Note di Matematica 24, n. 2, 2005, 75-83.

Asymptotic stability in the large
of the solutions of almost periodic
impulsive differential equations

Gani Tr. Stamov

Department of Mathematics, Bourgas University,
Bourgas, Bulgaria

gstamov@abv.bg

Received: 24/4/2003; accepted: 10/1/2005.

Abstract. By means of piecewise continuous functions which are modifications of classi-
cal Lyapunov’s functions, some sufficient conditions for asymptotic stability in the large of
solutions of almost periodic impulsive differential equations are presented.

Keywords: Lyapunov functions, Almost periodic solutions, Impulsive differential equations

MSC 2000 classification: 34A37.

1 Introduction

Let R"™ be the n-dimensional Euclidean space with norm |.||, and let
R =(—00,00),7t € R, Ty < Tir1,k = +1,4+2,... ,klirf T = +00,
—+o0

I'={(t,z) e Rx R"},By ={x € R", ||z|| < h},h = const > 0.
We shall consider the following impulsive differential equations

{ .1'(t) = f(t,.l'),t 7£ Tk
Az(tg) = z(1p +0) —x(1, — 0) = Ix(x(mp, — 0)), t =T, k= £1,+2,...,
1)
wheret € R,z € R", f: ' = R", I;;: R" — R" for k = +1,£2,...,
A solution x(t;tg, o) of (1) with x(tg + 0;tg,x0) = = existing on some
interval [tg, to + «) and undergoing impulses at the point 7, tg < 7 < to + a is
described as follows:

x(t;to, xo +0), to <t < 7y,

z1(t; 75,25 +0), 5 <t < T4,
Jf(t, to,l’o) - )
(T, Tk +0), Tipro1 <t < Tigp,
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The impulsive differential equations are an adequate apparatus for mathe-
matical simulations of numerous real processes and phenomena studied in the
theory of optimal control, physics, chemistry, biology, bioengineering sciences,
technology, medicine, etc.

Their theory is considerably more complex than the theory of the ordinary
differential equations. This is due to a number of their properties such as loss
of the property of autonomy, merging of the solutions, bifurcations, etc. On
the other hand, the properties listed above require the introduction of new and
modification of the standard methods of investigation. This is the main reason
why their theory is developing rather slowly [1, 6], [8].

In the present paper by means of piecewise continuous functions which are
modifications of classical Lyapunov’s functions, some sufficient conditions for
asymptotically stable in the large of solutions of almost periodic impulsive dif-
ferential equations are found.

2 Preliminary notes

Introduce the following conditions:

H1. The function f(¢,z) is continuous in I' and has continuous partial deriva-
tives of first order with respect to all components of x.

H2. The functions Iy (x), k = +1,42, ..., are continuously differentiable in By,.

H3. There exists a number y, (0 < p < h) such that if x € By, then x + I(x) €
By, k==+1,42,....

H4. The functions Ji(x) = z + I (x), k = £1,+2, ..., are invertible in Bj and
kal(l‘) € By, for x € Bjy,.

H5. f(t,0) =0, for t € R, and I;(0) =0 for k = £1,£2,....
H6. There exists constant L > 0 such that
I[f(t ) = fE Il + [ e(z) — L(y)|| < Lz -yl
forte R,xe R",ye R", k==+1,£2,....

If conditions H1-H4 are satisfied, then for each point (tg,z¢) € I' from [4] it
follows that there exists a unique solution x(t) = x(t; to, xg), t > to, of system (1)
satisfying the initial condition x(ty + 0) = zp.
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1 Definition. [7] The continuous function f(¢,x) is said to be almost peri-
odic in t uniformly with respect to x € X, X C R", if for any > 0, it is possible
to find a number I(g) such that, in any interval of length [(g), there exists a
number 7 such that

1f@+72) = ft,2)] <e,
forallt e R, z € X.

2 Definition. [7] The sequence {¢y(x)}, ¥r: X — R", k= +1,42,...is
said to be almost periodic in k uniformly with respect to x € X, X C R" if for
any £> 0 it is possible to find I(g) such that, in any interval of length [(¢), there
exists a number g such that

[¥r+q(z) — ()] <e,
forall k=41,£2,..., z € X.

3 Definition. [1] A piecewise continuous function ¢: R — R" with discon-
tinuities of first kind at the points 7 is called almost periodic, if:

a) the set of sequences {Tg}, T]z =Ty —Th, k=F1,£2,..., j=%1,£2,... is
uniformly almost periodic.

b) for any > 0 there exists a real number 6> 0 such that if the points ¢ and
t” belong to one and the same interval of continuity of ¢(t) and satisfy the
inequality [t —t”| < 4, then |p(t') — p(t")| < e.

c) for any > 0 there exists a relatively dense set T' of e-almost periods such
that if 7 € T, then ||p(t+7) —¢(t)|| < ¢ for all ¢ € R satisfying the condition
|t — 7| > e, k==£1,£2,....

4 Definition. The number 7 in Definition 1-3 is called an e-translation
number. Consider the sets

Gr={(tw)eT:in 1 <t<m}lk==%L%2,....G= ) G,

So ={(t,x) €T: x € By, if (t,x) € G and x + Iy(z) € By, if t = 71},

0 < o = const .

If the conditions H1-H5 hold then there exists a zero solution for sys-
tem (1). [4]
5 Definition. [4] The zero solution z(t) = 0 of the system (1) is said to be:

5.1 stable if

(Ve> 0) (Vo € R)(36> 0)(Vao € Bs)(Vt € R, t > to): ||z(t: t0, 20)|| < &:
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5.2 uniformly stable if

(Ve> 0)(35> 0)(Vto € R) (Vo € Bs)(Vt € R, t > o) ||z(t: 0, z0)|| < &

5.3 asymptotically stable if it is stable and
(Vto € R)(IX = A(tg) > 0)(Vxg € Bs: (to,xo) € Sy): tlim x(t;to, zg) = 0;
—00
5.4 asymptotically stable in the large, if it is stable and every solutions of (1)
tends to zero as t — —o0.
5.5 Quasi-equi-asymptotically stable in the large, if

(Vo > 0)(Ve > 0)(Vtp € R)(IT > 0)
(Vg € By)(Vt > to + T(to, &, ) : ||z(t; to, zo)|| < e.

6 Definition. The solution x(t; g, z¢) is called bounded if
(38 >0),(Vt € R,t > tg,x0 € Bg): ||x(t;to, x0)|| < B.
7 Definition. The solution x(t;tg, zo) is called equi-bounded if
(Va > 0)(Vtg € R)(36 > 0)(Vzg € By)(Vt € Ryt > to): ||x(t; to, xo)|| < B.

8 Definition. The zero solution of (1) is called perfectly uniform-asymptoti-
cally stable in the large if § in Definition 5.1, T in Definition 5.5 and ( in
Definition 7 are independent on t( for all ¢y € R.

Consider the following scalar impulsive differential equation

U= g(t,u), t # Tk,
u(to + 0) = uy,

where g: RXR— R, Yy: R— R, k=+1,£2,....
9 Lemma. [8] Let the following conditions be fulfilled:

(1) The functionm: R — R is piecewise continuous with point of discontinuity
of the first kind T, k = +1,42, ..., it is continuous from the left and for

which the relations 1, < Tp41, k= £1,£2,... and klim T, = 00.
—00
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(2) For k= 41,£2,... inequalities

D¥m(t) < g(t,m(t)), t # 7,
m(Tk + 0) < wk(m(Tk))v k= ilv j:27 SRR
m(to +0) < up

hold, where g € C[R x R, R], ¥y, € C|R, R], ¥r(u) is nondecreasing in u
and

Dtm(t) = hli%h suph ™ (m(t + h) — m(t)).

(8) The mazimal solution of equation (2) is defined in (tg, 00).
Then m(t) < r(t;to,ug) fort € (tg,00).

We introduce the classes Vj, V1 and of piecewise continuous functions.

10 Definition. [8] We shall say that the function V: T' — R™ belongs to
the class Vj if the following conditions hold:

(1) V is continuous in each of the sets G and V(¢,0) =0 for ¢t € R.

(2) Foreach k = 4+1,+£2,..., and each point xy € By, there exist and are finite

the limits
V(g —0,20) = lim  V(t,z),V(mp,+0,20) = lim V(¢ x)
(t,I)H(Tk,IO) (t,I)H(Tk,IO)
(t,z)EGy, (t2)eGg

and the equality V(7 — 0,20) = V (7%, zo) holds.

(3) V islocally Lipschitz continuous in its second argument in each of the sets
Gy, i. e. for each a > 0, 2’ € B,, 2" € B,

V(t,2") = V(t,2")| < h(a)||2" = 2"|]. 3)
(4) For any t € R and any = € R" the following inequality holds
V(t+0,2+ Ix(z) <V(txz), k=+1,+2,...

11 Definition. [8] We shall say that the function V : I' — R belongs to the
class V7 if:

(1) V € Vy and V is continuously differentiable in each of the sets Gj.
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(2) For each function V' € V; we define the function

Vita) = oV (t,x) n i oV (t,x)

ot

for (t,z) € G and

DYV (t,x) = lim suph™ (V(t+h,(t + hit ) = V(t,z)

is the upper right derivative of the function V' € Vj with respect to system
(1).

In the further considerations we shall use the following classes of functions:

K - the class of all continuous strictly increasing functions a : Rt — R™, and
a(0) = 0.

P - the class of all continuous strictly increasing, positive functions b: RT —
Rt.

Introduce the following conditions:

H7. The function f(t,z) is almost periodic in ¢ uniformly with respect to z,
T € By,

H8. The sequence {Iy(z)}, k = £1,£2,..., is almost periodic in k£ uniformly
with respect to x, © € By,

H9. The set of sequences {TZ}, le = Thtj—Thy k=1, £2,..., j=£1,42,...,
is uniformly almost periodic and infj, 7} = 6> 0.

12 Definition. If the conditions H1-H9 be fulfilled then the system (1) is
called almost periodic.

3 Main results
13 Theorem. Let the following conditions be fulfilled.
(1) Conditions H1-H9 are met.
(2) There exist a functions V € Vi and a,b € P such that

(i) a(|lz|]) < V(& z) <b(|[z]]), (t,z) € T;
(i1)) DYV (t,z) < —cV(t,x), for (t,x) € T, ¢ = const > 0.
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Then the zero solution of (1) is perfectly uniform-asymptotically stable in the
large.

PROOF. Let for a given ¢ > 0, € < 1, choose a d(¢) > 0 such that a(e) >
2b(6). Let x(t;to,xo) be a solution of (1) so that ¢y € R, z¢ € Bs, and suppose
that at some ¢, ||z(t;to,x0)|| = €. Then there exists a t1, typ < t; such that
||z(t1;t0,20)|| = € and that ||z(t;to, x0)|| < € for t € [to,t1]. Clearly, there is a
compact sets, for which z(t;tg, xo) € S for t € [tg,t1]. Let k denote h(«) in (3)
for v such that the set ||z|| < « contains S, and let 7 be an %-tramslation
number of f(t,z) such that for ¢t >ty + 7

a(d)c
2k

1f(s+72) = f(t,2)]] < (4)

where s € R, x € R™ and there exists relatively dense set @) of integer numbers

q such that

a(d)c
2k

Mg (2) = In(@)|] < ()

where £k = +£1,£2,..., z € R™.

Consider the function V' (s+7,x(s)) for s € [to, t1], where x(s) = z(s; to, o).
Denote by x*(t) the solution of (1) for which z*(s + 7) = x(s) for any s # 7%,
TL € [to,tl].

Then

DTV (s+71,2(s)) = lim suph ' (V(s+ 7+ h,z(s + h)) — V(s + 1,2(s))) <

h—0t

< hhrng suph Y (V(s + 74+ h,z*(s + 7+ h)) — V(s + 7,2(s)))+

+ hlin(r)l+ suph ' (V(s + 7+ h,x(s + h)) = V(s + 7+ h,x*(s + 7 + h))).

On the other hand from (ii) we get

hlirng suph Y (V (s+7+h, 2*(s+7+h)) =V (s+7,2(s))) < —cV (s + 7,2(5)). (6)

From (3),(4) it follows

hlin(r)l+ suph {(V(s + 74+ h,z(s+h)) = V(s +7+h,a*(s + 7+ h)))

<

< 1 h! —z* <

< lim sup Kllx(s +h) —a*(s+ 17+ h)|| < (7)
c

a(9)

< wllf(s,2(5)) = f(s + 7 2(s))l| < =5~
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Then from(6),(7) we have

a(é)c.

DHV (s +7,2(s)) < —eV (s +7.2(s)) + =5

From Lemma 9 it follows

Vit +7,2(t)) < e 0V (1o + 7, 2(t0)) + GT‘S) < b(8) + GT‘S) < 2b(9).
Since V(t1 + 7,z(t1)) > a(e), there arises contradiction, because a(e) >
2b(0). Thus, for any € > 0 there exists a d(¢) > 0 such that if ¢, € R and
xo € Bse, ||x(t,t0,z0)|| < € for all t > ty which that the zero solution is perfectly
uniform-stable.
For a given «, by choosing 5(a)) > 0 so that 2b(«) < a(f) and applying the same
argument as above, it can verified that if tg € R and x¢ € By, ||z(t;to, z0)|| <
B(a) for t > to.
Let x(t; tg, z9) be a solution such that tg € R, xg € B,.
Then there exists a G(«) for which ||z(t;to, x0)|| < B(w) for all ¢t > ty. Let S be
compact set in R™ such that « € B,. As was seen above, for a given € > 0, there
exists a §(¢) such that a(e) > 2b(6) which proves uniform-stability. Let x be the

Lipshitz constant of V(¢,z) for x € S and let 7 be @

—-translation number of
f(t,x) for z € S and there exists a relatively dense set @ of integer numbers ¢
such that
a(d)c
2k
for x € S and tg+7 > 0. By the same argument as in the first part of this proof,
we have (8). Suppose that ||z(¢;to, xo)|| > d(e) for all £ > tg. Then, from (8), if

t>1to+ T, where T'= %ln 25((50‘)), t # 1y, it follows

g (2) — In(2)]] <

a(d) a(d)

V(t+7,2(t) < e V(i + 7, x(to)) + - < al9)

b(a) + = = a(9),

which is contradicts a(d) < V(t+ 7,2(t)). Therefore, at some t; such that
to < t1 < to+ T, we have ||z(t1;t0,20)|] < 0(¢), i. e, if ¢ > to+ T, then
||z(t; to, x0)|| < €. Since T' depends only on « and € the Theorem 13 is proved.

QED

In the case where the system (1) and the functions V (¢, ) are defined on Sy,
the following theorem can be proved by the same argument used in Theorem 13.

14 Theorem. Let the following conditions be fulfilled.
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(1) Conditions H1-H9 are met in the set Sy,

(2) There exist a functions V € Vi defined on the set G* = U Gy,

k=+1,42,...
p={tz) €T iy <t <m}, k=%1,%2,...,
F* = {(t,iﬁ) € (R’ Bh)}
and a,b € P such that

(1) a(llzl) < V(t,2) <b(|z]]), (t,2) € T

(i) DTV (t,z) < —cV(t,z), for (t,z) € T*, ¢ = const > 0.

Then the zero solution of (1) is perfectly uniform-asymptotically stable.
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