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ABSTRACT

The absolute stability of a new class of Takagi-Sugeno (T-S) fuzzy Lurie control systems
with multiple time-delays is considered in this paper. By utilizing the Lyapunov stability
theory and the linear matrix inequality (LMI) approach, a novel delay-dependent
absolutely stable condition is derived. In addition, by using Simulink toolbox in

MATLAB, asimulation example is provided to demonstrate effectiveness of the proposed
result.
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INTRODUCTION

Since the notion of absolute stability was introduced by Lur'd”, the theory of absolute stability has occupied an
important place among exact mathematical methods being used in the design and analysis of control systems. So far, as the
time-delay phenomenon is frequently encountered in various of engineering systems such as chemical process, long
transmission lines and so on, the stabilization of Lurie systems with time-delay has attracted a large amount of attention over
the past years>?. In addition, several novel conditions for delay-dependent absolute stability of Lurie systems with multiple
time-delays have been derived*® by employing the Linear matrix inequality (LMI) approach. The advantage of this method
isthat it uses free weighting matrices to express those relationships.

On the other hand, the Takagi-Sugeno (T-S) fuzzy models® can provide an effective representation of complex
nonlinear systems. It is known that such models can be used to describe a nonlinear system in the form of a weighted sum of
some simple linear subsystems, and then the nonlinear system can be stabilized by a model-based fuzzy controller. So, many
researchers have paid great attention to the stability analysis and control synthesis of T-S fuzzy systems with time-delay ["#.

However, as far as the authors know, the problem of the delay-dependent condition for absolute stability of T-S fuzzy
Lurie systems with multiple delays were seldom studied up to now. We set a new T-S fuzzy Lurie control systems in this
paper. Meanwhile, proper Lyapunov functions are defined and a novel delay-dependent absolutely stable condition is
obtained by using the method of Lyapunov functional together with Linear matrix inequality (LMI) approach.

PROBLEM FORMULATION

The i th rule of the T-Sfuzzy model for each i =1, 2,---, r isrepresented as follows:
Plant Rule i : If 5(t) isM,, s,(t) is M,, ,---,5,(t) is M;; THEN

X(t) t)+Zm; B X(t—7,)+Du(t)+b f (o (t)),t=0

k=1

D)

Where s (t),s (t),--,s,(t) are the premise variables, M, (j=12,---,g)is afuzzy set. x(t)e R" denotes the

Y9
state vector; A,B,,D. (i =12,--,r, k=12, ---,m)arethecoefficient matrices with appropriate dimensions; b ;e R"
is the coefficient of the nonlinearities; ceR";7, 20 (k=12---,m)is the time-delay; ¢(-)e C[ ankax{rk} OJis a

continuous vector valued initial function; the nonlinearity functions f () satisfy the following sector condition:

f()eK[0,0]={f ()| f(0)=0,0<cf(o(t))<w0,0c 0} )

The dynamic fuzzy model can be represented in the following form:

Izr: h(s(t )[ +kzn:1: L X (-1, +Du(t)+hf(a(t))}

o) x(0). ®
x(0)=0(6),  0e|-max{r}.0]

1<k<m

h(s(t)):rl—)’ €)
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in which M, (s (t)) is the grade of membership of s (t) in M,. In this paper, It is assumed that

o (s(t))zo,zwj (s(t))>0,i=12:,r,vt>0.

Hence, the fuzzy basis functions satisfy zr:h (s(t))=1 with h(s(t))=0, i=1--,r, Vt=0.

Control rulei :IF s (t) isM;;(t),s,(t)is M, (t),--, s, (t) is M, (t), THEN
u(t)=Kix(t), i=12,--,r

where K; e R*" (i=1,2,---,r) isthelocal controller gain. Using the fuzzy basis functions defined by (4),the overall
fuzzy state feedback controller isrepresented by :

u(t)zgh (s(t))Kix(t)

Throughout this paper, we shall use the following lemmas:
Lemma 1. (see @) For any constant symmetric matrix R,M =M >0, scadar r >0, vector function

g:[0,r] > R", such that the integrationsin the following are well defined, then

rjor 9" (s)Mg(s)ds> Uor g(s)ds}T M Uor Q(S)ds}

L emma 2. (see Schur complement ') Given constant symmetric matrices 2y 20, 2.3 With appropriate dimensions, where
Yo=X"and Y, =", then >, +>. >, "> <0, holdsif and only if

F"l Z:3T}<Oor e % <0
Xy — 2 >y 2

MAIN RESULITS

Theoreml. The system (3) is absolutely stable, if there exist matrix K, (i =1,2,---,r)and symmetric positive definite
matrices P,Q,,R (k=12---m)andscllar @ >0, >0, such that the following LMIs hold:

W
E, = Vi Vo <0,i=], (5)
W
with
2y Ty Ty O (G R R oR,
W, = * Q 2, 0 W, = 0 0 0 0
* * Iy 0 0 0 0 0
* * * W;.; 0 0 0 0
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e 0 0 0
* 0 0 0
x« -R 0 0

V\é: * * _F~22 0 ’
* * * 0
* * * _|§n

T, +0y," T+, Ty+Ty" 0
= _| * 2Q r,+ I,/ O
By ) ) N o |
* * * Z\NS
Q QR R R -zR =R
- 00 o oo o0--0 0
21000 00 00 O
100 0 00 0--0 O
9 o 0 O 0 0 |
* —Q 0 0 0
* * —-R 0 0 0
=] * * % —F~§ 0 0 |,
* * * * 0 0
* * * * _Rn 0
k %k %k %k £ _Rn

L et * denotes the elements below the main diagonal of a symmetric block matrix,
rlijzﬁAJrF?D.K.,r —[ﬁ ,PB,,-,PB,, |.T5; = Ph + BAc+ KD +ac,
=] AB/c. A8, B,'c|.T -=2ﬂb.TC,VV3=dlag[—Rp—Rzr'w—Rn],

Q =diag[-Q,-Q,,,-Q,[.Q=DQ.  (I<i<j<r).
Proof. We define the Lyapunov-Krasovskii functional candidate asfollows:
V() =V (1) +V, (1) +V5 (1) + V4 (1),

where

(6)

(7)
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Vi(t) = X" (1) Px(1) ZI X (S)Ax(s)ds,
=kaf dgj X' s)ds, V,( :2/3[0 f (o)do.

Then, the time derivative of V (t) along the trgjectory of system (3) is given by
V(t):\/l(t)+\72 (t)+V3(t)+V4(t), 8
with

V; (t)=2x" (t)Px(t)

= zgh (s(t))X (1) ﬁ{Ax(t)+kZm;B,kx(t—rk)+ Du(t)+h f (o-(t))] ®)
V. t):kzm;xT( kZm;XTt 7 RX(t-7,), (10)
v, (t) = ki;rksz (t) ax(t)_g [ X (sfRx(s)ds
By Lemmal, we have
V(1) < kszksz (1) RX(t) _g[ [ x(s)dsT R [ I x(s)ds:l. (12)
Using (1) and (2),the following equation holds
V,(1) =267 () (o)

zzﬁ’ih(s( ){ +inxt 7, )+Dut)+h f (o ())]ch(a(t))

Ijl kml (12)

szﬁ’;h(s( )[ +lekxt 7, )+Du)+h f (ot ())]T

o (o)) + 2% (1)t (o).
From (8)~(12), we obtain

)= S (sw)2¢ (7] ax()+ S auxit-s)
+D2h (s(t)K;x®)+b f (o (t )):|+ng (1)Qx(t)
—kz:xT (t-7)0X(t —fk)+kz:r;xT (t) Qx(t)—kz:[ [ x(s)dsT R, x(s)es] 3

+ 25’{Ax(t)+ zm; B.x(t—7,)+D, _r h (s(t))K;x(®) +b f (G(t))}T

here we define :
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n(t)=[x (1) E;(t) fT(o-(t)) E' ()],
E(t)=[X (t-7,) X (t- rz) K (t-z,)]
E, (t) :[ . t X' (s)ds--- [ xT(s)dsT,

T, t-r,
Ly +Ty +Zm:(Qk+rk )ZF Iy +0y" 0

1ij 3ij
k=1

Q= * Q o, 0 | (14)
* * 2¢O
% * * Mé
where Ty, [, Iy, Ty, W, (1<i<j<r) are the same as the corresponding items in inequalities (5) and (6). If

0, <0, then there exists a sufficient small scalar & > 0, such that V (t) < —&||x(t)|" (for x(t) # 0), which shows that the T-S

fuzzy Lurie system with multiple time-delays described by (3) is absol utely stable. Using the Schur complement formulain
Lemma2, we know that Q; <0 isequivaent to (5) and (6). This completes the proof.

SIMULATION EXAMPLE

In this example, the T-S fuzzy Lurie system with multiple time-delays considered iswithu(t) =0 and two rulesfor i =2,
m=1.

Plant Rules.

)'((t) AL ()+Bux(t—z'1)+blfl(0'(t)), t>0

Rulel: IFSl(t) is MllThen

X
Rule2: 1IFS®) js MaTpen

with f (o (t))=tan(o(t))(i=12), 7,=10. The fuzzy basis functions for Rule 1 and Rule 2 are
h(s(®)=sn*(zs1), h(s1)=cos’(7s(1)).

We suppose
[-2 o [3 o0 [-02 -05 5 _ -0.1 -045
A= -1 -2 A= -1 -3 Bu= 05 -02" % | 04 -01/

o I T I b

5_ 23199 -0.7415] . [2.3534 0.2223] . [1.9443 0.2483
| -0.7415 22759 |' ™ | 0.2223 2.4531| ' |0.2483 2.3020|

¥ =2.7076, J =0.7563,

then

Using the MATLAB Simulink Toolbox, the state responseis shown in Fig.1.
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Figure 1: Response of the state x(t)

The simulation result in Fig.1 has shown that, under the conditions of Theorem 1, the T-S fuzzy Lurie control system
with time-delays is absolutely stabilized.

CONCLUSION

The absolute stability for a class of T-S fuzzy Lurie control systems with multiple time-delays is considered in this
paper. By taking the advantage of T-S fuzzy model, a new system is created, which represents a new trend of research for
Lurie control system. Using the Lyapunov -Krasovskii functional (LKF) and the linear matrix inequality (LMI) approach, a
new delay-dependent condition for such systems is obtained and described in the form of LMI, which is different from
existing ones. Finally, the simulation result has shown that the proposed results are effective.
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