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Abstract. Control of impulsive differential equations appear naturally in physical phenomena. Most
often these phenomena take place during a finite time interval. This leads to the study of boundary
value problems for control of impulsive differential equations. In this paper we address the problem
of existence of solutions of control of impulsive differential equations of second order subjected to
two-point boundary conditions. Our approach is based on the Granas topological transversality
theorem and the Schauder fixed point theorem. The uniqueness of solutions is also discussed.
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1. INTRODUCTION

Many processes in the applied sciences are described by differential equations hav-
ing smooth solutions. However, the situation is quite different in many physical
phenomena that are subject to sudden changes in their states, such as mechani-
cal systems with impact, biological systems (for instance heart beats, blood flows),
population dynamics, theoretical physics, radiophysics, pharmacokinetics, mathemat-
ical economy, chemical technology, electric technology, metallurgy, ecology, industrial
robotics, biotechnology, and so on. The appropriate mathematical models of such
processes are systems of differential equations with impulses (see [2], [7], [12]). The
theory of impulsive differential equations was introduced by V. D. Milman and A.
D. Mishkis (see [9]). It was pointed out in [14] that impulsive control systems can
be classified into three types depending on the control vectors. The control input in
the first type takes place at the sudden change of some state variables. In the sec-
ond type there are two kinds of control inputs continuous control input, which works
on all the state variables, and impulsive control input, which works at the sudden
change. Finally, in the third type the system is an impulsive system and the control
is continuous.
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In this paper we consider the following second order impulsive control system

i(t) = F(t,z(t),2(t), t €[0,T] = {tx,t2, ... tm},
Az(ty) = Uk(z(ty)), k=1,2,...m (11)
Ai(ty) = Vi((ty)), k=1,2,...,m '

(0)

|
8
—~

T) =0,

where z € R” is the state variable; F': Ry x R” x R®” — R" is a piecewise continuous
function; x(t;") and z(t;,) represent the right limit and left limit, respectively, of the
state at t = tg, Ax(tk) = z(t}) — 2t ),k = 1,2,...,m. The numbers t; are called
instants (or moments) of impulse and satisfy 0 < t; <t < ... <t, <T . U and V}
are impulsive controls and represent the jumps of the state at each ;. Notice that the
moments of impulse may be fixed or may depend on the state of the system. In our
study we will be concerned with fixed moments only. We refer the reader interested in
the study of second order impulsive boundary value problems to the following papers
and the references therein ([1], [3], [5], [6], [8], [11], [13]).

The paper is organized as follows. Section 2 is devoted to the study of the linear
system corresponding to (1.1). In section 3 we state and prove the main results about
the existence of solutions for (1.1).

2. LINEAR PROBLEM

In this section we introduce some definitions and notations that will be used in the
remainder of the paper. Then, we study the linear problem, which plays an important
role in our investigation.

Let J denote the real interval [0,7]. For ¢ = 1,2,...m, consider the points
t1,t2,t3, .., tm such that 0 <ty <tg < ... <ty <T. U I ={t; :i=1,2,....,m} let
J' = J—1. PC(J) denotes the space of all functions z : J — R™ continuous on J', and
fori=1,2,....,m, x(t]) = lim 2(t; + €) and x(t; ) = limwz(¢; — €) exist, and z(t; ) =

e—0+ e—0
x(t;). This is a Banach space when equipped with the sup-norm, i.e. ||z[|, = sup ||z(t)||
teJ

where ||z(+)|| is any norm in R™. Similarly, PC'(J) is the space of all functions z €
PC(J), x is continuously differentiable on J’, and for i = 1,2, ...,m, #(t]") and #(t;)
exist and #(¢;) = @(t; ). For z € PC*(J) we define its norm by ||z||, = |z, + [|Z]|, -
Then (PC(I),||||;) is a Banach space.

We now consider the corresponding linear problem to (1.1).

‘T(t) = f(t), t #tr,t €[0,77,

Ax(ty) = Ur(ty), k=1,2,....,m
Al‘(tk) Vk(tk) k= 172, ., m
2(0) = (T) = 0,

where z € R™ is the state variable; Uy and Vj are impulsive controls and for every
ki k=1,2,...m0<ti<to<..<tp<..<T.

(2.1)
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In order to study (2.1), we first consider the problem without impulses
E(t)=f(), tel[0,T],
{ z(0)=z(T)= 0
It is well known that any solution of (2.2) is given by

-/ " Gt f(s)ds

where G(.,.) : [0, T]?> — R is the Green’s function and is given by
T 0<s <t <T;
G(t,s) = - (2.3)
KD o<t <s<T.

Remark 2.1. The Green’s function G(t,s) and its derivatives have the following
properties

: T

(i) 0 < |G(t,s)| < 7.

T2
(u)/ ts|ds<§

(iv) E(t,s) <1 and "?)C:(t,s)’ <1
0 5| = 7
Lemma 2.2. The solution of problem (2.1) is given by
/ G(t, s) kzl aGgStk)Uk(tk) +éG(t,tk)Vk(tk). (2.4)

Proof. We shall use the superposition principle, and write z(t) = y(t) + z(t) + w(t),
where y(t) solves the problem

gt)=f), telJ',
Ay(ty) =0, k=1,2,...,m,
(i) (2.5)
Ay(tk) = 07 k - 1727 7m7
y(0) = y(T) =0,
z(t) solves the problem
Et)y=0, telJ,
Az(ty) = Ug(ty), k=1,2,...,m,
.( k) = Uk(ts) (2.6)
Az(ty) =0, k=1,2,...,m,
2(0) = 2(T) = 0,
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and w(t) solves the problem

Wt)=0 , teJ,

Aw(tk) k = 1 2 (27)
Avi(ty) = ( ), k=1,2,.

w(0) = w(T) = 0.

Then simple computations lead to (2.4).

3. NONLINEAR PROBLEM

In this section we will present our main results on the existence of solutions for
nonlinear boundary value problems for second order impulsive control systems.
Consider the problem

l’(t) :F(t,x(t),x(t)), telJ,

Al‘(tk) Uk(x(tk)), k=1,2,...m, (3 1)
Ai(ty) = Vi(i(tr)), k=1,2,...,m, '
z(0) =z(T) =0,

where x € R” is the state variable; F': Ry x R” x R — R" is a piecewise continuous
function; Uy and Vj are impulsive controls with 0 < t1 <to < ... <t,, <T.
It follows from Lemma (2) that any solution of (3.1) satisfies

/Gts (s,2(s),2(s))ds — ZMUk( (tx))

k=1

+ ZG(t,tk)Vk(:'c(tk)). (3.2)

k=1

Theorem 3.1. Assume that the following conditions hold
(H1) F(-,x,y) is continuous on J' and F(t,-,-) satisfies a Lipschitz condition

|F(t, z1,91) — F(t,z2,y2)|| < ||z — vl + B llz2 — vzl -

(H2) Uy, Vi are Lipschitz continuous with Lipschitz constant l and py, k =
1,2, ...,m, respectively, with

0 := max{(1 Zl’“ —|—1 Zpk}<1

(H3) yT(T 4+ 4) < 8(1 — §), where v = max{«, 8}.
Then problem (8.1) has a unique solution.



SECOND ORDER IMPULSIVE CONTROL PROBLEMS 27

Proof. Define an operator ¢ : PC(J) — PC'(J) by

T m
(= [ Gls)F(s.ae)a)ds 3 0 o)

k=1

+ ) Gt te) Vi(a(tn)).

k=1

It is clear that any solution of (3.1) is a fixed point of ¢ and vice-versa. We shall
show that ¢ is a contraction. Let x,y € PC'(J), then

T

e (8)) =y NI < [ [GE ) 1F (s, 2(s),3(5)) = F(s,y(s),5(s)) | ds

S—

#3029 1, a1 - Uit
k=1

+ Y NG )] [ Vi(E(tk)) = Vi((te) |
k—

N -

< | G s) [ (ellz (s) —y () + Bl (s) =9 ()l ds

OG (t,t)
ds

+
M= S

be [l (k) = (£

=~
Il
—

NE

+ ) 1GE ) pw (|2 (8) — 9 ()]l -

£
Il

1

Now, using conditions (H1), (H2) and the above remark we get

T2 - T & .
le@@) =@l <vg o=yl + Y _lellw —yllo + 3 D_pelli =gl (3.3)
k=1 k=1

Next, we have that

T S
%‘P (z) (t) = /0 Gy(t,s)F(s,2(s),2(s))ds — Z %

k=1

Uk (z(tk))

m

+ > Gilt, t) Vi (i (t))-

k=1
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The above inequality implies

Hiwm—i@(y) <sup{ | |Gu(t,)l o lle = yllg + 8112 = §llyJds
+’; % Uk () — Uk (®)]l,
+ ) 1G] VR(E) — Vi)l }-
k=1

Hence

|Soe = o <3 le= i+ 3 pulle—all+ Sl (0
k=1 k=1

From (3.3) and (3.4) we get

d d
liw = gull, = o) — 0wl + Hdt@(x) - w@
T2 T
<A Dyl + szux ol

T m ) )
(+ DY pelle = illy-
k=1

Letting § = max{(1+ %) > 7", I, (2 +1) 37" pe} we get
T? T
llez =yl < (5 + )+ ) lz =yl

It follows from condition (HS3) that ¢ is contraction. By the Banach fixed point
theorem ¢ has a unique fixed point 2, which is the unique solution of (3.1).
Example 3.2. Consider the impulsive control system

i(t) = Fcosa(t), t # tg,t € J,

Az(ty) = 52ra(t), k=1,2,

Ax(tk) = gx(tk)v k= 1327

2(0) = 2(1) = 0,

) =
where J = [0,1], t1 = 3, to = 3. We see that v = 1 and § = é—g So, for (3.5) we
conclude that there is a unique solutwn thle if we take Ax(ty) = k+1 z(ty) and
Az(ty) = 2k+1 @(tx) we findy =1 and 6 = 2; so we cannot conclude any thing about
uniqueness since (H3) is not satzsﬁed
Theorem 3.3. Suppose the following conditions hold
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(H4) F(,z,y) : J — R™ is continuous on J', there exists h : J x Ry — Ry, a
Caratheodory function, nondecreasing with respect to its second argument such that

|E(t, z,9)|| < k(2] + |lyl), for all z,y € R™ and a.e. t € [0,T].
(H5) Uy, : R™ — R™ is continuous and there exists l, > 0 such that
|Uk(z)|lg < Uy k=1,2,...,m
(H6) Vi, : R™ — R™ is continuous and there exists p > 0 such that
WVi(@)|lg <pe, E=1,2,...,m
(H7) pgglmsup%(fo (t,p)dt + >0, ((%) Uk —l—pk)) < Tiﬂ
Then System (3.1) has at least one solution.

Proof. The proof is given in two steps.
Step 1. A priori bound on solutions. Recall that solutions of (3.1) satisfy

/ G(t,s)F(s,x(s),4(s))ds — Z%Uk(l’(tk))

k=1

+ZG(t,tk)Vk(ﬂb(tk))7

k=1
and

T m
:'g(t):/o Gy(t, ) F (s, ))ds — Z t( (z(ty))

+ ) Gilt, i) Vi (i ().

k=1
It is easy to see that

T
||$(t)||§z/ [1F(s, z(s), ||d8+Z||Uk )+ 7 leVk
and
T
@) S/O 1F(s, 2(s), 2(s))l ds + = ZHUk (tx)) |+Z|\Vk
Conditions (H4), (H5) and (HG) lead to

, T T , Ui 1 T
zllo + 12l < (Z + 1)/0 h(s, |zl + llZ[l)ds + Z((l + T)lk + ( + Dpw)-
k=1

4
Since ||z||; = ||z||, + |||, and h is nondecreasing, then
T r - 1 T
l=lly < (5 + 1)/0 hs, el )ds + D (14 )l + (5 + D).
k=1

Let
po =zl .
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Then the above inequality gives

(T+4 (/ hsﬂods*i(( T+4>lk+pk>>. (3.6)

Condition (H7) implies that there exists r > 0 such that for all p > r we have

([ (S )en)) <t 00

Comparing (3.6) and (3.7) we can see that pg < r . Hence, all possible solutions of
(3.1) satisfy

llly <7

Step 2. Existence of solutions. Let Q = {x € PC'(J) : ||z|, <7+ 1}. Then Q is an
open convex subset of PC*(J).
Define an operator H : [0,1] x Q@ — PC*(J) by

/Gts (s, z(s), ()ds—/\ZaGTtttk)Uk( (tk))

k=1

+ AZ Gt t)Vil(i(ty)), 0< A<
k=1
H(\,-) : Q — PCY(J) is compact since it is the sum of two operators, the first one
is a compact integral operator with kernel the Green’s function, and the second is a
finite rank operator, which is also compact (see [10], [6]). Also, it follows from the
previous step that H(A.-) has no fixed point on 912, the boundary of 2. Consequently,
see [4], H(A,-) is an admissible homotopy between the constant map H(0,-) = 0 and
H(1,-) = ¢. Since H(0,-) is essential then H(1,-) is essential, which implies that
© = H(1,-) has a fixed point in . This fixed point is a solution of our problem.
Theorem 3.4. Suppose the following conditions hold
(H8) there exists h € L*(J) such that

|F(t,z,y)|| < h(t) forallz,y € R™ and a.e. t € [0,T]..

(H9) Uy, : R™ — R™ is continuous and there exists ay, > 0 such that
1Uk(@)llg < e llzllg s k = 1,2,...m

(H10) Vi, : R™ — R" is continuous and there exists By, > 0 such that
Ve@llo < Brllylly, *=1,2,...;m

(H11) pp < 1, where pp=max { (14 3) S 1 ar, (£ +1) 7", B}

Then system (3.1) has at least one solutwn
Proof. We proceed as in step 1 of the proof of the previous result to obtain a priori
bound on solutions. It is clear that

T m m
e < 7 [ IPGa(.a)ds+ Y [0l + 1 3 Gl
k=1 k=1



SECOND ORDER IMPULSIVE CONTROL PROBLEMS 31
and
T m
@) S/ |1 F (s, 2(s),2(s)) [l ds + — ZIIUk )+ D Vil (tn
k=1

(H8), (H9) and (H10) imply

, T < 1 T _
lell + il < (5 + DIl + 3 ( (14 1) anlelly + (T +1) B liely).

k=1
Letting = max { (1+ &) >0 o, (£ +1) X701, Br} we get

T
llly < (5 + D IRl + pllzlly -
Then T—|—4
L= llzlly < (=) 1Al -
Condition (H11) gives
(T+4)
— Al -

Step 2. Existence of solutions. Define a nonhnear operator 1 : PC*(J) — X where
Xo:={z € PC'(J): 2(0) = z(T) =0} by

T m
(6 (@))(t) = / Gt 9)P(s,a(s), i()ds — Y0 2E0B) g o)

k=1

+ ) Gt t) Vi (tr))-

k=1

Let D :={z € Xy : [jz]|; < 4((T+4 |h|l .. }. We can prove that 1) is continuous, maps

the closed convex set D into itself and ¢(D) is compact. By the Schauder fixed point
theorem, we conclude that ) has a fixed point in D, which is a solution of our problem
(3.1).
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