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Abstract: This paper is considered with the problem of robust absolute stability of neutral type Lur'e systems with
mixed time-varying delays. By constructing an new augmented Lyapunov-Krasovskii functional and combining
integral inequality with approach to estimate the derivative of the Lyapunov-Krasovskii functional, which estimated
some integral terms by Wirtinger’s inequality, a matrix-based quadratic convex technique is used to design an LMI-
based sufficient conditions. New stability condition is much less conservative and more general than some existing
results. New stability criteria is given in terms of linear matrix inequalities. Numerical examples are given to
illustrate the effectiveness of the results.
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1 Introduction while delay-dependent criteria makes use of such in-

_ formation at different levels. Delay-dependent sta-
In many practical systems, models of system are de- pjiry conditions are generally less conservative than

scribed by neutral differential equations, in which th_e delay-independent ones especially when the delay is
models depend on the delays of state and state deriva- g nail  In most of the existing results, the range of

tives. Heat exchanges, distributed networks contain- time-varying delay considered varies form 0 to an up-

ing lossless transmission lines and population ecol- per bound. In practice, the range of delay may vary in

ogy are examples of neutral systems. Because of 5 range for which the lower bound is not restricted to
its wider application, several researchers have studied po g e interval time-varying delay. A typical exam-

neutral systems and provided sufficient conditions to ple with interval time delay is the networked control

guarantee the stability of neutral time delay systems, gystem, which has been widely studied in the recent
see [1, 8, 19] and references cited therein. literature (see, e.g., [2, 11, 24]).

It is well know that nonlinearities may cause in-
stability and poor performance of practical systems, Recently, there are many research studies on the
[5,8, 14,20, 25]. Many nonlinear control systems can absolute stability of a class of neutral type Lur'e dy-
be modeled as a feedback connection of a linear neu- namical systems with time delay, see for examples
tral system and a nonlinear element. One of the im- [14, 16, 20, 22, 25]. The problems have been dealt
portant classes of nonlinear systems is the Lur'e sys- with delay-dependent absolute and robust stability
tem whose nonlinear element satisfies certain sector for time-delay Lur'e system [14]. Improved delay-
constraints. Absolute stability of Lur'e systems with  dependent robust stability criteria for a class of uncer-
sector bounded nonlinearities has attracted several re- tain mixed neutral and Lur'e dynamical systems with
searcher [5,7,9, 15]. interval time-varying delays and sector-bounded non-

It is well known that the existence of time delay linearity were studied in [22]. On delay-dependent
in a system may cause instability and oscillations. Ex- robust stability of a class of uncertain mixed neu-
amples of time delay systems are chemical engineer- tral and Lur'e dynamical systems with interval time-
ing systems, biological modeling, electrical networks, varying delays were investigated in [25]. 18][ the
physical networks and many others, [11,12,17]. The authors considered the problem of global asymptot-
stability criteria for system with time delays can be ically stability analysis for delayed neural networks.
classified into two categories: delay-independent and By using a matrix-based quadratic convex approach
delay-dependent. Delay-independent criteria does not to derive a sufficient condition, the positive definite-
employ any information on the size of the delay; ness of chosen LKF can be ensured. As a result the
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constraintP > 0 in both Kim(2011) and Zhang et
al.(2013) is removed. However, it is worth point-
ing out that, even though these results were elegant,
there still exist some points waiting for the improve-
ment. Firstly, most of the works above [5, 14], the
augmented Lyapunov matriX must be positive def-
inite. So, for removing this restriction by assum-
ing that P are only real matrices in Lur'e systems.
Secondly, By introducing new augmented Lyapunov-
Kravoskii functional which have not been considered
yet in stability analysis of Lur'e systems. Thirdly,
by taking the time derivative ojflf_h1 hi(hy —t +
8)aT (s)Whi(s), [, (b1 — t+ 5)%7T (s)Wai(s)ds,

ftt__:; h21 (hg -1+ s)ﬁnT(s)Rlﬁc(s), tt__:; (hg —t+
5)227T (s)Roa(s)ds, it is found that the integral terms

2 [0 (hy — t + )i (s)Roi(s)ds, 2 [, (b1 —

t + s)aT(s)Wai(s)ds, hay ftt__:; i (s)Ryi(s)ds,
—hy [/, &7 (s)Wii(s)ds, appear. For estimat-
ing these terms, techniques in [21, 27] are applied
in this paper, called matrix-based quadradic con-
vex optimization approach combined with some im-
proved bounding techniques for integral terms such as
Wirtinger-based integral inequality; as a result we ob-

tain inequality encompassing the Jensen one and also

goes to tractable LMI criteria to futher reduce the con-
servatism over the existing results [14, 16, 20, 22, 25].
Fourthly, most of the previous works did not con-

sider the lower bound of the time-varying delay and its
time-derivative. Factually, the lower bound can play
an important role in reducing the conservatism when
it can be available and fully tackled in [16, 20, 22, 25].

Based on the above discussions, we consider
the problem of delay-dependent absolute stability of
Lur'e systems of neutral type with time-varying de-
lays, matrix-based quadratic convex approach will be
used. The time delay is a continuous function be-
longing to a given interval, which means that the
lower and upper bounds for the time varying delay
are available. Based on the construction of improved
Lyapunov-Krasovskii functionals combined with a
guadratic convex approach, some new cross terms will
be introduced which enhance the feasible stability cri-
terion. New delay-dependent sufficient conditions for
the neutral type Lur'e dynamical systems are estab-
lished in terms of LMIs. The new stability condition

is much less conservative and more general than some

existing results. Numerical examples are given to il-
lustrate the effectiveness of our theoretical results.
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2 Problem statements and prelimi-
naries

The following notation will be used in this paper:
R* denotes the set of all real non-negative numbers;
R™ denotes thes—dimensional space and the vector
norm | . ||; M™*" denotes the space of all matri-
ces of (n x r)—dimensions. AT denotes the trans-
pose of matrixA; A is symmetric ifA = AT; I
denotes the identity matrix\(A) denotes the set of
all eigenvalues ofd; Amax(A) = max{Re\;\ €
AMAY = {x(t+s) : s € [-h0}, | = ||=
SUP,c_no || 2(t +s) [[; C([0,t],R") denotes the
set of allR"—valued continuous functions dn, ¢];
Matrix A is called semi-positive definited > 0) if
xT Az > 0, for all 2 € R"; A is positive definite
(A >0)if 27Az > 0forall x # 0; A > B means
A — B > 0; diag(c1, ¢, ..., ¢, ) denotes block diago-
nal matrix with diagonal elements,: = 1,2,...,m.
The symmetric term in a matrix is denoted hy
Consider the following Lur'e system of neutral
type with interval time-varying delay:

x(t) = Aya(t — 7(t)) + Az(t) 1)
+ Bz(t — h(t)) + C f(w(t)) + Dh(o(t)),

w(t) = Bx(t) = [E1 By ... By z(t),
vt >0,

o(t) = Fa(t—h(t) = [F1 Fy ... F,)"
x z(t — h(t)), Vt >0,

z(t+s)=o(t+s), @t +s) =@t + s),
s € [-m, 0], m = max{ha, 2},

(@)

3)

wherez(t) € R", w(t) € R¥ ando(t) € R* de-
note the state vector and output ones of the system,
respectively;:A ¢ R™" B € R"*" (C e R"¥k,

Ay € R D e R" k2 gre constant known ma-
trices; f(Ex(-) = [fu(ET2(), . i (EL2()]"
WFx(-)) = [h(FLz(-), .., hy (FL2(-)]" are the
nonlinear elements.

Assumption 1. The delaysr(¢) and h(t) are time-
varying continuous functions that satisfying

<hy < h(t) < hg, pn < h(t) < pa, (4)
7(t) <0 <1, (5)

in whichhy, ho, 79, 11, uo andé are constants.

Assumption 2. For any e¢1,e5 € R, the nonlinear
function f;(-) and h;(-) satisfy f;(0) = h;(0) = 0,
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and

o < filer) — file2) <ot
€1 — €9

5= < hile) — hiler)

J €1 — €9

€1 75 Eg,i = 1,...,k1;j = 1, ...,]{72,

<47,

wheres ", 0,7, 07", andd; are given constants. Here,

. 10770
we give
T, = diag(afal_,...,azla,;),
_ + -
T, — diag(argal,...,aklzakl),
T3 = diag(&féf,...,é,:;é,%),
R 84+
T, = diag(é1 +9) o, 2 K2y
2 2
T, = diag(o;,. ,O']jl),
T, = diag(oy, 0 )s
T3 = diag(df,...,d;),

T, = diag(d;,...,d;, ) (6)

Assumption 3. All the eigenvalues of matri¥d; are
inside the unit circle.

We introduce the following technical well-known
propositions and Definition, which will be used in the
proof of our results.

Lemma4. [21] For a given matrixR > 0, the fol-
lowing inequality holds for all continuously differen-
tiable functionw in [a, ] — R™:

b
/ o7 (W) Ri(udu > ! —(w(b) (@) R
X (w(b) — w(a)) (7
+7— aQTRQ

whereQ = w(b) + w(a) — 3% [P w(u)du.

a Ja

Remark 5. Clearly, the inequality (7) contains a

tighter lower bound for f; &7 (u)Ris(u)du than
Jensen’s inequality. As a result, this technique is ap-

plied in this paper that this resulting encompasses the

Jensen one and also goes to tractable LMI criteria to

futher reduce the conservatism over the existing re-

sults [14, 16, 20, 22, 25].

Lemma 6. [27] Let h(t) be a continuous function
satisfying0 < h; < h(t) < he. For anyn x n real
matrix R; > 0 and a vector: : [—hs, 0] — R™ such
that the integration concerned below is well defined,
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the following inequality holds for angn x 2n real

Ry 51:|>0

i tisfyi S
matricesS; sa |sfy|ng[ ST Ry

t—h1
~ (hy — hy) /t_h 7 (5) Ry (5)ds

=201, 5021 — o1 Ripnn — 05 Rigar,
Whel’eR~1 £ diag{Rl, 3R1} and
a [ x(t — h(t)) — x(t — hg)

(8)

|\

v z(t — h(t)) + z(t — hy) — 2w (t)
s 2(t — h1) — x(t — h(t))
P27t — )+ a(t— h(E) — 2wa(t) |7
where
A 1 t—h(t) J
wl - h2 _ h(t) /t'_h2 ':L'(S) 87
A 1 t—h1
wy = —— xz(s)ds. (9)
’ h(t) —h /t—h(t) (=)
Lemma 7. [27] Let h(t) be a continuous function

satisfying0 < h; < h(t) < hg. Foranyn x n
real matrix R, > 0 and a vectorz : [—hg,0] — R"
such that the integration concerned below is well de-
fined, the following inequality holds for ary; € R?
and real matricesZ; € R?7*9 N; € R?*" satisfying

Zi N -
[N? Y ] >0(i=1,2)
t—h1
— / (hg —t + s)iT (s)Rod:(s)ds
t—ho

<2 (hy — BT, 21601 + 2ha — BT i

+ 5[ —m)? = (s~ h(1)165 Za0m

+ 205 No[(ha — h(t))doa + (h(t) — h1) o),
where

dra = w(t—h(t) —wi(t),
P22 = z(t—h) —x(t — h(?)),
B3 = x(t—hy) —wo(t).

Lemmas8. [27] Let &y, & andés bem x m real sym-
metric matrices and a continuous functiénsatisfy
h1 < h < hy, whereh; and ho are constants satisfy-
ing0 < hy < ho. If & > 0, then

h2€y + héy + & < 0(<0), Yh € [hy, hal,

& h+hi& +& < 0(0), (i=1,2), (10)
or
h2&y 4+ héL + & > 0(> 0), Vh € [hy, hol,
& higH k& +E&>0(>0), (i=1,2). (11)
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3 Mainresaults

Now we present a Lyapunov-Krasovskii functional
for the Lur'e system (1) satisfying the conditions (2),
(3) with interval time-varying delay

V(t,l’t,i't) = (12)

" (s)]Q1[z" (t) 2 (s)] " ds

2T (s)]Q2[z" (t) 27 (s)]" ds

2" (s)]Qslz” (t) 2" (s)]"ds

1>

/tihl {hl(hl —t+ 5)iT (s)Wi(s)

+(h1 —t+ s)zth(s)sz:(s)} ds

t—hy
+/
t—ho

+(he —t + s)2a'cT(s)Rga'c(s)} ds

{hgl (hg —t+ S)iT(S)Rli(S)

Vi 223 [ i) — o7 (o)
i=1
+liloi (s) — fi(s)]lds
n FZ-Tm
23" [ adnit) = 57 (o)
=1
+ti[0; (5) — hi(s)])ds (13)
where P are real matricesp)y > 0,Q; > 0,W, >
0,R, > 0,J >0 = 1,2,3;q = 1,2), K =
diag k1, ..., kn) > 0,L = diag(ly,...,l,) > 0,G =
diag(g1, .-, gn) > 0,7 = diag(ts,...,t,) > 0; and
ho1 £ ha — hq,
t—h(t)
n(t) = Col{x(t), z(t — h), [y, x(s)ds,
t—h1
Jen
ft—hl z

Remark 9. This of [14], previous work only fo-
cused on some the augment vectors but our work

includes not only onx(¢ ft o s)ds but also

E-ISSN: 2224-2880 22

Wajaree Weera, Thongchai Botmart

x(t), tt__}i;(t)m(s)ds,m(t — hy), tt__,il(lt)x(s)ds. We

can see that the adoption of new augmented variables,
cross terms of variables and more multiple integral
terms may reduce the conservatism.

Remark 10. Those of [5, 14] previous works, the aug-
mented Lyapunov matri® still need P > 0, but

for our work does not need to be positive definite,
which can be seen in Lemma 11. So we can see that
the introduction of the vecto®(¢) plays a important

key role in deriving a quadratic convex combination
Y(h(t),h(t)). Hence, a matrix-based quadratic con-
vex technigue can be applied to design an LMI-based
sufficient conditions.

For simplicity of presentation, we set in the fol-
lowing
wi,wy are defined in (9) ands = L [, x(s)ds.
Denote byeé;(i = 1,...,5) the block-row vectors of

thebn x 5n identity matrix. Then we have the follow-
ing result.

Lemma 11. [27] For the LKF (13), there exist
scalarse; > 0 andey; > 0 such that

erllz)|* < V(t, @, i) < ey (14)
if the following LMIs are satisfied

élpé{ >0, Py >0, Al(hl) + Ag(hl) >0,

Ay (hg) + Aa(hg) >0, (15)
where
A, h1 =0
Al(h(t)) é { A + h FTdZag{Qo,?)QQ}FQ, (16)
hi #0
Ag(h(t)) = h [61 e lQule] ex]” + (h(t) — hy)
x[e] e1)Qale] f]" + (ha — h(t))
xlel e5]Qslef )" (17)
where
Fl COl{él, 52, (hg — h(t))ég, (h(t) — hl)é4, hlé5},
I'y = COl{él —€2,61 + €9 — 255},
Py = (efe,—eles)p(ele, —eles),
A = 1Tpr, —éle pele.

Theorem 12. The system (1) satisfying the sector
condition (2), (3), for given scalarg, ha, p1, 2
and § is absolutely stable if there exid? are real
matrices to be determined, symmetric positive definite
matricesQo > 0,Q; > 0,W, > 0,R;, > 0,J >
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0(7 =1,2,3;9q = 1,2), andn x n diagonal matrices
K>0L>0G>0T>0,U2>0,V >0such
that (15) and the following LMI holds:

4

>

i=1h(t)=h1,u(t)=mm
4

>

i=1,h(t)=ha,u(t)=pu1

4

>

i=1h(t)=h1,u(t)=p2
4

>

i=1,h(t)=ha,u(t)=p2

ZZ<07 EZ<07

> <0,

(18)
Z; N Z3  No
> = >
2 %) aneoan[ % 2 ]z000
R S
- >0.7y > 7 2
|:S'ir Rl}O,l 2 (20)

whereR, = diag{R;,3R; };and

2 ATPAy+ A PAT + Aj QoA
—el'Qoes + AL TA

1 (h(t), h(t))

Wajaree Weera, Thongchai Botmart

diag{W1,3W; }; and

Wao = [e] e3](Q2 — Q1)le] e5]”
+ hi[A 0JQulef ef]" + hale] e]]@Qi1[AF 0]

— (1= h(®)]e] e3](Q2— Q3)lef e3]"
—[ef e1]Qslet ei]” + [61 e1]Qulef ef |
Uo1 £ [ef ¢§1Q2(AF 0] + [AF 0]Qa[e] 5"
Wap 2 [ef e5]Q3[A7 0] +[AF 0]Qslef e5]”
W31 2 2Ny (ea — e5) + 2N (e3 — e3)

+2(e3 — eg)TNQT +2(eq — 65)TN1T

W30 £ 2N (e3 — eg) + 2(e3 — eg)” N

P1 = col{ea — eq,ea + €4 — 2e5}

@2 = col{ez — ez, e3 + ea — 2¢6}

@3 = col{e; — e3,e1 + ez — 2er}

A1 £ colfer, es, (ha — h(t))es, (h(t) — h1)es, hier}
Ao = col{Ag,es, (1 — h(t))eg — ey, 63

(1- h(t))em e] —es}.

For simplicity of presentation, we denote
A

S) = col{z(t),z(t — h(t)),z(t —

— (1 —f(t))erﬂjen h1)7$( - h2) 1(t)7w2(t)7w3(t)7i(t -
hi),h t—1(t))},

o (h(e)F(0) £ W + 1) = Il + 1z = O i "I T
S3(h(t)) £ 31 S1¢2 + 35 ST ¢1 — ¢f Radn Deg.
— 22, - Z
+ (72 = A1) (% 2) Proof. Taking the derivative ol along the solution
+ (he = h(t))¥s1 + (h(t) — h1)¥s2 of system(1), we can be obtains as

+ h3 Zo — 35 Ry 3o
2y

+ 2h1N3(61 — 67) + €8T(h§1R1

+ h%le)eg + 2h1(€1 — 67)TN?T + h%Zg
+efo[K — LIEA) + ATET[K — L) e

+ €1 ET[TlL — TQK]EAO
+ ATET[Y L - ToK] Eey

+ el [G—T)FAg+ AFFT G — T) eq

+ el FT[T3G — Y4T)F A

+ ATFT[T3G — Y4T) Fey

— [T ETUY Ee; — 2¢T ETUYqe40
+ el Ueyo) — [l FTVY3Fe;

—2eT FTV Y yeg + el Ve (21)

with e; (i 1,2,...,1
block vector of thel1n x 11n identity matrixWW, =

E-ISSN: 2224-2880

£ —¢§W1<,53 + Ag(h%ﬂﬁ + h%WQ)AO

1) denoting the i-th row-

Vi(t) =2n" (1) Piy(t) + 27 (1) Qo (t) — 27 (t — h1)Qo
X &(t — hy) + & () Ji(t)
— (1 —#(@)i" (t — ()it — 7(t))

Va(t) =[z" () 2" (1)] Q1 [z" (t) " (1)]"

= [2T(t) 2T (t = h)]Qu[e" () & (t — hn)]"

t
| ol o ds
0 27 (¢~ hlQale” (1) 7 (¢~ )
— (1= B () 7 (¢~ hE)ele (1)

t—h1

Tt~ h(t)]T +2 / (&7 (1) 27 ()]s
t—h(t)

x [T (t)

Tt e
x Qsla” (1) a1 — )]
- (1=

L) 2 (t = h(1))]Qs

0/Tds + [z
(t) x
h(t))[x

(22)
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— (L= h®)” (1) 2" (t = h()]Qs
x [T (t) 2 (t — h(1))]"

t—h(t)
w2 [0 T ()Qul (1) 0" ds

Va(t) =0T (1) (M AT W1 Ag + RIATW2A0)O(t)
t
- hl/ i (s)Wyi(s)ds
t—h1

t
o / (hr — t + 8)iT (5)Wai(s)ds
t—hq
+ 3@ T (t — hy)Rya(t — hy)
+ h3@T (t — hy)Rod(t — hy)

t—h1
~ by / 7 (5)Ryio(s)ds
t—ho

t—h1
— 2/ (hy — t 4 s)iT (5) Ryd:(s)ds.
t—ho

Vi(t) =2fT (Ex(t))[K — LIE&(t) + 227 (t)ET [T, L
— Yo K|Ei + 2hT (Fa(t))[G — T|Fi(t)
+ 20T () FT[Y3G — TyT|Fi(t). (23)

On the condition (6) and diagonal matricés >
0,V > 0, then we have

— [T ETUY 1 Bx(t) — 22T () ETU Yo f (Ex(t))
+fT(Ez(t)U f(Ex(t))] — [T ) FTVY3Fz(t)
—20T () FTV Y yh(Fz(t)) + hT (Fz(t))Vh(Fz(t))]
0.

(
)

—~

v

With the consideration of some term B§(t), V3(¢),
we obtained the following equality and inequality:

t
/t—h [J:T(t) Q:T(S)]Ql[i‘(t)T O]Tds

= t 2T (t)ds t zT (s)ds il T
=1 aTwds [ o @asQuliT0) 0

= ma" (1) WFIQula" (1) 0, (24)
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and

t—h(t)
/t 2T (1) 27 (5)|Qal(t)T 0 ds

—ho

B t=h(t) t=h(t)
= [/t x (t)ds /t x (s)ds]

—ho —ha
xQs[zT (t) 0]F
= (ho — h(1))[z" (t) w]]Qs[" (t) 0]".(26)

By utilizing Lemma4, we can be estimated

- /tth T (s)hy Wy(s)ds
< —[a(t) —a(t = h)]" Wi[z(t) — x(t — )]
—30, Wy, (27)

where

Ql = x(t) + x(t - hl) - 2&)3.
And applying [27], we obtained the following

t
.T .
—92 /t—hl(hl —t+8)x" (s)Wai(s)ds

< W07 (1) Z30(t) + 2h1 O (t) Na[a(t) — w3

+ 2hy[2(t) — w3]T NTO(1), (28)
t—hq
_ / 7 ($)hoy Ry (s)ds
t—ho
< 2011 S1p91 — ol Ripi1 — pa Ripar (29)

and

t—hq
- 2/ (hy —t + 5)iT (s)Rai(s)ds
t—ho

< (hy — h(t))’07 (1) Z10(t)
+ 4(hg — h(t))OT () Ny[x(t — h(t)) — wi]
+ [(hy — h1)? = (hg — h(1))?]0T (1) Z,0(1)

+ 40T (t)No[(he — h(t))[z(t — h1) — 2(t — h(t))]
+ (h(t) — ha)[z(t — h1) — w2 (2)]]. (30)
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Hence, according to (23)-(30) we get

V(t,xt,:'ct) < 20" () Pi(t) + &7 (1) Qo (t)
& (t — h1)Qoi(t — h) + &7 () J(t)
— (1 =0)&" (t — () Ji(t — 7(t))
[ ) 2" (1)]Q [:cT<t
) 2" (t — ha)
2T (t) wi]@Q[a"
)

x [z7(t) & (¢ — h(t)]"

+2(hy — h(1)[z" (1) wi]Qs[E" (t) O]

+ 0Tt (AT WA + BATWLA0)O(1)

— [w(t) — a(t — h)]" Wiz (t) — 2(t — )]
=30, WAy + 20T (1) Z50(1)

+ 201 O (£) N3 [x(t) — wa] + 2k [x(t) — ws] T
x NTO(t) + ha, @7 (t — hy)Ry&(t — hy)

+ h3,2T (t — hy)Roi(t — hy)

+ 201151021 — @11 R — 31 Ripan
+ (ha — h(t))*07 (1) Z,0(t)

+4(hg — h(1))OT () N1 [z(t — h(t)) — wi]
+[(ha — h1)? = (ha — (1))?]07 (1) Z20(t)

+407 () No[(ha — h(t))[x(t — hn) — 2(t — h(t))]
+ (h(t) = Pa)[z(t — h1) — wa(t)]]
+2fT(Bx(t))[K — LIEi(t) + 227 (t)ET

x [T1L — ToK|Ei + 2hT (Fz(t))[G — T|Fi(t)
+ 22T () FT[Y3G — T4 T)Fi(t)
— 2T ETUY 1 Ex(t) — 227 (1) ETU Yo f (Fx(t))
+ [T(Bz®)Uf(Bx(t))] - [+ () FTVY3Fa(t)
— 22T () FTV Y 4h(Fx(t))
+ T (Fa(t))Vh(Fa(t)))
V(t,xr,3) < OT(0)S(h(t), h(t))O(t)

where  (h(t at) & P, %. Clearly,
)

)s
S (h(t),h(t)) can be rewritten a&(h(t), h(t)) =
h2(t)IIy + h(t)I1; + Iy wherell = Z; — Z, andIl;

(31)
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andIl, are h(t)— independent real metrices. Now
together with (8) and i%; — Zy > 0 and the inequal-
ities in (18) hold, ther2(h(t), h(t)) < 0,Vh(t) €
[h1, o], VA(t) € [p1, po]. ThenV (t, z,) < —Allz ()]
for some\ > 0,Vx(t) # 0. Thus the system (1)
satisfy conditions (2),(3) is absolutely stable. O

When D = 0, time-varying delay system in (1)
reduces to

#(t) = Ayi(t—7(t) + Ax(t) + Ba(t — h(t))

+Cf(w(?)). (32)

In the following, we present a stability criterion for
h1 = 0. We consider the following LKF candidate

‘A/(th'th"t) =

+ /tihz {h2(h2 —t+ )it (s)
XRlx( )+ (hy —t +5)?
#T (s )jo:(s)} ds

i=1
+iloi (s) = fi(s)llds,  (33)
where7j = [a(t) [ a(s)ds [}, x(s)ds] and

— [T ETUY 1 Ex(t) — 22T (1) ETU T,
F(Ex(t) + f1(Bx(t))U f(Ba(t))] > 0.

Corollary 13. The system (32) satisfying the sector
condition (2), for given scalarshe, u1, o and ¢

is absolutely stable if there exis? = P7T with
P;; > 0 symmetric positive definite matrices
R, > 0,J > 0(¢ = 1,2), andn x n diagonal
matricesk’ > 0, L > 0,U > 0 such that (15) and the
following LMIs hold:

F(R(t),h(t)) + hoQ + (1 — h(t))Q3 + Q4 < 0,
h(t) = 0,h(t) = pa, p2. (34)
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F(h(t), h(t)) + haQs + (1 — h(t))Q3 + Q4 < 0,
h(t) = ho, h(t) = pa, pa. (35)

A E R BTN
[ ]@ gQ } >0,(i=1,2), (37)

[ hgi?zl Zg}ii—i—h?ézl ] >0, (38)
Q= [ o ] >0.(=2.3),  (39)

[ h2i211 Zg}i:ﬁ-hggll ] >0, (40)

WhereRl £ diag{Rl, 3R1}

F(h(t),h(t)) 2 F](h(t)PFa(h(t))
+F 5 (h(t))PF1(R(t))
Q £ [élT é4T]Q3@0 + @TQg [élTé4T]
+ha(Zy — Za) + 2N1[éz — é4]
+2[eg — é4)T NT + 2No (61 — &3]
+2[é; — &) T NT
] 21Qa00 + 07 Qale] eX]"
+2Ny[éy — é5] + 2[é1 — é5)T NS
el e31(Qs — Qo)[ef ed]"
0L J0o — (1 — 8)eL e,

+el ellQalel ef)”

—[ef e5]Qslef e5]"
+h20T (Ry + Ro)0o + 07 S10,
+03 ST01 — 07 101 — 0F 10,
+h3Zy + el [K — LIE®,
+ITET K — L)' éq
+é ET[TL — Ty K] E0,
+0TET[YL — Yo K]  Ee
—[eTETUY Eé; — eTUToé6
—elrTUuTe, + el ueg),

=
)
[>

2
W~
>l
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withé; =[1000000],...,6,=[000000 I]; and
Fi(h(t)) £ col{éy, (hy — h(t))és, h(t)és}
Fao(h(t) £ col{@o,(l — h(t))éy — é3, 64
—(1—h(t))éa}
Op & Aiér+ Aéy + Béy + Cég
01 = COl{éQ — é3,69 + €3 — 2é4}
By 2 col{é; — éy,é1 + éy — 2é5}. (41)

4 Numerical Example

In this section, we provide numerical examples to
show the effectiveness of our theoretical results.

In this section, we provide numerical examples to
show the effectiveness of our theoretical results.
Example 4.1 Consider the following Lur'e system
with time-varying delays which is studied in [25],
[22], [20], [14]:

z(t) = Ayz(t—7(t)) + Az(t) + Bx(t — h(t))
+C f(w(t)), (42)

with the following parameters:

[ 0.2 0.1 -2 0.5
A= | 0.1 0.2}’ A‘[o —1]’
[ 1 04 —0.5
B = | 0.4 —1}’0_[—0.75]’
[ 0.2
E = _0.6]'

Applying Corollary13, The maximum allowable value
of ho is given in Table Iwherh; =0, —p1 = 2 =
and values off = 0.9. The constraint on the aug-
mented Lyapunov matri® > 0 is not required, so our
conditions are generally less conservative than [14].

Table I: Upper bounds of interval time-varying delays
with by = 0,6 = 0.9 and different values qi for

Example 4.1.
o 1 0.2 0.4
[25] 1.841 1.315
[22] 2.154 1.704
0.5 [20] 2.456 1.801
[14] 2.462 1.810
our > 10000 > 10000
[25] 0.124 0.108
[22] 0.112 0.109
0.9 [20] 0.113 0.110
[14] 0.125 0.113
0.9 Corollaryl3 0.510 0.451
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5 [ 0.6 0.8
[25] 0.790 0.632
[22] 1.383  1.009
0.5 [20] 1.482 1.116
[14] 1.490 1.122
our 2.8080 2.1934
[25] 0.099 0.098
[22] 0.109  0.109
0.9 [20] 0.110 0.110
[14] 0.113 0.112
0.9 Corollaryl3 0.414 0.388

Example 4.2 Consider the following neutral system
with time-varying delays which is studied in [16]:

a(t)

with the following parameters:

Avi(t — (b)) + Az(t) + Ba(t — h(t))

—02 0 -2 0
A= [0.2 —0.1}’ A_[ 0 —0.9]’
-1 0
o= [30]

By applying our proposed Theorem 12 to the above
system, one can obtain maximum delay bounds as
listed in Table IlI. It can be found that the maximum
upper bounds on the allowable sizes to /be)
7(t) = 4.2365, which is larger than in [16]. This
means that the proposed ideas in theorem 12 is effec-
tive in reducing the conservatism of stability criterion.

Table II: Upper bounds of interval time-varying
delays withh; = 0 and7(t) = h(t) for Example 4.2.

Methods ho[7(t) = h(t)]
[16] 0.985
Theorem 12 4.2365

5 Conclusion

In this paper, we have investigated with the problem
of robust absolute stability of neutral type Lur'e sys-
tems with mixed time-varying delays. By constructing
an new augmented Lyapunov-Krasovskii functional
and combining integral inequality with approach to
estimate the derivative of the Lyapunov-Krasovskii
functional, which estimated some integral terms by
Wirtinger’s inequality, a matrix-based quadratic con-
vex technique is used to design an LMI-based suffi-
cient conditions. New stability condition is much less
conservative and more general than some existing re-
sults. New stability criteria is given in terms of lin-
ear matrix inequalities. Numerical examples are given
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to illustrate the effectiveness of the theoretic results
which show that our results are much less conserva-
tive than some existing results in the literature.
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