Hindawi Publishing Corporation
Abstract and Applied Analysis

Volume 2014, Article ID 825715, 11 pages
http://dx.doi.org/10.1155/2014/825715

Research Article

Robust Stability of Neutral System with Mixed
Time-Varying Delays and Nonlinear Perturbations
Using Delay Decomposition Approach

Fang Qiu and Quanxin Zhang

Department of Mathematics, Binzhou University, Shandong 256603, China

Correspondence should be addressed to Fang Qiu; rgbayqf@163.com

Received 27 January 2014; Revised 8 June 2014; Accepted 18 June 2014; Published 8 July 2014

Academic Editor: Luisa Morgado

Copyright © 2014 E. Qiu and Q. Zhang. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper investigates the robust delay-dependent stability problem for neutral system with mixed delays and nonlinear
perturbations. A delay decomposition approach is used in this paper in which the information of the delayed plant states can be
taken into full consideration. Then, based on a special Lyapunov functional approach, the novel delay-dependent stability criteria
are obtained in terms of linear matrix inequalities (LMIs). A numerical example illustrates the effectiveness of the derived method

and the improvement over some existing methods.

1. Introduction

A neutral system that involves time delay in both state and
derivatives of state simultaneously is encountered in various
areas, including population ecology, heat exchange, and
steam processes. Due to its wider application, the problem
of the stability of neutral system has received considerable
attention by many scholars in recent years [1-12]. Since delay-
dependent criteria are generally less conservative than delay-
independent ones [13], delay-dependent stability analysis for
neutral systems has obtained wide attention.

In practice, the systems often contain some uncertainties
since it is very difficult to obtain an exact mathematical model
due to uncertain, environmental noise or slowly varying
parameters, and so forth. Therefore, the robust stability of
time-delay systems with nonlinearities has received consid-
erable attention [1-3, 7-11, 14-16]. Various methods aiming
at reducing the conservatism of these stability criteria have
been proposed. Fixed model transformation was the main
method employed in [1-3, 14], but these model transforma-
tions often introduce additional dynamics which leads to
relatively conservative results. The inequality methods were
used to estimate the upper bound of cross product terms
in the derivative of the Lyapunov functional in [15, 16].
In order to further improve the performance of stability

criteria, free-weighting matrix method was proposed in He
et al. [4, 17, 18], in which neither system transformation
nor bounding technique on some cross terms was involved.
However, this method introduced some slack variables apart
from matrix variables appearing in Lyapunov-Krasovskii
functionals. In addition, the utilization of augmented-type
Lyapunov-Krasovskii functionals proposed in [5, 6] has
provided significant improvements in the stability results for
neutral systems, while the above presented method needs
to decide more possible variables which will increase the
complexity of the computation. When the upper bound of
delay derivative may be larger than or equal to 1, the authors
in [19] used a delay decomposition approach and derived
new stability results. Motivated by the above discussions, we
will consider the stability results of neutral systems for time-
varying delays h(t) satistying h(t) € [0,0h] (§ < 1) and
h(t) € (8h,h], respectively. Compared with some existing
literatures, the delay decomposition method is useful for
reducing conservatism of the analysis result.

In this paper, our purpose is to present some new robust
delay-dependent stability criteria for neutral systems with
mixed delays and nonlinear perturbations. By constructing
appropriate Lyapunov-Krasovskii functional based on the
delay decomposition approach, some novel delay-dependent
stability conditions are derived without resorting to any
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model transformation and free weighting matrix technique.
All the stability criteria are expressed in terms of LMIs,
which can be solved efliciently by using standard convex
optimization algorithms. Finally, a numerical example is
given to illustrate the effectiveness and less conservatism of
the proposed method.

Notation. Throughout this paper, T' stands for matrix transpo-
sition. R” is the n-dimensional Euclidean space. R”" is the
set of all n x m-dimensional matrices. I denotes the identity
matrix of appropriate dimensions. P > 0 means that P is
positive definite. P > 0 means that P is positive semidefinite.
# represents the elements below the main diagonal of a
symmetric matrix.

2. Problem Statement

Consider the following neutral system with mixed delays and
nonlinear perturbations:

% (t) = Ax (t) + Bx (t — h(t)) + Cx (t - d)
+filx @), + fL(x(t-h(1),1)
+ f3(x(t-4d),1), 1
x©)=¢©0), x(0)=90),
V0 € [~ max {d, h},0],

where x(t) € R" is the state vector and A, B,C ¢ R™" are
constant matrices with appropriate dimensions. h(t) is a time-
varying discrete delay, and it is assumed to satisfy

0<h(ty<h, 0<h(t)<hy, )

where h,h; are constants. ¢(0), ¢(0) are the initial con-
dition functions that are continuously differentiable on
[- max{d, h},0]. f,(x(t),t), fo(x(t — h(t)),t), and f5(x(t —
d), t) are unknown nonlinear perturbations. They satisfy that
f1(0,1) =0, £,(0,) = 0, f5(0,¢) = 0, and

fLx@,0 f (e (0),0) < ax” (1) x (1),
i (x(t=h(t),t) fo (x(t—h(t),t)
<P (E-h@)x(t-h), (3)
fy Gt =d), ) f5 (x(t—d),t)
<y t-d)yx(t-d),

where « > 0, § > 0,and y > 0 are given constants and,
for simplicity, f, = f,(x(t),t), f, = fo(x(t — h(t)),t), and
fz = f3(x(t —d),t).
In this paper, we define the following scalar with respect
to the variation range of time delay which is
h=86h (0<8<1). (4)

It is easy to see that for all t € R, we have h(t) € [0, K] or
h(t) € (h, h]. Consequently, in the proof of our main results,
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we will derive the delay-dependent stability criterion for two
sets, respectively.
Before proceeding further, we will state the following
well-known lemmas and definition.
Lemma 1 (see [12]). For any positive semidefinite matrices,
Xn X Xp3
X=| X, X5 Xy |20, (5)
T T
X3 Xy Xo3

the following integral inequality holds:
t
- j %7 (s) Xs3% (s) ds
t=h(t)

! T T T
Sjt—h(t) (x" @), x" t-h@), %" (5))

X X X3
x(t)
X XIT2 Xy X5 x(t=h(t) |ds.
- x(s)
X3 X33 0

(6)

Lemma 2 (Schur complement). Given one positive definite
matrix S, > 0 and constant matrices S,,S;, where S, = SI,
then S, + S18;'S, < 0 if and only if

S1 Sg _Sz S3
<S3 —52><0 or(sg s, < 0. (7)
The operator & : C([-d,0],R") — R”is defined to be

D(t) = x(t) — Cx(t — d). Its stability is defined as follows.

Definition 3 (see [21]). The operator 9 is said to be stable
if the zero solution of the homogeneous difference equation
D) =0,t >0,x) =y € {¢p € C([-d,0] : D$ = 0)} is
uniformly asymptotically stable.

3. Stability Analysis
In this section, we first present a delay-dependent robust
criterion for the system (1) with uncertainty (3), with a delay
decomposition approach.
Theorem 4. If 0 < h(t) < h, for given scalars &, B, and y,

system (1) with uncertainty (3) is robustly stable if D is stable
and there exist positive semidefinite matrices,

Xin X X3
T
X=| X, X5 X535 |20,

T T
X13 X23 X23
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Yll Y12 Y13

Y=| Y, Y, Yy |20,
Yy Yy Y
le ZIZ ZIS

Z=\ Zi, Zyn Zy |20,

T T
ZIS 223 ZZS

0, 0, -ATPC

and positive definite matrices P > 0, R > 0, W > 0, Q; > 0,
and R; > 0 (i = 1,2, 3) such that the following symmetric linear
matrix inequalities hold:

0, I'A
® = 1 0, 9
(ATF _A><< )
RI_X3320’ R2_Y3320) R1+R3_Z3320’
(10)
(8) where
I'=(A,B,0,0,0,C, 1,1,1),
A=W +68hR, + (1 -8)hR, + hR;,
0 0 P P p
x+ @, -B'PC s 0 0 0 0
« %  -R 0o o -c’p -Cc'p -CTp (1)
* * *
®1 = * * *
* * *
* * *
* * *
* * *

=N
>N
o
o

S O OO

with where
T
O, =PA+A P+R+Q, +Q;+8hZ;; V()= 2" (x,) P2 (x,),
+Z5 +ZlT3 +sloc21, ‘ ‘
. Vv, (t) = J x7 (s) Rx (s) ds + J 7 (s) Wk (s) ds,
®, =PB+0hZ, - Z 5+ Z);, -d d
- —(1— T t t-0h
O = = (1=ha) Qs + 81Xy + Xy + X5 Vi(t) = J x' (s) Q;x(s)ds+ j x' (s) Q,x(s)ds
+O0hZyy — Zoy — 25 + e, 1, ot o
(12) t .
Oy = 0hXy, - X5 + X;, + J x" (8) Qsx (s)ds,
t=h(t)
Os5 = Q — Qy +6hX;, — Xy3 - X; 0 ot
Vt:J jda’cTstcsdsdG
+(1_6)hY11+Y13+Y1];> ) —6h Jt+6 O R % ()
T ~h pt
Os6 = (1-0)hY}, - Vi3 + Y5, + J J dx’ (s) Ryx (s)dsdo
-h  Jt+0
O = —Q, + (1-8)hYy, — Yyy — Y5 o
. J J 57 (s) Ry (s) ds d6,
—h Jt+6
Proof. Choose a Lyapunov functional candidate for the sys- (14)

tem (1) to be

V) =vi)+V, )+ V() +V, () + V5 (1),

where P = PT > 0,R=R" >0,W =W" > 0,R; = R] >0,
(13) and Q; = QiT >0 (i = 1,2,3) are to be determined.



Next, from (3), we can obtain for any scalarse; > 0,¢, > 0,
and g > 0,

& (" O x () - f] (x 0.0 fi (x(®).D) > 0,
& (B (t—h(®) x(t —h()
—fy e(t=h(®),8) fo (xR (©),1) 20, (15)
e (YA (t-d)x(t-d)
fi G =)D f (£t -d).0) 2 0.

Now calculate the derivative of V(¢) along the trajectory
of the system (1); we derive

v, (t) =297 (x,) PD (x,)

=2(x" ) -x"(t-d)C")
XxP(Ax(t)+Bx(t—h(®)+ fi+ L+ f5)

=x" (t) (PA+ ATP)x (t) + 2x" (t) PBx (t - h (1))
+2x" (t) Pf, +2x" (t) Pf,
+2x" (t) Pf, - 2x" (t — d) CTPAx (t)
—2xT (t-d)CTPBx (t - h (t))
—2x" (t - d) C"Pf, - 2x" (t - d) C" Pf,

—2x" (t - d) C" Pfs,

(16)
V, (1) = x" (t) Rx (t) — x" (t —d) Rx (t — d)
(17)
+xl (OWx @) —%T (t-d)Wx(t-d),
Vo () < x (8)(Q +Q;) x(t)
+x' (t=0h) (Q, - Q) x (t — Sh)
(18)
—x" (t—h)Qux(t —h)
—(1-hy)x" (t-h () Qsx (t—h(t),
V, (t) = %" (t) (ShR, + (1 - 8) hR, + hR;) % (t)
t t—S8h
- J %" (s) R % (s) ds — J %" ()R, % (s)ds
t—6h -

- Jt %" (s) R % (s) ds
~h
< %7 (t) (ShR, + (1 - 8) hR, + hR;) % (t)
t t—6h
- J %7 (s) Ry % (s) ds — J %7 (s) Ryx (s) ds
t-8h -h

t
- J %7 (s) Ry (s) ds.
t—h(t)

(19)
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Now, we estimate the upper bound of the last three terms
in inequality (19) as

t t-6h
- J %7 (s) R, % (s) ds — J %7 (s) Ryx (s) ds
t—6h t-h
_ r %7 (s) Ryx (s) ds
t—h(t)

t—h(t) t—6h

= —J %7 ()R, % (s)ds — J %7 (s) Ryx (s) ds
t—6h t-h
t

- J %7 (s) (R, +Ry) x (s) ds
t—h(t)

)
- -J £T(8) (R, = Xa3) % (s) ds
t—6h

t—0h
Lh " (s) (R, = Y33) % (s) ds

t
- J ! () (R + Ry = Z33) X (s) ds
t—h(t)

t—h(t)
J %7 (5) Xs3% (s) ds
t—8h

t

Sh t
J %7 () Yy (5) ds — J %7 (5) Zy3% () ds.
t-h t=h(t)
(20)
By virtue of Lemma 1, if 0 < h(t) < h, we get
t—h(t)
- J %7 (5) Xs3% (s) ds
t—0h
t—h(t)
< J (2"t =R (), x" (¢ - 8h), %" (5))
t—0h
Xll X12 X13
x(t—h(t)
x| XL X, X, ( x (t — 8h) )ds
roor x(s)
X13 X23 0

<x' (t—h () (8hXyy + X1; + Xy3) x (t—h (1)
+2x" (t=h(t) (OhXy, — X3 + X33) x (t — Oh)

+x" (t=8h) (8hX,, — Xy3 — Xp3) x (t = Oh) .
(21)
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Then, similarly, we obtain

t—S8h
- J %7 (s) Yap% (s) ds
t—h

<x" (t=0h) ((1-0h) Yy, + Y], +Yy3) x (t - 8h)
+2x" (t=8h) (1= 8) Yy, - Vi3 + Y3 ) x (t - h)

+x" (t=h) (1= O) WYy, — Y3 — Yy ) x (£ — h),
t
—J %" (5) Zya% (s)ds
t—h(t)

<x" (1) (OhZyy, + Z{5 + Zy3) x ()
+2x" (1) (8hZyy = Zys + Z3) x (t = h (1))

+x" (t=h (1)) (0hZyy — Zys — Z33) x (t—h (1))

(22)

Then combining (15)—(22) yields
V)<V, ) +V, @)+ V5 (1) +V, (b)
+& (@x" (O x () = f; (x(1),1) f (x(£),1))
+& (Bx" (t-h () x(t-h(t)
—f, (x(t=h(®),0) f, (x (- h(®),1))
+& (Y& (t—d)x (t— d)
—fy (X (t=d), 1) f5 (%t —d), 1))
=x" (1) (PA+A"P+R+Q, +Q; +5hZ,
+Zy3+ Zis + 1) x (1)
+2x" (t) (PB+8hZyy — Zys + Zy3) x (t = h (1))
+2x" (t) (ATPC) x (t — d) + 2x" (t) P,
+2x" (t) Pfy + 2x" (£) Pfy + x" (t — h (1))
x (= (1= hyg) Qs +8hXyy + Xy3 + X {3 + OhZy,
~Zys = Zyy + &P7T) x (t = (1))
+2x" (t—h(t) (-B"PC) x (t - d)
+2x" (t = h (1) (8hXy, — Xy5 + X33) x (t - 8h)
+x"(t—d)(-R)x (t -d) +2x" (t -d) (-C"P) f,
+2x' (t-d) (-C'P) f+2x" (t—d) (-C'P) f;

+x" (t=d) (-W +e5y’T) % (t - d)

+x"(t=0h) (Qy — Q) +0hXy, — X3 — X

+(1=8) hYyy + Y3+ Y)5) x (t - 8h)
+2x" (t=8h) (1 - 8) Yy, — Vi3 + Yy ) x (t - h)
+x" (t) (W + 8hR, + (1 — 8) hR, + ShR,) % (t)
~afi fi-af h-af f

<& (1) (0, +ITAT)E(t)

t—h(t)

- J %7 (s) (R, — Xa3) X (s) ds
t—6h
t—6h

- L_h %7 (s) (Ry — Ya3) X (5) ds

t
_ J 27 (s) (R, + Ry — Zs3) % () ds,
t—h(t)

(23)
where

E@)=[x"®),x" (t—h®),x" (t-d),
. (24)
F-d. flL ]

IfR, — X35 > 0, R, — Y33 > 0, R, + Ry — Z35 > 0, and
0 < h(t) < 6h, we can derive

©,+TTAT <0 (25)

from (9) and the Schur complement. Obviously, from (25), we
can get V(t) < 0. Therefore, according to [21], if there exist
symmetric positive definite matrices P > 0, R > 0, W > 0,
Q; > 0,and R; > 0 (i = 1, 2, 3) such that the LMIs (9) and (10)
are satisfied, then system (1) is robustly stable. This completes
the proof. O

Theorem 5. If h < h(t) < h, for given scalars &, B, and y,

system (1) with uncertainty (3) is robustly stable if D is stable
and there exist positive semidefinite matrices,

Xll X12 X13
T
X12 X22 X23

T T
X13 X23 X23
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Yy Y Vo5 and positive definite matrices P > 0, R > 0, W > 0, Q; > 0,
. and R; > 0 (i = 1,2, 3) such that the following symmetric linear
y=| Yoo Ye Ys | 0, matrix inequalities hold:
T T -
Y3 Yy Yo 6= 0, A 0
AT -A) 7
Zn Zin Zis
Ri+R;—X532>0
ST 1+ Ry = A3 20,
Z=| TR TEo20, Ry+R; — Y5 20,
T T
Zi3 L3 2o R, —Zs >0,
(26) (27)
where
I'=(A,B,0,0,0,CI11I),
A=W +8hR, + (1 —8)hR, + hR,,
©,, PB -ATPC 0 ®s; 0 P P P
x+ ©,, -B'PC 0 O, O, 0 0 0
£«  -R 0 0 0o -C'p -C'p -C'P (28)
R x  -W+ey’ T 0 0 0 0 0
0= * * * % @55 0 0 0 0 >
* % * * * @66 0 0 0
* * * * * * -5l 0 0
* * * * * * * —&1 0
* * * * * * * * —&l
with Proof. If h < h(t) < h, we get

~ T ¢ t-6h
On =PA+AP+R+Q +Q;+0hX,, -I xT(s)Rlx(s)ds—J 7 () Ry (s) ds
t t-h

—5h
+ X5+ X, + 6,070, ;
s - J %7 (5) Ryx (s) ds
- T t-h(t)
05 = 80Xy, - X3 + X5, ; :
== X (S) (Rl +R3 _X33)9'C(S) dS
e) t-oh
0y = = (1-hg) Qs + (1= 08) hYy, — Yy t-6h
= AT (Ry+ Ry = Yyy) 2 (s)ds
—Y2T3+(1—6)hZ11 +213+ZlT3 +52[;21, t—h(t)
(29) hO) .
Q) T _yT J % (5) (Ry = Zs3) % (s) ds
Oy = (1-8)hY}, ~ Y] + Yy, o
t
T ,
0 x () X33x(s)ds
B (1-O)hZ,,~Z,s 4D, [ECEIE

t—0h
J %7 () Y3 (s) ds
t

T
B55 = Q, — Q +6hXy, — Xy3 — X4 —h(t)

T t-h(t)
+(1=8)hY; +Y 5+ Y3, J %7 (s) Zyy% () ds.
t-h

O = ~Q+(1=8)hZyy — Zyy - Z;- (30)
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By virtue of Lemma 1, notice that R; + R; — X33 > 0, R, +
R; — Y33 > 0,and R, — Z5; > 0; it yields

_ J RN Xy (s) ds
t-6h
< x" (1) (ShXy, + X[ + Xp3) x (1) -

+2x" () (8hX 1, — X3 + X33) x (t — Oh)

+x"(t = 0h) (8hX,, — Xp5 — X33 ) x (t - 8h),

t—6h
- J %7 () Yo (5) ds
t—h(t)

<" (t=0h) ((1-8h) Yy, + Y5 +Yy3)x (t — h)
+2x" (t=8h) (1= 8) Yy, = Vi3 + Y3 ) x (£ — h (1)

+x" (t=h() ((1=8)hY,, - Yyy - Yj5 ) x (t = h(t)),
(32)

t—h(t)
- I %7 (s) Zys% (s)ds
t-h
<x' (t=h(®))((1=8)hZyy + Zi5 + Zy3) x(t —h (1)
+2x" (t—h(®) (1= hZyy = Zys + Zyy) x (t = D)

+x" (t=h(t) (1= 8)hZyy — Zpy — Z33) x (t—h).

(33)
Then combining (15)-(19) and (31)-(33) yields
V() <& (1) (©, +TTAD)E (D)
_ Jt %7 (s) (R, + Ry — X33) % (s) ds
t—6h
(34)

t—6h
- J %7 (s) (Ry + Ry — Yy3) % (s) ds
t—h(t)

he)
- J_h X () (Ry — Zs3) X (s) ds.

Next, similar to Theorem 4, we can get the result of
Theorem 5. This completes the proof. O

Remark 6. Theorems 4 and 5 give the delay-dependent and
rate-dependent robust stability criteria for system (1) with
uncertainty (3) by employing delay decomposition approach
asin [12]. The proposed criteria use as few as possible decision
variables while showing less conservativeness in comparison
to those in [7-11].

Remark 7 When C = 0 and f;(x(t —d), t) = 0, the system (1)
can be reduced to the following system:

%(t) = Ax (t) + Bx (t — h ()
+f1(x@),0)+ fLb(x(t-h(),t),
x(0)=¢(0), x(0)=¢©),

(35)
VO € [-h,0].

We will show the obtained stability criteria for this case in
Corollaries 8 and 9.

Corollary 8. If0 < h(t) < h, for given scalars o and f3, system

(35) with uncertainty (3) is robustly stable if there exist positive
semidefinite matrices,

)(12

)<22

(36)

T
2Z23

and positive definite matrices P > 0, R > 0, W > 0, Q; > 0,
and R; > 0 (i = 1,2, 3) such that the following symmetric linear
matrix inequalities hold:

, I'A
a- (2 "8 <o
AT -A (37)
R, - X520, R, -Y;3 >0,
where
[ =(A,B,0,0,1,1,1),
A = 8hR, + (1 - 8) hR, + hR,,
m, 1I1,, 0 0 P P P
* 11, Tl O 0 0 0
* ox Il Il O 0 0
I, = * % % I, O 0 0 ,
* * * * —gl 0 0
% * * * * -5l 0
* * * * * % —831
(38)



with
I, =PA+ATP+Q, + Qs+ OhZ,, + Zy5 + ZIT3 +e0’],
T, = PB+8hZyy — Zys + Zos,
I, = — (1 - hy) Qs + 8hX,, + Xy5 + X|5 + OhZ,,
—Zy — ng + 6,81,
I3 = 0hXy, - Xy5 + X2T3’
M3 = Q, - Q) +0hX;, — Xp3 - X;
+(1=8)hY,, + Y5 + Y5,
I, = (1-8)hY,, - Yy + Yo,

My = -Q, + (1 - &) hYy, — Yy — Y.
(39)

Corollary 9. Ifh < h(t) < h, for given scalars o and f3, system
(35) with uncertainty (3) is robustly stable if there exist positive
semidefinite matrices

T
Y = Y12 Y22 Y23 >0, (40)

Yy Y Yo

le ZlZ Zl3
ZTZ ZZZ Z23

T T
Zl3 ZZS 223

and positive definite matrices P > 0, R > 0, W > 0, Q; > 0,
and R; > 0 (i = 1,2, 3) such that the following symmetric linear
matrix inequalities hold:

D
ﬁ = (%1f r £> <0,
(41)

Ry +Ry;—Zy3 20, R,—Zy 20,
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where
[ =(A,B,0,0,I,1,1),
A = ShR, + (1 - 8) hR, + hR,,
m, pBI,; 0 P P P
# Iy, I,, 0 0 0 0
R % * Il33 0 0 0 0
II, = % * * I, O 0 0 s
* * * * —gl 0 0
% * * * *  —&l 0
* % % % * * =gl
(42)
with
ﬁu =PA+ATP+ Q, +Q; +8hXy,
+ X3+ Xﬂ +ea’l,
= T
5 = 68Xy, — X3 + X3,
ﬁzz = —(1-hy) Qs + (1 =8)hY,, — Yy
(43)

Y+ (1=8)hZy + Zys + Z15 + &, 871,

=
I

= (1-8)hY — Y + Yy,

= (1-0)hZy, = Z; + Y2T3>

=
I

Ty = -Q+(1-8)hZy —Zy — 7.

Remark 10. The norm-bounded uncertainties can be treated
as a special case of nonlinear perturbations. Then, the criteria
obtained in Theorems 4 and 5 and Corollaries 8 and 9
can also be applicable to the system with norm-bounded
uncertainties.

Remark 11. Note that the interval [t — h,t] is divided into
subintervals [t — h,t — 8h] and [t — Oh,t] in the proof of
Theorems 4 and 5 and Corollaries 8 and 9, and then the
information of delayed state x(t — 6h) can be taken into
account. It is clear that the Lyapunov functional defined in
our results is more general than the ones in [2, 3, 7-11, 14, 20]
which can be seen from the following example.

4. Ilustrative Example

In this section, an example is presented to illustrate the
effectiveness of the stability method proposed in this paper.

Example 1. Consider the following system as in [1] with
-1.2 0.1
A= <—o.1 —1)’
-0.6 0.7
B= ( -1 —0.8)’

c 0
c-(5 )
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TABLE 1: Maximum upper bound of & with h; = 0.5 and different values of y.
y a=0 a=0.1
0 0.1 0.2 0.3 0 0.1 0.2 0.3
Rakkiyappan et al. [9] 1.4886 1.2437 0.9921 0.7367 1.3244 1.0901 0.8475 0.6300
Qiu et al. [8] 1.5998 1.3998 1.1998 0.9998 1.5998 1.3998 1.1998 0.9998
Lakshmanan et al. [10] 1.6325 1.3386 1.0816 0.8563 1.4440 1.1950 0.9734 0.7760
Cheng et al. [11] 1.6865 1.3721 1.0923 0.8613 1.4721 1.2466 0.9996 0.7804
Theorem 4 (8 = 0.4) 2.2937 1.8505 1.4565 1.1105 2.0417 1.6541 1.3062 0.9982
TABLE 2: Maximum upper bound of d = h with different values of y.
c 0.1 0.2 0.4 0.5 0.6
Zhang and Yu [3] 0.4911 0.4125 0.3382 0.2671 0.1975 0.1294
Qiu et al. [7] 1.8567 1.6242 1.3917 1.1592 0.9270 0.6945
Theorem 4 21916 (§ = 0.25) 16632 (6 =0.25) 14743 (6 =0.2) 12396 (6 =0.15) 0.9288 (5§ =0.1)  0.7446 (6 = 0.02)

Lm0 fix@),n<ax" 0)x0),
£ xt-1@),0f(x(t-1(8),0)
<Bx(t-T®)x(t-7(t), (44)
fi Gt =d),0) f5 (et - d), 1)
<y (t-d)yx(t-d),

where 0 <[c| <1, >0,3>0,andy > 0.

Case I. Forc = 01, = 0.1,d = 1,and h; = 05
and different values of y, we consider the maximal allowable
value h that guarantees the robust stability of the system by
applying criteria in [8-11] and in this work. Table 1 illustrates
the numerical results for different y, = 0 and &« = 0.1,
respectively. From Table 1, one can see that the maximum
allowable delay h decreases as y increases. In addition, it is
easy to see that our proposed stability criterion gives a much
less conservative result than those in [8-11]. For example,
when « = 0.1,y = 0.1, and h; = 0.5, by solving LMI (13)
of Theorem 4, we obtain the maximum bound h = 1.6541
with the following solutions:

p= 6.4750 0.3339
~ \0.3339 4.8054)°

R =

1.2019 0.0620
0.0620 0.8920)°

le

1.6922 0.1468
0.1468 1.2747 )’

0.0178 x 107™* 0.4708 x 107*

Q= | 05743 3.1830

<0.7128 x 107" 0.0178 x 10‘4>
Q2 = >

5.2627 0.5743)

w - (0-5738 0.0172

~ \0.0172 0.5248 )°
R (27028 02344

1 0.2344 2.0361)°

» » (45)

R - (02278107 0.0059 x 10

27 10.0059 x 10™* 0.1477 x 107* )
R - 0.5931x 10> 0.0145x 107"

37 10.0145x 107 0.3964 x 107* /"

Case II. Fora = 0.1, = 02,y = 0.1, and h; =1
and different values of ¢, the maximum upper bounds on the
allowable delay of h = d obtained from Theorem 4 are listed
in Table 2. As ¢ increases, h decreases. It can be seen from
Table 2 that the proposed method in this work provides a
considerably less conservative delay bound in comparison to
the ones in [3, 7]. For example, when ¢ = 0.2, by solving LMI
(13) of Theorem 4, we obtain the maximum bound i = d =
1.6632 with the following solutions:

_ (3.6366 0.1165
~\0.1165 2.6811)°

1.7371 0.0556
0.0556 1.2806 )’

2.0254 0.1910
0.1910 1.5301)”

0.0030 x 107 0.1027 x 107>

0.4922 x 107™* 0.0104 x 107*
0.0104 x 107* 0.3515x107¢)”

0.0152 0.2882

(0.1438 x 107 0.0030 x 10‘3>
QZ = )

0.3276 0.0152)
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TABLE 3: Maximum upper bound of 4 with § = 0.1.

a=0 a=0.1
h;=0 h, =05 hy>1 hy=0 h; =05 hy>1
Zou and Wang [14] 2.7422 1.1424 — 1.8753 1.0097 —
Chen et al. [2] 2.7423 1.1425 0.7355 1.8753 1.0097 0.7147
Qiu et al. [7] 2.7757 1.1849 0.9284 1.8959 1.0512 0.8865
Zhang et al. [20] — 1.442 1.280 — 1.284 1.209
Corollary 8 (6 = 0.72) 3.8066 1.6402 1.2869 2.6039 1.4534 1.228
Corollary 9 (6 = 0.79) 2.8261 1.5213 1.5212 1.9233 1.3095 1.3095
R, = <1~5492 0~1461> i [2] Y. Chen, A. Xue, R. Lu, and S. Zhou, “On robustly exponential
0.1461 1.1704 stability of uncertain neutral systems with time-varying delays
and nonlinear perturbations,” Nonlinear Analysis: Theory, Meth-
R - (0.1373 x 107" 0.0032 x 10‘4> (46) ods & Applications, vol. 68, no. 8, pp. 24642470, 2008.
2 0.0032x 10™* 0.0944 x 107*)” [3] W.Zhang and L. Yu, “Delay-dependent robust stability of neu-

<O.4269 x 107> 0.0088 x 105>
R, = )

0.0088 x 107 0.3079 x 107>

Case III. For C = 0 and f5(x(t — d),t) = 0, the maximum
value h obtained from Corollaries 8 and 9 is listed in Table 3. It
is clear that the obtained results in our paper are significantly
better than those in [2, 7, 14, 20].

5. Conclusion

This paper has discussed robust stability problem for neutral
systems with mixed delays and nonlinear perturbations.
Based on the Lyapunov method and linear matrix inequality
technology, delay-dependent stability conditions are derived
by using a delay decomposition approach. The proposed
criterion is both delay-dependent and rate-dependent. A
numerical example has shown the less conservatism of the
proposed method.
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