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Abstract

This paper proposes a novel inference mechanism for an interval type-2 Takagi-Sugeno-Kang fuzzy logic control
system (IT2 TSK FLCS). This paper focuses on control applications for case both plant and controller use A2-C0 TSK
models. The defuzzified output of the T2FLS is then obtained by averaging the defuzzified outputs of the resultant
four embedded T1FLSs in order to reduce the computational burden of T2 TSK FS. A simplified T2 TSK FS based
on a hybrid structure of four type-1 fuzzy systems (T1 TSK FS). A simulation example is presented to show the
effectiveness of this method.
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1. Introduction

Fuzzy systems of Takagi-Sugeno (T-S) models (Takagi & Sugeno, 1985) have become an ef-
fective method to represent nonlinear system by fuzzy sets and fuzzy reasoning. In (Echanobe
et al., 2005) presented some important aspects concerning the analysis and implementation of a
piecewise linear (PWL) fuzzy model with universal approximation capability. Reference (Sadighi
& jong Kim, 2010) presented a combination of a Sugeno fuzzy model and neural networks. In
(Guechi et al., 2010) presented a new technique for tracking-error model-based Parallel Dis-
tributed Compensation (PDC) control and stabilizing controller by solved by LMI conditions for
the tracking-error model.

A new stability analysis method for nonlinear processes with T-S fuzzy logic controllers
(FLCs) without process linearization and without using the quadratic Lyapunov functions in the
derivation and proof of the stability conditions was designed in (Tomescu et al., 2007). In (Precup
et al., 2009) studied a new framework for the design of generic two-degree-of-freedom (2-DOF),
linear and fuzzy, controllers dedicated to a class of integral processes specific to servo systems.
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Fuzzy systems first introduced by Zadeh. The membership degree of Type-1 fuzzy set is crisp
value but it iST1FS in the Type-2 fuzzy sets (Mendel, 2001; Wu & Mendel, 2001; Mendel, 2007).
Researchers have shown that TIFLS have difficulty in modeling and minimizing the effect of
uncertainties (Zadeh, 1975).

In (Biglarbegian et al., 2010), the WuMendel uncertainty bounds (WM UBs) to design stable
interval type-2 TSK fuzzy logic control systems (IT2 TSK FLCS). Proposed Inference Methods for
IT2 TSK FLCSs in (Mohammad, 2010). In (Ren ez al., 2011) showed IT2 TSK FLSs analyzes the
sensibility of the outputs of a type-2 TSK fuzzy system, and discusses the approximation capacities
of type-2 TSK FLS and its type-1 counterpart. In (Wu & Tan, 2004) the study is conducted by
utilizing a type-2 FLC, evolved by a genetic algorithm(GA), to control a liquid-level process.The
proposed algorithm of interval type-2 TSK FLS has been used in fuzzy modeling and uncertainty
prediction in high precision manufacturing (Ren ez al., 2009).

In this paper, Proposed the new inference mechanisms. we reduced the computational burden
of T2 TSK FS.A simplified T2 TSK FS have a hybrid structure of four type-1 fuzzy systems (T1
TSK FS).The final output of the T2 TSK FLS is then obtained by averaging the defuzzified outputs
of each T1 TSK FLC. The rest of the chapter is organized as follows: Section II, we present an
overview of dynamic Takagi Sugeno systems. In this section, deals with analytical design of
Type-2 TSK fuzzy control and introduces the proposed simplified implementation of T2 TSK FLS
using four embedded T1FSs. Some simulations are executed to verify the validity of the proposed
approach in Section III. Section IV concludes the paper.

2. Takagi-sugeno fuzzy model

A dynamic T-S fuzzy model is described by a set of fuzzy IF THEN rules with fuzzy sets in
the antecedents and dynamic linear time-invariant systems in the consequents. A generic T-S plant
rule can be written as follows (Dorato et al., 1995; Khaber et al., 2006):

i" Plant Rule : IFx, (t) is My ..., x,(t) is M;, THEN % = A;x + B,

where x,y; is the state vector, r is the number of rules, M;; are input fuzzy sets, u,; is the
input and A,x, , By, are state matrix and input matrix respectively. Using singleton fuzzifier,
max-product inference and center average defuzzifier, we can write the aggregated fuzzy model
as:

= ey Wi(X)(Aix + Biu)
o Xhe® 7

2.1

with the term w; is defined by:

w0 = | | s 2.2)
j=1
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where y;; is the membership function of the jth fuzzy set in the ith rule. Defining the coeffi-
cients «; as:

Wi
Q= = (2.3)
iz Wi
we can write (2.1) as:
X = a(x)Aix+Buwi=1,...,r, 2.4)
i=1
where a; > 0 and ) a;(x) = 1.
i=1
Using the same method for generating T-S fuzzy rules for the controller, we have:
i"controllerRule :
IFx, (t) is Mi and ...x,(t)is M,"l thenu(t) =-Kix(@t),i=1,...,r,
The over all controllers would be
u=-> a K. (2.5)
i=1
Replacing (2.5) in (2.4), we obtain the following equation for the closed loop system:
i= ) @) a; (0 (A + B x. (2.6)

i=1 j=1

3. IT2 TSK FLSs

This chapter first presents the design of IT2 TSK FLSs for modeling and control applica-
tions. Second, WM UBs are introduced and third, a new inference engines for IT2 TSK FLSs
are introduced. The general structure of an interval A2-C0O TSK model for a system is as follows
(Mohammad, 2010):

If xiis F’l and x5 is F’2 and ...x,is F,’;, Theny; = af)xl + af)xg +...+ ailx,, (3.1)

where F j., i = 1,...,M represents the IT2 FS of input state j in rule i, xy,...., x, are states,
aé, e ai, are the coefficients of the output function for rule i (and hence are crisp numbers, i.e.,
type-0 FSs), y; is the output of the i rule, and M is the number of rules. The above rules allow us
to model the uncertainties encountered in the antecedents.

In an IT2 TSK A2-CO model, f7 (x) and ' (x) , lower and upper firing strengths of the " rule,
respectively, are given by B

FHO) = i (0) * ok g (x), (3.2)
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IO = g () ok (), (3.3)
where K and jiz represent the j” ( j = 1... M) lower and upper MFs of rule i, and "% is a

J
t-norm operator. State vector is defined as

X =[x, %0, .., x,]" (3.4)

The final output of the IT2 TSK A2-CO is given as:

Yrskmo-co = yny )= [ ... 1/212%&’ .
e et 1 Ze s

where y; is given by the consequent part of (3.1). Yrsk/a2-co is an interval T1 set and only
depends on its left and right end-points y;,y,, which can be computed using the iterative KM
algorithms. Therefore, the final output is given as The final output of the IT2 TSK A2-C0 is given

as:
yr (0 +yi (x)'

Youtput (x) = 2

(3.6)

KM Algorithm (Mohammad, 2010):
The KM algorithm presents iterative procedures to compute y;, y, in as follows:

Sety =y (ory.)fori=1,...,N;

Arrange y' in ascending order;

e .
Set f' = qurz =1,...,N;
) T YT
L
Do
yll :yl;

Find k € [1, N — 1] such that y* <y’ < y**1;
Set fi = fi (or)fori < k;
Set f' = f'(or f')fori = k+1;

N
Whiley #y~

yi(ory) =y

It has been proven that this iterative procedure can converge in at most N iterations (Mohammad,
2010).
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4. A simplified implementation of T2 TSK FS

As shown in the Figure 1, each T2MF can represents by two T1MFs, upper MF and lower MF.
Therefore, each one of two neighbor T2MFs intersects each other in four points and object to get
four MFs, upper MF, lower MF, left MF and right MF showing in Figure 2 (Hameed et al., 2011).
Thus four T1 TSK Fuzzy controller supplanted are used discretely. The MFs in each controller
supplanted by upper MF, lower MF, left MF and right MF, and will create upper fuzzy controller
(UFC), lower fuzzy controller (LFC), left fuzzy controller (LEFTFC) and right fuzzy controller
(RFC) respectively.
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Figure 1. Illustration of decomposing T2MFs into 4 T1MFs.

The defuzzified output of the T2FLS is then obtained by averaging the defuzzified outputs of
the resultant four embedded T1FLSs, as shown in Figure 3.

1 1 1 1
Y (.X) = Zyupper (.X) + Zylower (X) + Zyleft ()C) + Zyright (X) . (41)

5. Simulation

A two-inverted pendulum system is shown in Figure 4. It consists of two cart-pole inverted
pendulums. The inverted pendulums are linked by a spring in the middle. The carts will move to
and from during the operation. The control objective is to balance the inverted pendulums verti-
cally despite the movings of the spring and carts by applying forces to the tips of the pendulums.
Referring to Figure 4, M and m are the masses of the carts and the pendulums, respectively, m=10
kg and M =100 kg. L =1 m is the length of the pendulums. The spring has a stiffness constant
k = IN/m. y(t) = sin(2t) and y,(¢) = L + sin(3t) are the trajectories of the moving carts. u;(¢)
and u,(¢) are the forces applied to the pendulums. 6;(¢) and 6,(¢) are the angular displacements of
the pendulums measured from the vertical. The dynamic equation of the two-inverted pendulum
system can be written as follows (Lam et al., 2000):

X = A(x(®) x(¢) + Bu(?) S.D
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Figure 2: (a) Membership functions of upper intersection points. (b) Membership functions of left intersection points.
(c) Membership functions of lower intersection points, and (d) Membership functions of right intersection points.
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Figure 3. Simplified type-2 TSK fuzzy Logic Controller.

Figure 4. Two-inverted pendulum system.

A four-rule TS-fuzzy plant model is used to represent the two inverted pendulum system. The
i-th rule of the TS-fuzzy plant model is given by

Rule i = IF fi (x, (t)) is M;; and f» (x3 (1)) is My then X = Aix(£) + Bu(¢), i = 1,2,3,4 (5.2)

where M, is a fuzzy term of rule i, i = 1,2, 3,4. Then, the system dynamics is described by

X = i w; [A;x (1) + Bu (1)], (5.3)
i=1
where
0 1 0 0 0 1 0 0
RS
0 0  fomn O 0 0 fomax O
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0 1 0 0 0 1 0 0
_ flmax 0 0 0 _ flmax 0 0 0
A=l Ty o o 1 M7 o o 0 1|
0 0 f2min 0 0 0 f2max 0
Mari (fi (X1 (D)) X g (f2 (23 (1))
w; =

Sy (s A G (0)) X g (o (3 (1))

e (fi (x1 (1) = L e for g = 1,2 and guyge (fi (x1 (1) = 1=y (fy O (1) for 6 = 3,4
pars (o (x5 (1)) = =B for £ = 1,3 and 0 (o (63 (1)) = 1=y (fs (33 (1)) for 6 = 2,4
Simax = % + Ximax and fipin = % + Xtmins Jomax = Simax 0 fomin = fimin-

Figure 5 shows a controller in which the inputs are the states x(k) and the output is u(k). For
this system, the general i-th rule has the following form:

u(t) Plant x(t)

W

Type-2 TSK FLS
X(t) = Ax(t) + Bu(t)

Controller

Type-2 TSK FLC
u(t) = —Kx(t)

F

Figure 5. Closed-loop T2 TSK fuzzy control system.

To compare the performance of the IT2 TS FLC with the T1 controller, the model of the
plant is kept as a T1 TS and only the controller is replaced with an IT2 TS model. To make a
fair comparison, the parameters of the plants and controllers are kept unchanged for four control
systems, and only the MFs for the IT2 controller are designed. MFs for this Example showed
Figures 1 and 2. In this paper, the simplified Type 2 TSK Fuzzy controller of scaling factors are
tuned by trial-and-error approach. A four-rule fuzzy controller is designed as following equation
(Lam et al., 2000).

Rule i =1f x| (¢) is Mﬁ and x5 (t) is M§ thenu(t) = G;x(1) j=1,2,3,4.

The feedback gains for each fuzzy controller are then chosen as:

G = -116.6410 -119.7827 -95.0589 —39.6463
"7 =79.0293  —40.024 -260.5216 -180.2173 |’

G = -116.6410 —119.7827 -95.0589 —39.6463
27| -97.0293  —-40.024 —260.5216 -180.2173 |
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Gr = [ —179.4729 —119.7827 -95.0589 —39.6463 |
3T | -97.0293  -40.024  -260.5216 -180.2173 |

and

G = [ —179.4729 —119.7827 -95.0589 —39.6463 |
‘T | -97.0293  -40.024  -323.3534 -180.2173 |

The zero-input responses of the system under the initial conditions:

88 88
0) (rad) = [—=0 - —=0].
x(0) (rad) = [1550 = 73g5¥
The responses for T1 TSK Fuzzy and simplified T2 TSK Fuzzy controllers are shown in Fig-
ures 6-7 comparison between the two types of TSK FLCs have done. The reciprocal of the Root

squared error (RMSE) of the response showed in Table I.
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Figure 6: Responses of (solid line) and (dotted line) of the two-inverted pendulum system under T1 TSK FLC and
Simplified T2 TSK FLC with M = 100 kg.

Table 1
RMSE of the responses
RMSE XI1(t) X2(t) X3t X4
T1 TSKFLC 6.8299 3.8769 6.3953 5.1933
T2 TSKFLC 6.7483 4.0474 6.3542 5.3271
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Figure 7: Responses of (solid line) and (dotted line) of the two-inverted pendulum system under T1 TSK FLC and
Simplified T2 TSK FLC with M = 100 kg.

6. Conclusion

The nonlinear, T1, and IT2 controllers are capable of stabilizing the system. With attention to
table. 1 in before section, value RMSE reduced in the X1(t) and X3(t) in the T2 TSK FLC with
respect to T1 TSK FLC. Therefore output system is robustness. In this case study, it is shown
that the proposed I'T2 TSK FLC is capable of stabilizing the coupled two inverted pendulum while
achieving a better performance compared to its T1 TSK FLC
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