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1. Introduction

It is well known that the existence of delay in a system may cause instability or bad
system performance in control systems. Time-delay phenomenon appears in many practical
systems, such as AIDS epidemic, aircraft stabilization, chemical engineering systems, inferred
grinding model, manual control, neural network, nuclear reactor, population dynamic model,
rolling mill, ship stabilization, and systems with lossless transmission lines. Hence stability
analysis for time-delay systems has been considered in the recent years [1-3]. Neutral
systems are described by functional differential equations which depend on the delays of
state and state derivative. Some practical examples of neutral systems include distributed
networks, heat exchanges, and processes including steam [4].

Switched system is a class of hybrid systems which is consisting of several subsystems
and uses the switching signal to specify which subsystem is activated to the system
trajectories at each instant of time. Some examples for switched systems are automated
highway systems, constrained robotics, power systems and power electronics, transmission
and stepper motors [5]. Stability analysis of switched time-delay systems has been an
attractive research topic [6-13]. It is interesting to note that the stability for each subsystem
cannot imply that of the overall system under arbitrary switching signal [9]. Another
interesting fact is that the stability of a switched system can be achieved by choosing
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the switching signal even when each subsystem is unstable [6, 7, 10]. In this paper, the
switching signal design will be considered for uncertain switched neutral systems with mixed
delays. The switching signal will be proposed to guarantee the stability of switched system
even when each subsystem is unstable. Based on Razumikhin-like approach [11], delay-
dependent and delay-independent results are provided. New and flexible LMI conditions
are proposed to design the switching signal which guarantees the global exponential and
asymptotic stability of uncertain switched neutral systems. Some numerical examples are
provided to demonstrate the use of our results.

The notation used throughout this paper is as follows. For a matrix A, we denote the
transpose by AT, spectral norm by || A, symmetric positive (negative) definite by A >0 (A <
0), maximal eigenvalue by Amax(A), and minimal eigenvalue by Amin(A). A < B means that
matrix B — A is symmetric positive semidefinite. For two sets X and Y, X — Y means that the
set of all points in X that are not in Y. For a vector x, we denote the Euclidean norm by ||x||

and ||x]|, = sup_HSQSO\/Hx(t +0)|* + ||x(t + 0)||>. I denotes the identity matrix. 93" denotes
n-dimensional real space.

2. Problem Formulations and Main Results

Consider the following switched neutral system with mixed time delays:

%(t) = Dx(t — 7) = Agox(t) + Arox(t - h(t)), >0,
2.1
x(t) = ¢p(t), te[-H,0], &1)

where x € R", x; is state at time ¢ defined by x4(0) := x(t + 0), V0 € [-H, 0], o is a switching
signal which is a piecewise constant function and may depend on t or x, o, taking its values in
the finite set {1,2,..., N}, and time-varying delay satisfies 0 < h(t) < hps, h(t) < hp, hp > 0,
T >0, H = max{hp, 7}. Matrices D, Ag;, and Ay; € R™",i=1,2,..., N, are constant, and the
initial vector ¢ € C1, where C; is the set of differentiable functions from [-H, 0] to R".

Now we define some functions \;(t),i =1,2,..., N, that will be used to represent our
system:

1, o=i,
Ai(t) = i=1,2,...,N. (2.2)
0, otherwise,

The switched system in (2.1) can be rewritten as follows:

X(t)—DX(t—T) =i)ti(t){A0ix(t)+A1,~x(t—h(t))}, tZO, )
i=1 (2.3

x(t) = ¢(t), te[-H,NO0]

where \;(t) is defined in (2.2) and z{.ﬁl Ai(t) =1, vt >0.
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Lemma 2.1 (see [14]). Let U, V, W, and M be real matrices of appropriate dimensions with M
satisfying M = M7, then

M+Uvw +wiviutr <o vvliv<i, (2.4)

if and only if there exists a scalar € > 0 such that

M+e - UU +e WIW=M+e'-UU" +&'- (eW) (W) <0. (2.5)

S S

Lemma 2.2 (Schur complement of [15]). For a given matrix S = [ _
12 902

] with S11 = S1,, Sy =
SI,, the following conditions are equivalent:

(1) S<0,

(2) S22 <0, S11 - S125;, 57, < 0.

Assumption 2.3. Assume that there exists a convex combination F = 3, a; Aq; such that F is
Hurwitz, where 0 < a; <1 and Zf\zjl a; =1.

Since F is Hurwitz, there exist positive definite matrices P and Q satisfying
F'P=PF<-Q. (2.6)
Define some domains

Q= {x €N xT<Ao,-TP+ PA0i>x < —xTQx}, ie{1,2,...,N}. (2.7)

From the similar proof of [7], it is easy to show Ugl Q; = R". Construct some domains

=0, 0=0-0,%B=0-Q-Q),..., AN =Qn -Q; —-- — Qn-1. (2.8)

We can obtain JY, Q; = %" and Q; N ﬁj = @, i #j, where @ is an empty set. If Assumption 2.3
is satisfied, then the following results can be derived:

T <A0,-TP + PA0i>x <-xTQx, x(t)eQ (2.9)

Define the following switching function:
o=1i, VYVxeQ,. (2.10)

Definition 2.4 (see [14]). The system (2.1) with the designed switching signal is said to be the
globally exponentially stabilizable with convergence rate a« > 0 by the designed switching
signal, if there are two positive constants a and ¥ such that

[x(t)|| <¥-e ™, t>0. (2.11)
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Now we present a result to design the switching signal that guarantees global
exponential stability of system (2.1).

Theorem 2.5. Assume that for |[D|| < 1,0 < a < =(In||D||)/7,0<a; <1,i=1,2,...,N, and
z{il a; =1, there exist some n x n matrices P,Q, R1, Ry > 0, such that the following LMI conditions
hold foralli=1,2,...,N:

S S12i S13i
Si= | * S S| <O,

* ok Zai 2.12)
(

N
F'P+PF+Q<0, F=>YaAy,
i=1

where

:‘:111' =2a-P+ Rl + R2 — Q, :‘:121‘ =2a-PD - AOiTPD, ElSi = PAli,

Spi=2a-D'PD -7 Ry, Spsi = -DTPAy;, Sssi = —(1 - hp) - e72M . R,.
(2.13)

Then the system (2.1) is globally exponentially stabilizable with convergence rate a by the switching
signal given in (2.10).

Proof. Define the Lyapunov functional
V(x;) = € - (x(t) - Dx(t — 7))  P(x(t) - Dx(t - T))
t (2.14)

t
+ f e?s . xT(s)Rix(s)ds + I e? . xT(s)Ryx(s)ds,
t-1 t=h(t)

where P, Ry, R; > 0. The time derivatives of V(x;) along the trajectories of system (2.3) under
the switching function (2.10) satisfy

V(x) = et . [Za - (x(t) = Dx(t — 7))TP(x(t) - Dx(t - T))]
€1 30,0 (o) + Avx(t - ()" P(x(0) - Dx(t - 1)
i=1

ey i (B[ (et) - Dx(t = 7)) P(Agix(t) + Ane(t ~ ()] (215)
i=1

+ et [xT(t)R1x(t) —e 2 xT(t—T)Ryx(t - T)]

+ eZat . [xT(t)sz(t) _ (1 _ h(t)) . e*Zah(t) . xT(t - h(t))sz(t - h(t))]
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By the condition (2.9) and switching function (2.10), we obtain
' N
Vi) <3 () - [XT .- X], (2.16)
i-1

where Z;,i = 1,2,..., N, are defined in (2.12), XT = [xT(t) xT(t-7) xT(t- h(t))]. From
(2.16) with =; < 0, we have

V(x) <Vi(x), t20, (2.17)
where
V(x0) <81 %0l 61 = Amax(P)(L+ [D[)* + 7 - Amax (R1) + hias - Amax (Ro).- (2.18)
From (2.14), we have
Amin(P) - €2 - ||p(t)||* < €2 - T (1) Pp(t) < V(x1) < 61 - |1xol2, (2.19)

where p(t) = x(t) — Dx(t — 7). From (2.19), we can obtain

lx@®) = ||p(t) + Dx(t =7)|| < IDIl - lx(t = )| + [|o®)]| < ID]| - llx(t = 7) || + 62 -7, £>0,
(2.20)

where &, = \/61/Amin(P) - ||x0]ls- Since ||D]| < 1 and 7 > 0, we can choose a sufficiently
small positive constant ¢ = a < —(In||D||) /7 satisfying ||D|| - € < 1. By the Razumikhin-like
approach of [14], we have

6, »
X1 < [lIxolls + TZ|Djjet e, t>0. (2.21)

This completes the proof. O

Consider the following uncertain switched neutral system with mixed time delays:

X(t) - Dx(t —7) = [Aoe + AAgs (1) ]x(t) + [A1o + AA1(t)]x(t - h(t)), t>0, (2.22a)

x(t) = (), te[-H,0], (2.22b)

where A Ap;(t) and A Aj;(t) are some perturbed matrices and satisfy the following condition:

[AAu(t) AAu(H)] = MiFi()[Noi Ny, Vie{1,2,...,N}, t>0, (2.22¢)
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where M;, Ng;, and Ny;, i = 1,2,..., N, are some given constant matrices with appropriate
dimensions, and F;i(t), i = 1,2,...,N, are unknown matrices representing the parameter
perturbation which satisfy

FI(hFi(t) <1, Vie{1,2,...,N}, t>0. (2.23)

The uncertain switched system in (2.22a)—(2.22c) can be rewritten as follows:

x(t) - Dx(t-7) = Jz\]: MO {[Aoi + AA(t)]x(t) + [Ari + AAu () ]x(t—h(t)}, t>0,
i=1 (2.24)

x(t) =¢(t), te[-HO0],

where \;(t) is defined in (2.2) and Zgl Ai(H) =1,Vt > 0.
Now we consider the exponential stability for uncertain switched system (2.22a)-
(2.22¢).

Theorem 2.6. Assume that for |D|| < 1,0 < a < —=(In||D||)/7,0 < a; <1,i=1,2,...,N, and
ijl a; = 1, there exist constants ¢; > 0,i=1,2,..., N, and some n x n matrices P,Q, Ry, R, > 0,
such that the following LMI conditions hold for alli=1,2,...,N:

S S12i S13i 14 =150

*  Zpoi Sz Zoai 0

|

S 0 Zssi| <O,

= %
* * % Zy 0 (2.25)
* * * * §55i_

N
F'TP+PF+Q <0, F=) aiAy,
i=1

where Zjxi, j, k =1,2,3, are defined in (2.12)
Z14i=PM;, Eisi=&Nl, Eui=-D'PM;, Zssi=¢6-NL, Eui=CZss5=-g- 1 (226)

Then the system (2.22a)—(2.22c) is globally exponentially stabilizable with convergence rate a by the
switching signal given in (2.10).

Proof. The time derivatives of V(x;) in (2.14) along the trajectories of system (2.22a)—(2.22c)
under the switching function (2.9) satisfy

[

~.

V(x;) <™. Iz\]: Xi(t) - [XT 5 X], (2.27)
i=1
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where
PM; NoTi
Z =%+ |-DTPM; F;(t) [Noi 0 Nli] +10 FiT(t) [MITP —MiTPD 0]. (2.28)
0 NlTl.

By Lemmas 2.1 and 2.2, the condition Z; < 0 in (2.25) is equivalent to Z; < 0. By the same
derivation of Theorem 2.5, this proof can be completed. O

If we choose the convergence rate &« = 0, we can obtain the following delay-
independent condition for the global asymptotic stability of system (2.22a)—(2.22c).

Corollary 2.7. Assume that for |D|| <1,0<a; <1,i=1,2,...,N, and z{il a; = 1, there exist
constants &g > 0,i=1,2,...,N, some n x n matrices P,Q, Ry, R, > 0, such that the following LMI
conditions hold foralli=1,2,...,N:

S S12i S13i S14i 250

Z00i Zo3i =o4i 0

Si=|* * S 0 Zs5| <0,
* * * 5441' 0 (229)
* * * * 5551'_

N
F'P+PF+Q <0, F=) aiAq,
i=1

where

= = T = = = T
Eni=Ri+R-Q, EZEni=-An PD, Z13=PAy, Zu4i=PM; Eis5i=¢€ Ny,
= = T = T =
Exi=-Ry, Zp3i=-D PAy, Zpi=-D PM;, Zsi=-(1-hp) Ry,

= T & _&
Zasi = €+ Ny;,  Zasi = Ss5 = =&+ L.
(2.30)

Then the system (2.22a)—(2.22c) is globally asymptotically stabilizable by the switching signal given
in (2.10).
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If D = 0, Corollary 2.7 can be reduced to the following corollary.

Corollary 2.8. Assume that for some constants a;, i = 1,2,..., N, there exist constants &; > 0,
i=1,2,...,N, somen x nmatrices P,Q, R, > 0, such that the following LMI conditions hold for all
i=1,2,...,N:

S S12i S13i S14i
= *  Zooi 0 oy
Zi= ~ <0,
* % Iy 0
(2.31)
* * * E"44i
N

F'TP+PF+Q <0, F=) aiAy,

where

-

m

[

= T
S1i=Re-Q, E12i = PAy;, S35 = PM;, S = &+ Ny, Exi=—(1-hp) - Ry,

n
[

Soi =& - NI,
(2.32)

Then the system (2.22a)—(2.22c) is globally asymptotically stabilizable by the switching signal given
in (2.10).

Assumption 2.9. Assume that there exists a convex combination F = zfﬁl a; Api, some positive
definite matrices P and Q, some matrices S;,i =1,2,..., N, such that

N
FTP+PF+Y a;- (§,~ + §l.T> <-Q, (2.33)
i=1

where 0 < a; <1and 3N, a; = 1.

Define some domains

Qi = {x e R xT (Ao TP+ PAy+ 5+ §T)x < -xTQx}, iel1,2,...,N}. (2.34)

From the similar proof of [7], it is easy to show (Y, Q; = R". Construct some domains

=01, %=0-01,0=0-Q1-Q,...,On=0n - Q1 — -~ Qn_1. (2.35)
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We can obtain Y, Q; = " and Q; Q]- = @, i #j, where @ is an empty set. If Assumption 2.9
is satisfied, then the following results can be derived:

.X'T <A0iTP + PAOi + §i + §1T>x < —.’X'TQJC, x(t) € éi. (236)

Define the following switching function:
o=1i, YxeQ. (2.37)

Remark 2.10. In [6, 7, 10], their assumption is given by

FIP+PF, =-Q, (2.38)

where F; = Zﬁl a; - (Ao + A1;). We can see that our Assumption 2.9 is more flexible with
§l~ = PAy;, Vi = 1,2,...,N. The main difference of Assumptions 2.3 and 2.9 is that some
matrices S; are introduced in Assumption 2.9. These matrices play a key role to derive the
delay-dependent results.

Theorem 2.11. Assume that for |D|| < 1,0 <a < -(In||D||)/7,0<a; <1,i=1,2,...,N, and
ijl a; =1, there exist constants ¢; > 0,i=1,2,..., N, some n xn matrices P,Q, R1, Ry, R3, Ry > 0,
and some n x n matrices Ryp, U, §l~, Vii, Vai, and Vai, i = 1,2,..., N, such that the following LMI
conditions hold foralli=1,2,...,N:

(211 210 2130 214 Zasi Zaei 2170 24asi|
* 2y 0 Zpg s 0 27 O
* % Mgz 254 235 2360 2370 0
* ox % Dy Mgy 0y O
* ok k% o Xse 0 s
* * * * * Do O 0

(2.39)

* * * * * x 77 0

* * * * * * *  gg; |

L

N N
F'P+PF+ Y a;- ($i+5]) +Q<0, F=) iAo,
i=1 i=1

Ri Ry
>0,
* R2
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where
S1i=2a-P-Q+Ri+Rs-Vy; - V[, i =Rpp+ AjU",
33 = —2aPD - Ay’ PD - S'D, X4 = -An'U'D,
Si5i= PAy— S — Vo + VE, S = ~Si—Va + VE, Zi7i=PM;, Zisi=¢-Ng,
Spi=Ro+hy - Ry-U-U", Zpy= (U + UT>D, o5 = UA, 27 =UM;,

S35 =2aDTPD - e Ry, s =-e 2" -Rip, 35 =-D'PAy;+D'S;, 33 =D'S,
Sy = -D'PMj, Sayi=-e" Ry~ D' (U+U")D, X5 =-D'UAy, i =-D'UM,
Ss5i=—(1—hp) - e ™ . Ry + Vo + V), Zs6i= Vai+Vy, Zssi=¢i N,

Sesi = —€ MM LRy + Vi + VIE, Sy = S = —i - L

(2.40)

Then the system (2.22a)—(2.22c) is globally exponentially stabilizable with convergence rate a by the
switching signal given in (2.37).

Proof. Define the Lyapunov functional

V(xy) = & . (x(t) - Dx(t - 7)) P(x(t) - Dx(t - T))

t Ri Ryp|[x(s)
+ &2 . [xT(s) xT(s ds
f t-1 () #(6)] xRy ||x(s) (2.41)
t t
+ f e? . xT(s)Ryx(s)ds + hp - f €2 . (s — (t — hp))xT (s)Rax(s)ds,
t-h(t) t=hm
where P, R;, Ry > 0, [Iil 1;;2] > 0. The time derivatives of V (x;) along the trajectories of system

(2.24) satisty

V(x;) = et . [Za - (x(t) = Dx(t - 7))TP(x(t) - Dx(t - T))]
t

N
+e™ T Ai(t) [<(A0i +Si+ AAyi(t)x(t) - Si- ’[ X(s)ds
im1

t-h(t)

T
+(A1i + AAq(t) = Si)x(t - h(t))> P(x(t) — Dx(t - T))]

t

+e2t. i Ai(t) [(x(t) - Dx(t - T))TP<(A01- +Si+ AAw(t)x(t) - S; - j x(s)ds

i=1 t=h(t)

+(A1i + AAy(E) - Si)x(t - h(f))>]
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4 et [[xT(t) ()] [Rl RlZ] [x(t)]

Ry Ryp|[x(t-17)
_2ar [ Tp Ty
e [xT(t—7) xT(t T)][* Rz:l[x(t—'r)]]

4 et [xT(t)R3x(t) — (1= h(t)) - 72O . xT (£ — h(t)) Rax(t - h(t))]

t

ey [hfw 5T (R (E) ~ s - f 2. xT<s>R4x<s>ds],

t—hp
(2.42)
where S; = PS;. By the inequality in [1, page 322], we have
t t
~hpy - f €2 . xT(s)Ryx(s)ds < —h(t) - &2 - g72hm . I xT(s)Ryx(s)ds
t-hum t=h(t)
2.43
t . t (2.43)
< -t p2aha U x(s)ds] Ry [ f x(s)ds].
t=h(t) t=h(t)
By system (2.24) and Leibniz-Newton formula, we have
N t T t
Z Ai(t) - e* - [f x(s)ds—x(t)+ x(t - h(t))] I:Vh-x(t) + Voix(t = h(t))+ Vgif x(s)ds]
i=1 t—h(t) t=h(t)

t

t-h(t)

T
+ i J\i(t) : €2at . I:Vll-x(t) + V2,~x(t - h(t)) + V3l‘J‘ x(s)ds]
i=1

X I:J‘t x(s)ds — x(t) + x(t — h(t))] =0,
t-h(t)

— e (i(t) - Dx(t - 7)) (U + UT) (x(t) - Dx(t - 7))

+ i i) - ¥ (x(t) — Dx(t - 7)) U {[Agi + AAgi(£)]x(t) + [An + AAy(H)]x(t - h(t)))
i=1

+ i Ai(t) - & {[Agi + AAgi ()]x(t)+ [Ar; + AAy (1) x(t = h(t)} U (x(t) - Dx(t - 7)) =0.
i=1
(2.44)

By the conditions (2.42)—(2.44), we obtain the following result:

Vixy) < e*t. i Xi(t) - [XT 3 x], (2.45)
i=1
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where

[ t
XT=|xT@t) xT(t) xT(t-71) "t -7) xT(t - h(t)) j xT(s)ds],
| t-h(t)
_ 4 - - T
211 22 X1z Z14i 2150 X6 PM; N{
* 3y 0 Zpg Xps O UM; 0
5. - * % g 234 X35 2360 . -DTPM,; Eih) 0
¥ ok % gy 3y O -DTUM,; 0
* ok ok ko5 Jsg 0 N7,
(2.46)
| * * * * * g ] § 0 ] | 0 |
NI T pPM; 1
0 UM;
0 -DTPM;
+ i (t)
0 -DTUM;
NT. 0
[ 0 ] | 0 ]

By Lemmas 2.1 and 2.2, the condition 3 < 0in (2.39) is equivalent to %; < 0 in (2.45). From
2; < 0 and by the similar derivation of Theorem 2.5, the proof can be completed. O

If D = 0, Theorem 2.11 can be reduced to the following corollary.

Corollary 2.12. Assume that fora > 0,0 < a; <1,i=1,2,..., N, there exift constants g; > 0,
i=1,2,...,N, some n x n matrices P,Q, R3, Ry > 0, some n x n matrices U, S;, V1;, Vo, and V3;,
i=1,2,...,N,such that the following LMI conditions hold foralli=1,2,...,N:

[S11i S S13i e S1si e
x Sypi S 0 a5 0
_ * % gy Sau 0 i
s o« o S o0 0

_ (2.47)
* * * * 2551' 0

* * * * * g

N N
F'P+PF+ Y a;- ($i+5]) +Q<0, F=) Ao,
i=1 i=1
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where

Sii=2a-P-Q+Rs—Vy; = VL, = ALUT, 35 =PAy; - Si— Vo + V],
Sui=-5i - Vs + Vi, Si5i=PM;, Zisi=¢- Ng, Spi=h - Re-U-UT,
Sosi = UAy, S5 =UM;, Zsi=—(1-hp) e . Ry+ Vo + V), Saui = Vi + VL,

Saei =€ NI, gy = -2 Ry + Vi + VL, Sos; = Sgsi = —&; - L.
(2.48)

Then the system (2.22a)—(2.22c) with D = 0 is globally exponentially stabilizable with convergence
rate a by the switching signal given in (2.37).

If D =M; = Ny = Ni; =0,i =1,2,...,N, Corollary 2.12 can be reduced to the
following corollary.

Corollary 2.13. Assume that for a > 0, OAS a; <1,i=1,2,...,N, there exist some n x n matrices
P,Q, R3, Ry > 0, some n x n matrices U, S;, V1, Vai, and Vi, i =1,2,..., N, such that the following
LMI conditions hold foralli=1,2,..., N:

S S 23 g
- * o Zon 0
Zi = =N . < 0,
* % 33 Xy
_ (2.49)
ok ok Dy

N N
PTP+PF+Za,~-<§,~+§iT>+Q<O, F=Z“iA0i/
i=1 i=1

where fljki, j,k=1,23,4i=1,2,...,N,are defined in Corollary 2.12. Then the system (2.22a)—
(2.22c) with D = M; = No; = Ny; = 0 is globally exponentially stabilizable with convergence rate a
by the switching signal given in (2.37).

Remark 2.14. By setting a = 0 in Theorems 2.5-2.11 and Corollaries 2.7-2.13, the global
asymptotic stability for system (2.22a)—(2.22¢) can be guaranteed.

3. Numerical Examples

Example 3.1. Consider the system (2.22a)—(2.22c) and the following parameters:

01 O -4 2 1 0 0 -1
N=2 D= , Ag = , An= , Ap= , (3.1)
0.1 -0.1 1 0 051 -1 -4
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Table 1: Comparison with other previous results.

Allowable time-varying delay bounds retaining global asymptotic stability (a = 0)
of the system (2.22a)—(2.22c) with (3.1) under switching signal (3.4)

Results hp=0 hp =02 hp =03
Reference [10] (without perturbations and D = 0) hp = 0.9999998  hpy = 0.9999997  har = 0.9999996
Our results (with perturbations) hym >0 hyv >0 hpy >0

050 0.1 0.2
A12 = ’ Ml = ’ M2 = ’ N01 = N02 = [0.1 0.1], N11 = N12 = [0.2 0.1].
051 0.2 0.1

(3.2)

By Corollary 2.7, a feasible solution of LMI (2.29) with (3.1), a = 0, hp = 0.2, and
ay = 0.5is given by

a

169.0808  6.9691
6.9691 147.4925|

618.4486 — 21.7634 < 120.4512 — 58.0284
~21.7634 538.3595 | |- 58.0284 90.4631 |’

275.0262 25.6702
= , €1 = 145.7753, & =180.2272.

25.6702 180.9190

(3.3)
Select the switching signal by
1, xe€ 51,
2, X€ Qz,
where Q1 = Q;, Q= Q, - Q,
Q= {x € R" 1 =720.2596x% + 872.0285x1x; + 566.2359x5 < 0},
(3.5)

Q, = {x € " : 604.5104x2 — 73242622, — 655.5187x% < o}.

The switching regions Q; and Q, are sketched in Figure 1. The system (2.22a)—(2.22c) with
hp = 0.2 and (3.1) is globally asymptotically stabilizable by the switching signal (3.4). Some
comparisons are made in Table 1. The result of this paper provides a major improvement to
guarantee the global asymptotic stability of system (2.22a)—(2.22¢c) with (3.1).
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Figure 1: Switching regions.

Table 2: Comparison with other previous results.

Allowable time-varying delay bounds retaining global asymptotic stability (a = 0)
of the system (2.22a)—(2.22c) with (3.6)

Results hp=0 hp =0.1 hp =05 hp =09 hp=1
Reference [7] ha = 0.001573 No results
Reference [6] h = 0.00392 No results
Reference [10] hy = 0.0202 hy = 0.0179 hp =0.0176 hy = 0.0176 hyp =0.0176
Our results ha = 0.0309 ha = 0.0271 har = 0.0193 hpr = 0.0181 har = 0.0180

Example 3.2. Consider the system (2.22a)—(2.22c) and the following parameters [7]:

-2 2
N =2, D =M;=Ny=Ny;;=0, Ap = ,
-20 -2

-1 -7 -2 10 4 -5
A= , Ap = , A = .
23 6 -4 -2 1 -8

By Corollary 2.13, some comparisons with the obtained results for switched system
(2.22a)—(2.22c) with (3.6) are made in Table 2. The results of this paper provide a larger
allowable upper bound for time delay to guarantee the global asymptotic stability of system
(2.22a)—(2.22c) with (3.6) by the switching signal (2.37).

(3.6)

Example 3.3. Consider the following switched system with input time delay [7]:

x(t) = Agox(t) + Bou(t - h(t)), t20, (3.7)
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Table 3: Comparison with other previous results.

Allowable time-varying delay bounds retaining global asymptotic
and exponential stability of the system (3.7) with (3.9)

Results hp=0,a=0 hp=01,a=0 hp=0,a=0.1 hp=0,a=02
Reference [7] hat = 0.008723 No results
Reference [10] ha = 0.0189 ha =0.0182 No results
Our results ha =0.03112 hy =0.0294 hy =0.0296 hy =0.0281
where
3 2 -1 20 -1 0 11
N=2, Ap-= , Ap = , Bi= , Ba= . (3.8)
-5 -1 -2 2 1 -1 0 -1
The feedback control is given by u(t) = Ky x(t) with
50 -3 -14
K = , K; = . (3.9)
20 1 2 4

For the given feedback control (3.9), system (3.7) can be rewritten as

x(t) = Agox(t) + Aiox(t — h(t)), t>0, (3.10)

where Ai; = B;K;. As shown in Table 3, the results obtained in this paper provide larger
allowable time delay bounds guaranteeing the global stability of system (3.7) with (3.9) by
switching signal (2.37). In [7, 10], the convex combination parameters are chosen by a; = 1/3
and a, = 2/3. The convex combination parameters of our results are chosen by a; = 0.1 and
ay = 0.9.

4. Conclusions

In this paper, the switching signal design for global exponential stability of uncertain
switched neutral systems with mixed time delays has been considered. LMI and Razumikhin-
like approaches are used to derive delay-dependent and delay-independent stability criteria.
The results obtained in this paper are less conservative than the previous ones for the
numerical examples investigated in this paper.

Acknowledgment

The research reported here was supported by the National Science Council of Taiwan, under
Grant no. NSC 96-2221-E-022-011-MY2.



Mathematical Problems in Engineering 17

References

[1] K. Gu, V. L. Kharitonov, and J. Chen, Stability of Time-Delay Systems, Birkhduser, Boston, Mass, USA,
2003.

[2] J. K. Hale and S. M. Verduyn Lunel, Introduction to Functional-Differential Equations, vol. 99 of Applied
Mathematical Sciences, Springer, New York, NY, USA, 1993.

[3] V. B. Kolmanovskii and A. Myshkis, Applied Theory of Functional Differential Equations, Kluwer
Academic Publishers, Dordrecht, The Netherlands, 1992.

[4] C.-H. Lien and K.-W. Yu, “Non-fragile H,, control for uncertain neutral systems with time-varying
delays via the LMI optimization approach,” IEEE Transactions on Systems, Man, and Cybernetics, Part
B, vol. 37, no. 2, pp. 493-499, 2007.

[5] D. Xie, N. Xu, and X. Chen, “Stabilisability and observer-based switched control design for switched
linear systems,” IET Control Theory & Applications, vol. 2, no. 3, pp. 192-199, 2008.

[6] R.Chen and K. Khorasani, “Stability analysis of a class of switched time-delay systems with unstable
subsystems,” in Proceedings of the IEEE International Conference on Control and Automation (ICCA '07),
pp- 265-270, GuangZhou, China, May-June 2007.

[7] S. Kim, S. A. Campbell, and X. Liu, “Stability of a class of linear switching systems with time delay,”
IEEE Transactions on Circuits and Systems I, vol. 53, no. 2, pp. 384-393, 2006.

[8] V. Kulkarni, M. Jun, and J. Hespanha, “Piecewise quadratic Lyapunov functions for piecewise affine
time-delay systems,” in Proceedings of the American Control Conference (AAC '04), vol. 5, pp. 3885-3889,
Boston, Mass, USA, June-July 2004.

[9] J. Liu, X. Liu, and W.-C. Xie, “Delay-dependent robust control for uncertain switched systems with
time-delay,” Nonlinear Analysis: Hybrid Systems, vol. 2, no. 1, pp. 81-95, 2008.

[10] X.-M. Sun, W. Wang, G.-P. Liu, and J. Zhao, “Stability analysis for linear switched systems with time-
varying delay,” IEEE Transactions on Systems, Man, and Cybernetics, Part B, vol. 38, no. 2, pp. 528-533,
2008.

[11] Y. G. Sun, L. Wang, and G. Xie, “Stability of switched systems with time-varying delays: delay-
dependent common Lyapunov functional approach,” in Proceedings of the American Control Conference,
vol. 5, pp. 1544-1549, Minneapolis, Minn, USA, June 2006.

[12] X.-M. Sun, ]J. Zhao, and D. J. Hill, “Stability and L,-gain analysis for switched delay systems: a delay-
dependent method,” Automatica, vol. 42, no. 10, pp. 1769-1774, 2006.

[13] C.-H. Wang, L. I.-X. Zhang, H.-]. Gao, and L.-G. Wu, “Delay-dependent stability and stabilization of a
class of linear switched time-varying delay systems,” in Proceedings of the 4th International Conference
on Machine Learning and Cybernetics (ICMLC '05), pp. 18-21, GuangZhou, China, 2005.

[14] C.-H. Lien, K-W. Yu, Y.-F. Lin, Y.-J. Chung, and L.-Y. Chung, “Exponential convergence rate
estimation for uncertain delayed neural networks of neutral type,” Chaos, Solitons and Fractals, vol.
40, no. 5, pp. 2491-2499, 2009.

[15] S. Boyd, L. El Ghaoui, E. Feron, and V. Balakrishnan, Linear Matrix Inequalities in System and Control
Theory, vol. 15 of SIAM Studies in Applied Mathematics, SIAM, Philadelphia, Pa, USA, 1994.



