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1. Introduction

During the past few decades, considerable attention has been paid to the stability of time-delay systems (see, e.g.,
[1-4], and references therein). Usually, the range of delays considered in most of the existing references is from zero to
an upper bound [5]. In practice, however, the delay may vary in a range for which the lower bound is not restricted to being
zero. A typical example with interval time delay is the networked control system, which has been widely studied in the
recent literature (see, e.g., [6,7]). With the development of networked control technology, many efforts have been made to
investigate the stability of systems with interval time-varying delay (see [8-17]).

Since delay-dependent criteria are generally less conservative than delay-independent ones [4], many researchers have
focused on delay-dependent stability. Many significant results have been reported in the recent literature [18,1,2,19,6,3,
20-22,8-11,23,24,12-14,5,25,4,15-17,26]. For example, a novel Lyapunov-Krasovskii functional was introduced in [9]. An
augmented Lyapunov-Krasovskii functional approach was developed in [11,13]. A Jensen integral inequality approach was
employed in [10,24,12,14,17]. A novel piecewise analysis method was proposed in [15]. Delay-range-dependent stability
was investigated in [21] by using the free-weighting matrix approach [22,25]. The stability problem of discrete-time systems
with interval time-varying delay was studied in [19,16].

In practice, real systems usually present some uncertainties due to environmental noise, uncertain or slowly varying
parameters, etc. Therefore, the stability problem of time-delay systems with nonlinear perturbations has received increasing
attention (see, e.g., [ 18,20,26,27]). A model transformation method was used in [18]. A bounding technique for some cross
terms was proposed in [23]. A descriptor model transformation together with a decomposition technique using the delay
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term matrix was employed in [20]. Recently, a less conservative delay-dependent stability criterion was provided in [26]
by employing the free-weighting matrix approach. Robust stabilization for nonlinear discrete-time systems was studied
in [27]. In the above references, reducing the conservatism of the existing stability criteria is a central issue. As we know, a
bounding technique [23] or model transformation [1] may increase the conservatism. The free-weighting matrix method,
by contrast, is helpful for reducing the conservatism of stability criteria [25]. On the other hand, choosing an appropriate
Lyapunov-Krasovskii functional and estimating the upper bound of its time derivative are very important in deriving the
stability criteria.

In this paper, we deal with the delay-dependent stability problem for a class of linear systems with nonlinear
perturbations and interval time-varying delay. We first introduce a new Lyapunov-Krasovskii functional by taking the range
information of the delay into account. The delay-dependent stability of systems is then analyzed by using the functional. An
approach is proposed in estimating the upper bound of the time derivative of the functional. New delay-range-dependent
stability criteria are obtained by introducing free-weighting matrices and free-weighting parameters. The proposed stability
criteria are formulated in terms of a set of linear matrix inequalities (LMIs). Finally, two numerical examples are given to
show the effectiveness of the proposed approach.

Notations. R" denotes the n-dimensional Euclidean space. The superscript “T” stands for matrix transposition. X > Y
(respectively, X > Y), where X and Y are real symmetric matrices, means that the matrix X — Y is positive definite
(respectively, positive semi-definite). I is an identity matrix with appropriate dimension. In symmetric block matrices, we
use an asterisk () to represent a term that is induced by symmetry. Matrices, if not explicitly stated, are assumed to have
compatible dimensions.

2. Problem formulation

Consider the following system with a time-varying state delay and nonlinear perturbations:

x(t) = Ax(t) + Apx(t — h(t)) + f(x(t), t) + g(x(t — h(t)), t) (1)
x(t) = ¢(t), Vte[—hy,O0]
where x(t) € R" is the state vector; A and A, are known matrices in R"*". The delay h(t) is time varying and satisfies
0 <hy <h(t) <hw, h(t) < hq, (2)

where h;,, and hy, are constants representing respectively the lower and upper bounds of the delay, hy is a positive constant.
The initial condition ¢(t) is a continuous vector-valued function. Moreover, the functions f (x(t), t) and g(x(t — h(t)), t)
are unknown and denote the nonlinear perturbations with respect to the current state x(t) and delayed state x(t — h(t)),
respectively. They satisfy that f (0, t) = 0, g(0, t) = 0 and

FTx@), Of x(t), t) < o®x" (0)FTFx(t), (3)
g' (x(t — h(t)), Hg(x(t — h(t)), t) < X" (t — h(t))G' Gx(t — h(t)), (4)

where @ > 0 and 8 > 0 are known scalars, F and G are known constant matrices.

In this paper, we investigate the stability problem of system (1) with the interval time-varying delay satisfying (2) and
the nonlinear perturbations f (x(t), t) and g(x(t — h(t)), t) satisfying (3) and (4). Our main objective is to derive new delay-
range-dependent stability conditions under which system (1) is asymptotically stable.

3. Main results

In this section, we present new delay-range-dependent stability conditions for system (1) with the delay satisfying (2)
and the perturbations satisfying (3) and (4).

Theorem 1. System (1) subject to (2)-(4) is asymptotically stable for given 0 < h,, < hy and hy if there exist scalars ¢; > 0,
& > 0and matrices P > 0,Q; > 0,Q > 0,Q3 > O,R; > O,R, > 0, X >0,V >0,L" =[] [ I} I}]
M"=[M{ M; M M;]andN" =[N{ N; Nj Nj]ofappropriate dimensions such that the following LMIs hold:

[® +hpX+pY M—L —N h,STRy /pS'R,
0

* —Q 0 0
* * —Q3 0 0 <0, (5)
* * * —R; 0

L * * * * —R;

(X L Y M Y N
N Rl]zo, [* Rz]zo, [* Rz]zo, (6)
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where p = hy —hp, S=1[A Ay I 1]

&y P PHL} P+
o | * P Nj—M; Nf—M;
* * —eql 0 ’
* * * —&yl
&1y =PA+AP+ L +LF +Q + Q + Qs+ 610*FF,
@13 = PAy + L) + Ny — My,

@ = —(1—hg)Q + Nz + N — M, — M, + &,G"G.

Proof. Choose a Lyapunov-Krasovskii functional candidate as
V(t) = Vi(t) + Va(t) + V3(t) + Va(b),
where

Vi(6) = x(0)"Px(t),

t t t
Va(t) = f X (5)Qix(s)ds + / X' (s)Qx(s)ds + / X' (5)Qsx(s)ds,
t—hm t t—hy

—h(t)

0 t
Vi(t) = f / %7 (s)R1%(s)dsd6,
—hm Jt+0

—hm t
Va(t) = / / X7 (s)Ry%(s)dsd6.
- t+6

hy

Calculating the time derivatives of V;(t),i = 1, ..., 4, along the trajectory of system (1) yields

Vi(t) = 2x" (P[AX(t) + Anx(t — h()) +F(x(t), £) + g(x(t — h(1)), D)],

Va(t) = X (O[Q1 + Q2 + QsIx(6) — (1 — h(0)x" (t — h(£))Qax(t — h(t))
—X"(t — hy)Qux(t — hy) — X" (t — hy)Q3x(t — hyy)
< X' (OIQ + Q + Q3Jx(t) — (1 — h)x" (t — h(£))Qax(t — h(t))
—x"(t — hp)Qux(t — hy) — X" (t — hy)Q3x(t — hyy)

t
Vs(t) = hpk" (ORX() — f X7 (s)R1x(s)ds,
t—hm
t—hm t—h(t)
%7 (s)Ryx(s)ds — f X7 (s)Ry%(s)ds.

t—hy

Va(t) = px" (DR (t) — /

t—h(t)

(7)

(10)

(11)

(12)

Define £/ (t) = [x"(t) x"(t —h(®) fT(x(@),t) g'x(t— h(t),t))]. Then, the following equations hold for any

matrices L, M and N with appropriate dimensions:

t

26T (0)L [x(t) —x(t — hy) — /

t—hm

k(s)ds] =0,

t—hm
2T ()M |:x(t — hy) — x(t — h(t)) — / k(s)dsi| =0,
t

—h(t)
t—h(t)

26T ()N |:x(t — h(t)) — x(t — hy) — /
t

7hM

k(s)ds} =0.
Moreover, for matrices X and Y with appropriate dimensions, we have

t
T (OXE () — / el oxamds =0,

t—hm

t—h(t)
P& (O)YE(0) — f EN(OYE ()ds — / EJ(DYE (t)ds = 0.

t—h(t) t—hy

(13)

(14)

(15)

(16)

(17)
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On the other hand, for any scalars ¢; > 0, &, > 0, it follows from (3) and (4) that
exla®)T (OFTFx(t) — fT (x(t), Of (x(t), )] = 0, (18)
e2 B2 (t — h(t))G Gx(t — h(t)) — g" (x(t — h(1)), g(x(t — (1)), )] = 0. (19)
Adding the terms on the left sides of (13)-(19) to the sum of Vi(t),i = 1, ..., 4, yields
V(t) < 2x" (OP[AX(t) + Apx(t — h(D)) + f(x(0). 1) + g(x(t — h(D)), D] + X" (D[Q + Q2 + Q3]x(t)
— (1= hg)x"(t — h())Qax(t — h(£)) — X" (t — hy)Qx(t — hy) — X' (¢ — ) Qax(t — hy)

t t—hm t—h(t)
+ hp" (ORx(t) — / X7 (S)R1x(s)ds + px" ()Rox(t) — / %7 ()Ryx(s)ds — / %7 (s)Ryx(s)ds
t—hm t—h(t) t—hy

t t—hm
+ 28l (L |:x(t) —x(t — hy) — f )'((s)ds:| +2&T ()M [x(t — hy) — x(t — h(t)) — / k(s)ds:|
t—hm t

—h(t)

t—h(t) ¢
+2ET(ON [x(t—h(t)) (=) — f x(s)ds] - htT (OXE (0) — / ET(OXE (Dds
t—h t—hm
t—hm Mt*h(f)
+pET(OYE() — / ET(O)YE (0)ds — / ET(OYE(0)ds + e17ax (OFTFx(D)
t—h(t) t—hy

—FTx(®), OF x(1), O] + &2 82X (£ — h(£))GTGx(t — h(6)) — g" (X(t — h(D)), g(x(t — h()), )]

= £ (1) [@ + hnS"RiS + pSTR,S] £3(0) — / £ (t,s) [fr RLl] & (t,s)ds

t—hm

t—hm t—h(t)
-/ s{ms[,} RMZ]sz(t,s)ds— / s{(t,s)[} gjsz(r,s)ds, (20)

—h(t) —hy

where

(M) =[&@®) x'(t—hm) x(t—hw], gt,s)=[e@® %],
and

@ +hX+pY M—L -N )
0= * - 0 |, S=[s o0 0.
* * —Q3

Applying the Schur complement, we know that ® + hm§TR1S + pSTR,S < 0is equivalent to (5). Thus, if (5) and (6) hold,
then (20) implies that there exists a scalar § > 0 such that V(t) < —8§||x(t)||? [3]. Therefore, system (1) is asymptotically
stable under the conditions of Theorem 1. O

Remark 1. In the proof of Theorem 1, we introduce a new estimation on the upper bound of the time derivative of V (t).
More precisely, the identity equalities (16) and (17) are employed. In contrast, the following inequalities (here the ¢ (t), Z,
Z5,N, S and M are defined in [21]):

t

e ONE N E@ — [ T ONZ N s =
t—h(t)

t—h(t)
e (OS@ +2) ST (0) / (T(OS@ +22) 'L (Hds > 0
t—hpy
and
t—hpy
ptT(OMZ; M ¢ (1) — / ¢ (Mz; 'MT¢ (t)ds = 0
t—h(t)

were employed in [21]; and h(t), hy; — h(t) and h(t) — h;,, were enlarged to hy, p and p, respectively. It is easy to see that
their treatment is more conservative than the expression in the proof of Theorem 1.

Remark 2. In some existing literature, for example [26], the term of ftihM xT(s)R,x(s)ds in the time derivative of V (t)
was often estimated as f[ih(t) xT(s)Ryx(s)ds and the term fffh(t) xT (s)Ryx(s)ds was ignored. This treatment, as shown in

—hy
Example 2, may lead to conservativeness. In the proof of Theorem 1, the term ftt:h’:\y) xT (s)Ryx(s)ds is retained.
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Remark 3. The range of varying delay considered in many existing references is from 0 to an upper bound. For example, [18]
investigated the stability problem for system (1) in the case of h,;, = 0. When h,, = 0, i.e., the time-varying delay satisfies
0<h(®) <hy, h(t)<h, 1)

the robust stability problem of system (1) is reduced to the problems discussed in [20] or [26]. Following the same lines as
in the proof of Theorem 1, we can obtain the following result.

Theorem 2. System (1) subject to (3)-(4) and (21) is asymptotically stable for given hy; > 0 and hy > O if there exist
scalars &1 > 0, &, > 0 and matrices P > 0,Q; > 0,Q > 0,Z > O,R > O M" = [M] M, M; M;]and
NT=[N] Nj Nj Nj]ofappropriate dimensions such that the following LMIs hold:

®+hyZ —N huS™R
* —Q 0 <0, [Z m >0, [Z 1;1] >0, (22)
* * —R
where S = [A An 1 I],
&y, @, P+M; P+M,
o | * P2 Ny—M; Nj—M; ’ (23)

* * —eql 0
* * * —é&l

with
@11 =PA+A"P +M; +M] + Qi +Q, + &10’F'F,
@1y = PAy + M, + Ny — My,
@y = —(1—hg)Q; + Ny + NI — My — Mj + £,8°G'G.

Remark 4. If there is no perturbation, that is, f (x(t), t) = 0, g(x(t — h(t)), t) = 0, then the stability problem of system (1)
is reduced to analyzing the stability of the system

{X(t) = Ax(t) + Apx(t — h(t))

x(t) = ¢(t), Vt e [—hy,O0]. (24)

This problem has been widely studied in the recent literature (see, e.g., [21,8-14,17]). For system (24), we have the following
conclusion, which can be obtained directly from Theorem 1.

Corollary 1. System (24) subject to (2) is asymptotically stable for given 0 < h,, < hy and hy if there exist matrices P > 0,
Q>0Q>00Q>0R>0Rk>0x=" f]=0y=[" >0 =[] M =M M]and

* X2 * 9%

NT =[N{ Nj] of appropriate dimensions such that the following LMIs hold:

(W W, My—Li —N; VhaA'Ry  J/pA'R,
*  Wy» My—L, —No hwAfRi /pAiR;
*or ~a 0 0 0 |<o (25)
* * * —Q3 0 0
* * * * —Rq 0
L * * * * —R,
(X L Y M Y N
x R1:| Z 0’ [* R2:| Z 0’ |:* R21| Z O’ (26)

where p = hy — hy,
W1 =PA+ATP + L + L] + Qi +Q + Q3 + hyXis + pYi1,
Wiy = PAy + L) + Ny — My + hpnXi2 + pY12,
Wy = —(1—hg)Q + Ny +N; — M, — My + huXay + pYa.

When the information of hy is unknown, for system (24) the following result can be obtained directly from Corollary 1 by
setting Q; = 0.
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Table 1

Allowable upper bound of hy, for different hg, o and .
o and B8 a=0, 8=0.1 a=0.1, 8 =0.1
hq hg = 0.5 hy =0.9 hg = 1.1 hg = 0.5 hyg =0.9 hg =1.1
Theorem 2, [18] 0.546 0.279 - 0.495 0.255 -
Theorem 1, [20] 0.674 - - 0.571 - -
Theorem 1, [26] 1.142 0.738 0.735 1.009 0.714 0.714
Theorem 2 1.442 1.280 1.280 1.284 1.209 1.209

Corollary 2. System (24) subject to (2) is asymptotically stable for given 0 < h,, < hy; and unknown hy if there exist matrices
P>00Q >00Q;>0R >0R >0X= [X“ X”] >0,Y = [Y“ y“] >0,l" =[] LM =[M M;]and

* X2 * Y22
NT = [NlT NZT ] of appropriate dimensions such that (26) and the following LMI holds:

Tiu T Mi—L —Ni VhaATRy  JpATR,
T My—L, —N; \/EAE& VPAIR,

%

* * —Q1 0 0 0 <0, (27)
* * * —Q3 0 0

* * * * —R4q 0

* * * * * —R,

where p = hy — hy,
Ti=PA+A"P+ L + L} +Q + Qs+ hpnXi1 + pYn1,
Y12 = PAp + L) + Ny — My + hn X1z + pYi2,
Ty =No + N, — My — Mj + hpXpy + pYas.

4. Numerical examples

In this section, we give two numerical examples in order to compare several existing criteria and those obtained in this
paper. All the numerical results are calculated via the LMI toolbox of MATLAB.

Example 1 ([20]). Consider the system described by (1) with the following parameters:

~12 0.1 —06 07
A:[—O.l —1]’ Ah:[—1 —0.8]’ F=G=L (28)

Assume that the nonlinear perturbations f (x(t), t) and g(x(t — h(t)), t) satisfy (3) and (4) respectively and the delay h(t)
satisfies (21). Now we calculate the allowable upper bound of hy; that guarantees the robust stability of system (1) under
different o and B listed in Table 1. On the basis of the stability criteria given in [18,20,26] and Theorem 2 in this paper,
computational results are obtained and these are shown in Table 1. From the table, it can be seen that Theorem 2 provides
much less conservative results than others. Moreover, when hy; > 1, the stability criteria proposed in [18,20] cannot be
applied to check the robust stability of system (1).

Example 2 ([21]). Consider the system (24) with

Az[g —g.g]* Ahz[j —01}' (29)

Assume the time delay satisfies (2). For given h,;, and hgy, we calculate the allowable upper bound of hy; that guarantees
the asymptotical stability of system (24). Using different methods, computational results are obtained and these are listed
in Table 2. It is seen that the stability criteria in [12] and Corollary 1 in this paper are not covered by each other, although
they are less conservative than those in [21,10,11].

For unknown hy, the comparison of allowable upper bounds of hy, is listed in Table 3. It is seen that the stability criteria
in [9] and Corollary 2 are not covered by each other, although they are less conservative than those in [21,14]. Note that,
for unknown hy, the results in [15] are better than those for Corollary 2 in this example. However, the criteria in [15] are
complex and involve more matrix variables than ours. Moreover, it seems that Corollary 2 can give less conservative results
when the lower bound of the varying delay, i.e., h,, is small.

5. Conclusion

We have studied the robust stability problem for a class of linear systems with interval time-varying delay and nonlinear
perturbations. An appropriate Lyapunov-Krasovskii functional is proposed for deriving the delay-range-dependent stability
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Table 2

Allowable upper bound of hy for various hy, and hg.
hp hm =0 hm = hm =
hy hg =05 hg = 0.9 hg =0.5 hg = 0.9 hg = 0.5 hg =0.9
Theorem 1, [21] 2.04 1.37 2.07 1.74 2.43 2.43
Theorem 1, [10] 2.04 1.37 2.07 1.74 2.43 2.43
Theorem 1, [11] 2.04 1.37 2.07 1.74 243 243
Corollary 2, [24] 2.33 1.87 - - - -
Theorem 1, [12] 2.08 1.66 2.15 2.12 2.71 2.71
Corollary 1 2.33 1.87 2.33 2.07 2.61 2.61

Table 3

Allowable upper bound of hy, for various h;;, and unknown hy.
hm 0 0.5 1 15 2 3 4
Theorem 1, [21] 1.34 1.47 1.74 2.06 243 3.22 4.06
Proposition 2, [9] 1.34 1.51 1.80 2.14 2.52 333 4.18
Corollary 2, [14] 1.34 1.49 1.76 2.08 2.44 3.22 4.06
Theorem 1, [15] 1.98 2.05 2.16 2.37 2.64 - -
Corollary 2 1.86 1.90 2.06 2.31 2.61 3.31 4.09

criteria. A new approach, different from the existing analysis methods, is introduced in estimating the upper bound on the
difference of Lyapunov functions without ignoring any useful terms. Numerical examples have illustrated the effectiveness
of the proposed method.
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