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This paper is concerned with the problem of robust exponential stability for linear parameter-dependent (LPD) neutral systems with
mixed time-varying delays and nonlinear perturbations. Based on a new parameter-dependent Lyapunov-Krasovskii functional,
Leibniz-Newton formula, decomposition technique of coefficient matrix, free-weighting matrices, Cauchy’s inequality, modified
version of Jensen’s inequality, model transformation, and linear matrix inequality technique, new delay-dependent robust
exponential stability criteria are established in terms of linear matrix inequalities (LMIs). Numerical examples are given to show
the effectiveness and less conservativeness of the proposed methods.

1. Introduction

Over the past decades, the problem of stability for neutral
differential systems, which have delays in both their state and
the derivatives of their states, has been widely investigated
by many researchers, especially in the last decade. It is
well known that nonlinearities, as time delays, may cause
instability and poor performance of practical systems such
as engineering, biology, and economics [1]. The problems
of various stability and stabilization for dynamical systems
with or without state delays and nonlinear perturbations have
been intensively studied in the past years by many researchers
of mathematics and control communities [1-35]. Stability
criteria for dynamical systems with time delay are generally
divided into two classes: delay-independent one and delay-
dependent one. Delay-independent stability criteria tend to
be more conservative, especially for small size delay; such
criteria do not give any information on the size of the delay.
On the other hand, delay-dependent stability criteria are
concerned with the size of the delay and usually provide a
maximal delay size.

Recently, many researchers have studied the stability
problem for neutral systems with time-varying delays and
nonlinear perturbations have appeared [29, 31]. Furthermore,
the convergence rates are essential for the practical system;
then the exponential stability analysis of time delay systems
has been favorably approved in the past decades; see, for
example, [3, 9, 10, 14, 18-21, 25-28].

In addition, many researchers have paid attention to the
problem of stability for linear systems with polytope uncer-
tainties. The linear systems with polytopic-type uncertainties
are called linear parameter-dependent (LPD) systems. That
is, the uncertain state matrices are in the polytope con-
sisting of all convex combination of known matrices. Most
of sufficient (or necessary and sufficient) conditions have
been obtained via Lyapunov-Krasovskii theory approaches
in which parameter-dependent Lyapunov-Krasovskii func-
tional has been employed. These conditions are always
expressed in terms of linear matrix inequalities (LMIs).
The results have been obtained for robust stability for LPD
systems in which time-delay occurs in state variable; for
example, [17, 18] presented sufficient conditions for robust
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stability of LPD discrete-time systems with delays. Moreover,
robust stability of LPD continuous-time systems with delays
was studied in [6, 19, 22, 30].

In consequence, it is important and interesting to study
the problem of robust exponential stability for neutral sys-
tems with parametric uncertainties. This paper investigates
the robust exponential stability analysis for LPD neutral
systems with mixed time-varying delays and nonlinear per-
turbations. Based on combination of Leibniz-Newton for-
mula, free-weighting matrices, Cauchy’s inequality, modified
version of Jensens inequality, decomposition technique of
coefficient matrix, the use of suitable parameter-dependent
Lyapunov-Krasovskii functional, model transformation, and
linear matrix inequality technique, new delay-dependent
robust exponential stability criteria for these systems will be
obtained in terms of LMIs. Finally, numerical examples will
be given to show the effectiveness of the obtained results.

2. Problem Formulation and Preliminaries

We introduce some notations, a definition, and lemmas that
will be used throughout the paper. R* denotes the set of
all real nonnegative numbers; R” denotes the n-dimensional
space with the vector norm | - [; ||| denotes the Euclidean
vector norm of x € R"; R™ denotes the set of n x r
real matrices; AT denotes the transpose of the matrix A;
A is symmetric if A = A”; I denotes the identity matrix;
A(A) denotes the set of all eigenvalues of A; A, (A) =
max{Red : 1 € MA)} A,;,(A) = min{ReA : A € A(A)};
Aax(A(a)) = max{A, (A;) :i=12,...,N} A (Ax)) =
min{A,; (A;) : i = 1,2,...,N}; C([-b,0],R") denotes the
space of all continuous vector functions mapping [-b, 0] into
R", where b = max{h, r}, h,r € R"; * represents the elements
below the main diagonal of a symmetric matrix.

Consider the system described by the following state
equations of the form:

%) =A@ x () +B(a)x(t-h())
+C(a)x(t—r @)+ f (t,x(t)
+gtx(t-h(®)+wtx(E-r(),

x(t+ty) =¢(),

t>0;

t € [-b,0],
e))

x(t+t) =vw (@),

where x(t) € R" is the state variable and A(«x), B(«), C(«) €
R™ are uncertain matrices belonging to the polytope

z

N N
Al@=YaA,  B@)=Y«B, C@=)YxC,
i i=1

1 i=1

M=

I
—_

=1, o>0 A,B,C,eR"™, i=1,...,N.

2)
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h(t) and r(t) are discrete and neutral time-varying delays,
respectively,

0<h(t)<h, h(t) < hy, (3)

o<r(t)<r, 7(t) <1y, (4)

where h,r,h;, and r; are given positive real constants.
Consider the initial functions ¢(¢), y(¢) € C([-b, 0], R") with
the norm ||l = sup,¢;_, o) 14@)Il and [yl = sup,c_p, ol (D).
The uncertainties f(t, x(t)), g(t, x(t — h(t))), and w(t, x(t —
r(t))) are the nonlinear perturbations with respect to current
state x(t), discrete delayed state x(t — h(t)), and neutral
delayed state x(t — r(t)), respectively, and are bounded in
magnitude:

ftx®) ftx®) <’x" (Ox @),
9" (tx(t—h(t) gt x(t—h(t)
<p’x' (t-h®)x(t-h(), (5)
w' (6% (-1 (O)w(t,% (-7 (1))
<y (t-r@) (- @),

where #, p, and y are given positive real constants.

In order to improve the bound of the discrete time-
varying delayed h(t) in system (1), let us decompose the
constant matrix B(«) as

B(a) = B, (a) + B, (), (6)

where B («) = Zf\il B!, By(a) = Zfil o;B7, and Zfil a =1,

o; > 0 with B/, B} € R™",i = 1,...,N being real constant
matrices. By Leibniz-Newton formula, we have

t

O=x(t)—x(t—h(t))—J

t—h(t

x (s)ds. (7)
)
By utilizing the following zero equation, we obtain
t
O=Gx(t)—Gx(t—/3h(t))—GJ x(s)ds, (8)
t=Bhi(t)

where f3 is a given positive real constant and G € R™" will be
chosen to guarantee the robust exponential stability of system
(1). By (6), (7), and (8), system (1) can be represented by the
form

%(t) = [A(«) + B, (@) + G] x (t) + B, (&) x (t — h (1))
~Gx(t—ph®) + f (t,x (1))

+gtx(t—h()+w(tx(t-r(t))
+C(oc)9'c(t—r(t))—Bl(oc)J x(s)ds
~h(t)

t
-G J x (s)ds.
t—ph(t)
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Definition 1. The system (1) is robustly exponentially stable,
if there exist positive real constants k and M such that, for
each ¢(t), w(t) € C([-b,0],R"), the solution x(t, $, v) of the
system (1) satisfies

(6. 6.9 < Mmax (Jg]. Jyl} ™, veeR". 0

Lemma 2 (Cauchy inequality). For any constant symmetric
positive definite matrix P € R”" and a,b € R", one has

+2a"b <a’'Pa+b'P'b. (11)

Lemma 3 (see [15]). The following inequality holds for any a €
R, beR",N,Y e R"", X e R"™", and Z € R™™:

~2a"Nb < [Z]T [f Y%N] [Z] (12)

where [X 7] >0.

*

Lemma4. Forany constant symmetric positive definite matrix
Q € R™" and h(t) which is discrete time-varying delays
with (3), vector function w : [-h,0] — R" such that the
integrations concerned are well defined; then

0 0 0
h J w' (s)Quw (s)ds > J w' (s)dsQ J w (s)ds.
-h ~h(t) —h(t) W)

Proof. From Lemma 2, it is easy to see that

h [)h w’ (9)Quw(s)ds=h JO

W’ (s) Qw (s) ds
)

~h(t)
+h J ! (s) Qu (s)ds
-h
0
—h(

2h(t)Jht) @’ (s) Quw (s) ds

- %” Oh(t) [wT (5)Quis)

+o' (§)Qu(®)] dsdg

” T 9

~h(t)

x Q2w (&) ds d&

= J.O w! (s) dsQJ

—h(t) —h(t

0
w(s)ds.
)

(14)
O
Lemma5. Let x(t) € R" be a vector-valued function with first

order continuous derivative entries. Then, the following integral
inequality holds for any matrices M; € R™", i = 1,2,...,5,

and h(t) is discrete time-varying delays with (3) and symmetric
positive definite matrix X € R™":

C NOERE
_ L_hx (s) Xx(s)ds < [x(t— h(t))]

y [Ml +M] -M] +M2]
* M, —M;

thgmﬁ
+ h[x(tx—(il)(t))]T [1:[3 %:]

% [x(tx—(;)(t))] :

(15)
where
X M, M,
* My My | >0 (16)
* % Ms;
Proof. From the Leibniz-Newton formula, one has
t
0=x@-xt-h®)-| xds @)
~h(t)

Therefore, for any H;, H, € R™", the following equation is
true:

0=2 xT(t)—xT(t—h(t))—Jt

t—h(t

%7 (8) ds]
)

x [Hyx (t) + Hyx (t —h(1))]
= 2x" (t) Hyx (t) + 2x” (t) Hyx (t = h (1))
—2x" (t—h(t)) Hx (t)

—2x" (t—h(t)) Hi x (t — h(t))

5 Jt £ (s) dsH,x (t)
t—h(t) (18)

-2 Jt %7 (s)dsHyx (t — h (1))
t—h(t)

%Mi?mr

Xhﬁgmﬁ

I x(t) ]
ZL_h(t)x (s) [Hy, H,] [x(t—h(t)) ds.

H,+H! -H! +H,

~H, - H;



Using Lemma 3 with a = x(s), b = [x(t’i(;l)(t)) ], N = [H

1
H,],Y =[M, M,l,and Z = [1\;& ﬁ: ], we obtain

! T x (t)
-2 L_h(t) X (s)[H, H,] [x(t - h(t))] ds

<

x(t) * M, M,

jt x() 1'[X M,-H, M,-H,
o | x(t-h@)| |+ = M,

x(s) ]
X x (t) ds
x(t—=h(t)) ]

= r %7 (s) Xx (s) ds
t—h(t)

x (£) ]T
| x (t=h(t)

(M, + MI —H, -H] -M! + M, +H] - H,
* ~M, - M} + H, + H

<L +10 [xu"f?a»f ]

[ x(1)
x _x(t—h(t))]

! T . x (t) T
< L_h(t)x (s) Xx(s)ds + [x(t —h(t))]

W ([My+ M MY+ M,
* —MZ—MI

_[H1+H1T —H1T+H2]>[ x (b) ]
x+  —H,-HI|)|x(t-h(®)

* h[x(tx—(:z)(t))]T [A;I3 %2] [x(tx—(;)(t))] ’

(19)
Substituting (19) into (18), we obtain

T

! T . x(t)
- Jt_h(t) x (s) Xx(s)ds < [x (t—h(b)

. [Hi+H -H] +H,
* —Hz—Hg

* [x(tx—(;z)a»]
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o oxo 7
x(t—h(1)
M, + M} -M] + M,
X
* -M, - Mg

- [HI +H/ —H1T+H2] >

«  —H,-H
) [x(tx—(th)a))
th [x(tx—(2<t)>]T ]
g [x(tx—(iz)a))]
) [xa’i(i?(t»]T
[ ]
) [x(tx—(th)a))
i (t))]T )
: [x(tx—(iz)a»] ' oo

From (3), it is clear that

- Jt %7 (s) Xx (s)ds < — r 1 (s) Xx(s)ds.  (21)
~h

From (20) and (21), the integral inequality becomes

LT s NOERE
—L_hx (s) Xx(s)ds < [x(t—h(t))]

[Ml + M -MT +M21|
X

* -M, - Mj

* [x(tx—(z) (t))]

* h[x(tx—(;l)(t))]T [AfS %ﬂ

% [x(tx—(;)(t))] :
(22)

The proof of the theorem is complete. O
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Remark 6. In Lemma 4 and Lemma 5, we have modified the
method from [8, 33], respectively.

3. Main results

3.1. Robust Exponential Stability Criteria. In this section,
robust exponential stability criteria dependent on mixed
time-varying delays of LPD neutral delayed system (1) with
nonlinear perturbations via linear matrix inequality (LMI)
approach will be presented. We introduce the following
notations for later use:

N N
Pi(@)=Y &P,  Z ()= aZ,

i=1 i=1

N N )
R, (@)=Y R, Nj(@) =) oNJ,

i=1 i=1

N N )
0; (&) = Y o0, Wi (a) = Y oW/,
i=1

i=1
N . N

M;(a) = Z“iMi]’ Zcxi =1, &=0,
i=1 i=1

j 71 nP i aJ ) oagl nxn
P, Z;,R;,W;,N;,O;,M; € R,

j=1,2,..,10, p=1,2,...,6, i = 1,2,...,N;

;
IR R IRV v v
R AR D R v Ty
D Zf}“ DRI ij PRAED VD
SRS il i el il il il vl I
_| * * * * 21.5’5 Zf‘(’ ij Zf‘s 2?,9 2;5,10
* * * * * Zf’G Z?j 2?’8 Z?’g 2?’10
* * * * * * 217]7 ZZ‘; ZZ’].Q ZZ‘;O
* * * * * * 2?’8 Z?’g 2?’10
* * * * * * * Z?’g p
L % * % * * * % * Zifo’m_
(23)
where

S < A8} B Bl B8 2

+ P+ PL e hM! + hM]! - e p?

_ e—zkﬁhpilo + M 1 BhMS + ﬁthT + B
PN SO Ol T,

T T
+ B W, + W, B +en’T +2kP/,

T _
57 = P'B - hM]" +hM;] + h*M;] + P’
T T
+hR; =N} +N; + O] + W, B;
+ ATW? 4 B W2
i'j i 7y
T
27 = =27 - BhM;" + BhM] + Bh*M; + BhR]
_ T
+eZkﬁhPim+Ni3—Oi1 +Oi3
+ ATW3 + B w?
i''j iy
1,4 1pl 1T 4 4
Zi)j:—PiBj—Ni +N; + 0,
1T 1 Ty, 4 1T, 4
-W, BJ.+AI.W]. + B; W]
b5 _ _zl NS OIT 5 Trs75 1Te,5
ij = Zi TN =0 +Oi+Ain + B, Wj,
s16 _ NS 4 Of WIT ATWS BITWG
i =N FO =W+ A Wo+ 5 W,
T T
57 =P!C;+N] +0] + W C;+ A{W] + Bl W/,
1,8 1 3 3 1T Tvs/8 1T .8
zi’j:pi +N; +O; +W, +Ain+Bi W]

T T
=P N+ O]+ W+ AW + Bl W),

™M

1,10 1 10 10 1T T+,710 1T, 10
” =P +N; +0;" +W, +Ain + B; Wj,

— T
57 == (1=hy)e P} —hM] - hM] + WM

- T
+ 1R} = 2hR? — ¢ P’ 1,01 - N?
T T
- N7 + W B} + B} W},

23 _ 3 2T 2T 3
Zi’j =-N; -0O; +B; VVj,
24 2T 4 2T 1 2o 4
Zi’j =-N; -N; -W; Bj+Bi Wj,

T
2 =-N; -0

i,j i i

T
+B W,

T T
37 =N =W + B} W},

2,7 7 2T 2T 7
Zi)j =-N; +W, Cj+Bi Wj,

T T
50 =N+ W + B W,

T T T
) =-N, =W + B W,

2,10 10 2T 2T 110
Zij =-N;"+W  +B; Wj s

21.3’3 = —(1-phy) e—zﬁkhpiz; _ e—Z,BthilO + ,BthR?

—2BhR® — BhM]" — phM] + BPH ML

3T 3
_Oi _Oi’



s N _ot—w?'B,

i,j i i i j
P -0 -0, P --0l+w,
-0l +w)'c, -0 +w,
o S AR o 1

T T T
st = -e*"P/ - N - N/ + W B} - B| W;‘,

i,j i i
4 = NP -0t - BWS,
24]6 _ _Niﬁ _ ‘/Vi4T B BilTWf,
Z =N ewlC Bl xt ool w
_ _Oi9 + V\7i3T, Z;1,10 _ _Oilo + ‘/ViST,
g oMo _on 38 _ofwh
2 -0l ewie, 5 oobew,
215,9 _ _019 + ‘/ViST’ 25 10 _ OIO + W

21'6’6 — PiZ +h2Pl»5 +ﬁ2h2pi6 +h2Pi7 +ﬁ2h2pl'8

T
+h2P?+/32h2Pil°—Wi6 _Wi6>
6,7 6T 7 6,8 6T 8
Zi)j:Wi Cj—Wi, X7 =W W,
T
50w oW, s — W —w

577 = —(1-1y) e P 4 ) T+ W] €, + CTW,

78 17T T1s/8 7.9 _ 1ar7 Trsr9
Zi,j—Wi —Cin, Zi)j—W —Cin,

7,10 T Ty,710 8,8 8T 8
= —CiVVj, X0 =W + W —¢l

8,9 8T 9 8,10 8T 10
T =W+ W, =W+ W

T
SO eW AW —gl, 20w W

10,10
Zi

T
=W W —el,
77 2kr 152 7T Ty /7
37 = —(1-rd) e P} + W] C;+ C/W],

Z} =P'G.
(24)

Theorem 7. For |G| + y < 1,i = 1,2,...,N and given
positive real constants h, hy, v, 4, 1, p, v, and f3, system (1)
is robustly exponentially stable with a decay rate k, if there
exist symmetric positive definite matrices PI.J , any appropriate
dimensional matrices RY, N/, O, W/, M/, G, p = 1,2,...6,
j=12,...,10,i = 1,2,..., N, and positive real constants
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€, €, and €5 such that the following symmetric linear matrix
inequalities hold:

R} R}

>0, i=1,2,...,N,
[+ R}
PR? qu

>0, i=12,...,N,
[+ R}

o 2kh Pi3 _ Ri3 M! M2
3

* M M |20, i=12,...,N,
(25)
e Phps _ RS MS M
* M M) |20, i=12,...,N,
* * Mi10
Y <-I, i=12,..,N,
1,1
2 5 i=12. .,N-1
Z+Z<(N_1), ,

i,j Joi

j=i+1,i+2,..,N.
Moreover, the solution x(t, $, y) satisfies the inequality

L

kt
b0 o o Bl
Vt e RY,
where L = A (Pi(®) + 1A (Py()) + hA i (Ps(e)) +
BhA e (Pa(@)  + WA (Ps(a) + Py(2)  + Pyla)) +

(B e Po(@) + Py(@) + Prg(@) + 1Ay ([0 200 ]) 4
(B A ([ 4 10 ]):

Proof. Choose a parameter-dependent Lyapunov-Krasovskii
functional candidate for system (9) as

7
Ve =) Vi), (27)
i=1
where
V, (6) = x" (£) P, (@) x (1),
%w=r 0T (5) Py (o) % (5) ds,
t—r(t)

V, (t) = Lhme DX (5) Py () x () ds

t
+J 2K xT (s) Py () x (s) ds,
t-Bhit)
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V,(t)=h JO r KT (5) Py () % () ds dO

+ pBh

[
wo-if. [,
)

Bh J D LT () B (o) % (5) ds d6,
ph Jt+0

J PO LT () P () % (5) ds b,
t+6

T () P, () % (s) ds dO

V, (t) = Oh f KT (5) Py () % (s) ds dO

+0

+ph J'O h J 2K 4T (g Py (@)% (5) ds db,

0
Q2K0-0) [x (0~ h(9))]
v, (0= J—h 6-h(6) [ % (s)

[Rl (a) R, (“)]
* R; ()

% (s)

+Fh J_tﬁh Jj—ﬁh(@) S [x ¢ 9_6 gl; (9))]T

1 i

[X(e h (9))] dsdo

OO e

(28)

Calculating the time derivatives of Vi(t),i = 1,2,3,...,7,
along the trajectory of (9), yields

Vi (t) = 2x" (t) Py (@) (1)
=2x"P () | (A(@) + B, (&) + G) x (t)

+ By (@) x (t—h(t) - Gx (t - Bh(t))
+f(tx @) +g@tx(t-h())

+w(t,x({t—-r(t)+Cax)x(t—r(t))

~ B (@) jt

t—h(t)

x(s)ds

t
—GJ (s) ds]
t-Bh(t)

+2kx” (£) P, (&) x (t) — 2kV, (£)

o 2k(s—1)
o 2Bkh

V() = &' (£) Py (o) X (£)
~(=r@)e R (-1 (1)
x P, () % (t — 7 (£)) — 2kV, (t)
<" WP () x () — e X" (t -1 (1))
X P, () x(t —7(t))
+ gk’ (t =1 (1) Py (@) % (t =7 (1)
—2kV, (t).
(29)

The time derivative of V;(¢) is

Vi (t) =x" (1) Py () x (1) - (1=h()) e ™ Ox" (¢ - h(t)
X Py () x (t —h(t)) +x" (£) P, () x (£)
= (1= i (0)) PO (e~ ph (1))
x Py () x (t = Bh(t)) -

<x" (t) Py (a) x (t) -

2KV, ()

e T (t - h(1))

x Py (o) x (t — b (£)) + hyge %" (t - h (1))
X Py () x (t =R (£)) + x" (£) Py (@) x (£)

e—Zaﬁth (

t—Bh(t)) Py () x (t — Ph(t))

+ Bhge P (£ = Bh (1)) P, () x (£ - Bh (1))

— 2KV (t).
(30)

Obviously, for any scalar s € [t — h,t], we get e 2kt <

< 1 and for any scalar s € [t — Bh,t], we obtain
< e 2P < 1. Together with Lemma 4, we obtain

Vy () = h*x" (£) Py (o) % ()
—hj %7 (t +5) Py (o) % (t + 5) ds
-h
+ BPR2x" (t) Py (o) % ()
0
_ /Shj PR ST (14 6) Py (o) % (¢ + 5) ds
—Bh

—2kV, ()



< 5" () Py () % (£)
iy Jt 60T ()P (@) 1 (s) ds
t-h
+ B2R2xT (1) Py (o) % ()
~ Bh r PP LT (O P (o)  (5) ds
t-ph

— 2KV, (t)

< 5" () Py () % (£)
_ he 2K Jt 7 () Py (a) % (5) ds
t-h

+ BPRXT (1) Py (o) % (1)
_ Bhe 2Pk Jt i (5) Py (@) % (s) ds
t-Bh

—2kV, (1),

V, (t) < %" (t) P, (&) % (t)
_ he 2k Jt £ (s) P, (o) % (s) ds
t—h

+ BPRXT (1) Py (o) % (1)
_ Bhe 26k Jt i () Py (@) % () ds
t-pBh

— 2KV, (t)

< 5T (1) P, () % (£)

t

t
— ¢ 2kh j %! (s)dsP, (oc)j x(s)ds
t—h t—h

+ B2 () Py () % (t)
— ¢ 2Pkh jt %7 (s) dsPs () Jt % (s)ds
t—ph t—ph

— 2kVy (t)

< 5" (1) P, () % (t)
t t
P J- i (s)dsP; () J x(s)ds
t-h(t) t=h(t)

+ BT (1) Py (@) (1)
¢ 2Pkh r %7 (s) dsPs () It % (s)ds
t—PBh(t) t—pBh(t)

—2aV5 (),

Vi (t) < W*x" (t) P, () % (t)

t

t
— ¢ kh J i (s) dsPy () J x(s)ds
t—h(t) t=h(t)
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+ BT (1) Pyg () % (£)
2 f_ﬁh(t) 1 (5)dsPy (oc)J;t_ﬁh(t) %(s) ds
- 2kV, (t)
=% (t) Py (&) % (t)
—e M [ -2 (- he)]
X Py (a) [x (t) = x (t = h(t))]
+ BT (1) Py (@) % (t)
e () - 2T (¢ - ph )]

x Py (@) [x (£) = x (¢ = Br(6))] - 2KV, (1) .
(31)

Taking the time derivative of V,(t), we obtain

V, (t) = hh (t) x" (£ = h () R, (&) x (t = h(2))
+2hx” (t —h () R, () x (£)
—2hx" (t = h (1)) Ry (@) x (t - B (t))
+h f_h %7 (s) R, () X (s) ds
+ BPhh (t) x" (£ = Bh(t)) Ry (o) x (t = Bh (L))
+2phx’ (t — h(t)) Ry () x (£)
— 2Bhx” (£ = P () Rs (@) x (t - Bh (1))

+ Bh Jt £ () Ry (@) £ (s) ds — 2KV, (8)
t-ph

<" (t-h(t) R, (@) x (t — h (1))
+2hx” (t —h() R, () x (£)

—2hx" (t —h () R, () x (t — h (1))
+h r %" (s) Ry () % (s) ds
—h

+ B RPx" (t = Bh(t)) R, (o) x (t — Bh(2))

+2Bhx" (t = h(t)) Ry (o) x (t)

—2Bhx" (t - Bh(t)) Ry () x (t — Bh (1))

+ Bh Jt 7 (s) Ry () % (s) ds — 2KV, (8)..
t-ph

(32)
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By Lemma 5 and the integral term of the right hand side
of V,(t) and V,(t), we obtain

-h J:_h %7 (s) [e‘ZthS () — R4 (oc)] x(s)ds
- ph J':_ﬁh 17 (s) [e’Zﬁkh Py (o) = Rg ()] % (s) ds

< h[xt{(}tl)(t)]T

y [MIT (@) + M, (@) -M] () + M, (oc)]
* M, (o) = M, (@)

) [xtﬁ(;z)(t)]

+h2[ x(t)

TIM, (@) M, ()
xt—h(t)] [ Y M ] (33)

M; ()

T

[ x () x(t)
% _xt—h(t)] +ﬁh[xt—,8h(t)

[M] (@) + Mg (@) —M (@) + M, (oc)]
x -M; (&) — M, ()

x (t)
| xt — Bh (t)]

+ ﬁth[ x (1) ]T[Mgux) 1{‘449((“))]
* 10 (&

From the Leibniz-Newton formula, the following equa-
tions are true for any parameter-dependent real matrices
Ni(a), O;(), i =1,2,..., 10 with appropriate dimensions:

2 [xT () NT (@) + x" (t = h (£)) N} ()

+x" (t = Bh(t)) NI (&) + J %" (s)dsN; (ex)

t
t—h(t)

t

+ j %" (s)dsNZ (&) + X" (t) N} («)
t—Bh(t)
+ x5 (t—r @) NI (@) + f7 (t, % (£)) Ny ()

+g" (tx(t—h () Ny (@) +w' (&% (t -7 (1) N (@)

t

X x(t)—x(t—h(t))—J

t-h(t

x (s) ds] =0,
)

2 [xT (t)Of (a) + x" (t = h (1)) O ()
+x" (t - Bh(t)) O} () + r %" (s)dsO} ()
t—h(t)

t

+ J %" (s)dsOl (@) + %7 () O} ()
t—Bh(t)
+x7(t -7 () OF (@) + fT (£, x (1)) Of ()

+g" (tx(t-h(®)Od (@) +w" (t, % (t -7 (1)) O () ]

X x(t)—x(t—ﬁh(t))—J

t
x (s) ds] =0.
)

(34)
From the utilization of zero equation, the following

equation is true for any parameter-dependent real matrices
W,i=12,..., 10 with appropriate dimensions:

2 [xT OW (@) +x" t -h@E) W, (@)

t

+x" (t = Bh () Wi () + J %" (s)dsw, («)

t—h(t)

+ r %" (s)dsWy () + 2T (W, ()
t—Bh(t)

+ x5t —r @)W (@) + £ (8 x (£) Wy ()

+g" (txt-hE)W, (@)

1w’ (6% (t -7 () Wiy () ]

x | (A(a) + By (o) x(t) + B, (o) x (t = h (1))
+C@)x(t-r®)+f(tx®)+gtx(t-h()

+w(t,x({t—-r(t)) - B (x) ‘Lh(t) x(s)ds—x(t)

(35)

From (5), we obtain, for any positive real constants €, €,
and e,

0 <erx’ (1) x(t) e f (6x (1) f(tx(8),
0<ep’x’ (t—h(t)x(t-h(t))
—6g (tx(t-h®))gtx(t-h()),  (36)
0< ey’ s’ (t—r () x(t—r(t)

—ew' (X (t -7 ) w(t, % (t—7(1))).
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According to (29)-(36), it is straightforward to see that

N N
Vi T®) Y wa Yl -2kV (),  (37)

i=1j=1 ij
where {7 (t) = [x"(t), x" (t=h(t)), x" (t- Bh(t)), _L h(t) (s)ds,
Jt Bh(t)x T(o)ds, x(1), £t = r(®), f1(tx(t), g' (£, x(t -

h(t))), wl (t, x(t — r(t))] and Zi)j is defined in (23). From the
fact that Zl Lo =1,

N-1 N
ZaA ZoctBl Za AB;+ Y Y o [AB;+AB],
i=1 j=i+1
N-1 N 5
(N—I)Z(x —ZZ Z oo = Z Z [(xi—ocj] > 0.
i=1 j=i+l i=1 j=i+1
(38)
It is true that if conditions (25) hold, then
V(t)+2kV (t) <0, VteR", (39)
which gives
V() <V(0) e, vieR'. (40)

From (40), it is easy to see that
Auwin (PL@) [x O < V() <V (™, (4D

7
V(0) =) V;(0), (42)
i=1
where
V; (0) = x" (0) Py (o) x (0),
0
V, (0) = j_ o %" (s) P, () % (5) ds,
0
V, (0) = J_h(o) e xT (5) Py () x (s) ds
0
+ J e xT (5) P, () x (s) dis,
~ph()
0 0
v, =k L 55T () Py () 1 (5) ds dO
0 0
n ﬁhj J 57 () P, (a) % (5) ds 6,
-ph Jo
0 0
v =k, L 5T (5) P, (o) % (s) ds d6

JO 55T () Py () % (5) ds 6,
0

0 t
V. (0) = h J 55T () Py () % (5) ds dB

0
J 55T (5) Py (o) % (s) ds ),
0

Journal of Applied Mathematics

V. (0) = h jh Le_h(e) Zke[x ©- (?)(e»]

1 ki

[x(ex (h)(e))] dsdo

+Fh J_Oﬁh j:—ﬁh(e) e [x ¢ 9_6 ([gl (0))]T

1 ki

(43)

X [x (6 - [’)h (9))] ds do
x(s) ’
From (41), we conclude that

Ain (P (@) Ix (O <V (0)e ™ < Lmax [|¢], |o]]%e ",

(44)
where L = A (P(®) + 1A (Py(@)) + A (Ps(@)) +
ﬁhAmax(P4(oc))+h3 max(Ps(@) + Py(a) + Py(ax)) + (/Bh)

max (P @) + Py(@) + Poo(@)) + 1Ay ([ R ]) + ()
/l ([ Ry(e) ESEZ ]) From (44), this means that the system
(1) is robustly exponentially stable. The proof of the theorem

is complete. O

Next, we consider the following system:

xt)=A@xt)+Bla)x(t—h(t)+C(a)x(t—r(t))

+ftx@)+gtxt-h(@)), t>0
x() =¢(t), x()=y(), te[-b0].
(45)
We introduce the following notations for later use:
Ll 12 13 vld w15 w16 w17 w18 197
DR D D D el A Wl
* 222 223 z“ 325 326 327 328 529
ij Lj Thjo Thj o Tijo i
ERCRE VRN R VS R ¢ S 8
TN TH Chs she ok she g
* * * 21)] Zi,’j Zi:j Zi,’j Zi’ Zi’
H = * % % % Zis,s Zis’ﬁ 215]7 21.5’8 21.5’9
b * &k ok % 21.6’6 21.6’].7 21.6’8 21.6’9
* * * * * * 217]7 ZZ’? ZZ’].Q
. L i 5
* * * * * * * 21.9’9
(46)
Corollary 8. For |C] < 1,i = >N and given

positive real constants h, hy, r, r4, 4, p, and f3, system (45)
is robustly exponentially stable with a decay rate k, if there
exist symmetric positive definite matrices PiJ , any appropriate
dimensional matrices R”, M}, N, O, W/, p = 1,2,...6,
I=12,...,10,j = 1,2,...,9,i = 1,2,...,N, and positive
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real constants €,, €, such that the following symmetric linear
matrix inequalities hold:

R! R? .
[ ! R§]>0’ i=1,2,...,N,
R} Rf] ,
il>0, i=12,...,N,
¥R
o 2kh Pis _ Rf Mil Mlz
* M} M!|=20, i=12...,N,
e PhpS _ RS ME M7 (47)
* M M) |20, i=12,...,N,
% * Milo
[[<-L i=12..,N,
ii
H+H< 2 I, i=1,2,...,N—-1,
(N-1)

i,] Joi

j=i+1,i+2,...,N.

Moreover, the solution x(t, $, y) satisfies the inequality

b 001 5y ol bl

L
min (Pl ((X) (48)

Vt € RY,

where L = A (P(a) + 1A (Py() + hA, (Py()) +
BhA L (Pi(@)  + WA (Ps(a) + Py(a) + Py(a) +
(B1)* Ny (Ps(@) + Py(@0) + Prg(a) + 1A ([0 R ]) +

*  Ry(a)
3 Ry(a) Rs(x)
BR) A ([ R ])-

3.2. Exponential Stability Criteria. In this section, we study
the exponential stability criteria for neutral systems with
time-varying delays by using the combination of linear matrix
inequality (LMI) technique and Lyapunov theory method.
We introduce the following notations for later use:

(211 Zip Zi3 Zig Zg5 Zge 2y Zig Ly 20 |
k0 Dy oz Loy Zos Zog 2g7 Zog Za9 Zodo
# ok Xgy Xy Xis Xag 237 23z 239 23
ko ow o Xy Xy Xy By Zgg Zgg Zyg
Zz * %k x Xy Xsg sy Xsg Lsg Lo
* o ox ko ox ok Xeo Be; Xeg Tgg Zgo |
* ok % & x ok X, Yoo Xog Yoo
* * * * * * * 288 289 28,10
* * * * * * * * Zgg 2g1g
| x * * * * * * * * 210’10_
(49)

1

where

2= AP+ B[P+ Z +PA+PB +Z +P,
+ Py + hM] + hM, — e Py — e p
+ th3 + BhM, + ﬂhMéT " ﬂzth8
+NT N, +OT +0, + ATW, + WA
+ BW, + W/ B, + e,5°I + 2kP,,
., = P,B, - hM] + hM, + W’ M, + ¢ P,
+hR, = Nj + N, +0, + W,'B,
+ A"W, + BIW,,
213 =721~ BhMy + BhM;, + PH* My + BhR;
+ e_Zkﬁth + N5 - OlT +0,
+ ATW; + B[W;,
214 =P B, - NIT +N, + 0O,

- W/B, + ATW, + Blw,,
S5 =~Z, + N5 — O] + 05+ A"W; + Bl W,

T16 = Ng+O0g - W + ATW, + Bl W,

T T T
21,=PC+N;+0,+ W, C+ AW, + BiW,,
_ T T T
218 =P+ Ng+Og + W] + A"W; + B; W,
— T T T
Z19=P +Ng+ Oy + W + A"W, + Bj W,

T T T
2110= Py + Nijg + Oy + Wi + A" Wiy + By W,
S, = —(1-hy)e P, - hM} — hM,
+ M + W’R, - 2hR, - ¢ "D,
+ep’ - N} =N, + W, B, + BIW,,
%5 =-N;-0) + Blw;,
T T T
%, =-NJ =N, -W,B, + BJW,,
%,5 = -N5 - O} + B,
3,6 = —Ng— W, + BIW,,
%, =N, + W) C+BIW,,
S5 = —Ng + W, + BIW,,
2o = _N;F - WzT + BzTW9’

T T
2310 = Ny + W, + B, Wy,
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Z33=— (1 - /J’hd) e_zﬁkhp4 - e_zﬁkhpw + ﬁ2h2R4

— 2hRs — BhMY — BhM,, + B*H* M,
-0l -0,
Sy, =-N, -0, ~ W, B,

Z3,5 = _O3T - Os,
Si6=-0g+ W),  %;,=-0,+W,C,
Ty = O + W),  Zy=-0y+ W,

2310 =0y + Wy,
Sy4=-"P,~N] - N, +W/B, - Bw,,
24,5 =-N; - OZ - BTWS’
Z46=—"Ng— W4T - B1TW6’

Sy, =N, + W/ C - BlW,,

Tu5 = —Og + W,

Zy9 = =09 + W3T’ Zy10 = ~Op + wy,
355 = -~ OF - 0,

Zse = —O4 — WST ’

S5, =0, +WJC,  Zgq=-Og+W.,

Ss9 =0y + Wy,

Z510 = =0y + Wy,
Se6 = P, + WPs + B Py + WP, + B*H P,
+ WP, + PR Py - W — W,
S, =W C-W,, T =W, - W,
Zeo = WsT - W, Ze10 = WGT =~ Wi
25 ==(1-rg) e P, + )’
+ WS C+C'W,,
Ss=Wr —C'W,,  3,,=W) -C'W,,
210 = W7T - CTWlo
Ses = Wy + Wy — ¢,
Zgo = WsT + W, Zg 10 = WsT + Wi
Se0=Wy +Wy—6l,  Zg0=W, + W,
Zio00 = WlTo + Wy -6l
S,,=-(1-r) e P+ WS C+C'W,,
Z, = PG.

(50)
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If A(o) = A, B(e) = B, and C(«) = C, where A,B,C ¢
R™" are real constant matrices, then system (1) reduces to the
following system:

x(t)=Ax({t)+Bx(t—-h(t) +Cx(t —r(t))
+ft,x(®)+gtx({t-h(1))
+w(t,x({t-r(t)),

x(t)=¢ (),

51)
t > 0

() =y (), te[-b0].

Corollary 9. For ||C||+y < 1 and given positive real constants
h, hy, 1,731, p, v, and f3, system (51) is exponentially stable with
a decay rate k, if there exist symmetric positive definite matrices
P, any appropriate dimensional matrices R, N;, O;, W, M,,
G s=12,...6,i = 1,2,...,10, and positive real constants
€, €, and €5 such that the following symmetric linear matrix
inequalities hold:

R, R,
[* R3] >0

Ry R4
[* Rs] >0

(52)

Z<O.

Moreover, the solution x(t, §, y) satisfies the inequality

bl | 5y ol bl e, v e
(53)

where D = A, (Py) + 1A 50 (Py) + BA L (Ps) + BhA o (Py) +
WAow(Ps + P, + Py) + (Bh)’A,(Ps + Py + Py) +
P e ([ 5 R ]) + B A ([ 2 2 ])-

If A(a) = A, B(a) = B, C(«x) = C,and w(t, x(t—r(t))) = 0,
where A, B,C € R™" are real constant matrices, then system
(1) reduces to the following system:

%(t) = Ax (t) + Bx (t — h (t)) + Cx (t — 7 (£))
+ftx(@®)+gt,xt-h(),
x(t) = (1), x(t) =y (),

t>0; (54)
t € [-b,0].

Corollary 10. For ||C|| < 1 and given positive real constants
h, hy, r, vy, 1, p, and B, system (54) is exponentially stable
with a decay rate k, if there exist symmetric positive definite
matrices P, any appropriate dimensional matrices R, N;, O;,



Journal of Applied Mathematics

W, Mj, and G, where s = 1,2,...6,i = 1,2,...,9, and
j =1,2,...10, and positive real constants €,, €, such that the
following symmetric linear matrix inequalities hold:

R, R,
[* R3] >0

Ry Rs
[* Re] >0

e ?p,—R, M, M,
* M; M, |20, (55)
* *  Ms;

e Pp R, My M,

* Mg My |20,
* * My,

H<0,

where

(2, 2 T3 2y Zis 2ye Zyy Zig Ly
* 0 Xy Loz Loy Zos 2og 2o7 2oy Lo
k0w Xgy Xgy Xag Xgg Xzy gz Zgg
ko w o Xy Xys By Dy Zgg Zyg
H: * 0k ok ok Tgg Xgg Ly Lsg X | (56)
* % ok ox ok X §67 Yes Zgo
* * * * * *  Xom 2og Xog
* * * * * * * 288 289
| * * * * * * * * 299_

Moreover, the solution x(t, §, y) satisfies the inequality

b0 | g ol bl e, v e

(57)

where D = A, (P)) + 1A (Py) + hA L (Ps) + BhA 0 (Py) +
WA . (Ps + P, + P) + (Bh)’A,(Ps + Py + P) +

P e ([ 2R ]) + B A ([ 2 & ])-

4. Numerical Examples

In order to show the effectiveness of the approaches presented
in Section 3, three numerical examples are provided.

Example 1. Consider the robust exponential stability of sys-
tem (1) with

A@=a |7 ey 0y

B(a) = oy [:} —(()).8] T [:} _01] >

13
Cl@=n [0(',1 0?1] o [0()2 0(.)1]’
ity = [goama 0],
gt x(t—h() = [?,i Z?j ((;))52 ((tt - Z ((;))))] ’ (58)

h(t) = 0.9sin’ (%) ,

. 0.1cos (t) x, (t —r (1))
w(t,x(t-r ) = [O.ISin(t)le (t—r(t))]’

r(t) = cos® (2),

where x(t) € R It is easy to see that b = 0.9, h; = 0.45,
r=1,r;=0.25n=0.05p = 0.1,y = 0.1, and given rate
of convergence k = 0.1. Decompose matrix B(e) as follows:
B(«) = B;(«) + B,(«), where

By —a [0 0 ], [08 0
=& 1 063 "% -1 -083)°
(59)
017 0 017 0
BZ(“)Z“I[ 0 —0.17]*“2[ 0 —017]

The numerical solutions x, (f) and x, () of system (1) with
(58)-(59) are plotted in Figure 1 where the states x, () and
x,(t) are attracted to the stable origin.

Solution. By using the LMI Toolbox in MATLAB (with
accuracy 0.01), we use conditions (25) in Theorem 7 for
system (1) with (58)-(59). The solutions of LMIs verify as
follows:

Pl =10°x :_3(3?(?49515 _0(.).7091515: ’
x| o ]
P2 = 10° x :1033793299 _2073691209 ’
o 75, o)
P} = 10" x [é?iéi gggg] ’
7 =10 %[y 0310
10 [ o],
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4 3 [ 88868 —0.2421] s .4 [1.0303 0.1018
B =10 02421 32473 | My =10"x [0.1018 0.3190]’
s 5[ 13009 -0.1372] s .4 [1.1590 0.1622
P} =10"x | 0370 0,605 |° M; =107 x [0.1622 0.3078
5 5 [ 1.0898 —0.0980] 6 _ |—34.9655 ~18.7513
Py =10" %1 10980 0.3986 |’ M, [—18.7513 35.4129 |
6 4 [ 2.8885 —0.0338- 6 _ —39.8158 —24.8476
Py =101 0338 2.6935 |’ M, [—24.8476 13.4547 |°

: : 2.0904 2.7717 3.2803 5.2929
2.8526 —0.0449 7 7~
Py =10"x | S0 a0 | M, [2.7717 —7.8109]’ M, [5.2929 —4.0693]’
7 5[ 26064 -0.3045] M = 10% x | 4679 000031
Pl =10"x | "% e S easo |- 1 0.0003 1.2678
73 [ 23663 —0.1722] M = 10% x | 14438 000801
Pl =10"x| "0 e | | -0.0080 1.1830 |
s .4 [ 14801 -0.0277] M = 10° x | 08905 0.0058 |
Pl =10"%| 0o 1a0es | ! | 0.0058 ~-2.9028 |
s + [ 1.4740 -0.0862] M = 10° x ~1.1307-0.07601
Py =10"x | e 14207 | | -0.0760 —3.7474 |
o .3 [26064 -0.3045] M = 10 x | 14684 0.00051
Pl =10 x| “ 0% 0hs 5 easg |0 ! 0.0005 1.2673
o 3 [23663 —0.1722] MO = 10t x | 14442 S0.0077 )
P =10"x | e | -0.0077 1.1828
P10 _ g [ 1:4570  ~0.0000 R =10 x 27131 01748
"= 10" x| o000 10074 | 0.1748 0.7782 |
10 _ a4 [1.4354 0.0019 R = 10° x | 23463 00333
P’ =10"x | 0010 10978 | 0.0353 0.5806 |
[1.1393 0.0531]
-9.1839 -1.2537 2 _10°
M! =10° x [_12537 _20706], Ry=10"x10.0531 0.1251]
876.5627 32.5550
-1.0642 —0.1844 _—
M21=104><[_0 1844 _02293], R =1 325550 98.5599 "
- . [ 2.6387 —0.0759]
8.8459 1.1503 3_10°
M =10 x | {1205 Yooec | Ry=10">1 00750 0.5866 |’
- ; [ 2.0346 —0.0762]
1.0288 0.1763 3_10°
M; =100 [ 20 sl Ry =107>1 00762 0.3589 |
AP — 10t [1:0499 0.1090) RY =10 x | 20000 ~0.04151
;= 0.1090 0.2928 | | -0.0415 5.0541 |
3 4 '1_1838 0.1766- 4: 3 [ 5.5782 —0.07101
M2 = 10 X 0-1766 0.2881 > R2 10 x _—0.0710 4.6031 J ’
4 5 [-8.8058 —0.9604 5 .4 [-7.9071 0.0551 ]
M; =10 [_0,9604 _2'6545]> Ry=10"x1 00551 -3.8199]"
4 a4 [-1.0454 —0.1677 5 o4 [-7.3912 0.4576 |
M, =10 [—0.1677 —0.2680]’ Ry =10"x1 04576 32145
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4 1.4893 -0.0162
-0.0162 1.3778

4 1.4703 -0.0223
-0.0223 1.2713

N11 - 10° x [8.7493 3.8534

N21 ~ 10* x [0.6691 0.2686 ]

25 [-3.8698 —0.3606
Ny =107x [—0.3606 1.4605]

23 [~45981 —0.9753
N; =10 [—0.9753 1.2772]

N13 _ [—114.8946 —186.6948]

3.8534 -3.1296|°

0.2686 —-1.0299 )’

—186.6948 —113.8034 |’

210.0606 -1 15.9077]

3 _
N, = [—115.9077 —174.4056 |’

N14 10t x [—1.1296 —0.0266]

—-0.0266 0.1446

N, = 10" x

4 [—1.0062 0.1041]
s 5 [ 45589 —2.3847]
Ny =107x1 53847 0.8561 |
s 5 [5.3887 —2.4363]
Ny =10 | 54363 11619 |
6 3. [ 59564 —1.9530]
Ny =107x1 19530 1.5688 |
.3 [ 6769 —-1.9958]
=107 1 9958 2.0384 |

75 [59602 -0.2891]
Ny =107x1 52891 2.9332 |
75 [63929 -0.0855]
Ny =107% 1 0855 3.1668 |
[-9.6508 —0.4780]

8 _ 1n3
Ny =101 4780 3.5901 |

Nf - 10* x [—0.8505 0.0574]
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FIGURE 1: The simulation solutions x; (t) and x,(t) are presented for
system (1) with (58)-(59) in Example 1, &, = «, = 1/2, and initial
conditions x,(f) = 2 + 3 cos(t), x,(t) = 1 + 2sin(t), t € [-1,0], by
using the Runge-Kutta fourth order method with Matlab.

TaBLE 1: The maximum allowed time delay 4 for k = 0.1, = 0.05,
p=0.1,and f =0.1.

hy=r, 0 0.5 0.9

Chen et al. (2008) [3] 12999 09442 05471
Qiu and Cui (2010) [26] 1.4008 1.0120 0.6438
Pinjai and Mukdasai (2011) [25]  1.6237 1.1052 0.6205
Corollary 10 6.4417 52362  2.5666

Example 2. Consider the following neutral system (54),
which is considered in [3, 25, 26]:

%(t) = Ax(t) + Bx (t = h () + Cx (t — 7 (£))
+ftx () +gEtx(t-h(),

with
-2 0 -1 0 01 0
A‘[o —0.9]’ B_[—l —1]’ C‘[o 0.1]'
(62)
Decompose matrix B as follows: B = B, + B,, where
-083 0 -0.17 0
B = [ -1 —0.83]’ B, = [ 0 —0.17]’ (63)

£ x(O)N < nllx(@)]l, and (g (¢, x(E —hE)I < pllx(t —h(E))I.
The maximum value h for exponential stability of system
(61) with (62)-(63) is listed in the comparison in Table 1, for
different values of h; and r;. In Tablel, we let # = 0.05,
p =0.1, 3 = 0.1 and h(t) = r(t). We can see that our results
in Corollary 8 are much less conservative than in [3, 25, 26].

Example 3. Consider the following neutral system (51), which
is considered in [14, 28]:

X()=Ax({t)+Bx(t—h(t)+Cx(t—r(t)+ f (t,x(1))

+gtx(t-h()+w(t,x(E-r(t)),
(64)
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TABLE 2: The maximum allowed time delay .
hy=r,=0 k=0.1 k=03 k=05 k=07 k=09
Syed Ali (2012) [28] 10.2180 2.9481 1.4126 0.7232 0.3045
Liu et al. (2013) [14] 12.2475 3.7460 1.9563 1.1015 0.5957
Corollary 9 14.1728 4.7242 2.8345 2.0246 1.5747
hy=r,=05 k=0.1 k=03 k=05 k=07 k=09
Syed Ali (2012) [28] 6.7523 1.7922 0.7308 0.3580 0.1027
Liu et al. (2013) [14] 10.8211 3.3202 1.7390 0.9662 0.4857
Corollary 9 11.5872 3.8624 2.3174 1.6553 1.2874
with perturbations,” International Journal of Systems Science, vol. 31,
. -365, 2000.
20 0 04 01 0 Pp- 359-365, 2000 ) _
A= 0 —2|° B= 04 0|’ C= 0 0.1l [3] Y. Chen, A. Xue, R. Lu, and S. Zhou, “On robustly exponential
' ’ stability of uncertain neutral systems with time-varying delays
(65) and nonlinear perturbations,” Nonlinear Analysis: Theory, Meth-
Decompose matrix B as follows: B = B, + B,, where ods & Applications, vol. 68, no. 8, pp. 2464-2470, 2008.
[4] W.-H. Chen and W. X. Zheng, “Delay-dependent robust stabi-
B - 0 03 B - 0 0.1 (66) lization for uncertain neutral systems with distributed delays,”
17102 0| 27102 0| Automatica, vol. 43, no. 1, pp. 95-104, 2007.

If @& XD < 7llx®, gt x( = hODI < pllx(E = h(D)],
and |w(t, x(t — r()) < ylx( — r(t))]. By Corollary 9 to
system (64) with (65)-(66), one can obtain the maximum
upper bounds of the time delay with different convergence
rate k as listed in Table 2. In Table 2, we let h = 0.1, = 0.1,
p = 0.05,y = 0.05, and 3 = 0.1. It is clear that the results in
Corollary 9 give larger delay bounds than the recent results
in [14, 28].

5. Conclusions

The problem of robust exponential stability for LPD neu-
tral systems with mixed time-varying delays and nonlinear
uncertainties has been presented. Based on combination
of Leibniz-Newton formula, free-weighting matrices, linear
matrix inequality, Cauchy’s inequality, modified version of
Jensen’s inequality, model transformation, and the use of suit-
able parameter-dependent Lyapunov-Krasovskii functional,
new delay-dependent robust exponential stability criteria
are formulated in terms of LMIs. Numerical examples have
shown significant improvements over some existing results.
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