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Abstract:

This article deals with the problem of obtaining delay-dependent stability conditions
for a class of discrete-time systems with interval time-varying delay. Using the de-
composition the delay interval into two unequal subintervals by tuning parameter «,
a new interval delay-dependent Lyapunov-Krasovskii functional is constructed to de-
rive novel delay-dependent stability conditions which are expressed in terms of linear
matrix inequalities. This leads to reduction of conservatism in terms of the upper
bounds of the maximum time-delay. The numerical examples show that the obtained
result is less conservative than some existing ones in the literature.

Keywords: time-delay systems, interval time-varying delay, asymptotic stability,
delay-dependent stability, Lyapunov-Krasovskii methods.

1 Introduction

Time-delay frequently occurs in many practical systems, such as manufacturing systems,
telecommunication and economic systems etc. Since time-delay is an important source of insta-
bility and poor performance, considerable attention has been paid to the problem of stability
analysis and controller synthesis for continuous time-delay systems (see e.g. [3-5, 10, 11, 17-21,
23-26| and the reference therein). Inversely, less attention has been drawn to the corresponding
results for discrete-time delay systems (see e.g. [1, 2, 6-9, 12-15, 22, 24]). This is mainly due
to the fact that such systems can be transformed into augmented systems without delay. This
augmentation of the system is, however, inappropriate for systems with unknown delays and for
systems with time-varying delay which are the subject analysis in this work.

Recently, increasing attention has been devoted to the problem of delay-dependent stability
of linear systems with time-varying delay, including continuous-time (see e.g. |5, 10, 11, 18-21,
23], 25, 26]) and discrete-time systems (see e.g. [1, 2, 7-9, 12, 14, 15, 24]) and a great number of
delay-dependent stability criteria were derived. The key point for deriving the delay-dependent
stability criterions is the choice of an appropriate Lyapunov—Krasovskii functional (LKF). It is
known that the existence of a complete quadratic Lyapunov-Krasovskii functional (CQLKF) is
a sufficient and necessary condition for asymptotic stability of the time-delay system. Using the
CQLKF, one can obtain the maximum allowable upper bound (MAUB) of delay which is very
close to the analytical delay limit for stability. However, the CQLKF leads to a complicated
system of partial differential equations, yielding infinite dimensional linear matrix inequalities
(LMIs). Therefore, to develop simpler stability criteria, many authors have used special forms
of LKF rather than CQLKF, which give LMIs with finite order and a reduced value of MAUB.

Further, to reduce the conservativeness of the existing results, some new analysis methods
have been proposed, such as descriptor system transformation method [3-5], free weighting matrix
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method [8, 11, 23|, matrix inequality method [10, 17, 18] and input—output approach [19]|. Using
these methods, many stability criteria were derived by checking a variation of LKF in a whole
interval of the time-delay. Contrary to this approach, in [24, 25], in order to obtain some less
conservative stability conditions, the interval of the time delay is divided into multiple equidistant
subintervals and interval delay-dependent LKF (ID-D LKF) is constructed. By checking the
variation of the ID-D LKF defined on the subintervals, some new delay-dependent stability
criteria are derived. It is worth pointing out that the main difference between LKF and ID-D
LKF lies in that the former allows taking different weighing matrices on different subintervals.
Therefore, ID-D LKF, as expected, will yield less conservative delay-dependent stability criteria.

Inspired by the idea of Zhu and Yang [26] on splitting the delay of continuous-time systems
into two unequal subintervals, a new method is developed in this paper for stability analysis for
discrete-time systems with time-varying delay. The delay interval [k — hys, k — 1] in the ID-D
LKF is divided into two unequal subintervals: [k — hps, k —a — 1] and [k — «, k — 1], where
0 < a < hys is a tuning parameter. The new ID-D LKF is constructed with different weighing
matrices in various subintervals. Free-weighting matrices and model transformation are not used
in order to derive delay dependent criterion. It is shown that the presented stability condition is
much less conservative than the existing ones [1, 2, 6-9, 13-15, 22, 24], because it has a lower value
of MAUB. The derived condition can be seen as an extension of the methods in [24, 25|, wherein
the whole delay range is divided to n > 2 equal subintervals. As the number of subintervals in |24,
25] is greater than two, the decomposition approach is more complex and the resulting stability
conditions are more conservative and difficult to implement. To demonstrate the effectiveness of
the proposed method, numerical examples are given in section 3.

Notation: R" and Z* denote the n-dimensional Euclidean space and positive integers.
Notation P > 0 (P > 0) means that matrix P is real symmetric and positive definite (semi-
definite). For real symmetric matrices P and @, the notation P > @ (P > @) means that matrix
P — @ is positive definite (positive semi-definite). I is an identity matrix with an appropriate
dimension. Superscript “T” represents the transpose. In symmetric block matrices or complex
matrix expressions, we use an asterisk (%) to represent a term which is induced by symmetry.
If dimensions of matrices are not explicitly given, then they are assumed to be compatible for
algebraic operations.

2 Main results
Consider the following system with an interval time-varying delay:
xz(k+1) = Az(k) + Bx(k — h(k)) (1)

where (k) € R" is the state at instant k, matrices A € R"*"and B € R"*" are constant matrices
and h(k)is the positive integer representing the time delay of the system that we assume to be
time dependent and satisfies the following:

0 < h(k) < hy (2)

where hjs is known to be a positive and finite integer.

The aim of this article is to establish the sufficient condition that guarantee the delay-
dependent stability of the system (1), which is less conservative than the existing results in
literature.

We first introduce the following result, which will be used in the proof of our main results.
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Lemma 1. Let y(k) = z(k+ 1) — z(k). For any matriz R > 0 [24]

k—1— T z(k — him) -R R (k = hun)
_ (hM - hm) m:kZ—hMy (m)Ry(m) < ! :L‘(k _ hM) R —R 1:(]{: — hM) ] (3)

—[w(k — hm) — x(k — har)]" R{z(k — hun) — (k — hag)]

hm

Theorem 2. For given scalars hyr(hyr > 0) and a(0 < a < hyy), the system described by (1)-(2)
is asymptotically stable if there exists matrices P = PT > 0, Q; = QZT >0 and Z; = ZiT >0
(i =1,2,3), such that the following LMIs hold:

(1311 @12 0 0 ‘I>15_
* Doy Po3 0 D5

b= x D3z Py 0 <0 (4)
* * * Py O
* * * * Ps5

v = * * W3z 0 0 <0 (5)
* * * Uy O
* * * * Wss

where
Py =ATPA-P+Q1+Qs— 2 (Z1+ Z3),

O = ATPB+ 1 (Z1+ Z3), @15 =(A-1)" Uy,
®yy = BTPB — Q3 — 1 (22, + Z3), ®o3 = 12y, @95 = BTy,
Oy3 = Q1 + Q2 — 571 — =522, P34 = =52,
Pyy = —Q2 — h{ aZ27 P55 = —Un,
Uy = &y, ‘1112—ATPB Vi3 =1(Z1+ Zs), \1115—(14 n' s,

Uoo (222 + Z3), Wo3 = hi—o (Zy+ Z3),
‘1124 =22, Va5 = BTUQv
U3z = —Q1 + Q2 - *(Z1 +Z3) — 5 (Z2 + Z3),

Uiy = Q2 — 152, ‘1155 —Uz,
Uil =aZ+ (hy —a) Zy + aZs, Uy = aZy + (hy — o) Zo + hpy Z3

Proof: Construct the interval delay-dependent LKF as

V (k) = Vi(k) + Va(k) + V3(k) (6)
where
Vi(k) = 2T (k) Pz (k) (7)
k—1 k—1—« k—1
= > 2T ([H)Quz(i)+ Y 2 (1)Qoux(i) + 2 (i) Qs (i) (8)
i=k—a i=k—h i=k—h(k)

—1l-a k-1

iZyT VZwy(i)+ > D v () 2y sz (1) Zsy()  (9)

i=—oa j=k+i it=—hp j=k+i i=—h(k) j=k+i
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where P = PT > 0, Q; = QZ-T > 0and Z; = ZZ-T > 0 (i = 1,2,3). Note, the delay interval
[k — har, kB — 1] in the LKF is divided into two unequal subintervals: [k — hps, k — a — 1] and
[k —a, k—1], where 0 < o < hyy is a tuning parameter.

Taking the difference of AVj(k) = Vj(k + 1) — Vi(k), we can obtain

AVi(k) = 2T (k) (ATPA — P) z(k) + 227 (k) AT PBx (k — h(k))
o (k — h(k)) BTPBa (k — h(k)) (10)
AVa(k) = 2T (k)Qrz(k) — 2T (k — a)Q12(k — )
+xT(k—a)Q2x(k—a) —xT(k:— har)Qax(k — has) (11)
ol (k)Qax (k) — 2T (k — h(k)) Qsz (k — h(k))

AVaR) = 5 [y7(R) Zay(k) — yT (k + i) Zuy(k + )]

+ ,_ia [y" (k) Zay (k) — y" (k +0) Zoy (k + 1))
+ ‘7_2};(@ [y" (k) Zsy(k) — y* (k +0) Zsy(k + 1)]

= oy’ (k) Z1y(k) — Z y ' (k+1i)Z1y(k + i)

i=—a
—1l—«

+ (har — @) y" (k) Zay (k) — 72 y''(k + i) Zoy(k + i)
+h(k)y" (k) Zsy (k) — __Zh y' (k + 1) Zsy(k + i) (12)
y" (k) [aZ1 + (har — @) Zo + h(k)ZS} y(k)

- yT'(m)Zyy(m) — kZ y'' (m)Zay(m)

It is know from (2) that, for any k € Z*, h(k) € [0, — 1] or h(k) € [, has]. Define two sets
—{k: h(k) €[0,a], ke Z+) (13)

={k: h(k) €la+1,hy], ke Z"} (14)
In the following, we will discuss the variation of AV (k) for two cases (k € 1 and k € Qo).
Case 1. For k€ Q;,ie. 0<h(k) <«

k—1—h(k) k—
yT(m)Ziy(m) = > y"(m)Ziy(m) + y"(m)Ziy(m) (15)

—a m=k—a m=k—h(k)

=
»—t

-1

Il
By

m
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k—1—h(k)
AVA(k) = 47 (K) [0Za + (hat — 0) Za + h(R)Za) y(k) — 3y (m) Zug(m)
- blea O (16)
Y @z - Y YT m) Zay(m)
m=k—h(k) m=k—hs

Because Z1 + Z3 > 0, h(k) < o and o — h(k) < «, using Lemma 1, it follows

— T ) (2 + 20 y(m)
m=k—h(k)
< — g0 (k) =2 (k= h()T (21 + Z3) [w(k) — = (k — h(k))] (17)
< LaT (k) (=Z1 — Z3) x(k) + 1227 (k) (Z1 + Z3) x (k — h(k))
+ox (k= h(k) (=21 — Z3) x (k — h(k))
k—1—h(k)
- 2 y" (m)Zyy(m)
< — oo [ (k= h(k)) -z (k — )" 21 [z (k = h(k)) — 2 (k — )] (18)
< 12T (k- h(k)) (= Z1) z (k — h(k)) + 2227 (k — h(k)) Z1z (k — )

+12T (k —a) (=Z1)z (k — a)

=S ) Zay ()
< _hlea [ (k—a)—x(k— hM)]T Zy [z (k—a) —x(k — hay)] (19)
< et (k= a) (=Zo) x (k — @) + 522" (k — @) Zox (k — har)
a2’ (k= ha) (=Za) 2 (k = ha)

Combining (10)-(19), it yields

AV (k) < €7 (k) (k)
O +(A-DTUH(A-T1) ®p+A-DTUIB 0 0

. * d9 + BTUB Py 0
(I) - k * (1333 (I>34 (20)
* * % <I>44
T

k) =| 2"(k) 2 (k—hk)) a'(k—a) 2"(k—hy) ]

Obviously, AV (k) < 0 for k € Q if d < 0. Using the Schur complement, it is easy to see that
AV (k) <0 holds if ® < 0 and h(k) € [0, a].

Case 2. Similarly, for k£ € Qq, i.e. a+ 1 < h(k) < hypy, using the Schur complement, it is
easy to see that AV (k) < 0 holds if ¥ < 0.

From the above discussions, we can see that for all k € Z7 if (4)-(5) hold, AV (k) < 0, which
completes the proof. O

Remark 3. Theorem 2 presents a stability result which depends on the maximum delay bound
har. The conditions in Theorem 2 are expressed in terms of LMIs, and therefore, they can be
easily checked by using standard numerical software.

Remark 4. The delay interval [k — hps, k — 1] in the ID-D LFK is divided into two unequal
subintervals: [k — hyr, k—a — 1] and [k — «, k — 1], where 0 < a < hys is a tuning parameter.
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Consequently, the different weighing matrices in the Lyapunov functional are used in various
subintervals and the information of delayed state xz(k — «) can be taken into full consideration.
Further, using the subintervals and Lemma 1, the upper bounds of some terms in AVsz(k) are
more accurately estimated than by using the previous methods since the upper bound A, of delay
h(k) on the interval 0 < h(k) < hjy is substituted with two less conservative upper bounds « and
har on the subintervals 0 < h(k) < a and a < h(k) < hyy, respectively. So the decomposition
method presented in Theorem 2 can reduce the value of MAUB.

An algorithm for seeking a corresponding values of o (0 < o < hypy) subject to (4)-(5), such
that the MAUB of hj; has maximal value, can easily be obtained.

Algorithm 5. Step 1. Let h =0 and oo = 0.

Step 2. h=h+ 1.

Step 8. =« + 1.

Step 4. If inequalities (4)-(5) is feasible, then ay,, = a, o = 0 and go to step 2; otherwise, go
to step 5.

Step 5. If a = h — 1, go to step 6; otherwise, go to step 3.

Step 6. The mazimal delay is hay = h — 1 and the minimal value of tuning parameterais cuy, .

3 Numerical examples

In this section, two examples are presented. The obtained results have been compared with
several existing criteria in the literature.
Example 1. Consider system (1) with the time-varying delay h(k) satisfying (2) and

0.8 0 —0.1 0
A= . B= . Ae {091, 0.97}

0 A -0.1 -0.1

Case 1 (A = 0.91). This system was considered in [13] and [22]|. Table 1 lists the MAUB of delay
obtained from Theorem 2 of this paper. For comparison, results from [13, 22| are also listed in
the table. It is clear that Theorem 2 leads to better results than those in [13, 22].

Table 1. Comparison of MAUB of delay based on different ex-
isting methods for A = 0.91

Method h

[13] 41

[22, Corollary 1] 42

Theorem 2 in this paper 46 for « = 19,---,30

Case 2 (A = 0.97). For comparison, the results from |2, 6, 7, 9] and this paper are listed in
Table 2. It is clear that Theorem 2 gives much better results than the existing delay-dependent
criteria.

Example 2. Consider system (1) with the time-varying delay h(k) satisfying (2) and

Case 1. [1, 14, 15]
06 0 01 0
., B=
0.35 0.7 0.2 0.1

, 08 0 01 0
=005 09| B=| —02 —o01

A=

Case 2. [8, 9, 15, 24]
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isting methods for A = 0.97

Table 2. Comparison of MAUB of delay based on different ex-

Method hr
[9, Theorem 1] 4
[7, Theorem 3] 8
[6, Lemma 2| 8
[2, Theorem 1] 10

Theorem 2 in this paper

17 for a = 9,10, 11

For the above systems, the LMIs conditions for delay-independent stability [16]

-P+@Q 0 ATP

P=P'>0 Q=Q">o0, *

*

-Q BTP | <0
* -P

are feasible, from which we deduce that both systems are stable for 0 < h(k) < co. Using the
existing delay-dependent criteria, it can be obtained only the finite value of MAUB, which will
guarantee the stability of the given systems. Tables 3 (Case 1) and 4 (Case 2) list the intervals
of time delay for different methods. Based on Theorem 2 in this paper, large numerical values of
MAUB are obtained (hps — 00). Hence, using of Theorem 2 leads to better results than those
in [1, 8, 9, 14, 15, 25].

Table 3. Interval of time delay for Case 1

Method Interval

[1, Th. 3.1] 2 < h(k) < 10

[15, Theorem 1|, [15, Theorem 2] 2 <h(k) <13

[14, Theorem 3.2] 0<h(k) <12

[2, Theorem 1] 2 < h(k) <15
Theorem 2 in this paper 0 < h(k) <10-10%

Table 4. Interval of time delay for Case 2

Method

[9, Theorem 1] 0<h(k)<6

[15, Theorem 2] 0<h(k) <10

[8, Theorem 1] 0<h(k) <12

[24, Theorem 5] 2 <h(k) <19

[24, Theorem 7| 2 <h(k)<20
Theorem 2 in this paper 0 < h(k) <9.61-108
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4 Conclusion

In this paper, the problem of obtaining delay dependent stability conditions for a class of
systems with interval time-varying delay is discussed. A new interval delay-dependent Lyapunov—
Krasovskii functional is constructed by splitting the delay interval into two unequal intervals by
tuning parameter a. The free-weighting matrices and model transformation are not used in order
to derive delay-dependent criteria. Numerical examples show that the results proposed in this
paper are much less conservative while comparing the maximum allowable upper bound of delay
with the existing results in the literature.
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