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nonlinear function is assumed to satisfy the one-sided Lipschitz condition and the

quadratic inner-boundedness condition. By constructing a modified
Lyapunov—-Krasovskii functional and using the free-weighting matrix technique, some
new delay-dependent criteria for the stability of the problem are presented. In
particular, the derivatives of the time-varying delays are no longer limited to being
less than one. Finally, numerical examples are given to illustrate the effectiveness of
the derived results.
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1 Introduction

The stability analysis and stabilization of time-delay systems have been tackled over be-
cause time delays occur in many practical systems, such as those in the fields of aero-
nautics, chemistry, and mechanics [1]. There are many valuable results regarding the sta-
bility analysis and stabilization of time delay systems [2—4]. Generally speaking, delay-
dependent stability conditions are less conservative than delay-independent ones, espe-
cially when the time delays are relatively small. Thus, the present study is focused on delay-
dependent stability [5].

Systems in many branches of science and industry are often subject to various types
of noise and uncertainty [6]. Stochastic systems governed by Itd stochastic differential
equations have attracted considerable attention, this being where the noise is described
by Brownian motion [7, 8]. A great number of results have been successfully extended to
stochastic time delay systems (e.g. [9-12]). Zhou et al. investigated the problem of sta-
bility analysis of a class of delayed genetic regulatory networks with stochastic distur-
bances, where the delays are assumed to be time-varying and bounded. Based on Itd’s
differential formula and free-weighting matrix method [13], delay-range-dependent and
rate-dependent (or independent) stability criteria are obtained [14]. By constructing a gen-
eralized free-weighting-matrix approach, Zhang et al. investigated the delay-dependent
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stability problem of continuous neural networks with a bounded time-varying delay. The
developed approach can estimate the single integral term arising in the derivative of the
Lyapunov—Krasovskii functional more accurately [15].

Neutral-type stochastic differential equations, depend on the delays of state and state
derivative simultaneously, are often encountered in various fields, such as automatic con-
trol, aircraft stabilization, lossless transmission lines, and turbojet engines [16—23]. Cheng
et al. investigated the problem of robust stability criteria delay-dependent for neutral sys-
tems with interval time-varying delays and nonlinear perturbation [24]. Basic on a piece-
wise delay method, the authors obtained some new sufficient conditions to guarantee the
asymptotic stability for neutral time-delay systems. Kao et al. have probed the problem of
H, sliding mode control for nonlinear uncertain neutral stochastic systems with Marko-
vian switching parameters. By utilizing a sliding mode control strategy, they got some cri-
teria on asymptotic stability of the error system and sliding mode dynamics [23]. In [25],
Yao et al. investigated the problem of robust adaptive sliding mode control for uncertain
neutral Markovian jump systems with unknown nonlinearity and unmeasured states. To
the authors’ best knowledge, the problem of delay-dependent stability criteria for uncer-
tain neutral-type with mixed time-varying delays has not been well probed yet, which still
is an open problem. This being because the neutral item and the nonlinearity complicate
the problem.

Motivated by the aforementioned discussion, the present paper investigates the problem
of robust stability for a class of stochastic nonlinear neutral-type systems with mixed time-
varying delays. The main contributions of the present work are as follows.

i. Some delay-dependent sufficient conditions are proposed by constructing an
appropriate Lyapunov—Krasovskii functional and using the free-weighting matrix
method.

ii. The derivatives of the time-varying delays no longer must be less than one, thereby
generalizing the existing results.

ili. Some free-weighting matrices are introduced to avoid using any inequality to deal

with the cross terms. Therefore, our results are less conservative.

The remainder of the paper is organized as follows. Section 2 outlines the required math-
ematical preliminaries. The main results are presented in Sect. 3. In Sect. 4, two practical
examples are provided to demonstrate the effectiveness of the proposed methods. Finally,
Sect. 5 concludes the paper.

Notations Throughout this paper, let (2, F,P) be a complete probability space with a
filtration {F;};>¢ satisfying the usual conditions. B(t) is a one-dimensional Brownian mo-
tion defined on the probability space adapted to the filtration. R” and R”*” denote the
n-dimensional Euclidean space and the set of all m x n real matrix, respectively. | - || is
the usual Euclidean norm in R”. The inner product of vectors x and y in R” is denoted by
(x,9) or xTy. Let C*}(R" x R,;R,) denote the family of all real-valued functions V(x(t), t)
defined on R” x R, such that they are continuously twice differentiable in x and once in .
C([-r,0];R") denotes the space of all continuous R”-valued functions ¢ defined on [-7,0]
with a norm ||¢|| = sup_,<g<o|®(0)|. For a real symmetric matrix X, X >0 (X > 0) means
that X is positive definite (positive semi-definite). The asterisk * denotes a matrix that
can be inferred by symmetry and the superscript T represents the transpose of a matrix
or a vector. In a matrix, (i,j) denotes an (i, )-block element of the matrix. The notation
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E{-} represents the mathematical expectation operator. I denotes the identity matrix of
compatible dimension. e; denotes index matrices that consist of the unit matrix on the ith
position and zero blocks on other positions.

2 Preliminaries

In this section, several basic assumptions and conclusions are offered that are of use re-
garding the main results. These basic facts can be found in any introductory book on
stochastic differential equations (e.g. [5, 6, 26—29]).

Assumption 2.1 (One-sided Lipschitz condition [5]) The nonlinear function f (x, y) is said
to be one-sided Lipschitz if there exist o1, o € R satisfying

T

(f(x,y),x) <axlx+ayyly 1)

for Vx,y € R”, where constant «; and o are positive, zero, or even negative, and they are
called one-sided Lipschitz constants for f(x, y) with respect to x and y.

Assumption 2.2 (Quadratic inner-boundedness condition [5]) The nonlinear function
f(x,9) is called quadratic inner-boundedness in the region C, if there exist constants 1,
B, and « such that

S fx9) < Brx"x+ oy y + k{x,f(x,9)), foranyx,yeC. )

For stochastic systems, Itd’s formula plays an important role in the stability analysis. We
cite the following result here.

Lemma 2.1 (Itd’s formula [6]) Let x(t) be an n-dimensional It6 process on t > 0 with the
stochastic differential

du(t) = £(£) dt + g(¢) dw(),

where f(t) € R" and g(t) € R™™. Let V(x(t),t) € C*1(R" x R*;R*). Then V(x(t),t) is a
real-valued It6 process with its stochastic differential given by

dV (x(2),£) = £V (x(2), £) dt + Vi (x(2), £)g () dw(?),
LV (x(2), ) = Vi(x(2), 8) + Va(x(2), £)f (£) + %trace(gT(t) Vi (2(2), £)g(2)),

where C*1(R" x R*; R*) denotes the family of all real-valued functions V(x(£),t) such that
they are continuously twice differentiable in x and t. If V(x(t), t) € C*1(R" x R*; R*), we set

AV (x(2),t)
V; t),t) = ——,
t(x() ) 9t
IV (x(2),t) IV (x(2),t)
V t 3 t) = IEERS) ’
x(x( ) ) < 0x1 0X,
V. | PVE@Y
0x10x1 0x10xy
2V (x(t),t
Vxx(x(t): t) — w —
3x:0%;  / n ‘ '
V. | PVE@.Y

0x,,0X1 0x,0x
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Lemma 2.2 (S-procedure [29]) Let Z be a linear vector space, and F(z), y1(2), y1(2), ...,
Yk (2) be some real-valued functionals over Z. Furthermore, define the domain D as follows:

D = {Ze Z :yl(z) = O)yZ(Z) > O)"wyk(z) > 0})

and the two following conditions:
(1) F(z)>0,Vze D,
(2) Iscalars e1 > 0,89 > 0,...,&c > 0 such that

k
S(e,z) = Flz) - Zeiy,-(z) >0, VzeZ.

i=1
Then (2) implies (1). The procedure of replacing (1) by (2) is called the S-procedure.

Lemma 2.3 (Schur complement [28]) For a given symmetric matrix S = [ilrl 5212], the fol-
12

lowing conditions are equivalent:
(1) $<0;
(2) S11<0, Sy —SLS1S1, <0;
(3) Sy <0, 811 —S125538% < 0.

Lemma 2.4 (Matrix inequality [30]) Let E, G and F be real matrices of appropriate di-
mensions with FTF < I, then we have, for any scalar € > 0,

EFG+GTFTET < ¢ 'EET + ¢GTG.

3 Robust stability analysis
Consider the following uncertain neutral stochastic mixed time-varying delays neutral-
type system described in It&’s form:

d[x(t) — Dx(t — A(2))]
=[(A + AA(E)x(t) + (A, + AAL(t))x(t — (2))
+ f((), x(t — ()] dt
+[(H + AH(8)x(t) + (H; + AH(£)x(¢ — 7(2))] dw(®),
x(t) = p(t), te[-r0],r=max{t, 1},
¥(t) = Cx(2),

where x(£) € R” is the state vector, 7(¢) is the unknown time-varying delay satisfying 0 <
T(t) < 11,0 < A(£) < Ay, () < d and A(£) < pu with real constants 7y, Ay, d and . f(x(£), x(£
7(£))) € R" is a nonlinear function with respect to the state x(¢) and the delayed state x(t —
7(2)), f(0,0) = 0. ¢(¢) € C([-r,0];R") is a vector valued continuous function, and w(¢) is
the standard one-dimensional Brownian motion satisfying

E{dw(®)} =0,  E{dw()}’=ds,

Here A e R"", A, € R, D e R"™", H € R"*" and H, € R"". Moreover, AA(t), AA.(¢),
AH(t) and AH, () are unknown matrices representing time-varying parameter uncertain-
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ties and are assumed to be of the form

AA(t) AA(D) _ E;
|:AH(t) AH,(t):|_|:E2:| F@) [Gl Gz]’ @)

where E1, E5, G; and G, are known real constant matrices of appropriate dimensions, and

F(¢) is an unknown time-varying matrix function satisfying
FI®F@t) <1, VteR. (5)

The parameter uncertainties AA(t), AA,(¢), AH(t) and AH,(t) are said to be admissible
if both (4) and (5) hold.
Let

h(t) = F()[G1x(t) + Gax(t - T(2))],
hi(t) = Ax(¢) + Arx(t - r(t)) +f(x(t),x(t - r(t)))+E1h(t).

System (3) can be rewritten as follows:

d[x(t) — Dx(t — A(¢))] = 1 (¢) dt + [Hx(¢) + Hyx(t — ©(¢)) + Exh(t)] dw(t), ©)
h(&)Th(t) < [Grx(t) + Gox(t — ()] [G1x() + Gax(t — T(£))]-

In this section, we will solve the problem of robust stability for uncertain stochastic
time-delay system (6) by constructing the appropriate Lyapunov—Krasovskii functional
and introducing free-weighting matrix. A new delay-dependent stability criteria is de-
rived.

Theorem 3.1 Consider the neutral stochastic time-delay system (6). The nonlinear func-
tion f(x(t), x(t — ©(t))) satisfies Assumptions 2.1 and 2.2. For given scalars 11, A1, i and d, if
there exist symmetric positive definite matrices P € R, Q; € R™", Qy € R, §; € R,
Sy e R R e R, Ry e RP", M; >0 (i=1,...,10) and N; (j = 1,...,8) of appropriate
dimensions and scalars €1 > 0, £, > 0 and e3 > 0 satisfying the following LMIs:

Y YRy WisR, Y Y5

*  —1IR; 0 0 0
U= x * -A'Ry 0 0 | <O, (7)
* * * -M 0
* * * «  -M
[-M; 0 0 0 0 0 ]
* -M, 0 0 0 -N;
5 = * * -M3 0 0 0 <0, (®)
* * * -M, 0 -N,
* * * * -Ms 0
| * * * * * Ry
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M, 0 0 0 0 0
* M, 0 0 0 0
* * -Ms3 0 0 -Nj3
22 = < O)
* * * My 0 0
* * * * -Ms —N,
| * * * * * Ry
Mg 0 0 0 0 0
* —M7 0 0 0 —-N. 5
* * —Msg 0 0 0
I1 1= < 0,
* * * My 0 —Ng
* * * * Mo 0
L * * * * * Ry
[-Ms 0 0 0 0 0 |
* -M- 0 0 0 0
k k —Mg 0 0 —N7
I, = <0,
* * * -My 0 0
* * * * -Myy —Njg
| * * * * * —Ry
(2 Qi 0 214 0 NJ 0 NJ 0 2110
¥ 29 NI Qu 0 256 Nf 0 0 0
* * 233 0 0 —-N3D 237 0 0 0
* * *  Qu NI -DTNY 0 Qg NI -D'p
* * * * 255 0 0 -N;D $259 0
lI/H = * * * * % 66 -DTN, 0 0 0
* * * * * * 277 0 0 0
* * * * * * * fo -DI'N{ 0
* * * * * * * * 299 0
* * * * * * * * * —e3l
L * * * * * * * * * *

T
000001151],

T

lI/13=[AAT00000001E1],
_ _ _ _ _ T
11114:[1M2M3M7M8000000],
_ _ _ _ _ T
%5:[1\46 0 0 0 0 M M M My 00],

M = diag{t[' My, 75 My, 15 M3, A7 M7, 17 Mg},

M = diag{A7* Mg, 7 "My, 77 Ms, 7 Mo, A7 Mo },

My = Myey, My = Msey, M;s = Mses,
My = Myes, Ms = Mses,

Mg = Msey, My = Mze,, Mg = Mges,
My = Moe, Mg = Myges,

Qn =PA +ATP+HTPH+ Q1 + Q2 +51 +52 +81G{G1 +820llI+83,311,

Ql’ll
251

2411

(==

1,1
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Q1,=PA, + H'PH, + N[ +£,GI Gy,  21u.=NJ —ATPD,
2110=P- %gzl + %83/(1, 2111 = PE; + HTPE,,

299 = H'PH, - (1 - d)Q1-N1 = N{ + £1G1 Gy + eq05] + £31,

25, =-ATPD-N\D,  $226=N\D-Nj,

Qo0 =H/PE;,  $253=-Qy—N;-Nj,

§257=NsD - N7, 244 =—(1-p)S; =NsD-D'NI — N5 - NZ,
243=NsD-D'NI -N!, 241, =-D"PE,

255=-N;-NJ =S,

259=N;D-Nf,  Q2¢=NoD+D'Nf,  £2,,=N,D+D'N],
Q283 =NeD + D'N!,  $£299=NgD+D'Ny, 21111 =E}PE,—eil,

then the null solution of the stochastic time-delay system (6) is asymptotically stable in the

mean square.

Proof Choose the following Lyapunov—Krasovskii functional:

V(x(®),t) = Vi (14)

with

Vi = [x(8) - Dx(t - A(0))]" P[x(2) - Dx(t - 1(2))],

t

Vy= /”m"T“)Q“(S) do [ oS

_0(8)

¢ t
V3 :/ xT(S)sz(S) ds+/ 27 (5)S2x(s) ds,
=11 t-n
0 t 0 .
V4:/ / th(S)R1h1(S)dsd9+/ / hT (s)Ryhy(s) ds df.
—-11 J 40 g Jeso

Using Itd’s formula, Lemma 2.1, we obtain the stochastic differential as follows:

dV (x(2), £)
= LV (x(2),t) dt

+ {Z[x(t) - Dx(t - A(t))] TP[Hx(t) + fo(t - r(t)) + Egh(t)]} dw(z), (15)
with

LV (x(t),t)
= Vi (x(2), £) + Vi (x(2), £) [Ax(2) + A (t — 7(2)) +f (%(2), 2( — T(2))) + Evh(2)]

+ [Hx(t) + Heae(£ = T(2)) + Ezh(t)]TP[Hx(t) + Hox(t - (2)) + Exh(t)], (16)
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Vi (x(2),8) = Vor + Var + Vi, (17)
Vor =27 () Qua(t) — (1 - 1 ()" (£ - 7()) Qua(t - 7(2))

+xT(£)S1x(8) — (1 - A(&)xT (£ — 1 () S1x(t — A (1)), (18)
Var = a7 (£)Qox(t) — 27 (t — 71) Quax(t — 71)

+x7(0)Sox(t) — 2T (£ — 11)Sox(t — 11), (19)

t
Vie = o (ORI (£) - / HT () Ry (5) s
t-11

+ Al ()R (8) - / Il (s)Ryh(s) ds} dt, (20)
t—A1

Vi (x(0), £) = 2[x(t) - Dx(t - 1(8)) ] P. (21)

Substituting (16)—(21) into (15), one can obtain

AV (x(0),¢) = {Z[x(t) — Dx(t - M(8))] P[Ax(£) + Arx(t - 7(2))
+f (%), x(t - T(2))) + E1h(2)]
+ [Hx(t) + Hox(t — ©(2)) + Exh(0)]" P[Hx(e) + Hox(¢ — 1(2)) + Ehi(2) ]
+xl (O)Qua(t) — (1 - (O)x” (£ - T(£)) Qu(t — (1))
+xT()S12(t) — (1 - A()x" (£ - () S1x(t - A(0))
+aT (£)Qux(t) — &7 (£ — 11)Qux(t — 1)

+ xT(t)Szx(t) - xT(t - Al)ng(t - )\.1)

t
+ Tlh{(t)thl(t) — / h{(S)thl (S) ds
t-11

+ Ml (R (t) - / hI (s)Ryhy (s) ds} de
t—A1

+ {2[x(2) - Dx(t - 2))]"

x P[Hx(t) + Hyx(t — T(2)) + Exh(t)]} dw(2). (22)
Taking the expectation of both sides of (22), we have
EdV (x(t),t) = ELV (x(2),t) dt. (23)
Set

%, (= (1) = (2 — At) — At - A(D))),
x5, (= A) =x(E = Ay = At = A1),
. (t—t@) =x(t—1() - A(t - 7(0))),

x;\(t - 'L'l) = x(t -7 — )L(t - 'L'l)).
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We can derive the following equations by using the Newton—Leibniz formula:

Z[xT(t - 'L'(t))Nl + x;(t - T(t))Nz]

X |:x(t) — Dx(t = M(2)) = x(¢t - T(2)) + Dax;. (£ — T(2))

_ ft hi(s)ds — /t (Hx(s) + er(s — 'L'(S)) + Ezh(s)) dw(s):| =0, (24)
t—t(t) t—t(t)
Z[xT(t —171)N3 + xAT(t - rl)N4]

X [x(t— ‘L’(t)) —ka(t - t(t)) —x(t —11) + Dy (t — 11)

t—1(¢) t—1(t)
— / hi(s)ds — / (Hx(s) + H,x(s - r(s)) + Egh(S)) dw(s)] =0, (25)

2[x" (£ = (&) N5 + ] (£ — A()) N6 ]

x [x(t) — Dx(t - A(t)) — x(t - A(2)) + Dax; (£ — A(2))

_ /t hi(s)ds — ft (Hx(s) + H,x(s - r(s)) + Ezh(s)) dw(s):| =0, (26)
t=A(8) t=A(t)

2[x" (£ = 21)N7 +x] (£ - A1)Ng]

X |:x(t— k(t)) —ka(t— k(t)) —x(t — A1) + Dx; (E = Ay)

1A (0) (1)
- / hy(s)ds — / (Hx(s) + Hrx(s — T(s)) + Exh(s)) dw(s):| =0, (27)

—A1 -1

where N; (j = 1,...,4) are arbitrary matrices with appropriate dimensions. Adding the left-
hand sides of (24), (25), (26) and (27) on to LV (x(¢), t), and noticing the properties of the

stochastic integral, we have

E{ [xT (t—T(®)Ny + xl = f(t))Nz] /t (Hax(s) + Hrx(s — (s)) + Exh(s)) dw(s)}
t—1(t)
=0,

t—1(¢)
E{ [xT(t —11)N3 + xTT(t - rl)N4] / (Hx(s) + H,x(s - r(s)) + Egh(S)) dw(s)} =0,

E{ [x7 (£ = 1(6))Ns + ] (t — A(£))Ng] /[ (Hx(s) + Hex(s — T(s)) + Exh(s)) dw(s)}
(1)
-0,

-2 (t)
E{ [xT(t —M)N7 + xf(t - )\1)N8] / (Hx(s) + H,x(s - r(s)) + Ezh(s)) dw(s)} =0.

_)‘1

Thus (23) is transformed to

EdV (x(2),t) = ELV (x(2),t) dt, (28)
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where
LV (x(t),£) = LV (x(2), £) + U(2), (29)

Ut) =2[x" (- t(O)N1 +x] (£ - () N> ]

X

X

(t r(t)) Dx,\(t r(t))—x(t—t1)+DxA(t—r1)—/

x(t) - Dx(t - k(t)) —x(t - r(t)) + Dx;y, (t - r(t)) - /t “ hi(s) ds:|

+ 2[xT(t —11)N3 + xf(t — ‘L'l)N4]

t—t(t)

I (s) ds}

t-11

+2[x" (£ = A(8))Ns + ] (£ — A(£))Ng

X [x (t) - Dx(t - 1(8)) — x(t — (2)) +Dxx(t—)»(t))—/t hl(s)ds]
t—A(t)

+ 2[xT(t - }Ll)N7 +X; (t — A,l)Ng]

X [x(t —Mt)) — Dax;. (t = A(8)) — x(¢ — A1) + Doy (£ — A1)

t-A(t)

¥

() ds]. (30)

Recalling that 7(¢) < d and A(t) <, and subdividing the integration interval, we have

LV (x(2),t)

= LV (x(t),t) + U(t)

< {2[x(t) — Dx(t - 1(0)) ] P[Ax(t) + Ax(t - (2))

+f (%), x(t - T(2))) + E1h(2)]
+ [Hx(t) + Hox(t - 7(8) + E2h()] P

x [Hx(t) + Hex(t — (2)) + Exh(t)]
+xT () Qua(t) — (1 — d)x” (¢t - 7(8)) Qux(t — (1))
+xT (£)S1x(8) — (1 — p)a” (£ = A(8)) Sy (£ - A(2))
+ 2T (£)Qux(t) — &7 (t — 1) Qu(t — 71)

+ 27 (£)Sox(t) — &7 (t = 11)Sox(t — A1) + Tihl (R 1 (t)

t—1(2) t
—/ th(s)thl(s) ds—/ th(s)thl(s) ds}
t t—1(t)

-71

+ Mkl (£)Ry1 (2)

t-(t) t
—/ th(S)Rghl(S)dS—/ ()th(s)thl(s) ds}+U(¢). (31)
t t-A(t

_)‘1

On the other hand, by using the one-sided Lipschitz (1) and the quadratically inner-

bounded conditions (2), we obtain the following inequality:

oaxT(O)x(t) + asz(t - r(t))x(t - r(t)) - xT(t)f(x(t),x(t - r(t))) >0, (32)

Page 10 of 17
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Bxl (£)x(2) + ,32xT(t - r(t))x(t - r(t)) —f(x(t),x(t - t(t)))Tf(x(t),x(t - r(t)))
+ KxT(t)f(x(t),x(t - r(t))) > 0. (33)

Using the S-procedure Lemma 2.2 in (31), we can see that LV (x(¢), t) < 0 is implied if there
exist positive scalars €1, €, and ¢3 satisfying

LV (x(t),t) + e1[Gra(t) + Gox(t — t(t))]T[Glx(t) +Gox(t - 1(8))] - e1h(®) k()
+ex0nx” (E)x(t) + excax” (£ = T(8))x(t — T(2)) — eax” (O)f (x(8), x(£ - 7(2)))
+e3Bix’ (Ox(t) + e3pox” (£ - T(0))x(t - T(2))
— saf (x(8), x(t — (1)) (%(0), %(t - T(®)))
+egka’ (£)f (0(8),x(¢ - T(2))) <O. (34)

Moreover, the following formula holds for any positive definite matrices M; (i = 1,...,10)
of appropriate dimensions:

Tyl (6)Myx(t) - /t _: xT()Mx(t)ds = 0, (35)
Tx’ (6 - T(6))Mox(t - T(2)) - [T x"(t =) Mt —(2))ds =0, (36)
nxl (£ — 1) Max(t - 7)) - t_t xT(t - T)Ms(t - 11)ds = 0, (37)
Tx; (6 T(6))Maxs, (£ - T(8)) - ft ; x; (¢ —T())Max; (£ — T(£)) ds =0, (38)
7] (t — 1)) Msx, (t — T1) — ft tr %] (t — 1) Msx(t — 1) ds = 0, (39)
rxT () Mex(t) - /t ;1 xT ()Mex(£)ds = 0, (40)
aa” (£ = 1(0)Mox(t - A(2)) - /t ;1 xT (£ = M2)) M7 (¢ - A(£)) ds =0, (41)
AT (¢ — h1)Mgx(t — Aq) — /t;l xT (£ —A)Mg(t —11)ds = 0, (42)
ol ¢ 1) M (0 200) - k KT (£ = () Moty (£ = 2(8)) ds = O, @3)
M (8 = A)Myox, (£ = Ay) — [M %] (t = A)Miox; (£ — A1) ds = 0. (44)
Let

Tt = [xT(t) xT(t - r(t)) xT(t-17) xT(t - A(t)) 2L (= 2))
xy (E—1@)x) (6 —T)ay (8= 2(@®)x) (6= )T (x(0), (e - T(8))) KT ()],
i (ts) = [«" (&) 2" (¢ — 7)) 2T (¢ = 11) &) (¢ — () %] (E = 1) B (5)],

n; (68) = [«7 (&) 27 (¢ = () 27 (£ = A1) ] (¢ = A(2)) %] (£ = 21) ] (5)]-
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Combining the above formulas (35)—(44) and rearranging (34), if ¥1; < 0, we have the
following inequality:

ET(O)W1E () + Th] ()R A1 (£) + M ()R (2)

t—t(t)

t
+/ an(t,S)Elm(t,S)dH/ Y (t,8) Zymi(t,s) ds
t—1(¢) t-11

t t-A(t)
+ / N3 (t,8)Tina(t,s) ds + f 15 (£,8)T2nz(t,5) ds < 0, (45)
t—A(t) t—A1

with ¥y, X, X, IT; and [T, being defined as in (8), (9), (10), (11) and (12). Utilizing the
Schur complement Lemma 2.3, (45) is equivalent to the following LMI:

i L4V Y13 Y Yis
* -1 R! 0 0 0
* * ARz 0 0 | <o, (46)
* * * -M 0
* * * «  -M

with ¥y, Who, Y13, Y14, Y15, M and]\:/[ being defined as in (12) and (13).
11 10

—— ———
Pre-and post-multiplying (46) by diag{/,...,I,R;,Ry,1,...,I}, we obtain LMI (7). Com-
bining with LMIs (8), (9), (10) and (11), we find that EL V(E®),8) <0, ie., it guarantees the
asymptotic stability of system (6) in the mean square. d

Remark 3.1 In Theorem 3.1, we do not use any inequality techniques for the cross terms.
Therefore, our result is less conservative.

Remark 3.2 In the proof of Theorem 3.1, the purpose of introducing Mj,...,Mjg is to
expand the dimension of the matrices X1, X5, IT; and I, so that we can solve them by
LMIs technology.

If uncertain parameters AA(¢), AA.(t), AH(¢) and AH.(t) in system (6) are equal to
zero, the system is simplified to the following deterministic stochastic system:

dx(t) — Dx(t — A(2))] = [Ax(t) + A x(t — 7(2))

+f(x(t), x(2 — ()] dt

+ [Hx(t) + Hyx(t — (£))] dw(2), (47)
x(t) = p(t), t € [-r,0],r = max{ty, A1},
y(£) = Cx(2).

The following conclusion of the robust asymptotic stability is obtained by Theorem 3.1
for the deterministic stochastic system (47).

Corollary 3.1 Consider the neutral stochastic time-delay system (47). The nonlinear func-
tion function f (x(t), x(t — T(t))) satisfies Assumptions 2.1 and 2.2. For given scalars t1, 11, |4
and d, if there exist symmetric positive definite matrices P € R"*", Q; € R, Q, € R"™",

Page 12 of 17
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S e R, S e R, Ry e R, Ry e R, M; >0 (i =1,...,10) and N; (j = 1,

...,8) of

appropriate dimensions and scalars g5 > 0 and €3 > 0 satisfying the following LMI:

Ell EIZRI EIBRZ —~14 EIS
e e 0 0
E=| * * AR, 0 0 [<O,
* * * -M 0
* * * k —A_/I
with
[é1n1 @12 0 D O NT 0 N{ 0 110
x*  @p NI @y 0 Do NF 0 0 0
* * Cpgg 0 0 —NgD (1537 0 0 0
* * ¥ @y NI -DINS 0 DPys Ny -D'P
- * * * * Dss 0 0 -N;D Dsy 0
ST * * * * D -DTN, 0 0 0
* * * * % * D77 0 0 0
* * * * * * Pgs  -DTNJ 0
* * * * * * * Dyy 0
L * * * * * * * * —e3l
T
Zn=[4 4 000000 0 1],
T
Zs=[4 A 00 0000 0 1],
_ _ _ _ _ T
El4=[M1 My My M; Mg 0 O O O 0] ,
_ _ _ _ _ T
515=[M6 0 0 0 0 My Ms Mg My 0] ’
Y . -1 4 . -1 1
M = diag{t; My, t5 ' M, T3 M3, A7 M7, A7 M},

M = diag{A7 M, 77 "My, 77 Ms, 07 Mo, 17 Mo },

My = Myey, M, = Mse,, Ms; = Mses,
My = Myes, Ms = Mses,

Mg = Mgey, My = Mze,, Mg = Mges,
My = Moe, Mo = Myges,

<p11 =PA +ATP+HTPH+ Q1 + Q2 + Sl +52 + 820[11+ 83/311,
@1y =PA, + H'PH, + N},  ®,=NI -A"PD,
1 1

@1,10 =P- 5821 + 583/(1,

@y = HIPH, — (1 - d)Q1-N; — N + e2a51 + 31,
@y =-ATPD-N\D, @y =N,D-NJ,
®33=-Qy - N3 - N, ®3;,=N;D-N/,
@y = —(1-p)S) —NsD-D'NF ~N5 - NI,  ®43=NsD-D'NI - N/,

@55 = -N; — NI - S, @59 =N;D - Ny, ®e6 = NoD + D'Ny,

@7, =NyD+D'N/],  ®gg=NsD+D NI,  ®g9=NgD+D'N{.

(48)

» (49)

(50)
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Combining with LMIs (8), (9), (10) and (11), then the null solution of the stochastic time-
delay system (47) is asymptotically stable in the mean square.

4 Two illustrative numerical examples
In this section, we give some examples to demonstrate the effectiveness of the method
proposed herein.

Example 4.1 Consider the neutral-type nonlinear mixed time-varying delays system (47).
We choose the same system matrix as those in Refs. [31, 32] and nonlinear function as this
inRef. [9],i.e. o1 = 0.5, ap = 0.005, B; = —2.5, B = —0.015 and « = 5. Let A(¢) = t(¢) and give
parameter matrix D. Table 1 lists the maximal allowable upper bound of the time delay for
different parameter matrix D. From Table 1, it is easily seen that, when d > 1, our result
still holds, that our proposed method is not constrained by the condition of 0 < 7(t) < 1.
Therefore, we can conclude that our proposed method in this paper is a generalization of
the existing results of neutral-type stochastic nonlinear time-varying delays systems.

-1.2 0.1 -0.6 0.7
A= , A = .
-01 -1 -1 -01

Example 4.2 Consider the neutral-type stochastic mixed time-varying delays nonlinear
system (6) with the same system matrix parameters as those in Refs. [33-35]:

-09 0.2 -1.1 -0.2
A = ) AT = )
0.1 -0.9 -01 -1.1
-0.2 0.0
D= .
02 -0.1
Choosing the same nonlinear function parameter constants as those in Example 4.1. By
using Theorem 3.1 with H = H; = 0, we can obtain the maximal allowable upper bounds
of the time delays in Tables 2 and 3. Tables 2 and 3 give the allowable upper bounds for
A1 and 73 when d > 1 or u > 1, respectively. It can be seen that when d increases, the

maximum allowable upper bounds 7; descend with u = 1.2. By contrast, when t; descends,
the maximum allowable upper bounds A; increase with d = 0.5.

Table 1 Maximal allowable upper bounds of Ty for different parameter D

d=04 d=09 d=11 d=20 d=40
pD=[ %1 19.6223 132923 42053 3.2464 46988
G
D= [7596 ! 18_0] 149681 149743 149783 134113 13.9748
D=2 %] 122443 117322 118577 119342 13.0935

Table 2 Maximal allowable upper bounds 1, for different d and A1, when ;=12

A =5 M=4 A =3 A= =1
d=05 0.3771 0.5169 0.7510 1.2143 2.5901
d=0.7 03772 0.5170 0.7469 1.2107 25925

d=09 0.3750 0.5152 0.7471 1.2093 2.5802
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Table 3 Maximal allowable upper bounds A4 for different 71 and w, when d =0.5

T1=15 T1=13 71 =1.1 71=09 71 =07 71 =05
n=12 1.6596 1.8819 2.1769 2.5739 3.1693 4.0981
n=13 1.6551 1.8796 2.1765 2.5782 3.1748 4.1014
mw=15 1.6579 1.8840 2.1796 2.5790 3.1746 4.1006
Let

02 0 02 0
E = . E = . Es= [0.2 0.2],
0 02 0 02

02 O 02 0 02 O
Gl = ) GZ = ’ GS = .
0 0.2 0 02 0 0.2

If we choose the time-varying delays as 7; = 1.5, d = 0.5, © = 1.2 and A; = 1.6596 then
according to Theorem 3.1 we can obtain a set of solutions as follows:

Po10x et 0.2351 0.1888 Q 0.0660 —0.0040
= 1. e , = ,
0.1888 0.2285 ! —-0.0040 0.1092

_[0.0350 0.0014
>~ 00014 0.0204 |
~0.0028  0.4031 0.0014 0.0204

_-| 0.0310 -0.0028 0.0350 0.0014
Sl =10xe 3 SZ = ’

R 10 _8|:0.1316 —0.0318j|
1= 1. e )

_g| 01362 -0.0746
R2 =10xe ’
-0.0318 0.1615

—-0.0746  0.1895

&1 =0.0748, &9 = 2.7442, £3 = 0.6889.

5 Conclusions

This paper provides sufficient findings for the stability criteria of uncertain neutral-type
stochastic nonlinear systems with mixed time-varying delays. Some delay-dependent sta-
bility criteria are obtained by using a suitable Lyapunov—Krasovskii functional and linear
matrix inequality (LMI) techniques. The derived outcome is expressed via LMIs that can
be calculated through the MATLAB LMI Control Toolbox. Compared with some previous
studies, the present study has two novel aspects. First, because no inequality technology is
used to deal with the cross terms, our results are less conservative. Second, the derivatives
of the time-varying delays are no longer limited to being less than one, thereby broadening
the study scope. Numerical examples have been provided to illustrate the effectiveness of

our main results.
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