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Abstract

A system of differential equations with impulse effect is considered. It is assumed that this system has an invariant set M. By
means of the direct Lyapunov method, the necessary and sufficient conditions of its uniform asymptotic stability are obtained.
The conditions on the perturbations of right hand sides of differential equations and impulse effects, under which the uniform
asymptotic stability of the invariant set M of the “nonperturbed” system implies the uniform asymptotic stability of the invariant
set of the “perturbed” system, are obtained. The stability properties of invariant sets of periodic systems are also studied.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Many evolution processes are characterized by the fact that at certain moments of time they experience a change of
state abruptly. These processes are subject to short-term perturbations whose duration is negligible in comparison with
the duration of the process. Consequently, it is natural to assume that these perturbations act instantaneously, that is, in
the form of impulses. It is known, for example, that many biological phenomena involving thresholds, bursting rhythm
models in medicine and biology, optimal control models in economics, pharmacokinetics and frequency modulated
systems, do exhibit impulsive effects. Thus impulsive differential equations, that is, differential equations involving
impulse effects, appear as a natural description of observed evolution phenomena of several real world problems [2,1,
14,15,37,45,48,53,54]. In recent years, the study of impulsive systems has received an increasing interest [10,21,30,
45].

The theory of impulsive differential equations is much richer than the corresponding theory of differential equations
without impulse effects. Consequently, the theory of impulsive differential equations is interesting in itself and has
many applications. Thus there is every reason for studying the theory of impulsive differential equations as a well
deserved discipline. Impulsive differential equations consist of three elements; namely, a continuous-time differential
equation, which governs the motion of the dynamical system between impulsive or resetting events; a difference
equation, which governs the way the system states are instantaneously changed when a resetting event occurs; and a
criterion for determining when the states of the system are to be reset. Since impulsive systems can involve impulses
at variable times, they are in general time-varying systems wherein the resetting events are both a function of time
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and the system’s state. In the case where the resetting events are defined by a prescribed sequence of times which are
independent of the system state, the equations are known as time-dependent differential equations [3,4,11,17,19,30].
Alternatively, in the case where the resetting events are defined by a manifold in the state space that is independent of
time, the equations are autonomous and are known as state-dependent differential equations [3,4,11,17,19,30].

Consider the system of time-dependent differential equations with impulse effect at fixed moments of time:

d

d—::X(t,x), t 47,1 €R, (1.1)

x(th) —x(w) = Ji(x), ieN (1.2)
wheret € Ry :=[0,00) istime,x e R", 0 =19 <71 <179 < --+, T} = 00, Nis the set of positive integers, x(ri+)

means the right-hand limit of x at t;.

Let @(t, 19, xo) be any solution of system (1.1) and (1.2) starting at (o, xo) where ty € (19, 71). The explanation of
the behavior of solutions of an system of impulsive differential equations one can find in [3,22,30,45]. It is assumed
that a solution @(z, o, x¢) of a system of differential equations with impulse effect is a left continuous function at the
instants of impulse effect, i.e. ¢(t; , o, x0) = P(x — 0, 10, x0) = P(7¢, to, X0).

One of the main problems in the investigation of dynamical systems (in particular, systems with impulse effect) is
the stability problem. If one needs to study the stability of some solution @(z, ty, xp) of system (1.1) and (1.2), this
problem can be reduced to the problem of the stability investigation of the zero solution of the system of perturbed
motion. So we can assume that X (t, 0) =0, J;(0) = 0, and system (1.1) and (1.2) has the trivial solution

x = 0. (1.3)

The problem of the stability of solution (1.3) of system (1.1) and (1.2) was investigated by many authors [3,6,16,18,
22,26-32,45,49].

Gurgula and Perestyuk [16] proposed to use Lyapunov’s direct method for stability investigation of solution (1.3) of
system (1.1) and (1.2). They obtained sufficient conditions of asymptotic stability of the zero solution of system (1.1)
and (1.2) by means of a Lyapunov function V (¢, x). Bainov and Simeonov [3] proved that for some classes of systems
of form (1.1) and (1.2) there exists a Lyapunov function V which satisfies conditions of the Gurgula—Perestyuk
theorem.

One of the most basic issues in system theory is stability of dynamical systems. System stability is characterized by
analysing the response of a dynamical system to small perturbations in the system states. Specifically, an equilibrium
point of a dynamical system is said to be stable if, for small values of initial distubances, the perturbed motion remains
in an arbitrarily prescribed small region of the state space. Nowadays one can observe a growing interest among
researchers in problems of the property of perturbed motions to remain near multidimentional geometric objects (goal
sets, submanifolds) and the relevant phenomena of invariance and attractivity of these multidimentional geometric
objects. This is reflected in the development of the new sections of nonlinear control theory, nonlinear mechanics,
theory of oscillating processes and robotics. Lyapunov’s direct method can be applied to the investigation of the
stability of invariant and integral sets of impulsive differential systems. Note that in certain cases, the investigation
of the stability of invariant or integral sets of impulsive systems of general form (where t; depend on x in (1.1) and
(1.2)) can be reduced to the investigation of the stability of an invariant or integral set of a certain system with fixed
sequence of times of impulse influence [34,41].

The set M C R4 x R” is an integral set of system (1.1) and (1.2) if, for any point (7o, x9) € M, it follows that
(t, D(t, ty, x9)) € M for t > to where D(¢, 1y, x¢) is a solution of (1.1) and (1.2). Let M(¢) = {x e R" : (t,x) € M}.
In [27,34,39,41] system (1.1) and (1.2) has been considered. It is assumed that there is a continuously differentiable
function V (¢, x) defined in the domain {(z, x) : t € Ry, x € D C R"} and possessing the properties

V(t,x) =0, (t,x)eM, (1.4)
V(t, x) = a(p(x, M(1))) (1.5

where a(s) is a continuous increasing function, a(0) = 0. The typical results obtained in [17,27,29,34,39,41] are the
following.
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o If
dv 9V
—_— = d. .V, X) <0,
m ” + (grad, ) <
Vg, x+Jix)) < V(y,x), i=12,...,

then M is a stable integral set of system (1.1) and (1.2).
e Suppose that, for system (1.1) and (1.2) there exists a continuously differentiable function V (¢, x) satisfying
conditions (1.4) and (1.5) and such that

dv—av+(radVX)< ¢ (V(t,x))
dr — ot grad, v, 41 = )

Vi, x+Jix)) <¢v(V(t,x)), i=12,...

where ¢ and ¢ are continuous functions Ry — Ry with certain properties. Then M is an asymptotically stable
integral set of system (1.1) and (1.2).

If M) = My C R” forall t > tg, then My is an invariant set of system (1.1) and (1.2) and the above conditions are
the sufficient conditions of stability and asymptotic stability of My [11,17,19,27,35,34,39,51]. Note that the stability
of integral and invariant sets of ODE was investigated in [5,24,25,36,44].

In [11,19,34,40] the system of state-dependent differential equations with impulse effect

dx

E:f(x) forx ¢ I, Ax|er = 1(x) (1.6)
is considered. Here X € D C R™:; D is a bounded domain in R”, I" is a surface without contact for the system
dx/dt = f(x), I' C D. It has been proved that if there exists a function V (x) which satisfies conditions

V(ix) =0 forx € Mo, My C D,
V(x) >0 forx e D\ My,

and, futhermore,

(grad,V, f) <0, x¢TI,
Vix+1(x) <Vx), xel,

then the set My is the stable invariant set of system (1.6). If, in addition
(grad,V, X) < —p(V(x)), x ¢TI,

where @(s) is a continuous function, s > 0, ¢(0) = 0, and ¢(s) > 0 for s > 0, then M is an asymptotically stable
invariant set of system (1.6).

Assume that x = (y, z) in (1.1) and (1.2) where y € R!,z € R™, (I + m = n). Unlike in the above papers where
the stability of the bounded invariant set My C R" of system (1.1) and (1.2) is studied, papers [35,47] deal with partial
stability (y-stability) of the zero solution of (1.1) and (1.2). Roughly speaking, this means that ||xg|| is small implies
that ||y(#)] is small. The goal of this paper is to investigate the stability of the set y = 0 which is an unbounded
set of R” (roughly speaking, this means that || yg|| is small implies that ||y(¢)| is small). The paper is organized as
follows. In Section 2, we introduce the main definitions and prove the theorem on uniform asymptotic stability. Then
in Section 3, we state and prove a fundamental result (Theorem 3.1) on the conversion of the theorem about uniform
asymptotic stability. Section 4 deals with stability of invariant sets of perturbed systems. Finally, in Section 5, the
stability of invariant sets of periodic systems is considered.

2. Preliminaries and main definitions. Theorem on uniform asymptotic stability

The notions of the invariance of multidimensional sets and attractivity of smooth submanifolds (hypersurfaces) are
closely connected with the concepts of partial stability. The latter implies that only a part of the system variables or
a certain function of the state coordinates tends to a desired (partial, or relative) equilibrium. The concepts of partial
stability, going back to famous works by A.M. Lyapunov, E.J. Routh and V. Volterra, were developed in [12,13,23,35,
36,38,42,43,46,50].



56 A.O. Ignatyev / Nonlinear Analysis 69 (2008) 53-72

The concepts of partial stability and set stability, being very similar, are not, in general, identical. Consider system
with impulse effect (1.1) and (1.2) where x = (y,2), y = (', y%, ..., 9D e Rz =, 2%, ..., 2" e R (I+m =
n). Denote X = (Y,2), Y = (Y1,Yo,....Y)) €e R,Z = (Z1,Z2, ..., Zy) € R™, J; = (Jyi, )y Jyi =
JL, J%, ..., J;i) e R, Ji =L JZ, .., Jz”l?) € R™, and rewrite system (1.1) and (1.2) in the form

yi’ Vyi? zi’ Yz’

dy
Ezy(tayaz)a t?érlateR9

2.1
y(rl.+) —y(w)=Jyi(y,2), i€eN,
dz
o =Z(t,y,2), t#T,teR, (2.2)

(") —z(i) = Ji(y.2), ieN.

Denote xo = (y0, 20), P(t, to, x0) = (F(t, to, x0), E(t, o, x0)) (F € R!, E € R™) is a solution of system (2.1) and
(2.2) satisfying the identities F (ty, to, xo) = yo, E (to, to, x0) = zo where xo € R" if 1y € U;’i] (ti_1, 7). If, however,
to = 1;, i € N, then we denote by @(z, tg, xo) = (F(t, to, x0), E(t, t9, xo)) for t > t¢ the solution of system (2.1) and
(2.2) such that

F(1, 1. x0 + Ji (x0)) = yo + Jyi(x0),

E(ty . 1 X0 + Ji (x0)) = 20 + Ji (x0).
According to the existing tradition [3,30,45], the solution x(¢) is assumed to be continuous from the left at the points
Ti : 45(‘[1" tO, xO) = ¢(Ti77 tOv XO) l € N

Suppose that Y (¢, 0, z) = 0, Jy;(0, z) = 0. Under these assumptions, system (2.1) and (2.2) has the invariant set

M which is described by the equality

y=0. 2.3)

This means that yg = 0 implies F (z, tg, xo) = O.
Denote [|y|| = maxi<<; [y*], Izl = maxi<j<m |2/],

o
By ={xeR": |yl < H,llzll <o}, G=|Jxi1,7)x Bn.
i=1

Let us make the following assumptions.
(P1) A function X = (Y, Z) is continuous in each domain (7;_1, 7;) X Bg (i e N), Y(¢,0,z) =0,

1Y@, y1,21) =Y, y2, 22)Il < Lllyr — y2ll
and for any k € N there exist the finite limits

lim X (¢, x) = X (1, x), lim X (1, x) = X(t, x).

1—>17 =1
(P2) Functions J; = (Jy;, J;;)(i € N) are continuous, J,;(0,z) =0, i e N, z € R", and

I yi 1y z21) = Jyi (2, 22) I < Lllyr = y2ll,  (31,21) € By, (y2,22) € By, i € N.

(P3) Constants 7;(i € N) satisfy conditions 0 = 79 < 71 < 79 < -+, lim;_, 7; = +00, and in each segment
[z, ] C R4, there are no more than p points 7; where p depends on the length of the segment [¢, T].
Let us introduce some necessary definitions.

Definition 2.1. The invariant set (2.3) of system (2.1) and (2.2) is said to be stable if for any ¢ > 0 and ¢ty € R there
exists § = §(e, o) > 0 such that ||yg|| < & implies || F (¢, fto, x0)|| < € for t > ty. If § can be chosen independent
of ty (i.e. 6 = 8(¢)), then the invariant set (2.3) is called uniformly stable.

Definition 2.2. The invariant set M of system (2.1) and (2.2) is said to be attractive if for any #y € R there exists an
n = n(ty) > 0, and for any € > 0 and xp € B, there exists a0 = o (g, 19, xg) > O such that | F (¢, o, xo)|| < € for all
t > tp + o. We say that B), is contained in the domain of attraction of M at the moment f.
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In other words, M is an attractive set if

lim || F(z, 19, x0) || = 0. 2.4)
—00

Definition 2.3. The set M is said to be uniformly attractive one for system (2.1) and (2.2) if for some 1 > 0 and any
& > O there exists a0 = o (¢) > O such that || F(¢, fp, x)|| < ¢ foralltp e Ry, xo € Byandt >ty + 0.

In other words, M is a uniformly attractive set if the limit relation (2.4) holds uniformly with respect to
0 >0, xo € By.

Definition 2.4. The invariant set M of system (2.1) and (2.2) is said to be:

e asymptotically stable if it is stable and attractive;
e uniformly asymptotically stable if it is uniformly stable and uniformly attractive.

Let K denote the class of Hahn functions [42], thatis g € K if g : R, — R, is a continuous increasing function
such that g(0) = 0. Note that in [9,7,8,20] these functions are called wedges.

Definition 2.5. We say that a function V : R; x By — R belongs to the class V) if it is continuous on the set G,
satisfies the condition |V (¢, x1) — V (¢, x2)| < L|ly1 — y2ll, x1 = (y1, z21), x2 = (y2, z2) uniformly with respect to
teRi,z1 eR", 20 e R™"; V(t,0,z7) =0fort € Ry, z € R", and for any k € N there exist the finite limits

lim V(z,x) = V (1, x), lim V(t,x) = V(r{, x).

=7 l%rk+
We say that a function V € 1) belongs to the class V; if it is a C! function on G. For (t, x) € G we define the
derivative of the function V € V) as

dv. 9V a9V

Lo xe .
@ o T e

Theorem 2.1. Let system (2.1) and (2.2) be such that there exists a function V € )y such that

Vt,x) = g(lylD, t€Ry,x€By,gek, 2.5)
Vi, x) =b(lylD, t€Ry,xe€By,bek, (2.6)
DYV(t,x) < —c(lyl), t€Ry,xe€By,t#17 (i eN),cek 2.7)

where DTV (¢, x) is the right upper Dini derivative of the function V along the solution x(t), and
V't x +Ji(x)) < V(ti,x), ieN,xeBy. (2.8)

Then M is an invariant and uniformly asymptotically stable set of system (2.1) and (2.2) and there exists an
Hy > 0 (Hy < H) such that the domain of attraction of M contains the set Bp,,. The identities

Y(,0,2) =0, Ji(0,2) =0, ieN 2.9)
are also valid.

Proof. If xo € M, then V (¢, ®(¢, ty, x9)) = 0in view of (2.6)—(2.8), whence it follows from (2.5) that || F (¢, ty, xo)|| =
0 for t > 1y, and this proves the invariance of M. Note that conditions || F (¢, fg, x0)|| = 0 and (2.9) are equivalent if
X0 € M.

Pick any 1 > 0 (&1 < H), and choose § = b='(g(e1)). If | yo|| < 8, then from properties (2.5)—(2.8) we have
gUIF (2, 10, x0)Il) < V(t, &, 10, x0)) < V (10, x0)

=
< bllyol) < b~ (g(e1))) = g(e1),

whence it follows || F (z, tg, x0)|| < €1 for t > #. This proves the uniform stability of M.
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The uniform stability of M implies that for every positive &3 (¢2 < H) there exists Hy = Hp(¢2) > 0 such that for
any tp € Ry, xo € By, the inequality || F (¢, ty, x0)|| < &2 holds for ¢ > #y. Consider the solution @(t, 1, xo) of Egs.
(2.1) and (2.2) with xg € By, . Since xg € Bpy,, then | yol| < Hp, whence

V(to, x0) < b(llyoll) = b(Ho). (2.10)

b(Hp)

@) Let us show that there exists o € [0, T']

Let ¢ be any sufficiently small positive number. Denote 7' (¢) :=
such that

V(to+ o, 2(to + 0, 19, x0)) < g(e). (2.11)

Suppose the opposite: for any o € [0, T'] the inequality V (fo 4 o, @(to + 0, t9, X0)) > g(e) holds, whence we have

IF (2, 0, x0)ll = b~ (V (1, 8, 0, x0))) = b~ (g(e)) (2.12)
for tg <t < t9g + T. From inequalities (2.12) we derive that
dv (e, &(z, to, x0)) _
dt -
This inequality together with (2.5) and (2.8) imply
0 < g(IF(t. 10, x0)[1) < V (¢, D(t, 10, X0)) < V (to, x0) — c(b™" (g(e)))(t — 1o).

For t — t9 = T we have V(ty, xo) — b(Hp) > 0, but this contradicts relations (2.10). This proves the existence
of ¢ € [0, T] such that inequality (2.11) is valid. Since V does not increase along the solution (¢, 9, x¢), then
Vi, &(t, 10, x0)) < g(e) for t > 19 4+ o. This implies || F(t, to, x0)|| < € for t > t9 4+ o. Hence M is uniformly
attractive, and its domain of attraction contains the set Bp,. This completes the proof. [

—c(b7(g(e))), teRy, x0€ By, t #1(i €N),cek.

Definition 2.6. System (1.1) and (1.2) is said to be periodic with respect to ¢ with the period w if there existsag € N,
such that

Jipg@)=Jix), tiqg =i+t (@i=12,..); X(t+wx)=X({tx). (2.13)
3. The converse theorem

Lemma 3.1. Assume that there are p points of impulse effect in (ty, t1], the function Y satisfies condition (P1) in the
domain Ry x By, and Jy; (i € N) satisfy conditions (P2) in By, and solutions &(t, to, x1) and $(t, ty, x2), where
x1=0nLz) =0y =@ and xo = (32, 22) = .. Y. 2h L 2, lie in By for
t € (1o, t1]. Then

IF (. to, x1) = F(t, to, x2)|| < (1+ L)?[y1 — yallet 170, 3.1)
Proof. First assume that p = 1, i.e. there is one point of impulse effect r = t; in (#9, #1]. We have
Fi(t]  to, x1) — F* (7 , 10, x2) = (y] — 3)

7]
+/ [Yﬁ(tv @(tat()ax]))_y?(ta @(tat()sxz))]dt’ S=1727"'7ls
fo

whence using property (P1) we obtain
|F* (T s to, x1) — F* (7, 0, x2)| < lly1 — »2l
7]
+L/ | F(, 10, x1) — F(t, 1o, x2)[|de,  s=1,2,...,1,

fo

| F(z,, 10, x1) — F (T, f0, x2)| sup |F* (7, t0, x1) — F*(t, 10, x2)|

1<s<l

T
Iy — 2l + L/ IF(t. 1o, x1) — F 2. 1o, x2)|dr.

fo

IA
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Using the Gronwall-Bellman lemma we obtain
IF 2y t0, ¥1) = F(x; 10, x2) | < llyn = yalle" ™7, (3.2)
From property (P2) and inequality (3.2) we have
IF (] 10, x1) — F(t}", to, x2) Il < | F (], 10, x1) — F(t; . 1, x2) |
+ ||J}'1(F(rl_7 t07 -xl)v E(Tl_a th xl)) - Jy] (F(Tl_a th xz)a E(rl_’ tO’ XZ))”
< 1+ D)y = yalle @10, (3.3)
Indeed,

IF(t1. 10, x1) — F(t1, t0, x2) | < | F(z{", 10, x1) — F(t}", 0, x2) |

1
+L/ I F(z, 10, x1) — F(t, 19, x2) ||t

71
whence from (3.3) by the Gronwall-Bellman lemma we get

IF(t1, to, x1) — F(t1,t0, x2) || < | F(z;", to, x1) — F(t}, 19, x2) 1™

< (14 L)|ly; — yp|let1=10),

For p > 1 by means of induction it is possible to show the truth of estimate (3.1). O

Corollary 3.1. If initial conditions x1 = (y1, z1) and x» = (y2, z2) of two solutions P(t, ty, x1) and P(t, ty, x2) of
system (1.1) and (1.2) are such that y1 = y», then F(t, ty, x1) = F(t, tp, x2) for t > 1.

Lemma 3.2. Suppose that ¥ (t) : Ry — Ry is a non-negative bounded piecewise continuous function approaching
zero as T — 00, with discontinuity points of the first kind t1,..., T, ..., such that 0 < 11 < 15 < --- and
lim; 00 T; = +00. Suppose that Y (t;) = ¥ (r; ), i € N, and on the set U?il(r,-_l, ;) the function ¥ (t) has a
derivative V' (), satisfying the inequality |Y'(t)| < P. Then the function f(t) = SUp, ., .o, ¥ (v) at any value of
t € Ry has one-sided derivatives such that -

—P < fl(t7) <0, -P < f¢h) <o0. (3.4)

Proof. Note that the curve y = f(¢) fort € R, consists of alternating parts of the curve y = ¥ (¢), where ¥ (¢) is non-
increasing and segments where the function f (¢) is constant; thatis f(¢) is a piecewise continuous monotonically non-
increasing function approaching zero as ¢t — co. The discontinuity points can occur only at the points t = 7; (i € N).
For ¢ € Ry this function has the one-sided derivatives f’(t*) = f’(t +0) satisfying conditions (3.4), as required. (]

Lemma 3.3. Suppose that f1 : Ry — Ry, and f>: Ry — Ry are two bounded nonnegative piecewise continuous
functions having one-sided limits at the discontinuity points and such that

lim fi(t) =0, lim f>(t) = 0.
t—>00 11— 00

Then

sup f1(2) — sup fo(t)| < sup |f1(r) — fa(r)].

I‘ER+ l‘ER+ t€R+

Proof. Lemma 3.3 is obviously true in the case sup,;er, f1(1) = sup,eg, f2(r). Suppose that sup,cg, f1(1) #
sup;cg, f2(r). Without loss of generality we assume that sup,cg, fi(f) > sup,cg, f2(f). Since the functions
f1(®), f2(¢), being non-negative and bounded, approach zero as + — o0, there exist finite values t1, 2, #3 such
that sup,cg, fi(t) = fi(t]). sup,cr, fo(t) = fo(ty), and sup,cp, |f1(t) — (O] = |fi(t5) — fo(t7)]. Here
S (tl.i) (k = 1,2; i = 1,2,3) denotes either the value or the one-sided limit of the function f; at the point #;.
Consequently, f1(t1) — f(5) < fit]) — f(tF) < | f1(£) — f2(t5)], which proves Lemma 3.3. O
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Theorem 3.1. Suppose that property (P1)—(P3) hold, the invariant set (2.3) of system (2.1) and (2.2) is uniformly
asymptotically stable, and its domain of attraction contains the set By, (0 < H, < H). Then there exist constants
P >0, L1 >0andfunctionsg e K, be K, ce K, V : R4y x By, = Ry suchthat V € V),

[V, x1) = V(t, x2)| < Lillyr — y2ll (3.5)
fort e Ry, x1 = (y1,21) € Bu,, x2 = (y2,22) € Bu,, |V(t1,x) = V(t2,x)| < L1lty — ] for x € By,, t| €
(ti—1, T1), B € (ti_1, T;), (i € N), conditions (2.5)—(2.8) are satisfied, and DYV (¢, x) > —P.

If system (2.1) and (2.2) is periodic with period w, then the function V can also be chosen to be periodic in t with
the period w.

Proof. Let ¢(#) be a monotonically decreasing function satisfying the inequality
| F(t, 10, x0)|| <@t —19) fort >ty (3.6)

for any xo € Bp,, and such that lim;—,» ¢(¢t) = 0. The existence of such function ¢(¢) follows from the property
of uniform asymptotic stability of the invariant set M in the sense of Definition 2.4. (It suffices to choose for ¢(¢)
any continuous positive function that is monotonically decreasing to zero and satisfies the inequality ¢ () > & for
t € [oe). o ().

Let Q(¢) : Ry — R, be a monotonically increasing continuous function such that lim,_, o, Q(¢) = +o0. In [33,
p. 452-458] it is shown that there exists a continuously differentiable function g = g(¢) : R — R, such that

gek, ¢ek, (3.7)
/O g(p(r))dr = N; < +o0, (3.8)
/O g (p(1)Q(r)dt = Ny < 400, (3.9)
g (@()Q(r) < N3 forallt >0, (3.10)

where N1, Ny, N3 are positive constants.
Let us show that the function

oo
V(LX)=/ gUIF(z,t,x)lhdr + sup g([[F(z,1,x)|) (3.1
t I<T<00
where x = (y, z) satisfies all the conditions of the theorem.
Integral (3.8) converges; hence by estimate (3.6) the integral in the right-hand side of (3.11) converges.
Consequently, the function V is defined in the domain

R4 X Bg,. (3.12)
Note that sup, ., .o [1F'(7, £, ) || > [ly[l. By (3.7) we obtain
o0
[ stF@ =0, s gFE 0D = iy,
t 1<T<00

that is, the function V satisfies inequality (2.5).
From estimate (3.6) we obtain that || F'(t, fo, x0)|| < ¢(0) for all #y, x¢ from domain (3.12); hence

Vt,x) < / g(p(1))dt + g(¢(0)) = N4 = const.
0

Consequently, the function V is uniformly bounded in domain (3.12). Let us show that the function V satisfies
inequality (3.5). Using Lemma 3.3 we obtain

|V, x) =V, x)| =

[[g(IIF(T,t,xl)II)—g(IIF(f,t,m)II)]df
t

+ [ sup g([[F(z, 1, x))|) — sup g(llF(f,t,Xz)II)”

t<T<00 t<t<00
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o0
=< / 8oSup(lF (T, £, x)II, 1F (z, t, x2) DI F (z, 1, x1) — F(, 1, x2)[Ddt
t

+ sup [g(IF(z. ¢, xD)I) — g(IF(z, 2, x2)[DI. (3.13)

1<T<00

According to Lemma 3.1 we have

IF(z, 1, x1) = F(z, 1, x2) [l < Q(r =)yt — y2ll, (3.14)
where O : Ry — R, is monotonically increasing positive continuous function satisfying the inequality

O —1) > (14 L)Pel—D;

here p is the number of points 7; in the segment [z, T]. By property (P3) such a function does exist. Taking into
account inequality (3.13), applying to the second summand in the right-hand side of (3.13) the Mean Value Theorem,
and using estimates (3.9) and (3.10) we obtain

[V, x1) = V(t, x2)| < llyr — yall [/ 8oup(IF(z, 2, x)I, |1 F (z, 1, x2) 1)) Q(t — 1)dt
1

+ sup (g,(p(r —)QO(r — t)} = (N2 + N3)ly1 — »all (3.15)
1<1<00

which proves that V satisfies condition (3.5). This implies that there exists a function b € C such that inequality (2.6)
holds. One can choose b(||y]l) = (N2 + N3)(lIyl).

We now verify that |V (¢1, x) — V(t2, x)| < L1|t; — 2| forx € By, t1 € (ti—1, i), t2 € (Ti—1, T;), i € N, where
L is a constant that does not depend on i. Indeed, this follows from the fact that the first summand on the right-hand
side of (3.11) is a continuous function with respect to ¢ for ¢t € R, and a differentiable function with respect to ¢ for
t # 1; with the absolute value of the derivative uniformly bounded, while the second summand is continuous with
respect to ¢ for ¢ # t;, has bounded non-positive left and right derivatives with respect to ¢ for € R4 by Lemma 3.2,
and the absolute values of these derivatives are also uniformly bounded.

We consider DTV (¢, x) along solutions of system (2.1) and (2.2). We have DTV = DtV where V is the result
of substituting an arbitrary solution @(¢, t9, xo) of system (2.1) and (2.2) into the function V. But

V=/ gUIF(z,t, &(t, 10, x0)) )T + sup g(|[F(z,, &z, 10, x0)) )
t

t<t<00

=/ gUIF(z 10, x0)Ddz + sup g(I|F(z,1, (1, 10, x0))|),
t

t<t<00

since F(t,t, (¢, to, x9)) = F(z, ty, x9). Hence for t = 1y we obtain

d o0
DYV (t, é(t, 10, x0))|,_, = O / g(IF (z, to, xo) Ndt
t

=1y

1
+ lim supg( sup  g(|F(z, o, x0)[1) — sup g(IIF(r,to,xo)||)>.

=07 fo+E<T <00 1H<T<00
The second summand in the right-hand side of the last equality is non-positive; hence

DYV, (1,10, x0))|,_, < —&(IF (10, 10, x0) ) = —g Iyl

=ty —

that is, DTV satisfies relation (2.7).

For y = F(t, t9, xo) we have y + Jy,(x) = F (tk+ , o, X0), whence, bearing in mind that the second summand in
(3.11) is a non-increasing function, we get that inequality (2.8) holds along the solution @(z, 7, xg) of system (2.1)
and (2.2).

Now suppose that system (2.1) and (2.2) is periodic with respect to ¢ with the period w. We shall prove that in this
case the function V (¢, x) defined by equality (3.11) has the property V (¢t + w, x) = V (¢, x). Indeed,
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o
Viton = [ gUFeronhds sp glF @+ o).
t+w I+w=<T<X
Introducing a new variable s by the formula T = s + @ we obtain
o
Vit+w,x) = / gUF(s+ o, t+w,x)l)ds + sup g(|F(s + .1+, x)). (3.16)
t 1<s<00
Using the obvious property of solutions of periodic systems

F(t+w, ty+ w, x0) = F(t, o, x0) (3.17)

by equalities (3.16) and (3.17) we obtain V(¢ + w, x) = V (¢, x), as required. The theorem is proved. [
4. Stability of invariant sets of perturbed systems

We now demonstrate one of the possible applications of Theorem 3.1. Suppose that system (2.1) and (2.2) has the
uniformly asymptotically stable invariant set M described by equality (2.3). Along with system (1.1) and (1.2) we
consider the system

Z—: =X(t,x)+ X.(t,x), teRy, t#1, 4.1)
x(th) —x(w) = Ji(x) + JF(x) = L;(x), i€N, (4.2)

where X, Xy = (Ys, Zy), J;, JF = (J;,‘i, J7;) satisfy properties (P1), (P2) respectively, and system (4.1) and (4.2) has
the same invariant set M as system (1.1) and (1.2). The following theorem holds.
Theorem 4.1. If the invariant set (2.3) of system (1.1) and (1.2) is uniformly asymptotically stable,
lim Y, (t,x) =0 4.3)
11— 00

uniformly with respect to x € By (0 < H < 00), and the series y .=, ||Jy*l- (x) |l converges uniformly with respect to
X € By, then the invariant set M of system (4.1) and (4.2) is also uniformly asymptotically stable.

Proof. Since the invariant set M of system (1.1) and (1.2) is uniformly asymptotically stable, there exist a function
V (¢, x) and Hahn functions g, b, c, satisfying the conditions of Theorem 3.1. Using Yoshizawa theorem [52] we first
estimate DTV (¢, x) along a solution x () of system (4.1) and (4.2) for ¢t # t;, x € By, where H, < H:

VE+Ex+EX(E x)+EX(t,x)—V(t,x)

+ _ .
D V(t,x)|(4.1)’ @2 = EIEBL sup

§
. ViE+E x+EX(,x)+EX(t,x) = V(I +§&,x+EX(, X))
< lim sup
E—0F §
. Vie+&E x+EX(E, x) —V(t,x)
+ lim sup
£E—0t S
< L1||Y*(t,x)|| + D+V(t7-x)|(1_l)’(1_2)~ (44)

In similar fashion we estimate the value of the jump of the function V along the trajectory x (¢) of system (4.1) and
(4.2) at the instant T;:

AV = V(g x + Ji(x) + JF (@) = V(w, x)
= [V x + Ji ) + JF@) = VI  x + T+ [V x + Ji(x) = V (5, x)]
V(g x + i)+ JF @) = V(T x + Ji(x) < Lill Ty (0l 4.5)

IA

Recall that L1 denotes the constant for the function V appearing in inequality (3.5).
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Let us show that the set M of system (4.1) and (4.2) is uniformly stable. Pick an arbitrary &1 > 0 (1 < Hy).
Let 11 € R, be sufficiently large. Let us show that there exists §; = &1(¢1) > 0 such that the solution
x(t) = x(t,t1,x1) = (y(t), z(¢)) of system (4.1) and (4.2) satisfies the condition ||y(#)|| < &1 for ¢t > #; as soon
as x| € Bs,. We set §; = b_l(% g(e1)). We assume that the value #; satisfies the inequality #; > 77 where 77 is so
large that L[|V, (t, x)|| < y1 = %c(8)) fort > T1, x € By, and Ly Y, [RATEST/IS 1g(e) for x € By, (here the
summation is extended to those values of i, where 7; > T7). Since (4.3) holds uniformly with respect to x € By,
the series Zf’i 1 IJyi () || converges uniformly with respect x, and §; depends only on &, one can choose T} to be
dependent only on ¢;. Using estimates (2.5) we obtain that

t
gUly®I) =Vt x(2) < V{1, x1) +/ DTV (s, x(s))

3|

ds+ Y AV (4.6)
4.1), (4.2) i
where the summation on the right-hand side of (4.6) is extended to those values of i, where t; > t;. Bearing in mind
that V(t1, x1) < %g(al), > AV < %g(al) and D+V(t,x)|(4_l) @2) < —%c(él) for ||y|| > §; we obtain that at an
arbitrary instant ¢ > 1 either the inequality || y(¢)|| < 61 < €1 holds or

1
glly®l) =V, x(@) < gler) — 50(51)0 —11) < g(er),

whence ||y(¢)|| < 1. Thus, it is proved that for any £; > O there exists a value 71 = Tj(e1) > 0 such that for any
t1 > Ti there is 87 = §1(e1) > 0 such that the inequality ||y1|| < &; implies that ||y(¢)|| = ||y(, 11, x1)|| < &1 for
t > t1. From Lemma 3.1 and property (P3) we deduce that there exists § > 0 such that for any 79 € [0, T1] and x¢ € Bs
the solution x (¢, #y, xo) satisfies the inequality || y(71, fo, x0)|| < &1 and therefore the inequality ||y (¢, 9, x0)|| < €1
for t > tg. Since §; and T7 depend only on ¢, we conclude that § also depends only on €1, which proves the uniform
stability of the set M of system (4.1) and (4.2).

We now show that the set M of system (4.1) and (4.2) is uniformly attracting. For that we choose an arbitrary
&1 > 0 (&1 < Hy) and the correspondent value § = §(¢1) > 0 in the definition of uniform stability. Let us show that
for any &7 > 0 (g2 < &1) there exists a 0 = o (g2) > 0 such that ||y (¢, fg, x9)|| < &3 for all ||yo]l < §, o € Ry and
t > to+ o. For that we choose §, = 62(¢2) > 0 such that if the solution x (¢, #, xo) of system (4.1) and (4.2), gets into
Bs, at some instant, then it stays in By, for all ¢. It is possible to choose such 8, by the property of uniform stability of
the invariant set M of system (4.1) and (4.2) proved above. So we have the inequality || y(z, fo, xo)|| < &1 for ¢t > 1.
We estimate the period of time during which the solution x (¢, #9, xg) can belong to the set

b2 < Iyl < e1. 4.7)

Let 7, denotes an instant such that L[| Yy (¢, x)|| < y2 = 5c(8,) fort > 1, x € B, and LillJ5 0l < 38(ey) for

T, >, X € B, . Since (4.3) holds uniformly with respect to x € By, the series Z,fil ||Jy*i (x)|| converges uniformly
with respect to x € By, and y» depends only on &7, one can choose f, to be dependent only on £;. We show that
the invariant set M of system (4.1) and (4.2) reaches set (4.7) no later than at 3 = (b(e1) + % g(e1))/v2. For that we
estimate the value V (¢, x(t)) fort > 1;:

0 <g(2) < V(t,x(1) < V(ta, x(12) — a2t —12) + Y AV

IA

1
b(ey) + 55’(81) — @ —1n). (4.8)

We obtain the required estimate from inequalities (4.8). Thus, the value o can be chosen in the form o = t, 413, where
1> and 73 depend only on &>. This proves that the invariant set M of system (4.1) and (4.2) is uniformly attracting and
its domain of attraction contains the set Bs. The theorem is proved. [

Theorem 4.2. Suppose that systems (1.1), (1.2) and (4.1), (4.2) are such that the property (P1)—(P3) hold and there
exists a positive constant h such as tiy1 — t; > 8h for i € N. If the invariant set M of system (1.1) and (1.2) is
uniformly asymptotically stable, the function Y, (t, x) satisfies the limit relation

t+82
lim Yi(s,x)ds =0 4.9)

—>0o0 t
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uniformly with respect to {2 > 0, x € By, and the sequence {in(x)} satisfies the condition
: *
lim ([T (0] =0 (4.10)
11— 00

uniformly with respect to x € By, then the invariant set M of system (4.1) and (4.2) is also uniformly asymptotically
stable.

Proof. Let &(1, 19, x0) = (F(t,to, x0), E(t, 10, x0)), F = (F',...,F)), E = (E',...,E™), and x(t) =
(xl, o X = x(t, 19, x0) = (y(t, t, x0), z2(2, to, X0)), ¥ = (yl, e, yl), 7z = (zl, ..., ™) denote, respectively,
the solutions of systems (1.1), (1.2) and (4.1), (4.2) satisfying the identities @ (g, to, xo0) = (¥o,20) = xp and
x (19, t9, X0) = Xo. Since the invariant set M of system (1.1) and (1.2) is uniformly asymptotically stable, there exists
a function V (¢, x), having the properties listed in Theorem 2.1.

First we show that M is uniformly stable with respect to system (4.1) and (4.2). Let ¢ be an arbitrary sufficiently
small positive number (¢ < H, < H). We set

1 &
=min{b~'(=ge) ), ————1}.
: { (2g( )> § +L>3el6Lh}
We shall show that any solution that starts at a sufficiently late instant at a point x; = (y1, z1) satisfying the condition

ly1ll < & does not leave B, for all . Assume the opposite: suppose that there exist a solution x (¢) of system (4.1) and
(4.2) and instants #{, fp suchthat0 < t, <1t < 13, ||y(t)| <&, ||y(t2+)|| > g and

E<ly®ll <e 4.11)

for t; < t < t,. Here t, is some fixed sufficiently large instant. With regard to the mutual disposition of the points
t1, t and the instants of impulse effect the following cases are possible:

(1) there are no instants of impulse effect in the interval (¢, 12);
(2) there is one point 1% in (1, £2);
(3) there are at least two points of impulse effect in (¢1, 72).

First we consider the case, where there are no impulses in (#1, t2). From Lemma 3.1, by the choice of § we
obtain that 1, — #; > 16h. We divide the segment [t{, t>] into r equal segments by the points 6y = t; + k0 (k =
1, 2,...,r—=1), 6 =11, 6, =1.0n (6;_1, 6;] we set @9_,._, =xp,_, = x(@tl, 1o, x0). At the same time we set
%j = 90,01, 459].71) for the value of the solution of system (1.1) and (1.2) with the initial data (6;_1, @9].71) at
the instant 6;; we also set Xp; = x(0;, to, x0).

We find

-
Vit x(0)) = V(T x(tD) = Y [V (O, x(60)) — VOF_)), x(OF_))]
j=I1
-
= Ri+ R+ ) [V, 906,10, x0) — VO |, x(6]_ )],
j=1
where
,
Ri =) V), 80;, 10, x0) — VO], 20} 10, x0))],
j=1

Ry = Z[V(Gj,x(ej)) =V, 80, to, x0))].
j=1

We estimate the quantities Ry and R»:

r Qj
R <) / DtV
j=1 8-

dr < —rfc(§) = =12 — 11)c(§), (4.12)
(1.1, (1.2)
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[R2| < Z V0, x(©0;)) — VO, 20}, 10, x0))I, (4.13)
j=1
[V(©;,x(0;)) — VO, ®0;, 1o, x0))| < L1lly(0;) — FO;)|l = L, lfgl?i(l(lyk((?j) - Fk(9j)|), (4.14)

0 0
@) — Fre;) = /9 (Y5, x (1)) — Y52, ®(t, 10, x0))1dr + fe Y@, x(0)de,
ji—1 i—1

YA x(1) — YE(t, (. 10, xo))( dr

6;
v
01

J

0
Iy ;) — F*,)| < /9
1

0;
+ / Y@, x6;-1))drt Y@, x (@) — Y5, x(0,-1))| dr, (4.15)

-1

1Y@, x (1)) — YX(z, (1, 10, x0))| < Llly(t) — F(t)| <L-2L-6 =2L%*0 forr € (6;_1,6;],

0
[ | exon = v oo xon| a < 2222 @16
0j_1
o) 0
| raxoy - viax@mfar <2 [ ivo - @0l < 26, (@17
0j_1 0j_1

Since (4.9) holds uniformly with respect to {2 > 0, x € By, there exists a positive continuous function u(t)
monotonically decreasing to zero as t — 400 and such that

t+82
/ Yf(s, x)ds
t

whence

<u(®) (xe€By,N7>0,1<k<]),

8;
| vt mas
0

Jj—1

< u(8j-1) < uts).

Using estimates (4.12)—(4.17) we obtain
V(t, x(2) — V(] x(t]) < —rfc(&) +rL1(2L*0% + L?0% + u(t,))

15
= - ® —11)c(E) +3L1L*r (0% — 286 + y), (4.18)
where

8 cé) u ()

Toer,2° VT 302

Using (4.5) and (4.18) one can estimate the quantity AV = V(t;' , x(t2+ )) — V(t1, x(t1)) irrespective of whether
the instants #; and #, are points of impulse effect or not:

15
AV < —2 (i = 1)e(®) +3LiL7r (67 = 286 + ) + Li(I55 ) + 175 @) ).
We assume 7, to be so large that
1
L ||Jy*i(x)|| < 0c(€) < E(tz —t)c(&) fort; > 1., x € B;. (4.19)

Since (4.10) holds, such 7, exists.
We choose 6 to satisfy the quadratic inequality

6> —280 +y < 0. (4.20)
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This inequality is valid if 6 € (011, 0?®), where 0V = 8 — /B2 — y and 6P = B + /B2 — y. We assume 7, to be
so large that

(&)

Uty < ———.
t) 30721312

421

This ensures that 82—y > 0and #® > 9 > 0. Let us show that there exist a positive integer r and 6 € (61, )
such that

ré =mn —1. (4.22)
The inequalities 0 < 6 < 6@ under condition (4.22) can be written in the form

ph < 221 _ gy

r
or

h—1 h—1
For the existence of a positive integer r satisfying inequalities (4.23) it is sufficient that

h —1 h —1 1

O

which holds if

h ] : 1 4.24

b @ ) T (4.24)

It is easy to verify that inequality (4.24) holds for 0 < y < —2h% + 2/h* + B2h2, that is, for

e >u"! <3L2 (—2h2 + 2hy/h2 + ﬂ2)) ) (4.25)

Thus, for any

() 1 2 2
Ly > Max | Ty, ————, u - <3L (—2/’1 + 2hy/ h? + /32>>
3072L1L2
inequalities (4.19), (4.21) and (4.25) are satisfied, and we have

+ + 13
Vi, x(#))) — V({, x(n1)) < _1_6(t2 —t1)c(§). (4.26)
We now consider the second case where on interval (f1, t2) there is one point 7 of impulse effect: 11 < 7 < f7.
We assume that ¢, > t,. In this case simirlarly to (4.18) and (4.19) we obtain
V(S x(t) = Vit x(11) < [V(t2, x(12)) — V(7 , x(1))]
+ [V (e, x(m) = V(| x ()] + 3he(§)

irrespective of whether #; and #, are points of impulse effect or not. In this case the inequality r, — t; > 16k also
holds; hence the length of at least one of the intervals (¢, %), (tx, #2) is greater than 8. Without loss of generality we
assume that t, — . > 1 — 1, thatis, tp — 7z > %(tz — t1) > 8h. Similarly to (4.26) one can show that

+ gt 15 5
Vit x(6)) = Vit x(w) < =2 = w)e) +2he(§) < -1 —h)e@) (4.27)

for ¢, satisfying conditions #, > 7, and (4.25).
The right-hand side of system (4.1) and (4.2) satisfies property (P1). Consequently, by Theorem 3.1 there exists
L, > 0 such that

IV (t, x () = V(@7 x ()] < La(m — 1), (4.28)
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where the constant L, does not depend on the solution, but depends only on the constants L, L. In the case
T —t1 < hc(€)/L2 by (4.19), (4.25), (4.27) and (4.28) we have

VT x@) = Vi, x (@) < [V, x(t) — Vit x(@)] + [V (e, x () — V|, x@ )1+ he(§)
5 1
< — g (2 = 1)e(®) + 2he(®) < —g (2 = 1)e(®). (4.29)

If, however, ©p — t; > hc(€)/L,, then dividing the interval (¢1, tx] into r, equal segments of length 6, one can show
similarly to (4.26) that for

o> u”! <3L2 (—2(hc(s)/L2)2 +2he(§) / Lo/ the(®)/ L2 + ﬁ2>> (4.30)

we have the inequality V (tx, x(1x)) — V(tl+ , x(tl"' )) < 0. Consequently, in this case estimate (4.29) is also true.
We now consider the third case, where on (t1, #) there are d points of impulse effect tx, Tx41, ..., Tk4q—1. In the
case when 1y — 1 > h,tr — Tk4q—1 > h, dividing each of the intervals (#1, ], (tk, Tk+11, - - - s (Tk+a—1, t2] into r

segments of length 6 (here the values of r and 6 are, generally speaking, different for each of the segments) one can
show similarly to the first case that for ., satisfying conditions #, > 7, and (4.25), estimate (4.26) holds. If, however,
one of the values (tx — 1), (f2 — Tk+q—1) Or both are less than %, then one can apply the arguments similar to those
used in the first and second cases to show that for 7, = #,(¢) satisfying conditions (4.19), (4.25) and (4.30) estimate
(4.29) is also true.

From inequalities (2.5) and (2.6) we have

1

inf V(z,x) > g(e), sup V(t,x) <b(§) < -g(e). (4.31)
Iylize yll<é 2

On the other hand, for 7, satisfying relations (4.19), (4.25) and (4.30) under the assumption that there exist instants

t) > 1] > t, such that y(#;) < & and y(t2+) > ¢ we have

VS, x(t) = Ve, x(t ))<—l(t —1)e 4.32
5, x(ty Lx(t) = =20 De(§). (4.32)

Inequalities (4.32) contradict relations (4.31). The contradiction thus obtained shows that for any system of the form
(4.1) and (4.2) there exist no instants #1, f such that 1, > t; > .(¢), [yt <&, ||y(t2)]| = €. By Lemma 3.1, there
exists 6 > 0 such that || y(,, to, x0)|| < & for any 7y € [0, t.], xo € Bs. Since £ and ¢, depend only on ¢, § > 0 also
depends only on ¢. This proves the uniform stability of the invariant set M of system (4.1) and (4.2).

We now show that the invariant set M of system (4.1) and (4.2) is uniformly asymptotically stable. Let A be some
fixed number such that (0 < A < H,). We proved the uniform stability of the invariant set M of system (4.1) and
(4.2), so there exists an n = n(x) > 0 such that any solution x(¢) = x(z, tg, xo) of system (4.1) and (4.2) satisfying
the condition xo € B, satisfies the condition x(¢) € B;, for any t > #o > 0. We shall show that for any p > 0 (0 < 1)
one can find a 0 = o (p) > Osuch that ||y(¢)|| < p for arbitrary xg € By, to e Ry, t >t + 0.

Suppose that 0 < p < A. According to the uniform stability of the invariant set M of system (4.1) and (4.2), there
exists a d = 6(p) > 0 such that the condition x(7p) € B; implies that x(¢) € B, for any t > Tp > 0. We estimate the
time during which the trajectory can be in the domain B; \ Bs. Similarly to (4.32) one can show that

1
Vi, x@) — VT, x(T1)) < —g(t —Ty)c(d) (4.33)

for t > Ty where T7 depends only on §(p), that is 71 = T1(p). Then inequality (4.33) implies that

8IV(Th, x(T1) — V£, x(®)] _ 8[b(4) — g(8)]

c(8) B c(8)
Setting o (p) = T1(p) + T2(p) we obtain that ||y(z, 19, xo)|| < p forany tp € Ry, xo € By, t > #y + o. This
means precisely that the integral set M of system (4.1) and (4.2) is uniformly asymptotically stable and its domain of
attraction contains the set B,. [l

t—T <

= Tx(p).



68 A.O. Ignatyev / Nonlinear Analysis 69 (2008) 53-72

5. On the stability of invariant sets of periodic systems

Further, we assume that system (1.1) and (1.2) is periodic in ¢ with the period to w.

Theorem 5.1. If the invariant set M of system (1.1) and (1.2) is stable, then it is uniformly stable.
Proof. Conditions (2.13) imply that
D(t + w, 1o + w, x0) = D(1, f, X0), (5.1

hence it suffices to prove that for any ¢ > 0 there exists a § = §(¢) > 0 such that the inequality || F (¢, fo, x0)|| < €
holds for t > 1y and for all fp € [0, w), x9 € Bs. By assumption, for any ¢ > 0 there exists §; > 0 such that
if x, = P(w, to, xp) satisfies the condition x,, € Bs,, then ¢(t,w, x,,) € Be fort > w. If the condition xo =
D(ty, 1o, X0) € Bs holds at any time 7y € [0, w), then Lemma 3.1 implies that if one choose § = (1 + L) de~Log,,
then &(z, t9, xo) € Be. This completes the proof of the theorem. [

Theorem 5.2. Ifthe invariant set M of Egs. (1.1) and (1.2) is asymptotically stable, then it is uniformly asymptotically
stable.

Proof. By the assumptions, M is asymptotically stable; hence (2.4) holds in the domain
toe Ry, xo € By, (5.2)

where A is a sufficiently small positive number. Now, let us prove that this limit relation holds uniformly in #y, x¢
from (5.2), i.e. for every ¢ > 0 there exists 0 = o(¢) > 0 such that the inequality || F (¢, 79, xo0)|| < ¢ holds for all
t > ty + o. Since the system is periodic, we assume that 7y belongs to the segment [0, w]. First, let us define the
number n = n(¢) > 0 from the condition

| F (2,20, x0)|| <& forxge By, t > t. (5.3)

This is possible because of the uniform stability of M. Arguing by contradiction, assume that the number o = o (¢)
does not exist. Then, for an arbitrary large integer m, there exists a #,, > mow, initial values ty,, € [0, ] and
Xom = (Yom» Zom) € B;. such that

I F (tm s tom, Xom) || > €. (5.4)
Since the sequence of points {fo,, X Yon} belongs to a compact set, one can choose a subsequence of this sequence
which converges to some point #, X y, where t, € [0, w], ||[y«|| < X. Hence (2.4) holds for the initial values
to = ty, X0 = x5 = (¥, 2x) Where z, € R™ is arbitrary. Then there exists large enough k = k(¢) such that

1
1F @t + koo, e, 21 < Zn(e). (5.5

Corollary 3.1 implies
1
1F (b + koo, £, Xom) | = I F (8 + ko, b, x| < S0(e), - m €N

Denote x® = (y®, 70y where x® = &(to,, + ke, tom, Xom). Since fom — t4, Xom — X4, there exist an arbitrary
large values of m for which we have the inequality

ly®1 < n(e), (5.6)

where y® = F(to,, +kw, tom, xom). Estimates (5.6) and (5.3)imply that for all t > 1o, we have || F(z, tom, x®)| < e,
hence identity (5.1) and the uniqueness property of the solution imply the estimate

e > IF(t, tom, x| = IF(t + ko, tom + ko, xO) || = | F(t + ko, tom, xom) |-

The obtained inequality contradicts assumption (5.4), because there exists an instant #,,, such that t,, > kw. The
contradiction proves that (2.4) is uniform in ¢y and xo. This completes the proof of the theorem. [
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Next, we apply the ideas of Barbashin—Krasovskii to the stability analysis of the invariant set of a system of
impulsive differential equations by using Lyapunov’s second method.
Let us introduce the following definition.

Definition 5.1. We say that the function g : R — R®, s € N is not eventually vanishing if for any M > 0 there
exists a ¢ > M such that g(¢) # 0. We say that the sequence of numbers {u;};? is not eventually vanishing if for
any positive integer M there exists a k > M such that u; # 0.

Theorem 5.3. Suppose that every solution of system (1.1) and (1.2) with initial data (ty, x0) € R4+ x By is z- bounded,
there exists a function V (t, x) € V1 which is periodic in t with period w and satisfies the conditions

a(lyl) = V@, x) =b(lyl), ack, bek, (5.7

and

¥y for (t,x) € G
dt_ or (I, X ,

AVi(x) =V (T, x + Ji(x)) = V(1;,x) <0, ieN.
If along any eventually vanishing solution of Egs. (1.1) and (1.2), at least one of the following conditions holds:

(i) the function dV /dt is not eventually vanishing,
(ii) the sequence {AV;} is not eventually vanishing,

then the invariant set M of system (1.1) and (1.2) is uniformly asymptotically stable.

Proof. The stability property of M can be proved just as in Theorem 2.1. Theorem 5.1 implies that M is uniformly
stable, i.e. for any ¢ > O there exists § = §(¢) > 0 such that for all 1p € R4 and x9 € Bs the inequality
| F(t, to, x0)|| < ¢ holds for all + > #y. Let us prove that any trajectory @(¢, fy, xo) with such initial conditions
possesses property (2.4).

Consider the function v(t) = V (¢, D(¢, ty, xo)). It is not increasing and is bounded below; hence the limit

lim v(z) =n >0

t—00
exists. Let us prove that n = 0. Suppose that the converse is true:

n = lim V(¢, &(t, 109, x9)) > 0. (5.8)

t—00

Consider the sequence of points {x;} = {(yk, zx)} where xx = P (t9 + kw, t9, xo). Taking into account the fact that
lyell < & < H, and {z;} is bounded, one can conclude that there exists a subsequence converging to the point
X« € B.. Without loss of generality, we shall assume that the sequence {x;} itself converges to the point x, # O.
Since the function V is continuous in x and periodic in ¢, the equality V (fp, x«) = n must be satisfied. Consider
the semitrajectory &(¢, fg, x4) for + > ty and the function V,(¥) = V (¢, (¢, 19, x,)) along the trajectory. By the

assumptions of the theorem, the function V,(¢) is not increasing; moreover, there exists either an instant #; where the
trajectory is continuous such that

dv(t, o(t1, 19, xx))/dt <0
or a discontinuity point 7y such that
Vit o(t, 10, x4)) — V (g, B(z5, 10, X4)) < O.
This means that there exists an instant 7, > fy such that
V(ts, P(ts, 10, X5)) =M < 1.
Since the sequence {xi} converges to the point x,, by Lemma 3.1 the following inequality holds:
| (s, to, x5) — P(ts, 10, i) <y
for all k > ko(y), for an arbitrary number y > 0. Hence

k—o00
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Taking into account the periodicity of system (1.1) and (1.2), we can write
D(ty, 1o, X)) = P(ty, 10, DP(to + kw, 19, x0)) = P(ts + kw, 19, X0). (5.10)

Indeed, the trajectories of system (1.1) and (1.2) starting at time o and o + kw at the point xj, respectively, will move
to the points D (¢, to, xx) and @ (t,. + kw, tg, xg) respectively during time At = 1, — fo; this proves relation (5.11).
The periodicity of the function V (¢, x) in ¢ yields the equality V (., x) = V (¢« + ko, x). Hence taking into account
(5.10), condition (5.9) can be rewritten as follows:

klim V(te + ko, (. + ko, to, x0)) = n1. (5.11)
— 00

But since n; < n, relation (5.11) contradicts the inequality V (¢, x(t, fo, x0)) > n. This contradiction proves that
assumption (5.8) was incorrect, i.e. n = 0. Condition (5.7) justifies (2.4), which proves the asymptotic stability of the
trivial solution. By using Theorem 5.2, we conclude that the invariant set M of system (1.1) and (1.2) is uniformly
asymptotically stable. [

Theorem 5.4. Suppose that every solution of system (1.1) and (1.2) with initial data (tg, x9) € R4 X By is z- bounded,
there exists a function V (t, x) which is periodic in t with the period w, continuously differentiable on the domain G,
and satisfies the conditions

IV, 0l <b(yl), bek; (5.12)
av

5 20 fort.x)€G, (5.13)
AVi(x) = V(" x + [;(x)) — V(ti,x) = 0. (5.14)

Moreover, suppose that, along any eventually vanishing solution of Egs. (1.1) and (1.2), at least one of the following
conditions holds:

(i) the function dV /dt is not eventually vanishing,
(ii) the sequence { AV;} is not eventually vanishing.

If any arbitrary small neighborhood of the origin for any t > 0 contains a point x such that V (t, x) > 0, then the
invariant set M of system (1.1) and (1.2) is unstable.

Proof. Suppose that ¢ < H is a positive number. Let us choose an arbitrary 7o € R, and an arbitrary small § > 0.
We shall prove that there exist xo € Bs and ¢ > ty such that || F (¢, t9, xo)|| > ¢. To this end, take xo € Bs so that
V(t9, x0) = Vo > 0. Suppose the converse:
| F(t, 20, x0)|| <& (5.15)
for all # > fy. Condition (5.12) implies
V@, 0 < Vo forllyll <b™'(Vo)=n, 1€R;.
Taking into account assumptions (5.13)—(5.15), we conclude that the semitrajectory @ (¢, fo, x¢) satisfies the conditions
n < IF(z,to, x0)|| <e.

Consider the sequence of points {x;} given by x; = P(tp + jw, 19, x0) (j = 1,2,...). Taking into account the
fact that this sequence belongs to a compact set, we can choose a subsequence converging to the point x, = (yx, Zx)
satisfying conditions n < [|y«|| < e. Without loss of generality, we assume that the sequence {x;} converges to the
point x,.

The function v(z) = V (¢, ®(¢, t9, x0)) is monotone nondecreasing and bounded above by a constant b(¢); hence
the limit

lim v(¢) = lim V (¢, &(¢, to, x0)) = vo = V (f0, Xx)
—00

—>0o0

exists and we have

Vi, &(¢, 19, X0)) < vo. (5.16)
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Now, let us consider the semitrajectory &(¢, fo, x4) and r > ty. By the assumption of the theorem, there exists a
point #1 such that

dV(t1, (11, 1o, x4))/dt > 0
or a point 7 such that
AV, = V(r;r, &(14, 1y, x4)) + Js (P (75, 10, X4)) — V(z5, D(T5, 19, Xx)) > 0.
This means that there exists an instant 7, > fy such that
V(te, @(ty, tg, X)) = V1 > V9.
Since the sequence {x;} converges to the point x,, Lemma 3.1 implies the inequality
llx (25, t0, X) — x (s, 0, X)) <y
for all j > N(y), for an arbitrary constant y > 0. Hence
Lim V (., &(ty, 10, x;)) = v1. (5.17)
j—o0
Taking into account the periodicity of system (1.1) and (1.2), we can write
D(ty, 10, xj) = P(ts + jow, 1o, x0). (5.18)

The periodicity in ¢ of the function V (¢, x) yields the equality V (., x) = V (¢« + jw, x), hence, by taking (5.18) into
account, condition (5.17) can be rewritten as

im V(t, + jo, 8ty + jo, 19, X0)) = v1. (5.19)
Jj—00

On the other hand, relation (5.19) contradicts inequality (5.16), because v; > vg. This contradiction proves that
asuumption (5.15) was incorrect, i.e. the invariant set M of system (1.1) and (1.2) is unstable; this proves the
theorem. [J
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