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The theory of boundedness of solutions of systems of differential equations based on the method
of Lyapunov functions was developed in [1]. The theory of boundedness of solutions of systems in
part of the variables (or, for short, of partial boundedness of solutions) was developed on the basis of
the method of Lyapunov functions in the monograph [2]. The basic forms of partial boundedness of
solutions with partially controlled initial conditions were introduced and studied in [3]—[5] by using the
method of Lyapunov functions. In the monograph [6], the author created the method of vector Lyapunov
functions, also called the principle of comparison with vector Lyapunov functions, which offers much
more possibilities for studying the boundedness of solutions than the method of Lyapunov functions.
In [7] and [8], the method of vector Lyapunov functions was applied to study the partial boundedness
of solutions and the partial boundedness of solutions with partially controlled initial conditions. Note
that the methods of the theory of boundedness and of the theory of Lyapunov stability are very similar.
This is caused by the fact that the notions of boundedness of solutions and of Lyapunov stability of an
equilibrium position are dual in the sense that the quantifiers ¥ and 3 preceding € and ¢ are interchanged
in the corresponding ed-definitions. This duality ensures a large formal similarity between the theories
of boundedness and stability in the sense of Lyapunov. The same considerations apply to the theories
of partial boundedness and partial stability in the sense of Lyapunov. The theory of partial boundedness
of solutions with partially controlled initial conditions and the theory of partial Lyapunov stability of
a partial equilibrium position [9]—[11] are very similar formally as well. This similarity between the
theory of boundedness and the theory of Lyapunov stability provides a natural motivation to consider
the form of boundedness of solutions that dually corresponds to the notion of positive stability in the
sense of Poisson [12] of the trajectory of motion of a dynamical system. A solution possessing this form
of boundedness, called Poisson boundedness in this paper, is not necessarily contained entirely in a ball
in the phase space, but returns to this ball countably many times. Obviously, the problem of finding an
infinite system of time intervals on which the dynamical system functions normally, i.e., the parameters
of motion of this dynamical system do not take arbitrarilyy large values, is very important. This implies
the need for studying various forms of Poisson boundedness of solutions on the basis of the method of
vector Lyapunov functions.

In the present paper, we introduce the notions of uniform-ultimate Poisson boundedness, partial
uniform-ultimate Poisson boundedness, and partial uniform-ultimate Poisson boundedness of solutions
with partially controlled initial conditions; these notions generalize the notions of the corresponding
forms of uniform-ultimate boundedness of solutions. Using the method of vector Lyapunov functions,
we obtain sufficient conditions for uniform-ultimate Poisson boundedness, partial uniform-ultimate
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Poisson boundedness, and the partial uniform-ultimate Poisson boundedness of solutions with partially
controlled initial conditions. Further, we introduce the notions of ultimate Poisson equiboundedness,
partial ultimate Poisson equiboundedness, and partial ultimate Poisson equiboundedness of solutions
with partially controlled initial conditions; these notions generalize the notions of the corresponding
forms of the ultimate equiboundedness of solutions. Using the method of vector Lyapunov functions,
we obtain sufficient conditions for ultimate Poisson equiboundedness, partial ultimate Poisson equi-
boundedness, and ultimate Poisson partial equiboundedness of solutions with partially controlled initial
conditions. We also exemplify the application of the obtained results to particular systems of differential
equations. Now we pass to precise definitions and statements.

Suppose given an arbitrary system of differential equations of n variables
dx
dt

whose right-hand side is defined and continuous on R™ x R™, where Rt ={t e R|t>0}. It is

assumed that all solutions of of system (1) can be extended to the whole semiaxis R™. The uniqueness
of a solution of the Cauchy problem for system (1) is not required.

Before introducing notation, we recall, following [2], some basic facts concerning vector Lyapunov
functions. Suppose given a continuously differentiable vector function

V(t,z) = (Vi(t,z),...,Vi(t,z))T, 1>1, (t,x) e RT xR"

= F(t,z), F(t,z) = (Fi(t,z),..., Fu(t, )T, (1)

The derivative of this vector function subject to system (1) is defined by
V(t,z) = (Vi(t,z),.... Vi(t,x))T,
where Vj(t,z) is the derivative (subject to (1)) of the function Vj(t,z), 1 <i <I. Given vectors
E=(&,..., &), n=(n,...,m)7T € R, we write £ < nif
& <m forany 1<i <.

Now, suppose given a continuous vector function

f(tvé.) = (fl(t7£)7 ce 7fl(t7£))T
on Rt x Rl We write f(t,£) € Wil f(t,&) satisfies the Wazewski condition, namely, foreach 1 < s < I,
the function f4(¢, &) is nondecreasing in the variables &1, ..., &s—1,&s41,---,&, i€,
it &G<m, 1<i<l, i#s, &=mns then [f(t,6) < f(t,n).

[t is easy to see that, for [ = 1, the condition f(¢,£) € W always holds. A continuously differentiable
vector function V (¢, z) and a system

ag
=IO, few. (2)

are called, respectively, the vector Lyapunov function and the comparison system for system (1) if the
following condition holds:

V(t,z) < f(t,V(t,x)). (3)

Since the right-hand side of system (2) is continuous, a solution of the Cauchy problem for this system
may be nonunique. However, using the condition f(¢,£) € W, among all solutions of system (2) passing

through an arbitrary point (¢g,&y) we can choose the upper solution £(¢, ¢, &, ), i.e., the solution for
which

f(t7t07€07) S f(t7t07§07) forall ¢ Z t07

where £(t,tg,&o) is an arbitrary solution of system (2). It follows from Wazewski’s theorem (see,
e.g.,[2]) that the solutions z(¢, to, zo) of system (1), the vector Lyapunov function V (¢, ), and the upper

solution &(¢, to, V(tg, x¢)) of the comparison system (2) for system (1) are related for all ¢ > ¢ by
V(t7$(tat07t0) < g(t,to,V(to,l‘o)). (4)
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In what follows, we denote the usual Euclidean norm by || - ||. For a solution 2z = x(t) of system (1)
passing through the point (¢g,z9) € RT x R™, we use the notation x = x(¢, tg, z). For any ty € R,
by Rt (tp) we denote the set {t e R |t > to}. By a P-sequence we mean a nonnegative increasing
number sequence 7 = {7; };>1 with lim;_,, 7, = 400. For each P-sequence 7 = {7;};>1, we set

M(r) = U[7'2z‘—1§7'2i]-
i=1

Recall [1] that a solution x = x(t, to, z¢) of system (1) is said to be bounded if there exists a number
B > 0 such that

llz(t, to, z0)| < B forall te& RT(tg).

Definition 1. We say that a solution z = x(t, to, xo) of system (1) is Poisson bounded if there exists a
P-sequence T = {7;};>1, where t; € M(7), and a number 8 > 0 such that

llz(t, to, zo)| < B forall te€ R*(tg) N M(7).

Geometrically, Definition 1 means that the solution starting at some instant of time from the ball of
radius 8 > 0 centered at the origin will return to this ball countably many times. Obviously, if a solution
of system (1) is bounded, then this solution is also Poisson bounded.

Recall [1] that the solutions of system (1) are said to be uniform-ultimately bounded (uniform-
ultimately bounded in the limit) if there exists a number B > 0 such that, given any a > 0, there is
a T > 0 for which any solution = = (¢, ¢y, zo) of system (1) with ¢t > 0 and ||zo| < « satisfies the
condition

|zt to,z0)|| < B forall te R (tg+T).

Now we introduce the notion of uniform-ultimate Poisson boundedness of solutions, which general-
izes the notion of uniform-ultimate boundedness.

Definition 2. We say that the solutions of system (1) are uniform-ultimately Poisson bounded if
there exist a number B > 0 and a P-sequence 7 = {7; };>1 such that, given any o > 0, there is a number
T > 0 for which any solution z = x(t, g, zo) of (1) with tg € M (7) and ||z¢| < « satisfies the condition

|z(t,to,x0)| < B forall teRT(ty+T) N M(r).

When it is required to specify the corresponding P-sequence 7 = {7;};>1, we say that the solutions of
system (1) are uniform-ultimately Poisson bounded with respect to the P-sequence T = {7;}i>1.

[t is easy to see that if the solutions of system (1) are uniform-ultimately bounded, then they are also
uniform-ultimately Poisson bounded. Moreover, it is easy to see that we can always assume without
loss of generality that the function 7" = T'(«) in Definition 2 is nondecreasing.

Further, let a(r), a(t,r), and b(r) denote arbitrary functions, where » >0 and ¢ > 0, with the
following properties:

(1)a(r) > 01is an increasing function;
(2) a(t,r) > 0is an increasing function in r for each fixed ¢t > 0;
(3) b(r) > 0is a nondecreasing function and b(r) — oo as r — oo.

Below we state and prove a sufficient condition for the uniform-ultimate Poisson boundedness of the
solutions of system (1), which is based on the method of vector Lyapunov functions.

Theorem 1. Suppose that, for system (1), there exists a P-sequence T = {1;}i>1 and a vector
Lyapunov function V (t,x) such that the following conditions hold:

(1) Vit,z) >20,..., Vi(t,z) > 0;
(2) b(llz]) < iz, Vilt,) < al|lall) for all (t,x) € M(7) x R™,
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Suppose also that the solutions of the comparison system (2) for system (1) are uniform-
ultimately Poisson bounded with respect to the P-sequence T = {7;};>1. Then the solutions of
system (1) are uniform-ultimately Poisson bounded.

Proof. Given system (1), we must find a number B > 0 and numbers 7' = T'(«) > 0 for all « > 0 such
that any solution z = (¢, o, zo) of (1) with to € M (7) and ||xo|| < « satisfies the condition
||z (t, to,xz0)|| < B forall te€ R™(tg+T) N M(T).
Using condition (2) and inequality (4),
we obtain the inequalities

l l

b(ll(t, to, to)ll) < > Vilt, x(t, o, o)) §: (t. o, V(to, 7o)

1=1 =1

for a solution of (¢, tg, xo) and the upper solution {(, to, V' (to, z¢)) of the comparison system (2); these
inequalities hold for all t € M (7). In addition, for any ¢ > 0, we have the obvious inequalities

l l

Zgi(tvtOy V(t07$0)) < Z | gi(t’t(% V(to,l‘o))| <l || g(t’t(% V(t07330))||-

i=1 i=1

Under the assumptions of the theorem, the solutions of the comparison system (2) are uniform-
ultimately Poisson bounded with respect to the P-sequence 7 = {7;};>1; therefore, for the upper

solution &(t, to, V (to, o)) and the numbers v = ||V (¢g, zo)||, there exist numbers C' > 0 and A(v) > 0
such that

1€t to, V(to, z0))| <€ Torall ¢ € R (to +A) N M(7).

From this inequality we see that b(||z (¢, to, zo)||) < 1-Cforanyt € RT(tg + A) N M (7). Conditions (1)
and (2) of the theorem imply

l l

1V (o, o) |l Z i(to, o)l = ) Vilto, o) < a(lzo]]) < a(a)

i=1 i=1

for each ¢t € M (7). Since the function A(r) is nondecreasing, we have A(||V (to,x0)|]) < Ala(a)).
Defining the required number T' = T'(a) by T'(a) = A(a(ev)), we obtain

b(||x(t,to, xo)||) <1-C forall teRT(tg+T)NM(T).

Now, since b(r) — oo as r — oo and the numbers [ and C are fixed, we can choose a number B > 0
such that - C' < b(B). This gives

b(||z(t, to, o)) < b(B)  forall teR*(to+T) N M(r),

where B is independent of the solution z = x(¢,tg, x¢). Since the function b(r) is nondecreasing, it
follows from the last inequality that

|z(t,to,x0)| < B forall te R (ty+T) N M(r).

Thus, we have shown that the solutions of system (1) are uniform-ultimately Poisson bounded.

Taking [ = 1 for the vector Lyapunov function in Theorem 1, i.e., considering conventional functions
as vector ones, we obtain the following statement.

Corollary 1. Suppose that, for system (1), there exists a P-sequence T = {7;};>1, a continuously
differentiable function V (t,x) > 0 defined on R™ x R™, and a continuous function f(t,€) defined
on RY x R for which the following conditions hold:

b(llzl)) < V(E,2) < a(l|z]]) for all (t,2) € M(7) x R™;
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(2) V(t,z) < f(t,V(t,z)) for all (t,z) € R x R™;

(3) the solutions of the equation & = f(t,€) are uniform-ultimately Poisson bounded with
respect to the P-sequence T = {7;}i>1.

Then the solutions of system (1) are uniform-ultimately Poisson bounded.

In what follows, forany = (21, ...,2,)7 € R"and any fixed number 1 < k < n, we use the notation
y=(z1,...,2)T € RF.

Recall [2] that the solutions of system (1) are said to be uniform-ultimately y-bounded if there
exists a number B > 0 such that, given any a > 0, there is a number 7" > 0 for which any solution
x = x(t, to, zo) of (1) with tg > 0 and ||z¢|| < « satisfies the condition

ly(t, to,m0)|| < B Torall te€RT(tg+T).

Below we introduce the notion of uniform-ultimate Poisson y-boundedness of solutions, which
generalizes the notion of uniform-ultimate y-boundedness.

Definition 3. We say that the solutions of system (1) are uniform-ultimately Poisson y-bounded
if there exists a number B > 0 and a P-sequence 7 = {7;};>1 such that, given any o > 0, there is a
number 7" > 0 for which any solution = = x(t, to, xo) of (1) with tg € M (7) and ||z¢|| < «, satisfies the
condition

lly(t, to, zo)|| < B forall t € RT(tg+T)N M(7).

When it is required to specify the corresponding P-sequence 7 = {7;};>1, we say that the solutions of
system (1) are uniform-ultimately Poisson y-bounded with respect to the P-sequence T = {7; }i>1.

Obviously, if the solutions of system (1) are uniform-ultimately y-bounded, then they are uniform-
ultimately Poisson y-bounded.

In what follows, for any € = (&1,...,&)T € R! and any fixed number 1 < p < [, we use the notation

n= (..., &) €RY.

The following statement, whose proof is similar to that of Theorem 1, provides a sufficient condition
for the uniform-ultimate Poisson y-boundedness of solutions; it is based on the method of vector
Lyapunov functions.

Theorem 2. Suppose that, for system (1), there exists a P-sequence T = {7;}i>1, a vector
Lyapunov function V (t,x), and a number 1 < p < for which the following conditions hold:

(1) Vi(t,z) >0,...,Vi(t,z) > 0;
(2) bllyl) < S5, Vit x) for all (t,z) € M(r) x R™;
(3) X_, Vi(t,2) < al||z])) for all (t,2) € M(r) x R™

Suppose also that the solutions of the comparison system (2) for system (1) are uniform-
ultimately Poisson u-bounded with respect to the P-sequence T = {7;};>1. Then the solutions
of system (1) are uniform-ultimately Poisson y-bounded.

Corollary 2. Suppose that, for system (1), there exists a P-sequence T = {7;};>1, a continuously
differentiable function V (t,z) > 0 defined on R™ x R", and a continuous function f(t,£) defined
on RY x R Jor which the following conditions hold:

(1) bllyl) <Vt 2) <allzll) for all (t,z) € M(T) x R™;

(2) V(t,z) < f(t,V(t,z)) for all (t,z) € R x R™;
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(3) the solutions of the equation & = f(t,€) are uniform-ultimately Poisson bounded with
respect to the P-sequence T = {7;};>1.

Then the solutions of system (1) are uniform-ultimately Poisson y-bounded.

In what follows, for any element = = (x1,...,z,) € R™ and any fixed numbers 1 < k < m < n, we
use the notations y = (z1,...,2) € R¥and 2z = (z1,...,2,,) € R™.

Recall [3] that the solutions of system (1) are said to be uniform-ultimately y-bounded with
zo-control if there exists a number B > 0 such that, given any « > 0, there is a number 7" > 0 for
which any solution x = x(¢, to, x¢) of (1) with ¢y > 0 and ||29]| < « satisfies the condition

ly(t,to,x0)|| < B forall te&R¥(tg+T).

Below we introduce the notion of uniform-ultimate y-boundedness with Poisson zg-control of
solutions, which generalizes the notion of uniform-ultimate y-boundedness with zy-control.

Definition 4. We say that the solutions of system (1) are uniform-ultimately y-bounded with
Poisson zy-control if there exists a number B > 0 and a P-sequence 7 = {7; };>1 such that, for any
a >0, there is a number 7" > 0 for which any solution z = x(¢, t9, zo) of (1) with to € M(7) and
l20|| < « satisfies the condition

lly(t, to, zo)|| < B forall teRT(tog+T)NM(7).

When it is required to specify the corresponding P-sequence 7 = {7;};>1, we say that the solutions
of system (1) are uniform-ultimately y-bounded with Poisson zg-control with respect to the
P-sequence T = {T; }i>1.

[t is easy to see that if the solutions of system (1) are uniform-ultimately y-bounded with zy-control,
then they are also uniform-ultimately y-bounded with Poisson zp-control.

In what follows, for any element & = (&1,...,&)T € R! and arbitrary fixed numbers 1 < p < ¢ </,
we use the notations u = (&1,...,&)T and v = (&,...,&)T.

The following statement, whose proof is similar to that of Theorems 1 and 2, provides a sufficient
condition for the uniform-ultimate y-boundedness with Poisson zg-control of solutions; it is based on
the method of vector Lyapunov functions.

Theorem 3. Suppose that, for system (1), there exists a P-sequence T = {7;}i>1, a vector
Lyapunov function V (t,x), and numbers 1 < p < q <l for which the following conditions hold:

(1) Vit,z) >0,...,V,(t,x) > 0;
(2) b(llyl) < 325, Vit x) for all (t, ) € M(r) x R™;
(3) Y1, Vi(t,z) <al(||z]) for all (t,z) € M(T) x R™.

Suppose also that the solutions of the comparison system (2) for system (1) are uniform-
ultimately p-bounded with Poisson ~y-control with respect to the P-sequence T = {7;};>1. Then
the solutions of system (1) are uniform-ultimately y-bounded with Poisson zy-control.

Corollary 3. Suppose that, for system (1), there exists a P-sequence T = {7;};>1, a continuously
differentiable function V(t,x) > 0 defined on Rt x R™, and a continuous function f(t,§), defined
on R* x R for which the following conditions hold:

(1) bllyl) <Vt 2) <allzl]) for all (t,x) € M(r) x R™;

(2) V(t,z) < f(t,V(t,z)) for all (t,z) € R x R™;
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(3) the solutions of the equation & = f(t,€) are uniform-ultimately Poisson bounded with
respect to the P-sequence T = {7;}i>1.

Then the solutions of system (1) are uniform-ultimately y-bounded with Poisson zy-control.

Recall [1] that the solutions of system (1) are said to be ultimately equibounded if there exists a
number B > 0 such that, given any ¢ty > 0 and « > 0, there is a number 7" > 0 for which any solution
x = x(t, to, zo) of (1) with ||xg|] < « satisfies the condition

|zt to,z0)|| < B forall te R (tg+T).

Below we introduce the notion of ultimate Poisson equiboundedness of solutions, which generalizes
the notion of ultimate equiboundedness.

Definition 5. We say that the solutions of system (1) are ultimately Poisson equibounded if there

exists a number B > 0 and a P-sequence 7 = {;};>1 such that, given any to € M (1) and o > 0, there

is a number T' > 0 for which any solution x = (¢, tg, z¢) of (1) with ||z¢|| < « satisfies the condition
lz(t,to,0)|| < B forall teRY(tog+T)NM(7).

When it is required to specify the corresponding P-sequence 7 = {7;};>1, we say that the solutions of
system (1) are ultimately Poisson equibounded with respect to the P-sequence T = {7; }i>1.

[t is easy to see that if the solutions of system (1) are ultimately equibounded, then they are ultimately
Poisson equibounded.

The following statement, whose proof is similar to that of Theorem 1, gives a sufficient condition for
ultimate Poisson equiboundedness of solutions; it is based on the method of vector Lyapunov functions.

Theorem 4. Suppose that, for system (1), there exists a P-sequence T = {1;}i>1 and a vector
Lyapunov function V (t,x) such that the following conditions hold:

(1) Vl(twr) > 07---7Vl(t7x) > 0;
(2) b)) < iz, Vilt @) < alt, |l2]]) for all (t,x) € M(r) x R™.

Suppose also that the solutions of the comparison system (2) for system (1) are ultimately
Poisson equibounded with respect to the P-sequence T = {t;}i>1. Then the solutions of system (1)
are ultimately Poisson equibounded.

Corollary 4. Suppose that, for system (1), there exists a P-sequence T = {7;};>1, a continuously
differentiable function V (t,x) > 0 defined on R™ x R™, and a continuous function f(t,€) defined
on RY x R for which the following conditions hold:

(1) b(Jlz])) <V (t,x) <alt,||x|) for all (t,z) € M(T) x R™;

(2) V(t,x) < f(t,V(t,z)) for all (t,z) € R x R™;

(3) the solutions of the equation £ = f(t,&) are ultimately Poisson equibounded with respect
to the P-sequence T = {T; }i>1.

Then the solutions of system (1) are ultimately Poisson equibounded.
Recall [2] that the solutions of system (1) are said to be ultimately y-equibounded if there exists a

number B > 0 such that, given any to > 0 and « > 0, there is a number 7" > 0 for which any solution
x = x(t,to, zo) of (1) with ||zo|| < « satisfies the condition

ly(t, to,m0)|| < B Torall te€RT(tg+T).
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Below we introduce the notion of ultimate Poisson y-equiboundedness of solutions, which general-
izes the notion of ultimate y-equiboundedness of solutions.

Definition 6. We say that the solutions of system (1) are ultimate Poisson y-equibounded if there
exists a number B > 0 and a P-sequence 7 = {7; };>1 such that, given any ¢ty € M(7) and any a > 0,
there is a number T > 0 for which any solution x = x(t,to, z¢) of (1) with |z¢| < « satisfies the
condition

ly(t,to,zo)|| < B Torall teR*(ty+T)NM(r).

When it is required to specify the corresponding P-sequence 7 = {7;};>1, we say that the solutions of
system (1) are ultimate Poisson y-equibounded with respect to the P-sequence T = {7;}i>1.

[t is easy to see that if the solutions of system (1) are ultimately y-equibounded, then they are ultimate
Poisson y-equibounded.

The following statement, whose proof is similar to that of Theorem 2, provides a sufficient condition
for ultimate Poisson y-equiboundedness of solutions; it is based on the method of vector Lyapunov
functions.

Theorem 5. Suppose that, for system (1), there exists a P-sequence T = {7;}i>1, a vector
Lyapunov function V (t,x), and a number 1 < p < for which the following conditions hold:

(1) vi(t,z) > 0,..., Vi(t,z) = 0;
(2) bllyll) < 327 Vit @) for all (t,x) € M(r) x R™;

(3) L_, Vi(t,2) < alt, ||z||) for all (t,x) € M(r) x R™.

Suppose also that the solutions of the comparison system (2) for system (1) are ultimate Poisson
p-equibounded with respect to the P-sequence T = {7;}i>1. Then the solutions of system (1) are
ultimate Poisson y-equibounded.

Corollary 5. Suppose that, for system (1), there exists a P-sequence T = {1;};>1, a continuously
differentiable function V(t,x) > 0 defined on Rt x R"™, and a continuous function f(t,§), defined
on RY x R Jor which the following conditions hold:

(1) bllyl) <Vt 2) <alt, ||=l]) Jor all (t,x) € M(7) x R™;

(2) V(t,x) < f(t,V(t,2)) for all (t,z) € RT x R™;

(3) the solutions of the equation & = f(t,€) are ultimately Poisson equibounded with respect
to the P-sequence T = {T; }i>1.

Then the solutions of system (1) are ultimate Poisson y-equibounded.

Recall [3] that the solutions of system (1) are said to be ultimately y-equibounded with zy-control
if there exists a number B > 0 such that, given any ¢y > 0 and any « > 0, there is a number 7" > 0 for
which any solution z = x(¢, tg, zo) of (1) with [|zg]| < «, satisfies the condition

ly(t,to,m0)|| < B Torall te€RT(tg+T).
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Below we introduce the notion of ultimate y-equiboundedness with Poisson zg-control of solutions,
which generalizes the notion of ultimate y-equiboundedness with zy-control.

Definition 7. We say that the solutions of system (1) are ultimately y-equibounded with Poisson
zp-control if there exists anumber B > 0 and a P-sequence 7 = {7;};>1 such that, given any tq € M (1)
and any « > 0, there is a number 7' > 0 for which any solution = = x(¢, to, zo) of (1) with ||zg]| < «
satisfies the condition

lly(t,to, zo)|| < B forall teRT(to+T)N M(r).
When it is required to indicate the exact corresponding P-sequence 7 = {7;};>1, we say that the

solutions of system (1) are ultimately y-equibounded with Poisson zg-control with respect to the
P-sequence T = {T; }i>1.

Obviously, if the solutions of system (1) are ultimately y-equibounded with zy-control, then they are
ultimately y-equibounded with Poisson zg-control.

The following statement, whose proof is similar to that of Theorem 3, provides a sufficient condition
for the ultimate y-equiboundedness with Poisson zg-control of solutions; it is based on the method of
vector Lyapunov functions.

Theorem 6. Suppose that, for system (1), there exists a P-sequence T = {7;}i>1, a vector
Lyapunov function V (t,x), and numbers 1 < p < q <l for which the following conditions hold:

(1) Vi(t,2) > 0,.... Vy(t,a) > 0;
(2) b(llyl) < Xy Vit x) for all (t,x) € M(r) x R,
(3) L, Vi(t,z) <alt,|z||) for all (t,z) € M(7) x R".

Suppose also that the solutions of the comparison system (2) for system (1) are ultimately
p-equibounded with Poisson ~yo-control with respect to the P-sequence T = {7;};>1. Then the
solutions of system (1) are ultimately y-equibounded with Poisson zy-control.

Corollary 6. Suppose that, for system (1), there exists a P-sequence T = {7;};>1, a continuously
differentiable function V (t,x) > 0 defined on R™ x R™, and a continuous function f(t,€) defined
on RY x R Jor which the following conditions hold:

(1) bllyl) < V(t,2) <alt, ||z]) for all (t,z) € M(T) x R™;

(2) V(t,x) < f(t,V(t,x)) for all (t,z) € RT x R™;

(3) the solutions of the equation £ = f(t,&) are ultimately Poisson equibounded with respect
to the P-sequence T = {T; }i>1.

Then the solutions of system (1) are ultimately y-equibounded with Poisson zy-control.

Example. Consider the system of differential equations

_sin(t) +cos(t) — f(t, x1,22) sin(t) — cos(t)
- 1+ sin(t) + et T dsin(t) + et ;
sin(t) — cos(t) sin(t) + cos(t) — f(t, z1,x2) ()

To = T T2,

1+sin(t) + et 1 +sin(t) + et

where t € R*, (z1,22) € R? and f(t,21,72) is any continuous function satisfying the condition
f(t,z1,m2) > 4 for which all solutions of system (5) can be continued to the whole semiaxis R*. The
uniqueness of a solution of the Cauchy problem for system (5) is not required. Let us show by using
Theorem 1 that the solutions of (5) are uniform-ultimately Poisson bounded. Consider the increasing
sequence 7 = {7;};>1, where 71 =0 and 7 <73 < --- < 7; < ... is the increasing sequence of the
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roots of the equation sin(t) + e~* = 0. Obviously, we have lim; o 7; = +o00; therefore, 7 = {7;}i>1
is a P-sequence. Now consider the vector function V': RT x R? — R? defined by as follows for each
(t,x) = (t,z1,72) € Rt x R%:

1

Vi(t,z) = 2(1 +sin(t) + e ) (xy + 20)> > 0,
1

Va(t,z) = (1 +sin(t) + e (xy — x9)? > 0.

Obviously, forall t € R and x = (1, 22) € R?, we have
Vi(t,z) + Va(t,z) < a(|z]), where a(r) = 312

Since 1 < 1 +sin(t) + et on each closed interval [ro;_1;72;], i > 1, if follows that we have, for all pairs
(t,z) € M(7) x R?,

b(||lz]]) < Va(t,z) + Va(t, x), where  b(r) = r2.
This inequality implies that, for all (¢, z) € M(r) x R2, the double inequality
b([lz[) < Vit =) + Va(t, z) < a(]|z]])

holds. Thus, conditions (1) and (2) of Theorem 1 are satisfied. Direct calculations show that, for all
(t,x) € RT x R?, we have
.  (cos(t) —e™") +4sin(t) — 2f(t, x1,22)
Vit o) = 1+ sin(t) + et Vit @),
(cos(t) —e™t) +4cos(t) — 2f(t, z1,x2)

Va(t o) = 1+ sin(t) + et Va(t, @),

from which we obtain the inequalities
Vi(t,z) < =Vi(t,z), Va(t,z) < —Va(t,z) forall (t,z) € RT x R?,
because
1 +sin(t) +e ' <3, —2f(t, 1, 29) < =8,
4sin(t) < 4, 4 cos(t) < 4, cos(t) —e ' <1,

Obviously, the vector function f(¢,&1,&2) = (—&1, —&2) satisfies the condition f(¢,&1,&2) € W. There-
fore, the comparison system for system (5) is

q=-¢&, &L=-&

[t is easy to see that the solutions of this system are uniform-ultimately bounded and, therefore, uniform-
ultimately Poisson bounded with respect to the P-sequence 7 = {r;};>1. Thus, all assumptions of
Theorem 1 hold and, therefore, the solutions of system (5) are uniform-ultimately Poisson bounded.

ACKNOWLEDGMENTS
This work was supported by the grant MK-139.2017.1 of the President of the Russian Federation.

REFERENCES

. T. Yoshizawa, “Liapunov’s function and boundedness of solutions,” Funkcial. Ekvac. 2, 95—142 (1959).

2. V. V. Rumyantsev and A. S. Oziraner, Stability and Stabilization of Motion with Respect to Some of the
Variables (Nauka, Moscow, 1987)[in Russian].

3. K. S. Lapin, “Ultimate boundedness with respect to part of the variables of solutions of systems of differential
equations with partially controlled initial conditions,” Differ. Uravn. 49 (10), 1281—1286 (2013) [Differ.
Equations 49 (10), 1246-1251 (2013)].

4. K. S. Lapin, “Partial uniform boundedness of solutions of systems of differential equations with partially

controlled initial conditions,” Differ. Uravn. 50 (3), 309—316 (2014) [Differ. Equations 50 (3), 305—311

(2014))].

—

MATHEMATICALNOTES Vol. 104 No.1 2018



10.

1.

12.

VECTOR LYAPUNOV FUNCTIONS AND ULTIMATE POISSON BOUNDEDNESS 73

K. S. Lapin, “Uniform boundedness in part of the variables of solutions to systems of differential equations
with partially controllable initial conditions,” Mat. Zametki 96 (3), 393—404 (2014) [Math. Notes 96 (3),
369—-378 (2014)].

V. M. Matrosov, The Method of Vector Lyapunov Functions: Analysis of Dynamical Properties of
Nonlinear Systems (Fizmatlit, Moscow, 2000)[in Russian].

K. S. Lapin, “Lyapunov vector functions and partial boundedness of solutions with partially controlled initial
conditions,” Differ. Uravn. 52 (5), 572—578 (2016) [Differ. Equations 52 (5), 549—556 (2016)].

K. S. Lapin, “Partial total boundedness of solutions to systems of differential equations with partially
controlled initial conditions,” Mat. Zametki 99 (2), 239—247 (2016) [Math. Notes 99 (2), 253—260 (2016)].
V. L. Vorotnikov and Yu. G. Martyshenko, “On partial stability theory of nonlinear dynamic systems,” Izv.
Ross. Akad. Nauk, Teor. Sist. Upravl.,, No. 5, 23—31 (2010) [J. Comput. Syst. Sci. Int. 49 (5), 702—709
(2010)].

V. 1. Vorotnikov and Yu. G. Martyshenko, “On problems of partial stability for delay systems,” in Trudy Inst.
Mat. i Mekh. UrO RAN, Vol. 19, No. 1, pp. 49—58, [in Russian].

V. I. Vorotnikov and Yu. G. Martyshenko, “Stability in part of the variables of "partial” equilibria of systems
with aftereffect,” Mat. Zametki 96 (4), 496—503 (2014)[Math. Notes 96 (4), 477—483 (2014)].

V. V. Nemytskii and V. V. Stepanov, Qualitative Theory of Differential Equations (Gostekhizdat, Moscow,
1947)[in Russian].

MATHEMATICALNOTES Vol. 104 No.1 2018



