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Abstract

The stability of linear systems with uncertain bounded time-varying delays (without any constraints on the delay derivatives) is
analyzed. It is assumed that the system is stable for some known constant values of the delays (but may be unstable for zero delay
values). The existing (Lyapunov-based) stability methods are restricted to the case of a single non-zero constant delay value, and
lead to complicated and restrictive results. In the present note for the first time a stability criterion is derived in the general multiple
delay case without any constraints on the delay derivative. The simple sufficient stability condition is given in terms of the system
matrices and the lengths of the delay segments. Different from the existing frequency domain methods which usually apply the small
gain theorem, the suggested approach is based on the direct application of the Laplace transform to the transformed system and on
the bounding technique in L;. A numerical example illustrates the efficiency of the method.
© 2006 Published by Elsevier B.V.
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1. Introduction

Throughout the paper by stability we understand the asymptotic stability of the system. Robust stability of linear
systems with uncertain constant or time-varying delays, where the nominal values of delays are zero, have been studied
both, in the time domain and in the frequency domain (see e.g. [14,10,15-17,5,8,11] and the references therein). In the
time domain, the main methods are based on the Lyapunov technique, while in the frequency domain on the application
of the small gain theorem (see e.g. [8] and the references therein).

Systems with uncertain ‘non-small’ delays, where the nominal delay values are non-zero and constant appears in
different applications such as internet networks, biological systems [13]. Such systems may be not stable for the zero
values of the delays. Only few works have been devoted to stability analysis of such systems and all of these works
were restricted to the case of a single non-zero nominal delay value: see [12,4,3] for time domain results and [11] for
frequency domain conditions.

In the present note we consider the systems with a finite number of time-varying delays, where the nominal values
of the delays may be uncommensurate. For the first time a stability criterion is derived in the multiple delay case

* Corresponding author. Tel.: +972 3 6405313; fax: +972 3 6407095.
E-mail addresses: emilia@eng.tau.ac.il (E. Fridman), gilmi@cs.bgu.ac.il (M. Gil’).

0377-0427/$ - see front matter © 2006 Published by Elsevier B.V.
doi:10.1016/j.cam.2005.12.019


http://www.elsevier.com/locate/cam
mailto:emilia@eng.tau.ac.il
mailto:gilmi@cs.bgu.ac.il

11

13

15

17

19

21

23

25

27

29

31

33

35

CAM5592

2 E. Fridman, M. Gil’/ Journal of Computational and Applied Mathematics 111 (1111) III—111

without any constraints on the delay derivatives. For the sake of generality we consider the complex state vector and
the complex system matrices. It should be noted that stability analysis of distributed retarded systems leads to ordinary
differential-delay equations with complex, in general, coefficients, cf. [7]. Assuming that the system is stable for some
known constant values of the delays, we derive sufficient stability conditions in terms of the system matrices and the
sizes of the delay perturbations. We apply a new frequency domain approach which is based on the direct application
of the Laplace transform to the transformed system, on the Parseval equality and on the bounding technique in L.
Similar approach has been introduced by [6, Chapter 10] for analysis of absolute stability of retarded systems with
constant delays. In the present note we develop the method of [6] to the case of time-varying delays.

Notation. Below C" denotes a space of complex column vectors with the Euclidean norm ||.|| and the unit matrix
I. ||A]| denotes the Euclidean norm of a n x n complex matrix A, which is equal to the maximum singular value of
A. C[—n, 0] is the space of continuous functions ¢ : [—#, 0] — C" with the norm ||¢lc[—y,0; = max,e[—y,01 | P @) ]l.
L»[0, 00) is the space of square integrable functions v : [0, c0) — C” with the norm

%0 12
10l za0.00) = [ /O ||v(r>||2dt] ,

Lo (—00, 00), L2[0, [](I > 0) are defined similarly. For a matrix-function U (s), s € R

U loo := sup U]

—00<s <0

2. Stability
2.1. Problem formulation and main results

Consider the system

x(t) = Z Apx(t — (1)) (1>0), ey
k=1
x(@)=¢@) (—n<1<0,¢ € C[—n,0]), @

where x (1) € C", n >0, A are constant complex-valued n x n-matrices; 7, (¢) are non-negative piecewise-continuous
scalar functions defined on [0, co) and satisfying the conditions

Ok <) <he + 1y, k=1,....,m; t=0, 3)

where hy are known constant (nominal) values of the delays, ii; 4 1 are known constant upper bounds of the delays
and hy + . <n, k=1, ..., m. For the existence results and the definitions of asymptotic stability of (1) see e.g. [9].
Consider also the nominal equation with the nominal values of the delays /y:

b(t) = Z Aw(t —hy), v(r) e C,
k=1

v(@) =¢(1), —n<t<0. )

We assume that

Al. The nominal system (4) is asymptotically stable.

Assumption Al may be verified by applying the existing frequency domain criteria (see e.g. [16,12]).

Let G(t) be a fundamental solution of (4), i.e. a matrix-valued function that satisfies (4) and the initial conditions
GO+)=1, G@#)=0 (r <0). Since (4) is stable, v € L3[0, oo) and

oIl < Me™™ || $llci—y.015

IGOHI<Me™, [GOI<Me™, M>1, o>0. ®)
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Denote

K()=zI — Z Ape . (6)
k=1

Al means that the roots of the determinant det K (z) are in the open left half-plane. K (z) is the Laplace transform of
G, while zK ! (z) — I is the Laplace transform of G. We have

K@) = H/we"”G(t)dt
0

</ 1G (@) di
0

o0
</ Me ™ dt<M/a, VseR,
0

and thus

1K~ (is) | oo < 0. (7
Similarly

s K~ (is) [l oo < 00. (8)

To formulate the main result (Theorem 2.1) put

:uISIn
o | KTN)[AL L. Al
/“thIn

Due to (8), 0(K) <Ils K " (is) oo Xy iy | Ak || < 00.

0(K) := ’

o]

Theorem 2.1. Under Al (1) is asymptotically stable for all time-varying delays satisfying (3) if
0(K)<1. ©)

Proof of Theorem 2.1 is based on the following lemma:

Lemma 2.1. Assume that A1 and (9) hold. Then there exists mo > 0 such that for all time-varying delays satisfying (3)
a solution x of (1), (2) satisfies the following estimate:

1% 11 2.,10,00) <m0l Pl c—1,01-

Proofs of Theorem 2.1 and Lemma 2.1 are given in the next section. The following Corollary follows immediately
from Theorem 2.1:

Corollary 2.1. Under Al for all small enough 1, k =1, ..., m and piecewise-continuous delays satisfying (3) the
system (1) is asymptotically stable.

2.2. Proofs

Proof of Lemma 2.1. Representing (1) in the form
m m
R0 =) Arx(t —h) + Y Arfil), (10)

i=1 i=1

where

Je(@®) =x(@t — (1)) — x(t — hy),
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and applying to (10) the variation of constants formula, we find that (1), (2) is equivalent to the equation

t m
X(t)=v(t)+/0 G(t—tl)ZAkfk(tl)dtl (1=0), (11)

k=1

where v is a solution of (4). Differentiating (11) in ¢ we arrive at the equation
m t
HOERIOED Y U Gt — 1) Ay fi(h) dn + Akfkm} : (12)
0
k=1

Take into account that G(0) = I and zK ~'(z) — I is the Laplace transform of G. Then due to the property of the
convolution, we can assert that the Laplace transform of the expression

t
/0 Gt — 1) Ax fi(t) Aty + A fie(t)

is 2K "1 (2) Ax F (), where Fy(z) is the Laplace transform of f;(r). We have

sl . .
[ } K~ i)l Ar ... p,Anldiag { ) ) }

SI,, H Hon Ly(—00,00)
Foi
<O(K) max k() .
k=tiem | e 1y (—00,00)
Therefore, due to the Parseval equality, we obtain
 [G—1)
(A2 .. w,Apldiag{fi(s), ..., fm(s)}
" Léa—n)
Iy
.| @) J2(1)
+|:...][M1A1 ,umAm]dlag{—,...,
I, 131 H L[0.00)
1 . .
I TR [ Fi(is) Fyn (is)
=5 |::|K Yis)luy Ay ... ,umAm]dlag{ R
S]n f Hom Lo (—00,00)
Fuli
<OK) max | ) — oK) max ilL0oo (13)
k=1,..., m 'I.Lk Lo (—00,00) k=1,....m ,le
The following holds:

2 2 )
1fllZ 510,000 = I ficlZo10.0 + ISl Z10.00)
with a fixed finite / > 2#. Since (1) is a linear equation, there is a constant m| = m(l), such that ||x(#)|lcfo.)] <
m1|l¢llci—y,01- Hence,

I fill oro,n <m2llpllc—p,01 (m2 = ma(l) = const). (14)

Take into account that

t—hy

Je®) =x(t — (1)) — x(t — hy) = —/ X(s)ds.

t—T (1)
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Then, applying the Schwarz inequality and changing the order of integration, we find

) o0 t—hy o0 t—hy 2
1l .00 = / ‘ f () ds| di< / / li)lds ) de
1 tr—Ti (1) l t—hy—y

00 t—hy 00 Iy
</ ukf ||x<s>||2dsdr=/ ukf ¢t — hie — sp)|* dsy de
l t—h—1y l 0

I 5 My OO . 2
= .“k/ / lx(t —s1 — he) || dedsy = ,Uk/ / ||X (¢1) ]|~ dey dsy
0 ! 0 [—s1—hyg

o0
< fo 1% (1) 1> dry . (15)

2

Since (4) is stable, there is a constant m2, such that [|9]| 7,,10,00) <m2 [P llc[—y,0] > cf. Theorem 8.4.3 from Gil (1998).
Therefore (12)—(15) imply
X

|:5C(t)j|
x(1)
Hence, condition (9) yields the required result.

Proof of Theorem 2.1. Let v(z) be a solution of (4), x(¢) be a solution of (1), (2).
By Parseval’s equality from (11) similarly to (13) we obtain

(m3 = const). (16)
L2[0,00)

<m3dlcr—n.0 + 0(K)
L>[0,00)

t
/0 G(t — 1) A fi(s) ds

m
111 £10.00) < 101l Laf0.00) +
k=1 L1[0.00)

m
<l Lat0.00) + D NALI - 1K™ i) llooll fill a10.00)-
k=1

Then from (14), (15), (7) and Lemma 2.1 it follows that x € L,[0, 00).
From (11), (5) we find

m t
eI <Mllpllcr—no+ Y / Me™ Y Al fie(e) || diy
0
k=1

m t 1/2 ¢ 1/2
<Mll¢lla—n»m+MZ||AkII(/ e‘z““"”dn) (/ ||fk(fl)||2df1> . 120. (17)
0 0

k=1

The latter inequality together with (14), (15) and Lemma 2.1 imply that for all 7 >0 there exists ms5 > 1 such that
lx (@) | <msll@llci—y,01- Moreover, x(z), given by the right-hand side of (1), is uniformly bounded. Then, x(¢) is
uniformly continuous, x € L»[0, 0co), and thus, by Barbalat’s lemma [1], x(#) — 0 as ¢ — oo.

2.3. Example

Consider the system

fc(r>=[_°2 g]m—mm[_gA g}xa—rz(m, ()

which was analyzed in [12] for 7y = 0 and constant 7, where the following stability interval was found in the
frequency domain 3.3791 < 15 < 4.7963. The non-delayed system (i.e. (18) with 1; = 0, i =1, 2) is not asymptotically
stable. Hence, the existing methods via simple Lyapunov—Frasovskii functionals (LKFs), such as [14,15,2,5,3], are not
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applicable. Only complete LKF (which corresponds to necessary and sufficient conditions for stability of the nominal
system (4)) may be used [8,12] and [4]. The conditions of discretized method of Gu [8] (which are sufficient only)
are not feasible in this example for constant values of 7,. The Lyapunov-based conditions of [12] leads to interval of
almost zero length even for constant delays 12: 72 € (3.999999, 4.000001).

For 11 = 0 and fast-varying t, by recent complete descriptor LKF method of [4] the asymptotic stability interval is
3.98<12(t) <4.02. By Theorem 2.1 the stability interval is wider: 72(¢) € [3.98, 4.11]. For the case of two non-zero
delays choosing 71 (¢) € [0, 0.002], we obtain by Theorem 2.1 the stability interval t2(¢) € [3.998, 4.1], which is wider
than the one 75 (¢) € [3.998, 4.002] by [4].

3. Conclusions

A new simple stability criterion is derived for systems with time-varying delays from the given segments. No
constraints are given on the delay derivatives. The system under consideration may be unstable without delay. This
case in the time domain can be treated only via complete LKF. The existing Lyapunov-based methods are restricted to
the case of a single non-zero nominal delay value, and lead to complicated conditions and restrictive results.

A new frequency domain method is suggested, which is based on the application of the Laplace transform to the
transformed system, and on the bounding technique in L». The sufficient conditions are formulated in terms of the
system matrices and the lengths of the delay segments. The new criterion treats the case of multiple non-zero nominal
delays, where the existing methods are not applicable. In the cases, where the Lyapunov-based results are applicable,
the new criterion improves the results.

Further improvement of the results may be achieved by choosing % in the middle of the delay segment and by
’scaling’ of the condition (9) of Theorem 2.1.
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