COMPACT GLOBAL ATTRACTORS OF CONTROL SYSTEMS

DAVID CHEBAN

ABSTRACT. The paper is dedicated to the study of the problem of existence of
compact global attractors of control systems and to description of its structure.
In particular, sufficient conditions of the existence of chaotic attractor for some
classes of switching systems are given. We study this problem in the framework
of non-autonomous dynamical systems (cocyles).
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1. INTRODUCTION

The aim of this paper is the study of the problem of existence of compact global
attractors of control systems (see, for example, Bobylev, Emel’yanov and Korovin
[1], Bobylev, Zalozhnev and Klykov [2], Cheban and Mammana [8, 9], Emel’yanov,
Korovin and Bobylev [12], Kloeden [16] and the references therein).

Let E and F be two finite dimensional Hilbert spaces and U C F be a compact
subset. Denote by U := {u : R — U, measurable} C L. (R, F), equipped with the
weak™® topology of Lo (R, F') = (L1 (R, F'))*. This space is compact and metrizable
[11, Ch.4]. On the space U is defined shift dynamical system (U,R, o) [11, Ch.4],
where o(t,p)(s) == p(s+1) for all t,s € R and ¢ € U.

Let S be a closed and invariant (with respect to translations) subset of ¢. Consider
a control dynamical system governed by the differential equation

(1) ' = f(z;u(t)) (x€ Eued).

The control system (1) is called regular on S, if for all u € § and x € E the
equation (1) has a unique solution ¢(t,z,u) defined on Ry with initial condition
©(0,2,u) = z and the mapping ¢ : Ry X E x U — E is continuous.

In the book [11] there is the condition of regularity control affine systems of the
form

2 (t) = Xo(x(t)) + Z wi(t) Xi(z(t)), uel.
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It easy to see that the regular control system (1) generates a cocycle (E, ¢, (S, R, 0)).
Thus the system (1) can be studied in the framework of non-autonomous (cocycle)
dynamical system. In particular, we can apply some of our general results to the
study of global attractors of control system (1). Below we give some results of this

type.

The appearance of this paper was stimulated by the works of Cheban and Mammana
[8, 9] and Kloeden [16].

The work of Cheban and Mammana [8, 9] is dedicated to the study of compact
global attractors of difference inclusions [17] and description of its structure. Let
W be a metric space, M :={f; : i € I} be a family of continuous mappings of W
into itself and (W, f;);er be the family of discrete dynamical systems, where (W, f)
is a discrete dynamical system generated by positive powers of a continuous map
f: W — W. On the space W we consider a discrete inclusion

U1 € F(Ut)

associated to M :={f; : i € I} (DI(M)), where F(u) = {f(u) : f € M} for all
uecW.

A solution of the difference inclusion DI(M) is (see, for example, [13]) a sequence
{{z;} | 7 > 0} C W such that

r; = fi;xj-1
for some f;, € M (trajectory of DI(M)), i.e.

Tj = fij fij_l...filxo all flk e M.

We can consider that it is a discrete control problem, where at each moment of
time j we can apply a control from the set M, and DI(M) is the set of possible
trajectories of the system.

Let m € N (m > 2), € := {c1,¢2,...,¢m} C U and S(R, ) denote the set of
piecewise constant functions wu(t) defined on R that assume values of set € (i.e.
u € S(R,€) if and only if there is a increasing sequence {t¢x(u)}rez such that
u(t) = ¢, for all t € (¢ (u),tgs1(un))), continuous from the right and with the limit
from the left on R. Consider the set of control dynamical systems (1) with control
of class S(R, ). These systems constitute a continual set. Particularly important
among all systems of this set are m system

(2) ¥ = f(r;e;) (weE,i=1,2,....,m).

Let 7 >0, R =Ror Ry and Z = R(Z. By S;(R,) we denote the subset
of S(R,€) consisting from the functions v € S(R,€) with the set {ti(u)}rez of
points of discontinuity satisfying the condition t;11(u) — tx(u) > 7 for all k € Z.

Remark 1.1. Below, without loss of generality, we can suppose that to(u) =
inf{ty(u) | such that ty(u) > 0}.

Denote by

= 1 dn(ul,ug)

3 d . 20 1 dn(ur,u2)
( ) (ul’u2) — 2n 1 + dn(ul’ u2)
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for all uj,up € S(R,C), where dy,(ui,ug) = f:: |ui(t) — ua(t)|dt for all n € N,
where [ay,b,] = [-n,n] [ R. By (3) is defined a distance on the space S(R, €). In
the work of Kloeden [16] is studied the problem of existence of compact pullback
attractors of switching systems (1) with S = S (R, €).

Theorem 1.2. [16] (S, (T, €),d) is a compact metric space.

This paper is organized as follows.

In Section 2 we give some notions and facts from the theory of set-valued dynamical
systems which we use in our paper.

Section 3 is dedicated to the study of upper semi-continuous (generally speaking
set-valued) invariant sections of non-autonomous dynamical systems. They play
a very important role in the study of non-autonomous dynamical systems. We
give the sufficient conditions which guarantee the existence of a unique globally
asymptotically (but, generally speaking, not exponentially) stable invariant section
(Theorem 3.3 - main result of paper). This theorem generalizes the main results
from the work [8, 9]. Analogous statements for non-autonomous dynamical systems,
when the base dynamical system (Y, Ts, o) is invertible, are known (see, for example,
[6, Ch.2] and [21]).

In Section 4 we apply our main result to the study the compact global attractors of
switching systems. We give also the description the structure of global attractors for
this type of control systems. In particular, we indicate the conditions of existence
of chaotic attractor of switching systems.

2. SET-VALUED DYNAMICAL SYSTEMS AND THEIR COMPACT GLOBAL
ATTRACTORS

Let (X,p) be a complete metric space, S be a group of real (R) or integer (Z)
numbers, T (S C T) be a semi-group of additive group S. If A C X and z € X,
then we denote by p(z, A) the distance from the point « to the set A, i.e. p(z, A) :=
inf{p(z,a) : a € A}. We note note by B(A,e) an e-neighborhood of the set A4, i.e.
B(A,e) :={z € X : p(x,A) < e}, by K(X) we denote the family of all non-empty
compact subsets of X. To every point x € X and number ¢t € T we associate a closed
compact subset w(¢,z) € K(X). So, if (P, A) = U{n(t,z) :t € P,x € A}(P CT),
then

(i) 7(0,z) =x forallz € X ;
(ii) 7(to, w(t1,x)) = 7w(t; + to, ) for all x € X;;
(iii) lim  B(w(t,x),7(to,z0)) = 0 for all zp € X and ty € T, where

r—xg,t—1o

B(A,B) = sup{p(a,B) : a € A} is a semi-deviation of the set A C X
from the set B C X.

In this case it is said [20] that there is defined a set-valued semi-group dynamical
system.

Let T = S and be fulfilled the next condition:

(i) if p € w(t,z), then © € w(—t,p) for all z,p € X and t € T.
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Then it is said that there is defined a set-valued group dynamical system (X, T, )
or a bilateral (two-sided) dynamical system.

Let TV € S (T C T'). A continuous mapping ~, : T — X is called a motion of the
set-valued dynamical system (X, T, ) issuing from the point x € X at the initial
moment ¢ = 0 and defined on T’, if

a. 72(0) = z;
b. ’yx(tg) S 7T(t2 — t17’}/z(t1)) for all t1,t9 € T (fg > tl).

The set of all motions of (X, T, ), passing through the point z at the initial moment
t = 0 is denoted by F,.(7) and F(x) := |U{Fz(7) | * € X} (or simply F).

The trajectory v € F(m) defined on S is called a full (entire) trajectory of the
dynamical system (X, T, ).

Denote by ® () the set of all full trajectories of the dynamical system (X, T, 7) and
O, (m) := Fp(m) (7).

Theorem 2.1. [20] Let (X, T,n) be a semi-group dynamical system and X be a
compact and invariant set (i.e. 7' X = X for all t € T, where 7' := «(t,-)). Then

(i) F(m) = ®(w), i.e. every motion v € Fp(mw) can be extended on S (this
means that there exists ¥ € @, () such that 3(t) = y(t) for allt € T);

(ii) there exists a group (generally speaking set-valued) dynamical system (X, S, )
such that TT|rxx = 7.

A system (X, T, ) is called [5, 6] compactly dissipative, if there exists a nonempty
compact K C X such that
. t _ .
tl}glooﬁ(’ﬂ' M,K) =0

for all M € K(X).

Let (X, T,7) be compactly dissipative and K be a compact set attracting every
compact subset of X. Let us set

(4) J=w(K):= ﬂ U K.

t>0T1>t

The set J is called a center of Levinson of the compact dissipative system (X, T, ).

3. UPPER SEMI-CONTINUOUS INVARIANT SECTIONS OF NON-AUTONOMOUS
DYNAMICAL SYSTEMS

This section is dedicated to the study of upper semi-continuous (generally speaking
set-valued) invariant sections of non-autonomous dynamical systems. We give the
sufficient conditions which guaranty the existence a unique globally asymptotically
stable invariant section.

Let X be a metric space and Y be a topological space. The set-valued map-
ping v : Y — K(X) is said to be upper semi-continuous (or (-continuous), if
Jm B(v(y);¥(yo)) = 0 for all yo € Y.

—Yo
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Let (X,h,Y) be a fibre bundle [3, 14]. The mapping v : ¥ — K(X) is called a
section (selector) of the fibre bundle (X, h,Y), if h(y(y)) =y for all y € Y.

Remark 3.1. Let X =W x Y. Thenv:Y — X is a section of the fibre bundle
(X,h,Y) (h:=pro: X —=Y), if and only if v = (¢, Idy) where v : W — K(W).

Let (X,Tq,7) and (Y, To,0) (Sy € Ty € Ty C S) be two dynamical systems.
The mapping h : X — Y is called a homomorphism (respectively isomorphism)
of the dynamical system (X, Ty, n) on (Y, Ts, o), if the mapping h is continuous
(respectively homeomorphic) and h(w(z,t)) = o(h(z),t) (t € Ty, = € X).

A triplet (X, Ty, n), (Y,Ty,0), h), where h is a homomorphism of (X, Ty, 7) on
(Y,Tq,0) and (X, h,Y) is a fibre bundle [3, 14], is called a non-autonomous dy-
namical system.

A mapping v : Y — X is called an invariant section of the non-autonomous dynam-
ical system ((X,Ty,n), (Y, Te,0),h), if it is a section of the fibre bundle (X, h,Y)
and v(Y) is an invariant subset of the dynamical system (X, Ty, 7) (or, equivalently,

Utr" (@) : a€ (@) o'y)} =(o'y)
forallt € Ty nd y €Y).

Lemma 3.2. [10] Letw : T4 xRy — R, and there exists a positive number tg € S
such that

. w(to,*) : Ry — Ry is monotone increasing;

. w(to,r) <7 for allr > 0;

. the mapping w(to, ) is continuous on R;

cwt+Tr) <w(t,w(r,r)) forallt,T € Ty and r € Ry;

. for every r € Ry the mapping w(-,r) : T — Ry is continuous.

o A0 T

Then the following statements hold:

(i) the equality
(5) tllgloow(t,r) =0
takes place for all r € Ry;
(ii) if the mapping w : T4 x Ry — Ry is continuous, then the equality (5)
holds uniformly with respect to r on every compact subset from R.

Theorem 3.3. Let (X, Ty, 7), (Y, Ta,0),h) be a non-autonomous dynamical sys-
tem and the following conditions be fulfilled:

(i) the space Y is compact;
(i) Y is dnvariant, i.e. o'Y =Y for all t € Ty;
(iii) the non-autonomous dynamical system {((X,Tqi,7),(Y,Ta,0),h) is con-
tracting in the extended semse, i.e. there exists a continuous function
w:Ty xRy — Ry such that

(6) p(ﬂ'(t,l‘l),ﬂ'(t,xg)) < w(t,p(a:1,m2))

forall xy, 29 € X (h(z1) = h(z2)) and t € Ty and the following conditions
hold:
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a. w(t,): Ry — Ry is monotone increasing for all t > 0;
b. there exists some positive tg € S; such that w(tg,r) < r for all T > 0;
c. wit+7,7) <w(t,w(r,r)) forallt,7 € T4 and r € Ry.

Then

(i) there exists a unique invariant section vy € I'(Y, X) of the non-autonomous
dynamical system ((X,Tq,7), (Y, Ta,0),h);

(ii) the non-autonomous dynamical system {((X,Tyi,7),(Y,Ta,0),h) is com-
pactly dissipative and its Levinson center J = v(Y);

(iii) the set J is invariant with respect to dynamical system (X, Ty, 7), i.e.
UH{r"Jy g€ (0") Ho'y)} = Joy) for allt € T and y € Y;

(iv) if (Y,Tq,0) is a group-dynamical system (i.e. To = S), then the unique
invariant section vy of the non-autonomous dynamical system ((X,Tq,7),
(Y, T, 0), h) is one-valued (i.e. y(y) consists a single point for anyy € Y)
and

(7) p(r(t, x), m(t,v(h(z)))) < w(t, p(z,7(h(x))))
forallz € X andt € T.

Proof. Since the space Y is compact and invariant, then according to Theorem 2.1
the semi-group dynamical system (Y, T, o) can be prolonged to a group set-valued
dynamical system (Y, S, &) (this means that &(s,y) = o(s,y) for all (s,y) € TxY).

Let us denote by « : K(X) x K(X) — Ry the Hausdorff distance on K(X) and
d:T(Y,X) xT(Y,X) — Ry is the function defined by the equality

(8) d(y1,72) = sgga(wy)m(y))-

It is easy to verify that by equality (8) there is defined a distance on T'(Y, X). Then
(see [8]) the metric space (I'(Y, X),d) is complete.

Let t € Ty, by S* we denote the mapping of T'(Y, X) in itself defined by the equality
(S*y)(y) = m(t,y((c?)"ty)) for all t € Ty, y € Y and v € ['(Y, X). It is easy to
see that Sty € T'(Y,X), St o ST = S**7 for all t,7 € Ty and v € ['(Y, X) and,
hence, {S*}ier, forms a commutative semi-group. Besides, from inequality (6) and
the definition of the metric d, under the conditions of Theorem, the next inequality
follows:

(9) d(S'y1,8"72) < w(t, d(y1,72))
forallt € Ty and v; € T'(Y, X) (¢ = 1,2). To prove the inequality (9) it is sufficient
to show that

a(m'yi(o™"y), 7 y2(07"y) < w(t d(y1,72))
for all y € Y, where 07ty :={q €Y | o(t,q) = y}.
Let v € wiyo(0c~ty) be an arbitrary element, then there is ¢ € o'y and z2(y) €
v2(q) so that v = wtzy(y). We choose x1(y) € v1(q) such that

p(r1(y), 22(y)) < a(71(),72(¢)) < d(v1,72)
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(by compactness of v;(q) (i = 1,2) obviously an such z;(y) there exists and addi-
tionally h(z1(y)) = h(z2(y)) = q). Then we have

p(r'zy(y), w2 (y) < w(t, pa1(y), 22(y))) < w(t, d(y1,72)),

i.e. for all v € wlya (o~ ty) there exists u := wlz1(y) € wly1 (0~ ty) so that p(u,v) <
w(t,d(v1,72)). This means that 8(ry1 (o0~ ty), 7ty2 (0 "ty)) < w(t,d(y1,72)). Analo-
gously, can be established the inequality B(7ty2(o " ty), 7ty (0 ty)) < w(t, d(y1,72))
and, consequently, a(r'yi (0~ ty), mtva(cty)) < w(t,d(y1,72)) for all y € Y and

t € Ty. Thus, we have

(10) d(St'ylaSt')Q) < W(t7d(71772))

for all t € Ty and 71,72 € I'(Y, X). From the inequality (10) it follows that the
mapping S? of the space I'(Y, X) to itself satisfy all the conditions of Theorem 3.7
from [10] and, hence, it has a unique fixed point. Since {S*};cT, is commutative,
then there exists a unique common stationary point v which is an invariant section
of non-autonomous dynamical system ((X,Ty,7), (Y, T2,0),h), ie. y(Y) C X is
an invariant set of the dynamical system (X, Ty, 7).

Let us denote by K := 4(Y), then K is a nonempty compact and invariant set of
the dynamical system (X, Ty, 7). From the inequality (6) and Lemma 3.2 it follows
that

(11) lim p(7'M,K) =0

t——+o0

for all M € K(X) and, consequently, the dynamical system (X, Ty, 7) is compactly
dissipative and its Levinson center J C K. On the other hand, K C J, because the
set K = ~(Y) is compact and invariant, but J is a maximal compact invariant set
of (X, Ty, ). Thus we have J = ~(Y).

Let now Ty = S. Then we will show that the set v(y) contains a single point for any
y € Y. If we suppose that it is not true, then there are yo € Y and z1, 22 € v(yo)
(x1 # x2). Let ¢; € @, (i = 1,2) be such that ¢;(S) C J. Then we have

(12) (i (—t)) = x; (i =1,2)

for all ¢ € T;. Note that from the inequality (6) and the equality (12) it follows
that

plar, w2) = p(r'(d1(=1)), 7 (¢2(—1))) <
(13) w(t, p(dr(=1), pa(=1))) <w(t,C)
for all t € T, where C' := sup{p(¢1(s), p2(s)) : s € S}. Passing to the limit in (13)

as t — 400 we obtain x7; = x5. The obtained contradiction proves our statement.

Thus, if Ty = S, the unique fix point v € T'(Y, X) of the semi-group of operators
{S*}ieT, is a single-valued function and, consequently, it is continuous. Finally,
inequality (7) follows from (6), because h(y(h(x))) = (ho~)(h(x)) = h(x) for all
x € X. The theorem is completely proved. ([

Remark 3.4. 1. In the particular case, when w(t,r) = N'e7“tr, Theorem 3.3 was
proved by Cheban D. and Mammana C. [8].

2. If (Y, Ty,0) is a semi-group dynamical system (i.e. To = Ry or Z ), then the
unique invariant section 7y of the non-autonomous dynamical system (X, Ty, ),
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(Y, Ty, 0),h) is multi-valued (i.e. v(y) contains, generally speaking, more than one
point [8]).

4. APPLICATIONS

Below we apply our main result to the study of the compact global attractors of
different classes of switching systems. We give also the description of the structure
of global attractors for this type of control systems. In particular, we indicate the
conditions of existence of chaotic global attractor of switching systems.

4.1. Switching Systems on R. Consider a control dynamical system governed
by the differential equation

(14) 2 = f(z;u) (r€E,uelUCF).

Let m € N (m > 2), € := {c1,¢2,...,¢mn} C F and S(R, ) denote the set of
piecewise constant functions u(t) defined on R that assume values of set €. Consider
the set of control dynamical systems (14) with control of class S(R, €).

Let 7 > 0. By S;(R, €) we denote the subset of S(R,€) consisting from the func-
tions u € S(R, €) with the set {t;(u)}rez of points of discontinuity satisfying the
condition tx11(u) — tg(u) > 7 for all k € Z.

Let 0 be a mapping from R xS, (R, €) into S (R, €) defined by equality o(t, u) := u;
forallt € R and u € S;(R, €), where u; is the ¢-shift of the function u, i.e. u(s) :=
u(t+s) for all s € R. It easy to verify that: o(0,u) = u, o(t1+t2,u) = o(t2, 0(t1,u))
and {tx(us)} = {tp(u)} =t := {tx(u)—t | k € Z} for all t1,t2 € R and u € S-(R, ).
Theorem 4.1. [4, 16, 19] The mapping o : R X S;(R,€) — S-(R,€) is continuous
and, consequently, (S-(R,€),R,0) is a dynamical system on S.(R,<).

Denote by ¢(t, x, u) the solution of the equation (14) with initial condition ¢ (0, z,u) =
x, assuming that a unique solution exists for all ¢ > 0. Then the mapping ¢ :
R x E x S:(R,€) possesses the semi-group (cocycle) property: o(t + s,z,u) =
o(s, p(t,z,u),0(t,u)) forall t,s € R, x € E and u € S;(R, €).

Theorem 4.2. [16] The mapping ¢ : R X E x S;(R,€) — E is continuous.
Thus the triple (E, ¢, (S-(R,€),R,0)) is a cocycle under dynamical system (S, (R,

¢), o) with fiber F and, consequently, we can apply the results established in
Section 3 to the study of switching system (14).

Lemma 4.3. Let § € C(R,R) and it possesses the following properties:
a. 0 is regular, i.e. the equation
(15) 2’ =0(x)

defines a semi-group dynamical system (R,Ry, w) on R;
b. there exists ro > 0 such that x0(x) < 0 for all |x| > 7.

Then
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(i) the dynamical system (R,R,,w) is dissipative, i. e. there exists a positive
number r such that

(16) limsup |w(t, z)| < r

t——+oo

for all x € R and (16) takes place uniformly with respect to x on every
bounded subset from R;
(ii) the mapping w(t,-) : R — R is monotone decreasing for every t > 0.

Proof. To prove the first statement we note that the derivative of the function
V(z) = 22 along of the trajectories of (R, Ry,w) is negative for all |x| > ro. Now
it is sufficient to apply Theorem 5.5 and Remark 5.4 (item d.) from [6, Ch.5].

The second statement is a general property of scalar differential equations. (I

Theorem 4.4. Suppose that there exists a function § € C'(R,R) with the properties
a. and b. from Lemma 4.3 such that

(17) (, fi(2)) < 0(|z])

foralli=1,2,...,m and x € E, where f;(-) :== f(-,¢;) (1 =1,2,...,m) and (-,
is the scalar product on E.

Then the switching system (14) is dissipative, namely for all R > o there exists
a constant L(R) > 0 such that |¢(t,z,u)| < r for all |x] < R, t > L(R) and
u € S-(R,T).

Proof. Denote by (E,Ry,m;) (i =1,2,...,m) the dynamical system generated by
equation (2). Let now u € S, (R, €), {tx(u)}rez the set of points of discontinuity
of uw and t € Ri. Then there exists k € Zy such that tx(u) < ¢t < tg41(u) and
u(t) = ¢, (for all t € [tg,tr+1)), hence, we have the equality

(18) o(t,x,u) = m, (t — tg, p(t, z,u)).

According to the condition (17) we obtain

d|mi, (t,7)|?

i <0 (L))

and, consequently,
(19) i, (8, 2)* < w(t, )

for all t > 0 and = € E, where w(t, x) is the solution of equation (15) with initial
condition w(0,z) = .

From (18) and (19) we have
(20) |90(ta x7u>|2 = |7Tik (t — tg, @(tk’x’u)”z < w(t — tk, |(P(tk7m7u)|2)

for all t € (tg,tr41), z € E and u € S; (R, €). Denote by ay(x,u) := |p(ty(u),z,u)|?
(for all k € Z.), then by inequality (20) we obtain

ak+1(2,u) < w(tes1(u) — te(u), ar(z, u))
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for all k € N and (z,u) € E x S;(R, €). We note that

(21) ao(x,u) = |§0(t0(u)v xvu)|2 < w(to(u), |.’L’|2)
ay(z,u) < w(ty(u) = to(u), |(to, , u)[?)
< w(ti(u) = to(u),w(to(u), |z*)) = w(ti(u), |z[?)

ar1(2, u) < w(tps1(u) — te(uw), an(z, v))
< w(tirr(u) — te(u), w(tn (), |[2%) = w(ter (w), [2]*).
Now, using the (18), (20) and (21) we receive

(22) |<,D(t,.%', u)|2 < w(t - tk(u)7 |¢(tk(u)7xvu)‘2) < w(t - tk(u)ﬂ ak(xvu))
< w(t —tp(u),w(tr(uw), |z)*)) = w(t, |z|*)

for all t > 0 and (z,u) € E x S-(R, €). From the inequality (22) and Lemma 4.3 it
follows that for all R > Othere exists a constant L(R) > 0 such that |o(t, x,u)| < r
for all |z] < R, ¢t > L(R) and u € S, (R, €). O

As an example of Theorem 4.4 we consider the switching of nonlinear equations
(23) ¥=—lzlzx+c¢ (i=1,2,...,m)

which satisfy of condition (17) with 6(x) := —23/2 + Cz'/? (x € R, ), where C :=
maxlgigm ‘C,l

A cocycle ¢ over (Y,S, o) with the fiber W is said to be compactly dissipative, if
there exits a nonempty compact K C W such that

(24) Jim sup{SU(ty)MK) |y e Y} =0
for any M € C(W).

Theorem 4.5. [6] Let Y be compact, (W, p,(Y,S,0)) be compactly dissipative and
K be the nonempty compact subset of W appearing in the equality (24), then:

1. I, = wy(K) #0, is compact, I, C K and
, liin BUt,y K, I,)=0

for everyy €Y,
2. U(t,y)Iy =1y forally €Y andt € Si;

3.
. lir+n BUt,y " YM,1,)=0
forall M e CW) andy €Y ;
4.

Jim sup{B(U(ty™)M, 1) [y €Y} =0

for any M € C(W), where I :==U{I, | y€Y};

5. I, = pridy for all y € Y, where J is the Levinson center of (X, T4, 7),
and hence I = priJ;

6. the set I is compact.
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Remark 4.6. The theorem 4.5 is true also, when (Y,S;,0) is a semi-group dy-
namical system, but'Y is invariant, i.e. o(t,Y) =Y for allt € Sy (see [7] and also

[15]).

Theorem 4.7. Under the conditions of Theorem 4.4 the cocycle v, generates by
control system (14), admits a compact global attractor.

Proof. This statement follows from Theorems 4.4 and 4.5. O

4.2. Singleton Global Attractors of Switching Systems.

Lemma 4.8. [10] Let f : Ry — Ry be a function satisfying the following condi-
tions:

(0) =
()>0f07"allt>0

1) f
2) f
3) f is locally Lipschitz;
4) f

satisfies the condition of Osgud, i.e. foe f‘é; = 400 for all e > 0.

(
(
(
(H

Then the equation

v =—f(u)
admits a unique solution w(t,r) with initial condition w(0,r) = r and the mapping
w: Ri — R possesses the following properties:

(i
(ii
(i
(iv
(

\4

) the mapping w : Ri — Ry is continuous;
) w(t,r) <7 forallr >0 andt > 0;
) for allt € Ry the mapping w(t,-) : Ry — Ry is increasing;
) w(0,t) =0 for allt € Ry;
) lim sup w(t,r) =0 for all ry > 0.
=400 0<r<ryg
Theorem 4.9. Suppose that there exists a function 6 € C(R,R) with the properties
(H1)-(H}) from Lemma 4.8 such that

(25) (21 — m2, filz1) — fi(w2)) < —0(z1 — 22]?)
foralli=1,2,...,m and x1,22 € E, where f;(*) := f(-,¢) (i=1,2,...,m).

Then the following statements hold:

(i)
|<p(t,x1,u) - @(tvxhu)‘Q < w(t’ |1‘1 - 1‘2|2)
for allt >0 and (z;,u) € Ex S-(R,€) (i=1,2);
(ii) there exists a continuous functionv € C(S- (R, €), E) such that o(t,v(u),u) =
v(o(t,u)) for allt € R and u € S; (R, €);
(iil) {I, | v € S (R, &)}, where I,, := {v(u)}, is a compact forward attractor of
switching system (14).

Proof. Denote by (E,R.,m;) (i =1,2,...,m) the dynamical system generated by
equation (2). Let now u € S;(R,€), {tx(u)}rez the set of points of discontinuity
of w and t € Ry. Then there exists k € Zy such that tx(u) < ¢t < tp41(u) and
u(t) = ¢, (for all t € [tg,tr+1)), hence, we have the equality (18).
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According to the condition (25) we obtain

d|7rik- (t> 3:1) — Ty, (ta .%2)‘2

< —0(|m;, (t,2) — m, (¢, 22) %)

dt
and, consequently,
(26) |73, (8, 1) = 73, (, 22) [ S w(t, |21 — 22*)
for all t > 0 and z1,22 € E, where w(t,x) is the solution of equation 2’ = —60(x)

with initial condition w(0, z) = x.
From (18) and (26) we have
(27) lo(t w1, w) = @(t, @2, u)* = |mi, (t = th, o(tr, 21,u)) —
i, (t =t @t w1, w))* < w(t =t [@(te, 21, 0) — @(tr, 22,u)[?)
for all t € (tg,tkt1), 1,22 € F and u € S;(R, ). Denote by by(z1,z2,u) :=
lo(te(u), 21, u) —p(ty(u), z1,u)|? (for all k € Z ), then by inequality (27) we obtain
brt1(x1, 2, u) < w(tkrr(u) — tr(u),bp(xy, z2, u))
for all k € Z4 and (z;,u) € E x S:(R,€) (i =1,2). We note that
(28)  bolz1,x2,u) = |p(to(u), 21, u) — p(to(u), z1,u)[* < w(to(w), |21 — 22|*)

by (21, 22, u) < w(ty(u) — to(u), [@(to, x1,u) — @(to, z1,u)[*)
< w(ty (u) = to(u), wlto(u), [x1 — x2|?)) = w(ts(u), |21 — 22]?)

bry1(z1, w2, u) < w(tgrr(u) — te(u), br(z1, 2, u))

< Wt (u) =t (), w(te(u), |21 — 221*)) = W(tetr (u), 21 — z2f?).

Now, using the (18), (27) and (28) we receive

(29) |90(t7 Ty, u) - @(t’ Ty, u)|2 < w(t - tk(u)7 ‘(p(tk(u)a Ty, u)
—p(tp(u), z1,u)|?) < w(t — tp(u), bp(z1, 2, u))
< w(t - tk(”)?‘*)(tk(u)’ |$1 - I2|2)) = w(t7 |Z‘1 - $2|2)

for allt > 0 and (z;,u) € E x S:(R,€) (i=1,2).

From the inequality (29) and Lemma 4.8 it follows that all the conditions of The-
orem 3.3 are fulfilled. Now to finish the proof it is sufficient to apply Theorem
3.3. |

Remark 4.10. In the case when 0(x) = —x Theorem 4.9 improve the result of
P. Kloeden [16]. He proved the existence of singleton pullback attractor for the
switching systems. Note that every forward attractor is a pullback attractor, the
inverse 1s not true.

As an example of Theorem 4.9 we consider the switching of nonlinear equations
(23), which satisfy to the condition (25) with 8(z) := —2%/? (x € R}).
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4.3. Switching Systems on R,. Let S(R,, ) denote the set of piecewise con-
stant functions u(t) defined on R, that assume values of set € := {c1,¢a,...,¢m} C
F. Consider the set of control dynamical systems (14) with control of class S(R, €).

Theorem 4.11. The following statements hold:

(i) S;(R4,€) = Per(o), where Per(c) is the set of all periodic points of
(S:(R4,@),R4,0) (i.e. p € Per(o), if there exists h > 0 such that o(h +
t,p) =o(t,p) for allt € Ry);

(i) Sr(R4,€) is invariant, i.e. o'S.(Ry,€) =S, (R, €) for allt € Ry.

Proof. We denote by Per(co) the set of all periodic points of the dynamical system
(S:(R4,@),R4,0). We will prove that Per(c) = S, (R4, ), i.e. the set of all
periodic points of S; (R4, €) is dense in S; (R4, €). In fact, if ¢ € S; (R4, €), then
denote by @y, the periodic point from Per(c) such that ¢ (t) := ¢(t) for all t € [0, k]
(if k € {tr(p)}, then we put @i (k) := @(k —0)). It is easy to see that {pr} — ¢ in
Sr(Ry, €).

From the fact established above it follows that S; (R, €) is invariant, i.e. 'S, (R,
¢) = S (R4, €). In fact, let ¢ € S;(R;,€), t € Ry and {¢x} C Per(c) be such
that {¢r} — ¢. Let hy > 0 be such that o(hg,¢r) = ¢, and hy — +o00. Then
there exists ko = ko(t) such that hy >t for all &k > ko and, consequently, we have

(30) or = o(h, or) = o(t,o(hr —t,¢1))

for all k& > kg. Since the space S-(R,,€) is compact we may suppose that the
sequence {o (1, —t, )} is convergent. Let @ := X hI—sI—l o(hg —t, @), then from the
— T 00

equality (30) we obtain ¢ = o(t,9), i.e. 0'S,(Ry,€) = S, (R, ). O
Theorem 4.12. Suppose that there exists a function § € C(R,R) with the proper-
ties a. and b. from Lemma 4.3 such that

(, fi(z)) < 0(|z*)
foralli=1,2,...,m and z € E, where f;(-) == f(-,¢;) (i=1,2,...,m).
Then the switching system (14) is dissipative, namely for all R > 0 there exists

a constant L(R) > 0 such that |¢(t,z,u)| < r for all |x] < R, t > L(R) and
u e S-,-(R.A,., Q:)

Proof. This statement can be proved with slight modification of the proof of The-
orem 4.4. O

Theorem 4.13. Under the conditions of Theorem 4.7 the cocycle ¢, generated by
control system (14), admits a compact global attractor.

Proof. Consider the cocycle (E, ¢, (S;(R4+,C),Ry4,0)) generated by control system
(14). According to Theorems 1.2 and 4.11 S, (R4, C) is compact and invariant. By
Theorem 4.7 the cocycle ¢ is dissipative and now to finish the proof it is sufficient
to apply Theorem 4.5 and Remark 4.6. (I
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Theorem 4.14. Suppose that there exists a function 6 € C(R,R) with the proper-
ties (H1)-(H4) from Lemma 4.8 such that

(x1 — 9, fi(w1) — fi(w2)) < —0(|z1 — 22]?)
foralli=1,2,...,m and x1,29 € E, where f;(-) := f(-,¢;) (i =1,2,...,m).

Then the following statements hold:

(i)
|<p(t7$17u) - @(tvxlvu)P < w(tv |‘T1 - $2|2)
for allt >0 and (z;,u) € Ex S;(R4,€) (i=1,2);
(i) there exists a upper semi-continuous function v : S (R4, &) — C(E) such
that {I, | uw € S:(Ry,&)}, where I, := {v(u)}, is a compact forward
attractor of switching system (14).

Proof. The first statement can be proved using the same reasoning as in the proof
of Theorem 4.9. To prove the second statement it is sufficient to apply Theorem
3.3. O

Remark 4.15. W’ like to stress that in contrast to Theorem 4.9 under the condi-
tions of Theorem 4.1/ the fibers I,, (u € S;(R4,C)) contains more than one point.

4.4. Chaotic Attractors of Switching Systems. Let 3,, := {1,2,...,m}? and
o : Xy — X, be the mapping defined by equality (0€)(n) =&(n+1) foralln € Z
and £ € ¥,,. Denote by (¥,,,0) the discrete dynamical system generated by powers
of the mapping o.

We put P :={p € S-(R,C) | {tx(p)} = {kT}rez}-

Let (X1, f1) and (X3, f2) be two discrete dynamical systems. Recall that the dy-
namical systems (X7, f1) is called topological equivalent to (Xa, f2) if there exists
a homeomorphism A : X; — X5 such that ho f; = fo o h.

Lemma 4.16. The following statement hold:

(i) the mapping h : ¥, — S-(R,C), defined by equality
(31) h(§) = ¢ (£ € X, where @(t) := cey for allt € [kr,(k+1)7)),

s a bijective operator from X, onto P;
) the operator h : X, — P defined by equality (31) is a homeomorphism;
ii) the subset P is closed in S;(R,C);
) the set P is invariant with respect to mapping T, where (T)(t) := (t+7)
for allt € R and ¢ € P;
(v) the discrete dynamical systems (P,T) and (3.,,0) are topological isomor-
phic.

Proof. Tt is obviously that by equality (31) is defined correctly a mapping from %,
into P C S;(R,C). Note that h is an injection. In fact, if £1,&; € X, and & # o,
then there exists ko € Z such that & (ko) # &2(ko). Thus @1 = h(&1) # h(&2) = ¢2
because @;(t) = ce (ko) for all t € [kr, (K + 1)7) (i = 1,2) and cg, (ky) # Cea(ko)-
Let now ¢ € P be an arbitrary element, then for all k € Z there exists a unique



COMPACT GLOBAL ATTRACTORS OF CONTROL SYSTEMS 15

ir €{1,2,...,m} such that p(t) = ¢;, for all t € [k7,(k + 1)7). It easy to see that
h(§) = ¢, where £(k) ==y, for all k € Z, i.e. h(E,,) =P.

We will show that the mapping h : ¥,,, — P defined by equality (31) is continuous.
Let {£,} — € as n — 400, we will prove that ¢, := h(&,) — h(§) := ¢. Fixel € N
and we will show that d;(¢n, p) — 0 as n — +o00, where d;(p,, ) := flt\<l lon(t) —
©(t)|dt. Denote by ki(l) := min{k € Z |kt > —I}, k1(I) := max{k € Z |kT < I}
and k(1) := max{1 + |k1(I)],1 + |k2(0)|} . Since {&,} — £ in X,,, then there exists
n(l) € N such that &, (k) = (k) for all n > n(l) and |k| < k(I). Hence ¢, (t) = ¢(t)
for all n > n(l) and |t| < I, thus we have d;(¢n,p) = 0 (n > n(l)), ie. his
continuous.

Since ¥, is compact and h is a continuous bijective operator, then it is a homeo-
morphism. Thus the set P = h(3,,) is a compact subset of S;(R,C).

The set P is invariant this respect to T because {t;(¢)} = {kT}rez.

From the definition of the mappings h,o and T it follows that h(c(§)) = T(h(£))
for all £ € ¥,,. Lemma is proved. O

The set S C W is

(i) nowhere dense, provided the interior of the closure of S is empty set,
int(cl(S)) = 0;
(ii) totally disconnected, provided the connected components are single points;
(iii) perfect, provided it is closed and every point p € S is the limit of points
Gn € S with ¢, # p.

The set S C W is called a Cantor set, provided it is totally disconnected, perfect
and compact.

Let (X, p) be a metric space and (X,Z4,7) be a discrete dynamical system gener-
ated by positive powers of the map f: X — X, i.e. n(n,z) := f"z for all z € X
and n € Z,, where f" := f""lo f.

A subset M C X is called transitive, if there exists a point xg € X such that
H(xo) :={nr(n,z0) | mn€Zs} =M.

{p,q} C X is called a Li-Yorke pair, if simultaneously
lim}_nf p(r(n,p),m(n,q)) =0 and limsup p(7(n,p),n(n,q)) > 0.
n—-+oo

n—-+oo

A set M C X is called scrambled, if any pair of distinct points {p,q} C M is a
Li-Yorke pair.

A dynamical system (X, T, ) is said to be chaotic, if X contains an uncountable
subset M satisfying the following conditions:

(i) the set M is transitive;
(ii) M is scrambled;
(iii) P(M)= M, where P(M) :={z € X | 2 € wy = a} and by bar we denote
the closure in X.
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Theorem 4.17. [8] Let (X, T, ) and (2, T,0) be two dynamical systems and v :
X — Q be a homeomorphism of (Q,T,0) onto (X, T,w). Assume that (2, T,0) is
chaotic. Then the dynamical system (X, T, ) is chaotic too.

Corollary 4.18. The discrete dynamical system (P,T) is chaotic.

Proof. This statement follows from Theorem 4.17, Lemma 4.16 and from the fact
that (3,,,0) is chaotic (see, for example, [18, 22]). O

Lemma 4.19. Suppose the following conditions hold:

(i) (X,R,7) is a dynamical system with continuous time;
(ii) M is a nonempty compact subset of X ;
(iii) there exists to > 0 (to € R) such that M is invariant with respect to
fri=m(to,), i.e. f(M)=DM;
(iv) the discrete dynamical system (M, f) is chaotic.

Then the dynamical system (X, R, m) is chaotic too.

Proof. This statement follows directly from the corresponding definitions. O

Corollary 4.20. The dynamical system (S-(R,C),R, o) with continuous time R is
chaotic.

Proof. This statement follows from Lemma 4.19 and Corollary 4.18. (]

Theorem 4.21. Under the conditions of Theorem 4.9 the following statements
hold:

(i) the skew-product dynamical system (X,Ry, ) generated by switching sys-
tem (14) is compactly dissipative;

(ii) Levinson center J of the skew-product dynamical system (X,Ri,m) is
chaotic;

(iii) the cocycle (E,p,(S-(R,C),R,0)) generated by switching system (14) is
compactly dissipative;

(iv) the Levinson center I := U{I, | u € S;(R,C)}, where I is the Levinson
center of ¢ and {I, | v € S;(R,C)} is the global attractor of cocycle ¢;

(v) I = Per(p), where Per(p) :={x € E :3s>0 andu € S;(R,C) such that
o(s,u) =u and ¢(s,z,u) = x}.

Proof. By Theorem 4.9, the cocycle ¢ generated by switching system (14) is com-
pactly dissipative and, hence, the skew-product dynamical system (X, Ry, 7) (X :=
E xS (R,C),m:= (¢,0)) is compactly dissipative too.

Now we will prove that the Levinson center J of the skew-product dynamical system
(X, R4, m) possesses the properties listed in the theorem. For this aim, we note that
by Lemma 4.16 the discrete dynamical systems (P, T) and (%,,,0) are topological
isomorphic and, consequently (see, for example, [18, 22]), the dynamical system
(J,R, ) is chaotic too.

By Theorem 4.9 the Levinson center J of the skew-product dynamical system
(X, R4, 7) is dynamically isomorphic to (S-(R,C), R, o) and, consequently, Per(n) =
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J. Taking into consideration that I = pri(J) we obtain the last statement of The-
orem. g

Remark 4.22. Note that the results presented above also are true in the case when
the phase space E is an infinite dimensional Hilbert space.
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