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Abstract:

The problem of stability for singular systems with two additive time-varying delay components is investigated. By

constructing a simple type of Lyapunov-Krasovskii functional and utilizing free matrix variables in approximating certain integral
quadratic terms, a delay-dependent stability criterion is established for the considered systems to be regular, impulse free, and stable
in terms of linear matrix inequalities (LMIs). Based on this criterion, some new stability conditions for singular systems with a single
delay in a range and regular systems with two additive time-varying delay components are proposed. These developed results have
advantages over some previous ones in that they have fewer matrix variables yet less conservatism. Finally, two numerical examples
are employed to illustrate the effectiveness of the obtained theoretical results.
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1 Introduction

Time delays frequently appear in many practical systems,
such as biological systems, chemical systems, electronic sys-
tems, network control systems, etc. The time delays are
regarded as the major source of instability and poor per-
formance. During the last two decades, the problem of sta-
bility of linear time-delay systems has been a subject of
considerable research efforts. A great number of research
results have been reported in [1-3]. The most commonly
and frequently used state-space model of linear time-delay
systems is

z(t) = Az(t) + Bz(t — 7(t)) (1)

where 7(t) is the time-delay in the state z(t), which is often
assumed to be constant or time-varying satisfying certain
conditions, e.g., 0 < 7(¢) < 7, 7(¢) < d, 7 and d are positive
constants. In the above mathematical model (1), the delay
7(t) in the state z(¢) appears in a single form. However,
in some practical situations, multiple delay components in
the state should be considered, which can be found in the
networked control systems. Thus, a new model for linear
time-delay systems is proposed as

n
(t) = Ax(t) + Ba(t — Y _ 7(t)). (2)
i=2

Lam et al.¥ exposed the new model and gave a prelimi-
nary result on its stability analysis with two additive time-
varying delay components. The introduction of model (2)
is motivated by the observation that in some practical situ-
ations, signals transmitted from one point to another may
experience new network segments, which can induce succes-
sive delays with different properties due to variable network
transmission conditions, and this problem has been clearly
justified by a state feedback remote control problem. An
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improved stability criterion was proposed by exploiting new
Lyapunov-Krasovskii functional®!. By taking more infor-
mation of the time-varying delay in Lyapunov-Krasovskii
functional into account and by utilizing free matrix vari-
ables in approximating certain integral terms, a new robust
stability criterion for uncertain linear systems with two ad-
ditive time-varying components was given!®. Very recently,
by using a delay decomposition method, a delay-dependent
absolute stability condition for a class of nonlinear sys-
tems with two additive time-varying delay components is
presentedm, By constructing new Lyapunov-Krasovskii
functionals and employing novel approaches to estimate
the upper bound on the time derivative of the Lyapunov-
Krasovskii functionals, some new delay-dependent stability
criteria for linear systems and neural network with two ad-
ditive time-varying components are derived[®—101,

On the other hand, during the past years, singular sys-
tems have attracted a lot of researchers from mathematics
and control communities due to the fact that singular sys-
tems can describe the behavior of some physical systems
better than regular systems. A great number of results
based on the theory of regular systems have been extended
to the area of singular systems!*!l. Recently, much atten-
tion has been paid to singular systems with delay. It should
be pointed that the stability problem for singular systems
is much more complicated than that for regular systems be-
cause not only stability but also regularity and absence of
impulses (for continuous singular systems)!'?~7 or causal-
ity (for discrete singular systems)[lg] should be considered.
Note that the stability results mentioned in [12-18] can only
provide stability conditions for singular systems with a sin-
gle delay in state. However, to the best of our knowledge,
stability conditions for singular systems with multiple de-
lay components are few even non-existing in the published
works, which has motivated this paper.

In this paper, we will propose a simple type of Lyapunov-
Krasovskii functional and use the method inspired by [8, 9]
to analyze the stability of singular systems with multiple
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delay components. A stability condition is established for
the considered singular systems to be regular, impulse free,
and stable. Based on this criterion, some new stability con-
ditions for singular systems with a single delay in a range
and regular systems with two additive time-varying delay
components are also proposed. The main contribution of
this paper is in three aspects. The first is to give a prelimi-
nary stability result for singular systems with two additive
time-varying delay components. Second, the corollaries cre-
ated by the result will involve fewer decision variables than
existing ones, hence they are mathematically less complex
and more computationally efficient. Third, the corollaries
created by the result will be less conservative than some ex-
isting ones, which will be demonstrated by some numerical
examples. As mentioned in [4, 5], we still consider the case
where only two additive time-varying components appear in
the system state, and the idea in this paper can be extended
to singular systems with multiple delay components.

Notations. Throughout this paper, R" denotes the n-
dimensional Euclidean space, while R™*" refers to the set
of all real matrices with m rows and n columns. AT rep-
resents the transpose of the matrix A, while A~! denotes
the inverse of A. For real symmetric matrices X and Y,
the notation X > Y (respectively, X > Y) means ma-
trix X — Y is positive-semidefinite (respectively, positive-
definite). I is the identity matrix with appropriate dimen-
sions. || z || refers to the Euclidean norm of the vector z,
ie, || z ||= V&Tz. * denotes the matrix entries implied by
symmetry.

2 Problem statement

Consider the singular system with two additive time-
varying delay components described by

Ex(t) = Az(t) + Bx(t — 11 (t) — 12(t))
z(t) = p(t),t € [-7,0]

where z(t) € R" is the state vector, and ¢(t) € R"™ denotes
an initial function. The matrix £ € R"*™ may be singular,
and it is assumed that rank (F) =r < n, A,B € R™" are
the known matrices. 71(t) and 72(t) represent the two delay
components in the state, it is assumed that

®3)

0<nt) <

Tl(t)<d1<oo (i=172) (4)
and
T(t) = 7(t) +72(t)
T = T1+T2
d = di+d2

where 7;,d; (i = 1,2) are positive constants.

To this end, the following definitions and lemmas are re-
called which will help in the discussion of our main results.

Definition 1Y, The pair (E, A) is said to be regular if
det(sE — A) is not identically zero. The pair (F, A) is said
to be impulse free if deg(det(sE — A)) =rank(E).

Definition 20213, The singular time-delay system (3)
is said to be regular and impulse free if the pair (E, A) is
regular and impulse free.

Definition 3[!416171 The singular time-delay system
(3) is said to be stable if for any £ > 0, there exists a scalar
d(g) > 0 such that, for any compatible initial conditions
p(t) satisfying sup_, <, || ¢(t) || < d(¢), the solution x(t)
of system (3) satisfies || z(¢) | < € for any ¢ > 0, moreover,
lim;—oo 2(t) = 0.

Lemma 119, For any z,y € R" and any symmetric
positive definite matrix R € R™*", the following inequality
holds:

foTy <zTR 'z + yTRy.
Lemma 22" (Schur complement). For a given sym-

Sll Sl2

where
b
* S22

metric matrix S = ST =

S11 €ER™*", the following conditions are equivalent:
1) S <0
2) S11 < 0,822 — 51557, S12 < 0;
3) S22 < 0,811 — 51255, Si2 < 0.

3 Main results

We provide a delay-dependent stability criterion guar-
anteeing the singular time-delay system (3) to be regular,
impulse free and stable.

Theorem 1. Given scalars ; > 0,d; > 0 (i = 1,2),
for any delays 71(¢) and 72(t) satisfying (4), the singular
time-delay system (3) is regular, impulse free and stable, if
there exist matrices P >0, Q; > 0(5 =1,2,3), R > 0 and
X, Y, Zi, My, (k = 1,2), such that linear matrix inequali-
ties (LMIs) (5)—(8) hold.

= 71X
<0 5
|: * —TR ®)
[ 2 AX  ny ]
* —1T1R 0 <0 (6)
* * —7mR
[ = T1Z ’TQX )
* —Ti1R 0 <0 (7)
* * —ToR
(2 1z ny ]
* —T1R 0 <0 (8)
* * -1 R
where
X=[Xx{ X5 o0 0"
Y=y Y o o
z=1zF z3 o 0"
Z11 Ei2 WWE-Z1E -XiFE
= _ * 522 Y2E — ZQE 7X2E
- * * —(1-d1)Q2 0
* * * —Qs3
with

En =E"PA+ ATPE+ Qi+ Q2+ Qs + TATRA + Z1 E+
ETZ{ + AToM + MuT A
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E12=E"PB+7A"RB+X\E-Y\E + E* Z3 + ATUM; +
M V"B

oo =—(1-d)Qi +TB"RB+ X2E + E" X3 — YoE—
EYY,  + BYUM, + MxU'B
and ¥ € R™* (™) is any full-column rank matrix satisfying
ETU =0.
Proof. We first show that the singular time-delay sys-

tem (3) is regular and impulse free for any delays 71 (t), T2(t)
satisfying (4). From LMIs (5)—(8), it is easy to see that

ETPA+ATPE+ Z1E+ETZF + AToMT + MivTA < 0.
(9)

Since rank(E) = r < n, there exist two nonsingular matri-
ces G and H such that

GEH:[ Ir 0}.

0 0
Set
[ An A
GAH =
L A21 A22
[ o
G = | 2
T
HT]M1 _ gll
L M12

where ¥ € R X7 jg 5 nonsingular matrix. Pre-
multiplying and post-multiplying (9) by H™ and H, respec-
tively, and by some simple manipulations, we have

# #

~~ —~ ~ <0 10
# ARYMYS + Mo UT Aoy (10)

where “#” represents matrices that are not relevant in the
following discussion. From (10), we have

AR UMy + MioWT s < 0

which implies matrix Az is nonsingular. Thus, the pair
(E,A) is regular and impulse free. Hence, according to
Definition 2, singular time-delay system (3) is regular and
impulse free for any delays 71(t) and 72(t) satisfying (4).

Next, we will show that singular time-delay system (3)
is stable. Choose the following Lyapunov-Karsovskii func-
tional candidate

V(t) = Va(t) + Va(t) + Va(t) (11)
where

Vi(t) =z" (t)E" PEx(t)

Va(t) _/ttf(ﬂ 2" (s)Qia(s)ds +/t

2" (5)Qaz(s)ds+

—71(t)

/;T z"(5)Qzx(s)ds

-

Va(t) = /t B /9 t i"(s)ET REi(s)dsdd

with matrixes P, Q; (i = 1,2,3), R given in Theorem 1 sat-
isfying LMIs (5)—(8).

Calculating the time derivatives of Vi (¢) (i = 1,2, 3) along
the trajectory of system (3) yields

Vi(t) = 22" (t) ET P(Ax(t)+ Ba(t—7(t))) (12)

Va(t) =" (£)(Q1 + Q2 + Qs)x(t)—
(1= 7@’ (t = 7(1)Qua(t — (1) -
(1= A(®)z" (t = 71(1)Qax(t — (1)) -
2 (t —7)Qax(t —7) <
2 (1) (Q1+ Q2 + Qs)z(t)—
(1= d)z" (t = 7(1)Qua(t — 7(1))—
(1= d))a’ (t = 71(1)Qea(t — 7u(1)—

mT(t —7)Qsx(t — ) (13)
Vis(t) =72  (t)ET RE&(t) — / t i"(s)ET REi(s)ds =
;—TT(t)
i (t)ETRE#(t) — / i"(s)ETREi(s)ds—

t—71(t) T T
/ z (s)E" RE%(s)ds—
t—1(t)

/tt i"(s)ET REi(s)ds. (14)

—71(¢)

Define £(t) = [z (t) 2T (t—7(t)) T (t—m(t)) 2T (t—7)]T,
from Lemma 1, the following inequalities (15)—(17) hold for
matrices X = [X{ X7 0 0T, Y =¥ Y5 0 0]T and
Z =[zFf Z3 0 0]T with appropriate dimensions.

t—7(t)
—/ " (s)ET REi(s)ds <
t

(r—7(t)E (OXRXTE)+
2§T(t)XE(x(t —7(t) —z(t—71)) (15)

t—71(t) T T
—/ z (s)E”" REd(s)ds <
t—7(t)

() ()Y RTYTE(t)+
28 (Y E(x(t — mi(t) —a(t—7(t)))  (16)

t
—/ " (s)ET REi(s)ds <
t

—71(t)
T (ZRZTE(+
2T (1) ZE(x(t) — x(t — 11 (1))). (17)
It then follows from (14)—(17) that

Va(t) <T(Az(t)+ Bx(t — 7(t))) " R(Az(t)+ Bx(t — 7(t)))+
W) —n)XR'XT + (1) ZR' 2+
(2 — (W)X R XT + () YR™YD)e(t)+
2T (XE(x(t — 7(t) — z(t — 7))+
YE(x(t—m7i(t) —z(t —7(t))+
ZE(x(t) — z(t — 11.(t)))). (18)
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On the other hand, for matrix M = [M{ Mz 0 0]F
with appropriate dimensions, the following equation is true:

26T ()MUT (Ax(t) + Bz(t — 7(t))) = 0. (19)
Combining (12), (13), (18) and (19), we can get
V) <ETWEF (m—n()XRXT + () ZRT 2T+
(2 — () XR' X" + ) YR'Y)E(D).  (20)
Using the similar methods of [8, 9], (20) can be written as

V) <€ (P () 72 77272(7:) (E+7XR X"+

T — 7'1(t) Tz(t)
71 T2
Tl(t) T2 — Tg(t)
T1 T2

E+nXR X" +nYR'Y )+

(E+nZR'ZT + nXRT'X )+

(E+nZR'ZT + Y RT'YT))E(®)

using Lemma 2. From LMIs (5)—(8), it is easy to see that

V(t) < 0 for any x(t) # 0. Hence, there exists a sufficiently
small scalar € > 0, such that

V(t) < —e |l a(t) |?

which implies that singular time-delay system (3) is
stable['®:17], g

Remark 1. If we combine time-delays 71(¢) and 72(t)
into one delay 7(t), the stability of singular time-delay sys-
tem (3) can be readily checked by using some existing con-
ditions, such as [14,16,17]. However, as discussed in [4, 5],
this approach would be inevitably conservative for some sit-
uations as it does not make full use of the information of
71(t) and 72(t).

Remark 2. Though we only consider systems with two
additive delay components, Theorem 1 can be readily ex-
tended to singular systems with multiple additive delay
components, i.e.,

Ei(t) = Ax(t) + Bx(t — Y _ 7(t)).
i—3
When 71 (t) = 71, i.e., 71(t) is a constant delay, choosing

Z = [—iRE 0o Lre 0"
T1 T1
in (17), we can obtain the following delay-dependent stabil-
ity criterion from the procedure for the proof of Theorem
1.

Corollary 1. Given scalars 71 > 0,72 > 0,d2 > 0, for
any delay 72(t) satisfying 0 < 72(¢) < 72 and 72(t) < do,
the singular time-delay system (3) with 71(¢) = 71 is regu-
lar, impulse free and stable, if there exist matrices P > 0,
Q; > O(] = 1,2,3), R > 0 and X, Yy, My (k' = 1,2,3),
such that the following LMIs (21)—(22) hold:

T T2X

21
* 77’2R <0 ( )
T TQY

22
* —TQR <0 ( )

where
X=[Xx{ X5 o0 0"
y=[v" v o oF
Tii T2 YViE+ L emrE -X\E
T1
*  Tao Y2 E —XoF
T == 1
* ¥ —Q2— —ETRE 0
T1
* * * —Qs3
with
Y11 =E"PA+ A"PE+ Q1+ Q2+ Qs + TATRA—

1
T1

ETRE + AT MT + M7 A

Yo =E"PB+7ATRB+ X1E —Y1E + ATUM; +
M U"B

Yoo =— (1 —do)Q1 +7B"RB + XoE + ET X5 — Y2 E—
E'Y," + BT MS + M, UTB

and U eR™ (™~ is any full-column rank matrix satisfying
ET¥ =0.

Remark 3. Note that when 71(t) = 71 is a constant
delay, system (3) can be regarded as a class of singular sys-
tems with a single delay in a rangel'®'7: 7 < 7(t) < 7.
Corollary 1 provide a new delay-dependent stability crite-
rion for this class of singular time-delay systems.

If matrix E is nonsingular, then the stability problem
of system (3) is reduced to analyzing the stability of the
regular system

z(t) = Az(t) + Bz(t — 11 (t) — m=(t))
z(t) = o(t), te[-7,0].
This problem has been widely studied in the recent

literatures* =%, For the system (23), we choose the fol-
lowing Lyapunov-Krasovskii functional:

(23)

t

V(t) =z (t)Px(t) +/ z" (5)Qz(s)ds+

t—7(t)

/tt xT(S)Qﬂ(S)dS—i—/j 2" (5)Qsx(s)ds+

1 (0) —r
/t i /9 ' (5) Rir(s)dsdd (24)

where P >0, Q; > 0(j = 1,2,3), R > 0.

From Theorem 1, we can obtain the following delay-
dependent stability criterion for system (23).

Corollary 2. For given scalars 7; > 0,d; > 0 (i = 1,2),
delays 71(t) and 72(t) satisfying (4), the time-delay system
(23) is stable, if there exist matrices P > 0, Q; > 0 (j =
1,2,3), R > 0 and X, Y%, Zk (k = 1,2), such that the fol-
lowing LMIs hold:

Q 17X

2
* —TR <0 (25)

Q X Y
x -7 R 0 <0 (26)
* * -1 R
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Q 7'12 TQX
-nR 0 <0 (27)
—’TQR

*

* *

Q 7'12 TQY

* —T1iR 0 <0 (28)
* * -1 R
where
X=[x{ X3 o0 0
Y = [YlT Y2T 0 O}T
Z=[z{ Zy 0 0T
Qn le Y1 - Zl *Xl
Q= * QQQ Y2 — 22 —X2
- * * —(1-d1)Q2 0
* * * —Qs3
with

Qu=PA+A"P+ Q1+ Q2+ Qs +TA"RA+ Z1 + Z]
Q12 =PB+7A"RB+ X1 — Y1+ Z3

Qoo =—(1—d)Q1 +7B"RB+ Xo+ X; —Ys — V5.

Remark 4. The obtained criteria in this paper are de-
rived by defining the simple type of Lyapunov-Krasovskii
functionals (11) and (24), which not only make full use of
the information about 71(t) and 72(¢), but also have fewer
decision variables than the corresponding ones in some ex-
isting literatures!4—% 16171, Thus, our new proposed crite-
ria are less conservative and the numerical complexity is
smaller than some existing results, which will be demon-
strated by numerical examples.

Remark 5. The conditions in Theorem 1, Corollaries
1 and 2 are all delay-dependent and rate-dependent. How-
ever, if we set Q1 and Q)2 in them as zero, they reduce to
delay-dependent and rate-independent ones, which can be
used when the delay is not differentiable or the derivative
of the delay is unknown.

Remark 6. The obtained results in this paper are for-
mulated in terms of strict LMIs. It can be easily solved
using any LMI toolbox, e.g, Matlab or Scilab.

4 Numerical examples

In this section, two numerical examples are used to il-
lustrate that the proposed methods are effective and less
conservative than some previous results.

Example 1. Consider singular time-delay system (3)
with

s _ | 1o
0 0
A | o5 0]

0 -1
s | -1
0 05

First, it is assumed that 71(t) < 0.2, 72(t) < 0.5. Our
purpose is to find the upper bound 7 of delay 7(t), when
the delay 71 is known, such that the system is regular, im-
pulse free and stable. The calculation results obtained by
Theorem 1 in [14], Theorem 1 in [16], Theorem 1 in [17],
and Theorem 1 in this paper for different cases are listed in
Table 1. Next, it is assumed that 71 (¢t) = 71, 72(¢) < 0.7.
Our purpose is to find the upper bound 7 of delay 7(¢) when
the delay 7 is known, such that the system is regular, im-
pulse free and stable. The calculation results obtained by
Theorem 1 in [16], Theorem 1 in [17], and Corollary 1 in
this paper for different cases are listed in Table 2. It is clear
that Theorem 1 and Corollary 1 in this paper gives much
better results than those obtained by [14,16,17].

Table 1 Comparison of delay upper bound 7 for various 71
and dl = 02, dz =0.5

1 0.1 0.2 0.3
[14] 0.851 0.751 0.651
[16,17] 0.920 0.820 0.720
Theorem 1 1.038 1.038 1.038

Table 2 Comparison of delay upper bound 7 for various 71
and d; =0, de = 0.7

1 0.1 0.3 0.5 0.7 0.9

[16,17] 1.023 1.030 1.037 1.046 1.056
Corollary 1 1.039 1.043 1.047 1.052 1.059

Example 2. Consider time-delay system (23)

Our purpose is to find the upper bound 72 of delay 72(t),
or 71 of delay 71(¢t) when the delay 71 or 72 is known, such
that the system is stable. The calculation results obtained
by Theorem 1 in [4], Theorem 1 in [5], Theorem 1 in [6],
Corollary 1 in [7], Theorem 1 in [8], and Corollary 2 in this
paper for different cases are listed in Tables 3 and 4. It is
clear that Corollary 2 in this paper gives much better results
than those obtained by [4—7]. Moreover, the Corollary 2 in
this paper contains fewer decision variables than those con-
ditions in [4—8], which can be seen from Table 5. Hence, it
is mathematically less complex and computationally more
efficient.
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Table 3 Comparison of delay upper bound 72 for various 71

e 1.0 1.2 1.5
[4] 0.415 0.376 0.248
(5] 0.512 0.406 0.283
[7], (N = 1) 0.637 0.422 0.285
[7], (N = 2) 0.694 0.478 0.331
(6] 0.872 0.672 0.371

[8], Corollary 2 0.873 0.673 0.452

Table 4 Comparison of delay upper bound 71 for various 72

T2 0.1 0.2 0.3
[4] 2.263 1.696 1.324
(5] 2.300 1.779 1.456
[7], (N = 1) 2.409 1.814 1.459
[7], (N = 2) 2.472 1.866 1.504
(6] 1.772 1.672 1.572

[8], Corollary 2 2.558 2.100 1.808

Table 5 Number of decision variables

Method Number of decision variables
[4] 12.5n2 + 4.5n
[5] 19.5n% 4 3.5n
[7, (N =1) 11.5n2 + 4.5n
[7], (N = 2) 22.5n% + 8.5n
[6] 32.5n% + 8.5n
8] 15.5n% + 3.5n

Corollary 2 8.5n2 + 2.5n

5 Conclusions

This paper has investigated the stability problem for sin-
gular systems with two additive time-varying delay compo-
nents. On the basis of a simple type of Lyapunov-Krasovskii
functional and by utilizing free-weighting matrices, a delay-
dependent stability criterion is established for the consid-
ered systems to be regular, impulse free, and stable in terms
of LMIs. The obtained results can be used to deal with
the problems of stability analysis for singular systems with
single delay in a range and regular systems with two addi-
tive time-varying delay components. The resulting criteria
have advantages over the previous ones because they involve
fewer decision variables. Furthermore, they are less conser-
vative than some existing ones. Two numerical examples
are given to illustrate the applicability of the results.

References

1] K. Q. Gu, V. L. Kharitonov, J. Chen. Stability of Time-
delay Systems, Boston, Massachusetts, USA: Birkh&used,

2]

[3]

[4]

[5]

7]

(9]

(10]

(11]

(12]

2003.

M. Wu, Y. He, J. H. She. Stability Analysis and Robust
Control of Time-delay Systems, Beijing, China: Science

Press, 2010.

P. Park, J. W. Ko, C. Jeong. Reciprocally convex approach
to stability of systems with time-varying delays. Automat-

ica, vol. 47, no. 1, pp. 235-238, 2011.

J. Lam, H. J. Gao, C. H. Wang. Stability analysis for contin-
uous systems with two additive time-varying delay compo-
nents. System and Control Letters, vol. 56, no. 1, pp. 16—24,
2007.

H. J. Gao, T. W. Chen, J. Lam. A new delay system ap-
proach to network based control. Automatica, vol. 44, no. 1,

pp. 39-52, 2008.

H. X. Wu, X. F. Liao, W. Feng, S. T. Guo, W. Zhang. Ro-
bust stability analysis of uncertain systems with two addi-
tive time-varying delay components. Applied Mathematical

Modelling, vol. 33, no. 12, pp. 4345-4353, 2009.

B. B. Hamed, M. Chaabane, W. Kalem. Absolute stabil-
ity of nonlinear systems with two additive time-varying de-
lay components. International Journal of Automation and

Computing, vol. 8, no. 4, pp. 391-402, 2011.

H.Y. Shao, Z. Q. Zhang. Stability and stabilization for sys-
tems with two additive time-varying delay components. In
Proceedings of the 30th Chinese Control Conference, IEEE,
Yantai, China, pp. 1119-1124, 2011.

H. Y. Shao, Q. L. Han. New delay-dependent stability cri-
teria for neural networks with two additive time-varying
delay components. IEEE Transactions on Neural Networks,

vol. 22, no. 5, pp. 812-818, 2011.

J. K. Tian, S. M. Zhong. Improved delay-dependent sta-
bility criteria for neural networks with two additive time-
varying delay components. Neurocomputing, vol. 77, no. 1,

pp. 114-119, 2012.

L. Dai. Singular Control Systems, Berlin, Germany:

Springer-Verlag, 1989.

S. Y. Xu, P. Van Dooren, R. Stenfan, J. Lam. Robust stabil-

ity and stabilization for singular systems with state delay



J. M. Jiao / A Stability Criterion for Singular Systems with Two Additive Time-varying Delay Components 45

(13]

14]

(15]

(16]

(17]

and parameter uncertainty. IEEE Transactions on Auto-

matic Control, vol. 47, no. 7, pp. 1122-1128, 2002.

E. K. Boukas. Delay-dependent robust stabilizability of sin-
gular linear systems with delays. Stochastic Analysis and

Applications, vol. 27, no. 4, pp. 637-655, 2009.

J. H. Kim. Delay-dependent robust and non-fragile guaran-
teed cost control for uncertain singular systems with time-
varying state and input delays. International Journal of
Control, Automation and Systems, vol.7, no.3, pp.357—
364, 2009.

X. Sun, Q. L. Zhang, C. Y. Yang, Z. Su, Y. Y. Shao. An im-
proved approach to delay-dependent robust stabilization for
uncertain singular time-delay systems. International Jour-
nal of Automation and Computing, vol.7, no.2, pp.205-
212, 2010.

J. X. Lin, S. M. Fei. Reliable control for a class of un-
certain singular systems with interval time-varying delay.

Asian Journal of Control, vol. 13, no. 4, pp. 542-552, 2011.

L. J. Zhang, J. M. Zhao. Delay-range-dependent robust sta-

bility and stabilization for uncertain singular systems. Sys-

(18]

(19]

20]

tems Engineering and Electronics, vol. 33, no.8, pp. 1865—
1870, 2011. (in Chinese)

J. M. Jiao. Robust stability and stabilization of discrete
singular systems with interval time-varying delay and linear
fractional uncertainty. International Journal of Automation

and Computing, vol.9, no. 1, pp.8-15, 2012.

Y. Y. Cao, Y. X. Sun, C. W. Cheng. Delay-dependent ro-
bust stabilization of uncertain systems with multiple state
delays. IEEE Transactions on Automatic Control, vol.43,
no. 11, pp. 1608-1612, 1998.

S. Boyd, L. El Ghaoui, E. Feron, V. Balakrishnan. Lin-
ear Matrix Inequalities in System and Control Theory,

Philadelphia, USA: STAM, 1994.

Jian-Min Jiao received his B.Sc. de-
gree from Department of Mathematics at
Northwest University, China in 2001, and
M. Sc. degree from the College of Mathe-
’ matics and Information Science at Shan’xi
( ¥ Normal University, China in 2009. He is
currently a lecturer in Department of Math-
ematics at Baoji University of Arts and Sci-
ences, China.
His research interests include time-delay

systems, singular systems and robust control.

E-mail: jmjiao@126.com



