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Abstract The paper investigates the exponential stability analysis of neutral system with interval time-
varying discrete, neutral and distributed delays, and nonlinear uncertainties. The uncertainties under
consideration are nonlinear time-varying parameter perturbations. Based on Jensen’s integral inequal-
ity, Wirtinger-base integral inequality, Leibniz-Newton fomula, Peng-Park’s integral inequality, mixed
model transformation, utilization of zero equation, decomposition matrix technique and the appropriate
Lyapunov-Krasovskii functional (LKF), a new delay-range-dependent exponential stability criterion is
constructed as linear matrix inequalities (LMIs) for considered system. Furthermore, we derive the im-
proved delay-range-dependent exponential stability criterion of neutral system with discrete and neutral
time-varying delays, and nonlinear uncertainties. Numerical examples are proposed to show the useful-

ness of our method.
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1. INTRODUCTION

The research of neutral time-delay systems, which include delays both in the state
and in the derivatives of the state, has received considerable attention during the past
few decades due to their extensive applications in modeling dynamic behavior of many
biological and cognitive activities such as locomotion, mastication, heartbeat, memo-
rization and respiration, see [3, 4, 8]. On the other hand, nonlinear uncertainties are
commonly encountered because it is very problematic to derive a certain mathematical
model as result of slowly varying parameters, environmental noise, and so on. Therefore,
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special consideration has been given to study the delay-dependent stability criteria for
neutral time-delay systems with nonlinear uncertainties in recent years [1, 4, 7, 10, 13—15].
Delay-dependent make use of information on the length of delays. In [6], Lakshmanan
investigated the problem for neutral system with time-varying delays by using the new
LyapunovKrasovskii functional with triple integral terms, some integral inequalities and
convex combination technique. Mohajerpoor [11] studied delay-dependent robust stabil-
ity problem for neutral system with time-varying delays with the use of the linear matrix
inequality technology and Lyapunov functional approach. Rakkiyappan et al. [15] derived
the asymptotic stability for neutral systems with interval time-varying delays and non-
linear perturbations by using a new Lyapunov functional and some integral inequalities
without introducing any free-weighting matrices.

The results claimed above are only associated with the asymptotic stability. However,
the exponential stability problem is also significant because it can set the convergence
rate of system states to equilibrium points. Liu et al. [9] investigated the global exponen-
tial stability criteria of neutral systems with interval time-varying delays and nonlinear
uncertainties with the use of the lower bounds lemma, delay-partitioning technique and
LyapunovKrasovskii stability theory. Ali [1] proposed the exponential stability criteria by
using the generalized eigenvalue problem approach and the free-weighting matrix method.
Liu et al. [10] studied the exponential stability criteria for neutral system with nonlinear
uncertainties by using the free-weighting matrices methods within a convex optimization
approach.

Motivated by above observations, the problem of exponential stability for neutral sys-
tem with interval time-varying discrete, neutral and distributed delays, and nonlinear
uncertainties is studied. Based on Jensen’s integral inequality, Wirtinger-base integral
inequality, Leibniz-Newton fomula, Peng-Park’s integral inequality, mixed model trans-
formation, utilization of zero equation, decomposition matrix technique and the appro-
priate Lyapunov-Krasovskii functional (LKF), a new delay-range-dependent exponential
stability criterion for the proposed system is constructed in the form of linear matrix
inequalities (LMIs). Furthermore, we obtain the improved delay-range-dependent expo-
nential stability criterion of neutral system with interval time-varying discrete and neutral
delays, and nonlinear uncertainties. We present the performance of the proposed method
by two numerical examples.

2. PRELIMINARIES

We introduce the following neutral system with interval time-varying delays and
nonlinear uncertainties of the form

z(t) = Az(t)+ Bzx(t — X)) + Cz(t — o(t)) + f1(t,z(¥)) + f2(t, z(t — A(?)))
Holtit=pO)+D | al)ds, 120 (2.1)
z(t) = o), Vte[—max{As,09,p2},0],

where z(t) € R" is the state variable, ¢(t) is continuously real-valued function on
[_ max{)‘Q?o—vaQ}’O] with ||¢H = SUPse[— max{A2,02,p2},0] Hd)(s)” A7 B? C’ D e R™".
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A(t), o(t) and p(t) are time-varying discrete, neutral and distributed delays, respectively,

0< A <AE) <X, 0<A(E) < Mg, (2.2)
0<o01<o(t)<o9, 0<(t)<og (2.3)
0<p1 <p(t) <p2, 0= p(t) < pa, (2.4)

where o1, 02, 04, A1, A2, Ag, p1, p2 and pg are positive real constants. fi(t,z(t)),
fa(t,z(t — A(t))) and f3(t,2(t — o(t))) are nonlinear uncertainties and are assumed to
satisfy the following inequalities

5?(25)51( ) < afat (t)a(t), (2.5)
03 (£)da(t) < o3z (t — A1)z (t — A(t)), (2.6)
03 (£)d5(t) < a3a™(t — o (t))a(t — o (1)), (2.7)

where 61(t) = f1(t,z(t)), d2(t) = fg(t,a?(t — A(t))) and 63(t) = f3(t,@(t — o(t))). a1,z

and a3 are know positive real constants. The Leibniz-Newton equation is considered
t
0 = z(t)—z(t— ) — / x(s)ds. (2.8)
t—A(t)

For E € R™*™ will be chosen to assure the exponential stability of system (2.1), we utilize
the previous Leibniz-Newton equation

t
0 = Ez(t)— Exz(t— At)) — E/ x(s)ds. (2.9)
t—A(t)
To improve the discrete delay A(t) in (2.2), we separate constant matrix B as
B =B + B, (2.10)

where By, B2 € R™*™ are constant matrices. By (2.9) and (2.10), system (2.1) can be
represented by the form

i(t) = [A+Bi+E]a(t)+ [B: — Ela(t — A1) + Ci(t — o(t) + fi(t, z(t))
+fat,z(t — A(t))) + f3(t,&(t — o(t)) — [B1 + E| o i(s)ds
+D t x(s)ds. (2.11)

t—p(t)
We rewrite system (2.1) by using the model transformation method as follow
z(t) = z(t), (2.12)
0 = —2(t)+ [A+ Bi]a(t) + Ba(t — \(t)) + Ci(t — a(t)) + fi(t, (1))

+fo(t,x(t — A1) + fs(t, &(t — o(t))) — B /t " i(s)ds

t
+D x(s)ds. (2.13)
t—p(t)

Definition 2.1. [5] If there exist scalars 8 > 0 and « > 0 satisfy:
l=(t, @)l < Bllglle™", vt =0,
then system (2.1) is exponentially stable.
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Lemma 2.2. (Jensen’s inequality [18]) For any positive definite symmetric matric W €
R™ ™ 0 < k(t) < k2 and vector function w : [—ka,0] — R™ be well-defined, then

ks /_0k2 & (s + OWars + t)ds < —( /_Okf(SH)dS)TW( /_12@(5 +1)ds).

Lemma 2.3. [2] For any positive definite symmetric matric W € R™*"™ 0 < k(t) < ks
and vector function w : [—k2,0] = R™ be well-defined, then

[ st eowstas < w0,
ko Jt+s
where 1 (¢ [ (t) } and Q1 = {_QW 2w ] .

. ft oy W * —2W

Lemma 2.4. (Sun et al. [19]) For any positive definite symmetric matriz W € R™*™, 0 <
k1 < Ek(t) < ko and vector function W : [—ka, —k1] = R™ be well-defined, then

szt K )Ww( Jds < =3 () Wea (1),

2_
R st Wa(u)duds < = (E)Wks(t),
where o (t (ft ks ) and 13(t) (f_ ft+s duds)
Lemma 2.5. [18] For any positive definite symmetric matric W € R™" 0 < k <

k(t) < ko and vector function w : [—ka, —k1] — R™ be well-defined, then
t—ky
k= h) [T Wals)ds < —uf (OWalt) - oE (OWus(t),
t—ko

where 1y (t ft kk(lt s)ds and s5(t) = :::Q(t) w(s)ds.

Y1Y2}>

Lemma 2.6. [18] For any constant matrices Y1,Y2, Y3 € R"*™, Y] > 0,Y3 > 0, [ . v
3

0, k(t) is time-varying delay with 0 < k1 < k(t) < ko, k1,k2 € R and vector functions
w: [—k2, —k1] = R" be well-defined, then

i [ ) T ] s stomaner

— ko
w(t — k1) —Y; Ys 0o -YI 0
wlt = K1) A
where ¢g(t) = | | ;gt —k2) and Qs = | * * -Y; 0 Yh
Ji- k(lt w(s)ds * * x =Y 0
t— k(t w(s)ds * * * * -
Lemma 2.7. | ] For any constant matrices W,Y; € R™™, i = 4,5,...,8, 0 < k; <

k(t) < ko and vector function w : [—ka, —k1] — R"™ be well-defined, then

t—ky
—/t T (s)Wa(s)ds < 7 (6)Qs0r7(t) + (k2 — k)7 (8)Qair (8),

—ko
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w(t — k1) Y+ Y] Y +Y;s 0
where P (t) = [w(t — k()| , Q5= * Va+ Yl -Ys-YS Y[ +Ys|,
w(t — ko) * * -V - Y]l
YG Y7 0 w Y4 Y:r,
Q4 = * }/6 + Yg Y7 and * YG Y7 Z 0.
* * Yg *  *x Yy

Lemma 2.8. (Wirtinger — based integral inequality [17]) For any positive definite
symmetric matric W € R"*™, 0 < k1 < k(t) < ko and vector function w : [—kq, —k1] —
R™ be well-defined, then

t—k1
k) [ 6T () Wals)ds < oY (ORus(e).

where Ys(t) = [wT(t — k1), WT(t— k), i [ w7 (s)ds]”
AW —2W  6W

and Q5 = * —4W 6w

* * —12W
Lemma 2.9. (Peng — Park's integral inequality [12]) Let W and S be real constant
matrices such that Pi/ If/} >0, ko and k(t) be positive scalars satisfying 0 < k(t) < k2,

vector function w : [—kqe,0] — R™ be well-defined, then

ke / T (8)Was)ds < o ()0 (t),
t—ko

w(t) 4 w-—-S S
where Yo(t) = |w(t — k@) | and Q¢ = | * —2W+S+5T W-9].
W(t — kQ) * * —-W

Lemma 2.10. (An extended Wirtinger’s integral inequality [20]) For any positive definite
symmetric matriz W € R ", scalars ki, ko and vector function w : [k1, ko] — R™ be well-
defined, then

k2
(k‘g - k’l)/ wT(u)Ww(u)du > Q7TWQ7 + 3QgTW98 + 5QQTWQQ, (214)
k1
where 7 *fk w)du, Qg *fk u)du — T k1 kz duf: dr
and Qg = fk du P 7k1 dufk r)dr + W dufk dsf,C r)dr.
Lemma 2.11. [21] For any positive definite symmetric matric W € R™ ", scalars ki, ks
and vector function w : [k1, k] — R™ be well-defined, then
ko ko
/ / w(s)dsdu > 291 W Qo + 491, W Q41 + 601, W Q1a, (2.15)
k1
where Q10 = w(kg) & 1k1 k w(s )ds
ko pk

O =wlke) + 155 k1 fk s)ds — W kf [, w(s)dsdu

and ng =w(ks) — kQ‘ " k w(s)ds + 2 k1)2 :12 f:2 w(s)dsdu
kz k:1)3 f ka fk2 drdsdu
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3. MAIN RESULTS

The purpose of this section is to show our main results. We define a new parameter

= [E6.i) ] arxar (3.1)

(1]

where Z(; ;) = Eai),
Eip=Z5A+ ZiBi+ W ATZL + BIZT + 27 + QT + Q5 + Q1+ Qs + Q7 A
+ QgBl + ATQQ + B?Qg + Z3 + )\2Z26 + )\%le + )\%Zlg + )\%Gl — 672(1)\2(;3

— 6_4a)‘2)\§Z20 — Qe 4k )\%Zgl + e 20A2 [Fl + FIT — 476 — Z17 + )\2F3] + 61’172[
+ 2aZ1 + )\%Zlg — 126_2(!)‘2Z22 + 20y + Zy — M Zog + )\%Zlg + )\%G4 — 2XA1 202Gy
2G4 AL Zyg — e 1092 (A3 = 20 Mg + A2) Zoy — 261002 Zog + NEZyy — N2 204,
Ei2=21By =W = QT — QF + Q2+ Qs + QF By + AT Q10 + BT Quo,

= _ —2a —2a = - = - = —
Ei3=—2e"°%2Z15+e7°"2S, E14=Z15=C16= 21+ Qo,
= _ = _ T T T T
Eir=21C+QC, Eig=—-Z1B1—-WQi —Q5 +Q3+Q7—QyB1 + A" Qn

= _ —2a) T — _ \2,—4aX 2 —4a —2a)
+ BlQll; =19 = —e @ 2G2 s =1,11 = )\26 @ 2220 + )\26 @ 2221 + 66 @ 2Z16

+ 1267222750 Eji2 = Qu+ Qs — QF + ATQ12 + BT Q12 + MG + Q15 + N3Gs

— 2XM1 2G5 + )\%G{a, 51,14 = —1208_2a>‘2222, El,16 = 360e20A2 Z99,

17 =ATQY + BT Qua + Z2 — Q13, E1,18 = e 102Ny 2y — e 1002\ Zyy,

Eig0 =2e %203, B3 =2{D+QfD, Ep1=B3Z —aT —Q1 - Q5+ QF
+QF + BTQo + QT A+ Q1 By — e 2922 Fy e 200 F] 4 Nge 2002l 4 e~ 2002 7T
—ePRG f e NGy, Byn = —QF — Q2 — Qf — Qs+ QioB2 + B3 Quo

— )\26_2a)\2226 + )\2)\d€_2a)\2Z26 + 6_2a>\2F1 + 6_20‘)‘2F1T — 6_2a>‘2Fg — 6_20‘>‘2F2T

+ )\267204)\21;'3 + )\262a)‘2F5 o 2672(1)\2 Z17 4 672‘1)‘25 4 67204)\25T o 672a)\2G3

— 672(1)\2(;%1 + EQCCQI — )\16720‘)\2 226 + Al)\d672a>\2 Z26 — 6720‘)\2G6 — 6720‘)\2(;%1

+ 6_2a)‘2F6 + 6_2a/\2FéT — 6_2a)‘2F7 — 6_204/\2F'7T + Ao Fg — A\ Fg + Fio,

52)3 — )\26—2a/\2F4 + 6—204)\ng7 _ e—2a/\25 _ 6—20(/\2F1T + e—QaAgFQ + 6_2a/\2G3

+ 6720{)\2(;6 — 6720&\21:‘(,311 + 672&A2F7 + )\QFQ — )\1F9, 52’4 = 52’5 = EQA’G = QF{(”
E27=Q1pC, Eas=-QF —Qf —Q3—Qr —Q{yB1+ B3 Qu, Ea9=e?*"G7,
Eg10 = —€ 2*(GF - GY), Egno=—Qf)— Qs — Qs+ BiQi2, Za17 = B Qu,
52,18 = 6_2()‘)‘26'3; — 6_2a)‘2F6 + 6_20“\2F7T + )\QFE;T — )\1ng, 52,20 = 6_200‘20?:,

32’23 = Q,{OD, Egﬁl = —26720‘)\2Z% + 6720‘)‘2 ST75372 = —672a>‘2F1 + 672a)\2F2T
+ )\267204)\2F4T + 67204)\221’117 o 672(1)\25T + 672(1)\2G’?1: + 672(1)\26;%’ . 672a)\2F6
+ 6720{)\2F%T -+ /\QFQT — )\1F9T, 5373 = 76720‘)\2Z3 — 6720‘)\2F2 — 672QA2F2T

+ )\267204)\2F5 _ 46720&\2 Z16 _ 6720&\2217 _ 672(1)\2G3 _ e*QOL)\QGﬁ T 672o¢)\2F7

- 672a)\2F7T —+ AQFlO — >\1F10 — 672&A2Z5, 53710 = 6720“\2(;%1 =+ 672(1)\2(;%1,

E311 = 6e729%Gq, E41=2] +Qo, Zu2=Qi0, Zs4=—c1l, Z4s=Qu,
Es12=Q12, Z417=Qus, Z51=2{ +Qo, Z52=Q10, Z55=—¢al,

Hss = Q11, 512 =Q12, Zs517=0Q14, Z61=21+Q9, Z62=Qo0,

S6,6 = —e3l, Zos=Q11, Ze12=Q12, Ze17=Qu, Zr1=CTZ +CTQ,,
Zr2=C"Qr0, Er7=—1%"227Z95 + 047292 25 + 2%c] — 01672272 L5

— 01042957272 E75=CTQ11, E712=CTQ12, E717=CTQ1a,
Es1=—al =Bl ZI — Q1 — Qs + QF + Q7 — B{ Qo + QT A+ QT By,
Eso=-Q2— Qs —QF —QF — Bl Q10+ Q11B2, EZsa=2Es5=2Es6=Q11,
Es7=Q1C, Zss=-QF —QF —Q3— Q7 — QL ,B1 — BT Q11, Es12=-Qu

— Qs — Qf, — BT Qi2, Esi17=-BIQu, Eso3=QND, Eg1=—e2%2G,,
59,2 — e—2a>\2G2’ 5979 — _e—2a>\2212 _ e—QaAgGh 51072 — _e—2a>\2G2 _ 6_20‘)‘2G5,
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510’3 — e—2aA2G2 + e—2aA2G57 510,10 — _e—2akgzl2 _ e—QaAgGl _ e—2a/\2G4

— 6720{)\2 214, 511’1 = )\%6740&\2 Zgo + 2)\%674(1/\2Z21 + 667206)\2 Z1T6 + 126720{)\2 ZQQ,
51173 = 66720()\2217’6, 511711 = 7)\%6720‘)\2211 — )\%6740&\2 ZQO — 2/\%674&A2Z21

- 126_20‘>‘2216 - 9/\%6_2a>\2Z18 — 726_2(1)\2Z22, Hi1,13 = 36)\26_2a>‘2 718,

Ei1,14 = 480e720%2 Z5y,  Eip1s = —60Xae 22 215, By 16 = —1080e 22 Zyy,
Ei21 = A +QF — Qo + Q1A+ Q;B1 + M3GT + Qi3 + MG — 22X \aGE + MGT,
Bl =—Qf —Qf —Quo+Q3B2, Ei24=E125=E126=Q, Eia7=0Q%C,

Eis=—-0Qf —QF —Qu —QLB1, Ei212=-0Q% — Qua + 1733200 + 73201
+ A3Z16 + A3 Z17 + Ao Zis + N3G + GaZos + SA3Z00 + 211 — 01 Z25 + N3Ge

— 20\ X2G6 + AN1Gg + A2 Z1g — M Z1o + %%Zzz; - /\%\g Zoy + ’\74112247 Eiar =T
+TF, Ei203=QLD, Ei311 =36 e 22715, Ei313 = —192e 2% Z 5,
51471 = —1206_2a/\2Z22, 514’11 = 480e2A2 Zo, 514,14 = —3600e 22 2 Zoa,
Eia16 = 8640672922 Z5g . Ei5q1 = —60A2e 22 715, Ey513 = 360e29%2 7 g,
315715 = —T720e~ 2 2 718, 516,1 = 3606_20‘)‘2Z22, 516,11 = —1080e 22 Z99,

— _ —2a\ — _ —2a\ — _NT T
=16,14 = 86406 o 22227 =16,16 = —216006 o 2Z227 =171 = Q14A + Q14B]_

T = —OT = _= _= —OT = —NOT
+2Zy —Q13, Zir2=Q14B2, Ei74 =Z175 =Z176 = Q14 Z17,7 = Q14C,
[l _ T ol _ T = _ T ] _ T
Eirg = —Q1uB1, Eirio =17 + 1o, Eirir = —2Q1, + 215, Ei723 = Qi4D,

518,2 = 6_20‘)‘2(;6 — 6_2a/\2Fg + 6_2a>‘2F7 + Ao Fy — A\ Fy, 518,18 = —e 20k Zy

—e 2N Gg 4 e 2N Fy + e 1N 4 Xy Fy — M Fy + e 2% Zg,

Eig20 = —e 202Gy, Ejgq =2e 4L S99 = —Ae20M 7 3 — 274N 7,0
So00 = e 202Gy, g1z = —€ 20%2(G5, Egga0 = —€ 202Gy — e 227y,
So121 = pae 22 Zg, Eonoo = —Zz, Eez1 =DTZT + DTQq, Ea32 = DT Qo,
Zo3s = DTQ11, Ea312 = DTQ12, Ea317=DTQ1s, Ea323 = —Zs,

Soa04 = —Zs — Z10, Zosoes = —Zg, Eoe26 = —Z10, Zora = Aoe 1027y,

— Me Rz, Horo7 = —edare gz, W = ZyE, and other terms are 0.

Theorem 3.1. For |C|| +v < 1, if there are symmetric matrices Z; > 0, i = 1,2, ..., 26,
any appropriate dimensional matrices S,Q;,7 = 1,2,...,14, Fy, k = 1,2,...,10, T;,l =
1,2,G,,n = 1,2,...,6 and positive scalars 0, p,v,en, n = 1,2, 3, satisfying the following
LMIs:

Zis B B

x F3 Fyi| >0, (3.2)
* * F5_
Zig Fs Fr|

« Fy Fo| >0, (3.3)
* * FlO_
Ziz S

[ « i >0, (3.4)
G1 Gsl

> .

[ a2 (3.5)

ﬁ‘* g5 >0, (3.6)
6_

=<0, (3.7)

then the system (2.1) is exponentially stable with a decay rate o > 0.
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Proof. Define a Lyapunov-Krasovskii functional candidate for the system (2.11)-(2.13) as
follow

where
Vi(t) = " (t) Zya(t) = B] () 1o W1 51 (t),
(x(t)()) (7 0 0 0 Z, 0 0 0
. R\ {00 0 0 _|@1 Q2 Q3 Qa4
which 510 = |t itas| = o 0 0 o T Qs Qe Qr Qs
@(t) 00 0 0 Qo Qo Qu Q12

w) = mozeo= [0 [0 0[5 a9

¢ ¢
Va(t) = / e2a(5*t)xT(s)Z3m(s)ds+/ 22T (5) Zy2(s)ds
t7>\2 t7>\1

t—Ap
+/ 24T (5) Zsx(s)ds,
t—Ao

t 0 t
Wa(t) = / eQa(s_t)xT(s)ng(s)dS+p2/ / 20037 (9) Zy2:(0)dOds
t—p(t) —p2 Jt+s
0 t
+p2 / / e2O0=,T(9) Zga:(0)dbds
—p2 Jt+s
0 t
+p1 / / 20— T (9) Zoa:(0)dbds
—p1 Jt+s
—p1 t
+(p2 — p1) / / e?*O=5T(9) Z19x(0)dbds,
—p2 t+s
0 t
Vat) = o / / 20000 T(9) 71, 2:(0)d0ds
— Ao Jt+s
0 t
+o / / 2= T(9) Z,52(0)dOds
—Xg Jt+s
0 t
+)\1/ / e20=02T(9) Z,52:(0)dAds
—)\1 t-‘rS
_)\1

t
0= \) / €200 T (9) 7,,2:(0)d0ds,
—)\2 t+3
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0 t
/ / 20037 (0) Z,52(0)d0ds
—Xo Jt+s

0 t

+A2 / / e220=03T(9) Z,62(0)dbds
Ao +s
0 t

+A2 / / 2= 3T (9)Z,72(0)dOds
Ao Jt+s

¢ ¢
+)\2/ / e20=,T(9) Z,52(0)dOds
t >\2 S

4 / / a(0=047 (9) 7,9 (8)d0ds,
— +S

o - / foe [?z%H% &) ]

wonof o B [ )i

(A2)
Va(t) = Qa)7 / // 20(ut0=1) 3T () Zoo o (u) dudfds
Ao Js t+6
+(A2)? / / / 2 (ut0=0 3T () Zy1 i (u) dudds
—Xg Js t+60
t t ot
—|—/ / / 2= 4T (4) Zoyi: (u)dudfds
t—MXo Js 0
0 0 gt
+(M)? / / / 2005 () Zogi:(u) dudfds
A1 t+60
)\2 )\2 —A1 0 t
/ // 20— 3T (1)) Zo g (u) dudbds,
s t+6

Vo(t) = (09—on) / ) ¢200=0) 5T () 70 i(5)ds,
t—o(t

t
Vio®) = (A1) / (2000 1T (5 Zos () ds.
t—A(t)
Taking the time derivative of V' (¢) along the solution of (2.11) - (2.13)
10
t)=>_Vi(t)
i=1

We compute V;(t), Va(t) and V(t) as

( w(?( : Zi Qf QF Qi [#(t)
. B x(t — A(t 0 I Qr T Ba(t)
Vl(t) = 2 j;f_/\(t) x(s)ds 0 2’ Q% %“(1) Bz(t)

i(t) 0 Qf QFf Qf:] [B(t)

+2axT (t) Zyz(t) — 2aV4 (1),

(3.10)
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where B5(t) = x(t) — a(t = A(t) = [y, #(s)ds
and B3(t) = —i(t) + [A+ Bi]z(t) + Boz(t — A(t)) + Ci(t — o(t)) + fl(t z(t))
+ falt,x(t = A1) + fo(t,@(t — o(£)) = B [,y &(s)ds + D [/, x(s)ds,

Va(t) = 22T (t)Zi(t)
= 22T (1) Z22(t) + 227 (1) Qi3 [(t) — 2(8)] + 22T ()QT,
x [ = z(t) + Az(t) + Biz(t) + Box(t — A(t)) + Ci(t — o(t))
+f1(t2(t) + fat, x(t = A1) + fa(t, 2(t — o(1)))

t

¢
—-B / z(s)ds + D z(s)ds]
t=A(t) t=p(t)

+2ax” (t) Zox(t) — 202 (t) Zox(t),
Va(t) = al(t)(Zs + Za)a(t) — e 22T (t — Xo)(Zs + Zs)x(t — o)
7672&A1$T(t — )\1)(24 - Z5)l’(t - Al) - 20[V3(t)
By Lemma 2.4 and Lemma 2.5, we obtain Vj(t), Vs(t) as following
Vi) < 2T Zex(t) + (p2) 2T (8) Zralt) + (pa)eT (1) Zu (1)
T (p1)22T (0)Zoa(t) + (pa — e 2202 (¢ — p(8)) Zex(t — p(t))
+(p2 = p1)?2” (1) Z1ox(t) — 2aVa(t)
t T t
( . x(s)ds) Z7(/t_ x(s)ds)
( 5 S) (L, w<s>d8)

t t
dSZg /
t— p(t) i p(t)

t— p(t t— p(t)
—/ dSZlo/
t—p2

(X2)22T () (Z11 + Z1z)z(t) + (A1)?a” (t) Zisa(t)
+(A2 — M) (t) Zyax(t) — 2aV5(t)

—e 2N <)\12 /tt)\z xT(s)ds) (X2)2Z11 ()\12 /tt N x(s)ds)
—e 2N (/t_/\(t) xT(s)ds> VAP ( /t_/\(t) x(s)ds)

t—A1 =X\
—e 2N (/t_/\(t) xT(s)ds> Z14 ( /t_/\(t) x(s)ds)

Vs(t)

IA
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—em20h2 ( /t t:t) xT(s)ds> (Z12 + 214)( /t t:t) z(s)ds)
([ )l o)

Applying Lemma 2.7, Lemma 2.8, Lemma 2.9 and Lemma 2.10, we obtain

Vo(t) < XoiT(t)Zisa(t) + (X)?2" (t)(Z16 + Z17)2(t)
+ (A2 — A)ET (1) Z1oi(t) + (Ao)?2T (t) Zasz(t)
+Age 22 BT (1) WaBa(t) + €N B (1) W3 Ba(t)
+e 2% B8 (1) W Bs(t) + (N2 — A1) B3 (£) s B5(t) — 2a Vg ()
+e7 22 BT (1) W65 (1) + e 22 81 (£) W7 Ba(t) — B7 (1) Wsfr(t),

a(t) z(t = A1) (t)
where B4(t) = |x(t — A1) |, Bs(t) = |z(t = A1) |, Be(t) = z(t — A2) ,

x(t — \2) z(t — A\2) = f:_)\z x(s)ds
LfL,, w(bdt F, Fy, 0
Br(t) = L wO)dodu | Uy = |« Fy+ Fs Fyl,
%22 f:_/\z ftu_/\z f:_/\z z(0)d0dsdu | * * Fy
[Fy + FT —Fl' + F 0 ]
\113: * F1—|—FiT—F2—F2T —FiT—FFQ 5
| x * —F — Fg_
_74216 72216 6Z16 FS Fg 0
\114 = * _4216 6216 y \1’5 = * Fg + F10 Fg y
L * * —12Z16 * * F10
[Fs+ F{ -F + F 0
\116: * Fﬁ—i-Fg—F'y—F? —F6T+F7 s
| * * - — F7T
[—Z17 Zyr — S S
\117 = * —2Z17 + S + ST Zl? -S
* * 7217

—9)\36_20A2 VAT —36/\26_20‘)‘2Z18 —60/\26_2aA2Z18
and Ug = | 36Mge 22715 —192e 290275 360e" 2072 Z g

—60Xge72M2 715 360e20M2 715 —T20e72M2 7 g
From Lemma 2.6, we compute Vz(t) as

i < oot 1] [5 & [

Rl

_|_e—2a>\26g’(t)\1,868 (t) + 6720‘)\2@?(0\1/9&9@) —2aV4(t),
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(t) z(t — A1)
z(t — A(t)) z(t — A(t))
where Bs(t) = | 2 =2X2) | By1) = t (A %)
ft D) x(s)ds Ji- )\(lt) x(s)ds
: ;z(t)x(s)ds tt ;‘;ﬂx(s)ds
—G3 Gs 0 -GY 0
s —Gs-GT Gy 6T T
\Ifg = * * —Gg 0 Gg
* * * —-G1 0
* * * * -G
—Gg Gg 0 -GY 0
* *G(,‘ - Gg G6 Gg *Gg
and ¥g = * * —Gg 0 GE
* * * —G4 0
* * * * -Gy

Using Lemma 2.3, Lemma 2.4 and Lemma 2.11, Vg(t) can be estimated as following

5 2 4 . . 2 4 2 2 . .

(M)

SUT(t)Zgll'(t) +

+T¢T(t)Z23;k(t) + @Cﬁ(ﬂ%ﬂ(t) — 2aVs(t)

—e 4ok ()\Qx(t) - /t ;2 x(s)ds) ng0 <)\2x(t) — /t ;2 x(s)ds)

—e™ %2 81 (1) ZaaPro(t) + €22 B (£) W10S11 (1)
+)\226—4(X>\2 |: L tx(t) :|T |:—2221 2221 :| |: I(t)

_ 1t
Sl * 2791 e f%)\2 z(s)ds

A Zedake {1 tx(t) r {—2223 2793 ] [ z(t)

5 Jia, x(s)ds * —2753 A%fttfh x(s)ds|’
fC(t) ]
t—Ay ftt 2, (8)
where Blo(t) = ()\2 — )\1)1}@) —Ji—x, LL‘(S)dS, ﬁll(t) = ft N J‘Qi S dsdu
/\3 fthQ fz fs (0)dfdsdu |
—12795 12759 —120Z59 360225
12759 —T727Z59 480755 —1080Z52

and Wy = —120Z55  480Z22  —3600Z22  8640Z3y

3607222 —1080Zz2  8640Z22  —21600Z29
Differentiating Vo(¢) and Vig(t), we have

Volt) < (02— 01)d" (t) Zas(t) — 2aVs(t)
—(o3 — 01)(1 = 0g)e 22725 T (t — o (1)) Zosi(t — o (t)),
Vio(t) < (Mg — Azt (t) Zagz(t) — 2aVip(t)

—(\a = A1) (1 = Ag)e 22T (1 — \(t)) Zagz(t — A(t)).
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From (2.5) - (2.7), for any positive scalars 1, e2 and 3, it can checked that the following
inequalities hold:

e1(n?xT (t)z(t) — 6L (t)61(2)) > 0, (3.11)
e2(p?al (t — A(t))2(t — A(t)) — 03 (1)d2(t)) > 0, (3.12)
es(y’aT(t — o(t)a(t — o(t)) — 65 (t)ds(t)) = 0 (3.13)
From (2.12), we have
2T () Ty (t) — 227 ()T 2(t) = 0, (3.14)
227 ()T (t) — 227 (t)Taz(t) = 0. (3.15)
We can conclude the following inequality by (3.10) - (3.15)
V() +2aV(t) < €T()ZE®R),
where §(t) = [a(t )\(t)), (t — ) Nt 2(1)), fz(t z(t = A1),
t t=A(t
fslb it ot >>> (t — o), f A(t) s)ds, [} Wk )ds O (s)ds,
ﬁ 2o £(8)ds, E(2), )\zj;f AQJ; )\ d9du, A2ft Ao f s)dsdu,
2, j;w fH2x Jdbdsdu, i ft N ft 1 a(8)dbdsdu, z() z(t— A1),
t t—XA1
%LAJ; t)\(t)()ds x(t—p ftp dsj;p x(s)ds,
tt__pp?(f) s)ds, ft 5, 2(s)ds, ftt pp(lt) s)ds, ff Mo )ds], and Z is defined in (3.1). If
conditlons (3 2)-(3.7) hold, then
V(t)+2aV(t) <0, VteRT. (3.16)
From (3.16), we obtain
le(t, )| < Mlglle", teRT,
where M, € R*. Hence, system (2.1) is exponentially stable. n

Now, the delay-range-dependent exponential stability criterion of equation (2.1) is
demonstrated where D is a zero matrix. We define a new parameter

[1p

- [é(i»j)}zoxzo’ (3.17)

(1

where Z; j) = E(,j)-

Corollary 3.2. For ||C||+~ < 1, if there are symmetric matrices Z; > 0,4 =1,2,...,18,
any appropriate dimensional matrices S,Q;,7 = 1,2,...,14, Fy,k = 1,2,...,10, T},1 =
1,2,Gp,n = 1,2,...,6 and positive real constants €,, n = 1,2, 3, satisfying the following
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LM]Is:
Zis B B
« Py B >0, (3.18)
* *k F5_
Zig Fs Fr
« Fy F| >0, (3.19)
* * FlO_
VAL
[ g 20 (3.20)
G1 Gsl
>
L G| 20 (3.21)
Gy G5
> .
[ LG 20 (3.22)
2<0. (3.23)

Then the system (2.1) with interval time-varying delays (2.2)-(2.4) is exponentially stable
with a decay rate o when D is a zero matrix.

4. NUMERICAL EXAMPLES

We give two numerical examples to present the improvement and performance of our
stability criteria by comparing the least upper bounds of the parameter Ao and considering
the rate of convergence a for guaranteeing exponential stability.

Example 4.1. The neutral system:
. -2 0 0 04 0.1 0.
i(t) = [ 0 2} x(t) + [0.4 0 } x(t — A(t)) + [0 0.1] #(t —o(t))

T 2@) + ot 2(t = A1) + f3(t, 2(t = p(1)))

+[0(.)1 0(.)1} /t;(t)x(s)ds, (4.1)

.

1n(t)’ -
5

. We separate matrix B as B = By + By, where

0 0.2 0 0.2
B = [0.2 o]’ Ba = [0.2 0]'
By using the linear matrix inequalities (3.2)-(3.7) in theorem 3.1, the least upper bounds
of Ay that guarantee the exponential stability for this example are presented in Table 1

for various values of A\; and a. Table 2 represents the least upper bounds of « of this
example with different values of A1 and As.

When n = 0.1, p = v = 0.05, « = 0.5, A(t) = 0.3 +

p(t) = 0.5+ <=0

Example 4.2. The neutral system:

i) = [‘02 _02} z(t)+[0‘?4 Oﬂ z(t)\(t))Jr{O(')l 0?1] #(t— o(t))

Fh1(tx() + fo b, x(t = A1) + f3(t, 2(t — p(t)))- (4.2)
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TABLE 1. The least upper bounds of Ay for Example 4.1 with different
values of @ and A\; when n = 0.1, p = v = 0.05, Ay = 0.7, 01 = 0.3,
g9 = 0.5, g4 = 0.1, pP1 = 0.3, P2 = 0.4, Pd = 0.4.

A1 a=0 a=0.1 a=0.3 a=0.5 a=0.7
0.2 1.3426 x 10* 67.2152 26.0551 15.4044 10.7194
0.8 1.3426 x 10% 64.0632 25.4109 14.5405 9.0356
1.0 1.2999 x 10% 64.0520 25.0769 14.3710 9.0530
5.0 1.1435 x 10* 63.1158 24.2267 14.4175 9.0000
10.0 1.0999 x 10* 61.1467 24.2057 13.9840 10.3017

TABLE 2. The least upper bounds of a for Example 4.1 with different
values of A\; and Ay when n = 0.1, p = v = 0.05, \y = 0.7 01 = 0.3,
g9 = 0.57 g4 = 0.1, p1 = 0.3, P2 = 0.4, Pd = 0.4.

A1 A2 =5.0 A2 =6.0 A2 =17.0 A2 =8.0

1.0 1.6082 1.3585 0.7331 0.6559
2.0 1.6003 1.3535 0.7257 0.6551
3.0 1.5003 1.3510 0.7053 0.6410
4.0 1.4738 1.4580 0.8030 0.5501

When Ay =0, 7=0.1, p =0.05, v = 0.05, Ay = 0. Separate the matrix B = B; + By as

0 02 0 02
Bl[o.z 0]’ 32{0.2 0]'

By solving the linear matrix inequalities (3.18)-(3.23) in Corollary 3.2, the comparison
for the least upper bounds of Ay that ensure the exponential stability of equation (4.2)
are represented in Table 3.

TABLE 3. The least upper bounds of Ay for Example 4.2.

o 0.1 0.3 0.5 0.7 0.9
(MAa=04=0)[]] 102180 2090471 1.4126 0.7232 0.3045
(MAa=04=0)[0] 122475 3.7460 19563 1.1015 0.5957

This paper 63.8665 24.6105 14.9035 10.1982 9.1202
(Ma=04=05) [1] 6.7523 1.7922 0.7308 0.3580 0.1027

(M =04=0.5)[9] 10.8211 3.3202 1.7390 0.9662 0.4857
This paper 65.3508 22.1301 16.5754 12.2947 8.4637

5. CONCLUSIONS

New criterion for the exponential stability of neutral system with interval time-varying
discrete, neutral and distributed delays, and nonlinear uncertainties have been estab-
lished. Moreover, we presented the improved delay-range-dependent exponential stability
criterion for neutral system with interval time-varying discrete and neutral delays, and
nonlinear uncertainties. The result has been obtained by using Jensen’s integral inequal-
ity, Wirtinger-base integral inequality, Leibniz-Newton fomula, Peng-Park’s integral in-
equality, mixed model transformation, utilization of zero equation, decomposition matrix
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technique and the appropriate Lyapunov-Krasovskii functional (LKF). The exponential
stability criteria are expressed in term of LMIs. The effectiveness of the theoretical results
has been demonstrated by two numerical examples.
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