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1. Introduction

It is known that the averaging method is one of the most effective tools for solving
various optimal control problems for differential equations [1-4] as well as for differen-
tial inclusions with fast-oscillating coefficients [5-7]. Of the many published papers in
which similar problems are considered (e.g., minimax, robust, and adaptive control), we
mention [8-10]. The Krasnoselski—Krein theorem [2] and its multi-valued analogue [11]
play an essential role for the investigation of the above-mentioned problems. When dealing
with multi-valued mappings, one faces specific problems; nevertheless, the application
of the well-developed averaging method for the optimal control problems is possible in
this case.

In the present paper, we consider the optimal control problem of a non-linear system
of differential inclusions with fast-oscillating parameters. First, we prove the existence
of solutions for the initial perturbed optimal control problem and the corresponding
problem with averaged coefficients. Then, we prove that the optimal control of the problem
with averaging coefficients can be considered as “approximately” optimal for the initial
perturbed one.

2. Statement of the Problem

Let us consider an optimal control problem as follows.

x(t) € X(L,x(t),u(t),t € (0,T),
x(0) = xo,u(-) € U,

T ¢y
Jlx,u] = [ L(t,x(t), u(t))dt + ®(x(T)) — inf.
0

Here € > 0 is a small parameter, x : [0, T] — R is an unknown phase variable, u : [0, T| —
R™ is an unknown control function, X : Ry x R" x R" — conv(R") is a multi-valued
function, and U C LZ(O, T) is a fixed set.
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Assume that uniformly with respect to x for every u € R™ that we have the following:
1 S
distyy 5 /X(T, x,u)dt,Y(x,u) | = 0,5 — oo, ()
0

where the limits for multi-valued functions are considered in the sense of [12,13], disty is
the Hausdorff metric, Y : R"” x R — conv(RR"), and the integral of multi-valued function
is considered in the sense of Aumann [14]. We consider the following problem with an
averaged right-hand side.

y(t) € Y(y(b), u(t)),
y(0) = xo,u() € U,

T 3)
Jly, ul = OfL(t/y(t)r“(t))d“Fq’(y(T)) — inf.

Under the natural assumptions on X, L, ®, and U, we will show that problems (1)
and (3) have solutions {X¢, i } and {7, i}, respectively:

Je, = Jen =0,

where [, = J[X¢,, Te,], | := J[7,7], and up to a subsequence.
e, — uin L*(0,T),

., — 7in C([0, T)).

In what follows, we consider the problem of finding an approximate solution of (1)
by transitions to the problem with averaged coefficients. We note that such transitions can
essentially simplify the problem.

3. Assumptions and Notations
Let Q = {t > 0,x € R",u € R™} and assume that the following assumptions hold.

Assumption 1. Mapping t,x,u — X(t,x,u) is continuous in Hausdorff metric.
Assumption 2. Multi-valued function X(t, x,u) satisfies the growth property: AM > 0 such that

X (8 2, u) ||+ < M1+ [|x[]) V(£ x,u) € Q,
where ||X(t, x,u)||+ = suPsex (s xu) ||l [|¢]| is the Euclidian norm of ¢ € R™.

Assumption 3. Multi-valued function X(t,x,u) satisfies the Lipschitz condition: IA > 0
such that

distp (X (t, x1,u1), X (£ x2,u2)) < A(|]x1 = xaf| + [|ur — ua])

Assumption 4. (x,u) — L(t,x,u) is a continuous mapping, moreover, function t — L(t,x,u)
is measurable Vx € R",u € R", and

IL(E x,u)| < c(t) (1 + [[u]),

where c(-) € L2(0, T) is a given function.
Assumption 5. ® : R" — R is a continuous function.

Assumption 6. U C L2(0,T) is a compact set.
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Remark 1. Under the Assumptions 1-3 for all u € L2(0, T), the Cauchy problem
xeX(Lxu)te(0T)
_ 4)
x(0) = xp

has a solution (e.g., [15]); that is, there exists an absolutely continuous function x : [0, T| — R"
satisfying inclusion (4) a.e.

Remark 2. Under condition (2), the multi-valued mapping Y satisfies Assumptions 2 and 3; hence,
Vu € L?(0,T), the Cauchy problem

j€Y(yu),te(0,T)
{ 5(0) = X0 ©)

has a solution.
We will consider the next multi-valued analogue of the Krasnoselsky—Krein theorem.
Theorem 1 ([2,5,11,16]). Suppose the following conditions are fulfilled for the differential inclusion
X € F(t,x,A), (6)

with multi-valued mapping F(t,x,A) taking values in conv(R") (that is, the subspace from
conv(R™), which consists of convex sets), defined for 0 < t < T; x € D, D is a bounded do-
main in R"; A € A, where A is a set of values for parameter A for which Ay € A is the limit point.

(1) Multi-valued mapping F(t, x, A) is uniformly bounded, continuous on t, uniformly contin-
uous on x with respect to t, and A: Ve > 036 = 5(e) > 0:Vt € [0,T],x € D,x’ € Dand A € A;
we have

disty (F(t,x',A) — F(t,x,A)) <&

once |x" — x| < 6.
(2) Multi-valued mapping F(t,x,A) is integrally continuous on A at point Ay; that is, for
0 <t; <ty <Tand forany x € D, we have the following:

ty ty
distyy (/F(s, x,A)ds,/P(s, x,/\o)ds) 0,4 = Ao,

f ty

where we consider integrals in the sense of Aumann [14].
(3) Solutions x(t, Ag) of the inclusion

x € F(t,x, M), )

satisfying the condition x(0,Ag) = xo € D' C D are defined for 0 < t < T and belong to domain
D together with some p-neighborhood.

Then, for each 17 > 0, there is a neighborhood U (Ag) of point Ag such that for A € U(Ag)
and for an arbitrary solution x(t,A) of the inclusion (6) defined on 0 < t < T and satisfying
the initial condition x(0, A) = x, there exists a solution x(t, Ag) of inclusion (7), and inequality
[|x(t,A) —x(t, Ag)|| < 1,0 <t <T,holds.

Remark 3. The concept of an integral continuity plays a key role in the investigation of the
considered optimal control problem using an averaging method. It is known [17] that (2) is
equivalent to the integral continuity.
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4. Main Results

Theorem 2. Under Assumptions 1-6, problem (1) (resp. the problem (3)) has the solution {Xe, U}
(resp. {y,u}).

Proof. Fix e > 0 and suppress it in what follows. Under the conditions on L and &, the cost
functional in (1) reaches its finite extremum. Now deduce a priory estimate for x(t). Since
x is an absolutely continuous function, then ¢ — ||x(t)|| is absolutely continuous too and

LIl < [0 ae.

Then,

%IIX(f)II < [E@O[ < [1X(E 2 u)[[+ < M1+ [|x[])

and

t t
lx()]] < IIx(O)H+/M(1+|IXI|)dS= ||x(0)||+1V1T+/1\/I||x||ds
0 0

Taking into account Gronwall’s inequality, we have

t

J Mds
(] < ([[x(0)]] + MT)e0 e (I1x(0)[| + MT)eM < (|[x(0)[| + MT)eMT  (8)

Let {xy, ty }nen be @ minimizing sequence for problem (1) and J(x,, uy,) < J+ %
Due to (8), we have the uniform boundedness of sequence {x, },cn on every finite interval
[0,T],ie., 3L > 0.

sup [[xu(t)|| < Lt € [0,7]
te[0,T]

Moreover,
sup |[2a(t)]| < Lt € [0,T] )
te[0,T]

and

1)
[%a(t2) = xa(t)ll < [ M(1+ L)ds = M(L+ L) (t2 — 1)
51

Thus, sequence {x, },en is precompact in C([0, T]). Due to the Arzela-Ascoli theorem,
x, — X in C([0, T]) up to a subsequence.

From [13] and (9), we deduce that X is absolutely continuous and %, — X x-weakly as
n — ooin L*(0, T). Since Ve > 0 for a.e. ¢, there exists ngy such that Vn > ng

A xn(t) = ()| + [[ua(t) —u()]]) <e,
Then, by the Assumption 3, we have

(1) € X 5 x0(0), (1)) € 0 (X (5 30(0) 1000 ).

Taking into account the convergence theorem ([18], p. 60) for a.e. t, we have

x(t) € X(i,x(t),u(t)).

By Assumption 6, we obtain convergence u, — i, — coin L2[0, T] up to a subsequence.
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Now we will show that {X, u} is the solution of (1). Since u, (t) — #u(t) and x,(t) —
X(t),n — o a.e., by Assumption 4, we obtain

L(t,xn(t), un(t)) — L(t,%(t),u(t)) a.e, n — oo,

and {L(t,x,,uy,)} is bounded in L?(0, T). Therefore, by Lemma 1.3 in [19], we have it that
L(t, xy,uy) — L(t,%, %) is weak in L2(0, T) for n — oo.
Hence,

T
/thn Uy ( dt%/th £),u(t))dt,n — oo,
0

With convergence ®(x,(T)) — ®(%(T)), we have lim J[xn, un] = J[x, %] = J; there-
n—oo

fore, {X,} is the solution of (1). O

Consider the following assumption.
Assumption 7. Suppose that for all u(-) € U, problem (5) has a unique solution.

Theorem 3. Suppose Assumptions 1-6 and (2) hold. Under Assumption 7,
Je, = JXe, Be, ] = ] := ][y, 1), as e — 0,
and up to a subsequence

e, — uin L2(0,T), e, — 0,
Xe, > yinC(0,T),en — 0,

where {X,,, s, } is the solution of (1), and {y,u} is the solution of (3).
Proof. (1) First, we prove that if u, — 7 in LZ(O, T), xy, is the solution of (4) with ¢ = ¢,

u = uy; then,
xn, — 7in C([0, T]), (10)

where 7 is the solution of (5) with u = 1.
Let § be the unique solution of (5) with control # = 7. Then,

0

) = 9(0) | < disty (OfX( <s>,un<s>)ds,fY(y<s>,n<s>>ds)
< disty OfX(&i,xn(s),un(s))ds,fX(gn,yA(s),ﬁ(s))ds>
+ disty (f’x(;n,y( ), (s )ds fY a(s))ds>
0
< )\Of(||xn(5) G+ [un(s) — a(s)|])ds + In,

where

I, = disty (jX(;,y(s),ﬁ(s)>ds,/tY(y(s),ﬁ(s))ds).
0 0

It is known that every function in L?(0, T) can be approximated with continuous
functions in L2-norm, and any continuous function can be approximated by a piecewise
constant function in the continuous norm. Then, for any 17 > 0, let i € C([0, T]) be such that
the following is the case.



Axioms 2022, 11, 653 60f9

=l 20y < 2.
Denote u(t) = YN | a; * X[tptrsq] (1) (N depends only on 77) such that
s ) o) < 5,
then
I, < /\ft ||ﬁ—ﬁ||ds+/\jt |4 — ul|ds

—I—dlstH(fX(e ,9(s > ft ds).

Let; = T i i = 0,m and choose an m that is large enough so that Vk € 1, N at least
one of {Tilbelongs to [fy, tr11). By joining sets {f;} and {7;} and denoting the resulting
setas {t;} N, with N < N + m, we obtain the following.

|tl+l _t | < 7/ E lel tlrt1+1]

Then,
Ly <A-TY2} +AT-

tiv1

L x ¥ disty fX( ). T x(20 ))

N . 1+1 t1+1
+ YN disty fx( ,oci), [ Y@(t), )
t;
_ 1+]

f Y@ = Y(9(s), a)]|ds
- AT1/2 14+ ATY —|—I( L S

Now, we derive the upper bound for Iy(,l):
tiy1

i / — it ds.

Since

j(t) = [ Y(@(0), ()

and taking into account the boundedness of i, we have the boundedness of the multi-valued
function, Y, with constant C; therefore, we obtain

210

[19(s) = 9(t)[| < Cltiya —ti] <

Finally,

C
V< (N +m)

Using similar arguments, we derive the same upper bound for I,S3).
Now, taking into account (2) and Theorem 1, we chose 1y such that Vi > ng
S

3.N 3



Axioms 2022, 11, 653 7 0of9

Therefore,

2C(N+m) g
L, <A-TV20 Lyl SN T
"= 3 AT m2 3

By choosing m such that 2C(:2+ m < 1, we obtain I, — 0,n — oo, which proves

convergence (10).

(2) Letey, — 0,n — oo, and X, := X, Uy := U, is the optimal process in (1). Then,
up to a subsequence i, — # in L?(0, T) and using the result from part (1) of the proof,
we have:

X, — yin C([0, T]),
where {7, 7} is the admissible process in (3). Taking into account the convergence

L(t, % (1), T () — Lt T(E), (1)) ace.

and inequality

Lt % (), 1 ()| < c(B) (1 + [[wa(£)1]),
where ¢ € L2(0,T) (due to Lemma 1.3 in [19]), we obtain
L(t, %y, ) — L(t,7,7) weakly in L2(0, T), n — co.

Then, we have the following.

n—oo n—oo

T
lim J[%a, %] = lim (/ L(t, %o (£), T (£) )t + @(xn(T))) — 7,7,
0
On the other hand, for any admissible pair {x,, u} in (1), we have the following.

J[Xn, n] < J(xn,u).

Using the result from part (1) of the proof, we have x, — y in C([0, T]), where {y, u}
is an admissible pair in (3). In addition, we have

J(xn,u) = Jly,ul,n — oo,
Therefore,
nlijrc}of[ymﬁn] =Jly,u] < Jly, u]
and we conclude that {¥, 7} is the optimal process for (3). O

We will end this section with an example. Let us consider the following problem.

x(0) = xo,u(-) € [-1,1], (11)

x(t) € 1 —2sin®(L-x),1+2sin?(L-x)]-u,t € (0,T),
{ Jlx,u] = x(T) — inf.

The corresponding averaged problem is

y(t) =u(t),t € (0,T),
y(0) = xo,u(-) € [-1,1], (12)
Jly,u] = y(T) — inf
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The assumptions of the Theorems 2 and 3 are fulfilled for problems (11) and (12).

Therefore,
T

y(T) = xo+/u(t)dt
0

and u(t) = —1 is the approximate control.

5. Conclusions and Future Research

We sought to obtain a theoretical result that demonstrates the effectiveness of the
averaging method of finding an approximate solution of the optimal control problem of a
non-linear system of differential inclusions with fast-oscillating parameters. We proved
that the optimal control of the problem with averaging coefficients can be considered as
“approximately” optimal for the initial perturbed system. To demonstrate the effectiveness
of the method, we plan to continue research focusing on the practical applications and
simulation results using particular genetic algorithms.
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