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Abstract This paper investigates the problem of robust ex-
ponential admissibility for a class of continuous-time uncertain
switched singular systems with interval time-varying delay. By
defining a properly constructed decay-rate-dependent Lyapunov
function and the average dwell time approach, a delay-range-
dependent sufficient condition is derived for the nominal system
to be regular, impulse free, and exponentially stable. This con-
dition is also extended to uncertain case. The obtained results
provide a solution to one of the basic problems in continuous-
time switched singular time-delay systems, that is, to identify
a switching signal for which the switched singular time-delay
system is regular, impulse free, and exponentially stable. Nu-
merical examples are given to demonstrate the effectiveness of
the obtained results.
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Switched systems have drawn considerable attention
since 1990s, due to their great flexibility in modeling of
event-driven systems, logic-based systems, parameter- or
structure-varying systems, and so on; for details, see [1—2]
and the references therein. Switched systems are a class of
hybrid systems, which consist of a collection of continuous-
or discrete-time subsystems and a switching rule that spec-
ifies the switching between them. It is commonly recog-
nized that there are three basic problems in stability anal-
ysis and design of switched systems[3]: 1) find conditions
for stability under arbitrary switching; 2) identify the lim-
ited but useful class of stabilizing switching signals; and
3) construct a stabilizing switching signal. Many effec-
tive methods have been presented to tackle these three
basic problems, such as the multiple Lyapunov function
approach[4], the piecewise Lyapunov function approach[s],
the switched Lyapunov function approach[f"]7 and the dwell-
time or average dwell-time scheme 719 On the other
hand, time-delay is commonly encountered in many prac-
tical systems and is frequently a source of instability and
poor performancel!™. Therefore, the stability analysis of
switched time-delay systems has received more and more
attention in recent years[m*m].

As far as we know, singular systems also provide a nat-
ural framework for modeling of dynamic systems and de-
scribe a larger class of systems than state-space models?l.
Recently, many efforts have been done to the study of
switched singular systems and a great number of results
on stability and stabilization[?2~2% reachability[%], and fil-

tering problem®” have been obtained. For switched singu-
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lar time-delay (SSTD) systems, due to the coupling be-
tween the switching and the time-delay and because of
the algebraic constraints in singular model, the behavior
of such systems is much more complicated than that of
regular switched time-delay systems or switched singular
systems. To date, there are only a few results reported
on the SSTD systems. In [28], the robust stability and
H control problems for discrete-time uncertain SSTD sys-
tems under arbitrary switching were discussed by using the
switched Lyapunov function method. In [29], a switching
signal was constructed to guarantee the asymptotic stabil-
ity of continuous-time SSTD systems. However, the afore-
mentioned results are focused on the basic problem 1)[28]
and problem 3)P for SSTD systems. Problem 2) is to
identify stabilizing switching signals on the premise that
all the individual subsystems of the switched systems are
stable. Basically, we will find that stability is ensured if
the switching is sufficiently slow[?’], and it is well-known
that dwell time and average dwell time are two simple but
effective tools to define slow switching signals. In [7], it
was shown that if all the individual subsystems are expo-
nentially stable and that the dwell time of the switching
signal is not smaller than a certain lower bound, then the
switched system is exponentially stable. This result was ex-
tended to both continuous-time switched linear time-delay
systems!'¥ and discrete-time cases!'®. Unfortunately, so
far, to the best of the authors’ knowledge, solving the basic
problem 2) for SSTD systems via the dwell time or average
dwell time scheme remains open and unsolved. This forms
the motivation of this paper.

In this paper, we are concerned with the robust admis-
sibility problem for a class of continuous-time uncertain
switched singular systems with interval time-varying delay.
More precisely, a class of slow switching signals specified by
the average dwell time is identified to guarantee the expo-
nential admissibility of the considered system. In terms of
linear matrix inequalities (LMIs), a delay-range-dependent
sufficient condition, which is dependent on the switching
signal, is first derived for the nominal system to be regular,
impulse free, and exponentially stable by using a properly
constructed decay-rate-dependent Lyapunov function and
the average dwell time approach. Then, this condition is
extended to uncertain case. The effectiveness of the ob-
tained results is finally demonstrated by two illustrative
examples.

Notations. P > 0 (P > 0) means that matrix P is pos-
itive definite (semi-positive definite). Amin(P) (Amax(P))
denotes the minimum (maximum) eigenvalue of symmetric
matrix P. Cp,q = C([—d,0],R"™) denotes the Banach space
of continuous vector functions mapping the interval [—d, 0]
toR". Let z; € Cy,q be defined by x, = z(t+6), 6 € [—d, 0].
|| - || denotes the Euclidean norm of a vector and induced
norm of a matrix and ||#¢||l¢ = sup_ <p<ollx(t + 0)||. The
superscript “T” represents matrix transposition, and the

symmetric terms in a matrix are denoted by “x”.

1 Problem formulation

Consider a class of SSTD systems of the form:

Ex(t) = (Ao(t) + DA1)x(t) + (Ado)+
AAgory)x(t —d(t)) (1)
x(t) = ¢(t), t€[—di —da,0]

where z(t) € R" is the state, ¢(t) € Cn 4,44, IS a compat-
ible vector valued initial function. o(¢) : [0,400) — Z =
{1,2,---, N} with integer N > 1 is the switching signal.
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The matrix E € R"™™ may be singular and it is assumed  where 0 < d(¢) < 7.
that rankE = r < n. d(t) is a time-varying continuous Proof. Using Schur complement, we have
function that satisfies: ot
. T () ETZEx(s) &7 (s)ET

di <d(t) <di+dz, dt) <p (2) { ( j (=) ea(tgs))Zfl 20
where di > 0, d2 > 0, and 0 < p < 1 are constants. For o
each possible value o(t) = i, i € Z, A; and Ag; are con-  Integrating it from ¢ — d(t) to t, we get
stant real matrices with appropriate dimensions, and AA; . .
and Af.ldi. are unknown matrices representing parameter / .'i:T (S)ETZE:i:(s)ds / d:T(S)ETdS
uncertainties, and are assumed to be of the form t—d(t) t—d(t) >0

(eaT _ 1)Z71 -

[ AA; AAgi | = M;Fi[ Nai Nai | (3)
where M;, Ngi, and Ng; are known real constant matrices,
and F; is the uncertain matrix satisfying

FYE,<I, ieT (4)

Since rankF = r < n, there exist non-singular matrices P,
Q € R™™" such that PEQ = [ IOT 8 ] In this paper,

without loss of generality, let
I. 0
B= { 0 0 } (5)

Corresponding to the switching signal o(t), we denote the
switching sequence by & = {(io,t0), -, (ix, tk)|ix € Z,k =
0,1,---} with to = 0, which means that the ix-th subsys-
tem is activated when t € [tx, try1).
Definition 1B% ), For the switching signal o(¢) and
any delay d(t) satisfying (2), the nominal part of system
1

El‘(t) = Ag(t)x(t) + Adg(t)x(t — d(t)) (6)
Ty, (9) = .'B(to + 9), 0 c [—d1 — dz,O]
is said to be

1) regular if det(sE — A;) is not identically zero for each
o(t)=1,i€T;

2) impulse free if deg(det(sE — A;)) = rankE for each
o(t) =1,1 €T

3) exponentially stable under the switching signal o(t)
if the solution x(t) of system (6) satisfies |z(t)|| <
1e M) ||y Mgy vay, VE > to, where A > 0 and ¢ > 0 are
called the decay rate and decay coefficient, respectively;

4) exponentially admissible if it is regular, impulse free,
and exponentially stable under the switching signal o(t).

Definition 2. For the switching signal o(t) and any
T> > Ti > 0, let Ny(T1,T>) denotes the number of switch-
ing of o(t) over (Th,T%). If No(T1,T2) < No+ (T2 —T1)/Ta
holds for T, > 0, No > 0, then T, is called average
dwell time. As commonly used in the literature, we choose
No = 0.

The problem to be addressed in this paper can be for-
mulated as follows: given the SSTD system (1), identify a
class of switching signal o(¢) such that the system is expo-
nentially admissible under the switching signal o (t).

Lemma 1. For any constant matrix Z € R™ ",
Z = ZT > 0, positive scalar a, and vector function
z : [-7,00) — R" such that the following integration is
well defined, then

aT t
€ 1/ 05T ($)ET ZEi(s)ds >
a t—d(t)

(/t Ea':(s)ds) Z </t E:i:(s)ds) ,t>0
t—d(t) t—d(t)

*
(e

Using Schur complement again, we find that Lemma 1
holds. (|

Lemma 204, Given matrices Q, T, and = with ap-
propriate dimensions and with  symmetrical, then 2 +
IFE+ ZTFTTT < 0 holds for any F satisfying FTF <
I, if and only if there exists a scalar ¢ > 0 such that
Q+eIlT" +e 272 <0.

In the following, for representation simplicity, we let

do =dy +da

2 Main results

First, we apply the average dwell time approach and the
piecewise Lyapunov function technique to investigate the
exponential admissibility for the SSTD system (6), and give
the following result.

Theorem 1. For prescribed scalars o > 0, di > O,
d2 > 0, and 0 < p < 1, if for each i € Z, there exist ma-
trices Qi > 0, Zy > 0,1 = 1,2, and P; of the following
form

| P O
P’L o |: P’i?l Pi22 :| (7)

with P11 € R", P11 > 0, and Pj22 being invertible, such
that

®i1 PrAu @iz Paa Pis
* D22 D03 Do D05

P = * * Pizz 0 0 <0 (8)
* * * —Zi1 0
* * * * —Zia
where ¢ = (ad))/(e™ — 1), c3 = (ads)/(e™* — 1),

i1 = PA; + ATP + 37 Qu + aE" P — it EY Z,1 B,
i3 =1 ETZinE, @4 = di Al Zin, ®irs = doe2 M AT 7,5,
Dioo = —(1 - /L)e_achiQ - CQETZi2E7 Dio3 = C2ETZ7;2E,
Bioa = 1AL Zn, Doy = d2€%ad1A3¢Zi2, and P33 =
—e M Qy — a1 EYZyE — ¢oETZisE. Then, system (6)
with d(t) satisfying (2) is exponentially admissible for any
switching sequence S with average dwell time T, > T, =
(InB)/c, where 8 > 1 satisfies

Py < BPj1, Qu < BQu, Zu < BZj,
1=1,2,Vi,jeT (9)

Moreover, an estimate on the exponential decay rate is
A= 1(a—(np)/T.).

Proof. The proof is divided into three parts: 1) to show
the regularity and non-impulsiveness; 2) to show the expo-
nential stability of the differential subsystem; 3) to show
the exponential stability of the algebraic subsystem.
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Part 1): regularity and non-impulsiveness. According to
(5), for each i € Z, denote

Aill Ai12 Zilll
A; = s Zil =
|: Ai21 Ai22 :| ! |: ZiTllQ

Zi112
Zi122

| o

where A;11 € R" and Z;111 € R". From (8), it is easy to
see that ®;11 < 0, ¢ € Z. Noting Q; > 0 and Z;; > 0,
1=1,2, we get PYA; + ATP, +aE"P, — c1ETZ1 E < 0.
Substituting P;, A;, Zi1, and E given as (7), (10), and (5)
into this inequality and using Schur complement, we have
AL Piog + Py Asas < 0, which implies that Ajog, i € Z, is
non-singular. Then by [21] and Definition 1, system (6) is
regular and impulse free.

Part 2): exponential stability of the differential subsys-
tem. Define the piecewise Lyapunov functional candidate
for system (6) as follows:

V(.’I:t) = Vo(t) (.’l)t) =
mT (t)ETPJ(t>:E(t) —+

t
/ 2T (5)Qu (12 (s)ds +
t—dy
k T
[ et () Qun(s)ds +
t—d(t)
0 t
dl/ / U (Ei(8)) " Zyy (B (s))dsdd +
dy Jt+6

do [ idl / ; ) (B (s))T Zy (12 (B (s))dsdl
(11)

Then, along the solution of system (6) for a fixed o(¢) = 1,
i € Z, we have

Vi(x:) + aVi(z:) <
" (t) P Bi(t) + 2" (1)Qua(t) —
e *Ma"(t — d)Quz(t — di) +
z" ()Qiz(t) + oz’ () ET Pa(t) —
(1= p)e 2™ (t — d(t))Qiom(t — d(t)) +
(E&(t))" (43 Zin + d3eh Zio) (B (t)) —

t
& / =0 (Bi(s))" Zir (Eib(s))ds —
t—dq
t—dy
ds /
t—d(t)

By replacing Ez(t) with A,x2(t) + Aqz(t — d(t)) and using
Lemma 1 and Schur complement, LMI (8) yields

ea<57t+d1) (E.’D(S))TZ’Q (E.’E(S))ds

Vi(@:) + aVi(ze) < 0 (12)

As mentioned earlier, the ix-th subsystem is activated when
t € [tk,tk+1). Integrating (12) from ¢y to tg+1 gives

V(@) = Vo (@) < e Vo0 (@), t € [thytera) (13)

Let z(t) = { ::8 ], where z1(t) € R" and z2(t) € R"".
From (5) and (7), it can be seen that for each o(t) = i,
i€, 2T (t)ETPx(t) = z1 (t)Piizi(t). In view of this,
and using (9) and (11), at switching instant ¢;, we have
Vo‘(ti)(mti) < 5‘/ (t )(

-)y =12, (14)

where ¢, denotes the left limitation of t;. Then, it follows

from (13), (14), and the relation k = N, (to,t) < (t—to0)/Ta
that
Vo (@) <e TRV (@) <o <
67a<t7t°)ﬁ Vo (tg) (to) <
In 3
TRV, g (@) (15)

According to (11) and (15), we obtain

Ml O < Voo (D) Viteo) (@10) < Nallzeg I, (16)

where )\1 = minWeI Amin(Pill), and )\2 =
maxviez Amax(Pi11) + é(l — e MY maxvier Amax(Qi1) +
la e ") maxyier Amax(Qi2) + S(ady — 1 +
e M) maxvier (2Amax (Zi) (|| Ai]l + [[Aall)) + = (—d2 +
ad3e®™ + dze” ") maxviez (2Amax(Zi2) (|4l + [ Aasl]))-
Then, combining (15) with (16) yields

Ao _ 1 _lnﬁ
la @] </ Lo 2 H T g,

Part 3): exponential stability of the algebraic subsystem.
[ —AineAL [ o
Set G; = { 0 AL and H = 0 L. | It
is easy to get

(17)

0
A 0
A, =G A;H = A 18
{ Aior In—r } (18)
P, =G;"PH = { Bar 0 }
P21 P2
where Aill =Ain —Ai12A;2£Ai217 i21 = A122A121, i1l =

Pit1, Piot = A3 Piin + A%y Pioy, and Pioz = Ay Piso. Ac-
cording to (18), denote

A Aginn Aginz }
A i = G'LA ,LH = N Iy
’ ‘ |: Adi21 Adi22
Ai — HT iH _ Ailll Qillg :| 19
Q l Q : |: Qil21 Qilgg ( )
/ - - Zilll Zillz
Zi:GiTZiGiIZ[A 2 }71:1,2
l : Zio1 L2z

Let £(t) = [ glg g ] — H'2(t) = a(t), where £,(t) € R

and &,(t) € R"™". Then, for any o(t) = i, i € Z, system
(6) is restricted system equivalent (r.s.e.) to

él(t) = Aill&l(t)Jr
Agin&; (t — d(t) + A€, (t — d(t)) (20)

—&,(t) = Ainn&, () +
Agin &, (t — d(t)) + Aainaby (t — d(t)) (21)
From (8), we have { (I):‘:l Pgiidi ] < 0. Pre- and

post-multiplying this inequality by diag{H™,HT} and
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diag{ H, H }, respectively, noting the expressions in (18) and
(19), and using Schur complement, we have

A A 2 A A ~
Plo+ Pz + Y. Quoz Py Adize
-1

l T oA
* —(1 = p)e” *?Qizzo

<0

Pre- and post-multiplying this inequality by [—AL., I]
and its transpose, respectively, and noting Qi}zz > 0 and
0< <1, we obtain Ag‘iQQQAiQQQAdiQQ — eiaszigzg < 0.
Then, according to Lemma 7 in [32], we can deduce that
there exist constants %; > 1 and 7; > 0 such that

[(e2% Agizs)'|| < hoe™ "', 1=0,1,-- (22)
Define
- tj:tj—l_d(tj—l)’ j=1,2, (23)
1o || = max | Az, [|Adz1 | = mas | Aaiea
VieT VieZ

| Adoo|| = max || Agina||, VieZ — (24)
VieZl

As mentioned above, for ¢ € [tx,tx+1), the ix-th subsystem
is activated. Then, from (21) and (23), we have

52(” = _Aiﬂlgl(to) - Adiﬂlfl(tl) - Adik2252(t1) (25)

Similarly, it can be obtained that &,(t') =
—Aikm&l(tl) — Adikglfl(tz) - Adik22€2(t2)- Substitut-
ing this into (25), we get &,(t) = (—Agi,22)%6,(t%) —
Yo (—Aai22) (A€, (1) + Aaiy21£, (7). Contin-
uing in the same manner and noting that ¢ < t*~1, then
there exists a finite positive integer T;, such that

T, —1
&) = (—Auiy20) & (tT0) = 3 (—Aag20)ik x
Jig, =0
(Aig21&, (7)) + Agiyoi &, (P76 T1)) (26)

where t7ix € (tk—1,tx] and tTir — t,. When t € [te—1,tk),
the ix_1-th subsystem is activated. Then, following a sim-
ilar procedure as the above, there exists a finite positive
integer T3, , such that

E(17) = (—Auiy_y22) £y (8T —

Tip+Tip 1~

~ j’. 7T
E (_Adik—122) ot Tt
Ti,

(Aip_y21& (1) + Agi,_ & (P Th)

1

Jig_1=

Ty +T; T, +T;

k=1l — tp_1.

where t k=1 € (tg—2,tk—1] and t
After k-times iterative manipulations, ¢ belongs to [to,t1),
and there exists a finite positive integer T;, such that

E2(T9 T ) = (— Aggyan) oy (T +Ti0)
Ty, 44Ty —1
Z (—Adiom)jio_Ti’“_m_T“ X

Jig=Tiy, ++Tsy

(Aig21&, (H70) + Adigar&,y (0 ™))

where 7k Tt io € (—da, to] and t"ik T 0 — ¢, By a
simple induction, we have

E2(t) = |:H (—Adijzg)Tij:| EQ(tTik+'“+Til+TiO) .
j=0

T, —1

> (—Auiy20)i Aiy & (i) —

> (—Adiy22)k Agiym€y (Fin ) —

Jij, =0

k
. T
Z |:H (7Adiq22) lq:| X
p=1 Lg=p

Tig+ 4T, g —1

> (1 (1) + ¢, (1)) (27)

Jip_1=Tip ++Tyy,
where

. (t) = (—Adip,122)jiP*17Tik7“‘7T7"P Aip7121§1(tjip—1)

ea(t) = (_Adip—ﬂ?)jip_l “li T Adz‘pﬂmﬁl(t'ji”_l +1)

Therefore, from (24) and (27), and noting t7ix ™70 €
(—da2,to], we obtain

l€s()| < A+ A+ Az + Ay + As (28)
where
k
3 T,
Ar = | ] II(Aai;22)"" I} [z,
j=0
T;, —1
Ag = Aot D [[(Adigaz) ™ |16, ()
Jip, =0
T, —1
As = Aar Y [1(Aaigoe) s |ll1€; ()|
Jij, =0
ok k R
P { {H (a2 |l] soi}
p=1 q=p
R k k R
fe=dan { {H (Aaiy22)"s |l] wé}
p=1 q=p
with

Tip o tTipy g —1

= D (A, e T e
Jip_=Tiy ++Tyy
(1€, (" =)l
Tip+tTipy_y—1

80/2 — Z ||(Adip,122)]ip*17Tik7m7TiP H ~

Jip_1=Tiy + 4Ty,

€, (=2
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Note (30), we obtain
Tig+4Tig—1 A2 Ao\ T; T,
; / <3 i ot
to>t"ut o= N () > p1 < /\1(2 ) P (fi,_y X
j=0 .
3 iy Gy =Tijy == Tip) x
— (Tiy, + -+ + Tip)da2 ¢ )
—3(a=52)(t—t0)
e ? 2o ll 2,

Using (22) and the relation T, > Ty =
term in (28) can be estimated as

(InB)/a, the first

k
Ay = |:H ||(e%&d2Adij22)Tij |e_éa(Tik""“+Tio)d2:| X
[zt lla, <

k
|:H hijemeij:| e*%a(t*to)uxto”UI2 <
3=0
k
|:H hijem‘jTij:| e*%(a*f)(t tU)HII: g, =
izo

2("‘

xie D0 3 g, (29)

By (17) and (22) ~ (24), we get

[[(Adi, 22)*x [[[16, (¢ <

A . Ao _
l[(Adgiy22)”"* |14/ fe
1

202, <

Fla— 122k —t0)

A 1ods, 2 .
,\*2”620‘0{2 (Adiy22)7" || x

1 In B\, ,di, —
—La-E)@k

l—t)
e Ol < --- <

A
fn( % Aaiy2) e |
1

_1 3£ 0_
5 (o )(t m)HfﬂtoH@ <

[A R O |-V - AV
/\?h%e Miydiy o~ 2 (@, (¢ tO)”mtOHd_z (30)

Then, the second term in (28) can be estimated as

Ay < Am\/7 Z

e Mirdip | x

e—%(a—lnﬁ)(t tO)H-'L' la 5 <
~ A2 ek
hikA21 xmx

_%(0—%)@—%) foo ”(22 _

Clia_nBy,_
xze 2T g, 5 (31)
Similarly, the third term in (28) can be bounded by
& enik’ y
A etk —1
1 ailnﬁ
3 ( )(t— to)”m

1.7
5 ad.
Az < hike2a 2 Agor

e g, =

1 1
1(a-128

xse 2T T g (32)

On the other hand, following a similar deduction as that in

Then, considering this and (2
can be estimated as

k k
~ /' 1.0, 2 )
Ay < Aoy )\72 Z |:H ”(ezadzAdiQZQ)qu |:| X
tp=1 la=p
Tip 44 Ti, ;1

iy Giy_y ~Tif,—+—Tiy)
Z hi,_ye Tem1temt ek X

Jip_q=Tip ++Ty,

2), the fourth term in (28)

-3 a—%)(i—io) ||z

to“d_z <
. k
p=1 -
(ﬁ% _%(a_%)(t_m)ﬂwton(b =
R T »

Similarly, the fifth term in (28) can be bounded by

As < e%m{?z‘idm\/ & X
/\1

k o eTip—1
Z ip—1 H a"ia elip—1 — 1 x
p=1 a=p

-3 (a- r'ﬁ)(t to)”m

€ OHJQ =

_lqg_1npg —
xse 2 LRl Oz, |4, (34)
Therefore, using (29), (31) ~ (34), ||€5(¢)|| can be estimated
as
€2 < (x1 +x2 + X3+ X4 + x5) X
B
o BT gy g, (35)

Combining (17) and (35) yields that system (6) is expo-
nentially stable for any switching sequence S with average
dwell time T, > Ty = (In3)/a. O

Remark 1. In terms of LMIs, Theorem 1 presents a
delay-range-dependent exponential admissibility condition
for the switched singular systems with interval time-varying
delay. It is noted that this condition is obtained by us-
ing the integral inequality (Lemma 1); no free-weighting
matrices are introduced in the derivation of Theorem 1.
Therefore, the condition proposed here involves much less
decision variables than those obtained by using the free-
weighting matrices method!™ 17197201 jf the same Lya-
punov function is chosen. It is also noted that the Lyapunov
function (11) not only makes use of the information on the
time-delay upper bound d2, but also uses the information
on the time-delay lower bound d; and the time-delay inter-
val da. Therefore, the stability condition in Theorem 1 is
expected to be less conservative.

Remark 2. Equation (27) plays an important role in
analyzing the exponential stability of the algebraic subsys-
tem, which can be seen as a generalization of the iterative
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Table 1 Comparison of allowable upper bound ds for different d; in Example 1
Methods do Number of variables
Lemma 1019 1.130 (d; = 0.1) 1.099 (d, = 0.3) 1.084 (dy = 0.7) 84
Theorem 1129 1.130 (d; = 0.1) 1.099 (d; = 0.3) 1.084 (d; = 0.7) 84
Theorem 1 1.134 (dy = 0.1) 1.133 (dy = 0.3) 1.133(dy = 0.7) 30

equation in [30] for non-switched singular time-delay sys-
tem to SSTD system.

Remark 3. If 3 =1in T, > T; = (In3)/a, which leads
to P11 = Pju, Qil = le, Zi = Zjl, l=1,2,Vi,j € Z, and
T; = 0, then system (6) possesses a common Lyapunov
function and the switching signals can be arbitrary.

Now, extending Theorem 1 to uncertain system (1) yields
the following theorem.

Theorem 2. For prescribed scalars o > 0, di > 0,
d2 >0, and 0 < p < 1, if for each ¢ € Z, there exist matri-
ces P; of (7), Qu >0, Zy > 0,1 =1,2, and scalar &; > 0,
such that

x —el 0 <0 (36)

* * —eid

where ®; follows the same definition as that in Theorem 1,
D= MFP, 0 0 diMTZin dee2®MTZ;, T and
Ei =[] Nai Na 0 0 0 ]. Then, system (1) with d(t)
satisfying (2) is robustly exponentially admissible for any
switching sequence S with average dwell time T, > T, =
(InB)/a, where 8 > 1 satisfies (9). Moreover, an estimate
on the exponential decay rate is A = % (a — (In8)/T%).
Proof. By Theorem 1 and Lemma 2 and using the idea
of generalized quadratic stability, Theorem 2 can be easily
proved. So the proof is omitted. a
Remark 4. In this paper, the derivative matrix F is as-
sumed to be switch-mode-independent. If E is also switch-
mode-dependent, then F is changed to F;, i € Z, and
the transformation matrices P and @ should become P;

and Q; so that PE;Q; = { {:i 8

state of the transformed system becomes Z(t) = Q; ' (t) =
[Z5(t) 5" with £5(t) € R™ and 25(t) € R™™ ",
which means that there does not exist one common state
space coordinate basis for different subsystems; thus it
is rather complicated to discuss the transformed system.
Hence, some assumptions for E; (for example, F;, i € Z,
have the same right zero subspacem]) should be given so
that @; remains the same; in this case, the method pre-
sented in this paper is also valid. Nonetheless, the general
case with F being switch-mode-dependent is an interesting
problem for future investigation via other methods.

}. In this case, the

3 Numerical examples

Example 1. Consider the switched system (6) with
E =1, N = 2, and the following parameters, which are
borrowed from!*?!

-2 0 -1 0
Al_{o 70.9}"4‘“_[0 71}
-2 0 -1 0
A2:{0 —07}"4@:{—1 —1}
For p = 0.4, a = 0.5, and 8 = 1.1, employing the LMIs

in [19—20] and those in Theorem 1 yields an allowable up-
per bound ds of the delay d(t) that guarantees the stability

of system (6). Table 1 shows the values of da for various
di and the number of involved variables by using different
methods. It is clear that Theorem 1 of this paper not only
gives better results than the criteria in [19—20] but also
reduces the computational complexity to some extent.

Example 2. Consider the switched system (1) with
N = 2 and the following parameters:

10
e=ls o]

073 0 11 1
Al:{ 0 —1]’Ad1:[ 0 0.5}

Mlz[o'l},N,ﬂ:[O.l 1], Nu=[ 01 0.1]

0.1
04 0 ~-1 0.1

Az = [ -01 -1 } Ad?‘{ 0 0.1}
—0.2

MQ:{ 0. :|,Na2:[ 02 05], Ne=[01 02]

and d; = 0.1, d2 = 0.1, u = 0.3, and a = 0.4. It can be
checked that the above two subsystems are both stable in-
dependently. Let 8 = 1; by simulation, it can be found that
there is no feasible solution to this case, which means that
there is no common Lyapunov function for all subsystems
(see Remark 3). Now, we consider the average dwell time
scheme. By analysis, it can be found that the allowable
minimum of 3 is Bmin = 1.19 when o = 0.4 is fixed; in this
case Ty = (In Bmin)/a = 0.4349.

4 Conclusions

In this paper, the problem of robust exponential admis-
sibility for a class of continuous-time uncertain switched
singular systems with interval time-varying delay has been
investigated. A class of switching signals has been iden-
tified for the switched singular time-delay systems to be
robustly exponentially admissible under the average dwell
time scheme. Numerical examples have been provided to
demonstrate the effectiveness of the obtained results.
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