9, L=0.4, is givenin Figure 6.11 and Figure 6.12.

18 T T
16 i.|—— Reference | |
: i | =——IT2-FPID-KM
P07 NS . W S if ==== IT2-FPID-WM |.....
' i [+ IT2-FPID-NT
H IT2-FPID-BMM [

Time [s]

Figure 6.11 : The step responses of the closed loop system for various TR methods
for the perturbed process (K=1.3, T=1.9, L=0.4).
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Figure 6.12 : The control signals of the IT2-FPID for different TR methods for the

perturbed process (K=1.3, T=1.9, L=0.4).

Lastly, the step responses of the closed loop control system with different TR methods

for the second perturbed process, which has the parameters as K=1.1, T=1.3, L=0.45,

is given in Figure 6.8 and Figure 6.9.

18 .f ! 1. l. 1 ! . ' 1

18 Et ] Reference ||

| ; | | | | || = IT2-FPID-KM

14 f NP S - - AR .| ==== [T2-FPID-WM |...
; I S SN | | | [T2-FPID-NT

12 4 B R | S o BT [T2-FPID-BMM [

Figure 6.13 : The step responses of the closed loop system for various TR methods
for the perturbed process (K=1.1, T=1.3, L=0.45).
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Figure 6.14 : The control signals of the IT2-FPID for different TR methods for the
second perturbed process (K=1.1, T=1.3, L=0.45).

The performance results of the closed loop control system with different TR methods
are tabulated in Table 6.1. The settling time, overshoot, IAE and ITAE values for each

processes are given in this table.

Table 6.1 : Simulation comparison using different performance measures.

TR SETTLING OVERSHOOT

Process IAE ITAE
METHOD  TIME (s) (%)
KM 1.15 2.600 0.697 13.938
Nominal Process WM 1.15 0.000 0.703  14.059
K=1, T=1, L=0.2 NT 1.15 2.901 0.692 13.840
BMM 1.15 4.294 0.708 14.035
First Perturbed KM 8.05 61.155 2237 44.737
Process WM 10.5 57.027 2.594 51.875
K=1.3, T=1.9, NT 7.95 61.470 2279 45578
L=0.4 BMM 8.20 61.676 2.219 44.379
Second Perturbed KM 13.30 75.909 3.168 63.358
Process WM 12.10 71.448 3.280 65.594
K=1.1, T=1.3, NT 14.45 76.314 3.750 74.995
L=0.45 BMM 11.15 79.241 3.069 61.389
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As seen in Table 6.1, for the nominal process, settling time of the each TR method is
almost the same, the WM method has showed the best performance for the overshoot.
For the first perturbed process, settling time of the NT method is the shortest, but the
best performance for the overshoot has been shown by the WM method. Considering
the IAE and ITAR criteria, BMM method has showed the most successfully
performance. For the last perturbed system, KM algorithm is the worst method when
considering the settling time and overshoot, BMM method has showed the best
performance considering the IAE, ITAE and settling time, however, this method is the
worst one for the overshoot. In addition to these analyses, the disturbance-rejection
performance are analysed for the different TR methods. For this purpose, a disturbance
is given to the IT2-FPID output at the 40'" second with 0.3 amplitude. The disturbance
rejection performance, and control signals for the different TR methods are illustrated
in Figure 6.15, Figure 6.16, Figure 6.17, Figure 6.18, Figure 6.19 and Figure 6.20.

— — Reference
IT2-FPID-KM
==== IT2-FPID-WM

| IT2-FPID-NT
= IT2-FPID-BMM

oos i i i i i ; i
38

39 40 41 42 43 44 45 46
Time[s]

Figure 6.15 : Disturbance rejection performances of the IT2-FPID for different TR
methods for the nominal process.
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Figure 6.16 : The disturbance rejection control signals of the IT2-FPID for different
TR methods for the nominal process.
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Figure 6.17 : Disturbance rejection performances of the IT2-FPID for different TR
methods for the perturbed process (K=1.3, T=1.9, L=0.4).
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Figure 6.18 : The disturbance rejection control signals of the IT2-FPID for different
TR methods for the perturbed process (K=1.3, T=1.9, L=0.4).
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Figure 6.19 : Disturbance rejection performances of the IT2-FPID for different TR

methods for the perturbed process (K=1.1, T=1.3, L=0.45).
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Figure 6.20 : The disturbance rejection control signals of the IT2-FPID for different
TR methods for the perturbed process (K=1.1, T=1.3, L=0.45).
The other comparison has been made to compare the computational time of the
different TR methods. For this purposes, the each function that has been created for
the each TR method is run 2500 times and the maximum, minimum and average values
have been measured and given in Table 6.2. As seen in this table, the KM algorithm
takes the longest time to reduce the type-2 sets to type-1 sets. As expected, the
enhancement methods of the KM algorithm are able to find the solution in shorter time.
Also, the closed-form methods find the solution faster. It is expected, because these

types of methods find the closed form solutions without need making any iteration.

Table 6.2 : Comparison of computational time of the different TR methods.

TR Method MEAN (s) MIN (s) MAX (s)
KM 0.0058 0.0052 0.0116
EKM 0.0056 0.0053 0.0099
IASC 0.0055 0.0052 0.0101
EIASC 0.0055 0.0052 0.0113
EODS 0.0053 0.0051 0.0122
WM 0.0048 0.0045 0.0092
NT 0.0046 0.0044 0.0087
BMM 0.0049 0.0046 0.0096
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7. CONCLUSION

In this Master thesis, type-1 fuzzy sets and systems are explained first. After that, T2-
FSs and T2-FLSs have been introduced and the advantages of the IT2-FSs are
highlighted. The most known TR methods have been explained more in detail.

A Matlab/Simulink toolbox is designed and proposed for the 1T2-FLSs. The design of
the 1T2-FLS toolbox has been started to creating a structure in the Matlab workspace
to save the all information of the IT2-FLS. The TR methods, input and output variable
types, the MF parameters, the rule information and the other information are saved to
this structure after each action. In addition, defining MFs of the input and output
variables can be implemented easily by using the user interfaces of the toolbox. To
provide this, the all MFs of the Matlab fuzzy logic toolbox have been reused by adding
an additional input to the end. The last input provides the opportunity to define the
height of the LMFs. In addition, some functions have been created to define the MFs
of the output variablesin either crisp or interval. The other opportunity of the toolbox
IS possibility to view the surface of the current interval type-2 fuzzy logic design. The
one of the other important feature of the interval type-2 fuzzy logic toolbox is
possibility to work with Simulink. To work with Simulink, firstly a new Simulink
library has been created for the interval type-2 fuzzy logic toolbox. The created
Simulink library has two blocks. The first one in used to simulate the designed IT2-
FLC and the second one gives the user an opportunity to choose desired TR method.
In addition, it is possible to export the IT2-FLS design from the toolbox to Simulink
automatically by clicking a button. Then, it creates a Simulink model with current
design and the user can start the simulations easily. In the last section of this thesis,
some comparisons have been made between the TR methods that are explained in this
thesis. For this purpose, an IT2-FLC has been designed first, and then it has been
exported to the Simulink. In Simulink, a closed loop control system has been created
with the IT2-FLC and a FOPDT system. Then, the control performances of the
different TR methods have been analyzed. In addition, the parameters of the FOPDT
system has perturbed twice and the simulations repeated. The simulation results

showed that the control performances have been changed for the same IT2-FLC with
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different TR methods. In addition, computational time of the each TR methods has
been measure. As expected, the KM algorithm reduce the type the longest period. The
enhancement methods of the KM algorithm find the solution in shorter time. In
addition, the closed-form TR methods find approximation result faster.

In summary, IT2-FLSs are quite complicated systems. There are many steps to
implement an interval type-fuzzy logic system from the first description phase to the
implementation phase. In this thesis, a Matlab/Simulink toolbox has been designed
and introduced for the IT2-FLSs to cover the all phases from beginning to the end. In
addition, the performance of the different TR methods have been compared by using

the developed toolbox.
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