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SELF-TUNING STRUCTURES OF
INTERVAL TYPE-2 FUZZY PID CONTROLLERS

SUMMARY

The fuzzy logic systems have been successfully implemented in various engineering
areas including control, robotics, image processing, decision making, estimation and
modelling. Nowadays, the fuzzy logic systems have been attracting massive research
interest especially in control theory due to their superiority against nonlinearities and
uncertainties of system dynamics. In literature there are various study on fuzzy logic
controllers and also, in most of control studies, the fuzzy PID controllers is preferred
because analogous structures to conventional PID controller from the input-output
relationship point of view.

Lately, it is demonstrated that there might be some obstacles for the ordinary (type-1)
fuzzy logic systems in the ability of expressing the uncertainties and nonlinearities. It
is also showed that this limitation might partly occurred due to the crisp membership
grades of the employed type-1 fuzzy sets. Therefore, type-1 fuzzy logic system are
generalized to type-2 fuzzy logic systems, however, dealing with type-2 fuzzy sets
(instead of type-1 fuzzy sets) requires an additional procedure in fuzzy inference
mechanism called type reduction. The type reduction procedure is used to reduce
type-2 fuzzy sets in antecedent part of the fuzzy rules into type-1 fuzzy sets before
the defuzzification process. The type reduction is generally be performed by iterative
algorithms. The type-2 fuzzy logic systems is still not well developed research topic
due to its complex internal structures and computational burden caused by type-2
fuzzy sets. Therefore, in order to overthrow the bottlenecks of the type-2 fuzzy logic
systems, the interval type-2 fuzzy systems is proposes as a special case of type-2
fuzzy logic systems. Recently, interval type-2 fuzzy logic systems obviously
dominate the research areas on the fuzzy logic theory and relating research topics.
Recently, interval type-2 fuzzy logic systems have been successfully implemented in
various control applications such as liquid level control, autonomous mobile robots,
nonlinear plant control, pH control, bioreactor control and fuzzy modelling. It is
demonstrated the interval type-2 fuzzy logic systems provide better control
performances when comparing to its type-1 or conventional counterparts due its
additional degree of freedom provided by the footprint of uncertainty in their
antecedent membership functions. It is also shown that the interval type-2 fuzzy logic
systems provide more smooth control actions comparing to type-1 counterparts and
this feature provides better control performances in case of uncertainty. Moreover,
interval type-2 fuzzy logic systems use a well-known iterative type reduction
algorithm, namely Karnik-Mendel type reduction method. The various alternative
methods to original Karnik-Mendel algorithm and extended versions of original
Karnik-Mendel algorithm is proposed in order to reduce computational burden. Yet,
the problem still exists since the alternative methods do not have superior features of
Karnik-Mendel algorithm, adaptiveness and novelty, while extended algorithms
cannot be explicitly represented like original Karnik-Mendel algorithm. Furthermore,
the internal structures and the stability analysis of the interval type-2 fuzzy logic
controllers have been investigating. The stability analysis for a Takagi-Sugeno-Kang
fuzzy system is performed for particular circumstances. The analytical derivation of
interval type-2 fuzzy PI and PD controllers are examined by dividing input space into
several number of subregions. Although some studies for the design of interval type-
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2 fuzzy logic controllers is performed, the topic is still not well-develop. Therefore,
the research interest on this topic still continues in order to better understand of the
nature of the interval type-2 fuzzy logic controller and develop more complex
controller structures such as self-tuning mechanisms.

In this thesis, first two alternative approaches to the Karnik-Mendel type reduction
method is proposed in order to better understand the switching point selection of the
iterative Karnik-Mendel algorithm and represent it in a closed form. The first
proposed approach is called as Surface of Switching Points Map; it is a novel
visualizing method that shows the switching points of Karnik-Mendel algorithms
clearly. The Surface of Switching Points Map points outs the switching point sets
and their valid region on the input space. The second proposed approach is called as
Boundary Function based Karnik-Mendel type reduction method and it determines
the optimal switching points of the Karnik-Mendel algorithm without performing an
iterative algorithm by the advantage of the decomposition property. Decomposition
property provide to dividing input space into subcontroller and the proposed
Boundary Function based Karnik-Mendel type reduction method determines the
optimal switching points for corresponding subcontroller for an input set. The
proposed alternative approaches is complementary studies because the Boundary
Function based Karnik-Mendel type reduction method determines the optimal
switching points exactly and the Surface of Switching Points Map visualize them
clearly.

Secondly, the analytical derivations of interval type-2 fuzzy PID controller
performed. Here, the mathematical expressions of the 4-rule interval type-2 fuzzy
PID controller is analytically derived with the aids of the proposed alternative
approaches. The output formulations of the employed interval type-2 fuzzy PID
controllers are explicitly expressed. The main goal of these derivations is that the
control laws of the interval type-2 fuzzy PID controllers is represented
mathematically in closed form in terms of input variables and design parameters. It is
also discovered that the control laws switches to other in time with respect to the
values of the switching points. Even though the obtained control laws is nonlinear
functions, these observations the might be useful for the stability analysis of the
controller or the controller design for the further research studies.

Thirdly, two novel self-tuning structures based a heuristic function and optimization
for interval type-2 fuzzy PID controllers is proposed. A simple heuristic self-tuning
function is proposed for the simplest interval type-2 fuzzy PID controllers with
respect to the derived mathematical expressions. The function is constructed
according to the obtained controller gain curve of the simplest interval type-2 fuzzy
PID controller around the origin. The self-tuning structure adjust the size of the FOU
via changing the heights of the lower membership functions in online manner.
Another self-tuning structure adjust the rule weights of the 9-rule interval type-2
fuzzy PID controller in an online manner via optimization regarding to a control cost
function. The optimization procedure determines the optimal rule weights that force
the system to attain to the reference as fast as possible with an applicable control
effort.

Finally, in order to show effectiveness of proposed self-tuning structures and the
main differences between interval type-2 fuzzy PID controller and its counterparts,
two simulation studies and a comprehensive comparative real-time experimental
study are performed. The real-time comprehensive comparative study is performed
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on an open loop unstable, time varying and nonlinear magnetic levitation plant and
the interval type-2 fuzzy PID controller is compared with four fuzzy PID controller
including self-tuning type-1 structures. The real-time results demonstrated that the
interval type-2 fuzzy PID controller has better control performances in most cases
comparing to the other controllers. In addition, the superiority of it lies in the way to
handle against uncertainties rather than only having extra degree of freedom. In
addition, the proposed self-tuning structures is simulated on challenging benchmark
models. First, the self-tuning simplest interval type-2 fuzzy PID controller is tested
on a perturbed first order plus dead time process in order to verify the controller
performance in cases of uncertainty. Then, the optimization based rule-weighting
method for interval type-2 fuzzy PID controllers is tested on a two cascaded tank
process with a second order nonlinear model in order to verify the controller
performance in case of nonlinearity. Therefore, the simulation results show that the
proposed self-tuning interval type-2 fuzzy PID controllers improve the overall
performances of the closed loop control system and they are more robust against
uncertainties and nonlinearities when comparing to their interval type-2 bases and
type-1 counterparts.

In this thesis, two novel methods are proposed as alternative approaches to
the Karnik-Mendel type reduction algorithm, the mathematical expressions of two
kinds of interval type-2 fuzzy PID controller is analytically derived in a closed form
formulation, two self-tuning structures for interval type-2 fuzzy PID controller is
proposed, it is shown to be an effective method in controlling processes which inherit
nonlinear dynamics and uncertainties and the interval type-2 fuzzy PID controller is
compared with various controllers as a part of a comprehensive comparative real-
time study.
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ARALIK DEGERLI TiP-2 BULANIK PID KONTROLORLER
ICIN OZ-AYARLAMA YAPILARI

OZET

Bulanik mantik tabanli sistemler kontrol, robotik, goriintii isleme, karar verme,
tahmin, modelleme gibi birgok farkli miihendislik uygulanasinda basariyla
uygulanmistir. Giintimiizde ise bulanik mantik tabanli sistemler 6zellikle kontrol
teorisi lizerinde onemli bir arastirma konusunu bulmaktadir. Literatiirde bulanik
mantik sistemlerin 6zel bir hali olan bulanik PID kontrolérler tizerine bir¢ok ¢alisma
bulunmaktadir ¢iinkti giris ¢ikis iligkileri geregince bu kontrolorler, klasik PID
kontrol6rlere esdeger olabilmektedirler.

Ancak siradan yani tip-1 bulanik mantik sistemlerinin belirsizlikleri ve dogrusal
olmayan 6zellikleri ifade etme konusunda yetersiz kalabilecegi yapilan ¢alismalarla
gosterilmigtir. Ayrica bu sinirlamanin temelde tip-1 bulanik kiimelerin keskin tiyelik
degerlerinden kaynaklandig1 gosterilmistir. Bu yiizden tip-1 bulanik sistemler tip-2
bulanik sistemlere genisletilmistir ancak karmasik i¢ yapilart ve tip-2 bulanik
kiimelerin hesaplama yiikii sebebiyle tip-2 bulanik sistemler gliniimiizde hala
yeterince gelistirilememistir. Cilinki tip-1 bulanik kiimeler yerine tip-2 bulanik
kiimeler ile ugrasmak bulanik ¢ikarim mekanizmasina tip-indirgeme adinda yeni bir
operasyon eklemistir. Tip indirgeme islemi, bulanik kurallarin 6nciil kismindaki tip-2
bulanik kiimelerini durulama islemi 6ncesinde tip-1 bulanik kiimelere indirgemek
icin kullanilir. Ancak tip-indirgeme genelde iteratif algoritmasi ile ger¢eklenmesi tip-
2 bulanik sistemlerin hesaplama yiikiinii arttirmis ve i¢ yapisinin incelenmesini
engellemistir. Bu sebeple tip-2 bulanik sistemlerin zorluklarin1 yok etmek i¢in, tip-2
bulanik sistemlerin 6zel bir hali olan aralik degerli tip-2 bulanik sistemler dnerilmis
ve gilinlimiizde de aralik degerli tip-2 bulanik sistem agik bir sekilde bulanik mantik
alaninda yapilan ¢aligsmalara yon vermektedir.

Aralik degerli tip-2 bulanik mantik sistemler, sivi seviye kontrolii, otonom mobil
robot kontrolii, stire¢ kontrolii, pH kontrolii, biyoreaktor kontrolii ve modelleme gibi
bir¢ok farkli kontrol alanindaki uygulamalarda gergeklenmistir. Yapilan ¢aligmalarla
gosterilmistir ki aralik degerli tip-2 bulanik mantik sistemleri oncil tyelik
fonksiyonlarindaki belirsizlik izdlistimii tarafindan saglanan fazladan serbestlik
derecesi sayesinde tip-1 esdegerlerine kiyasla daha iyi kontrol performansi
saglamaktadir. Ayrica aralik degerli tip-2 bulanik mantik tabanli sistemler, tip-1
esdegerlerine kiyasla daha yumusak kontrol eylemine sahiptir ve bu durum
belirsizlikler karsisinda daha iyi kontrol performanlar1 saglamaktadir. Yapilan bazi
calismalarda deginilmis olmasina ragmen, aralik degerli tip-2 bulanik mantik
sistemlerinin tasarimi hala gelistirmeye agik bir konudur. Bunlara ilaveten,
hesaplama yiikiinii azaltmak icin orijinal Karnik-Mendel algoritmasimna bir ¢ok
alternatif algoritmalar Onerilmistir. Ancak temel problemler hala devam etmektedir
clinkii alternatif yontemler Karnik-Mendel algoritmasinin yenilik¢i ve uyarlamali
olmak {tizere iki temel 6zelligini tasitmamaktadir, gelismis algoritmalar ise orijinal
Karnik-Mendel algoritmasi gibi agik bir bi¢imde ifade edilememektedir. Bunlara
ilaveten gilinlimiizde aralik degerli tip-2 bulanik mantik sistemlerinin i¢ yapilar1 ve
kararliliklar1 farkli yonlerden incelenmektedir. Bu baglamda alternatif tip indirgeme
yontemi kullanilarak Takagi-Sugeno-Kang bulanik sistemlerin 6zel durumlar i¢in
kararliliklar1 gosterilmis, aralik degerli tip-2 bulanik PI ve PD kontrol6rlerin analitik
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ifadeleri giris uzay1 ¢ok sayida alt par¢aya boliinerek elde edilmis olsa da bu
konudaki ¢alismalar hala devam etmektedir. Giiniimiizde arastirmacilarin ilgisi aralik
degerli tip-2 bulanik kontrolorleri daha iyi anlamak, kararlilik analizlerini
gerceklestirmek, tasarim yontemleri 6nermek ve 6z-ayarlama gibi daha karmasik
kontrol yapilar gelistirebilmek i¢in devam etmektedir.

Bu tez c¢aligmasinda, Karnik-Mendel tip-indirgeme algoritmasina alternatif iki
yontem Onerilmistir. Bu iki yontem ile kesme noktasi se¢iminin daha iyi anlasilmasi
ve kapali bicimde ifade edilmesi hedeflenmektedir. Onerilen ilk yontem Kesme
Noktalar1 Haritasinin Yiizeyi olarak adlandirilmakta ve bu yeni gorsel yontem
Karnik-Mendel algoritmasinin kesme noktalarini agik bir bicimde gostermektedir.
Kesme Noktalar1 Haritasinin Yiizeyi, kesme noktalarini ve bu noktalarin gecerli
oldugu bolgeleri giris uzayi iizerinde temsil etmektedir. Ikinci énerilen yontem Sinir
Fonksiyonlar1 tabanli Karnik-Mendel tip-indirgeme ydntemi olarak adlandirilmakta
ve bu yontem Karnik-Mendel algoritmasinin optimal kesme noktalarini ayristirma
Ozelliginden yararlanarak bulmaktadir. Ayristirma 6zelligi giris uzaymin bir¢ok alt
uzaya boliinmesini saglamakta ve Onerilen Smir Fonksiyonlar1 tabanli Karnik-
Mendel tip-indirgeme yontemi bu alt uzaylara bagl olarak optimal kesme noktalari
hesaplamaktadir. Aslinda Onerilen bu alternatif yontemler birbirini tamamlayici
yontemlerdir ¢linkii Sinir Fonksiyonlar1 tabanli Karnik-Mendel tip-indirgeme
yontemi optimal kesme noktalarini hesaplarken, Kesme Noktalar1 Haritasinin Yiizeyi
ise bu noktalar1 agik¢a gorsel hale getirir.

Tez caligmasinin ikinci asamasinda 4 kuralli aralik degerli tip-2 bulanik PID
kontrol6rin analitik ¢ikarimlar: yapilmistir. Bu amagla 4 kuralli aralik degerli tip-2
bulanik PID kontrol6r yapilarinin matematiksel ifadeleri 6nerilen Karnik-Mendel tip-
indirgeme yontemine alternatif yontemler kullanilarak elde edilmistir. Boylece
kullanilan aralik degerli tip-2 bulanik PID kontroldrlerin ¢ikis ifadeleri agikca ifade
edilmistir. Bu calismanin en 6nemli getirilerinden biri olarak aralik degerli tip-2
bulanik PID kontrolorlerinin kontrol kurallarinin giris degiskenleri ve tasarim
parametreleri cinsinden matematiksel olarak ifade edilmesi gosterilebilir. Ayrica bu
calismalar esnasinda kontrol kurallarmmin giris degerlerine bagl olarak zamanla
birbirini arasinda degistigi de gozlenmistir. Elde edilen kontrol kurallari dogrusal
olmayan karmasik ifadeler olsa bile bu ifadeler kontrolor tasarimi ve kararlilik

analizlerinde rahatlikla kullanilabilir oldugu goriilmustiir.

Ayrica bu tezde biri sezgisel fonksiyon digeri optimizasyon tabanli olmak iizere
aralik degerli tip-2 bulanik PID kontrol6rler i¢in iki farkli 6z-ayarlamali yontem
Onerilmistir. Sezgisel 6z-ayarlamali fonksiyon en basit aralik degerli tip-2 bulanik
PID kontrolér i¢in elde edilen matematiksel ifadelere bagli olarak onerilmistir. Ele
aliman fonksiyon en basit aralik degerli tip-2 bulanik PID kontroloriin siirekli hal
noktasi etrafindaki kazang egrisine bagl olarak olusturulmustur. Bu 6z ayarlamali
yontem, alt tiyelik fonksiyonlarinin yiiksekliklerini siirekli bir sekilde degistirerek
belirsizlik izdiistimiiniin biiyiikligtinii ayarlamaktadir. Diger 6z-ayarlama yontemi 9
kurall1 aralik degerli tip-2 bulanik PID kontrolorlerin kural agirliklarini optimizasyon
tabanli ve siirekli bir sekilde ayarlamaktadir. Optimizasyon islemi sistemi en hizli
sekilde ve uygun bir kontrol isareti ile referansa ulasmasini saglayacak olan bulanik
kural agirliklarini belirlemektedir.

Son olarak, 6nerilen 6z-ayarlamali yontemlerin basarimlarini ve aralik degerli tip-2
bulanik PID kontrolérler ile esdegerleri arasindaki temel farklart gostermek
amaciyla, iki benzetim calismasi ve kapsamli bir gercek zamanli karsilastirmali
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deney calismasi gerceklestirilmistir. Gergek zamanli deneyler acik ¢evrim kararsiz
dogrusal olmayan ve zamanla degisken bir manyetik aski sisteminde ger¢ceklenmis ve
aralik degerli tip-2 bulanik PID kontrol6rler dort farkli yontem ile karsilagtirilmastir.
Deney sonuglar1 gostermistir ki aralik degerli tip-2 bulanik PID kontrolorler daha iyi
kontrol performanslar1 sergilemistir. Ayrica aralik degerli tip-2 bulanik PID
kontrolorlerinin istlinliiglin fazladan serbestlik derecesine sahip olmasindan ziyade
belirsizlikler ile basa ¢ikma seklinden kaynaklandigi gortilmiistiir. Buna ilaveten,
Onerilen Oz-ayarlamali kontrol yapilarinin zorlu 6rnek test modelleri tizerinden
benzetimleri yapilmustir. Ilk olarak 6z ayarlamali en basit aralik degerli tip-2 bulanik
PID kontrol6r yapisit bozulmus birinci mertebeden 6lii zamanli sistemler tizerinde,
kontrol6r performansini belirsizlik altinda incelemek adina benzetimler yapilmaistir.
Daha sonra, aralik degerli tip-2 bulanik PID kontroldr i¢in Onerilen optimizasyon
tabanli kural agirliklandirma yontemi ikinci mertebeden dogrusal olmayan bir modeli
olan kaskat ¢ift tank sistemi tizerinde, kontrolor performansini dogrusal olmayan
dinamikler altinda incelemek adina benzetimler yapilmistir. Elde edilen benzetim
sonuglar1 gostermistir ki onerilen yapilar kontrol sistem performansini arttirmakta ve
genel anlamda belirsizliklere ve dogrusal olmayan dinamiklere karsi daha dayanikli
goziikmektedirler.

Bu calismada 6zetle, Karnik-Mendel tip indirgeme yontemine esdeger olan iki adet
alternatif yontem Onerilmis, iki farkli aralik degerli tip-2 bulanik PID kontrolér i¢in
kapali formda analitik ifadeler elde edilmis, iki farkli ©z-ayarlamali yontem
onerilmistir, onerilen yontemlerin performanslar1 dogrusal olmayan dinamikler ve
belirsizler igeren sistemler lizerinde denemis ve aralik degerli tip-2 bulanik PID
kontrolorler diger kontrolorler ile gercek zamanli bir calismanin pargasi olarak
karsilastirilmistir.
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1. INTRODUCTION

Nowadays, Fuzzy Logic Systems (FLSs) have been successfully implemented in
various engineering areas and their applications including control, robotics, image
processing, decision making, estimation and modelling. The fuzzy logic concept was
firstly introduced by Zadeh in 1965 (Zadeh, 1965). The first industrial application
example of the fuzzy logic was accomplished by Mamdani in 1974 in the area of
control theory by constructing to the linguistic control rules of a skilled human
operator (Mamdani, 1974). The FLSs become more and more popular and take part
in many studies from that date. One of the most well known structure fuzzy logic
systems is Takagi-Sugeno-Kang fuzzy logic system which was first proposed in
1985. That system is widely used in control applications (Takagi and Sugeno, 1985).
Also it is presented that Takagi-Sugeno-Kang type (instead of the Mamdani-type)
FLSs made it possible to design and analyze fuzzy control systems more obvious
(Sugeno and Kang, 1988). In this context, the various studies on the fuzzy logic
control and fuzzy logic theory adopt the Takagi-Sugeno-Kang FLS structure (Eksin
et al., 2001; Guzelkaya et al., 2003; Yesil et al., 2004; Kumbasar et al., 2008;
Karasakal et al., 2011). Moreover, since most of the systems and processes are
characterized by uncertainties and nonlinearities, various fuzzy modeling and fuzzy
control strategies have been successfully implemented in many engineering problems
( Babuska et al., 2002; Guzelkaya et al., 2003; Precup et. al, 2004; Duan et al., 2008;
Ahn et al., 2009; Karasakal et. al, 2013).

In literature, various study have been performed on Fuzzy PID (FPID) controllers. In
general, the FPID controllers classified into two major categories with respect to the
way they are constructed (Xu et al., 2000). The first category is that the gains of the
conventional PID controller is tuned online by a fuzzy logic system with a
knowledge base and inference mechanism (Zhao et al., 1993) in other words, the
conventional PID controller generates actual control signal while its gains are tuned
by a FLS. The second category is that a FLS is directly used for generating actual

control signal regarding to its knowledge base, inference mechanism and fuzzy rules



(Mizumoto, 1992; Li et al., 1996). Nowadays, FPID controllers referred as second
category because from the input-output relationship point of view, the structure of
FPID controller is analogous to a conventional PID controller (Galichet et al., 1995;
Li et al., 1996; Quio and Muzimoto, 1998; Huang et al. 1999). There are various
recent studies which are performed for FPID controllers with various self-tuning
structures such as heuristic or non-heuristic functions, rule weighting and
optimization (Ahn et. al, 2009; Bouallegue et al., 2011; Karasakal et al., 2013; Yesil
et al., 2013).

However, researchers demonstrated that there might be limitations in the ability of
ordinary fuzzy logic systems or type-1 fuzzy logic systems (T1-FLSs) in the ability
of expressing the uncertainties and nonlinearities (Hagras 2004, Wu, 2006). This
limitation is partly occurred because of the fact that, the membership grade for each
input value is a crisp value (Mendel, 2007). It has been shown that Type-2 Fuzzy
Sets (T2-FSs) are more suitable in some circumstances where it is difficult to
determine the accurate membership function for a fuzzy set (Karnik et al., 1999). The
concept of T2-FSs is a generalization of ordinary fuzzy sets (type-1 fuzzy sets, T1-
FSs) and was firstly introduced by Zadeh (Zadeh, 1975). Mendel, (2000) stated that
FLSs that are described with at least one T2-FSs are named as Type-2 Fuzzy Logic
Systems (T2-FLSs). The major importance of T2-FLSs is the Footprint of
Uncertainty (FOU) that models the uncertainties and nonlinearities in a secondary
membership function. It has been illustrated that T2-FSs are much more powerful to
handle uncertainties and nonlinearities compared to type-1 fuzzy logic systems
(Liang et al., 2000 and Coupland et al., 2007). On the other hand, the major problem
with T2-FLSs is the computational burden in the type reduction operation which is
used for reducing T2-FSs to T1-FSs in the rule base (Liang and Mendel, 2000; Wu
and Mendel, 2002; Mendel et al. 2006). Therefore, to overcome this problem, Liang
et al. (2000) and Mendel (2000) proposed a special type of T2-FSs called Interval
Type-2 Fuzzy Sets (IT2-FSs), in details, the secondary grades of an IT2-FS is always
one while it is variable for T2-FSs. In IT2-FLSs, the type-reduction mechanism is
used to map the IT2-FSs into a T1-FSs and afterwards routine defuzzification
procedure is accomplished to obtain a crisp quantity (Liang and Mendel, 2000;
Mendel, 2000; Wu and Mendel, 2011). However, researchers still concern the
computational cost of calculating the output of IT2-FLSs. Here, the type reduction



mechanism is the main cause of the complexity issue. The most commonly used
algorithm for type reduction is called Karnik-Mendel type-reduction method and it is
presented in detail in (Wu and Mendel, 2007). In this method, the type reduced set is
formed after determination of the optimal switching points. However, since these
important switching points cannot be predetermined as explicit functions of the
inputs the (Karnik-Mendel) KM algorithm has to calculate the type reduced set of the
IT2-FLS iteratively (Liang and Mendel, 2000; Wu and Mendel, 2007). Therefore, the
computation of the type reduced set becomes a bottleneck for IT2-FLSs due to
iterative nature of KM algorithm. Therefore, several approximations of the KM
algorithm have been proposed (Begian et al., 2008; Du and Ying, 2010; Nie and Tan,
2008; Wu and Tan, 2005; Wu and Mendel, 2002). Nevertheless, it has been shown
that the alternative type reduction methods cannot capture the features of the KM

algorithm (Wu, 2011).

IT2-FLSs have been successfully used in various study for controller design and
controller analysis. In order to show the feasibility of type-2 fuzzy logic systems,
real-time control applications such as liquid-level process control (Wu and Tan,
2006b), autonomous mobile robots (Martinez et al., 2009), nonlinear plant control
(Castillo et al., 2005), bioreactor control (Galluzzo et al., 2008), pH control
(Kumbasar et al., 2011, Kumbasar et al.,2012) have been handled and implemented
successfully. Moreover recently, researchers began investigating the internal
structure and stability analysis of the IT2-FLSs. It is demonstrated that significant
control performance improvements can be achieved by IT2-FLSs in comparison to
its type-1 counterpart (Hagras, 2004; Wu ad Tan, 2010; Wu 2012; Castillo and
Melin, 2008). It has been shown in various works that IT2-FLSs achieve better
control performances because of the additional degree of freedom provided by the
FOU in their antecedent membership functions (Wu, 2012; Kumbasar et al., 2012).
In literature, the design of the IT2-FLS is also solved by extending membership
functions of an existing T1-FLS or by employing optimization algorithms (Wu and
Tan, 2006; Kumbasar and Hagras, 2013a; Yesil, 2014).The stability analysis of the
interval type-2 fuzzy model based control systems is examined (Lam and
Seneviratne, 2008) and the stability of the IT2-FLCs is presented in (Biglarbegion et
al., 2010) by using an alternative type-reduction method which enables to write the

output of the IT2-FLC in a closed form (Wu and Mendel, 2002). Moreover,



analytical derivations of the Interval Type-2 Fuzzy PI and PD (IT2-FPI and IT2-
FPD) controllers are obtained in (Du and Ying, 2010; Nie and Tan, 2012) by
dividing the input space to several number of sub-regions. It is derived that the
closed-from formulation of the single input Interval Type-2 Fuzzy PID (IT2-FPID)
controller (Kumbasar, 2013c). The research interest on this topic still continues to
understand and analyze the internal structure of the IT2-FLCs better and design more

systematic controllers.

In this thesis, the analytical structural analysis of a special kind of IT2-FPID
controller which is composed of four rules are presented with respect to the
switching points of KM type reduction method. For this purpose, first a novel
graphical method called Surface of Switching Points Map (S-MAP) to visualize and
understand better the variation of the switching point selection of the KM algorithm
is explained (Sakalli et al., 2014a). The switching points which are determined by
KM algorithm define the formulation of the control law which is the output of the
IT2-FLS for IT2-FPID controller structure. The S-MAP is a novel plot that illustrates
the switching point selection of the KM algorithm which is based on the Boundary
Function based Karnik-Mendel (BF-KM) type reduction method (Dodurka et al.,
2014). In order to derive the BF-KM, first a novel representation of the switching
points of the IT2-FPID controller is first decomposed into subcontrollers and then the
Boundary Functions (BFs) are derived to determine the optimal switching points of
each subcontrollers. The analytical formulation of determining optimal switching
points is derived from by solving determined inequality type equations in order to
obtain the crisp output of the IT2-FPID controller. The BF-KM type reduction
method can be assumed as an enhancement to the original KM type reduction
algorithm because it eliminates the iterative nature of the KM algorithm and it
reduces the computational complexity of the KM type reduction algorithm. Then
with the aids of the proposed alternative approaches, S-MAP and BF-KM, the
closed-form formulation of the 4-rule IT2-FPID controllers are derived. Here, the
mathematical expressions of the 4-rule IT2-FPID controllers is obtained by using
decomposition property of the employed controller structure in terms of the different

control laws of each decomposed subcontroller of the IT2-FPID controller.

Moreover, the closed-form formulation of the simplest IT2-FPID controller around

the steady state is derived and it is showed that the IT2-FPID controller is analogous



to a PID controller. The output of the simplest IT2-FPID controller is expressed in
terms of the parameters of the antecedent IT2-FSs of the rules. In the light of the
observations, a simple self-tuning mechanism that adjust the controller gain via the
size of the FOU is proposed and the effectiveness of the proposed self-tuning
structure for 4-rule IT2-FPID controller is discussed with the simulation studies.
Furthermore, a comparative real-time experimental results between ordinary FPID
(Type-1 Fuzzy PID, T1-FPID) IT2-FPID controller structures on the QUANSER
Magnetic Levitation Plant (MAGLEYV) is presented (Sakalli et al., 2014b). The real-
time experimental results of IT2-FPID controller is also compared with two STT1-
FPID controller structures which are based on the Function Tuner (FTT1-FPID) and
based on the Relative Rate Observer (RROT1-FPID). The employed self-tuning
mechanisms allow the T1-FPID structures to have more degrees of freedom. In this
context, if the power of the IT2-FPID lies in its ability to handle the high level of
uncertainties rather than only having an extra degree of freedom is investigated on a

open loop unstable and nonlinear plant.

The thesis organized in 7 sections including conclusion. In section 2, the general and
internal structures of IT2-FPID controllers is explained in terms of structure of FPID
controllers, definitions and advantages of IT2-FSs and IT2-FLSs. In Section 3,
proposed a novel visualizing method S-MAP and a type-reduction method BF-KM
is explained in detail. In section 4, the mathematical expressions of IT2-FPID
controllers for 4-rule structure are derived explicitly with respect to the S-MAP and
BF-KM. In section 5, a self-tuning structure for the simplest IT2-FPID controller is
presented with respect to the control law around the steady state, after that an
optimization based rule weighting method for IT2-FPID controllers is presented. In
Section 6, simulation and real-time experimental studies are presented. First, a
comparison study between I[T2-FPID controller and TI1-FPID controllers on
MAGLEYV is presented and then a self-tuning structures are examined on benchmark
plants with uncertainties and nonlinearities. Consequently, the results are concluded

and discussed in the conclusion section.






2. INTERVAL TYPE-2 FUZZY PID CONTROLLERS

2.1 General Structure of Fuzzy PID Controllers

Interval Type-2 Fuzzy PID (IT2-FPID) controllers are generalized forms of those
Type-1 Fuzzy PID (T1-FPID) controllers and also T1-FPID controllers are often
mentioned as an alternative to conventional PID (Proportional-Integral-Derivative)
controllers since they are analogous to the PID controllers from input-output
relationship point of view (Galichet and Foulloy, 1995; Qiao and Muzimoto, 1996).
Recently, PID controllers are widely used in many control areas such as process
control, adaptive control, robust control, nonlinear control, automation and robotics
and they are still the most used controller type in the industry (Astrom and Hagglund,
2005). The design strategies of conventional PID controllers depends on the
mathematical model of the system, however conventional PID controllers may not
provide satisfactory results in case of unperfect model. In this context fuzzy logic
controllers especially approximately analogous to conventional controllers are
widely used in case of high-order system model, nonlinear system behavior or
uncertainty in the system. Conventional PID controllers provide a linear
transformation or mapping between their inputs and outputs while Fuzzy PID (FPID)
controllers provide a nonlinear transformation or mapping between their inputs and
outputs. It can be also said that a FPID controller is a conventional PID controller

with variable controller gain (Huang et al., 1999).

In literature, various fuzzy controller structures are proposed including PD-type
(Proportional-Derivative), PI-type (Proportional-Integral) and PID-type (Li and
Gatland 1996, Yesil et al. 2003). These fuzzy controller structures consists of input
and output Scaling Factors (SFs) and a Fuzzy Logic System (FLS). Here notice that,
all of these fuzzy controllers could use the same FLS but the number and usage of
SFs determines the fuzzy controller structure. In this context, fuzzy controllers are
constructed by choosing the inputs to the error (e) and derivative of the error (é) and
the output as the control signal (u). Also in some studies (Mudi and Pal, 1999;
Giizelkaya et al., 2003; Karasakal et al., 2011) inputs are defined in discrete time



expression instead of continuous time expression by using error (e(k)) and change of
the error (Ae(k)) but these expressions do not change the general structure of fuzzy
controllers. In this thesis, we prefer the continuous time expression in definitions and
explanations of employed structures and methods for the sake of consistency. Then,
definitions of inputs of a fuzzy controller (regardless to the type of the controller) can

be given as follows:

e=r—y 2.1
. _de d(r-y)
Q_E_—dt 2.2)

where 7 is the reference signal or set point and y is the system output. In fuzzy
controller structures (regardless to the type of the controller), input SFs normalize the
inputs to the universe of discourse, particularly, K, normalize the error input and K,

normalize the derivative of error input as follows:
E =K_e, Ee[-11] 2.3)
D =Kqé, De€[-11] 2.4

where E is the normalized error input of the FLS and D is the normalized derivative
of error input of the FLS. Here, the universe of discourse is defined in the interval,
which is defined as [—1, 1], so inputs E and D are also defined in the same interval.
Also notice that, e is the input of a fuzzy controller regardless to the type of
controller structure; PD, PI or PID while E is the input of FLS that is used in the
fuzzy controller. Similarly, é is another input of a fuzzy controller regardless to the
type of controller structure; PD, PI or PID while D is another input of the FLS that is
used in the fuzzy controller. Moreover, the output of the fuzzy controller (u), which
is also control signal, is generated by the output of the FLS that is used in the fuzzy
controller (U) and output SFs, in other words, the output of the FLS is converted into
the control signal by the output SFs. In details, K, is a constant gain of the output of
the FLS and Kj, is the integral gain of the output of the FLS. Here also notice that,
output SFs make the control signal applicable for a particular problem or a real life

problem because the output of the FLS could only take values in the interval [—1,1]



due to universe of discourse. Therefore, the generalized formulation of the output of

a fuzzy controller that used in this thesis is defined as follows:

u=K,U+K, f udt, Ue[-11] (2.5)
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Figure 2.1 : Closed loop control structure of fuzzy logic systems.
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Figure 2.2 : Fuzzy PID controller structure.

The FPID controller structure including input and SFs and the FLS (regardless to the
type) and a model closed-loop control block diagram are illustrated as in Figure 2.1
and Figure 2.2. Here obviously, one can generate various fuzzy controller structures
(PL, PD or PID) with respect to the SFs. For example, a FPID controller is obtained
in case of all SFs are assigned, a Fuzzy PD (FPD) controller is obtained in case of
K, = 0 while other SFs are assigned, and a Fuzzy PI (FPI) controller is obtained in
case of K, = 0 while other SFs are assigned. In fact, a FPID controller reduces into
FPI controller or FPD controller if a SF is not assigned. Then, potential combinations

of fuzzy controllers are summurized in Table 2.1.

Table 2.1 : Potential combinations of fuzzy PI- PD-PID controllers.

Controller Type K. K, K, K,
FPD v v v -
FPD v - v v
FPI 4 v - v
FPI v - v v
FPID v v v v




As shown in Figure 2.1 and Figure 2.2, the actual control signal of the closed loop
system is a function of scaling factors and the output of the FLS as u = f(U, K,, Kp)
oru = f(U, [U,Kg Kp). The FLS performs a nonlinear mapping between its inputs
and output, so the output of the FLS can also be expressed as a function of its inputs
namely, error and derivative of the error as U = f(E,D) or U = f(e,é,K,, K,;).
Therefore, the actual control signal can be represented by combining meta functions
in terms of input and output scaling factors, the error, the derivative of the error and
integral of the error as u = f(e, ¢, [ e,K,, K4, K4, Kp,). Note that f(.) represents a
function and it is used for the sake of simplicity. Consequently, the general FPID
controller structure becomes analogous to conventional PID structure. This analysis
was examined in detail by considering the input space into several subplanes and
mathematical expression of membership functions (Qiao and Muzimoto 1996) and

the actual control signal can be written as

u= KaKO + KbKOt + (KaKeKl + KbKdKZ)e
+U%Kdﬂ)f€dt+(KdQKgé (2.6)

where K,, K; and K, are the constants which are calculated with respect to
antecedent and consequent membership functions. They are calculated with respect
to values of consequent sets and apexes of the antecedent membership functions for
corresponding inputs and subplanes. Here, K|, is a nonlinear term, which converges
to zero in time. So one can say that a FPID controller is similar to a conventional PID
controller with variable gain. Then after eliminating the nonlinear term considering
steady state behavior, the equivalent formulation of FPID and PID controllers can be

achieved as follows:

Upip = Kp@‘l‘K[f@dt‘l‘KDé (2.7)
Ky, = K K K; + Ky KK, (2.8)

K; = Kp KKy (2.9)

Kp = KoKaK> (2.10)
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2.2 Internal Structure of Interval Type-2 Fuzzy PID Controllers

2.2.1 Interval type-2 fuzzy sets

Type-2 fuzzy sets (T2-FSs) are assumed as generalized form of those Type-1 Fuzzy
Sets (T1-FSs). T1-FSs are also called as ordinary fuzzy sets since the first proposed
fuzzy sets point out this type of fuzzy sets. Although T2-FSs are generalized form of
T1-FSs and the base of it is a T1-FS, unfortunately T2-FSs cannot be easily
described mathematically like T1-FSs due to their additional dimension (Mendel,
2007). The membership degree of a type-1 membership function (which means that a
T1-FS is used as a membership function) is a crisp number, while the membership
degree of a type-2 membership function is a T1-FS (Wagner and Hagras, 2010).
Moreover, the membership degree of an interval type-2 membership function which
is special case of type-2 membership functions, is also a type-1 fuzzy set but whole
non-zero membership degrees always equals to one, in other words, the secondary
grades of it always equals to one with respect to the input variable and corresponding
primary membership. That is the why Interval Type-2 Fuzzy Sets (IT2-FSs) are
called as interval. Moreover, one can notice that IT2-FSs are particular form of those

T2-FSs and generalized form of those T1-FSs.

The input variable (x) definition in T1-FSs is also called as primary variable (x) for
T2-FSs and IT2-FSs. The membership function corresponding to the primary
variable can be called as primary membership function (u(x)) for both T1-FSs and
T2-FSs. The grade of a primary membership function with respect to input value is
called membership degree or membership grade for T1-FSs while it is called primary
membership of x (J,,) for T2-FSs. Then one can observe that a T1-FS (A4) consists of
only a primary variable, a primary membership function and a membership grade
while a T2-FS (4) includes uncountable number of primary membership function
and membership degree and primary membership is in fact the union of the all
membership degrees. The secondary variable (u) is an element of a primary
membership. Here notice that a T2-FS include uncountable element of primary
membership and these primary memberships generate the input of the secondary
membership function (pz(x, u)) which is special for T2-FSs when comparing to T1-
FSs. The secondary membership function is a T1-FS and it might be triangular,

trapezoid, gaussian, interval etc. The secondary grade is the weight of each
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secondary variable. Here, when the interval secondary membership function is used,
an IT2-FS is obtained (Liang and Mendel, 2000). Therefore, a type-2 fuzzy set

denoted by A4, is characterized by a type-2 membership function as

A={((x,w),uz(x,w)| vx €X, vuej, c[0,11]} Q.11)

where X is the domain of the input variable, x is the value of the input variable, u is
the primary grade of a type-2 fuzzy set and J,, is the primary membership of a type-2
fuzzy set, uz(x,u) is the secondary membership function which is also T1-FS and
defined as 0 < p;(x,u) < 1. Moreover, for a continuous universe of discourse a T2-

FS can be expressed as follows:

_ MA(xl u)
4= '[xEX —[uE]x (x' U.) = [0’1] (2.12)

where ff denotes the union over all admissible x and u pair. The union of all primary
memberships is called as Footprint of Uncertainty (FOU), the FOU represent in fact
uncertainties in antecedent membership functions. In addition, the FOU is the
superiority of a T2-FS. It is expressed by projecting it into the base plane (primary
variable versus secondary variable plane), and after shading the closed area because,
visualizing a T2-FS or IT2-FS in 2D instead of 3D is easier and more thoughtful. If
all secondary grades of a T2-FS equal to one (uz(x,u) < 1forvu € J, < [0,1]), then
an IT2-FS is obtained. An IT2-FS or T2-FS can be described in terms of Lower
Membership Function (LMF) and Upper Membership function (UMF). Here lower
and upper bound of footprint of the uncertainty (or shading area in 2D

representation) are called LMF (uz) of type-2 fuzzy set and UMF () of type-2

fuzzy set respectively. Obviously, an IT2-FS can be represented by the collection of
a LMF and UMF and by the shading area between them.

The main differences between T1-FS, T2-FSs and IT2-FS are illustrated in following
examples. First, consider a triangular membership function defined in the interval
x €[1,9]. The core of the membership function is at ¢ = 3 and supports of the
membership function are at [ = 3 and r = 7. Here, some uncertainty about supports
of the membership function is considered ({ =3 £ 1 and r = 7 &+ 1) for T2-FS and

IT2-FS. The input value is x = 4.2 for all following membership functions.
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Figure 2.3 : Triangular type-1 fuzzy set.
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Figure 2.4 : Triangular type-2 fuzzy set.
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Figure 2.5 : Secondary membership function of type-2 fuzzy set.
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Figure 2.7 : Secondary membership function of interval type-2 fuzzy set.

As shown in Figure 2.3 the T1-FS has a crisp membership degree for a given input
while T2-FS and IT2-FS have uncountable number of membership degree in an
interval as shown in Figure 2.5 and Figure 2.7. Here only five points (red dots) are
considered in order to better explanation of T2-FSs but remember that the number of
element of primary membership is uncountable. Also T2-FS and IT2-FS have
different membership degrees in the bounded interval for a given input value and this
bounded interval is called primary membership and a T2-FS have uncountable
number of primary membership in input domain with different values. Moreover,
IT2-FSs can be explicitly described by only LMF and UMF because the secondary

grades of IT2-FSs are constant and always equal to one as shown in Figure 2.10.
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Figure 2.8 : 3D representation of type-2 fuzzy sets.
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Figure 2.9 : 3D representation of interval type-2 fuzzy sets.
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Figure 2.10 : Secondary grades of different type-2 fuzzy sets.

The main difference between T2-FS and IT2-FS is also illustrated in Figure 2.10,
here the secondary grade of an IT2-FS is always 1 while T2-FS depends on the
secondary membership function and secondary grade of an T1-FS is singleton. Here
notice that a IT2-FS and its FOU can be explicitly described by LMF and UMF in
2D while a T2-FS can not. As stated in (Mendel, 2007), T1-FS is 2D (primary
variable vs membership degree) while T2-FS is 3D (primary variable, secondary
variable/primary membership vs secondary grade) as shown in Figure 2.8 and Figure
2.9. The further observation might be that the FOU provides extra dimension to T2-

FSs and extra degrees of freedom to T2-FLSs comparing to type-1 counterparts.

Secondly, consider a Gaussian membership function, which is defined in the interval
x € [1,9]. The center point of the Gaussian membership function is at ¢ = 5 and the
standard deviation is ¢ = 1. Here, some uncertainty about center point is considered

(c=54a,a=0.5) for IT2-FS while standard deviation is constant. Therefore,
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LMF and UMF become in different fashion (unlike previous example). In addition,

the input value is x = 4 for all following membership functions.
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Figure 2.11 : Gaussian type-1 fuzzy set.
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Figure 2.12 : Gaussian interval type-2 fuzzy set constucted via uncertainty.

Note that, the FOU can be generated in various methods, i.e. blurring (Wu, 2012),
uncertainty (Mendel 2007) and scaling of the height of the LMFs (Kumbasar 2011).
The blurring means that T2-FS is obtained by moving the base T1-FS on the
horizontal axis as shown in Figure 2.13. The uncertainty points out the uncertainty
about parameters of membership functions as shown in previous examples, Figure
2.7 and Figure 2.12. The scaling of the height of the LMFs means that T2-FS is
obtained by changing the height of the base T1-FS as shown in Figure 2.14. In this
thesis, the scaling method is preferred for IT2-FLS because LMF and UMF can be

constructed in same fashion and the mathematical expression of the IT2-FS can be
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written as a function of its input variable and additional parameter which represents
the height of the LMF. The additional parameter is defined in the interval [0,1].
Moreover, the size of the FOU changes with respect to the value of the additional
parameter. While the parameter increases, the size of the FOU vanishes, while the

parameter decreases, the size of the FOU expanded.

T T

0.8} -
?,3 <« UMF
B 0.6k -
R
]
5 LMF
o 04+ -
g
L)
=

0.2+ FOU 2

0 § i
I+a 1 l-a C r-a r r+a

Input variable

Figure 2.13 : Triangular interval type-2 fuzzy set constructed via blurring.
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Figure 2.14 : Triangular interval type-2 fuzzy set constructed via scaling.

As shown in Figure 2.14, the LMF can be explicitly expressed in terms of UMF and
the height value (m). That situation reduces the mathematical complexity of IT2-FSs
while it still includes the FOU. Therefore, that is the why it is preferred in this thesis

for constructing a IT2-FPD controllers.
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2.2.2 Interval type-2 fuzzy logic systems

A fuzzy logic system that is described with at least one T2-FS is called as an Interval
Type-2 Fuzzy Logic System (IT2-FLS). Similar to a Type-1 Fuzzy Logic Systems
(T1-FLS), T2-FLS (or IT2-FLS) consist of four main parts: fuzzifier, fuzzy rule base,
inference engine, defuzzifier as shown in Figure 2.15. However an additional part
which is named type-reducer is used in T2-FLSs because T2-FLSs evaluate and
calculate T2-FSs instead of T1-FSs. In this context, type-reducer, converts type-2
information to type-1 information which is only usable for defuzzifier, in details, the
type-reducer combines the type-2 output fuzzy sets and leads to type-1 fuzzy sets
which are also called as type-reduced sets, then the defuzzifier uses the type-reduced
sets for defuzzification process. A simple block diagram of an IT2-FLS, which is
also a particular case of a general Type-2 Fuzzy Logic System (T2-FLS) is given in
Figure 2.16.

Crisp Input Crisp Output
e |
! [
: Rules |
|
I ry :
| |
: Y |

|
l Fuzzifier » Inference » Defuzzifier |
! Type-1 Fuzzy Type-1 Fuzzy |
| Input Sets Output Sets |
! TI-FLS !

Figure 2.15 : Block diagram of type-1 fuzzy logic system.

Crisp Input Crisp Output

T $
: \
- |

! Rules Defuzzifier i
! /Y !
! /) Type-Reduced Set |
i v Y (Type-1 Fuzzy Set) |
|

l Fuzzifier » Inference » Type-Reducer }
! Type-2 Fuzzy Type-2 Fuzzy |
| Input Sets Output Sets |
| T2-FLS |

Figure 2.16 : Block diagram of interval type-2 fuzzy logic system.

In this thesis, a Takagi-Sugeno-type FLS is considered for IT2-FPID controller,

which means that, the consequent part of the FLS is a crisp function of inputs or crisp
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constant values (singleton). Then by considering the fuzzy controller structure,
antecedent membership functions of the IT2-FLS is defined by IT2-FSs while
consequent membership functions of the IT2-FLS is defined by type-0 fuzzy sets
(crisp or singleton). In addition, this type of FLS structure is also called as A2C0
system, pointing that antecedent part is type-2 and consequent part is singleton. Then

a fuzzy rule of IT2-FLS of IT2-FPID controller can be expressed as follows:
Ry IF EisA; and DisB; THEN U isC,withw, 2.13)

where E and D are inputs of the IT2-FLS, 4; and B’j are IT2-FLSs which are the
antecedent membership functions of E and D inputs respectively, U is the output of
the IT2-FLS, C, is the consequent crisp set. Here, R, is the rule number, q is the rule
index and wy, is the weight of corresponding a fuzzy rule. The total firing interval of

a rule is defined as

fo=fa 7 2.14)

where
fqo = 1, (E) 0 pg (D) 2.15)
fq ="z E) Nz (D) (2.16)

where pz (E) is the member degree of a LMF of the error input E, Hil'i (E) is the
member degree of an UMF of the error input E, Mp; (D) is the member degree of a

LMF of the derivative of the error input D, ’_‘Ej (D) is the member degree of an UMF

of the derivative of the error input D. Here, N also denotes the t-norm operator,
which is the algebraic product in this thesis. Obviously, the firing strength (or firing
interval) of a rule in IT2-FLS has two values, the lower firing interval and the upper
firing interval. However, firing intervals cannot be directly computed in
defuzzification process so the type-reducer uses these firing intervals and converts
them into the type-reduced set as shown in Figure 2.16. The crisp output of the IT2-
FLS can be described with the type-reduced sets as shown (Liang and Mendel, 2000)
thus; the output of the IT2-FLS can be formulized as follows:
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U, + U,
U=— (2.17)

where U; and U, are the left and right end points of the type-reduced set. It is shown
that the end points of the type-reduced set can be defined for IT2-FLS as following
(Mendel 2006):

23=1chq
Ucos = ——— = U, U,
U S [U,, Ur] (2.18)

F Q
Ié:l fng + Zq=k+1 &gq

kK F Q
q=1fq + Zq=k+1£‘q

U; = min (2.19)

(2.20)

In IT2-FLS structure of IT2-FPID controller, uniformly distributed piecewise %50
overlapped triangular antecedent membership functions and crisp consequent sets are
considered. For the reason when uniformly distributed piecewise %50 overlapped
triangular antecedent membership functions are used, the output formulation of the
fuzzy controller is derived easily after simplifications and it becomes analogous to
conventional PID controller (Quio and Muzimoto, 1996). Moreover, the rule base
structure is constructed as a symmetric as preferred in many control applications (Li
and Gatland, 1996; Kumbasar et al. 2011). In this context and without losing
generality, the antecedent membership functions of the employed IT2-FLS structure

of IT2-FPID controller is constructed as follows:

S
>
mi—l/ m; QH
> L
a— a; Ait1q

Figure 2.17 : Antecedent membership functions for the error input.
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Figure 2.18 : Antecedent membership functions for the derivative of error input.

bjm=D ooy
b= b l
#5,(0)=1p_p 2.23)
— I D<b
\bj = bj—s ')
_ B 4 bj+1 — bj g ¥
Hg,(D)=3p_p (2.24)
l—’ D< biJ
b] - bj—l

Here, S represents the distance between the apexes of membership functions as
illustrated in Figure 2.15 and Figure 2.16,. It is also constant for all membership
functions in the universe of discourse with respect to the total number of the
membership functions of corresponding input. Clearly, depending on the S, the

parameters of the antecedent membership functions is determined. For example,

when total numbers of the membership functions is 5, then S becomes 0.5 and the

cores of membership functions are chosen as {-1, -0.5, 0, 0.5, 1}.
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2.2.3 Karnik-Mendel algorithm

The most commonly used type-reduction method is the iterative Karnik-Mendel
type-reduction method. Wu pointed out two important features of Karnik-Mendel
type-reduction methods, namely, inconsistency and addictiveness (Wu, 2012). The
inconsistency means that LMFs and UMFs of the same IT2-FLS may or may not be
used simultaneously in computing the type reduced set. The addictiveness means that
the bounds of the type-reduced interval set change if the inputs change. Moreover,
the globality and the exponentially convergence of the KM algorithm is clearly
investigated. On the other hand, KM algorithm has high computational cost because
of its iterative nature therefore some approximations are proposed in order to fasten
the type-reduction process. Although five alternative approximations for type-
reduction method are already used in many studies (Begian et al., 2008; Du and
Ying, 2010; Nie and Tan, 2008; Wu and Tan, 2005; Wu and Mendel, 2002), KM
type reduction method still provides more satisfactory results because of its two
unique features. In this context, the Karnik-Mendel type reduction method is

preferred in this thesis.

The KM algorithm determines the left end point (U;) and the right end point (U,) of
the type reduced set (Upg = [U; U;]) and left and right switching points (L and R)
separately. The steps of KM algorithm for computing left and right end points are
summarized in (Wu and Mendel, 2007). Here notice that the bottleneck of the I1T2-
FLSs is to determine the end points of the type reduced sets of the IT2-FLS. In brief,
the left and right end points of the type-reduced set and SPs are determined

separately by two iterative algorithms as explained below.
Consequently following steps should be performed for computing Uj:

Step 1 : Sort lower values of consequents (C; where ¢ = 1,2, ..., Q and @ is the total
number of rules) in increasing order and then match the firing intervals with respect

to new index of consequents.

G=6G==( (2.25)
e (2.26)
fisf,s—<f, 2.27)
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Step 2 : Initialize the algorithm by setting initial total firing intervals as follows:

fa=7 , q=12,..,Q (2.28)

and compute the initial output value for the left end point of type reduced set (U,)

with respect to calculated initial total firing interval as

Q
(i 0 29
>0, fy *29)
Step 3 : Find a candidate left switching point (L) such that
gLSUOSgL+1; 1SLSQ—1 (2.30)

Step 4 : Update the total firing intervals with respect to the obtained candidate

switching point as follows:

f, a<L
fq=[£: q>L}, q=12..,0Q (2.31)

and compute the new output (candidate left end point of the type-reduced set, U’)

with respect to updated common firing strength as follows:

2 fiC

TS 2.32)

Step S: If the initial output do not equal to new output, go to Step 3 for next iteration

after setting new output to the initial output in order to use in next iteration as

Up=U" (2.33)

otherwise, stop the algorithm, set the left end point of the type reduced set (U;) and
optimal left SP (L") as follows:

U=Uy=U 2.34)

L'=L (2.35)
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Consequently, following steps should be performed for computing U,:

Step 1: Sort upper values of consequents (Eq where ¢ = 1,2, ..., Q and Q is the total
number of rules) in increasing order and then match the firing intervals with respect

to new index of consequents.

C,<C < <Cy (2.36)
fisf,<—<f, 2.37)
hshs—-=sf (2.38)

Step 2 : Initialize the algorithm by setting initial total firing intervals as follows:

fa=7 , q=12,..,Q (2.39)

and compute the initial output value for the right end point of type reduced set (U)

with respect tocalculated initial total firing interval as as

_ Zumify (2.40)
e .
Zq=1 fq
Step 3 : Find a candidate right switching point (R) such that
Cr<Uy<Cryy, 1<R<Q-1 (2.41)

Step 4: Update the total firing intervals with respect to the obtained candidate

switching point as follows:

fo a<R
f;lz fq q>R ) q=1'2' IQ (2.42)

and compute the new output (candidate right end point of the type-reduced set, U’)

with respect to updated common firing strength as follows:

_ 3L 4G
et

4

(2.43)
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Step S: If the initial output do not equal to new output, go to Step 3 for next iteration

after setting new output to the initial output in order to use in next iteration as
Up=U" (2.44)

otherwise, stop the algorithm, set the right end point of the type reduced set (U,.) and
the optimal right SP (R") as follows:

Up=Up=U' (2.45)

R* =R (2.46)
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3. ALTERNATIVE APPROACHES TO KM TYPE-REDUCTION

In this section, a visual method, which is called the Surface of Switching Points Map
(S-MAP), is proposed in order to better analyze the determination of SPs of the KM
algorithms (Sakalli et al., 2014a). In brief, the S-MAP helps us to understand and
analyze the selection of SPs of the KM algorithm without using its iterative
procedure. Then a novel type-reduction method which is called Boundary Function
based Karnik-Mendel (BF-KM) type-reduction method is proposed (Dodurka et al.,
2014) in order to reduce computational burden of KM algorithm. In brief, The BF-
KM is used for determining the SPs of the IT2-FPID controllers for a given input set.
Then, a comparison study between BF-KM and other KM based type reduction
methods is given. Finally, an illustrative numerical example is presented for the sake

of clear demonstration of the proposed alternative methods.

3.1 Surface of Switching Points Map (S-MAP)

The KM algorithm determines iteratively the left and right end points of the type-
reduced set with respect to the values of SPs for a given input set as explained in
previous section. However, the iterative nature of the KM algorithm inhibits the
estimation of SPs for any given input set. In this context, the S-MAP is a useful
method for visualizing and understanding the selection of the SPs of the KM
algorithm. Note that S-MAP is an auxiliary method in order to investigate the bases
of KM algorithm. In S-MAP each SP set is represented by a certain region, thus, the
values of SPs can be visualized corresponding to the values of inputs. Each region on
the S-MAP also points out different SP set of KM algorithm and different control
laws of IT2-FPID controller. Moreover, the S-MAP is a helpful method especially
for IT2-FPID controller structure, since the effect of the size of the FOU can easily
interpreted via the S-MAP. For example, when uniformly distributed piecewise %50
overlapped triangular IT2-FS is used for antecedent membership functions of 4-rule
IT2-FPID controller, the size of FOU directly depends on the heights of the LMFs
(m;) of IT2-FLS. Therefore, we can clearly say that the areas of the different regions
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on the S-MAP is changed with respect to the values of the heights of the LMFs (m;)
of IT2-FLS.

In this visual method, values of the SPs are project to a three dimensional space with
respect to the input variables. In the three-dimensional space, a point is expressed
with three terms, the values of inputs E and D (for x-axis and y-axis) and the
translated SPs values (for z-axis). For this purpose, first of all input space (E €
[—1,1] and D € [—1,1]) quantized into several pieces, notice that if the density
increases (or number of grids increases or the value of quantization interval
decreases), the accuracy of the S-MAP increases. Then, the SPs are calculated
separately for all point on the input space grid and the obtained SPs (L* and R¥).
They are combined in an additional parameter which is also called as Translated SP

value (Tgp) and defined as follows:
Tgp = L* x 104(N-1 4 R* G.1)

where R* is the right SP of the KM algorithm, L* is the left SP of the KM algorithm,
N is the total number of rules, d(.) is a function that indicates the number of digits
on its input. In order to be more precise consider following illustrative cases, when
L*=3,R*=15and N = 25 then Tsp = 0315, when L* = 12, R* = 15and N = 25
then Tsp = 1215, when R* =8, L' = 6 and N = 9 then Tgp = 68. Here, Tsp has
totally 2n digits and its first n digit represent the left SP (L*) while the last n digit
represents right SP (R*). Then, the obtained Tgp values for grid points on the input
space can be drawn in 3D sketch corresponding to the input values. However, in this
case, the 3D figure becomes challenging to understand because of scaling problems
since the different values of Tsp may become quite different (L* =1, R* = 2 and
N = 25 then Tgp, = 0102 while L* = 22, R* = 24 and N = 25 then Tsp, = 2224,
thus, Tsp, = 0102 K 2224 = Tgp,). In this context to overcome this problem, the
different values of Tsp is indexed in ascending order as {0,1, ..., n} here n represent
the total number of different-valued Tsp and the number of the regions on the S-
MAP. Then, the values of Tsp are projected into input space (E € [—1,1] and D €
[—1,1]) via a pseudocolor plot method which is alike a checkerboard. Finally, the S-
MAP can be drawn in 2D, and each different region on the S-MAP indicates
different values of SPs of the KM algorithm.
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In order to better understand the concept of the S-MAP, let consider the following
example; S-MAPs for 4-rule IT2-FLSs with different sizes of the FOU. Note that, for
this example, the heights of all LMFs is considered as equal for the sake of simplicity

(my = my = mg = my).

33

113

11

E
Figure 3.1 : S-MAP for 4-rule IT2-FLS (m = 0.2).
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Figure 3.2 : S-MAP for 4-rule IT2-FLS (m = 0.5).
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Figure 3.3 : S-MAP for 4-rule IT2-FLS (m = 0.8).
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Figure 3.4 : S-MAP for 4-rule IT2-FLS (m = 1).

As shown in Figure 3.1, Figure 3.2 and Figure 3.3, there are only three different
colored regions for 4-rule IT2-FLS with respect to the three SPs; the blue region for
{L* =1,R* = 1}, the green region for {L* = 1,R* = 3} and the red region for
{L* = 3, R* = 3}. In addition, while the height of the LMFs decreases (or the size of
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the FOU increases), the green region expands and other regions shrink for 4-rule
IT2-FLS. Interestingly, the green region for 4-rule IT2-FLS is vanished in case of
M =1 as shown in Figure 3.4. Because the FOU vanishes for 4-rule IT2-FLS

structure and some boundaries disappear and also IT2-FLS reduces into T1-FS.

1
88

168

166

136

133

13

11

-1 0 1
E

Figure 3.5 : S-MAP for 9-rule IT2-FLS (m = 0.2).
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Figure 3.6 : S-MAP for 9-rule IT2-FLS (m = 0.5).
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Figure 3.7 : S-MAP for 9-rule IT2-FLS (m = 0.8).
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Figure 3.8 : S-MAP for 9-rule IT2-FLS (m = 1).

Let consider a 9-rule IT2-FLS as a second example as illustrated in Figure 3.5 to
Figure 3.8. Here again, the heights of all membership functions are assumed as equal
(my = my, = mg = my = mg = mg). Here, there are totally seven colored regions

for 9-rule IT2-FLS and the area of the regions vary depends on the size of the FOU

32



as shown in Figure 3.5 to Figure 3.7. Also some regions vanish when IT2-FLS
reduces to T1-FLS as shown in Figure 3.8. Obviously, while the number of rules
increases, the regions on the S-MAP increases. Furthermore, there are always three
different colored region at the plane which is defined by between the apexes of
membership functions. For example, there are only one cell between apexes of
membership functions of 4-rule IT2-FLS, while there are four cells between apexes

of membership functions of 9-rule IT2-FLS.

Consequently, outcomes of the S-MAP analysis can be interpreted for simplest IT2-
FPID controller as; the left and the right SPs of the KM algorithms can be clearly
displayed corresponding to the values of the inputs on the S-MAP. Moreover each
region on the S-MAP points out different SPs of the KM algorithm (for instance
{L* = 1,R* = 3}). Also, the size of the FOU (in terms of M;) changes the area
around the origins of planes on the S- MAP. In addition the three regions on the S-
MAP may be determined by two conditions in particular circumstances as mentioned

in Section 3.2.

3.2 Boundary Function based Karnik Mendel (BF-KM) Algorithm

In this section, we will propose BF-KM for determining the switching points of the
IT2-FPID controller (Dodurka et al., 2014). The derivation of the BF-KM is derived
for general structure of the IT2-FLS. For this purpose, the decomposition property is
used for analytical derivations to determine the optimal SPs of the KM for IT2-FPID
controllers. The decomposition property is a simple constructive procedure which
has been used for T1-FLSs (Li et al., 1997) and generalized for IT2-FLSs (Kumbasar
et al., 2013d) and it will facilitate the determination of the SPs of KM algorithm
significantly because the proposed methodology will eliminate the iterative nature of
the KM algorithm. The proposed methodology consists of two main steps,
decomposing the IT2-FPID controller model into several interval type-2 fuzzy
SubControllers (SCs) with respect to the membership functions. Then determining
the optimal SPs of the SCs to obtain the output of the IT2-FPID controller using the

presented derived equations of original KM algorithm.

It has been shown that the fuzzy system can be decomposed into SCs so that the rule
base can be portioned into square blocks in which all the fuzzy inference operations

can be performed (Kumbasar et al. 2013). According to the decomposition property,
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the rule base is partitioned in the 22*9 SCs as shown in Figure 3.9. Moreover the

partitioned SCs can be indexed as SC , as follows:

SC(q’W)(q,W € {—g, .,—2,—-1,0,1,2,..,9 — 1}) (3.2)

where index g depends on the smallest index of the fired MFSs of 4; in a SC and
similarly w depends on the smallest index of the fired MFs of E’j in a SC. Here g and
w represent the rule indexes of antecedent membership functions in fuzzy rule base

with respect to the given input values.

In this thesis, we will examine the generic SC,,, for an easier analysis as shown in
Figure 3.9 as the grey area. For the generic SC,,,, the corresponding antecedent
membership functions of error input are A;, A;,;and antecedent membership
functions for derivative of error are B;, B;, and consequents are Cp, Cp41, Chip S
illustrated asgrey area in Figure 3.9. Thus, in total the number of possible activated
rules is four because piecewise %50 overlapped triangular membership function is
used in antecedent part of IT2-FIS. Moreover the Activated rules Index set (Al) for

the SC, , which represent the active rule indexes is as follows:
Algeqwy = [n+1Ln+T,n+T + 1] (3.3)

Thus, Equations (11) and (12) can be redefined as follows:

_ : LN *

Ul - Le[n,rr'{}i-l{}n+T](Ul ) - Ul (3-4)
_ RN R*

Ur = pepmax . (Ur) = Uy 3.5)

It can be clearly seen that there only three candidates for determining L* and R* since
L,R € [n,n + 1,n + T] due to only four active rule index. Taking in account of that,
the candidate values of L* and R* can be defined under the following KM conditions

with respect to Equation 2.19 and Equation 2.20.

n,  ifUP < UM tandU < UMT
L'=<n+1, ifUM* <UlandU]** < U7 (3.6)
n+T, ifUMT < UlandUMT < U
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n,  ifU" > UMtandU* > UMT
n+1, if UMt > UltandUR*E > UHT 3.7
n+T, ifUMT > UPFandUMT > U

R*

A

CM
chl—lw—l SCq,w"E
——————— L . 4 P»— ——— ==
Ch—l ck CFH
ch—Lur '.fcq,w
.T 1':-'.‘: TCM-] ?_CFHZ

Figure 3.9 : Illustration of the decomposition property of the IT2-FPID controller.

The presented KM conditions can be stated explicitly if and only if the inequalities
on the right hand side in Equation 3.6 and Equation 3.7 can be determined. In order
to solve these inequalities, firstly the open form of functions in inequalities of U} and
UR (VL,R € [n,n+ 1,n+ T]) must be determined. Thus, the total firing interval
sets (F™) are calculated for V n € Algc(qw), i-€. for each activated SC with respect to
the input variables. The corresponding firing interval sets can be calculated with

respect to Equation 2. 14 to Equation 2. 16 as follows:

Fn o= [EAL-(E) N EE]-(D)’ l_lgi(E) n ﬁéj(D)] 3.9)
Frl — [Egi(E) N E§j+1(D), l_lgi(E) n l_1§j+1(D)] (3.9
F‘n+T — [EAL‘+1(E) N EEJ.(D); 'l_l/ii+1(E) n HEJ(D)] (3.10)
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FATHL [EAM(E) N EEJ-H(D)’ iz, (E)n u,;j+1(D)] (3.11)

where the membership grades of the Egi(E), Eng(E), l_‘Ai(E) and EAL_H(E) for

error input in activated SC (E € [ai, ai+1,]) can be calculated as

(= tmTE
= Apr — QG (3.12)
(E) _ E — a;
B T e —ap (3.13)
— Aiv1 E
g (E) = ———
i Tt — (3.14)
_ _ E—uq
M, (B) = o ——o (3.15)

Similarly, the membership grades of the Hs; (D), E§j+1(D)’ EE,- (D) and ﬁ§j+1(D) for

the derivative of the error input in activated SC (D € [bj, bj+1]) can be calculated as

Sy D o
Hp;\L) = b1 — b, m (3.16)
D — b,
U5y (D) = ) My 3.17)
bis1—D
— _ Jj+1
Hg, (D) = bias— b, (3.18)
L. (D)= Db
By0n T (3.19)

Replacing the membership grades given in from Equation 3.12 to Equation 3.19 into
the corresponding firing interval sets given in from Equation 3.8 to Equation 3.11,
the total firing interval sets for an activated SC(F™ for V n € Alsc(qw)) can be
obtained as follows. Here notice that the N operator is product and operator.

aiy1—E  bjy1—D aiy1 — E bjy1 —D
Fn o= i+1 m; Jj+1 m;, i+1 Jj+1 (3.20)

j
Ai+1—a;  bjy1 — b Ai+1 — a; bjr1 — by
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Ftl = [y x —my X
a1 —a; b —by 7TV @ —a; " by — by (3.21)
[ E_a b'+1_D E_al b'+1_D_

FT = [ ———myq X =2 i» x =
a1 —a; b —by 7 @ —a; by — by (3:22)
[ E—aq; D — b; E —q; D — b;

n+T+1 — L X J , Lox J

F |Qiv1 — @ i bj1 — b; T G - a, b — by 323

Replacing Equation 3.20 to Equation 3.23 into the KM conditions for L* and R*
given in Equation 2.19 and Equation 2.20 respectively, before solving the KM
conditions Then, the obtained explicit solution of optimal switching points L* and R*

are obtained as follows:

Lo { n, E< BFZ(D)}

n+T, E > BF,(D) (3.24)
Rt = { n, E< BFl(D)}
“ln+T, E>BF(D) (3.25)

where BF;(D)and BF,(D) are the Boundary Functions (BFs) which are used for
determining optimal switching points for a given input value and corresponding
activated SC as mentioned in (Dodurka et al., 2014). Moreover, it can be obviously
mention that the potential boundary functions in above equations are just functions of
the derivative of error input (D) since the other parameters of IT2-FLS are constant
since they are known structural parameters of the IT2-FPID controllers. Therefore,
without losing generality, the boundary functions corresponding an activated SC of

IT2-FPID controller are can be obtained as follows:

(Chs1 — Cry2) (bj — D)(bj +a; — ai+1) +
m;m;a;(Cy, = Cpy1)(D = bjs1)
(Cht1 — Chi2)(bjz1 — D) + (3.26)
m;m;a;(Cp — Cpy1)(D — bji1)

BF,(D) =

(Ch41 — Ch+2)(bj = D)(b; + a; — ajp1)Mip My +
a;+1(Cp — Ch+1)(D - bj+1)
mi+1mj+1bj(ch+1 — Chy2) +
(Ch+1 — Cp)bjy1 + D(Cp—Chyq)

BF,(D) = (3.27)
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Now, at any time (when an input signal activates the IT2-FPID) the inputs (E, D) are
measured and known. Besides their corresponding membership degrees are known
since the antecedent and consequent membership functions are known since design
of the IT2-FPIS controller. Consequently the optimal switching points (L* and R™)
can be determined via Equation 3.26 and Equation 3.27 by using Equation 3.24 and
Equation 3.25 without performing iteration as original KM algorithm. After the
switching points are determined, then the output of an IT2-FLC can be calculated
directly with respect to switching points and Equation 2.19 and Equation 2.20. In fact
the whole step by step procedure which is explained above is called as BF-KM

algorithm and the algorithm step is summarized in detail in (Dodurka et al., 2014).

3.3 A Computational Comparison Study

In this section, the computational times of proposed BF-KM type-reduction method
will be compared with the original KM type reduction method (Wu and Mendel,
2007), and Decomposition based KM (D-KM) type-reduction method (Kumbasar et
al., 2013d) strategies to show the efficiency of the proposed method. The comparison
study has been performed on a personal computer with CPU 17-3960X 3.3 GHz and
10GB as given in (Dodurka et al., 2014). To compare the computational time
performances of the employed type-reduction algorithms, total computation time
needed to calculated. Therefore, the output of IT2-FLC is measured for all type-
reduction methods. For all simulation experiments, the universe of discourses of the
normalized inputs (E,D) is quantized into 21 points. The execution times of the
type-reduction methods on three different TxTrule bases where T = 3,5,7 is
compared. Moreover, in order to perform a fair comparison and in order to provide
statistical information about the measured computation times, each experiment is
performed for 250 times for each TxT rule base structure. Consequently, 250x3
randomly IT2-FLC has been generated totally. In the generation of an IT2-FLC with
a TxT rule base, the parameters of antecedent membership functions and consequent
sets are generated randomly with respect to the uniform distribution. For comparing
the computation time performance of the type-reduction algorithms, minimum,
maximum, mean and standard deviation times are measured. The measured times for
the 3x3, 5x5 and 7x7 rule base are tabulated in Table 3.1 to Table 3.3 and the total

computational times of the type-reduction methods are illustrated in Figure 3.10.
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Table 3.1 : Time comparison of type-reduction methods for 3x3 rule bases.

PP eod T Mintime  Maxime g SR o
BF-KM 134 15.2 13.7 4 0.184
D-KM 37.4 46.4 40 +1.011
KM 37.3 434 405 +1.091

Table 3.2 : Time comparison of type-reduction methods for 5x5 rule bases.

PPNeod T Mintime  Maxdime g SR o
BF-KM 13.9 15.8 14.2 £ 0.236
D-KM 37.9 473 39.8 + 0.920

KM 47 53.9 51 + 1.002

Table 3.3 : Time comparison of type-reduction methods for 7x7 rule bases.

Type-Reduction Minimum Maximum Mean and
Method time time Standard deviation
BF-KM 14.6 17 15.2 + 0.408
D-KM 37.7 45.8 39.2 +1.097

KM 62 75.1 66.0 + 1.501
1g | Il BF-KM ]
161 DKM

| I KM |

p—
S I =N
T T

| |

Total computational time (s)
—
=
T
|

Lo O = S = S ]
T
1

3x3 5x5 TxT
Rule base

Figure 3.10 : Computational ime results of different type-reduction methods.
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It can be clearly said from above tables and figure, the BF-KM type-reduction
method outperforms the other methods with respect to the minimum, maximum,
mean and standard deviation times. In addition when the size of rule base increases,
the computation times of BF-KM and D-KM methods stay stable whereas the
computation times of KM method increases dramatically. This is mainly caused
because of the decomposition property since the number of possible activated rules
in a decomposed rule base is always fixed to four. Therefore, computation times do
not increase for both the BF-KM and D-KM methods. Moreover, the superiority of
the BF-KM method can be seen clearly especially for the 7x7 rule base structure. As
tabulated in Table 3.3, it can be seen that BF-KM method is approximately 3 times
faster than KM and 1.5 times faster than the D-KM. Finally, it can be concluded that
the superiority of BF-KM type-reduction method comes from that it’s computational
time does not increases as the size of the rule base increases due to the employed

decomposition theory and no iterative structure like the original KM method.

3.4 An Illustrative Example of S-MAP and BF-KM Methods

In this subsection, an illustrative example about proposed S-MAP visualizing method
and BF-KM type-reduction method is considered for a simple IT2-FPID controller.
In this context, widely used IT2-PID controller structure with 3x3-rule base is
handled. Then, the rule base index becomes as T = 3 and the limit index of

corresponding membership functions becomes as g = 1.

o e
Lo R |
T

=1
.
T

Membership degree

0 i
-1 E=-0.6 0 1
Input variable, E

Figure 3.11 : Employed antecedent membership functions for the input E.
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Figure 3.12 : Employed antecedent membership functions for the input D.
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Figure 3.13 : Employed (a) rule base and (b) consequent membership functions.

The antecedent membership functions of error input and derivative of the error are
illustrated in Figure 3.11 and Figure 3.12 respectively. The consequent sets and the
rule table are given in Figure 3.13. According to the decomposition property, the rule
base can be divided into the four SCs as generalized in Figure 3.9. Here notice that,
there are only four non-zero membership degree with respect to the input values as
shown in Figure 3.11 and Figure 3.12. Moreover, here red rectangular, which is

illustrated in Figure13.a, represent the corresponding SC.

Then structural parameters of the employed IT2-FPID controller structure is clearly
known from the antecedent membership functions and the consequent singleton sets
since they are fixed in the design procedure phase of the controller. Therefore, the
known parameters which are directly used for evaluating the BFs can be summarized
as a;=-1, m;=0.7, a4, =0, myy;, =06, b;=0, m; =08, by =1,

mjy =05, C,=-08, Chyq =0, Cpyy = 0.8. Consequently, the BFs for the
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activated SC arecalculated with respect to Equation 3.26 and Equation 3.27 as a

simple function the derivative of the error input as follows:

BE. () — 0.8D

W)= 20448 — 0.352D (3.28)
pE. () = 024D

2\ = 208+ 056D (3:29)

Replacing the value of D into Equation 3.28 and Equation 3.29, the final value of
BFs can be calculated easily as BF;(0.7) = —0.806 and BF,(0.7) = —0.412. Then
by checking conditions given in Equation 3.24 and Equation 3.25, the optimal

switching points can be determined as follows:
L'={n=3, E =-0.6 <—-0.412 = BF,(D)} (3.30)

R*={n+T=6 E=-0.6>-0.806=BF, (D)} (3.31)

-1 E=-0.6 0 1

Figure 3.14 : Illustration of inputs and BFs on the S-MAP.

The BFs on the S-MAP is illustrated in Figure 3.14. Here the red curve represents
BF, (D) and the black curve represents BF,(D) and the blue star represent the input
set {E,D} = {—0.6,0.7}). Consequently, the end points of the type-reduced set can
be found via Equation 2.19 and Equation 2.20 as U; = —0.1639 and U, = 0.2449
and the crisp output of the IT2-FLS as U = 0.0405. Here also notice that the given

equations and results is only valid for the green region where L* =3 and R* = 6
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with respect to the values of input set. However, this circumstance does not affect the
general remarks of the proposed method and the similar calculations can be
performed for any values of the input set. Therefore, it can be concluded that the
S-MAP and BF-KM are reliable alternative approaches to other KM based type-
reduction methods because their computational cost is lower, they are represented
with explicit mathematical expressions and visual features, which are not possible for
the KM algorithms due to its iterative nature. In addition, the implementation of the

proposed methods is quite easy as performed in previous examples.
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4. ANALYTICAL DERIVATION OF IT2-FPID CONTROLLERS

In this section, the analytical derivation of 4-rule IT2-FPID controller structure are
derived in a closed-form formulation by using BF-KM type-reduction method. Here,
it is worth to mention that BF-KM type reduction method makes it possible to write
output formulation of the IT2-FLS of IT2-FPID controller. Because, the optimal
switching points might be estimated or calculated without performing an iterative
algorithm by using BF-KM type reduction method instead of original KM type
method. The analytical derivation of an IT2-FLS consists of several control laws
depending to total number of fuzzy rules. Without losing generality, one can derive
three different control laws for each SC in the input space. When considering 4-rule
IT2-FPID controller structure, there is only a SC and there are totally three control
laws. Moreover, the output control laws of the IT2-FLS continuously switch between
the them in time with respect to corresponding BFs and inputs. Here, the two control
laws that lies on a BF is equal to the others because the output surface of the IT2-
FLS is continuous and there is no discontinuous or jumping on the control surface.
The main objective of the analytical derivation of the IT2-FPID controller is to
understand and analyze the internal structure and further abilities of the employed
IT2-FLS. The analytical structure of IT2-FPID controllers might further guide the
systematic controller design, development of self-tuning structures and stability
analysis of IT2-FPID controllers since no pioneer study is performed on this
subjectin literature yet. In this context, for the analytical derivations of the employed
IT2-FLS structures, the modest structures of the 4-rule IT2-FPID controllers are
considered in this thesis. Therefore, the heights of the LMFs is assumed as equal and
they depend on a parameter denoted by M. Reminding that the IT2-FPID controller
is constructed with an IT2-FLS and four scaling factors. Therefore in this section, the
output of the employed IT2-FLSs are obtained and they are directly used for explicit
formulas of IT2-FPID controllers by using general FPID controller output
formulation which is given in Equation 2.5. In other words, once the input output
relation of the employed IT2-FLS is obtained, the output formulation of the IT2-

FPID controller can be written in a closed form.
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Here, we consider 4-rule IT2-FPID controller, therefore the employed antecedent
membership functions, the rule table and singleton consequent sets of the IT2-FLS of
the employed 4-rule IT2-FPID controller is illustrated in Figure 3.15, Figure 3.16,
Figure 3.17.a and Figure 3.17.b respectively. Here the employed IT2-FPID controller
structure is also called as simplest IT2-FPID controller (Sakalli et al., 2014a). Since,
the minimum configuration and design parameters is considered for the IT2-FPID
controller structure by choosing the heights of the LMFs as equal. Therefore, the 4-
rule IT2-FPID controller have totally five design parameters (K., K;, K;, K, M). In
this context, the mathematical expressions of the simplest IT2-FPID controller is
constructed as function of input variables (E, D), scaling factors (K., Ky, K, Kj,) and

the height of the LMFs (M).

4

Membership degree

0 |
-1 0 1
Input variable, E

Figure 4.1 : Antecedent MFs of the 4-rule IT2-FPID controller for the input E.
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Figure 4.2 : Antecedent MFs of the 4-rule IT2-FPID controller for the input D.
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Figure 4.3 : The rule base and consequent sets of 4-rule IT2-FPID controller.

Then, only one SC occurs with respect to the apexes of the antecedent membership
functions (two for the error input and two for the derivative of the error input). In
other words, four rules construct only a SC as shown in Figure 17.a. For the
employed SC of IT2-FPID controller, BFs and corresponding optimal SPs can be
determined as mentioned previous section. The BFs for corresponding SC of the

simplest IT2-FPID controller is calculated from Equation 3.26 and Equation 3.27 as

14D — M? + DM?

BFl(D!M)z_l_D_M2+DM2 (4.1)
o 4y — L= D= M2 = DM?
20.M) =T e T oz “.2)

Then, the optimal switching points (L* and R*) are determined by using Equation

3.24 and Equation 3.25 as follows:

o {1 E < BF,(D, M)}

3 E > BF,(D,M) 4.3)
Re = {1 E< BFl(D,M)}
“ 3 E>BF,(D,M) (4.4)

Then by combining inequalities given in Equation 4.3 and Equation 4.4, all
candidates of optimal SPs is determined. Then the output of the IT2-FLS is

expressed in terms of three control laws as follows:
U, E <BF,(D,M) < BF,(D,M)

U= U13 BFl(D, M) < E S BFz(D,M) (4.5)
Uss BF,(D,M) < BF,(D,M) <E
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Here the subscripts point out the optimal SPs (L* and R*) and the control laws are

explicitly calcuted as

G,(E+ D)+ G,(1+ED?+ E?D — E?D?)

U,, =
176G, +2G,(E+ D)+ G,(E? + D2 — 2ED? — 2E2D + E2D?)

G,(D + E) + G,(ED? + E2D)

Usw =
137 Gs + G4(ED) + G,(—E? — D2 + E2D?)

3 G,(E + D) + G,(—1+ E?D + D?E + E?D?)
"~ G3—2G,(E + D)+ G,(E? + D2 + 2ED? + 2E2D + E2D?)

U33

where
G, =1-2M? + M*
G,=—-1-—6M?—-M*
G; = -3 —10M?% — 3M*
G, = 6M? + 2M*
Gs =1+ 6M? +9M*

Gy = 8M? — 8M*
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5. SELF-TUNING STRUCTURES OF IT2-FPID CONTROLLERS

In this section, two self-tuning mechanisms of the employed IT2-FPID controller
structure are proposed. The first self-tuning structure adjusts the common controller
gain of the simplest IT2-FPID controller via a heuristic function (Sakalli et al.,
2014a). Here, the employed simplest IT2-FPID controller is constructed with only
four rules and the heights of the LMFs is assumed equal as mentioned previous
section so it is assumed that the heights of the LMFs is only design parameter that
changes the behavior of the IT2-FPID controller. Moreover, the output formulation
of the simplest IT2-FPID controller is simplified for the steady state with respect to
the analytical derivation of the 4-rule IT2-FPID controller. After, the formulation of
the gain of the employed IT2-FLS is obtained, the equivalent structures of
conventional PID controller, the simplest IT2-FPID controller is evaluated. Here, the
IT2-FPID controller is represented in terms of a conventional PID controller with a
nonlinear controller gain. Then the gain curve of the IT2-FPID controller is derived.
Finally, a heuristic function adjusts online the controller gain by altering the size of
the FOU with respect to the obtained simplest IT2-FPID controller formulation for
the steady state. The second self-tuning structure determines the values of fuzzy rule
weights of the IT2-FLS via an optimization procedure. This self-tuning structure is
also the generalized form of those optimization based rule weighting of T1-FPID
controllers (Yesil et al., 2013). Here for the optimization based structure, the
assessment of the actual control signal is assumed as an optimization problem. In
fact, the rule weights represent the importance or influence of the corresponding
rules since they are the only adjustable parameters in internal structure. Because the
internal structure is generally fixed in many studies since the designer or the expert
beforehand determines the elements of the FPID controller such as scaling factors,
linguistic terms, antecedent and consequent membership functions and rule base. In
this context, a cost function is generated in order to minimize the error of the closed
loop system and the control effort of the IT2-FPID controller. Then, the rule weights
are optimized with respect to the objective function in terms of tracking error and

control signal in proposed self-tuning structure.
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5.1 A Heuristic Self-Tuning Structure of IT2-FPID Controller

In this subsection, the explicit expression of the simplest IT2-FPID controller around
the steady state is obtained with respect to the analytical derivation of the 4-rule IT2-
FPID controller. From the point of the control theory view, the origin of the S-MAP
for the IT2-FLS of the simplest IT2-FPID controller characterizes the steady-state
behavior of the closed-loop system. Since the tracking error (e) and derivative of the
error (€) approach to zero when the inputs of the IT2-FLS (E and D) approach to
zero in time with respect to Equation 2.3 and Equation 2.4. Then, the motivating
result of this statement will lead one further controller analysis performing on the
region that covers the origin or the steady state point of the closed-loop system.
Thus, the control law that encapsulates the origin of the S-MAP is more essential for
this study because it represents the region around the origin (the green region in
following S-MAP). An illustrative example of the S-MAP for the employed IT2-FLS
of the simplest IT2-FPID controller is illustrated in Figure 5.1.

-1 0 1
E

Figure 5.1 : Steady state point on the S-MAP.

Here the red star point represents the origin and the green region on the S-MAP
obviously covers the origin of the S-MAP and the steady state behavior of the IT2-
FPID controller. Then, the control law of the green region on the S-MAP, namely,

U,3 can be written as mentioned in previous section as
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G,(D + E) + G,(ED? + E2D)

V13 = G T Go(ED) + Gy (—E2 — DZ + E2DY) -
where
G, =1-2M? + M* (5.2)
Gy = 6M? + 2M* (5.3)
Gs =1+ 6M? +9M* (5.4)
Ge = 8M* — 8M* (5.5)

Obviously, U;; constructs a nonlinear control law, which depends on a nonlinear
function of the height of the LMFs (M), the error input (E') and the derivative of the
error input (D). Here notice that, U3 is just the output of the employed IT2-FLS and
the actual control signal is generated with respect to the control laws. Then, the
boundary functions can be calculated by using Equation 3.26 and Equation 3.27.
Therefore the handled control law, which is defined around the origin, is valid on

condition that satisfy following inequality:

L+D—M?+DM? _ 1-D—M>—DM’
—1-D—M2+DM?2 "~ = 1—D + M2+ DM?

(5.6)

The nonlinear terms in Equation 5.1 (E?, D? and ED) can be eliminated by taking as
zero since these values exponentially converge to zero at the origin. After eliminating
the nonlinear terms, the control law around the origin, which is denoted as (U,0))

can be expressed simpler as

G,(D +E)
U(oo) = lim (U;3) =
E%2-0 G
I 5 (5.7)
ED—-0

Finally, the output of the employed IT2-FLS can be expressed as follows:
U =V(M)(E + D) (5.8)

where V(M) is the nonlinear gain of the employed IT2-FLS of the simplest IT2-
FPID controller and defined as
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v < 6 _ 6M? + 2M*
~Gs 1+6M2+9M* (3-9)

Then by substituting Equation 2.5 and Equation 5.9, the closed-form formulation of
the simplest IT2-FPID controller for the steady state can be obtained as

w = KV (M)(E + D) + KyV (M) f (E + D) dt (5.10)

By substituting Equation 2.3 and Equation 2.4, the closed-form formulation of the
simplest IT2-FPID controller for the steady state can be obtained as

u=K,V(M)(K.e + Kzé) + K,V(M) f(Kee + Kqé) dt (5.11)

After rearranging the common terms in Equation 5.11, the closed-form formulation
of the simplest IT2-FPID controller for the steady state can be obtained as the control

law around the origin as follows:
u=V(M)(K,K, +K,Ky)e + V(M)K,K, j edt+V(M)K,K,é (5.12)

Furthermore, the ratio of input SFs is denoted as a, the ratio of output SFs is
symbolized as [ and the additional term which is a function of relations of SFs is
represented as y for the sake of the simplicity. Therefore, these additional rational

terms are defined as

K4 = aK, (5.13)
Ky, = BKq (5.14)
y=1+ap (5.15)

After substituting Equation 5.13 to Equation 5.15 into Equation 5.12, the simpler
expression of the closed-form formulation of the simplest IT2-FPID controller for the

steady state is obtained as follows:

u=V(M)K,K.y <e + éj edt + %é) (5.16)
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Clearly, the closed-form formulation of the simplest IT2-FPID controller for the
steady state is equivalent to the conventional PID controller structure given in
Equation 5.17. However the important difference between the simplest IT2-FPID
controller for the steady state and the conventional PID controller is that the gain of
the simplest IT2-FPID controller is variable while the gain of the conventional PID

controller is static. The conventional PID controller formulation is given below

_ 1 de
u=K, (e + F,[ edt + Ty E) (5.17)

L

Here, K. has two definitions, in other words, the static controller gain for the
conventional PID controller and the variable controller gain for the simplest 1T2-
FPID controller. T; and T, represent the integral time constant and derivative time
constant of the PID controller respectively. Then by matching Equation 5.16 and
Equation 5.17term by term, the variable controller gain (K.), integral and derivative
time constants (T; and T,) of the simplest [T2-FPID controller for the steady state is

obtained as

K. =V(M)K.K.y (5.18)
_Y
=5 (5.19)
T — a
a=7 (5.20)

Consequently, the closed-form formulation of the simplest IT2-FPID controller
around the steady state is obtained in terms of the nonlinear function (V (M)) and the
SFs. Here, the nonlinear function changes directly the gain of the simplest [T2-FPID
controller. In this context, the information might be used for constructing a self-
tuning structure. Hence, the change of V(M) respect to M is analyzed in detail and
the gain curve is illustrated in Figure 5.2. From the prior knowledge of the IT2-FLS
structure, the IT2-FLS reduces to a T1-FLS when M is chosen as 1 and the controller
gain of the simplest T1-FPID controller can be calculated as 0.5 as shown in (Qiao
and Muzimoto, 1996). Therefore, it can be expected that the controller gain of the
IT2-FPID controller becomes 0.5 in case of M = 1. Moreover, an interesting

observation here is that a T1-FLC is also obtained when M = 0.448 in addition to
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M =1 as shown in Figure 5.2. As shown in figure below, if the nonlinear function
V(M) is high, the closed—loop system has aggressive behavior, similarly, the closed-
loop system has sluggish behavior if V(M )has relatively a low value. Consequently,
it can be concluded that a smoother control action than T1-FPID controller can be
achieved when M is chosen less than 0.44 while a aggressive control action than T1-

FPID controller can be achieved when M is chosen between 0.448 and 1.
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Figure 5.2 : Gain curve of the simplest IT2-FPID controller.

As it is known from the control theory, there is a tradeoff between the set point
tracking and the disturbance rejection performances (Astrom and Hagglund, 2005). If
a closed loop system has an aggressive behavior, then the disturbances is rejected
quickly but high overshoots and oscillations may occur. On the other hand, if a
closed loop system has a sluggish behavior, then the overshoots and oscillations are
reduced while the disturbances are rejected in longer time. Using these remarks and
mentioned assumptions, the design parameter M can be assumed as the online tuning
parameter which directly changes the gain of the simplest IT2-FPID controller. In
this context, the obtained closed-form formulation of IT2-FPID controller for the
steady state is handled in order to improve both set point tracking and disturbance
rejection performances by tuning M in an online manner. In order to improve the
closed-loop control performance the following meta-rules are constructed: when the
system output is around the set point, the gain should be larger in order to reject
disturbances as fast as possible and when the system is far away from the set point,
the gain should be smaller in order to reduce overshoots. Consequently, it can be

claimed that after a set point change, the controller gain should increase by time,
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therefore overshoots and oscillations will be reduced with negligible comprise of the
settling time and the disturbances will also be rejected quickly. Then, the following
simple heuristic function, which has only error as its input, is proposed for tuning M

in an online manner:

M(E) = (1 - |EDhy + by (5.21)

where h; and h, are constants which determine the minimum and maximum values
of the V(M). In most cases, h; determines the feasible lower limit of V(M), and
hy; + h, determines the upper limit of the V(M). Here notice that h; and h, can be
determined by designer in the design phase of the controller with respect to the
system or performance requirements. For example, h; and h, assure the minimum
and maximum values of V(M) for the interval determined by M € [0, 0.655] since
V(M) is monotonic for that interval as shown in Figure 5.2. The block diagram of the

proposed self-tuning structure is illustrated in Figure 5.3.

> Self-Tuning M
Mechanism

|— _____________ a
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| > K, > K, |
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> Fslimﬂl(»: i » Ky > th |
| 4 :
[

1T2-FPID Controller

Figure 5.3 : Proposed self-tuning structure for simplest IT2-FPID controllers.

For the design of the employed self-tuning structure, an IT2-FLS might be designed
initially in order to construct base of the self-tuning structure then the self-tuning
structure might tunes the IT2-FPID controller via changing its controller gain in an
online manner. Furthermore a bounded gain interval of the employed simplest
IT2-FPID controller might be considered corresponding to the interval in M €
[0,0.448] when it is desired smoother controller action . Here also, the lower value of
M might be set as 0.1, since any value less than 0.1 results a very low controller gain,
which extremely slows the closed loop response in practice. Moreover, another

bounded gain interval of the employed simplest IT2-FPID controller might be
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considered corresponding to the interval in M € [0.448,1] when it is desired more
aggressive controller action. What is more, when it is desired more complex and
extended controller action the whole interval of the employed simplest IT2-FPID
controller might be considered corresponding to an interval in M € [0,1]. However
in this thesis, only smoother control action is considered for the initial step. Also
notice that, the employed simplest IT2-FPID controller structure has only a SC with
a heuristic function. When considering more complex controller structure, number of
the SCs increases and in this case the various heuristic self-tuning functions instead
of one might be used in order to adjust the controller gains of each SCs of the IT2-

FPID controller separately regarding to the performance requirements.

5.2 Rule Weighting of IT2-FPID Controllers

In this subsection, a self-tuning structure of IT2-FPID controller via rule weighting is
proposed. Again, rule weights point out the importance or influence of corresponding
fuzzy rule for a given input at a specified time (Karasakal et al., 2011). The rule
weights (w) are assumed as tuning parameters and they might be adjusted via a
heuristic function, an adaptive algorithm, or an optimization procedure in online
manner. In this thesis, an optimization based self-tuning structure that adjusts the rule
weights of the employed 9-rule IT2-FPID controller is examined as an extension of
the procedure that is proposed for 9-rule ordinary T1-FPID controllers in (Yesil et
al., 2013). First, it is worth to mention that for the most part of the studies rule
weights are set to one, in other words, they do not affect the output of the FLS. Then,
although the definitions of the IT2-FPID controller demonstrate that nine rules
generate the control signal, when the input membership functions are employed as
symmetrical triangular uniformly distributed membership functions, at most four
fuzzy rules will be activated for any input signal. This remark expresses the same
phenomena with the decomposition property of the employed controller structure. In
other words, for each activated SC, there are four rules and rule weights totally with
different rule index. By looking the optimization point of view, only four parameters
should be optimized regardless to the input or rule index. In this context, these rules

are called as active rules (wg,.;); they also indicate rules of the activated SC.

The main idea of the optimization based online rule weighting mechanism is to

evaluate the optimal rule weights that force the system to converge the reference
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signal as soon as possible with an applicable control action. In this context, the cost
function ( J ), which is desired to be minimized, is constructed with respect to the

general optimal control formulation as

J=Qxe?+Rxu? (5.22)

where u is the actual control signal of the employed IT2-DPID controller, e is the
tracking error defined in Equation 2.1, Q and R are positive real numbers which
determine priority, speed and aggressiveness of the controller. Here notice that the
controller is implemented in each sampling time, thus the formulation should be
updated in discrete time. It can be said that the tracking error becomes zero for the
instant in which the system output attains the reference. Then, if the system output
attains to the reference from the current system output at k™ instant after n sampling
time, the tracking error at (k+n)™ instant becomes zero. Accordingly, if it is desired
that the system attains the reference n sampling later, the error after n steps ahead
should be zero and the control signal and the objective value of the cost function
should be calculated by considering the case in order to perform the optimization
accurately. Without losing generality, in this thesis, the estimated error at (k+1)"
instant is used in cost function, since it is desired to the system output equals to the
reference as soon as possible or one step ahead. Here, linear models, transfer
functions, non-linear models, fuzzy models, regression vectors, estimation strategies
least square algorithms or assumptions might be used to estimate the potential errors
in future, and also notice that the self-tuning method is still valid regardless to these
operations. Then, the employed cost function which is used in optimization

procedure is defined as
J =0 xe(k+1)?+R xu(k)? (5.23)

The key point of the employed self-tuning structure is to determine the appropriate
control signal, which minimizes the cost function given in Equation 5.22. The control
signal is the output of IT2-FPID controller. It is generated by antecedent membership
functions, consequent singleton sets, rule weights, and scaling factors as mentioned
previous sections. In this self-tuning structure, antecedent membership functions,
consequent singleton sets and scaling factors are assumed as constants, which are

initially determined (by an expert or designer) while rule weights are assumed as
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optimization parameters. Then the output of the IT2-FPID controller is a function of
active rule weights that is used in an activated SC (u = f(Wg)). Moreover, the
error is depends on reference and system output, here system output is dynamic and
it is determined regarding to the system model and the control signal. Besides the
system model consists of structural parameters or constants (P), which means that
they cannot be tuned. Then the error in fact can be represented a dynamic function of
the active rule weights (e = f(Wgt, P)). Therefore, the employed cost function can

also be written as a function of the active rule weights as

](Wact) =0QX e(Wact)z + R X u(Wact)z (5.24)

Obviously, the employed control cost function consists of four parameters to be
optimized. Here notice that, the rule weights in an activated SC are desired to
minimize and there are totally four rules and their weights in an activated SC. In this
context, the main goal of the optimization procedure is to determine optimal rule
weights with respect to the cost function. Therefore, an global optimization algorithm
(Genetic Algorithm (GA) (Goldberg, 1989), Ant Colony Optimization Algorithm
(ACO) (Dorigo and Stiitzle, 2003), Big Bang — Big Crunch Algorithm (BBBC) (Erol
and Eksin, 2006) can evaluate the optimal rule weights of the employed IT2-FPID
controller, which will minimize the tracking error with minimum control signal for
each sampling time regarding to the employed cost function. The closed-loop system
block diagram with the proposed online rule weighting mechanism for IT2-FPID

controller is given in Figure 5.4.
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Figure 5.4 : Proposed online rule weighting mechanism for IT2-FPID controllers.
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Consequently, the background of the design procedure of online rule weighting
mechanism for IT2-FPID controllers is explained. In brief, the actual control signal is
determined via changing the rule weights in an activated SC by performing an
optimization procedure in order to minimize the cost function. The pseudocode of the
proposed online rule weighting self-tuning structure of the IT2-FPID controller is

summarized in the Table 5.1 for the closed loop control applications.

Table 5.1 : Pseudocode of proposed online rule weighting method.

Step 1 Measure the instantaneous error and the control signal. Remember
previous errors and control signals.

Step 2 Determine the activated SC with respect to the measured error and its
derivative (inputs of the employed IT2-FLS).

Step 3 Initialize/load the parameters and determine the active rule weights
regarding to the activated SC.

Step 4 Run an optimization algorithm in order to calculate the optimal rule
weights and update the rule weights with their new values.

Step 5 Calculate the actual control signal with respect to the optimized rule
weights and implement to the system. Then go to Step 1.
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6. EXPRERIMENTAL RESULTS

In this section, first, a real-time control study is presented is in order to compare 1T2-
FPID controller with conventional PID controller, T1-FPID controller and two Self-
Tuning Type-1 Fuzzy PID (STT1-FPID) controllers as in (Sakalli et al., 2014b). For
the real-time comparison studies, [T2-FPID, T1-FPID, Function Tuner based Type-1
Fuzzy PID (FTT1-FPID) (Woo et al., 2000) and Relative Rate Observer based Type-
1 Fuzzy PID (RROT1-FPID) (Giizelkaya et al., 2003) controllers is handled in detail.
Here also, it is investigated that the potential effects of extra degrees of freedom that
lies on the FOU for IT2-FPID controller and self-tuning mechanisms for STT1-FPID
controllers on the system performance. The real-time experimental studies have been
performed on a nonlinear, open-loop unstable and time-varying magnetic levitation
system namely, QUANSER MAGLEV plant. Magnetic levitation systems have been
widely used in various study due to its challenging benchmark control system
(Shiakolas et al., 2004; Yetendje et al., 2010). Secondly, a simulation study on a First
Order plus Dead Time (FOPDT) process is presented in order to show the
effectiveness of the proposed heuristic self-tuning structure of the simplest IT2-FPID
controller as in (Sakalli et al., 2014a). The simulation studies is performed for four
different cases (a nominal system model and three perturbed system models) in order
to investigate the ability of the employed controllers in case of uncertainty. For this
purpose, the uncertainty about the system model via alteration of parameters is
considered for perturbed system models. Thirdly, the control performances of the
proposed optimization based online rule-weighting mechanism for IT2-FPID
controllers is analyzed on a two-cascaded tank process via simulations. Here handled
two cascaded tank process is widely used second order nonlinear system. The
proposed optimization based online rule weighting method for IT2-FPID controller is
compared with an online rule weighting method (error based) for IT2-FPID
controllers (Kumbasar et al., 2013b) and ordinary IT2-FPID controller in order to

show the effectiveness of the proposed self-tuning structure.
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6.1 A Real-Time Comparison Study on the MAGLEYV Experimental Setup

In this subsection, the brief information about the real-time QUANSER Magnetic
Levitation Plant (MAGLEV) experimental setup and the cascade control structure of
the MAGLEYV is presented. Then the control systems design strategies of employed

controllers is explained. Finally, the real-time experimental results are presented.

6.1.1 MAGLEY experimental setup

The MAGLEYV consists of an input which is the coil voltage (V) and two outputs
which are the coil current (I.) and ball position (x}). The basic working principle of
the MAGLEV can be summarized as; the coil voltage generates the coil current on
the electromagnets coils with respect to the coil resistance and inductance. Here the
coil current is the first output of MAGLEV and the coil voltage is the input of the
MAGLEV. Then this current generates an electromagnetic force on the ball via coils
placing in the electromagnet. The electromagnetic force and the gravity force provide
the motion of the ball. Here, the ball position is the second output of the MAGLEV.
Therefore, the model of the MAGLEV can be constructed with two parts, the
electrical and mechanical model. The electrical part of the MAGLEV model can be
obtained by Kirchhoff laws in terms of coil voltage and coil current .The mechanical
part of the MAGLEV model can obtained by the motion equations of the ball in
terms of forces and the ball position. Then, the differential equations related to the

MAGLEYV system are given as

0 _ (Vc - (Rc + Rs)lc)

at ' ¢ L. (6.1)
02 __ Knl?
9zt = " oMz " I 6.2)

where R, is coil resistance, Rg is current sense resistance, L. is coil inductance, K,
is electromagnet force constant, M, is ball mass, g is gravitational constant. The

parameters are given as R, = 10Q, R, =1Q, L. =412.5mH, g = 9.81m/s?,

5Nm2

Km = 6.53 X 1075~

M, = 0.068kg, r, = 12.7 mm, T,, = 14 mm in (Sakalli et

al., 2014b). The real-time experimental setup and the block diagram of the
MAGLEYV are illustrated in Figure 6.1 and Figure 6.2 respectively.
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Figure 6.1 : The MAGLEV experimental setup.
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Figure 6.2 : Block diagram of the MAGLEV.

For the control strategy of the MAGLEYV, the cascade control structure is preferred in
order to achieve better control performance because of the multi output nature of the
MAGLEV. In general, the cascade control structure is constructed with two
controllers, an inner loop controller and an outer loop controller. By using cascade
control structure, the disturbance rejection and set-point tracking performances are
also improved due to two-layered controller structure. In this context, the coil current
is controlled in inner loop while the ball position is controlled in outer loop for the
control of the MAGLEV. The cascade control structure of the MAGLEV is
illustrated in Figure 6.3.
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Figure 6.3 : Cascade control structure of the MAGLEV.

Here, x; represents the desired ball position, x; represents the measured ball
position, e, represents the error of the ball position for the closed loop system,l;
represents the desired coil current, I, represents the measured coil current, e,
represents the error in the coil current for the closed loop system, V. represents the
coil voltage that is the control signal of the closed loop system. Then, the errors are

defined as
€x = Xa = Xp (6.3)

ec=1Iq—1 (6.4)

The PI controller that is used in inner loop is designed via pole placement method
and the controller parameters are calculated as K,,. = 182.875, K;. = 24801. The PI

controller is defined as
Ve = Kpcec + K. j ec dt (6.5)

6.1.2 Control system design strategies

In this subsection, the design strategies of the employed controllers (PID, T1-FPID,
FTTI1-FPID, RROT1-FPID and IT2-FPID controllers) is presented in detail. The
design parameters of the employed controllers are determined separately via an
optimization procedure. Here, the optimization procedure is performed with respect
to the nonlinear model of the MAGLEV and it is used for the design of the outer
controller of the MAGLEV. The BB-BC algorithm is utilized in the optimization
procedure due to its fast converge speed and low computational time. The population
size and iteration number of the algorithm is chosen as 20 and 100 respectively. In
addition, the employed controller is optimized with respect to the Integral Absolute

Error (IAE) performance measure. The IAE is defined as
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IAE = j|ex|dt (6.6)
t=0

Moreover, the employed controllers are optimized with respect to a varying reference
trajectory with the values of 11mm 9mm and 11mm (training reference trajectory)
respectively. It is also assumed that the MAGLEV is at steady state point at
x) = 12mm, 12 = 1.72A and V,° = 18.87V initially. Then the employed controllers
are verified for a new varying reference trajectory with the values of 12mm 10mm

and 9 mm (testing reference trajectory) respectively.

In the design strategy of the optimized PID controller, proportional, integral and
derivative gains should be determined. The general formulation of the conventional
PID controller is given in Equation 5.17. Then, the employed conventional PID
controller is defined as

€x

d
Iy = Kpyex + Kix f e, dt + de% 6.7)

where Ky, Ky, Kqx are the PID controller parameters used in outer loop. Here,
totally three parameters should be determined for the PID controller. Then the
optimization parameters are calculated as K, = 227.03, K;,, = 492.39, K;,, = 4.2.

In the design strategy of the optimized T1-FPID controller, scaling factors should be
determined. Here, 9-rule T1-FPID controller structure is used and the structural
parameters of the employed T1-FPID controller is initially fixed. Moreover, K, is
determined with respect to the reference value change in order to keep universe of
discourse for all FPID controllers. In this context, totally three parameters should be
determined for T1-FPID controller. Then the optimization parameters are calculated

as Ky = 11.2, K, = 0.67, K, = 2.21.

In design strategy of the FTT1-FPID controller, the parameters of the self-tuning
mechanism should be determined. Here, the self-tuning mechanism adjusts the SFs in

an online manner as follows:
Ky, = f(e)Ky (6.8)

Ky = g(e)Kq (6.9)
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where K and K2 are the initial values of the SFs. Here, f(e) and g(e) represent

nonlinear mappings as follows:
f(e) = ailel + a; (6.10)

g(e) = bi|1 —e| + b, (6.11)

where a4, a,, b; and b, are the tuning parameters of FTT1-FPID controller to be
determined. Moreover, the optimized T1-FPID controller parameters is also used for
FTTI1-FPID controller for the base T1-FPID controller. So, totally four parameters
should be determined for FTT1-FPID controller. Then the optimization parameters
are calculated as a; = 1.67, a, = 0.53, b; = 0.01 and b, = 1.07. The structure of
FTT1-FPID controller is given in Figure 6.4.
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Figure 6.4 : FTT1-FPID controller structure.

In design strategy of the RROT1-FPID controller, the parameters of the self-tuning
mechanism should be determined. Here, the self-tuning mechanism adjusts the SFs in

an online manner as follows:

KO
Kp = —— (6.12)
Kq = K3KKpq v (6.13)

where K;) and K are the initial values of the SFs. Here, y is the update coefficient
and is generated from the fuzzy parameter regulator. The fuzzy parameter regulator
is a Mamdani type fuzzy system consists of a 3x4 rule base given in (Gilizelkaya et
al., 2003), Ky is the output SF of the fuzzy parameter regulator and K, is an
additional SF that affects only the derivative SF of the RROTI1-FPID controller.
Moreover, the optimized T1-FPID controller parameters is also used for RROT1-
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FPID controller therefore they are initially fixed. Consequently, totally two
parameters should be determined for RROT1-FPID controller. Then the optimization
parameters are calculated as Ky=1.74 and K¢;=1.23. The structure of RROT1-FPID

controller is given in Figure 6.5.
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Figure 6.5 : RROT1-FPID controller structure.

In design strategy of the optimized IT2-FPID controller, the heights of the LMFs
should be determined. The consequent singleton sets, rule base and scaling factors is
selected as used in type-1 counterparts but the main difference between IT2-FPID
and T1-FPID controllers is the FOU that lays on the antecedent membership
functions of IT2-FPID controller. Moreover, the heights of Negative and Positive
membership functions set to equal as M;; = M;3 and M,; = M,3; to obtain
symmetrical control surface. Consequently, totally four parameters should be
determined for IT2-FPID controller. Then the optimization parameters are calculated
asmy; = my3 = 0.81, my, = 0.32, my; = my3 = 0.70, m,, = 0.59.
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Figure 6.6 : Employed rule base and consequent sets.
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Figure 6.8 : Employed antecedent MFs for the derivative of the error input.

The membership functions and rule base of employed FPID controllers are illustrated
in Figure 6.6 to Figure 6.8 in detail. Here note that, the antecedent membership
functions of T1-FPID controllers are not mentioned because they use the UMFs in

Figure 6.7 and Figure 6.8.

6.1.3 Real-time experimental results

In this subsection, the real-time experimental results of Optimized PID (OPID),
Optimized T1-FPID (OT1-FPID), FTT1-FPID, RROT1-FPID and Optimized IT2-
FPID (OIT2-FPID) controllers are presented on the MAGLEV system. Here note
that, FTT1-FPID, RROT1-FPID controllers have OT1-FPID controller base. The

comparison study will be divided into two parts for the training and testing reference
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trajectories. First, the control performances of the employed controllers for the
training reference trajectory, at which they are designed, is examined. Then, the
control performances of the employed controllers for the testing reference trajectory,
at which they are not designed, is examined. The comparison cases (training and
testing) are also divided into two parts in order to compare non-self-tuning and self-
tuning structures separately in order to make a fair assessment. The real-time
performances of the controllers are compared in terms of Settling Time (75),

Overshoot (OS%) and IAE performance measures.

The first comparison study between OIT2-FPID and non-self-tuning structures is
given in Figure 6.9.a while the comparison study between OIT2-FPID and self-
tuning structures and Figure 6.9.b. Again, the first comparison study is performed for
the training reference trajectory at which the controllers are optimized. The obtained

performance measures are tabulated in Table 6.1.

T
Reference

OPID — OT1-FPID —— QIT2-FPID
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2 24 28 12 124 128

Time (s)
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RROT1-FPID ——— FTT1-FPID

I
Reference OIT2-PID

Ball Position (mm)

Time (s)
(b)

Figure 6.9 : Real-time experimental results for training reference trajectory.
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Table 6.1 : Real-time experimental results for training reference trajectory

12-11 mm 11-9 mm 9-11 mm

Ts OS% Ts OS% Ts 0S% IAE
OPID 0.57s 57% 098s 59% 0.85s 47%  1.532
OT1-FPID 0.79s 44% 1.12s 40% 123s 36% 1.518
FTT1-FPID 0.63s 25% 092s 12% 0.79s 14%  0.979
RROTI1-FPID 045s 32% 0.61s 20% 0.66s 30% 0.874

OIT2-FPID 036s 18% 0.71s “11% 048s 10%  0.779

In order to examine the transient state performances (Ts, OS%) of the control
systems, we will examine the reference value variation from 11 mm to 9 mm in
detail. In comparison with the OPID and OT1-FPID structures, the OIT2-FPID
structure reduced settling time to 0.71 s and the overshoot to 11%. Moreover, if we
examine the performances of the RROT1-FPID and FTT1-FPID, it can be concluded
that the employed self-tuning mechanisms were able to enhance the T1-FPID control
system performance. However, in comparison with RROT1-FPID, OIT2-FPID has
reduced the overshoot by about 45% while it has increased the settling time relatively
Whereas in the comparison with FTT1-FPID, the OIT2-FPID decreased the settling
time about 23% while the overshoot value is almost the same. Moreover, the OIT2-
FPID structure has better overall IAE performance measure in comparison to the
other employed controllers. The first comparison study can be concluded as the
OIT2-FPID structure was able to enhance the control system performance in
comparison to both non-self-tuning (OPID and OT1-FPID) and self-tuning structures
(FTT1-FPID and RROTI-FPID). Moreover, although the self-tuning structures
provide the T1-FPID controller extra degrees of freedom, their performance results
were not good as the OIT2-FPID ones in presence of noise since the their tuning
mechanism is based on the value of the error. Thus, it can be concluded that the FOU
of the OIT2-FPID give the opportunity to type-2 fuzzy structure to enhance the

control performance and provides robustness against noise.

The second comparison study between OIT2-FPID and non-self-tuning structures is
given in Figure 6.10.a while the comparison study between OIT2-FPID and self-

tuning structures and Figure 6.10 and performance measures are given in Table 6.2.

70



Table 6.2 : Real-time experimental results for testing reference trajectory

12-11 mm 11-9 mm 9-11 mm

Ts OS% Ts OS% Ts O0S% IAE
OPID * * 092s 48% 099s  67% 1.798
OT1-FPID * * 1.12s  43%  0.76s  52% 1.530
FTT1-FPID 1.44s  28% 1.29s 17%  0.55s 18% 0.842
RROTI1-FPID 039s 35% 0.89s 25% 057s 28% 0.932

OIT2-FPID 0.54s  26%  0.77s 11%  0.39s 17% 0.875

* oscillating system response
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Figure 6.10 : Real-time experimental results for testing reference trajectory.

Again, the second comparison study is performed for the testing reference trajectory

at which the controllers are not optimized to examine their robustness against
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unknown system dynamics. As it shown in the Table 6.2, OIT2-FPID structure has
better control performance measures in comparison to the other controllers in
general. For instance, for the reference value variation from 10mm to 9mm, OPID
control system has worst performance measures. Here, both employed STT1-FPID
structures enhanced the OT1-FPID structure but the FTT1-FPID structure has best
IAE performance measure. In comparison with the OT1-FPID structure, the FTT1-
FPID reduced settling time by about 27% while the OIT2-FPID structure reduced
settling time by about 48% whereas both the FTT1-FPID and OIT2-FPID structures
reduced the overshoot by about 67%. Moreover, for the reference variation form 11
mm to 12 mm, OPID and OT1-FPID controller structures have an oscillating system
response, while the OIT2-FPID and FTT1-FPID and RROT1-FPID structures ended
up with stable system responses where the OIT2-FPID has the fastest system
response. It can be concluded that, the controller structures that include extra degrees
of freedom (OIT2-FPID, FTT1-FPID, RROT1-FPID) have better transient responses
and overall performance. Moreover, the extra degree of freedom of the IT2-FSs
provides the OIT2-FPID structure to have more satisfactory control performances
when compared to self-tuning structures. Consequently, the OIT2-FPID controller
structure provided relatively better control performances than its counterparts in
presence of noise and unknown dynamics compared to both non-self-tuning and self-

tuning structures.

6.2 A Simulation Study of Proposed Heuristic Self-Tuning Structure

In this subsection, a FOPDT process with uncertainty is considered in order to show
the effectiveness of the proposed heuristic self tuning structure for the simplest IT2-
FPID controller. The proposed Self-Tuning Interval Type-2 Fuzzy PID (STIT2-
FPID) controller is also compared IT2-FPID and T1-FPID controllers via simulations
for the unit step and the disturbance rejection performances. In order to make a fair
assessment overshoot (%0S), settling time (Ts) and Integral Absolute Error (IAE)
performance measures are considered. Moreover, the robustness against parameter
uncertainty of the proposed self-tuning structure is also investigated by considering
perturbed system models. Then without losing generality, the FOPDT process model

1s defined as
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K

G =
(s) s+1

e 0s (6.14)

where K is the process gain, 7 is the time constant and 6 is the dead time. Therefore,
four different cases are considered in simulations; the nominal system Gy(s), (K =
1,7 = 2,0 = 0.6) and perturbed systems; G;(s), (K =1.3,7=1,0 = 1.2), G,(s),
(K=0.7,t=23,0=0.9) and G3(s), (K = 1.5,7 = 1.5,0 = 0.3). The consequent
and antecedent membership functions and the rule base of T1-FLS and IT2-FLSs for
4-rule structures are selected as mentioned in Section 4. The SFs are fixed as K, = 1,
K; = 0.2, K, = 2, K;, = 2. Here, both the type-1 and interval type-2 controllers use
same scaling factor set. The height of the LMF of the employed IT2-FPID controller
is selected as 0.22 in order to show that the response of the simplest IT2-FPID
controller will be relatively slower than T1-FPID. Moreover, upper and lower limits
(hy and h,) of the proposed heuristic self-tuning structure is set to 0.1 and 0.338.
Thus, the feasible lower limit of V(M) is limited to 0.1 while the upper limit of the
V(M) is set to 0.448 which means that smoother control action is obtained by STIT2-
FPID controller. Then the proposed heuristic function that adjust the height of the
LMFs for the employed FOPDT process is constructed as

M(E) = (1—-|E|)0.338 + 0.1 (6.15)

For all simulation studies the step input is applied initially and an input disturbance is
applied at 20" second with magnitude of 0.3. The closed loop system responses of
the employed FPID controllers for the nominal system are illustrated in Figure 6.11
while corresponding control signals are given in Figure 6.12. Besides, the alteration
of the tuning parameter (M) of the proposed self-tuning structure for simplest IT2-
FPID controller is given in Figure 6.13. Then, overall performances measures of

employed controllers are summarized in Table 6.3.

Table 6.3 : Performance measures of FPID controllers for the nominal system.

O0S% Ts AIE

T1-FPID 13.68 7.11 2.33
IT2-FPID 11.12 10.35 291
STIT2-FPID 10.61 7.58 2.40
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Figure 6.11 : Closed loop system responses for the nominal system.
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Figure 6.12 : Control signals for the nominal system.
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Figure 6.13 : Alteration of the contoller gain for the nominal system.
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The STIT2-FPID controller improves the overall performances for the nominal
system when compared to the IT2-FPID and T1-FPID counterparts. For example, as
shown in Figure 6.11, for the nominal system response, the T1-FPID has the Ts with
7.11 s but the highest OS with 13.68% because of the aggressive nature of the T1-
FLC, while the simplest IT2-FPID has less OS with 11.12% but the longest Ts with
10.35 s because of the smooth nature of the IT2-FPID (M=0.22). However, the
STIT2-FPID structure has the best OS% and approximately same Ts with T1-FPID
with 10.61% and 7.58 s respectively. Moreover, the control signal of the proposed
STIT2-FPID control is more complex than its counterparts as shown in Figure 6.12
and the controller gain is adjusted with respect to heuristic update function

effectively in an online manner as shown in Figure 6.13.

Secondly, the closed loop system responses for the employed perturbed systems and
corresponding control signals are given in above figures. Here, high uncertainty
about the model time parameters is considered at first, secondly moderate uncertainty
about the model parameters is considered and then high uncertainty about the system
gain is considered for the perturbed system simulations. The step input is applied
initially and an input disturbance is applied at 20" second with magnitude of 0.3. The
closed loop system responses and corresponding control signals for the perturbed
system 1 (G;(s)) are illustrated in Figure 6.14 and Figure 6.15 and the alteration of
the M is given in Figure 6.16. The closed loop system responses for other perturbed
systems (G,(s) and G5(s)) is also given and the overall performances measures of

employed controllers are summarized in Table 6.4, Table 6.5, and Table 6.6.
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Figure 6.14 : Closed loop system responses for the perturbed system 1.
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Figure 6.15 : Control signals for the perturbed system 1.
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Figure 6.16 : Alteration of the controller gain for the perturbed system 1.
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Figure 6.17 : Closed loop system responses for the perturbed system 2.
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Figure 6.18 : Closed loop system responses for the perturbed system 3.

As shown Figure 6.14 to Figure 6.18, the proposed self-tuning structure provides
consistent results in presence of uncertainties about the FOPDT model parameters.
Moreover the proposed self-tuning structure simplest IT2-FPID controller has more
complex control effort than its type-1 and interval type-2 bases as shown in Figure
6.15. The reason behind this remark is the adjustable gain of the proposed self-tuning
structure. The controller gain is adjusted with respect to heuristic update function
effectively in an online manner as shown in Figure 6.16. Furthermore, similar to
nominal system responses, the proposed STIT2-FPID controller improves the overall
performances for the perturbed systems when compared to the IT2-FPID and T1-
FPID counterparts. However, the STIT2-FPID controller structure may slightly
increase the possibility of oscillation comparing to its interval type-2 counterpart. For
example, for the closed loop system response of the first perturbed system (G, (s)),
IT2-FPID has less oscillation around the set point, but STIT2-FPID controller still
improves the overall performance since STIT2-FPID has nearly 10% better Ts and
IAE values than IT2-FPID. Hence, the STIT2-FPID structure is still robust against

disturbances and uncertainties because of its IT2-FPID base.

Table 6.4 : Performance measures of FPID controllers for the perturbed system 1.

O0S% Ts AIE

T1-FPID 52.76 11.15 3.20
IT2-FPID 49.19 7.13 3.12
STIT2-FPID 45.02 7.92 2.83
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Table 6.5 : Performance measures of FPID controllers for the perturbed system 2.

O0S% Ts AlIE

T1-FPID 20.29 13.49 3.50
IT2-FPID 15.83 13.48 4.04
STIT2-FPID 14.91 13.59 3.48

Table 6.6 : Performance measures of FPID controllers for the perturbed system 3.

O0S% Ts AIE

T1-FPID 4.04 4.85 1.37
IT2-FPID 2.89 6.56 1.90
STIT2-FPID 3.41 5.01 1.48

Consequently, it can be concluded that the proposed STIT2-FPID controller
improves the overall performances in general comparing to its IT2-FPID and T1-
FPID counterparts. The reason behind this is that the proposed STIT2-FPID act like
the IT2-FPID when the system far away the reference which provides smooth control
action for set point tracking and then it act like the T1-FPID when the system output
about the set point which provides aggressive control action against disturbances.
Hence, it can be interpreted that the proposed STIT2-FPID controller benefits the
superiorities of the T1-FPID and IT2-FPID controllers.

6.3 A Simulation Study of Proposed Online Rule-Weighting Method

In this subsection, a two cascaded tank process is considered in order to show the
effectiveness of the proposed online rule weighting method for the IT2-FPID
controllers. The process is preferred due to its nonlinear and uncertain characteristics
and different types of order. The employed two cascaded tank process is illustrated in
Figure 6.19. Here, the above tank (Tank 2) is straight tank with a cross sectional area
(A;) and the below tank (Tank 1) is an inclined tank. The cross-sectional area of the
below tank is related to the level of the tank. The angle of its sidewall is represented
by f and the width of the below tank is represented L. The heights of the straight
and inclined tanks are represented as h; and h, respectively. The inlet flow is
represented by F;,(t) while outlet flows are represented by F,,:»(t) and Fy:q (t).

Here the input of the two cascaded tank process is assumed as inlet flow while the
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output of it is assumed as the height of the below tank (h;). Then the differential

equations related to the two cascaded tank process is given as

dhy  —Yv1J2gh1 + 724/ 2gh;

dt  2(d+ h, tan B)L (6.16)
dhy v, 1
a4, 2gh, + A_zFin(t) (6.17)

The process parameters are taken as A, = 85 cm?, L = 20, f = 5.1°, d = 3.32 cm,
y: = 0.3539 cm?, y, = 0.3027 cm?, g = 9.8 ms~? and the inlet flow range is
given as 0 — 100 cm3/s (Wang and Aida, 2003). For all simulation studies, the
initial levels of the tanks is assigned as h; =10cm and h, = 2cm and the
reference level of the below tank is determined as 6 cm. Moreover, the SFs are fixed
as K, = 0.25, K; = 0.5, K, =6, K, = 0.01 , M = 0.5 for all employed 9-rule IT2-

FPID controller structures regardless its self-tuning structure.

I Fin(t)

. Tank 2
hy
y
« P Fouz(t)
N/
L e Tank 1
VA

Figure 6.19 : Two cascaded tank process.

The proposed online rule weighting method IT2-FPID controllers is compared with
an error based rule weighting method proposed by (Kumbasar et al., 2013) . In brief,
The error based online rule weighting method for IT2-FPID controllers adjust the
rule weights via two heuristic functions in terms of the error. The heuristic functions

that are used for the rule weight adjustment is given as
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fi(E) = alE| (6.18)
f2(E) =1—|E| (6.19)

where a is a constant in the interval [0,1]. Then, the update functions given above
determines the rule weights of the IT2-FPID controllers in online manner with
respect to the meta rules defined in (Karasakal et al., 2011). The meta rules are
constructed with respect to the process output information, that is why the update
functions given in Equation 6.18 and Equation 6.19 are the functions of the error
input. Then, the mentioned meta rules is summarized on the rule table of the

employed IT2-FPID controller as illustrated in Figure 6.20.
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Figure 6.20 : Meta rules of rule weight adjustment mechanism on the rule base.

The closed loop control performances and the control signals are illustrated in Figure
6.21 and Figure 6.22 respectively. For the optimization procedure, the constants of
the cost function is chosen as Q = 30, and R = 5, while the population size and

iteration number of the BB-BC algorithm is chosen as 30 and 50 respectively.
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Figure 6.21 : Closed loop system responses of employed IT2-FPID controllers.
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Figure 6.22 : Control signals of employed IT2-FPID controllers.

Table 6.7 : Performance measures of employed IT2-FPID controllers.

Ts O0S% IAE
IT2-FPID 17.5 min 23.37 % 40.637
ERWIT2-FPID 19.33 min 16.64 % 38.363
ORWIT2-FPID 9.25 min 9.57 % 32.514

As shown figures above, the proposed self-tuning structure improves the control
performance in presence of model nonlinearities like the second order nonlinear
model of the employed cascaded two tank process. The employed ERWIT2-FPID
controller improves the performance of the its interval type-2 base, while the
proposed ORWIT2-FPID controller improves the control performance the most due
to its optimization based self-tuning structure. For example, as shown in Figure 6.21,
the IT2-FPID has the performance measures as Ts with 17.5min and OS with 23.37%
while ERW-IT2-FPID improves the performance as the OS with 16.64% by
compromising from the Ts approximately 2 min. Moreover, the ORW-IT2-FPID
improves the performance in every senses as the fastest Ts with 9.5min and the
smallest OS with 9.57 %. Moreover, it can be concluded that the classical error based
rule weighting structure make the control action always smoother than its IT2-FPID
base whereas the proposed optimization based rule weighting method might make
the control action both smoother and aggressive with respect to system performance
requirements and the cost function in time when comparing to its IT2-FPID

controller base. On the other hand, the one drawback of the online rule weighting
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method for IT2-FPID controllers is that the approach closely depends on the
information of the model, here also notice that any information about the model
including nonlinear models, fuzzy models, regression vectors or knowledge based
models can be directly used in the optimization procedure in order to overcome the
issue. Consequently, without losing generality, it can be also concluded that the
closed loop system performances might be improved comparing to error based rule

weight adjustment mechanisms and IT2-FPID controller base.
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7. CONCLUSION

In this Master thesis, two alternative approaches to the Karnik-Mendel type reduction
method is proposed, the mathematical derivations of the 4-rule IT2-FPID controller
is analytically derived, two self-tuning structures of IT2-FPID controllers including
heuristic function based and optimization based methods are proposed. For this
purposes, the general and internal structures of the IT2-FPID controllers is first
examined in detail, and the real-time experimental and simulation studies are
performed in order to show the effectiveness of the proposed method and the

controller structures.

Firstly, a novel graphical method called S-MAP is presented in order to visualize and
understand better the variation of the switching points selection of the KM algorithm.
The S-MAP provides useful information not only about the switching point selection
but also the different control laws of the IT2-FPID controller. By using the S-MAP,
the control laws becomes observable and more thoughtful in order to utilize for the
further researchers. Moreover, a novel representation of the switching points of KM
algorithm, namely BF-KM, is presented by first decomposing the IT2-FPID
controller into subcontrollers and then derive boundary functions to determine the
optimal switching points of each subcontroller. Therefore, the optimal switching
points are determined through the obtained boundary functions, in this context, the
proposed method eliminates the bottleneck of the iterative KM algorithm. In other
words, the proposed BF-KM method determines the switching points directly
without using an iterative algorithm. The goal of the method is also that the output
formulation of the IT2-FPID controller can directly calculated with respect to the
switching points that determined by the BF-KM. Here the proposed alternative
approaches are in fact complementary studies because the BF-KM determines the

switching points while the S-MAP clearly visualize them.

Secondly, the explicit mathematical expressions of 4-rule IT2-FPID controller and 9-
rule IT2-FPID controller is obtained with the aids of the S-MAP and BF-KM. 1t is

worth to mention that usage of the BF-KM make it possible to express an iterative
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algorithm that closely used in output formulation of the IT2-FPID controllers. The
closed-from formulation of the simplest IT2-FPID controller is derived in terms of
three different control laws. The mathematical expression of the simplest IT2-FPID
controller also point out that the controller highly nonlinear control features to the
engineers even it is the potential simplest structure of IT2-FPID controllers.
Moreover, the obtained explicit mathematical expressions of the IT2-FPID
controllers will be closely used in future with following topics, the stability analysis
of the IT2-FPID controllers and the systematic controller design procedures of IT2-
FPID controllers.

Thirdly, two novel online self-tuning structures for I'T2-FPID controllers is presented
based on a heuristic function and optimization. A simple heuristic function based
self-tuning structure for the simplest IT2-FPID controller is proposed with respect to
the controller gain of the employed controller around the steady state. The controller
gain curve is obtained with respect to the alteration of the size of the FOU and the
height of the lower membership functions. Then, in the light of the observations, a
simple function is used in order to enhance control performance of the IT2-FPID
controllers. The outcomes of the studies showed that the superiority of the proposed
STIT2-FPID structure is related to hybrid nature of the self-tuning structure because
it benefits the advantages of the T1-FPID and IT2-FPID controllers by changing the
size of the FOU in an online manner. Then an optimization based self-tuning
structure is presented, the self-tuning IT2-FPID controller adjusts its rule weights
with respect to ta generic cost function in terms of tracking error and control signal in
online manner. The performance of the proposed STIT2-FPID controller have
achieved better control performances in presence of uncertainties and nonlinearities

on the process model.

Furthermore, as part of this thesis, a comprehensive comparative real-time study is
performed between T1-FPID, self-tuning T1-FPID, IT2-FPID controller structures
on the real time MAGLEV experimental setup. The self-tuning mechanisms allow
the T1-FPID structures to have more degrees of freedom like IT2-FPID controllers.
In this context, it is also investigated if the power of the IT2-FPID lies in its ability to
handle the high level of uncertainties rather than only having an extra degree of

freedom.
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It can be concluded that, the IT2-FPID control systems provide more satisfactory
control performances due to its internal extra degree of freedom that lies on its
antecedent membership functions, moreover, the IT2-FPID control systems seem to
be more robust against noise and unknown system dynamics when compared to its
type-1, self-tuning type-1 or traditional counterparts. Furthermore, various design
strategies or self-tuning structures might be straight forwardly implemented into I'T2-
FPID controllers with the aim of the proposed alternative approaches to KM. It is
also important to note that developed alternative approaches, derived mathematical
expressions and proposed self-tuning structures are the initial steps in order to
investigate the internal structures and potential abilities of the IT2-FPID controllers
in details. In this context, it is not fair to draw a general conclusion for all type of
IT2-FLSs, however, without losing generality it can be concluded that the employed
IT2-FPID controller structure improves the control performances in general cases
and it can be easily used in control applications. Future work of this thesis will focus
on to developing more sophisticated tuning mechanism which might improve the
control performance better, generalizing the BF-KM method and stability analysis of

the IT2-FPID controllers.
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