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Abstract: The averaging method is applied to the study of optimal control problems for systems of integro-
differential equations with rapidly oscillating coefficients and a small parameter. The original problem
is associated with an averaged optimal control problem, formulated for a system of ordinary differential
equations, which significantly simplifies the analysis. It is proven that as the small parameter tends to zero,
the quality criterion, optimal control, and optimal trajectory of the original problem converge to those of
the averaged problem.

Keywords: optimal control, weak convergence, averaging, oscillation, quality criterion, weakly compact

MSC 2020: 49]15, 49]21, 34K11, 34K33

1 Introduction

In this study, we apply the averaging method to the study of optimal control problems for systems of integro-
differential equations with rapidly oscillating coefficients and a small parameter. The averaging method is one
of the most widely used and effective approaches for analyzing nonlinear dynamical systems. Originally
proposed by Krylov and Bogolyubov for ordinary differential equations, this method was later developed
and applied to various problems. In particular, it has been employed in the context of integro-differential
systems in [1,2], and further extended to boundary value problems for such systems in [3].

Moreover, the averaging method has been effectively employed in the study of optimal control problems.
The central idea is to replace the original control problem with a simpler averaged problem, whose optimal
solutions are “almost” optimal for the original problem. For systems of ordinary differential equations, this
approach was developed in [4,5]. For impulsive optimal control systems with both finite and infinite horizons,
it was applied in [6,7]. Optimal control problems using the averaging method for systems of functional-
differential equations were studied in [8].

In this work, we apply the averaging method to the analysis of optimal control problems for systems of
integro-differential equations. Such equations arise as mathematical models for various processes in the
natural sciences, including population dynamics [9], chemical kinetics, and fluid dynamics [10,11]. We consider
both a nonlinear optimal control problem for a Volterra-type integro-differential system and a linear control
problem. A key role in our study is played by lemmas on the averaging of systems of integro-differential
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equations, where the right-hand sides depend on a control functional parameter. The proximity estimates
obtained for exact and averaged solutions are uniform with respect to control functions from a set of
admissible controls. This allows us to establish the closeness between the optimal solutions of the exact
and averaged problems. Notably, the averaged system is already a system of autonomous ordinary differential
equations, which significantly simplifies its study in the context of optimal control.

The study consists of an introduction and three sections. In Section 2, we present a rigorous formulation
of the problem in both the linear and nonlinear cases and state the main results of the work. Section 3 serves
an auxiliary purpose, proving the necessary averaging lemmas mentioned above. The main results are proved
in Section 4. Finally, examples illustrating the obtained results are provided at the end of the study.

2 Problem statement

2.1 Optimal control problem, nonlinear with respect to the control, for a system
of integro-differential equations with rapidly oscillating parameters

We consider the nonlinear control problem for a system of integro-differential equations with rapidly oscil-
lating parameters:

t
g
%o = X[ 2 x(0), {(p(t, s, x:())ds, u(t)|, o

XS(O) = XO)

with the quality criterion
T
Jelul = IL(t, Xe(t), u(t))dt + @(xe(T)) — inf, @
0

over the interval [0, T], where ¢ > 0 is a small parameter, T > 0 is a given constant, x is the state vector in R¢,
u(t) is the m-dimensional control vector such that u(t) € W C R™, d, m = 1,2, 3,..., (x) is a given function.
The function x(t, u) denotes the solution of the Cauchy problems (1) and (2), corresponding to the control
u(t). For simplicity of notation, in the following discussion, we omit the explicit dependence on u and € and
denote this solution as x(t).
We assume that there exists a function Xy(x, u) such that for all x € R¢ and u € W, the following limit
exists uniformly:

- Xo(x, w)|dz = 0, 3

t

T

lim | (X|—, x, ,(7, X), u
540'![ & (01( )

where

t
o,(t,x) = I(p(t, s, x)ds, t,s€][0,T],x €R4
0

The optimal control problems (1) and (2) with rapidly oscillating coefficients correspond to a simpler
optimal control problem

‘é = Xo(§, u(o)), @
£0) = X,
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with the quality criterion
T
Jolul = IL(t, E(t), u(t))dt + (¢(T)) — inf. (5)
0

For problems (1) and (2), we assume that the following conditions hold:
(C1) The admissible controls are considered to be m-dimensional vector functions u(-) such that u(-) € U,
where U is a compact set in L2(0, T);
(C2) The function X(t, x,y, u) is defined and jointly continuous in all its variables in the domain Q, =
{t=0,x € R%y e R, u€E€ W} and satisfies:
(C2a) alinear growth condition with respect to x, y in Q; that is, there exists a constant M > 0 such that

1X(t, x,y, Wl < M + |x| + |y]),

for any (¢, x, y, u) € Q,;
(C2b) a Lipschitz condition with constant A in Qy; that is,

|X(t) X,y u) - X(t: X1, Y15 ul)l < )l(lX - Xll + ly _yll + |u - ull):
for all (t) X)y’ u)) (t; Xl)yly ul) € Q();
(C3) The function ¢(t, s, x) is defined and continuous in the domain Q, ={t € [0, T],s € [0, T], x € R%, takes

on the values in R", and satisfies the linear growth condition and the Lipschitz condition with respect
to X, i.e., there exists L, > 0 such that

lot, 5,01 < Ly(1 + Ix]) and |t s,Xx) = 9(t, s, )| < Ly|x — xl;

(C4) There exists the limit (3) uniformly in x € R andu € W;

(C5) The function L(t, x, u) is defined in the domain Q, = {t € [0, T], x € R% u € W}, and
(C5a) L(t, x, u) is uniformly continuous in x € R? with respect tot € [0, T] and u € W;
(C5b) L(t, x, u) satisfies the Lipschitz condition with respect to u in Q,, with constant A > 0;
(C5¢) The function ® : R? - R is continuous in x.

The conditions (C2), (C3), and Theorems 3.1 [12] and 2.2 [13] imply that for any admissible control u(t),
there exists a unique solution x(t, u) of the Cauchy problem on the whole interval [0, T]. It is hence obvious
that problems (1) and (4) are valid for all admissible controls.

The main result of this subsection is the theorem that establishes the relationship between the optimal
control and the quality criteria of the exact problems (1), (2) and the averaged problems (4), (5). We set

. _
J = Jnf Jlul Jg= inf jolul.

Theorem 2.1. Let conditions (C1)—(C5) hold. Then, problems (1), (2), and (4), (5) have solutions (x;(t), u(t)) and
(E*(t), u*(t)), respectively, and

@ Jr—-Jyase~0;

(i) for any n > 0, there exists & such that for € < g,

Vs = Jelwll <,

i.e., the optimal control of the averaged problem is nearly optimal for the exact problem;
(iii) there exists a sequence g, — 0, n — », such that

xg(t) = &(t) uniformly on [0, T1, (6)
and
us() = u*() in L0, 7). ™

Furthermore, if the averaged problems (4), (5) have a unique solution, then convergence (6) and (7) holds
foralle, — 0.
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2.2 Optimal control problem, linear with respect to the control, for a system
of integro-differential equations with rapidly oscillating parameters

We also consider the control problem with rapidly oscillating parameters, that is, linear with respect to the
control input:

+ fi(xé‘(t))u(t)’ X(O) = Xo, (8)

t
%0 = fl 2 20, {q)(t, 5 X(s))ds
with the quality criterion
T
Jelul = [IACE, x(8) + Bt, u(@))de + S(x(T)) ~ inf, ©
0

over the interval [0, T], where £ > 0 is a small parameter, T > 0 is a given constant, x € R is the state vector,
and u(t) is the m-dimensional control vector belonging to a functional set.
If the following limit exists uniformly with respect to x € R%:

- f,0ldz = 0, (10)

T
_)X) T)X
. 0,(7, X)

t
y
in [
0
with
t
0.6, = ot 5,0, t,s€0,T],
0

then the optimal control problems (8), (9) with rapidly oscillating coefficients correspond to a simpler control
problem on the interval [0, T]:

&=, + fiQu®), £0,u(0) = x, an

with the corresponding quality criterion

Jolul = JIA(t, &(0) + B(t, u(t)]dt + ©(&(T)) ~ inf. (12)

O b N

The main result is the proof of the convergence of the minimal values of the quality criterion, optimal
controls, and optimal trajectories of the exact problems (8) and (9) to the corresponding minimal values of the
quality criterion, optimal controls, and trajectories of the averaged problems.

We assume that the following conditions are met for problems (8) and (9):

(C6) The admissible control is an m-dimensional vector function u(-) € LP((0, T); V), p > 1, taking on the
values in a closed convex set VC R™;
(C7) The function f(t, x,y) is defined and jointly continuous in all its variables in the domain Q, =
{t 20,x € R4y € RY; the n x m matrix function f;(x) is defined for x € R¢, and
(C7a) f(t, x,y) satisfies the linear growth condition with constant M in the domain Qs, i.e.,|f(t, X, y)| <
M@ + |x] + |y|) for all (¢, x,y) € Qs;
(C7b) f(t,x,y) and f,(x) satisfy, with respect to x, the Lipschitz condition with constant A > 0 in their
domains;
(C8) Function ¢(t, s, x) is defined and continuous in the domain Q, = {t € [0, T], s € [0, T], x € R%, takes on
the values in the space R", and satisfies, with respect to x, the linear growth condition and the Lipschitz
condition; that is, there exists some L, > 0 such that

lo(t,s,x) — o(t, s, x)| < Lylx — x| and |o(t,s,x)| < Ly,1 + |x]);
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(C9) Limit (10) exists uniformly in x € R
(C10) The scalar functions A(t, x) and B(t, u) are defined for t € [0, T], x € R% u € V, and jointly continuous
in all their variables, and
(C10a) A(t,x) =0, B(t,u) = alulP with a constant a > 0, for all t € [0, T], and the function B(t, u)
is convex with respect tou € V;
(C10b) The function @ : R? - R is non-negative and continuous in x.

The main result here is the following theorem on a relationship between the optimal triples of the exact
and averaged problems.

Theorem 2.2. Let conditions (C6)—(C10) hold. Then, problems (8), (9) and (11), (12) have solutions (x;'(t), us(t))
and (&*(t), u*(t)), respectively, and

@ JF—Jyase~0;

(i) for any n > 0, there exists g, such that

Ve = Jelull < n

holds for € < &;
(iii) there exists a sequence &, —~ 0, n — o, such that

Xz (t) 3 &*(t) uniformly on [0, T], 13)
and

k() % ur()  weakly in LP(0, T). )

Furthermore, if the averaged problems (11), (12) have a unique solution, then convergence (13) and (14) holds
foralle - 0.

3 Averaging lemmas

This section is devoted to proving lemmas on the closeness of solutions of the original optimal control system
and the solutions of the corresponding averaged system in both the nonlinear-in-controls case and the linear-
in-controls case.

Lemma 3.1. Let conditions (C1)-(C4) hold. Then, given any nj > 0, there exists & = &y(n) such that for 0 < & < g,
the solutions of the Cauchy problems (1) and (4) satisfy the estimate

Ix(t,w) = &t wl < n, (15)

for allt € [0, T] and all admissible controls u(t).
Remark 3.1. In this lemma, it is important that estimate (15) is uniform for all admissible controls u.

Proof. Let us choose an arbitrary n > 0 and fix it. For any € > 0 and any admissible control u(t), we estimate
the difference between x(t, u) and £(t, u). For simplicity, we denote x(t, u) = x(t) and &(t, u) = £(t). We also
omit the dependence of x(t) on &.

Since U is compact in L*(0, T), for the given 1, there exists a finite %A-net w(2),..., uy(t), where N = N(n).
Thus, for the chosen control u(t), there exists a representative u;(t) from the net such that

uC) = wOll: < e (16)
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Again, since U is compact in L*(0, T), there exists K > 0 such that all admissible controls u(t) satisfy
the inequality

T
[luceyar < k. (17)
0

By (C2a) and (C3),
T s
X(O)] < x| + MT + M[(x(5)] + Ly [ 1 + Ix(D))dr)ds.
0 0

From this, using an analog of the Gronwall-Bellman inequality, we obtain
Ix(®)l = C, (18)

where C = C(T). Similarly, we obtain the estimate |£(t)| < C.
Hence, it follows from conditions (C2) and (C3) that

X - Xo(&(s), u(s))[ds

Ix(®) - &0l <

t
ij
0

+ JlXo(E(S), u(s)) - Xo(§(s), uj(s))lds
0

O Sy

%, x(s), b[(p(s, 7, x(7))d7, u(s)

-X ds

S, X(s), {(/)(8, 7, X()de, u(s)

S, X(s), {(/)(8, 7, x(0))dz, u(s)

t

[x

0

- Xo(&(8), uj(s))ds

+

S, x(s), Jo'(p(s, 7, X(7))d, u;(s)

1

t 2

[x

0

N

2 x(5), Jols, T x(@NAT, (5)| - Xo(E(5), (s
0

<

T
+ ZA‘IW(S) - ui(s)PPds
0

We then obtain

X(t) - E@O)] <L + %e-“. (19)

Let us now estimate I; using conditions (C2), (C3), and (C4). Note that these conditions imply that the
function X satisfies the Lipschitz condition. We have:

N

%, x(s), I(p(S, 7, X(7))d, u;(s)

0

t

Ilsj

0

X -X ds

Z, £(s), Jo-(p(s, 7, E(D))dr, ui(s)

t

f

0

X ds

+

= Xo(£(s), ui(s))

(20)

%, £(s), _O[go(s, 7, E(D))dr, uy(s)

< [QIx(s) - &)1 + [Ix(®) - E@IL,d0ds
0 0

t

f

0

+ - Xo(&(s), uj(s))|ds

X

0 Jots. 7 6000
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Since every function in I?(0, T) can be approximated in the L?-norm by a continuous function, and every
continuous function on a closed interval can be approximated by a piecewise constant function, we choose for

u;(t) a continuous function u.(t) and a piecewise constant function u,(t) such that the following inequalities
hold:

= el < oz, (21)
e(®) = up(O)zz < %e‘”, 22)

fort € [0, T].
Using (21) and (22), we estimate the last integral in (20):
X

= Xo(§(s), ui(s)) (ds

o— ~

%, £(s), ‘O[(p(s, 7, E(D)dr, u(s)

t

3l

0

X -X ds

o0 Jots. 5 6000

g, £(s), {ms, 7, §(0)dr, uc(s)

X -X ds

2,86, {<o<s, 7, E(1))dr, u(s)

2,860, Jo'(p(s, 7, ED)AT, uy(s)

t
-
0
t
+IX
0

2,86, {qo(s, 7, (1))t uy(s)

t
ds + [(Xa(E(5), Ue(s)) = Xo(E(s), uy(s))ds
0

ol

t t
+ (&), up(9)) - Xo(E(s), ucls))ds - [Xo((s), up(s))ds
0 0

T
< A‘Iluj(s) - u.(s)*ds
0

1
2

T t s T %
+A‘j|uc<s>—up(s)|2ds v []x 3 €. Jots, 7. €@r, uys)| - Xo&(s), ws)|as +Aj|uc(s)—uj<s>|2ds'

0 0 0 0

T 2 t s S n
+A‘{|up(s>—uc(s)|2ds < {X ~LEO), {ms, T, SO, Uy(S)| = XolE(s), up()fds | + e

Let us consider the last integral in this inequality. We have:

t

|

0

X = Xo(§(s), up(s))|ds

g, £(s), {w(s, 7, E(D)AT, uy(s)

t

-f

0

N

X %, &(s), Igo(s, 7, &(T))dT, up(s)| - X ds
0

S, £(s), J;(p(s, 7, E($))dr, uy(s)

t

ll

0

X

- Xo(E(s), up(s)lds| = L + L.

2, &), {q)(s, 7, E(s))dt, uy(s)

We estimate the integral I, by dividing the interval [0, T] by the points {t;}& (t, = 0, tz = T) in such a way
that all components of the vector function u,(t) have constant values on each subinterval [ty, tx+1), that is,
up(t) = up(ty) for t € [ty, ty+1). Here, the natural R = R(1) is fixed for a given choice of 5.

Now, we choose a natural n and divide the interval [0, T] into n equal parts by the points t; = i/n
(i=0, ..,n). Suppose n is large enough so that each subinterval [¢, ty+;) contains the points ;. As a result,
we obtain n intervals [¢;, t;.1). If for some k and i we have t; < tx < t;44, the interval [t;, t;+q) is split into two
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subintervals: [t;, t) and [tx, ti+1). Thus, the interval [0, T] is divided into no more than n + R subintervals, each
with length not exceeding % The partition points are again denoted by ¢;, and the total number of intervals
[ti, ti+1) is denoted by K = K(). Clearly, K < n + R, and u,(t) = u,(t;) fort € [t;, t;+1). Let us denote § = £(¢;) and
uy(t;) = uy;. Then,

K-1|tix1 s s
b Y | J|x]5 €9 fots 7 €@dr, uu| - X| 7.6 Jols, 7, &dr, uyijas
=0 ¢ 0 0
K-1 |+1 s N
) j > Iw(s 7, E)dT, | -~ X2, £69) _[qo(s, 7, E(s)AT, Uy ds
K-1 lin fivq S K-1 flin lisg S
ZAIM(s) Elds + j [Lole) - glards + ZAI@ £lds + [ [Lyl - &s)ldrds
5 t 0 t; t 0

N

<9 ZAMT(1+ C)

e
(/’n‘

Now, for the chosen n > 0, there exists a number n > 0 such that for all € > 0, the following holds:

t 0

n _
IZ < ge AT
We now fix the chosen n and estimate the integral . To do this, we split it over the interval [0, T] into
a sum of integrals:

t

[lx

0

= Xo(&(s), up(s))|ds

, §(8), Iw(s, 7, §(s)dt, up(s)
0

K-1 tin1 S s
N
< Z I —:§(8), I(p(s, T, §($)AT, upi| - X|—, &, Iw(s, 7, &)d, i ||ds
=0 £ 0 0
k-1t K-1 tint s s
+ [Xo(E(9), Upi) — Xo(&, upp)lds| + Z g, &i» I¢(S, T, &)AT, Up; [ — Xo(&, Upi)|ds
i=0 A =0 t 0
K-1| G lis1 S k-1 tin
< Y |2 f1es) - &las + [ [Lolecs) - &ldrds| + ¥ 2 [1g(s) - &lds + L.
=0 G 0 =0

Let us now estimate the integral I;. We obtain

N

=& I¢(3 7, &)dr, Upi

+1]

iZI

= Xo(&;, upy)|ds

In terms of ¢,(t, x), we have

TIX[S’ Gi» 9408, &), upi] I

G

tisq
(2 605, 0] - 3 s

0

t
- J[X [%, &, 0,(s, &), upi] = Xo(&i, upi) [ds
0
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Due to condition (3), each term on the right-hand side of the last equality tends to zero as € — 0. Since K
is fixed, by choosing a sufficiently small ¢, it is possible to achieve the inequality

N ar
I £ —e™.
ST

Hence,
n _
L < ge AT,

Similarly, for I, the following inequality can be obtained:

t t s
i< 2l[ixs) - &®lds + [ [Lolx(@) - Eoldras| + %e‘” < ge‘”.
0 00

The reasoning outlined above can be applied to each function u(t), uy(t),..., u,(t) from the constructed
grid. Due to its finiteness, &, can be chosen uniformly for each function from the grid.

Thus, from inequalities (16)—(19), (22), and the last two estimates for the integrals I; and L, it follows that
inequality (15) holds uniformly for all admissible controls, which proves the lemma. O

Lemma 3.2. Let conditions (C6)-(C9) hold. If u,, 2 ug weakly in LP(0, T) as € — 0, then the solution x.(t) of the

Cauchy problem (8) with u(t) = u(t) converges uniformly on [0, T] to the solution &(t) of the corresponding
Cauchy problem (11) with control u(t) = uy(t), ie.,

Xe(t) 3 8(1), €-0
uniformly int € [0, T].

Proof. Let us rewrite (8) in the integral form

t

x(0) = %0+ [f] 7. x(9), [ots, 7 x(edrfds + £ 0euls)ds.
0 0

0

Without loss of generality we can assume T = 1. We have

eI < xal + [M(1+ o)l + [Lo + xe(mDdnds + [ 0ls) = £O)] + [ ODIue(s)lds
0 0 0

23)
t t t s
<lxal + [+ Ly + fOlucs)Dds + [ + Aues)Dlxe(o)lds + Lo | [Ixe(o)ldzds.
0 0 00

Applying the generalized Gronwall-Bellman inequality to (23), we obtain

t
()] < (ol + M + Ly + (0] fjC)lds)e A usonisete
0

Let M* = M + Ly, then
(D)) < (ol + M* + [ (O)[uteor) - €M™l 24

From the weak convergence of u,, it follows that u, is strongly bounded, i.e., sup,.,||ug||» < . This,
together with (24), implies the existence of a constant C > 0 such that

[X()| < C, (25)
foralle >0andt € [0, 1].
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Now, for any ¢ < &, where t, t; € [0, 1], we have

6 s &
e(t) - xe(®)l < [M(A+ €+ Ly [+ O)dnyds + [ + A0)Iu.(s)lds
0

] 4
1

P

5
[lus)pds| @ - oy,

4

SMA+ C)(t — ) + MLy(1 + O)(& — &) + (,(0)] + AC)

1 1
where =~ + =~ =1,
P q

From the last inequality, it follows that the family x,,(t) is equicontinuous on [0, 1], and taking into account
(25), it is also compact.

Let x,,(t) be a sequence that converges uniformly to some function £(¢) as &; — 0. We will show that £(¢)
is a solution of the Cauchy problem with the control u(t) = uy(t). We have

t

Xe,(£) = X0 + If

0

gi, %68), [ 065, 7, xe ()T |ds + £, (e, ()t (5)ds.
" 0 0

Let us consider the following expression:

h

0

— o 6(8)) + fi(Xe,(S)ue,(8) — f1(E(8))ug(s)|ds

S
S
> Xe (8), I(/)(& T, Xg,(7))d7
&n 0

t

f

0

ds

f Ei Xe,(S), {q)(s, T, Xe (T))dT

- f[f £, Jots, 7, &@ar
’ (26)

- [ E(s))|ds

t s
+ Ilf[j—n, £, [ (s, 7, €@ar
0 0

t

+ I[fl(xsn(S))uen(S) ~ LESug,(s) + {(E()ug,(s) — £((5))uo(s)]ds

0

The first term in (26), due to conditions (C7) and (C8), admits the following estimate:

t

A

0

N

|Xe,(8) = E()] + _[L(pIXe"(T) - &(D)ldr|ds < sup]|x€n(t) —EMIA+Ly) >0, &~ 0.
0

t€l0, 1

For the last term in (26), we obtain the estimate

t
I[(}i(Xsn(S)) = L&, (s) + £(E())(Ue,(5) — ug(s))]ds
0

@7

< +

_[(fl(xsn(S)) - LE())ug,(s)ds Iﬁ(E(S))(uen(S) = Uo(s))ds
0 0

Taking into account (25) and the continuity of the function f;, and using the weak convergence of ug,
to ug in LP(0, 1), we obtain that the last term in (27) tends to 0.
We now estimate the first term in (27). Under condition (C7b), it holds that

te(o, 1]

t t
JChCa () = fE MU s)ds| < sup [xe(s) = £ [l (5)lds
0 0

(28)

< sup |xg,(S) — E(S)] - [|ug,llze
telo, 1]
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Taking into account supe(o, 1]lxgn(s) = &(s)| — 0, as well as the uniform boundedness of ||u,,||z», we con-
clude that, due to (28), the first term in (27) tends to 0.

Let us now estimate the second term in the right-hand side of (26), which we denote by ;. We will show
that for any n > 0, there exists &,, such that for g, < &,, the following inequality holds:

t

L= Jf

0

- o@()(ds| <n.

gin, £(s), J()'qo(s, 7, E(r)dr

To show this, we choose a natural number k and divide the interval [0, 1] into k equal parts using the
pointst; = i (i=0,..,k)ie|tis -t = k We denote the total number of the intervals [¢;, t+1) by k = k(). Due
to the uniform continuity of £(¢) on [0, 1], for n > 0 one can specify k such that following estimate will be valid:

n

[E(tir1) — E(t)] < m.

(29)

Let us fix such k and denote &(t;) = . We have

2 Il

o€ Jo'fp(s, 7, &)z | - f‘f & {w(s, 7, &)dr

=[G + fo(&) — fo(€(s))(ds

+ f[ei & Jots. 7 fde
"o

+ 1/ (&) — f(E(s)l|ds

;T

‘— £Gs), j<p<s 7, &(s)dr | - ‘ff £¢(s, 7, &)de

i+1]

. Zj“ El,f(p(srfl)dr - f&la
=0 4

Z [|f(s>—a|+Lj|f(r)—a|dr+|a £s)lfd

- I - f&la

i=0

1 & Iw(s 7, &)dr

It follows from (29) that

i=0

1§(s) = &l + L IIE(T) - &ldT + |& - &(s)||ds

NI:;

g

Let I;; denote the following expression:

k-1 list s
In=|Y If[gi,a, Jots, 7, &nar | - fy(&as
=0 ¢ n 0

In terms of ¢,(t, x), we have

K 1 tz+1

If s i (/’1(3 fl)] f(‘)(fl lds

llt

5

[[f[gi & 0165 éa] - ﬁ,(&-)]ds - I[f[gi, & 0165, a)] - f@|fas

k-1 Giv1

|

=1

0
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Due to (10), for each i, there exists &,, such that for &, < &y, the following inequalities hold:

n
<
ds_4k.

i
s
jl f[g—, & 05, a-)] ~ (&
0 n
Since k is fixed, the number of such integrals is finite. Let &, = min{gp,, ...,&,}. Then, for &, < g, we obtain

n
Iy < E

Thus,
115’].

The latter means that £(t) is the solution of the Cauchy problem (8). Consequently, the uniform conver-
gence x,, 3 &(t) as &, — 0 implies convergence to the solution of the Cauchy problem (8). Since &(t) is the
unique solution, the entire sequence x, converges to £(t), which completes the proof of this lemma. O

4 Proof of main theorems

4.1 Nonlinear case

Proof of Theorem 2.1. For simplicity, we will again assume T = 1. Let us first prove the existence of solutions.
To do this, we will establish the continuity of J, [u] with respect to u for each ¢ > 0.

Let uy(t), uy(t) be any admissible controls for problem (1), (2), and let x(t, wy), x(t, u;) be the corresponding
trajectories.

Using condition (C2) and Gronwall’s inequality, we obtain

sup [x(t, up) = x(t, )| < Al|ug = wy|ze”. 30)
te(0, 1]

Therefore,

1
Vg[ul] - ]g[uz]l < IlL(tx X(t; ul)) ul(t)) - L(tx X(t; uz)) U1(t)) + L(tx X(t; uZ)) U1(t)) - L(tx X(tx uZ)) uz(t))ldt
0

+ DA, w)) - DXL, up))l 3D

1
< AMug — w2 + I|L(t, x(t, up), w(t)) — L(t, x(t, up), wy(D)|dt + |2(x(1, up)) — @(x(1, up))l.
0

Now, using estimate (18), which is uniform for all admissible u(t), we conclude that x(t, u) remains within
the ball B. of radius C centered at zero for all t € [0, 1].

According to assumption (C5a) and Cantor’s theorem, the function L(t, x, u) is uniformly continuous in
X € B, uniformly with respect to t € [0,1] and u € W. Similarly, ® is uniformly continuous in x € Bc.
Therefore, from (30) and (31), it follows that J,[u] is continuous in the I?-norm.

A similar argument establishes the continuity of the functional J,[u] with respect to u.

Now, considering the compactness of the set of admissible controls, we establish the existence of optimal
solutions (x(t), ur(t)) and (&*(t), u*(t)) of problems (1), (2) and (4), (5), respectively. This proves the existence
of optimal solutions for both the exact and the averaged problems.

Let us now prove statement (i), namely, that J* — ] as € - 0. We choose an arbitrary n > 0 and fix it.
Then, we have

I < J sl = J§ + Ll = Jylu*l. (32)
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However,
1

Ve [u*] = Jplu*]] < IIL(t, x(&, u*), ur(0)) = L(t, &(6), wx(O)ldt + |D(x(L, u*)) - ©(ED)I. 33)

0
By Lemma 3.1, we have

max |x(t, u*) - E*(t)] - 0, &—0.

ma 1]I (@, u*) - &) (34)
Taking into account the uniform continuity of the function L(t, x, u) with respect to x € B, uniformly in

t €[0,1] and u € W, it follows from (33), (34), and condition (C5) that there exists & > 0 such that for € < &,
we have

Ve [w] = Jol < n.

Hence, from (32) we obtain

JE<Jg =+ (35)
On the other hand, for € < &, we obtain

Io = hlwsl =7 + GolusT - JluD.
However, similarly to (35), we have
Ve [T = Jlusl < n.

Consequently,

Iy <JX+n. (36)

It follows from (35) and (36) that J* — J* as € — 0, which proves statement (i) of Theorem 2.1.
Statement (ii) of Theorem 2.1 follows directly from the fact that

Ve = Jelwll < U = Jg'l + Vol = J [w]).

We proceed to the proof of statement (iii). Since U is compact in L2(0, 1), we can extract a subsequence
u; that converges in L*(0, 1). Let

lim u} = uy.
Jm i, = Uo 37)

Let us now consider the auxiliary systems

t
. t
e, = X| 26,0, J0(t, 5, 26,(5))ds, w0,
n
0

2,(0) = Xo,
and
& = Xo(&, uo(t)), 8
&(0) = x,.
By (30), we have
sup |x2(t) = zg, () » 0, &~ 0 39)

te[0, 1]
and, by Lemma 3.1,

sup |z, (t) - &)~ 0, & — 0.
te(0,1]
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Hence, it follows from (38) and (39) that

sup |xg(t) = &) =0, &~ 0. “0)
telo, 1]

Therefore,

1
JE = Jlu2] = [Lat x2 0, uz@) de + o)
0 (41)

1 1
= [Le,x2 0, uo@)de + @0z D) + [ILCE X0, uZ(©) = L, x2(0), u(e)]dt.
0 0

Condition (C5b) and (37) imply that the last term in (41) approaches 0 as &, — 0.
By letting &, — 0 in (41), and using (40), we obtain

1
I = _[L(t, (1), up(t))dt + S(£(1).
0

Hence, (£(t), up(t)) is the optimal solution of the averaged problems (4), (5), which proves statement (iii).
If problems (4), (5) has a unique solution, then the above reasoning implies that any converging sequence
(uz(0), xZ (1)) tends to the same limit. This completes the proof of the final statement of the theorem. O

4.2 Linear case

Proof. We again set T = 1 and consider the problem on [0, 1].
The existence of an optimal solution (x*(t), u(t)) for each € > 0 is established in a standard way by

extracting a weakly convergent minimizing sequence u{™(t), converging to u(t), and then passing to the limit.
1
This approach relies on the lower semicontinuity of the integral JOB(t, u(t))dt with respect to u, which follows

from the convexity of B(t, u).
The fact that u*(t) belongs to the set V for each t € [0, 1] follows from Mazur’s lemma [14], as well as from
the convexity and closedness of the set V.
The existence of an optimal pair (*(t), u*(¢t)) for problems (11), (12) is proved in a similar manner.
Thus,

1
T = Rl = JIA x2 @) + B, uz@)lde + @0().
0

Let & be an arbitrary constant vector from V. Clearly, the control u(t) = @ is admissible for problems (8),
(9). Then, for each € > 0, we have

JE = Jlu] < J[a).

Similarly to the derivation of estimate (18), one can show the existence of a constant C;, independent
of €, such that

Ix(t, W < G

for t € [0, 1]. Then, from the continuity of A, B, and ®, it follows that there exists a constant C,, independent
of ¢, such that J* < C,. Therefore,

JF2G (42)
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for all positive €. From condition (C10) and (42), we obtain
F c
[lzpar < =
0

Thus, the set u;" is weakly compact in LP(0, 1). Let u;(t) be a sequence of optimal controls that weakly
converges to uy(t). From Mazur’s lemma, it follows that uy(t) € V for t € [0, 1], meaning that uy(t) is an
admissible control.

Let y(t) be the solution of the Cauchy problem (11) with u(t) = uy(t). By Lemma 3.2, the solution x,,(t, uj;)

of the Cauchy problem (8) converges uniformly, with respect to t € [0, 1], to y(t) for &, — 0.
For any np > 0, we have

Jo < Je k] = Jplur] + J [w*] = Jlu*] = J§ + J, [u*] = Jo[u*]. 43)

Again, according to Lemma 3.2, the solution x,,(t, u*) of the Cauchy problem (8) converges uniformly, with
respect to t € [0, 1], to £*(¢t) as &, — 0. Hence,

1
Ve, [u*] = Jolu*]| < _[IA(L Xe,(t, U¥) = A(t, S*O))|dt + [D(X,, (1, u*)) - ©(E(1)] —» 0, &~ 0.
0

Thus, for any n > 0, there exists £ such that, for ¢, < g,

U, [T = Jo L[]l < 1. @4
This, together with (43), implies
Jo <J5+n 45)
On the other hand, we have
Iy shlugl =1+ plug] = J, [ug]. (46)
Let us consider an auxiliary system
Zn = fo(zn) + fi(zn)ug, 47)
and system
Yy =40 + ()uo. (48)

Applying Lemma 3.2 to systems (47) and (48), we obtain

sup |z,(t) - y(t)| > 0, n— o,
tefo, 1]

From this, taking into account the uniform convergence of x to y, it follows that

sup [xz(t) = zo(H)] = 0, n— o,
te[o, 1]

Hence,

1 1
U 1021 = Jolu < fIACE x2(0) = ACt, za(@)lde + [1ACE, 20(0)) - ACt, y(e)Ide
0 0

+ 0 (D) — YD) + [2(x;, (1) - @YD) » 0, n— e,
due to the uniform continuity of A(t, x) on the compact and the obvious estimates

sup [xA(0)] < G, sup |z,(D)| < G
te[o, 1] te[0, 1]

for some constant C; > 0 independent of n.
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Thus, for an arbitrary n > 0, there exists £ such that
U, [ug] = Jolugll < n.
Consequently, by (46), we obtain
JE<TE+n, 49)

for &, < &.
Then, if & < min{g, &}, it follows from (45) and (49) that |J;" - ]S’:l < n, which means

I ~Jy &~0. (50)
Since a convergent subsequence {u; } can be chosen from any sequence in the family of controls {u,},
for which relation (50) holds analogously to the above, we obtain
JF=Jf e-0, (51
which proves statement (i) of the theorem.

Now, let us prove statement (ii). Since x,(t, u*) converges to £*(t), uniformly with respect to for ¢t € [0, 1],
as € — 0, we obtain the inequality by arguments similar to those used in the derivation of estimate (44):

Ve [u*] = Jplu*]l < n, (52)
which holds for any n > 0 for sufficiently small €. Therefore,
Ve = LTl < U = Jo |+ Ve lw] = Jo [w*]l.

From (51) and (52), statement (ii) follows.
Now, let us prove statement (iif). To do so, we will show that (y(t), up(t)) is indeed the optimal solution
of problems (8) and (9). We have

J2 =

n

[A(t, x2(0) + B(t, uf ()]t + ®(xz(1)).

ot—~

Letting n — « and taking into account (51) and condition (C10), we obtain

1 ].
Ji= j At y(©)dt + lim jB(t, ug()de + d(y(1)
0 "%

1
> [[ACt, y(0) + B(t, ug(e)]dt + Sy(D).
0

From this, it follows that (y(t), uy(t)) is an optimal pair.
The final statement of the theorem is proved similar to the corresponding statement in Theorem 2.1. [

5 Examples
Example 1 (Weakly nonlinear regulator). Consider the following optimal control problem:
X0 =f + [,Ou(®),

X + fi

t
%, x(t), !’(p(t, s, x(s))ds

L
€ (53)

x(0) = xo,
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where t € [0, T], x € R4, u € R™, with the quality criterion

Jlul = JIC@Oxe(0), xe(£)) + FOut), u(t)]dt + (Dx(T), x(T)) ~ inf, (54)

O b 3

where C(t) and D are symmetric non-negative definite d x d matrices, F(t) is a positive definite m x m matrix,
f(®) is a d x d matrix, f(t,x,y) is a d-dimensional vector function defined for t € [0, T], x € R%, y € R",
and f,(t) is an x m matrix.

Since the terms in functional (54) are quadratic forms, this problem is referred to as an optimal control
problem for a weakly nonlinear oscillator. The classical linear case has been studied, for example, in [15].

We assume that the functions f; and ¢ satisfy conditions C7 and €8, and functions f and f, are continuous.

By introducing a small positive parameter, this problem is reduced to an optimal control problem for
a weakly nonlinear oscillator. The classical and linear cases have been studied. We consider a function
@ € LP(Q). Function f(t, x) and ¢ are assumed to be measurable functions, satisfying conditions (C7) and (C8).

Let ¢,(t, x) = J';go(t, s, x)ds. Suppose that the following limits exist uniformly with respect to x € R¢
and u € R™

dr = 0,

dr = 0.

T
E; X’ (01(7; X)

t
lim
-0 J'fi

0
We associate the optimal control problems (53) and (54) with the corresponding averaged problem

= Ak + f,(Du,
! (55)
Jolul = I[(C(t)f(t), E@) + (F(Ou), u(t)de + (DE(T), E(T)) — inf.

0

Problem (55) is a classical linear regulator problem. It is well known that its solution reduces to the matrix
Riccati equation. In particular, when f,, C, and F are constants, this equation is autonomous, and in the one-
dimensional case, it can be solved exactly. Consequently, the averaged problem (55) is solvable. The proven theorem
then states that the optimal control found for the averaged problem is “almost” optimal for the original problem.

The following example is illustrative and demonstrates the convergence of the optimal controls and
trajectories of the original problem to those of the averaged problem.

Example 2. We consider the optimal control problem

X, = sin

t
é I(xg(s) coss)ds + u,
0
XE(O) = 1: te [01 1]1 (56)

1
Jelul = [o(0) - u(y?de  int.
0

Here ¢,(t, x) = jotx cossds = x sint. Then, according to (10), we have

1 ]] e
— =1yt - sin
€ 1+¢

t

sin =0.

1
sinsds = —x
2

. . |S
lim | x sin|—
-0 0 &

X

1-¢



18 — Roksolana Lakhva et al. DE GRUYTER

35¢
€ = 0.0001
€ =001
€=01
€=1

: - - exp(t)

25}

3
2.
15}

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
t

Figure 1: Convergence of the solution x,(t) of the original problem (58) to the solution £*(t) = et of the averaged problem (57) as € — 0.

So, the averaged problem is as follows:

¢=u,
£00) =1,
(57)

1
Jlu] = _[(E(t) - u(t))’dt ~ inf.
0

The optimal control of problem (57) is obviously u*(t) = *(t), where £*(¢) is the solution of the Cauchy
problem

aé*

dt - f )

§*(0) =1.

Hence, u*(t) = e'.
For the initial problem (56), it is also obvious that x*(t) = u*(t), where x;(t) is the solution of the Cauchy
problem

. |t
X, = sin
€ €

ng(s) cossds + x,
0
x:(0) = 1.

(58)

Table 1: Numerical comparison between the solutions of the original problem (58) and the averaged problem (57): values of x.(t), e,
and |x.(t) - €| at selected points

4 t 0.20 0.40 0.60 0.80 1.00

et 1.221403 1.491825 1.822119 2.225541 2.718282
£=107? X(t) 1.220604 1.495096 1.829428 2.226669 2.706371
e=10" X(t) 1.218997 1.485621 1.813555 2.217434 2.707980
£=1072 [xe = € 7.985 x 107 3.272 x 1073 7.309 x 1073 1.128 x 107 1.191 x 1072

e=10" [xe = €| 2.405 x 1073 6.203 x 1073 8.564 x 1073 8.107 x 1073 1.030 x 1072
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The graphs and numerical illustrations below demonstrate the convergence of the solution of problem (58)
toward the function ef as € — 0 (Figure 1 and Table 1).
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