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KYBERNETIKA — VOLUME 54 (2018), NUMBER 3, PAGES 496-521

CONVERSE THEOREM FOR PRACTICAL STABILITY
OF NONLINEAR IMPULSIVE SYSTEMS
AND APPLICATIONS

BouLBABA GHANMI, MOHSEN DLALA AND MOHAMED ALI HAMMAMI

The Lyapunov’s second method is one of the most famous techniques for studying the stabil-
ity properties of dynamic systems. This technique uses an auxiliary function, called Lyapunov
function, which checks the stability properties of a specific system without the need to generate
system solutions. An important question is about the reversibility or converse of Lyapunov’s
second method; i.e., given a specific stability property does there exist an appropriate Lya-
punov function? The main result of this paper is a converse Lyapunov Theorem for practical
asymptotic stable impulsive systems. Applying our converse Theorem, several criteria on prac-
tical asymptotic stability of the solution of perturbed impulsive systems and cascade impulsive
systems are established. Finally, some examples are given to show the effectiveness of the
derived results.

Keywords: converse Lyapunov theorem, practical asymptotic stability, impulsive systems,
cascade systems, perturbed systems

Classification: 34A37, 34D20

1. INTRODUCTION

It is well-known that the second method of Lyapunov is considered as the most widely-
used tools for stability analysis of various types of mathematically described dynamical
systems, including continuous and discrete differential equations, impulsive differential
equations, and many others.

Classical results in this direction are presented in the seminal books [13] 211, 311 [32].
Extensions of this theory can be found e. g. in [2, [18] 19, 22], and the references therein.

The strength of Lyapunov’s second method is that it is possible to ascertain stability
without solving the underlying differential equation. The second method states that
if one can find an appropriate Lyapunov function, then the system has some stability
property. However, the main draw-back of this method is the need to find a Lyapunov
function, which is frequently a difficult task. In many cases, Lyapunov theory provides
an affirmative answer to this problem. The answer takes the form of converse Lyapunov
Theorems. Unfortunately, these converse Theorems are proven by actually constructing
auxiliary functions which always assume the knowledge of the solution of the differential
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equation. Therefore, these converse Theorems cannot really be used to construct an
explicit formula for Lyapunov function, except in special cases (e.g. linear systems).
However, these Theorems prove at least that such a function exists, and on the other
hand, they can be used to study the stability of perturbed systems.

Over the years, many converse Theorems have been established for different kinds
of stability, firstly, for continuous systems see [12, 22 24]. A recent review of converse
Theorems is given in [I5] and the references therein, and later for discrete systems
see[ll [I7], for hybrid systems [7, 23] and impulsive systems [2] 30].

Recently, a converse stability Theorem for practical exponential stability has been
obtained in [9]. This Theorem is used to analyze the practical exponential stability of the
zero solution of perturbed impulsive systems and cascade impulsive systems. However;
in the present paper, the contribution is to establish a converse stability Theorem for
practical asymptotic stability and its applications, which generalizes an inverse Theorem
for practical exponential stability in [9].

The practical stability, in the sense introduced in [8, [I6], is very important and
very useful for analyzing the stability or for designing practical controllers of dynamical
systems since controlling a system to an idealized point is either expensive or impossible
in the presence of disruptions and the best which we can hope in such situations is to
use practical stability. The practical stability only needs to stabilize a system into a
region of phase space, namely the system may oscillate close to the state, in which the
performance is still acceptable. In the past decades, practical stability has been studied
by many researchers such as cited in [3], [4, [5] [6], @} [10].

This paper is organized as follows: In Section [2] some definitions and notations are
given and a concept of practical asymptotic stability for impulsive systems is presented.
Criteria for asymptotic practical stability for impulsive systems are the focus of Section 3]
However; in section [4] this Theorem is used to study the practical asymptotic stability
of perturbed impulsive systems and cascade impulsive systems. In the last section, some
examples are worked out to illustrate our results.

2. PRELIMINARY NOTES

Let Ry = [0,+o0], R", n € N* be the n-dimensional Euclidean space with elements
:l
x = col(x1,x9,...,x,) and the Euclidian norm ||z|| = (Z?Zl xf) * . Moreover, we shall

use the notation B = {x € R"; ||z|| < r}, the closed ball of R™ of radius r > 0.
Let us consider the following impulsive system:

:L‘(t) :f(tvx(t))’ t# 1, teRy
Ax(r) = In(@(ry)), t=m k=1,2,... (1)
a(tg) = o,

in which x(t),zo € R™, are respectively the system’s state and an initial condition;
f Ry xR® — R™ and I}, : R® — R" are two functions and Ax(1y) £ z(r. ") —z(7.7),
with z(7, ) = limy_,o+ x(7+h) and z(7, ) = lim,_,o+ 2(7%x —h), where z(7,7) = x(73,).
To ensure the existence and the uniqueness of the solutions to the impulsive system ,
we suppose that the following classical conditions are satisfied [2].
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(a) The function f is a continuous in each domain G} :=|r_1, 7] x By, (k € N*) and
it satisfies the following properties

(i) There exist a positive constant fo such that, for all ¢ > 0, we have || f(¢,0)]| <
fo.

(ii) Lipschitz condition: for all r > 0, there exists a positive constant L,, such
that, for all z,y € B and ¢ > 0, we have

[t 2) = FEy)ll < Leflz = yll.

(iii) For any k € N* and « € BJ, the function f(¢,2z) admits a finite limits at
(g, ), i.e.

lim f(t,2) = f(r, @), Wm f(t,2) = (7], 2).

t—7, t—T1,

(b) The incremental change of the state I}, : R™ — R"™ at the time 74, k = 1,2,... are
such that

e There exists a positive constant H, such that, if ||z|| < H and Ir(x) # 0,
then ||z + Ix(z)|| < H.

e Lipschitz condition: There exists a positive constant M}, such that

1k (2) = L(y)l| < M|z -yl
for all z, y € R".

(c) The times of the impulsive effects 73, k € N* are fixed and an unbounded increasing
sequence with limg_, 1 7% = +00. Moreover, there exist a constants 61,60s > 0,
such that

01 < inf < <46
1 < inf {s1} kség)*{sk} <0,

where sy = Tp41 — Tk, Yk € N*. The condition (c) says that, as k towards to oo,
the spending time s; between two consecutive impulses, does not became infinitely long
Sk — +oo or infinitely short s — 0.

Let (tg,x0) € Ry x R™ be an initial condition. Since the conditions (a), (b) and (c)
are satisfied, then there exists an unique solution z(t) £ x(t, o, zo) of system , which
starts at time o at the point xg. Moreover, any solution x(t,%g,xo) of is defined
on the interval [ty, 400[, and is continuously differentiable for all ¢ # 75, with points of
discontinuity of the first kind at ¢t = 74, k =1,2,... [2].

Let us define the following class of functions and specify the notion of practical
asymptotic stability mode of solutions of the system .

e F(R,) the set of all functions from Ry to Ry. If ¢ € F(Ry), we denote by
I, 1(, ) the following expression I, p(c, ) := f: e~ =2 (2) dz, where o > 0
and a,b € R, such that a <b.
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e M(I,C) the set of all measurable functions from I to C, where I is an interval of
R.

o F(I,J) (resp C(I,J)) be the set of all functions (resp all continuous functions)
from I into J.

e C(I,J) the set of continuously differentiable functions from I into .J.

e PC(R4,R), the set of functions ¢ : Ry — R which are continuous for t €
[Tk, Tht1 [, B € N* such that ¢(7;,), ¢(r) exist and (7, ) = () for all , k € N*,

e PC'(R,,R) the set of functions ¢ : R, — R which are piecewise continuous
differentiable.

e 17(D) = {¢ € MEZO): llglly < +oo}, where gl = [ Jzle(s)IPds]”, and
p € [1,+ool.

e B(R,) is the set of all bounded functions from Ry to R,

B(R+):{@EF(R+),HW¢ZO, ng(t)SmWa VtER-F}

a?e

A= {(p € F(Ry): 37 = v, My > 0; Inp(a,9) < Mo Vb >a>0,a > 0}.

As a first step, we give some properties of the set A.
Remark 2.1. It is not difficult to establish the following useful properties
e For all p > 1, we have LP(R;) C A and if ¢ € LP(R), we obtain

1
Vp € [1,+00], My, = |¢|lp, and v, =1 — ];

e B(Ry) C A and if p € B(Ry), we obtain
M, =mg, and v, = 1.
o If p1 € A 2 € B(R,), then p1¢9 € A and we have
Mg, oy = M, My, , and vy, = Vg, .
o If 1,0 € A, then 1 + o € A. Moreover, we have
Mg, 4o, =2max(My,,, M,,) and vy, 4, € {1/%, VW}.

e If p € B(R,) such that ¢’ > 0, then ¢’ € A with M, = m, and v, = 0.

In control theory, it is often required to check if a nonautonomous system is stable or
not. To cope with this, it is necessary to use some special comparison functions. Class
K and KL functions belong to this family:
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Definition 2.1. (Khalil [I§]) A continuous function « : [0,a) — [0, b) is said to belong
to class K if it is strictly increasing and «a(0) = 0. It is said to belong to class K if
a="b=+oo and a(r) - 400 as r — +oo.

Definition 2.2. (Khalil [I8]) A continuous function 5 : [0,a) x [0,4o00[— [0, +o0] is
said to belong to class KL if, for each fixed s, the mapping S(r, s) belongs to class K
with respect to r and, for each fixed r, the mapping 5(r, s) is decreasing with respect to
s and B(r,s) = 0 as s = +o0.

In the following, we give some definitions which will be used in this paper.

Definition 2.3. (Jiang et al. [I6]) System is uniformly practically asymptotically
stable (U.P.A.S), if a function 8 of class KL and a nonnegative constant p exist such
that, for each initial condition (to,x¢) with o € B}, we have

ot to. z0) | < p+ B(llaollt —t0), ¥t > to. (2)

Remark 2.2. Recall that, if (2)) is satisfied with 3(r,s) = kre=**, k, A > 0, then the
system is said to be uniformly practically exponentially stable (U.P.E.S) with rate A
and region of attraction B ([8],[9]). It is well known that if the system (1)) is uniformly
practically exponentially stable, then it is uniformly practically asymptotically stable.
However, the converse is false. In our recent result [9], we have derived a converse
Lyapunov Theorem for a practical exponential stable impulsive system. In the present
work, we generalize our cited paper for practical asymptotic stable impulsive systems.
We point out, that the proposed Lyapunov function in this paper (see ) is different
from the one given in [9].

Definition 2.4. (Yang [30]) The function V : Ry x R™ — R, is said to belong class
Vs, if V (¢, x) is positive definite, locally Lipschitz in z, continuous everywhere except
possibly at a sequence of points {74} at which V(¢,z) is left continuous and the right
limit V' (7,7, z) exists for all z € R™.

Definition 2.5. (Yang [30]) The Dini derivative or the upper right-hand generalized
derivative of a function V (¢, ) along the solutions of system is defined by:

1
+ — Vi c1i o _
DV(t7 x) = hr}rbljlolp A [V(t +h,x+ hf(t,x)) — V(t, a:)] (3)
To prove of the main results, we shall use the following lemmas.

Lemma 2.6. If a € K, then, for all a,b > 0, we have
ala+b) < a(2a) + «(2b).

Lemma 2.7. (Lakshmikantham et al. [20]) Let u,v € PC(R4,R) a nonnegative func-
tions satisfying,

u(t) < c—l—/ v(s)u(s)ds + Z biu(T;), (4)

to to<T;i<t
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for all ¢ >ty > 0, where the constants ¢ and b; are positive. Then, we have
t
) <e T (1+b)esp (/ o(s)ds). (5)
to<m; <t to

Lemma 2.8. (Lakshmikantham et al. [20]) Assume that v € PC!(Ry,R) and v(t) is
left-continuous at 7, k =1, 2,..., satisfying:
o(t) < a(t)v(t) + (1), t # 7,
U(T;)gckU(Tk)+dk,t:Tk,k:1,2,... (6)
U(t;’)_) = Yo,

where the functions a,b € C(R4,R), ¢ > 0 and di € R are constants. Then, v satisfies
the following inequality

v(t) < vy H N GL Z H ¢ eAlTE) g,

to<Tr <t to<t<t \TE<T;<t
t

+/ H cr | eA9b(s) ds,
to s<TE<t

where A(t, s) = fst a(s)ds, for all t > s > 0.

3. MAIN RESULTS

This section is dedicated to start the main results of this paper. In the following sub-
section, we introduce a sufficient conditions satisfied by a Lyapunov function that guar-
anteed the practical asymptotic stability of the nonlinear impulsive system . Then,
we establish a converse Lyapunov Theorem for a practical asymptotic stable impulsive

system .
3.1. Practical asymptotic stability

In the following Theorem, we give some sufficient conditions to ensure the practical
asymptotic stability of the nonlinear impulsive systems ([1]).

Theorem 3.1. Assume that the impulsive system satisfies the conditions (a), (b)
and (c). Furthermore, suppose that there exist a function V € Vs, a function L €
PC(Ry,R,), a function r € A, positive scalars constants a, A, cx,dr (k € N*) and
a1, as € K which satisfy:

L oag(||lz]]) <V z) < ao(|z||]) +a,VzeBt>0,
2. DYV (t,x) < =XV (t,x) +7r(t),Y z € BY, t # 7%,
3. |V(t,x) = V(t,y)| < Lt)|lz —yl, Vz,y € B,
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4. V(T,:', 1:(7',:')) < eV (rk, x(7x)) + di, Vk € N*,

where H:ji cr < 4ooand ), ., dye”*** converges for some positive constant a.

Then, the impulsive system (/1)) is uniformly practically asymptotically stable.

Proof. Let us consider t > t; and mg,m € N* such that tg € [T, Tme+1[ and
t € [T, Tm+1[. Since the infinite product [], -, ¢, converges, then there exists a positive
constant P > 0, such that P, = szl ¢ < P, for all n > 1. Conditions 2 and 4 of
Theorem implies that the function V (¢, z) satisfies Lemma Then, we obtain the
following estimation for all t > ¢,

V(t,x(t))<V(tg,x0)< 11 ck> e Ao 4 Y Il | ™a,

to<Tr<t to<Tr<t \TE<T;<t (7)

+/t ( H ck> e M) (5) ds.

s<T<t

Then, from , one get

V(t,z(t)) < V], mo)Pe 2700 4 peafa=2 N gy emas
k=mo+1

¢
+P/ e M) (s) ds.

to

It follows that,
V(t,z(t) < V(g zo)Pe 1) 4 R,

where R = P(ea92(1 + e7A0) Z;:lj de= %5k + iWT;) Using the condition 1 of Theorem
and Lemma [2.6] we can easily see that for all 2o € B,
ot to, 20l < (V0 )P0 4 ),
< ay ' ((az([lo]) + a)Pe X710 4 R),
< o7 (Pag([lzol)e ") + aP + R),
< a7t (2Pas(||zo])e A7) + a7t (2aP + 2R),
< B(llzoll;t —to) + ps

where
B(r,s) = a;* (2P042(r)e*’\5) €KL, p=a;'(2aP +2R).
This finishes and shows the proof of Theorem O

Remark 3.1. Note that, if 7(f) = 0, a = 0 and di = 0 for all £ € N*, we obtain
the uniform asymptotic stability of the impulsive system (see [2]). In the above
Theorem, we have established some sufficient conditions that guaranteed the practical
asymptotic stability of system using Lyapunov function. Our result is different from
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other many Lyapunov Theorem for nonlinear impulsive systems due to special structure
of the set A. Obviously, our Theorem does not generalize other Lyapunov Theorems
for impulsive systems, but it is a simple variant which gives different class of Lyapunov
Theorem by introducing the set A which is a very large set as pointed out in Remark
The importance the above Theorem does not became only from its results, but it
is a consequence from the fact that the sufficient conditions satisfied by the Lyapunov
function are also necessary for any U.P.A.S. impulsive system . In the following, we
give a positive answer to the following natural question: if the impulsive system is
U.P.A.S., is there a Lyapunov function V (¢, ) which satisfies the conditions 1-4 of the
above Theorem? In fact, we prove in the following subsection that a U.P.A.S. impulsive
system admits a Lyapunov function satisfying the conditions 1 — 4, with r € A.

3.2. A converse stability Theorem

In this subsection, a so-called converse Lyapunov Theorem for practical asymptotic
stable impulsive system is stated and proved. This Theorem will be applied in the
sequel to two problems in control theory, and it will be shown that it leads to an elegant
solutions to each of these problems.

Theorem 3.2. Assume that the impulsive system satisfies the conditions (a), (b)
and (¢). Moreover, we suppose that the impulsive system is uniformly practically
asymptotically stable. Then, there exist ay, s € K, a positive constants a, A, ¢k, dy, a
functions L € PC(R;,R,), r € A, and a Lyapunov function V € V, that satisfy:

1. aa()lz])) < V(t,z) < ao(||z]]) + @,V z € B, t >0,
2. DYV (t,z) < =XV (t,x) +7(t),Y x € B, t # 7%,
3. [V(t,x) = V(t,y)l < L®)llz —yll, Y,y € B,

4. V(nf a(nh) < eV (e, e(n) + di, Vi € N7,

where [, ¢x < +o0 and 3, -, dge™®F converges for some positive constant a.

Proof. For (t,z) € Ry x B, let V(¢,x) be the function given by:

0
V(¢ x) =sup {s@(llfc(t + S,t,w)ll)%}, t # T,
= 8
V(tk,z) = lim V(t,x) =V(r, ,z), k€ N", )

t—>7),

where the function ¢ € Koo NCY(R,R,) and § € B(R,), such that §'(t) > 0 and
A = infy;>0{0(¢t)} — 1 > 0. Obviously, the function V(¢,z) is well defined since the
function

1+6(t)s

1+s

is bounded on R;. We prove in Appendix A, that the Lyapunov function candidate V'
belong to the class V5. The details of the proof are given in appendix. The different
stages of the proof are inspired by the recent work [9]. |

5 <p(||:c(t + &t,x)H)
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4. APPLICATIONS OF CONVERSE THEOREM

The converse Lyapunov Theorem derived in the above section is used in this section to
solve two problems in stability analysis and control theory. The first application is about
the practical stability of perturbed impulsive system, while the second one concerns the
practical stability of cascaded impulsive systems.

4.1. Practical asymptotic stability of perturbed impulsive system

Let us consider the perturbed impulsive system having the form

) = ftz@)+glt x@), t#m, k=1,2,...
Az = Ik(x)+Jk(£L'), t=m, k=1,2,... (9)
x(tf{) = o,

where z(t),z9 € R™ and f, g : Ry x R® — R™ are two continuous functions in each
domain G} and for any k € N* and € R" there exist the finite limits

lim f(t,z) = f(rg,x), lim f(t,z) = f(T]:r,{L‘)7
t—T1, t~>7']:r
and
lim ¢g(t,z) = g(7%, ), lim+ g(t,x) = g(T,:r,x).

t—7, t—T,

In addition, suppose that f is a locally Lipschitz function with respect the variable x.
The nominal system associated at the perturbed system @[) is the impulsive system
where g(t,z) and Ji(x) are the perturbations that affect the impulsive system under
consideration.

Consider the following hypotheses:

(H1): The nominal system is assumed to be U.P.A.S and the perturbation term
g(t, z) satisfies,

lg(t, )|l < o (), (10)
for all (t,z) € Ry x R™, where ¢ € A.
(H2): The incremental changes Ij(.) and Ji(.) of the state at the time 7 satisfy,
i) Forall k € N*, Va,y € R?, ||[I1(z)— I1(y)|| < My|lz—yl|, such that 37> M;, < +o0,
ii) For all k € N*, Vx € R", ||Ji(x)|| < pg, and there exist 5 > 0, such

+oo

Z:,uke_’@s’c < +00.
k=1

Then, one can state the following Theorem.

Theorem 4.1. Assume that (H1) and (H2) hold. Then, the perturbed impulsive
system @D is uniformly practically asymptotically stable.
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Proof. By assumption (H1) there exists a Lyapunov function V (¢, z) which satisfying
conditions 1 —4 of Theorem Since, the series ), -, M}, converges, then the function
L(t), given by the formula (35), is bounded by a positive constant I, i.e. L(t) <, for
all t > 0.

If t = 7, we have

V(ra(r) =V 7k) + (2 (1h)) + T (2(72))),

) + Ie(2(1)) + Ji(x(7x))) = V (77, 2(m) + Tn(2(1r)))
7%) + Ik (z(71))),

T m(m)) + di + 1| Jk (m(Tk)) Il,

Tka x(’rk)) + g(dk + ,Uk),

/\ —
=4 =
8

s A

T

A
R‘\L'_

\/\I/\Jr
S o

==

where ¢ = max(1,1). Other, if t # 73, we get

D@V(t, x(t)) = limsup % [V(t+h,x+hf(t,z)+ hg(t,x)) — V(t,z)],

h—0t

= limsup — ! [V(t+h,z+hf(t, )+ hg(t,x)) = V(t+h,x+ hf(t,z))
h—0+t h

+V(t+h,a+hf(t,z)) = V(t,z)],
= lim sup % [V(t+ h,x+hf(t,x) + hg(t,x)) = V(t+ h,x + hf(t,z))]
h—0*t
+ D*.V(t ),
< DV (t2) + Ulg(t, ),
< AV (t2) +r(t) + 1p(t) < =MV (t,x) + £(r(t) + B(t)).

Then, by Theorem the solution x(t,tg, o) of the perturbed impulsive system @D
satisfies the following estimation,

[z (t, to, mo) | < p+ B(llzoll, t = to),
for all t >ty > 0, and xg € B}, where,
B(r,s) = al_l(2Pa2(r)e_)‘s) € KL and p = oy *(2M),

with,

M MT
a 4 (1 + e—/\91 02 Z de %% + P02 Z,U*ke Bék e _|_

MZKP[@ A
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4.2. Practical asymptotic stability of cascade impulsive systems

In this part, we establish sufficient conditions for uniform practical asymptotic stability
of cascade impulsive systems. Let us consider the following cascade impulsive system:

T = f(t,$1)+g(t,l‘), t7é7—ka k:172a'
i?Q = h(t,il?g), t%Tk, k:LQ,...
Axy = Ik($1)+Jk(IL‘1,£ZZQ), t=71,, k=1,2,... (1]_)
A(EQ = Lk(l'g), t:’Tk, k:172,.
w1 (ty) = o, xa(ty) = w20

where 1 € R", 29 € R™, z := col(x1,22), and f: Ry x R® - R" h:RL x R™ — R™,
g : Ry xR™™ — R™ are three continuous functions in each domains G}, G}* and GZ'”"
respectively such that for any k € N* there exist the finite limits

lim f(t,x1) = f(7%, 1), lim+ flt,x1) = f(T,j,xl), Vi, € R",

t—7, t—7,

lim g(t,x) = g(7,z), lm g(t,z) = g(T,j',x), Vo e RV,
t—7, t—>7’,:r
and
lim h(t,z2) = h(7y, 2), lim h(t,zo) = h(r;", 22), Vs € R™.
t—=T, t—)‘r,j'
Denoted by zg := col(x19, 220) and (., to, zg) = (z1(.,to, Zo), z2(., to, 20)) the solu-
tion of the system starting from xg at t = to, i.e. x(to, to, o) = (10, T20)-
Consider now the following two subsystems:

i‘l = f(t,a:l), t#Tk, ]{}:1,2,...
Axy = Ig(zy), t=m, E=1,2,... (12)
961(5{) = o,
and
l"g = h(t,$2), t;éTk, k‘:1,2,.
AQSQ = Lk(mg), t= Tk, k= 1, 2, . (13)
xg(ta_) = X20-

These two subsystems satisfy conditions (a), (b) and (¢). In addition, suppose the fol-
lowing hypotheses hold:

(H3): Systems and are assumed to be U.P.A.S and the interconnection term
g(t, z,y) satisfies

lg(t,z,y)|| < (t), Yt >0, (x,y) € R" x R™,

with ¢ € A.
(H4): Functions Ix(.) and Jy(.) satisfy

i) Ve N, Va,y € R, [[Iy(z) — Ii(y)|| < Myl|z — yl|, such that >, M}, converges.
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ii) For all £ > 1 and (z,y) € R” x R™ ||Ji(z,y)|| < di and there exist § > 0, such that
z:i Sre~ %% < fo0.

In the following Theorem, we establish the practical uniform asymptotic stability of
cascade system ([11]) under the above hypotheses.

Theorem 4.2. Suppose that assumptions (H3) and (H4) hold. Then, the cascade
impulsive system is uniformly practically asymptotically stable.

Proof. By assumption (H3) there exists a Lyapunov function V (¢, x) which satisfies
Theorem - and by using the fact that Zk>1 My, converges, then as in the proof of
Theorem {4.1] we obtain

|V(t71.) _V(tay)| < l”x_y”V T,y € Rn? t>0

for some [ > 0.
For t # 1, we have

D+V- (t,71) = lim sup }11 [V(t+ h @1 +h(f(t,z1) + g(t,2)) = V(t,21)],

h—0t

< limsup%[V(t + h, @1 4+ h(f(t,21) + g(t, x)) = V(t + h, 21 + hf(t, 21))]

h—0*t

1
+ lim sup 7 [V(t +h,x1 + hf(t,xl)) — V(t,xl)],

h—0t

< D Vg (t, z1) +1llg(t, 2|,
< D+V(t,5€1) +Ip(t).

Then, we obtain the following inequality,
D+V (t,z1) < =AV(t,z1) +r(t) + () < AV (t,x1) + £(r(t) + ¥(t)) (14)

with ¢ = max(1,1).
If t = 7%, we get

V(rla(nh) = VI(rd () + Ie(za (1) + Ji (@1 (1), 22(73))),
<V(rf i (me) + Le(wi (7)) + (zl(m 2(76))))
— V(T,j,xl(Tk) + Ik(xl(rk))) + V(Tk 21 (71) + T (21 (79 ))),
<V (r () + I(@i(e)) + Uk (@1 (1), 2(7)) ],
< V(T,:',xl(m) + Ik(xl(Tk))) 4+ 16;,.

It follows that,
V(rd 1) < euV (i, 21(1)) + 105 + d,

< CkV(Tk,l‘l( )) + E((Sk + dk) (15)
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So, by using the inequalities and (|15)), we conclude that the Lyapunov function
V(t,z1) verifies the conditions of Theorem Then, the solution x1(¢,tg, o) of the

cascade system satisfies, for all z¢ € B,
[z1(t, to, zo) || < p + B(l[woll, ¢ — to)
with,
B(r,s) = ay " (2Pas(r)e™**) and p = a7 ' (2M),
where,

M, M,
)\Vw )\l/,,. :

a = I
M = (P [Z + (1 + ef)\é‘l)(eaéb deefozsk + 6602 Zékeiésk) T
k=1 k=1

Thus, we achieve the proof of Theorem [4.2 a

5. NUMERICAL EXAMPLES

In this section we give some examples to illustrate the main result. Our first example
shows the applicability of Theorem [£.1] for a simple class of perturbed systems. The sec-
ond and third examples illustrate the uniform practical asymptotic stability of a cascade
impulsive system.

Example 5.1. Impulsive neural network system
Consider the perturbed impulsive neural network system:

T = ft,x)+g(t,x), t#7%, k=1,2,...
Az = Ip(x)+ Ji(x), t=m, k=1,2,... (16)
:L’(tg) = o,

where, 7 = [21,72]7 € R? and x¢ € R?
} —2x1 + tanh(z1) + tanh(z,) — 47 sin®(t) cos(t)

—52x5 — 100 tanh(x1) + 2 tanh(zz) — cos(t) sin®(t)
and the perturbation term g(¢,z) is given by

1+ & exp(—mai — 2mx3)p(t)
-1,

(t7$) — gl(t?x)
g [ gg(t, 1‘) 75— 2T exp(—3t) eXp(*iL’% - z%)p(t)

for all £ > 0 and x € R2.
The impulsive jumps A(z) = A(xy,z2)T are characterized by:

A(zy,22)T = I (21, 2) + Ji(21, 22),

where
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1)k
I (21, m0) = [ws%xlﬂw(—l)kﬂ cos(k) exp(—kQ)xQ]T

and

cos(k) sin(k:)]T
12

such that p is the integrable unbounded function given by

Ji(z1,22) = [27T

0, tel0,2- 2
= ntt+n—nd ten-Lnn>2
plt) = —nit+n+nd, tenn+ L]n>2
0, te [n+%,n+1 (n-‘,]:l)i’*}

Now, by choosing V (t,x) = 2% + 3, all assumptions of Theorem are satisfied with

3 3

A=1, a=0, r(t) =103+2(1+27)2 and c; = 1+73T—k(2+§—k)+47re_k2(1+7Te_k2)7 k> 1.
It follows that, the nominal system of

i = flt,z), t#m k=1,2,...

Az = IL(z), t=m, k=1,2,... (17)

l‘(tg_) = o,

is U.P.A.S. Moreover, by using the fact that perturbation term g(t,x) = [g1 (¢, 2), g2(t, 2)]*

satisfies with ¢(t) = /2 + % + 4p2(t) and the assumption (H2) is satisfied with

M, = g—j + 2re= % and L = \/4]%42 + Z—,f. Then, all conditions of Theorem are
satisfied and we can conclude the U.P.A.S of perturbed system . For the simulation,
we select xg = (—4.4,10.4) as an initial condition. Then we obtain the following result:
The convergence dynamics of the network system with impulses are shown in figure
The figure [1] shows the evolution of the solution of the nominal system and the
perturbed impulsive system over time.

Fig. 1. Trajectories of systems and (|17) with impulses.
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Example 5.2. Application in robot control: Impulsive Mechanical Systems.
Consider the Lagrangian formulation of the dynamics of an n—degree-of-freedom me-
chanical system

D(0)6 + C(6,0)0 + G(9) = B(O)T, (18)

where 0 € R” is the vector of generalized coordinates, D(0) is the inertia matrix, C(6, )
is the matrix of Coriolis and centrifugal terms, G(f) is the gradient of the potential
energy field, 7 € R™, (m < n) is the input generalized force and B(#) € R™ ™ has
full rank for all 6, describes the effects of actuators on the generalized coordinates. We
partition the vector # € R™ of generalized coordinates as 07 = [07, 01, where §; € R*—™
represents the unactuated (passive) joints and 0y € R™ represents the actuated (active)
joints. The Euler-Lagrange equation of motion of such a system are then given by [20]

My1(0)0) + Mi9(0)03 + hy(61,601,02,0) + $1(01,62) = 0 (19)
M12(0)01 + Ma2(6)02 + ho(61,01,602,02) + ¢2(61,602) = A(61,62)7 (20)

where h; includes Coriolis and centrifugal terms and ¢; contains the terms derived from
the potential energy, such as gravitational and elastic generalized forces. The m x m
matrix A(f,0s) is assumed to be invertible.

An interesting property that holds for the entire class of underactuated mechanical
system is the so-called collocated partial feedback linearization property [27], which is
a consequence of positive definiteness of the inertia matrix. The advantage of the collo-
cated partial feedback linearization is both a conceptual and a structural simplification
of the control problem. We can write the system 7 under consideration after
the stage collocated partial feedback linearization, as

n = (t,nz,u)=w(tn) +h(tnz)+g(tn x)u, (21)
& = Ax+ Bu, (22)

with suitable definitions of all quantities, such that h(¢,7,0) = 0 and u is a new control
input to be determined. The pair (A4, B) is controllable since the linear system is a set
of m double integrator and the expression

= w(t,n) (23)

represents the zero dynamics [14].

The Lagrangian formulation of the dynamics of an n-degree-of-freedom mechanical
system can now be expressed as a system with impulse effects [25](e. g., for a walking
robot, states at which the foot of the swing leg hits the ground, and a new step begins).
Assuming that the system trajectories possess finite left and right limits, the model is
then in cascade form.

The practical stability is very useful for designing practical controllers because in
many cases, control a system to an idealized point is either expensive or impossible
because of the finite measuring accuracy of sensors and actuators. We move away from
the paradigm of asymptotic stabilization. Instead, we focus on practical stabilization.
More specifically, we consider the following practical stabilization problem. Find a
smooth function u : R x R™® — R"™, (¢,x) — u(t, z), such that, the system f is
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U.P.A.S. If the control term u is chosen to be a function only of x ant ¢, for example,
u(t,z) = —Kx + v(t), with |jv|| € A, then the system (2I)) - (22) will be in a cascade
impulsive form

7:] = g(t’n)+g(t7n,x)7 t#/]—k7k:1’27""

& = Ax+ Bo(t), t#7m,k=12,...,
Aln) = Ir(n) + Je(n, ), t=7,,k=1,2,..., (24)
A(z) = Lg(x), t=m, k=1,2,...,
n(ty) = o, x(ty) = o,

with A := A — BK is a Hurwitz matrix and g(¢,n, z) := h(t,n,z) +g(t,n,z)(v(t) — Kx).
Let us consider the following subsystems

n = w(tn), t#m k=12,...,
Alm) = Ik(n), t=mk=12..., (25)
77(’53) = "o,
and o
& = Azx+Bo(t), t#m, k=12,...,
Alx) = Lg(x), t=7,,k=1,2,..., (26)
z(ty) = zo.

Let us assume that

1. Systems and are assumed to be U.P.A.S,

2. |lg(t,m, )| < m where x € A,

3. ||h(t,n, x)|| < 1(t) such that ¢ € A,

4. [ k(m) — Ie(n2) || < Mi|lm — m2l|, such that >, -, M) converges,

5. [[Jk(n, 2)|| < 0k and there exists a constant 6 > 0, such that >, -, Spe 9% con-

verges.

Then all conditions of Theorem are satisfied and cascade system is U.P.A.S.
The planar compass-gait biped of Figure [2|is one of the classic examples and yet it still
holds some interesting challenges from the standpoint of global nonlinear control. Refer-
ring to Figure 2| the single-support phase dynamics are represented by the continuous
2nd-order differential equation

D)0+ C(0,0)0 +G(0) =7, 0 = (05,0,)" € D C R, (27)

where the matrices D, C' and G are given symbolically by

D) = 21—2(5771 + 4my,) —ZQTT” 0082(0S —0Ops)
— £ cos(6 — O,s) Em ’

2m [ 0 —0pssin(0s — Os) :|

CO.0) =14, sin(0 — 0, 0
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—gl(3m + 2my,) Sing)s)

Y sin(fps)
g (m) 3
defined by constraint k() > 0, where scalar

and G(0) = . The continuous-time single-support phase is

h(8) = E((COS(QS) — c08(0ns)) + (sin(fs) — sin(by,s)) tan(’y))

gives the height of the swing foot above ground with slope angle . The instantaneous
impact event from foot-ground strike is indicated by the guard condition/switching sur-
face

G = {(0,0)|n(0) =0, h = (Vgh)d < 0}.

We model these impulsive events as perfectly plastic (inelastic) collisions, so any so-
lution trajectory z(t) = (6(t),0(t)) intersecting the ground plane is subjected to the
discontinuous impact map A : G — TQ. Thus, we have the impulsive dynamical
system

D)6+ C(0,6)0 +GH) = T 0,0) G, t¢ T, (28)
(OF,6%) = A(67,67), (0.0)€G, teT, (29)

where T CJ]0,+00][. The — and the + signs denote the state variables, respectively,
before and after the collision. For brevity we defer the details regarding map A. In the
literature, the resetting set 7 x G is defined in terms of a countable number of functions
7+ D —]0, +00[, and is given by

Txg=J {(Tk(a),ey 0 c D}.

keN*

The time-dependent impulsive dynamical systems can be written as and with
T x G defined as T x G 2 {71, 72,...} x D where 0 < 7y < 7, < --- < 73, < are prescribed
resetting times.

Now, and can be rewritten in the form of the time-dependent impulsive
dynamical system

D)o +C(0,0)0+GH) = t # 7, k € N¥, (30)
0F,07) = A(7,07), t=m4, ke N*, (31)

Fig. 2. Model diagram for the planar compass-gait biped.



Converse theorem for practical stability of nonlinear impulsive systems and applications 513

Next, we give another example of cascade impulsive system, in three dimension with
a simulation.

Example 5.3. Consider the cascade impulsive system having the following form:

z = f(t,x)+glt,x,y), t#mm, k=1,2,.
y = h(ty), t#£1, k=1,2
Ax = Iip(x)+ Ji(z,y), t=1, k=1,2 (32)
Ay = Li(y), t=1,, k=1,2
a(ty) = o, y(tg) =vo

where x = [x1,22]7 € R? and y € R. The functions f, h are given by

flt,z) = hit:o) _ | TmTt a1(r1) + r1az(z2) — 5072@ (33)
fa(t, x) —ag23 + 22 P1 (21) + Bolas) — 20W3C1L+(:)
and
such that

°® a; > %,fori:1,2,3.

e For all s € R, we have s(2¥(s) — 1) <0, say(s) <0, sf2(s) <0, az(s) < 0 and
Ai(s) < 0.

The interconnection term g(¢,x,y) is described by

1 t
gl(t7xay) 1O5p(t)§x2€_$g_y2 - L%
o 102p(t)dye2i—td—y? _ TPDT2
ga( Y) p(t)3 21|72

where p(t) is the integrable unbounded function defined in Example
The impulsive jumps are characterized by

Alx) = Alzy,32) = Ii() + Ji(2,y),
cos?(k) y
A e — -
2
where [ (z) = — g2y [x1, 22]" and Jy(z,y) = — o) ety o w2l

Using V(¢,7) = 2? + 23 and W(t,y) = y? as Lyapunov functions for the isolated

sub-systems and 7 with f and h are given by and respectively, we
can show by Theorem that they are U.P.A.S. Moreover, the interconnection term
g(t,x,y) satisfies (H3) with

W(t) = 10%e2/1+ 106p(t)5 + 1/2(72 + 1)p(t),
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and the assumption (H4) is satisfied with

2 cos? (k)
M = =—=>,VkeN.
k (ﬂ'k’)k’ /‘Lk kS 9 6

Finally we can deduce that all assumptions of Theorem are satisfied. Then the
cascade system is U.P.A.S. The convergence dynamics of the impulsive cascade
system is shown in Figure

For simulation, we take, U(s) = —s®+ 1, a;(s) = Ba(s) = —s3, aa(s) = Bi(s) = —s,
a1 = az = az = 1 and (21(0),22(0),23(0)) = (—4.4,2.4,7), we obtain the dynamics
presented in Figures [3] and

Fig. 3. Trajectories of cascade system .

Fig. 4. Boundedness of solution of cascade system .

6. CONCLUSION

In this paper, we have established some sufficient conditions for uniform practical asymp-
totic stability of nonlinear impulsive systems using Lyapunov function. We have proved
a converse Lyapunov Theorem for uniform practical asymptotic stability of nonlinear
impulsive systems, which states that an U.P.A.S. nonlinear impulsive system admits
a Lyapunov function satisfying all mentioned sufficient conditions. Some applications of
our converse Lyapunov Theorem for uniform practical asymptotic stability of perturbed
impulsive systems and cascade impulsive systems are given. Furthermore, a numerical
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examples have been shown, to verify our theoretical results and their effectiveness. Also,
Some simulation results are given to illustrate the applicability of our results.
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Appendix

A. PROOF OF THEOREM 3.3

The proof of Theorem is inspired by our recent work [9] and it is divided into five stages.
Assume that the impulsive system is U.P.A.S. Then, there exist a class KL function
B(+,-) and a positive constant p such that, for all initial condition (¢,z) € Ry x R"™, we have
lz(s,t,2)|| < p+ B(Jlz|,s —t), for all s >t >0 and x € By.

1. First step: First, it is not difficult to establish that

ar([lz]) V(¢ 2) < az(llz]]) + a,

where a1 (s) = (s), as(s) = 4¢* (26(5.0))) and a = & sup,s 02(1) + p(2p) supys B(1) €
R4. Then, the property [1| of Theorem is proved. Notice that for all ¢t € Ry \{7x, k €
N*} and = € B}, we have
146(t)s
1008 < oo+ 5, 0)6(0) € BRY).
Then, there exists T' > 0 such that for ¢ # 7, and = € B}
1+6(t)s }
1+s J°

0 < o(llz(t + s,t,2)|)

V(t,x) = sup {tp(”az(t—l—s,t,x)H)

0<s<T

2. Second step: Let 1 = z(t + h,t,x), it follows that for all x € B and t # 7%, we have
1+6(t+ h)s}
1+s ’

B 1+ (r — h)8(t + h)
=sup e (lle(t + 7 b o)ll) 2

V(t+hyw1) = sup {p(la(t + b+ s,t + h,a1)])
s>0

1+h L+ hO(t) 1+ (r — h)O(t + h
:1+h9(t)f‘iﬁ{“"(”x(HT’t’“)“) 1+h() (1+T)7(h )}’
1+h 1+ hO() 1+ 60(t + h)T
0 f‘iﬁ{s"(”“’(HT’t’I)“) 1+h() 1(+T ) b
_ 1+h 1+hO() [14+6(t)T
_1+h9(t)f‘;ﬁ{g"(”“’(HT’t’“)“) e

O(t+h) — G(t))r} }7

+
1+7

< Taae oo (et maa) SR [0
+ (0t + 1)~ 0(0)] },

1+h L+0()r  hO(t) 1+6()r
_T’l@@)igg{w(||x(t+7’t’x)‘|)[ 1+7 " 14+h 147
+ 12100 (1)~ oa)] )
< 11%};@ sup {e(le+ 7t 2)) [141;#(?7 + ho*(t)
+ 80 o1y - 0]},

L+h R0

V(t,z) + Crp( +0(t+h)—06(t)),

= 1+ h0(t) 1+ ho(t)
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with Crp = ©(2p) + ¢(26(r, 0)).
Therefore,

V(t + h,z(t+ h, t, x)) - V(t, )

DYV (t,z) = limsup

h—0t
- hir& [flL(l—l&-ZQh 1)V
+ (Gt ”’”—9<t>)(¢<zp>wm(no»)}

= —(0(t) - )V (t,2) + Cy (0’@) + 0 (t)).

It follows that,
DYV (t,z) < =AV(t,z) + (1),
with,

A= inf{0(t)} =1 >0 and (1) = cw(a'(t) + 02(t)) €A

Which proves property

3. Third step: Let z, y € B} and 0 < 7 < T. By using Lemmal[2.7] we obtain the following
estimation

ot +7.t.2) =t +mty)| < lle—yle™  [] (4 M)

t<7 <t+T

It follows that, if ¢ # 7, k € N*

|V(t,w)_V(t,y)|:‘ sup {‘P(Hﬁﬂ(t-i-s,t )||)1_|_89( )}

0<s<T 1+s
14 s60(t)
— su z(t + s,t, )7}‘7
e {e(lete .t =
1+ s0(t
< sup {‘@(Hﬂc(t—i— s7t7:c)||) - cp(||:c(t n s,t7y)“)‘17()}7
0<s<T +s
! 1+ s0(¢
< s (@) sup {[llat+ st - ||a:(t+s,t,y)|“17()}’
2€[0,7+8(p,0)] 0<s<T Ts

1+ s0(t
S sup |S0/(z)| sup eLPsL()
z€(0,7+5(p,0)] 0<s<T 1+s

= L)z —yll,

[T +a0}lz—yl,

<7 <t+s

where,

14 s6(t
Lt)= swp  [¢(2)] sup {1—() [T a+mo},
2€[0,7+6(p,0)] 0<s<T TS i Zets

<e"To)  swp |Y'(2) [ A+Mp), t>0.
2€[0,7+B(p,0)] t< T <t+T

(35)

Thus, property [3]is proved for ¢t # 7.
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4. Fourth step: Let n(t,to,x0) be the solution of the impulsive system starting from
o at t = to. Since for 7,1 < A < 7, < p < Tp41, and s > p the relation
'T(Sv Hy 77(,“’ Tk, T + Ik (I))) = $(S, A? 77()‘7 Tk I))
holds, then
V(s 7 @ + e (2))) < V(A 0(A, 7%, 7).

Passing to the limit as p — 7',;" and A — 7,7, we obtain

V(s a(n)) < Vi(mea(m)) < (1+ue)V (e, (7)) + di,
where (ur)r>1, (dr)r>1 are any positive sequences such that

° Zk21 uj converges

® > i>p dee” “*F converges for some a > 0 with sp = Ti1 — 7%, kK € N™.

Let us consider the numerical sequence (7x)r>1 defined by, for all k € N*, v, = dre™*F,
a > 0. Note that )=, ., v converges. Which proves property

5. Fifth step: Now, let 7. € Ry and = € B} be fixed and t; €7k, Tkt1[, i € B and
u; = x(t;, 7k, x) for i = 1,2. Then, using [9], we get

V(ti, ZEZ) - V(ti, ui)

< Lta)llwi — 2| + L) N (8:) (fo + Lollzl), i = 1,2,
where .
N(t;) =t; — 1 + Lp/ (s — Tk)eL”(t"'fs) ds, t; €]7k, Tet]-
Tk
Moreover, it is easy to show that

lim L(t;) = L(7"), lim N(t;) =0.

t; —»'r;‘+ t; *)T};F

Denote
1+ s6(t) }
1+s J°

The function a;(d) is non-increasing for § > 0 and limg_,o+ a¢(d) = a¢(0) since

a:(6) = sup { o (|l (t + s, t,2)]))

s>6

cp(||m(t + s,t, ;r)H) 1459 s a bounded and piecewise continuous function for s > 0 and

1+s
is continuous in some neighborhood of s = 0. Then, we obtain
14 s6(t
[Vt ) = Ve, )] = [sup {ip (It + 5,11, ) L2200
>0 1+s
1+ S@(tz)
—su x(t2 + 5,82, u )7}7
sup {i (lla(ta + 5, t2,u2)l) =0

1+ 9(t1)(7’k + 71— tl)}

sup {(,D(HI(Tk + 7, t1, z(t1, T, m))||)

T2t Tk L4+7e+7—t
= o (eIt tasaten o)l R
| s {elin ) 2 2y
- o (lle(m + 7m0, 2))) *fjf?T)k(:fj g t2) !

<

ar, (b1 — k) — ary, (t2 — Tk)) + I(t1,t1 — 1) + I(ta,t2 — ) — 0,
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as t; — T,j, i =1, 2, where
It —n) = swp {o(llalm+mm2)) f(00t2) = 0(n) + (02 = 7)(0(02) — 1))
T2t Tk

and

I(ta,ts — ) = sup ¢(|\x(rk ¥, Tk,x)u)}(e)(tg) (i) + (t2 — i) (B(t2) — 1)).

T2l =Ty

Thus, we obtain the following inequality
Ve = Vi e2)| < L) (les — ol + oz — o)
The last inequality is satisfied for all 1, x2 € B}, in particular if zo = x, we get
Ve = Vi @) < LD la -l

It follows that, the mapping = — V(T,:r7 x) is continuous on the compact set B;'. Then,
we conclude that V(T,;F ,x) exists and the prove of property 1 is finished.

To prove the continuity of the function V (¢, z), let x,21 € B}, 7h—1 <t < 7% and 6 > 0
be such that ¢t + 6 < 7. Then
Vit +6,01) = V{6, 2)| < [V(E+8,21) — V(E+8,2)| + V(E+6,2) — V(E+8,2(t +6,8,2)]
+|V(E+6,z(t+9,t,z)— V()|
(36)
Property 3 implies the estimation
[Vt +6,21) = V(t+0,2)] < L(t + 0)|lz1 — ||,
and
[V(t+d,2)=V(Et+06,z(t+6,t,x) < LEt+ )|z —x(t+6,t2).
Since, for t # 7, lims_,0 L(t +0) = L(t) and lims_o |z — z(t +6,¢, x)|| = 0, then the first

two terms in the right-hand side of estimate (36) are small if ||z — z1]| and 6 are small.
For the third term in , we proceed as follows

0< |V(t+5,ﬂ$(t+ 6,t,$) - V(t7$)|7

— sup {p (It 8+ s, 1-40.0(0 8,1, ) AL DY

~sup L (et +,6,001) 220,

= [sup {i (ot +-m o) =

—sup (i lete + s, ) 20

< fan() = ae(0) + for(8) = sup o (Ja(e + r. 1.0 ) LG

< [00(0) — ar0) + sup {ip(Jale + 7 t.0)]) L1720 - LEALEOC =),

< lae(8) — as(0)] + (G(t +8) — 0(t) + 50(t + 5)) sup {ga(”m(t + T,t,x)H)} —0
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as § — 0. Hence, V (¢, x) is continuous for x € B} and t # 7. The last two inequalities
lead to the following estimation,

V(ti, i) = V(ti, ui)| < L(ts)||ws — @l| + L) N () (fo + Lpllz), i =1,2.
Moreover, it is not difficult to show that

lim L(t;) = L(ry), lim N(t;) =0,

ti—Th ti—7h
for ¢ = 1,2 and we have the following inequality
Vit e = Vit e)| < LD (o — ol + oz — o).
The last inequality is satisfied for all z1, x2 € B}, in particular if z2 = x, we obtain
Vit = Vi @) < LmHla - )

It follows that, the mapping x +— V(T,:’, x) is continuous on the compact set B;'. Then,
we conclude that V(7" x) exists. Similarly, the existence of the limit V' (7, ,z) can be
proved and since the equality V (7, ,x) = V (7%, x) holds by definition, then V (¢,z) € Vs.
This finishes the proof of Theorem
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