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Improved Stability Criteria for T-S fuzzy Systems with
Time-varying Delay by Delay-partitioning Approach

Jun Yang*, Wen-Pin Luo, Yong-Hu Wang, and Chun-Sheng Duan

Abstract: This paper focuses on the robust stability criteria of uncertain T-S fuzzy systems with time-
varying delay by delay-partitioning approach. An appropriate Lyapunov-Krasovskii functional is estab-
lished in the framework of state vector augmentation. Then, on the basis of the Finsler’s lemma, some
tighter bounding inequalities (Seuret-Wirtinger’s integral inequality and Peng-Park’s integral inequali-
ty) are employed to deal with (time-varying) delay-dependent integral items. Therefore, less conserva-
tive delay-dependent stability criteria are obtained in terms of linear matrix inequalities (LMIs), which
can be solved efficiently with the Matlab LMI toolbox. Finally, two numerical examples are provided
to show that the proposed conditions are less conservative than existing ones.

Keywords: Delay-partitioning approach, Linear matrix inequalities (LMIs), Lyapunov-Krasovskii
functional (LKF), Stability, Time-varying delay, Takagi-Sugeno (T-S) fuzzy systems.

1. INTRODUCTION

Since Takagi-Sugeno (T-S) fuzzy model [1] was first
introduced, much effort has been made in the stability
analysis and control synthesis of such a model during the
past two decades, due to the fact that it can combine the
flexibility of fuzzy logic theory and fruitful linear system
theory into a unified framework to approximate complex
nonlinear systems [2,3]. On the other hand, as a source of
instability and deteriorated performance, time-delay
often occurs in many dynamic systems such as biological
systems, chemical processes, communication networks
and so on. Therefore, stability analysis for T-S fuzzy
systems with time-delay has received more interest and

Manuscript received October 1, 2014; revised December 11,
2014; accepted January 31, 2015. Recommended by Associate
Editor Izumi Masubuchi under the direction of Editor Euntai Kim.

This work was partially supported by the scientific research
foundation of CAFUC (J2014-50, Q2010-75), the joint fund of the
national natural science and civil aviation research foundation of
China (U1333133), the scientific research fund project of SUSE
(2012KY09, 2013QZJ02, 2014RC03, 2014QYJ03, 2014PY08)
and the Opening Project of Sichuan Province University Key
Laboratory of Bridge Non-destruction Detecting and Engineering
Computing (2014QZJ02). The authors would like to thank the
editor and the anonymous reviewers for their constructive com-
ments and suggestions to improve the quality of the paper. The
authors are also deeply indebted to Professor Chen Peng (Nanjing
Normal University) and Professor Hong-Bing Zeng (Hunan Uni-
versity of Technology) for their kindhearted help.

Jun Yang and Chun-Sheng Duan are with the College of Com-
puter Science, Civil Aviation Flight University of China (CA-
FUC), Guanghan, Sichuan 618307, P. R. China (e-mails: yj uestc
@126.com, Duan_cafuc@126.com).

Wen-Pin Luo is with the College of Science, Sichuan Universi-
ty of Science and Engineering (SUSE), Zigong, Sichuan 643000,
P. R. China (e-mail: luowenp@]126.com).

Yong-Hu Wang is with the College of Flight Technology, Civil
Aviation Flight University of China (CAFUC), Guanghan, Si-
chuan 618307, P. R. China (e-mail: wangyonghucn@]163.com).

* Corresponding author.

© ICROS, KIEE and Springer 2015

achieved fruitful results, see, e.g., [4-10] and references
therein. These stability criteria can be classified into two
types: one is delay-dependent and the other is delay-
independent. The delay-dependent criteria are less
conservative than delay-independent ones since they
consider the length information of the delay [5,7,11].

Among the recent techniques adopted in the stability
analysis of T-S fuzzy systems with time-varying delay,
the most noteworthy is the delay-partitioning approach:
the delay interval is divided into multiple uniform/non-
uniform segments [11-15]. It has been proved that less
conservative results may be expected with the increasing
delay-partitioning segments [11,14]. On the other hand,
to the system with time-varying delays, it is seen from
[15] that the results based on reciprocally convex
technique [16] generally have the less conservativeness
than those based on Jensen inequality, since none of any
useful integral items are arbitrarily ignored in the proof
[14]. Recently, by dividing the delay interval into two
uniform segments, [15] obtained the less conservative
results than those in [5,17] for time-varying delay T-S
fuzzy systems. More recently, on the basis of delay-
partitioning approach and Peng-Park’s integral inequality
established by reciprocally convex approach, [14] has
developed less conservative stability criteria than those
in [5,13,15] for the uncertain T-S fuzzy systems with
interval time-varying delay. Most recently, via the idea
of combining delay-decomposition with state vector
augmentation, a novel LKF is established, then by
employing the reciprocally convex approach, [11] has
achieved less conservative results than those in [5,14,18-
22] for the uncertain T-S fuzzy systems with time-
varying delay. However, when revisiting this problem,
we find that the aforementioned works still leave plenty
of room for improvement.

This paper will develop less conservative stability
criteria of uncertain T-S fuzzy systems with time-varying
delay by means of delay-partitioning approach and
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Finsler’s lemma. An appropriate augmented LKF is
established in the framework of state vector augmenta-
tion. Then, some improved stability criteria are obtained
by employing Seuret-Wirtinger’s integral inequality and
Peng-Park’s integral inequality to deal with (time-
varying) delay-dependent integral items. Finally, two
numerical examples are provided to show that the
proposed criteria are less conservative than existing ones.

The rest of this paper is organized as follows. The
main problem is formulated in Section 2 and improved
stability criteria for the uncertain T-S fuzzy systems with
time-varying delay are derived in Section 3. In Section 4,
two numerical examples are provided; and a concluding
remark is given in Section 5.

Notations: Through this paper, R” and R™" denote,
respectively, the n-dimensional Euclidean space and the
set of all nmxm real matrices; the notation 4> (>)B
means that 4 — B is positive (semi-positive) definite; / (0)
is the identity (zero) matrix with appropriate dimension;
A" denotes the transpose; He(4) represents the sum of
A and A" ||0|| denotes the Euclidean norm in R”; «“*"
denotes the elements below the main diagonal of a
symmetric block matrix; C([-7,0],R") is the family of
continuous functions ¢ from interval [-7,0] to R”"
with the norm ||¢||T =SUp_,<p<o ||¢(c9)||; let x,(0) = x(z +
0), 0 €[-1,0].

2. PROBLEM FORMULATION

In this section, a class of uncertain T-S fuzzy systems
with time-varying delay is concerned. For each i=
1,2,---,r (r is the number of plant rules), the ith rule
of this T-S fuzzy model is represented as follows:

Plant Rule i: IF 6,(r) is M,;, 6,(t) is M, -,
0,@t) is M,, THEN

X(1) = [4; + A4, (O]x(0) + [ Ay + Ady; (D]x(t = 7(1)), £ 20
x(l) = ¢(l)’ re [_T, 0]7

(D

where (1), 0,(t), ---,0,(t) are the premise variables,

and each M;(i=12,---,r;/=12,---,p) is a fuzzy set;

x(t)e R" is the state vector; ¢(z) e C([-7,0],R") is

the initial function; 4; and A4, are constant real matrices

with appropriate dimensions; the delay 7(¢) is a time-
varying functional satisfying

0<z(r)<7, (2)
() < i, 3)

where 7 and g are constants assumed to exist; The
matrices A4, (t) and A4,(t) denote the uncertainties
in the system and are defined as

[A4:(1), Ady; (D] = HF (DI E;, E4], 4

where H, E; and E,; are known constant matrices and F(7)
is an unknown matrix function satisfying

FT®)F()<1. (5)

By a center-average defuzzier, product inference and

singleton fuzzifier, the dynamic fuzzy model in (1) can
be represented by

50 = 3 IO (A (0)x(0) + Ay (x(t— (1)},
i=1

x(1) = (1),
where A;(t) = A4; +AA4;(t), A;(t)= Ay, +AA4,(t) and

(6)
te[-7,0],

P
h(0(1)) = [T MaG@) Lewr, ()

Z:=1 Hle M, (6,(D) ’

in which M;(6,(t)) is the grade of membership of
6,(t) in My, and O(t)=(6,(t), --,6.(¢)); By definition,
the fuzzy weighting functions /,(0(¢)) satisfy #;(6(¢))
>0 and z;l h.(6(r)) =1. For notational simplicity, 4;
is used to represent /;(6(¢)) in the following description.

Before proceeding, recall the following lemmas which
will be used throughout the proofs.

Lemma 1 (Finsler’s lemma) [23]: Let { eR", ® =
®" e R™", and B e R™" such that rank(B) < n. Then
the following statements are equivalent:

(i) ¢'®E<0,VBL =0, #0;

(i) pL'®B*t <0,

(iii) Y e R™™ : ®+ He(YB) <0,
where B e R™("(B) g the right orthogonal com-
plement of B.

Lemma 2 (Peng-Park’s integral inequality) [14,16]:
For any matrix E j >0, positive scalars 7 and 7(¢)
satisfying 0 <z(f) <7, vector function x:[-7,0] > R”
such that the concerned integrations are well defined,
then

—z L’_ T (5)Zi(s)ds < @' (NQa (1),

where

() =[x"(),x" t-7@),x" t-1)]",

-Z zZ-S S
Q=| * -2Z+He(S) -S+Z]|.
% % _Z

Lemma 3 (Seuret-Wirtinger’s integral inequality) [24]:
For any matrix Z> 0, the following inequality holds for
all continuously differentiable function x:[«, 8] — R":

[ f 7 (5) Zi(s)ds > 3 LT mevo),
where
X(B) 47 27 627
v(r) = x(@) L @=| * 47 —6z|.
ﬁj:x(s)ds * * 127
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Lemma 4 [25]: Let Q= 0", H, E and F(¢) satisfying
FY(1)F ()< are appropriately dimensional matrices,
then the following inequality

O+He{HF()E} <0

is true, if and only if the following inequality holds for
any £>0,

O+ 'HH " +¢E"E <0.
3. MAIN RESULTS

This section aims to develop a novel robust stability
criteria for uncertain fuzzy system (6) with time-varying
delay by delay-partitioning approach.

For any integer m =1, define 6 =, then [0,7] can
be divided into m segments, i.e.,

[0.71=J_,[(/-D8. j&]. (8)
For notational simplification, motivated by [14], let

e, =[0,-++,0,1,0,---,0]",
— —

s—1 m—s+4

SO =Ix"t—7(0), &' (1), x" (1= md), 9)
[ s s

s=1,2,,m+4

where
SO =[x @),x" (t=5),

Based on Lyapunov-Krasovskii stability theorem [26],
we firstly state the following stability criterion for the
nominal system (6), i.e., system (6) without parameter
uncertainties.

x't—(m-15)]".

Theorem 1: Given a positive integer m, scalars
720, ¢, and 0 = %, then the nominal system (6) with
a time-delay (7) satisfying (2) and (3) is asymptotically
stable if there exist symmetric positive matrices

_|A B Ru Ry
- % s R] s
B Ry

X” Xl
X=Xl =]+ |,

mxm

Qj, Zy, Zj, and any matrices Y and S;(i=12r;
j=12,---,m; [=12,---,m—1) with appropriate dimen-

sions, such that the followmg LMIs hold for i=1,2,
r and k=12,

E(i,k)+He(YT;) <0, (10)
Y(i, k) = Ze Sy (11)
b * Zk - b

where

3
Z B, +E,(k)+E5(i,k)

+em+4 [52 z Z; ] Cn+d>

T, = die; +Aze] —eps,
T 17 T
e -4z, -2Z, 6%, e
= —| of * _ T
o =| & 4z, 67, e |
T * _ T
€3 * 122, || epys
T
T T
—- 5 R B Cm+4
=, =He T . ol
0€,43 B || e] —¢]
T T
T T T T
€ € &) &)
T T T T
e e e e
= 3 3 4 4
=27 2 X
T T T T
Cm+l Cm+l S )

T T
m-l | T el el el
= _ Jj+1 R J+1 Jj+2 R Jj+2
=3 = j - J H
Al e € e e
J J+ J+3 J+3

E k) Z|: J+IQ/ j+1 T /+2Q/ J+2:|

T
+e1Ocern —(1— 1)eOsef
T
T _ T
_ . & €yl Zj Zf €41
sa0= Y |
j=lj=k| €j42 T4 G2
T
T T
€+l -Z, Z, =Sy S €41
+| ¢ * 27, +He(S,) Z,-S,; || ¢
T % % — T
€2 Zk )

Proof: For any #>0, there should exist an integer

ke{l,2,---,m}, such that 7(¢)e[(k—1)J, k6]. Then,
choose the following augmented LKF candidate:
5
VAt %) iz oyerh-nys, ks = Z Vi(x,), (12)
i=1
where

Vi(x,) =15 ()P, (1),
V)= &N ©)XE ()ds,

m—1 p
Vix) = [ n] ORm,(s)ds,
J=l
S
K= [ 90
<

w0 AT ()0, x(s)ds
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& (~UDS .
Vi(x)=>5 j_j; L+9xT (5)Z;i(s)dsd @
Jj=1
0 et | .
+6 LS ngxT (5)Z,x(s)dsd®,

with 7,(t) =[x" (?), ,t_a x'(s)ds]" and n;(s)=[x"(s—
(j=D8),x" (s=jo)]', j=1,2,--,m 1.

Taking derivative of V(#,x,) |- (eqh-1ys,ks7; along
the trajectory of the nominal system (6) yields:

. 5 .
V(&%) e eqhe-nys, kopy = D> Vix,), (13)
i=1
where
Vi(x,) =210 () Prig(£) = £ T (DEL (), (14)
Py =&l X E(0=8 (1=0)X ¢ (1=0) as)
=T (DB (1),
. m—1
Vi(x) = [n; (OR;7,(t)=nj (t=5)R,n,;(1=5)] 16
j=l
=T (DL (),
k-1

Vi(x) <Y [x" (= (j=DQ;x(t - (j~1)5)

J=1

—x' (1= j&)Q;x(1 - j5]

+x" (1 = (k—=1)8)Qx(t — (k —1)5) (17)
— (1= p)x" (1 = 7(£)) O x(t — (1))
=T (HEL (S (),

Vi(x,)=x" (t){é‘z i Z 1 x(1)-6 jf’_ﬁxT (5)Zyx(s)ds

j=0

& p-(j-1)S .
—5; L_j; i1(8)Z 3(s)ds. (18)
J=

For the case of 7(¢) ¢[(k—1)d, ko] and 7(¢)e[(k—
1)8,k6], 1<k <m, applying Jensen inequality and
Lemma 2 (Peng-Park’s integral inequality) to deal with
the last item in (18), respegtively, it can be deduced for
[Zf Z]ZO, where S, =Y 1Sy, that

i=l1

< [1-(-DS . .
=0y [ ©Zks)ds
J=1

< T _Zj Zj
< X vl Mo (19)
J=lj#k Bt
_Zk Zk_Sk Sk
+al (1) *  -2Z,+He(S,) Z,-S, |@ ()
=2 T (OES (GRS (@),
i=1

where v () =[x (t=(i=D)x" (- jO", @ (t)=[x"(t
—(k=1)8),x (1 —7(t)),x" (1 —k&)]".

On the other hand, it follows from Lemma 3 that
o .
-5 L_a i1 (8)Z i(s)ds

-4z, -2Z, 6Z,

<v ()| * -4z, 6Z, |vo(0) (20)
* x  —12Z,
=T (EKL (1),

T
t
where v, (1) = [xT (t),x" (1 - 5),% [« (s)ds} .
By (13)-(20), the following inequality holds

V(.5 liroetens. kon < 2 ¢ OEERE@, (1)
i=1

where E(i,k) is defined in Theorem 1.
In what follows, the nominal system (6) with the
augmented vector £(¢#) can be rewritten as:

0= i hI g (@),
i=1

where I'; (i=1,2,---,r) are defined in Theorem 1.
Therefore, the asymptotic stability conditions for the
nominal system (6) can be represented by

S RETOEG R @0) <0,
i=1 r 22)
subjectto: 0= Z hI . Z(@).

i=1

By Finsler’s lemma, for any matrix Y with appropriate
dimension, the conditions in (22) are equivalent to

i hiQ’T O[E3, k) +He(YT;)IS(¢) < 0. (23)
i=l

Thep, it follows from (21), (22), (23) and LMIs (10)
that V' (2,x,) |z (r)eik-1)s, k57 <0- This means

V(t,x,) lieoyelk-1s. ko1 < _7”"(’)”2

for a sufficiently small y > 0. Therefore, by Lyapunov-
Krasovskii stability theorem [26], the nominal system (6)
with any delay 7(¢) satisfying (2) and (3) is globally
asymptotically stable. This completes the proof. 0

For the uncertain T-S fuzzy system (6), replacing 4,
and A, with 4, + HF(t)E; and A, +HF(t)E,; in (10),
the following result can be easily derived by applying
Lemma 4 and Schur complement [27]. Thus, it is omitted
here.

Theorem 2: Given a positive integer m, scalars
720, £, and O =ﬁ, then the uncertain T-S system
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(6) with the time-delay 7(¢) satisfying (2) and (3) is
asymptotically stable if there exist scalars g, >0
(i=1--,r; k=1,---,m), symmetric positive matrices
P—ﬁ ’P”, =[X; Lo Op» Zo» Z;, Ry = [R” I;ﬂ and
any matrices Y and S;(i=L2r; =12, m; 'l =1,
2,---,m—1) with appropriate dimensions, such that the

following LMIs hold for i=1,2,---,7 and k=12,---,m

E@i,k)+He(YT,) YH &,(e,E' +eEL
i ik \*240 1=di

* &y d 0 <0,(24)
* * —&ul
Y(i,k)=0, (25)

where E(i,k),I'; and Y(i,k) are defined in Theorem 1.

Remark 1: Based on delay-partitioning approach, the
new LKF (12) is different from those in [5,11,14,18,20-
22,28] on account of the [X}],,, -dependent integral
item is considered. In addition, the relationships between
the augmented state vectors [x' (), x! (t-0), x" (t-26),

,x"(t—=md)]" have been fully taken into account by
employmg such a [X}],., -dependent LKF, which
combing with the Finsler’s lemma will be helpful to
reduce the conservativeness of the derived conditions.
This will be demonstrated later by numerical examples.

Remark 2: For z(¢t)e[(k—-1)d, k6] 1<k<m), a
tighter bounding inequality, i.e., Peng-Park’s integral
inequality (Lemma 2), is employed to -effectively
estlmatg the tlme -varying delay-dependent integral term
= I a X (s)ka(s)ds Since (i) no free weighting
matrices are employed and (ii) none of time-varying
delay-dependent useful items are ignored, some improve-
ments in both computational efficiency and performance
behavior may be expected while inheriting the advan-
tages of delay-partitioning method [14]. On the other
hand, Seuret-Wirtinger’s integral inequality (Lemma 3),
that is shown less conservative than previous inequalities
often based on Jensen’s theorem, is adopted to effectively
estimate the integral term —o L’ 5 % (8)Zyx(s)ds.

Remark 3: In the proof of Theorem 1, some fuzzy-
weighting matrices S « =2 hS, are introduced to con-

sider the relationships of 7t1he T-S fuzzy models, which
will lead to less conservative results [11].

Remark 4: The vector e.s=---m+ defined in (9)
plays a crucial role in representing the derivative of the
augmented LKF in a unified framework of state vector
augmentation, without listing out each elements of the
large-scale symmetric block-matrix (see appendix) one
by one. It’s worth mentioning that, the LMIs-based
stability criteria in e,-form can be directly implemented
by Matlab LMI Toolbox, for example, the term
e;Pel , in (10) indicates that one of (2,m+ 4)’s
elements in LMI (10) is the matrix P;.

Finally, in the case of the time-varying delay z(¢)
being non-differentiable or unknown 7#(¢), setting O,

=0(Q;#0,j=1--,
following corollary.

Corollary 1: Given a positive integer m, scalars 7>
Oand &=L, then the uncertain T-S system (6) with the
time-delay 7(¢) satisfying (2) is asymptotically stable if
there exist scalars &, >0 (i —1 ik =1,---,m), sym-
metric positive matrices P =/, P], X =X} Lxm> Zo>
Z;,, R= F" ];2:] and any matrices ¥ and Sij (=12,

,ry j=12,m; 1=1,2,--- m—1) with appropriate
dlmensmns, such that the following LMIs hold for
i=1,2,--,r and k=12,---,m

k—1) in Theorem 2, we have the

Z2(,k)+He(YT,) YH &,(e,E! +eEL
i ik \&2~i 1=di

x el 0 <0, (26)
* * —&yd
Y(i, k) >0, 7)

where
~ 3 ~
E(i,k)= ) B, +E,(k)+Es(i, k)
Jj=0
t€nia [52 Z Z; ] €mta

with T;, Y(i,k), &y,
in Theorem 1 and

E; and Es(i,k) are defined

k-1

= T T

Ey (k)= § ,[ej+1Qjej+1 _ej+2Qjej+2]'
=

4. NUMERICAL EXAMPLE

This section gives two examples to demonstrate the
effectiveness of the proposed approach. For comparisons,
we study the T-S fuzzy system (6) with fuzzy rules
investigated in recent publications [5,11,14,18-22,28].

Example 1: Consider the following time-delayed
nonlinear system [5,11,14,18,20-22,28]:

%,(1) = 0.5[1=sin’ (O(1))]x, (1) = x, (1 = 7(1))
1 +sin (@@O)]x (1),
X, () = sgn(|0()| - 7/ 2)[0.9cos® (0(1) — 1]x, (¢ — 7(1))
—x, (t = 7(£)) =[0.9+0.1cos” (O(1))]x, (¢),
which can be exactly expressed as a T-S fuzzy system
(6) with the following rules [14,22,28]:
R': If O(t) is £ /2, then x(¢) = A x(t) + Ay x(t — 7(2));
R*: If 6(¢) is 0, then x() = A, x(t) + Ay x(t— (1)),

(28)
L[ o L[
o -—09| "M -l
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Table 1. Maximum allowable delay bounds of t for
different y: Example 1.

u 0 0.1 >1

Tian et al. [28] 1.597 - 0.721
Lien et al. [5] 1.5973 1.484 0.831
Li et al.[20] 1.5974 1.4847 0.982
Liu et al. [21] 1.5974 1.4957 1.2642
Peng et al.[22] 1.8034 - 0.9899
Kwon et al. [18] 1.6609 1.5332 1.2696
Zeng et al. [11] (m=3) 2.0002 1.8090 1.3631
Theorem 1 (m=3) 2.3359 2.1698 1.6381
Theorem 1 (m=4) 2.4870 2.3279 1.8274
[11] improved by (m=3) | >16.8% | >19.9% | >20.2%

A< -1 05 . -1 0
Lo "o A
The membership functions for above rules 1 and 2 are

m(0(1) =sin*(0(1),  (01) =cos’(O1),  (29)

where O(f) = x,(?).

For different 4, the Maximum allowable delay bounds
of the time-varying delay computed by Theorem 1 with
m=3,4 are listed in Table 1. For comparison, the upper
bounds obtained by the conditions in [5,11,18,20-22,28]
are also tabulated in Table 1, where “~" denotes that the
results are not provided in these papers. It is clear that
the method proposed in this paper is less conservative
than those in [5,11,18,20-22,28]. It is also concluded that
the conservatism is gradually reduced with the increase
of m. With initial state conditions [1,—1]", Fig. 1 shows
the simulation results of the state responses of the T-S
fuzzy system (28) with 0<7(r)<2.4870 listed in
Table 1; and the phase portrait of system (28) is given in
Fig. 2. It shows from the simulation results (Figs. 1 and
2) that the maximum allowable delay bounds of 7 listed
in Table 1 are capable of guaranteeing asymptotical
stability of the considered system (28).

Example 2: Consider the following uncertain T-S
fuzzy system [5,11,19,21]

2
3(0) = D (@) A Ox(@) + Ay (Dx(t —7(1)},  (30)

i=1

--=x(1)

— 0[]

States x(t)

" . "
0 10 20 a0 40 a0 60
t(Secs)

Fig. 1. The state responses of system (28).

0.6

04+

(1)
S
S

Z04 -0.2 1] 0.2 0.4 0.6 0.8 1
x4 (1)

Fig. 2. The phase portrait of system (28).

and the membership functions are the same in (29).

For different x4, by utilizing Theorem 2, Corollary 1
and the conditions in [5,11,19,21], the upper bounds that
guarantee the robust stability of the considered system
are summarized in Table 2. It can be concluded that the
result proposed in this paper is less conservative than
those in [5,11,19,21]. Meanwhile, it is shown in Table 2
that the conservatism is gradually reduced with the
increase of m. With initial state conditions [1,—1]7 and
the unknown matrix function F(¢) = diag{sint,cost},
Fig. 3 shows the simulation results of the state responses
of the system (30) with 0 <7(¢) <1.6425 listed in Table
2; and the phase portrait of (30) is given in Fig. 4. It also
shows from the simulation results (Figs. 3 and 4) that the
maximum allowable delay bounds of 7 listed in Table 2
are capable of guaranteeing asymptotically robust stabil-
ity of the considered system (30).

Table 2. Maximum allowable delay bounds of 7 for
different u: Example 2.

U 0 0.1 0.5 |Unknown
Lietal [19] 0.950 | 0.892 | 0.637 -
Lien et al. [5] 1.168 | 1.122 | 0.934 | 0.499
Liu et al. [21] 1.192 | 1.155 | 1.100 | 1.050

Zengetal [11](m=2) | 1.390 | 1.318 | 1.132 | 1.127
Theorem 2 (m=2) 14737 | 1.4182| 1.2916 | 1.2299
Theorem 2 (m=3) 1.6425]1.5990 | 1.4923 | 1.4182
[11] improved by (m=2) |>6.0 % |>8.9 % [>14.1 %| >9.1 %
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Fig. 3. The state responses of system (30).
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Fig. 4. The phase portrait of system (30).
5. CONCLUSION

The robust stability criteria for uncertain T-S fuzzy
systems with time-varying delay have been investigated
in this paper by delay-partitioning approach, Finsler’s
lemma and LMIs approach. An appropriate LKF is
established in the framework of state vector augmen-
tation. Then, by virtue of employing Seuret-Wirtinger’s
integral inequality and Peng-Park’s integral inequality to
effectively deal with (time-varying) delay-dependent
integral items, none of any useful time-varying items are
arbitrarily ignored, therefore, less conservative results
can be expected. Two numerical examples have been
given to demonstrate that the proposed result is an
improvement over existing ones.

APPENDIX A

Theorem 1 is in the form of ¢; defined in (9), another
conventional form (i.e., the large-scale symmetric block-
matrix form) of Theorem 1 is also given as follows:

Theorem 1’: Given a positive integer m, scalars
720, y, and 6 ==, then the nominal system (6) with
the time-delay (¢) satisfying (2) and (3) is asymptotically
stable if there exist symmetric positive matrices P =

[I:I }:}’ Rl [Rl, R’I} [ ]mxm’ Q]’ ZO’ Jj° and any
matrices 1, ¥,, ¥; and S(z—12 oy j=1,2,--

1=1,2,-
the following LMIs hold for i=1,2,---,
. .’ m :

,m—1) with appropriate dimensions, such that
r and k=12,

[H+Y¥, +A, +D; <0, (A.1)
: Zy Si
Y(i, k)= =0, (A.2)
* Zk
where

T
I = (72 ) meaycmea) + (T e aye(mera)o

T
Vi = W imrammray + W) imray(meay>

Ay =diag{Ag, Mgy ooy Mg niats
He(Y4;,) Y4 +A}in 0
* ? X
* * ?,
q)l_ — % * %
% * *
% * %
% * %
0 0 0 ~Y + AYy
0 6Z,+0R P-Y,+ ATy
6Z,-0PR 0
P Xm 0 0
* ¢)m+1 0 0
* * -12Z, opf
* * * [5222 j He(Y;)
with
Xy s [=2,2<j<m+],
- X ja=Xig o0, 3SISm+LI< j<m+],
"X, 3<I<m+2,2< j=m+2,
0, otherwise,
—Zk + S, I=j=1,
Slk, I=1,j=k+1,
yy = Zk—S,-k, =1, j=k+2,
—Z, + Sy, I=k+1, j=k+2,
0, otherwise,
R, —-Z,-4Z,+He(P, +1,4,), j=1,
Ry + R, —R,—Z,-Z,-4Z,, J=2
_ R3,.i—2+Rl,j—l _R3,j—3_R1,j—2 Z, Z
i = 3<j<m-1,
R3,m—l _R3,m—2 _Rl,m =Ly =Ly, J=m,
_R3,m—1 _Zm7 j=m+ +1,
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Ry +Z,-2Z,-P, j=1
Xj=1R; =Ry, +Z}, 2<j<m—],
_RZ,m—] + Zm’ J=m,
—(1= ), J=1
A= o, J=2
¥10,4-00, 3<j<k+],
0, otherwise.
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