Tubes of discontinuous solutions of
dynamical systems and their stability

Cite as: AIP Conference Proceedings 1895, 050011 (2017); https://doi.org/10.1063/1.5007383
Published Online: 12 October 2017

A. N. Sesekin, and N. I. Zhelonkina

N

View Online Export Citation

ARTICLES YOU MAY BE INTERESTED IN

A guaranteed state estimation of linear retarded neutral type systems
AIP Conference Proceedings 1895, 050001 (2017); https://doi.org/10.1063/1.5007373

Ellipsoidal estimates of reachable sets of impulsive control problems under uncertainty
AIP Conference Proceedings 1895, 110005 (2017); https://doi.org/10.1063/1.5007411

Optimal and heuristic algorithms of planning of low-rise residential buildings
AIP Conference Proceedings 1895, 110002 (2017); https://doi.org/10.1063/1.5007408

72
o
=
O
0
7
%,
o
e
o
O
Y]
c
0
e
L
c
o
O
=
-

Your Qubits. Measured.

Meet the next generation of guantum analyzers

= Readout for up to 64 qubits e
== Qperation at up to 8.6 GHz,

lI s- II

(a

\stmt ®

mixer-calibration-free ;
= = _ “" = = -@ * == Signal optimization \# Zurich
AI P . g with minimal latency / \ Instruments
Publishing
AIP Conference Proceedings 1895, 050011 (2017); https://doi.org/10.1063/1.5007383 1895, 050011

© 2017 Author(s).



https://images.scitation.org/redirect.spark?MID=176720&plid=1085724&setID=379066&channelID=0&CID=358604&banID=519992848&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=c774c814891bac4cceab651b98e304445d9abb9f&location=
https://doi.org/10.1063/1.5007383
https://doi.org/10.1063/1.5007383
https://aip.scitation.org/author/Sesekin%2C+A+N
https://aip.scitation.org/author/Zhelonkina%2C+N+I
https://doi.org/10.1063/1.5007383
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5007383
https://aip.scitation.org/doi/10.1063/1.5007373
https://doi.org/10.1063/1.5007373
https://aip.scitation.org/doi/10.1063/1.5007411
https://doi.org/10.1063/1.5007411
https://aip.scitation.org/doi/10.1063/1.5007408
https://doi.org/10.1063/1.5007408

Tubes of Discontinuous Solutions of Dynamical Systems and
Their Stability

A. N. Sesekin!'?? and N. 1. Zhelonkina!®

'N. N. Krasovskii Institute of Mathematics and Mechanics, UrB of RAS, 16 S. Kovalevskaya str., 620990
Ekaterinburg, Russia
2Ural Federal University, 19 Mir str, 620990 Ekaterinburg, Russia

dCorresponding author: 312115@mail.ru
Psesekin@list.ru

Abstract. The article is devoted to investigation of nonlinear dynamical systems which applies the generalized effect. The gener-
alized effect (or impulses) is the result of the presence on the right part of the system a generalized derivative of the function of
bounded variation. Such system contains incorrect operation of multiplication of discontinuous function on the generalized func-
tion from the point of view of the theory of distributions. This incorrectness is overcome by the approximation of the generalized
functions in the right part of system by the sequence of smooth approximations of the generalized influences by analogy with
sequential approach of the theory of the generalized functions. This sequence generates a sequence of smooth solutions. Then limit
of a sequence of smooth solutions is considered. If such limit exists it is offered to be used as a solution. The solution is understood
as partial pointwise limit of such sequence if a sequence of smooth solutions does not converge. Such partial limits constitute a
tube of solutions. The sufficient conditions are received for stability of tubes of discontinuous solutions.

INTRODUCTION

We consider a nonlinear system of differential equations with an generalized effect at the right part of system. Such
systems provide one feature. Namely, the right-hand side of the system contains an incorrect operation of multiplying
a discontinuous function by a distribution. This work uses the definition of the solution based on the closure of the set
of absolutely continuous trajectories in the topology of pointwise convergence [1, 2]. Here we should distinguish the
following two cases. In the first case, approximating sequences of generalized actions generate sequences of smooth
solutions that pointwise converge to a function of bounded variation. We propose this limit as the solution of the
system in this case. In the case when the sequence of smooth solutions is not convergent, we propose as a solution all
the partial limits of smooth solutions generated by smooth approximations of generalized effects. These partial limits
form tubes of discontinuous solutions. We note that this definition of the solution is natural from the point of view of
control theory [3]. The necessity of investigating the properties of discontinuous solutions is related to the fact that
dynamic objects that allow discontinuous trajectories are encountered in mechanics, medicine, ecology, electrophysics
and economy [1, 3, 4]. The interesting feature of this paper is that the Frobenius condition is not imposed on the right-
hand side of the system of differential equations, which ensures a unique response of the system to each impulse
actions. The paper [5] is devoted to the study of the stability of equilibrium points of a dynamical system with impulse
action in the case when the dynamical system does not satisfy the Frobenius condition. The dynamical system is
described by means of a differential inclusion. In the present paper, just as in [5], we do not assume the Frobenius
condition, but we investigate not the asymptotic stability of the rest points of a dynamical system, but the stability of
tubes of discontinuous solutions with respect to initial conditions. The property of stability of discontinuous solutions
in the case when discontinuous solutions are formalized both in the monographs [6] and [7] were considered in the
papers of A.M. Samoilenko, N.A. Perestyuk, D. Baynov, their students and followers. However, the stability of the
tubes of discontinuous solutions was not considered in these monographs and papers. The stability of solutions in the
case when there exists a unique limit of smooth solutions was considered in [8]. In [8] we used the formalization of
the concept of solution, adopted in this article.
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STATEMENT OF THE PROBLEM

Consider the following Cauchy problem:

X = f(t, x(t), v(D), V(1) + B(t, x(), v(t), VIOOV(©D),  x(tg) = x°. (1

Here, x(¢) and v(¢) are respectively n and m are vector functions of time, f(z, x, v, V) is an n - vector function, and
B(t,x,v,V) is an n X m matrix function, V(f) = var v(-), v(¥) € BV,[ty,?], where BV,[ty, ] is a Banach space
[70, 1]

of m - vector functions of bounded variation, var v(-) = }, var v;(-) is the variation of vector function v(f) =
[70, 1] [to, 1]
10, 2(8), oo V()T
F (2 x, v, VI < k(1 + IxID, 1B, x, v, VI < k(1 + [x]]),

where « is the positive constant.
If v(¢) is an absolutely continuous vector function defined in [y, #], then by the Carathéodory theorem the unique
solution of Cauchy problem (1) exists and satisfies the integral equation

t

x(t) = O+ ff(s, x(s), v(s), V(s)) ds + fB(s, x(s), v(s), V(s)) dv(s), 2)

Io

where the second integral is the Riemann-Stieltjes integral.
Let the sequence vi(?) of absolutely continuous functions (vi(t) € AC[ty,?]) converge pointwise to the function
v(t) € BV[ty, ?]. The corresponding sequence of solutions of the Cauchy problem (1) or (2) will be denoted by x(?).
Asin [1, 2] we say that the sequence v,(f) V-convergent to v(t), if v(¢) pointwise converges to v(f) and [\t/atr] ve(+)
0>

pointwise converges to V(f) € BV[fy,¢]. Denote such a convergence as follows: vy (¢) 5 w(t).
Note that for any two numbers a and b satisfying the inequality 7y < a < b < ¢ the following inequality holds:

var v(-) < V(b) — V(a).
[a,D]

Definition 1 [1, 2] Every partial pointwise limit of the sequence x(t), k = 1,2,..., on the interval [ty, 9],
generated by an arbitrary V — convergent sequence of absolutely continuous functions v (t), k = 1,2,..., will be
referred to as V-solution of Cauchy problem (1).

Let z(0) = x(7), u(0) = v(?) be initial conditions for the system

&) = B(t,2(8), u(§), V(@) + & — (&),
&) = ().

3

Denote by S (¢, x(), Av(t), V(), AV(?)) (where f = t; — 0 or f = ;) the set obtained by shift on the value —x(f) at the in
the moment & = AV/() the cross-section of the attainability set of (3) that

HAV(©) = v(D), “

where 7 = 7 if the function V(¢) has a left discontinuity at this point, and 7 = 7 + 0 if the function V(¢) at this point has
a right discontinuity, the control 7(¢) is subjected to the constraint |[(£)|]; < 1.

Theorem 1 [1, 2] Every partial pointwise limit of the sequence x;(t) of solutions of (1) generated by a sequence
(D), k=1,2,..., of absolutely continuous functions pointwise convergent to v(t) and

(lim var vi(-) = V(1))

k—oo [19,1]
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( vi(?) is V-convergent to v(t) € BV,,[ty, ?]) is the solution of the integral inclusion
t

X(t)€x0+ff(§,X(§),V(§), V(é“))d€+f3(§,X(§),V(§), V(&) dv'(§)

+ Z S(t, x(; — 0), Av(t; — 0), V(t; — 0),AV(t; — 0)) + Z S (8, x(t), Av(t; + 0), V(t,), AV(#; + 0)), (5)

1<t ;€Q_ 1;<t, ;,€Q,

where v(€) is the continuous component of the function of bounded variation v(€), Q_ and Q. are the sets of points of
the left and right discontinuities of the function V(t). For every solution x(t) of the integral inclusion (5) generated by

the pair (v(t), V() there exists a sequence of absolutely continuous functions vi(t), k = 1,2, ..., pointwise convergent
to v(1), [Var] vi(-) — V(t); and the corresponding sequence xi(t), k = 1,2,..., of solutions of (1) is pointwise
1o, 1

convergent to x(t).

Definition 2 The extension of the solutions of the integral inclusion (5) on the interval [ty, o) will be called the
solution of Eq. (1) on the interval [ty, o).

We denote as X(t, xo, v(-), V(:)) the tube cross section solutions of the integral inclusion (5) generated by the
initial condition xy and a couple of functions (v(-), V(-)). Thus, each tube of discontinuous solutions is given by a pair
of v(-) and V/(-). The function v(-) defines a generalized effect on the system, and V/(-) is a certain characteristic of the
class of possible approximations of the function v(:). In fact, the function V() characterizes the energy possibilities of
the approximating sequences. Note that if [\t/atr] v(+) = V(), then, according to [1, 2], the tube of discontinuous solutions

0,

becomes a single trajectory.

Definition 3 We will say that a tube of solutions of the integral inclusion (1) X(t, xo, v(-), V(-)) is stable if for all
& > 0 there exists 6(g) > 0 that if |x — xo| < 9 then

PX(, x0,v(), V()), X(1,xX,v(-), V(")) < &
where p(A, B) is Hausdorff distance between sets A and B.

Definition 4 We will say that a tube X(t, xg, v(-), V(-)) of solutions of the integral inclusion (1) is asymptotically
stable if it is stable and if we have the equality

Aim p(X(#, x0,v(), V), X (1, %, v(), V() = 0.

Consider a bilinear system that is a the special case of system (1)

m—1

x(r) = (A1) + Z Di(yvi(0)x(@) + f(O)vm(D) + g(1) (6)
i=1

where A(t), Di(t) (i € 1,m— 1) are continuous matrices of dimension n X n, f(¢) and g(r) are continuous vector
m
functions of dimension 7, respectively, v(£) = (v(£), v2(?), ... v (D)7, [Var] w(t) = ), [var] vi().
Iy, t i=1 Lo, 1t
Let V(1) = lim;_, [Var] v/(-) and v/(-) be the sequence of absolutely continuous vector functions which converge
fo, 1

pointwise to v(r) € BV.
According to Theorem 1, all V-solutions of Eq. (6) satisfy the following integral inclusion

1 1

m—1 t t
weds [a@n@der [godes Y, [Dem@ane+ [roae
i=1 P s

fo fo

+ Z S (ti, x(t; — 0), Av(t; = 0), V(t; = 0), AV(t; = 0)) + Z S (ti, x(t;), Av(t; + 0), V), AV(t; + 0)),

i<t ;€Q_ t;<t, t;€Q
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where v“(?) is the continuous component of the function of bounded variation v(z).

The set S (7, x(7), Av(?), V(1), AV(Y)) (where t = t; — 0if t; € Q_and 7 = ¢; if t; € Q) is defined as the shift on the
value —x(7) at the moment & = AV() of the cross section (u(AV (7)) = v(t;) if t; € Q_ and u(AV?) = v(t; + 0) if ; € Q)

of the attainability set of systems
m—1
46 = Y DiOAOE) + fEm()
i=1

&) = n(é)

at the moment & = AV(), where the control n(¢) satisfies the constraint [[(£)|| < 1, where ||l = X7, (&)l

Theorem 2 Suppose that the fundamental matrix Y(t, s) of system x = A(t)x satisfy the condition

Y(t, 5)|| < ce™ 9,

where a and ¢ are some constants, @ >0, ¢ > 1, t > s > tg. Furthermore, the following inequalities are valid

1Dl < K, Vi € [tg,00),i € 1,m =1,

(N

®)

©))

where K is some positive constants. Then if x(t) and X(t) are solutions of the integral inclusion generated by the initial
condition xy and Xy, and the same system of functions ng (&), generating the jump of the trajectory x(t) and x(t), then

the next estimation will be true:
I50) = (D)l < [[Fy — xoll x e~ -0 -eKet-t s VO,

Proof. According to [1] x(¢) and x(¢) will satisfy the integral equation

t

m—1 t t
=2+ [aexodss Y, [ @@ ai@+ [ro e
i=1 P o

fo

) Sl Xt = 0),m0 (), VG =0+ > S, x(1), (), V),

t;<t,t;€Q_ 1<t t;€Qy

where S (7, x@), 7:(-), V@) = 2(AV (7)) — x(7), z(£) is the solution of the equation

m—1
&) = ), DiDAOME) + fDmn(©)
i=1

2(0) = x(7).
According to the Cauchy formula the solution x(7) and x(¢) will satisfy the integral equation
m—1

x(r) = Y (1, l‘o)xo+z f Y(1, )Di($)x(€) dvi (€) + f [ av,,(é)
=1 o )

+ Z Y(t,1)S (t;, x(t; — 0), 1,-0(), V(t; = 0), AV(z; — 0))
1<t t;€Q_
t

+ Z Y(t7 ti)g(tiv x(ti)a nt,'(')7 V(tl)7 Av(tl)) + f Y(t7 tl)g(é:) dvzl(";:)

1;<t, ;€ P
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From (13) we have

m—1

x(1) = x(1) = Y(z,10)(Xo — Xo) + Z f Y(1, §)Di(§)(X(§) — x(£)) dv; (&)
i=1 P

Y YOS 6 R0), o (), ViEino), AV(ing) = S (1, x(t; = 0),,-0(), V(t; = 0), AV(t; = 0)

L<t, 1,€Q_

Y Y (X0, 1, (), V), AV = 0) = S (6, x(1), 7, (), V1), AV(1))). (14)

1;<t, ;€
For the difference §(t, x(),n:(+), V(1), AV(2)) — 5([, x(t),m;, V(1), AV (1)), according to (3) the representation is true

S (8, %(1), (), V(©), AV (1)) = S (2, x(2), (), V (1), AV(2))

AVG),

=Z(AV(®) = x(1) = (z(AV(D) — x(1)) = f Z Di(n(z(&) = 2(E)m(&ds. (15)
i=1

0

el AV()
Adding and subtracting Y, D;(¢) f (x() — x(#))n,(-)d¢ on the right side of the last equality and then calculating the
i 0

i=1
norms of the left and right parts of the resulting expression, taking into account the assumptions made earlier, we
obtain

AV(1) AV(1)
AV (1) = X(2) = (z(AV(®)) = x(D)I < KI[x(1) = x(D)]| - f lln:(&lld¢ + f Kz(&) = 2ElIn(&)IldE.
0 0

Applying Gronwall’s lemma [9] to the last inequality, we obtain

_ — Y _ K Af(r)llm(f)lldf
IED) =50 - GO - xO < & [ In@lag 150 - xcole ©

0

(16)

It was shown in [10] that the inequality ae® < € — 1 holds for all a > 0 B > e. Then the inequality (16) can be

written in the form
AV(t;

®
eK | lm@lds

lIz(1) = x(1) = (z(1) = x()I < [[x(1) = x(D]| (¢ b,
and the last inequality due to the fact that [|7,(£)|| < 1, is followed by the inequality

IZ(1) = %(2) = (z(1) = x(O)I| < K@) = x(DI] (4 = 1), a7

Calculating the norms of the left and right sides in (17) and taking into account (8), (9), (15), (16), (17) and using the
notation

(@) = x(1) — x(1), (18)
we have

t

Iyl < cle™ ™)Xy — xoll + K f e“’<"f>||y<§>||d[va§] o)
10,
0

te YL et EKVEOl_ )y - O)+ Y e (RO |y,

t;<t, t;€Q2_ 1<t t;€Q,
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Taking into account the estimate c(e® — 1) < e“* — 1 (¢ > 1), which validity is not difficult to check by using the

expansion of the exponential in to series, the last inequality can be written in the form

1

V@I < cle™™ 1% = xoll + K f O var ()]
0,
0
te Z e—a(r—ro)( oCKAAV(@H=0) _ D+ Z e—a(t—tg)( KAVl _ 1.

ti<t,t;€Q_ ti<t,t;,€Q
Multiplying the last inequality by e®“~" and introducing the notation

q(0) = " y@)ll, 19)
we get

t

< - _ +cK d c(. + cKeIAV(ti—O)I_l t,~—0 + cKeIAV(ti)\_l 5).
q(t) < cllo = xoll + ¢ f q@d yar O+ > (e -0+ > (e ()

PS 1;<t, t;€Q)_ 1;<t, ;€Q),

We multiply the integral in the last inequality by e and replace [Vaé ve(-) by [Vag] V(-). The inequality will only intensify.
10, ¢ 10, ¢
As a result, we have

1

q(t) < cllxp — xol| + cKe fq(f)d [yag] V()

fo

" Z (ec-KellAV(ti—O)H — gt - 0) + Z (ecKeHAV(ti)H - Dyg(t). (20)

ti<t,t;€Q_ 1<t ;€Qy

According to the Lemma [5.4.3] in [1], every solution of the inequality (20) satisfies the estimate

cKe(t—to+ var V(1))
g(n) <e o Ixo = xoll-

Multiplying this inequality by e~*“~%) and taking into account the notation (19), we obtain the estimate (10).
Theorem 3 Suppose, that there is a number B such that the inequality

ot = 19) = ck(t = 1o + var V() > 1)

is satisfied for every t € [ty, 00]. Then the tube of discontinuous solutions X(t, xo, v(-), V(-)) will be stable.
If, however, the condition

Jim (a(t = 0) = ck(t = fo + var V() > B) = +oo, (22)

is satisfied, then the tube of discontinuous solutions will be asymptotically stable.

Proof. Let p(X, Y) = |[x—Yl|, where xeX, yeY, X and Y is the bounded closed set. Suppose that there is a one-to-one
correspondence X, ;n between the elements of the set X and Y. It is known that for any pair in,in the following
inequality holds ||):c,, - §n|| <y, where 7y is some positive constant.

Let X = X,,. It is obvious that

1% = Yl < 1% = Yl <.

Then, by Theorem 2

PX(t, %0, v(-), V-)); X (2, %o, v(-), V() < [[%g = xol| e @0 meKel=ommarigaVO), (23)

050011-6



If condition (21) is fulfilled, then
PX(t, x0, v(-), V(-)); X(2, X0, v(), V() < |[X0 — Xolle”™,

This provides the stability of the tube X(z, xo, v(:), V(-)).
If the condition (22) holds, then according to (23) we have

Aim p(X(#, x0, v(), V) X (8 %o, v(), V() = 0,

this ensures the asymptotic stability of the tube X(z, xo, v(-), V(-)).

Remark. If the function V(t) is piecewise constant with a finite number of discontinuity points (finite number of
impulses acting on the system (1)), then under condition @ = 0 we will have a stability of the tube X(t, xo,v(-), V(-)),
and under condition a > 0 we will have an asymptotic stability of the tube.

CONCLUSIONS

In this paper we defined the notions of stability and asymptotic stability of tubes of discontinuous solutions of a
bilinear system. Tubes of discontinuous solutions arise as a result of a possible response of the system to impulse
action. Using the technique of integral inequalities, we obtained the sufficient conditions for stability and asymptotic
stability of the tubes of discontinuous solutions. Sufficient conditions for stability and asymptotic stability can be used
in designing impulse controls for systems when the response of the system to the impulse effect can be ambiguous
due to its dependence on the method of approximating the impulse action.
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