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1. INTRODUCTION

The construction of quadratic Lyapunov-Krasovskii func-
tionals with a prescribed time derivative has been initiated
by Repin [1965]. A brief historic overview of the main con-
tributions in the area can be found in Kharitonov [2013],
see Section 2.13. At the very beginning it became clear that
the functionals may be used not only to check stability of
a time-delay system, but constitute a powerful tool for
analysis and design of time-delay systems Marshall et al.
[1992], Jarlebring et al. [2011], Kharitonov and Zhabko
[2003], Ochoa et al. [2013]. In applications the positive
effect of the functionals depends on the existence of re-
liable numerical procedures for the computation of delay
Lyapunov matrices. There exists a standard procedure for
the computation of the matrices for systems with delays
multiple to a basic one. In this case the computation is
reduced to evaluation of a solution of two-point boundary
value problem for an auxiliary system of ordinary matrix
differential equations Kharitonov [2013]. The computa-
tional scheme has been extended to the case of distributed
delay systems with special kernels, see Kharitonov [2006].

In this paper a new approximation scheme for the compu-
tation of delay Lyapunov matrices for the exponentially
stable systems with distributed delay is presented. An
upper estimate of the approximation error is given.

The paper is organized as follows. In Section 2 a time-
delay systems studied in the paper is described. Then an
approximate system with delays multiple to a basic one is
introduced. Section 3 is dedicated to the evaluation of the
difference of the fundamental matrices for the original and
the approximate systems. In Section 4 an upper estimate
of the approximation error of the delay Lyapunov matrix
is given. An illustrative example ends the section.

2. SYSTEM DESCRIPTION
Given a time-delay system of the form

dz(t) / G0

dt

= Apx(t) + Arz(t — h) z(t+0)do, (1)

where Ag and A; are real n x n matrices, G() is a
continuous matrix valued function, h is a positive delay.
The system state x; is defined as follows

x(0) =xz(t+0), 0¢€][-h,0].

Let N be a natural number, we approximate the dis-
tributed delay term in (1) by a finite sum of the form

N—-1
Z ij(t _j6)7
=0

where § = % and
Qj = G(0)do,

—(G+1)8

j=0,1,..,N—1;

and define a new time-delay system as follows

d=(t) _ N = 5
e 02(t) + A1z(t —h J’_ZOQ] z(t —jo). (2

All delays of the new system are multiple to J.

Remark 1. If system (1) is exponentially stable then for
sufficiently large N system (2) is also exponentially stable,
see Kharitonov [2014].

In the following we assume that systems (1) and (2) are
exponentially stable.

Denote by Ky(t) and K;(t) fundamental matrices of the
systems, see Bellman and Cooke [1963]. By definition
matrix Ko(t) = 0pxp for t < 0, Ko(0) = I, and for ¢t > 0
the matrix satisfies the equation

dfilot(t) = AoKo(t) + A1 Ko(t — h)
0

+ [ G0 Ko(t + 6)de.
]

Similarly, matrix Kj(t) = Opxyp for ¢t <0, K1(0) = I, and



K, (t)
dt

= AgK1(t) + ALKy (t — h)

N—1
+ > QK (t—jd), t>0.
j=0
Exponential stability of the systems implies that that there
exist v > 1 and o > 0 such that the fundamental matrices
satisfy the inequalities

HKJ(t)H < ,ye—o't, Jj=0,1 (3)

3. LYAPUNOV MATRICES

Since systems (1) and (2) are exponentially stable the
corresponding delay Lyapunov matrices of the systems can
be presented in the form

Uo(1) = / K5 (W Ko (t + 7)dt,
0

and
oo

Ui(r) = /KlT(t)WK1(t+T)dt,
0

respectively.

Remark 2. Kharitonov [2013] It is known that system
(1) admits a unique Lyapunov matrix associated with a
given symmetric matrix W if and only if the the system
satisfies the Lyapunov condition, i.e., the system has no
an eigenvalue sg such that —sg is also an eigenvalue of the
system. The same is valid for system (2).

Define the difference

AU(r) =Us(7) — Uo(7) (4)
= / KTt WAK (t + 7)dt
0
—i—/[AK(t)]T W Ko(t + 7)dt,
0
where AK (t) = K;(t) — Ko(t).

4. ESTIMATION OF THE NORM ||AK|

The difference
AK(t) = Ki(t) — Ko(t)
satisfies the equation

AAK(t)
dt

= ApAK(t) + AL AK (t — h)

0
+/G(9)AK(t+9)d9+F(t), t>0,
—h

where
N—1 40

F(ty=>" G(O) [K1(t — j6) — K1 (t +6)]db.
I=0 (s

The standard variation-of-constants formula provides the
following expression for the difference

0
AK () = Ko() AK (0) + / Kot — b — 0) Ay AK (6)d0

0 6 B
+/< Ko(t— 60— &G(&)de | AK(0)do
—h h

+/K0(t—£)F(§)d§, £>0.

As AK(t) = Opxy for t € [—h,0], the formula taks the

form
t
AK() = [ Kot - F(©)de
0
and after direct computations we conclude that

N-1
AK(t) =Y R;(t), t>0,

j=

where
t—js
Ri(0) = [ Kolt—A-jo)
—j6

0
< [ Gl 3 K1) = Ki (3 + )] dpan
-5
Lemma 1. The following upper estimate holds for matrix
R;(t),
1 ot
1R (O]l < 35 h*¥* M (2 + at)e =m ¢ >0,

where

M = G(6
plnax NGO,

and
a = [|Ao|| + 7" (| Av|| + hM).
Proof. First, we observe that for t < j§ matrices K;(\) =
Kl(/\ + ,U) = Opxn, and
R;i(t) = Opxn, t€][0,59). (5)

For t > j0 the matrix can be written as
t—jé
Rit)= [ Kolt—A— o)

0
0

< [ Gl 38) K2 (V) = Kr (3 + )] dpa
s

Applying inequalities (3) we obtain that for ¢ € [jd, (§ +
1)d]

2 —o(t—n
IR (1) < ogh?o?Me—oD, (6)

In the case when t > (j + 1)6 the term R;(¢) may be
written in the form



)

Ri(t) = | Ko(t— X~ jo)
o/
0

x / Gyt — §8) [Ka(N) — Ka(A + )] dpdA
s

t—js

+ / Ko(t — X — jo)
5
0

< [ Gl 38) (K20 ~ Ka(3-+ )] d
s

The first summand on the right hand side of the preceding
expression,

5
Rj1(t) :/Ko(t_)\_jfs)
0

0

< [ Glu= 3 K2 (3) = KA+ )] dpd
-5
is such that
2 ot
[Rn ()] < ~ozh®r?Metm,
In the second summand,
t—j6
Rjs(t) = /
s

Ko(t — X — j6)

0

< [ Glu= 38 K2 (3) = KA+ )] dpd,
s

the value A > 6 and u € [—4,0], therefore the difference
K1(A) — K1(A+ 1) can be presented as follows

A
Ki(A) —Ki(A+p) = / dlfjlg(@df
Abp
’ N—-1
= / AoK1(§) + A1K1(§—h) + Z QiK1 (¢ w‘)‘| de.
i=0

s

This implies that

1K1 (A) = KA+ p)l] < v [[[ Aol
A

e (| Ay + M) / eotde
Atp
<~vade 7P,

Now we estimate the second summand,

[Rj2(t)|| < 6y2ae =09
t—j5 0

< [ 160 ) duix
s

)

1 (i ‘
< <7 Pae ML, > (j+1)8.
And, finally,

IR, (t)]| < 20272 Me=70=h) 4 §242aMte =R (7)
1 e |

:ﬁhQ,y?M(Q—‘ra,t)e (t h)7 t2(3+1)5.

Inequalities (5)-(7) justify the lemma statement.

Corollary 1. The difference AK (¢) is such that the follow-
ing inequality holds

|AK(t)]| < %h2v2M(2 +at)e 7N,

Proof. It follows from

N-1
AK(t) = > R;(t)
=0
that
N-1
IAK @] <> IR; (1)l
§=0
< %hQ'sz(Q + at)e_"(t_h).

4.1 Estimation of ||AU(T)]|

We now address the difference (4).

Theorem 1. The difference AU (1) = U (1) —Uy(7) admits
an upper estimate of the form

Qi 44a|T a
AU < e (254 L),

20 202
where

o =2 M W

Proof. It is enough to study the case when 7 > 0. It
follows from (4) that

AU ()| < [[W]] / [EL @ |AK(E + 1) dt
0

I / JAK ()] Kot + )] dt.
0

Applying Corollary 1 and inequalities (3) we arrive at the
desired result



1
IAU(T)I| < h** M W] et

X /(2 +at +at)e”2tdt

0
00

+%h273M W] eolr=h) /(2 + at)e 27t dt
0
44 ar a

20 W) '

Corollary 2. For T € [—h, h] the difference (4) is such that
the following inequality holds

1
P et

10(r) = Uo(m)l < -
where
a; = ae’l A+ ah +i
te 20 202 )

Example 1. Consider the following system:
,T(t) = Aol‘(t) + A1l‘(t - 1) (8)

0
—0.2/ (0% By + e~ By + By x(t + 0)do,

-1

-3 1 2 -1
AO_<0_4)» A1_<4 0>7
4 —1 —25 2 =2
5=(37). B=(75) 2-(57)

Define approximate systems of the form (2) with N =
5 and N = 10. The original distributed delay system
and the approximate ones are exponentially stable. The
fundamental matrices of the systems satisfies inequality (3)
with 0 = 0.4 and v = 31.4. Let W = I, the corresponding
Lyapunov matrix Uy(7) for system (8) has been computed
with algorithm provided in Aliseyko [2017]. Computation
of Lyapunov matrices for approximate systems has been
performed with a standard scheme for systems with delays
multiple to a basic one. On Figure 1 the components of
matrces Uy(7) and Uy (7) for N =5 are presented.

where

0.6 ‘ ; ‘ ‘
——ufy (1)

051 == udy (1) 1
— uly(7)

0.4f |~ == ub(7) 1
* uly(7)

03f| * un(n) W§
o ujy(7)

ol |+ uh(r) i
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Fig. 1. Up(7) and Uy(7), N =5

On Figure 2 the components of matrces Uy(7) and Uy (7)
for N = 10 are given.

It follows from Figure 3, where the graph of the norm
[|AU (7)|| for N = 5 is presented, that this norm is bounded
by 0.0193.

0.6 T T T T
+U?1(7>
0.5 == udy (1) :
ufy(7)
0.4F | == - udy(7) , 1
* ugy (1)
0.3} > uy (1) T
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Fig. 2. Up(7) and Uy(7), N =10
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Fig. 3. [[Uo(7) = Up(7)[, N = 5

The corresponding graph for NV = 10 is given on Figure 4,
here the norm is bounded by 0.0093.
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Fig. 4. ||[Uo(7) = Ui(7)||, N =10

I extend my thanks to my MS student Alexey Aliseyko
who performed all computations of the example.

5. CONCLUSION

A numerical scheme for approximation of delay Lyapunov
matrices for time delay systems with distributed delay
is given. The original system with distributed delay is
approximated by a system, where the distributed delay
terms are replaced by finite integral sums, and then a



corresponding delay Lyapunov matrix for the new system
is considered as the desired approximation of the delay
Lyapunov matrix for the original system. It is shown that
the approximation error tends to zero as the number of
partition points in the finite integral sum is increasing.
Only the case of exponentially system has been analyzed
since our study is essentially based on the integral expres-
sion for delay Lyapunov matrices. In the future research
we hope to remove this limitation constraint.
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