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Abstract

Some recent results on exponential stability of linear continuous time dif-
ference systems with discrete and distributed delay terms are extended to the
case of multiple delays. New sufficient conditions for the exponential stabil-
ity and exponential estimates for the solutions by using Lyapunov-Krasovskii
functionals are derived. Special attention is paid to the case of systems with
commensurate discrete and distributed delays.

Key words: Continuous time difference systems, Exponential Stability,
Lyapunov-Krasovskii functionals

1. Introduction

Recently, motivated from some limitations on the application of existing
Lyapunov approaches [17, 20, 21] to the stability analysis of linear continuous
time systems with discrete and distributed delay terms, a new Lyapunov-
Krasovskii methodology for the exponential stability of such a class of systems
has been introduced in [15] and [16].

In [16] (see also [15]) the following system is considered:

0
x(t) = Az(t — h) + / G(0)x(t+ 0)do,
—h
where A € R™™ is a Schur stable matrix (all eigenvalues of the matrix lie in

the open unit disc of the complex plane) and G(0) is a matrix function with
piecewise continuous bounded elements defined for 6 € [—h,0].
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This system can be found as delay approximations of the partial differen-
tial equations for describing the propagation phenomena in excitable media
[2], in the stability analysis of additional dynamics introduced by some system
transformations [3, 7, 8, 9], in delay-dependent stability analysis of neutral
type systems [12], and in the stability analysis of some difference operators
in neutral type functional differential equations [4], [11].

For such systems, sufficient delay-dependent conditions for the expo-
nential stability and exponential estimates for the solutions by means of
Lyapunov-Krasovskii functionals are derived in [16].

A natural extension of the results in [16] is to present a Lyapunov-
Krasovskii approach for the exponential stability of linear continuous time
difference systems of the form

z(t) = Zm:ij(t —hj)+ : G(0)x(t + 0)do, (1)

where A; € R™",j=1,2,...,m,delays0 < hy < hg <--- < hy,, 0 < 7, and
matrix function G(6) has piecewise continuous bounded elements defined in
the interval [—7,0].

In this contribution we present such an extension for which, to the best of
our knowledge, no attempt has been made. We follow the same robust stabil-
ity idea used in [16] for the case of systems with a single discrete delay term
that is inspired from previous results on Lyapunov-Krasovskii functionals for
integral delay systems [13], [14].

Thus, by assuming that the continuous time difference system

m

o(t) =Y Ajr(t — hy), (2)

J=1

is delay-independent exponentially stable and interpreting the distributed
delay term as a perturbation we will present Lyapunov-Krasovskii functionals
guaranteeing the exponential stability of the whole system (1).

We start in Section 2 with some preliminaries. Basic facts about so-
lutions and a norm-based condition for the exponential stability of (1) are
given. Lyapunov-Krasovskii type conditions for the exponential stability of
(1) are introduced. A Lyapunov result which allows us to derive exponential
bounds for the solutions is also given. In section 3, the general Lyapunov-
Krasovskii results introduced in section 2 is applied to the particular class



of (1) with constant matrices and multiple distributed delay terms. Next,
the special cases of commensurate discrete and commensurate discrete and
distributed delays are considered. In all these cases, sufficient conditions for
the exponential stability and exponential estimates for the solutions are ex-
pressed in terms of linear matrix inequalities. Several examples illustrating
the results are given in section 4. Concluding remarks end the paper.

Notation: Throughout this paper, the Euclidean norm for vectors and the
induced matrix norm for matrices are used, both denoted by ||-||. We denote
by AT the transpose of A, I and 0 stand for the identity and zero matrices,
while Apin(A) and Apax(A) denote the smallest and largest eigenvalues of
a symmetric matrix A, respectively. For a real symmetric matrix @), the
standard notation @ > 0 (respectively, @ < 0) is used to denote that @ is
positive (respectively negative) definite.

2. Preliminaries

2.1. Solutions and stability concept

Let r = max {7, hy,} . In order to define a particular solution of (1) an
initial vector function ¢(6),6 € [—r,0), should be given. We assume that ¢ €
C ([-r,0),R"™), the space of continuous vector functions mapping [—r,0) to
R™ equipped with the uniform convergence norm |||, = supye(_,o [[(0)] -

For a given initial function ¢ € C([—r,0),R"™), there exists a unique
solution z (¢, ) of (1) defined for all ¢ > 0, see [4]. This solution presents jump
discontinuities which distribution on time is very difficult (maybe impossible)
to describe in the general case.

Clearly, at t = 0 the jump discontinuity is explicitly given by

Ax(0) = 2(0) = p(=0) = Y Ajp(—hy) + / G(0)p(0)d0 — (=0).

i=1 o

In the particular case when the discrete and distributed delays are both com-
mensurate, i.e., they are multiple of a basic delay, the jump discontinuities of
the solutions are regularly distributed at time instants multiple of the basic
delay.

Definition 1. [4] System (1) is said to be exponentially stable if there exist
a >0 and p > 0 such that any solution of (1) satisfies the inequality

z(t, o) || < pe e, .Vt > 0.



Remark 1. In the particular case when G(0) is continuously differentiable
on [—7,0], the solutions of (1) can be related with particular solutions of some
neutral functional differential equations and coupled systems described by re-
tarded functional differential equations and functional difference equations,
see [16] for a detailed proof in the case of a single discrete delay. Neverthe-
less, as it is discussed in [16], the corresponding differential delay systems
are not exponentially stable and, therefore, they cannot be directly analyzed
by existing Lyapunov stability conditions as, for instance, those in [5] and

[6].

2.2. A norm condition

By using frequency domain tools, based on the characteristic function
associated to (1), one can get the following result:

Lemma 1. System (1) is exponentially stable if

Z||Aj”+7_< sup HG(9)||> <1 (3)
= 0e[—7,0]

Although the inequality (3) could be relatively easy to verify for some
particular matrix functions G(#), it may be pretty conservative. In the next,
we will derive a Lyapunov-Krasovskii functional approach for the exponential
stability of (1) that not only will provide better results than the inequality
(3) but also exponential estimates for the solutions of (1).

2.8. A Lyapunov type theorem

We present here Lyapunov-Krasovskii conditions for the exponential sta-
bility of (1) that generalizes the ones presented in [16] for the case of system
with a single delay.

For a given ¢ > 0, we define the natural state x;(¢) = x(t + 0,¢),0 €
[—7,0) . When the initial function is irrelevant we simply write x(t) and z;
instead of z(¢,p) and x;(¢). Based on the discontinuities of the solutions
it results that z,(p) € PC([—-r,0),R"), the space of piecewise continuous
bounded functions mapping the interval [—r,0) to R™. As a consequence, in
a Lyapunov-Krasovskii functional setting, the functionals should be defined

on PC ([-r,0),R").



Theorem 2. Consider system (1) and assume that the continuous time dif-
ference system (2) is delay-independent exponentially stable . System (1) is
exponentially stable if there exists a functional v : PC ([—r,0),R") — R such
that t — v(z()) is differentiable and the following conditions hold:

1O‘1f ||90 || do < v(p) <042f (= || de, for some 0 < a1 < o,
2. Lo(z(p)) < ﬁf lz(t, ©)||> db, for some 3 > 0.

Proof. Given any initial function ¢ € C ([-r,0),R"), it follows from the
theorem conditions that for 20 = Ba, ' the following inequality:

S (wl)) + 200 (w(p)) < 0, 2 0,

holds. This inequality leads to
v(z(0)) < v(p)e 27Vt > 0.

Thus, it follows that for ¢ > 0

0 0
o / lo(t + 6, 9|26 < ane>" / lo(6)]2 db. (4)

From (1) one gets

—zm:Axt
j=1

< ( / il!G(9)w(t+9,s@)Hd9>2 (5)

0
< i [t +0,0)| do,

where the last inequality has been obtained by using the Cauchy-Schwarz in-
equality in £? ([—=7,0],R), the fact that 7 < r, and my = supyci_, o |G(0)] -
Combining the inequalities (4) and (5) one obtains

< (1 /%w) myg | ¢l e 7t Yt > 0.
631

x(tﬂo)_Zij(t_hjasp):f(t)’ (6)

=1

m

ot o) = > Ayt = hy, )

This inequality implies that



where f € C (]0,00),R") satisfies
LFON < v llell, e, vt >0, (7)

with v = (, /3—?7‘7’) M.
Now since system (2) is assumed to be delay-independent exponentially
stable it then follows from Theorem 3.5 in [4] (see inequality (3.22)) that

there exist constants c¢(n) > 0 and n > 0 such that the following inequality
holds:

[zt o)l < ¢ [||90||r€at + sup Hf(S)H] Vit > 0. (8)
0<s<t
From (7) and (8) we get
z(t, o)l < e[l +A]llell, .t = 0.

This inequality implies that [|z,(¢), < c¢[1+7] |l¢]l, , ¥Vt > . Whent € [0,7)
we have

[to—r,O) EE[O,tO)
< max{|lell, e[l +9]llel, . |Az0)]} .

From the jump discontinuity of the solution at ¢ = 0 we get

[Az(O)[] = [|(0) = L(=O) | < f=(O) | + o(=0)| < (¢ [T+~ + D I, -

It follows that ||z:(p)||, < (c[1+~]+1)|l¢ll, .Vt € [0,7), and therefore the
following inequality holds:

lze(p)ll = maX{gesup lp (I, sup IICC(§7@0)||7IIAI(0)II}

lze(@)ll, < (c[L+~1+ 1) el V¢ = 0. (9)

Now since the system (6) is time-invariant then we can apply the reasoning
used in the proof of Theorem 7 in [19] and rewrite the inequality (8) for an
initial instant ¢y > 0 to get

lz(t, o)l < ¢ |l e + sup [|f(s)]]] - (10)
to<s<t

Setting to = £, substituting ||z, ||, with the right-hand side of (9) and using
the inequality (7) in (10) we arrive at

z(t, )|l < pllell, e, Vvt >0,

6



where
p=c(c(l+~v)+1+7) and 2a = min{n, o},

which implies the exponential stability of (1). B

Remark 2. Analogously to the Lyapunov-Krasovskii conditions for the sin-
gle discrete delay case introduced in [16], the conditions of Theorem 2 guaran-
tee the exponential stability of (1) by means of continuous and differentiable
functionals in spite of the fact that z:(p) € PC([-r,0),R").

Note that, in counterpart with Theorem 3 in [16] for the single delay
case, Theorem 2 does not allow us to explicitly compute the exponential
decay rate o and p-factor involved in the exponential upper bound for the
solutions. The problem is that we do not have a methodology for computing
the positive constants ¢ (1) and 7 involved in the inequality (8).

By assuming that

A=Al < 1, (1)
j=1

which assures the delay-independent exponential stability of (2), we are able
to explicitly calculate exponential estimates for the solutions of (1) and accept
the additional conservatism.

Theorem 3. Consider system (1) and assume that the inequality (11) holds.
If there exists a functional v : PC ([—r,0) ,R") — R satisfying the conditions
1 and 2 of Theorem 2 then any solution x(t, ) of (1) satisfies the inequality

lz(t, o)l < pllell, e, vt > 0, (12)
with
<1 /Z—jTT) Mg
p>max {1, 1 o and o < min {o,n}, (13)
where n = —lnff),a = 0.58a5" and m, = SUPpe(—r0) |G(O)]-

Proof. Follow the same steps in Theorem 2 for arriving at the equation
(6). Now since the inequality (11) holds it then follows from Lemma 3 in [10]
that

lz(t, o)l < K(p)e ™, Vt =0,

7



Iy

=, and

for the solutions z(t, p) of (6), where o < min {o,n},n = —

g
K(9) > llel, max {1, 7= |-
This implies that solution x(t,¢) of (1) satisfies the inequality
lz(t, o)l < pllell, e, vt > 0,

with p and « given by (13) and the result follows. W

3. Main Results

Consider the following continuous time difference system with multiple
discrete and distributed delays:

x(t) = i Ajx(t — hy) + i G, /0 | z(t +0)do, (14)

where 0 < Ay < hy < -+ < hp, 0 < 70 < 79 < -0 <1y, A5G €
R™ j=1,2,...,m. The system (14) is a particular case of (1), where G(6) =
dohe G0 € [=74,75-1) , 7 = 1,2,...,m, with 79 = 0 and 7,,, = 7.

In order to apply Theorem 2 for the system (14) one needs to assure the
delay-independent exponential stability of (2). To this aim, there are some
conditions based on linear matrix inequalities. To the best of our knowledge,
the first time such kind of conditions were reported in the literature is in the
work of Carvalho [1]. It was shown there that the linear matrix inequalities
conditions imply the necessary and sufficient ones given by Silkowski (see
Theorem 6.1 in [4]) and, therefore, they are sufficient for delay-independent
stability of (2).

Theorem 4. [1] Suppose that there exist positive definite matrices S;,j =
1.2,...,m such that

m

S—AT|Y sl A<, (15)
j=1
where S = diag (S1,...,S,) and A = [ A - A, } . Then the continuous

time difference system (2) is delay-independent exponentially stable.



An equivalent condition to (15) has been naturally found in [18] by inves-
tigating the input-to-state stability of coupled delay differential and contin-
uous time difference equations. Similarly, the condition (15) will naturally
arises in our main result given in the next Theorem.

Theorem 5. System (14) is exponentially stable if there exist positive defi-
nite matrices Pj,Q;,j =1,2,...,m, R and S such that for j =1,2,...,m,

X
N; = i > 0, (16)
ij Qj — mTjG?MG]‘
where
P — ATMA, —ATMA, - —ATMA,,
—ATMA Py— ATMA, - —ATMA,,
Y — ' 2 1 ' 2 2 2 ' ' 2 , (17)
—ALMA, —ATMA, - P — ALMA,
VI = [ -GTMA, —-GTMA; - —GTMA, ], (18)
M = N P+ 7,Qi+R+rS, (19)
j=1 j=1

with r = max {hy,, Tm } -

Proof. Consider the following functional candidate:

we) = 3 [ S OPei+Y [0 0+m)Qel0)a0

—I—/_ ©T(0) [R+ (0 +7) 5] p(0)db, (20)

where P;,Q;,7 =1,2,...,m, R and S are positive definite matrices.
The functional (20) satisfies the following inequalities:

0 0
ar [ (@)’ df < v(p) < Oéz/ lo(8)]1* b,



with
o) = Amin(R)> (21)

@ =) Auax(P) 4D Amax (75Q5) + Amax(R +15). (22)
— =
The time derivative of the functional (20) along solutions of (14) is

dv(xt) 2T () Ma(t) — Z o’ (t — h)Pjx(t — hy) — o7 (t — r)Ra(t — 1)

J=1

0

—Z/ (44 0)Qsa (t+0)d«9—/ 2Tt +0)Sa(t + 0)db,

b

where M is defined by (19).
Substituting the right-hand side of (14) in the term z7(t)Mz(t) we have

(iG/ t+9d9> (iq/o xt+«9)d9>.

By using the Jensen inequality, the inequality

<jzm;c:j/_1 x(t +0) d@) (ZG/ t+9)d9>

m 0
< mZTj/ T(t 4 0)GT MGa(t + 0)do,

7=1

holds.

10



Then, we obtain the following upper bound for the derivative:

) (Zm:ij(t—hj)> M (iij@—hj))
Y A» (t — ) (ZG/ t+9)d9>

/ T(t+0) [Q; — m7;GT MG, x(t + 0)db

_|_
Do
A

o' (t — h;)Pjx(t — h;) — o' (t —r)Ra(t — 1)

MS IIMS

1
0

J

|
\,

27 (t + 0)Sx(t + 0)do.

-7
that can be rewritten as

Z/ er( (O)N;£(0) (0)df — 27 (t — r)Ra(t — 1)

dv( xt

— /0 of(t + 0)Sx(t + 0)do,

-

where the matrices N;,j = 1,2,...,m, are defined by (16)-(19) and for
0 €|—7m,0]

') =[2"t—m) 2"(t—hy) -+ 2"t —hyn) 2"@E+90)].
Since the matrix X defined by (17) can be rewritten as
=1
where P = diag (P, . .. ,Pm) and A = [ A - A, ] , it then follows that
the inequalities N; > 0,7 = 1,2, ..., m, implies that X > 0 and by Theorem

4 the delay-independent exponential stability of (2).
Clearly, it N; > 0,7 =1,2,...,m, then

X=pP- A" A— AT ZT]Q]—i—R—I—’I“S A,

7j=1

dv(x
dt

0
)< g / (e + 0)[2do

11



holds with
B = )\min(s)a (23)

and, therefore by Theorem 2, the exponential stability of (14) follows. B
For exponential estimates of the solutions, we can assume the condition
(11) and apply Theorem 3 to get the following result.

Theorem 6. Let system (14) be given and assume that the inequality (11)
holds. If there exist positive definite matrices P;,(Qj,7 = 1,2,...,m, R and
S such that the inequalities (16) hold, then an exponential estimate for the
solutions of (14) is given by (12), where

(/&) (Sile)

[ B
(> max ] 1, T and a < min {27042’77 . (24)

_In())

r )

Here r = max {hy,, T}, =
(22) and (23).

aq,an and (B respectively given by (21),

Proof.  Given positive definite matrices P;,@,,7 = 1,2,...,m, R and S
satisfying that AV; > 0,7 = 1,2,...,m, we calculate the positive constants
aq,az and [ determined by (21), (22) and (23). Noting that

Mg =, Sw IGO <>l
j=1

0€[—Tm,
the result follows directly from the proof of Theorem 3. W

Remark 3. Notice that although the stability conditions given in Theorem &
wnclude both discrete and distributed delays, they are actually delay-independent
w.r.t the discrete delays and delay-dependent w.r.t. the distributed delays.
In fact, since the discrete delays are only involved by means of rS, where
r = max {h,, Tm}, then by doing the change of variable S =S the depen-
dence on r can be discarded from the stability conditions to simply arrive at
the above conclusion. On the other hand, as it is expected, the exponential
decay rate o and the u factor in the exponential estimates for the solutions
gwen in Theorem 6 depend on both the discrete and distributed delays.

12



In the case when the discrete delays are commensurate it is possible to
write the systems as continuous time difference systems with a single discrete
delay for which the main ideas introduced in [15] and [16] can be applied. We
will consider the following two important cases: only commensurate discrete
delays and commensurate discrete and distributed delays.

3.1. Commensurate discrete delays

Consider here the system
m m 0
z(t) = Zij(t —jh) + Z G, / z(t +0)db, (25)
j=1 j=1 =Tj

where h > 0 is the basic discrete delay and 0 < 7y < 75 < --- < 7,,, < h. By
defining

Tty =[2"@t) a"(t—h) - 2T({t—(m—1)h) ], (26)

the system (25) can be written as the following one with a single discrete
delay and several distributed delays:

m 0
B(t) = Azt —h)+ ) _ G, / Z(t + 0)do, (27)
j=1 e
where
A Ay - A
) I 0 - 0
A=| . . . . (28)
0 1 0

and for j =1,2,...,m,

. 0 0 - 0
Gi=1 . .. . .| (29)
0 0 0

13



Proposition 7. Let system (25) be given and assume that A defined by (28)
is Schur stable. System (25) is exponentially stable if there exist positive
definite matrices W;,j = 0,1,...,m, such that for j =1,2,...,m,

mrj

. Ly, —ATPG,
;= " . ) . > 0, (30)

where G!j,j = 1,2,...,m, are defined by (29) and P the unique positive
solution of the Lyapunov inequality

ATPA— P+ (Wg + Zijvj) < 0. (31)

=1

Moreover, for any ¢ € C ([—mh,0),R"), the solution x(t,p) of (25) satisfies
the inequality

lz(t, o)l < my[lepllp €7, VE > 0, (32)
where ;1 > 0 and o > 0 are given by
,uzn(l—i—qul) and o = min (7,i —e. (33)
hee 2009

Here ¢ ¢ (O,min{a 5 }), n > 0 and o > 0 are such that HA’“H <

' 2an
ne "W & =0,1,2,..., 7 = h/2 (Zm G;

Jj=1

) , while aq,an and (B are

given respectively by

G = Auin (ATPA+WO), (34)

Ay = Amax (ATPA - WO> + Zm: Amas (T;W5), (35)
j=1

B = Aumn (/\Tm) . (36)

Proof. For a given initial function ¢ € C ([—=mh,0),R"), let (¢, ) be the
solution of (25). Let ¢ € C ([—h,0),R™) be the vector function constructed
from ¢ according to (26) and Z(t, ) be the corresponding solution of the
extended system (27). Since ||z(¢, p)|| < ||Z(¢, ¢)|| then exponential stability
of the extended system (27) implies that of the original system (25).

14



Consider now the following functional:

0

v(p) = / P'(0) [ATPA + WO} 0)do + Z / ) (04 75) Wip(6)do,
—h —T;

where P is the unique positive solution of (31) and W;,j = 0,1,...,m, are

positive definite matrices. This functional satisfies the inequalities

0 0
or [ 16O d0 < (@) <z [ 160 db
—h —h

with 0 < oy < ay given by (34) and (35). By following a similar line of
arguments of those used in the proof of Proposition 3 in [15], we are able to
prove that if V; > 0,7 =1,2,...,m, where N; are defined by (30), then

d
(@ —5/ (t +0)|| o,

with 8 given by (36). Then, by Theorem 3 in [16] the exponential stability of
the extended system (27) is assured. Indeed, from the proof of Theorem 3 in
[16], one gets that any solution Z(t,®) of the extended system (27) satisfies
the following exponential upper bound:

12, D) < pll@ll, e, vt > 0, (37)

with p and o determined by (33). Now

sup [|(6) SZ( sup [l (6 — jh) II) Z( sup Nl )||>

0€[—h,0) 0€[—h,0) —o \Y€[-mh

implies that ||¢[|, < m|¢|,,,- From this, the inequality (37) and the fact
that ||z(t,0)|| < [|2(¢,@)||,Vt > 0, we arrive at the result that any solu-
tion z(t,p) of (25) satisfies the inequality (32) and thus the proof of the
Proposition. W

Remark 4. Notice that, similar to that stated in Remark 3, the stability
conditions for (25) given in Proposition 7 are delay-independent w.r.t. the
basic discrete delay and delay-dependent w.r.t. the distributed delays. Of
course, the exponential estimate for the solutions (32) depends on both the
discrete and distributed delays.

15



3.2. Commensurate discrete and distributed delays
Consider now the following system:

x(t) = iij(t —jh) + i G, /O'hx(t + 0)do, (38)

where h > 0 is the basic delay. By using the same definition of 27 (¢) given
in (26) the system (38) can be written as the following one with only one
discrete and distributed delay:

0
2(t) = Az(t — h) + G/ 2 (t + 0)do,
—h

where A is defined by (28) and

Z;ﬁzl G Zznzz Gj - Gnm

A 0 0 0
G = . . .| (39)

0 o0

The following result can be directly obtained from Proposition 7, see also
Remark 6 in [16].

Proposition 8. Let system (38) be given and assume that A defined by (28)
is Schur stable. System (38) is exponentially stable if there exist positive
definite matrices Wy and Wy such that

1w, ~ATpG
~GTPA W, — hGTPG

~

> 0,

where G is defined by (39) and P is the unique positive solution of the Lya-
punov inequality o
ATPA — P+ (Wy+ hWy) < 0. (40)

Furthermore, an exponential estimate for the solutions of (38) is given by
(82) with p, o, 0,m and € as in Proposition 7 while v = h, /2 <HG’H> ,

G = Awin (ATPA n WO> ,
R (ATPA + W0> 4 A (A1) |

B = Amn (N) .

16



Remark 5. Note here that not only the exponential estimate for the solu-
tions but also the stability conditions given in Proposition 8 depend on the
basic delay h.

4. Illustrative Examples

Example 1. Let consider the scalar system

0
z(t) = ax(t —h) + g/ x(t 4 0)do, (41)
—h
where a, g are real numbers and h > 0.

In this particular case, by means of the characteristic function associ-
ated to (41), it is possible to obtain the following necessary and sufficient
conditions for exponential stability of (41):

Given h > 0, the system (41) is exponentially stable if, and only if, the
pair of coefficients (a, g) belongs to the stability region Q(h), plotted in Fig.
1, determined by

Q(h)={(a,b) | -1 <a<1and a+ gh < 1}.

It can be seen from Fig. 1 that the stability region Q(h) (dark shad-
owed region) can be decomposed in two regions. The first one is the delay-
independent stability region determined by —1 < a < 1 and g < 0 and the
second one s the delay-dependent stability region determined by a + gh < 1
with —1 <a <1 and g > 0.

It is worth noting that the subregion of the delay-independent stability
region determined by —1 < a <0 and g < 0 was derived in [2].

The corresponding stability region (light shadowed region) provided by
Proposition 6 (or Remark 6 in [16]) is shown in Fig. 1. This region coincides
with the stability region provided by the sufficient condition |a| + h|g| < 1
derived from the inequality (3). Thus, in this case, the obtained Lyapunov
conditions are as conservative as the sufficient conditions based on matrix
norms.

In spite of the conservatism of the Lyapunov conditions in the scalar case
they allow us to derive robust stability conditions against general classes of
perturbations. Thus, for instance, let us consider the following perturbed
system

0

o) = [a+ Aa(®)] y(t — h) + [g + Ag(#)] /_ e+0)i. ()
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Figure 1: Stability region (dark shadowed region) of (41).

where a = 0.5, g = 0.25, and Aa(t), Ag(t) are determined by
Aa(t) = 0.1sin (y*(t — h) + 5t) and Ag(t) = 0.1 (1 — e %), (43)

The time-varying nonlinear functions Aa(t), Ag(t) satisfies |Aa(t)| < 6 and
|Ag(t)| < p,Vt >0, withd =p=0.1.

By applying Proposition 5 in our pervious paper [16] we have that the per-
turbed system (42) is exponentially stable for perturbations Aa(t) and Ag(t)
given in (43) if delay value is such that 0 < h < 1.296.

Here it is important to note that this result holds not only for the par-
ticular perturbations given in (43) but also for any time-varying nonlinear
perturbations Aa(t), Ag(t) satisfying |Aa(t)| < 0.1 and |Ag(t)] <0.1,Vt >0,
and for which the existence and uniqueness of solutions is assured.

In Fig. 2, we present a numerical simulation of the perturbed system for
an initial function @(t) = sin (10t) ,t € [—h,0) and delay value of h = 1.29.
It can be seen that the corresponding solution of the perturbed system (42) is
exponentially stable as it is assured by the Lyapunov conditions.

18



Figure 2: Numerical simulation of (42) for initial function ¢(t) = sin(10¢) and delay
h =1.29.

Example 2. Consider the continuous time difference system

z(t) = Zij(t —hj)+ Z G, /0 | x(t + 6)do, (44)

J

where

oo [ e[ L)

02 -0.1 —0.1 —0.2
0 05 0.1 0
G = {—0.2 —3}’%:[0.5 0.1}'

In this case, the following simple sufficient condition for the exponential sta-
bility of (44) is derived from the norm condition (3):

2 2
M4+ 751G, < 1. (45)
i=1 j=1

Since ||A1|| + [|Az2|| = 1.3345 then the inequality (45) cannot be applied to
investigate the stability of (44). However, by using Theorem 5 we are able
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to provide a solution to the stability problem of (44). Let us consider that
71 = 0.25 and search for a mazximum value of To > 71 such that (44) is
exponentially stable.

We found that (44) is exponentially stable for any given 0 < hy < ha,
71 = 0.25 and 79 € [0.25,0.512].

Unfortunately, in this case, we are not able to compute exponential esti-
mates for solutions of (44) as it will be done in the following example.

Example 3. Consider again system (44) but now with system matrices

0.1 0 02 0
A= {0.1 0.1]’ Ar = l—o.l —0.2]’

0 1 0.1 0
G = {—1 —2}’(;2:{1 0.1]'

In this case we have that ||A1|| + || Az2|| = 0.4180. Now if we fix 71 = 0.25 and
look for To > 11 such that (44) is exponentially stable then we have that the
inequality (45) does mot hold for any value of 79 > 0 since ||A1]| + || Az| +
71||G4|| = 1.0215.

By using Theorem 5 we found that (44) is exponentially stable for any
given 0 < hy < hg, 71 = 0.25 and T4 € [0.25,0.66].

Now, since in this case we have that ||A1]| + || Az|| < 1 then we can apply
Theorem 6 to obtain exponential estimates for the solutions of (44).

Let us select hy = 1, hy = V5,71 = 0.25 and 7o = 0.3. Direct calculations
derived from (21), (22) and (23) yield a; = 1.0291, ay = 70.7435 and =
0.7066. Then the corresponding ;1 > 0 and o > 0 in Theorem 6 satisfy
w > 40.2752 and o < 0.0050. By selecting 1 = 40.3 and o = 0.0049 we
arrive at the following exponential upper bound for the solutions of (44):

lo(t, )]l < 40.3 [l e %%, ¥t > 0,

which holds for any arbitrary initial function ¢ € C ([—\/g, O) ,RQ) .

5. Conclusions

In this paper, Lyapunov-Krasovskii functionals for the exponential stabil-
ity of some linear continuous time difference systems with multiple discrete
and distributed delays are introduced, extending thus previous results in [15]
and [16] for the case of system with a single discrete delay.

20



New sufficient conditions for the exponential stability expressed as linear
matrix inequalities are derived. By assuming the condition (11) exponential
estimates for the system solutions are also given. Further investigations are
needed for relaxing the condition (11) to get exponential estimates of the
solutions.

The results have been compared with the necessary and sufficient condi-
tions that can be obtained for the simplest scalar system. It is shown that in
spite of the fact that the Lyapunov conditions are as conservative as the ones
derived from the norm-based inequality (3) they allow us to derive robust
stability conditions against general classes of perturbations.

For the general matrix case the Lyapunov conditions provide solutions
to the exponential stability problem of systems for which the norm-based
inequality (3) does not allow concluding,.

Future works will concern to perform robustness analysis of perturbed
systems with multiple discrete and distributed delays and the application of
the results to synthesis problems of continuous time difference systems.
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