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The question of finding the numerical solutions of optimal control problems in
mathematical models based on the degenerate semilinear equations of mathematical physics
is one of the most important. It is so because of a large number of applications of such
problems. In the case of non-linear state equation the search for the numerical solution of
optimal control problem becomes more difficult. A lot of initial-boundary value problems
for the equations and the systems of equations which are not resolved with respect to time
derivative are considered in the framework of abstract Sobolev type equations that make up
the vast field of non-classical equations of mathematical physics. We are interested in the
optimal control problem to solutions of the Showalter — Sidorov problem for the semilinear
Sobolev type equation. The article proposes to use a decomposition method, allowing to
linearize a non-linear equation, and the penalty method, which allows to find an approximate
solution of the problem. Our numerical method is based on the Galerkin method, and the
method of decomposition. Using it we find approximate solutions of optimal control problem
for the Hoff mathematical model and the generalized mathematical model of deformation
of the structure of I-beams.

Keywords: the Sobolev type equation; optimal control; the Showalter — Sidorov problem;

the Galerkin method; decomposition method.

Introduction

The need for constructing and examination of mathematical models is growing due to
the high rate of production and technology. The possibility of studying the process using
a mathematical modelling is quite relevant because the conducting of natural experiments
is expensive. A large class of mathematical models is based on non-classical semilinear
partial differential equations that are not solved for the derivative of time. Now equations,
which are not solved for the time derivative, are called the Sobolev-type equations. This
tradition takes place in the native works [1-6], and the foreign ones, e.g., [7]. As a rule,
the processes in mechanics, engineering and manufacturing are controllable. The study of
external influence on the studied process, using which it is possible to achieve the desired
result, plays a special role.

Consider optimal control

J(z,u) — min (1)
by solutions of the Showalter — Sidorov problem
L(z(0) —z0) =0 (2)

for the semilinear Sobolev type equation

k
L:t+ZNj(x):u. (3)
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Here J(z,u) is some specially constructed quality functional; the control u € .4, where
4 is some closed convex set in the space of controls, which is denoted 4. Linear optimal
control problem for the Sobolev type equation with initial Cauchy condition was first posed
and studied by G.A. Sviridyuk and A.A. Efremov [8]. The work [9] is dedicated to the
study of optimal control problems for the linear Sobolev type equations with initial-final
condition. The study of optimal control problems for the Sobolev type equations of high
order was begun in [10]. Recently there were applications of optimal control problems for
the Leontief type systems [11,12] to the problems of dynamic measurements, see [13,14].
In [15] it is shown that condition (2) for equation (3) is more natural and allows to
avoid difficulties associated with the study of the Cauchy problem. The Showalter — Sidorov
condition is a direct generalization of the Cauchy condition. The initial-final condition is
more general initial condition for the linear Sobolev type equations than condition (2),
see [16]. The application of the Showalter — Sidorov condition (2) led to a simplification of
numerical studies of the Leontief type systems [11], and its optimal control problems [12].
The using of the decomposition method for finding the numerical solution of optimal
control problem was proposed in the monograph [17|. This method allows to linearize the
state equation and to transfer the whole phenomenon of non-linearity to the functional.
Research and construction of numerical methods for solving optimal control problems
come to the fore due to the development of modern computing technology. The work [11]
is devoted to the constructing of algorithm of numerical solution of linear optimal control
problems. Obtaining of analytical solution or distribution of existing approaches for finding
numerical solutions of optimal control problems in nonlinear degenerate model is not
always possible. The numerical method based on the Galerkin method and the method of
decomposition is constructed in the paper. Using our method one can find approximate
solutions of the optimal control problem (1) — (3). On the basis of this method we find
approximate solutions of optimal control problem for the Hoff mathematical model [18] and
the generalized mathematical model of deformation of the structure of the I-beams [19].

1. Optimal Control Problem
Let H = (#; (-, -)) be a real separable Hilbert space identified with its dual. Let (£, 9H*)

and (B;,87),j = 1,k,k € N be dual (with respect to the duality (-,-)) pairs of reflexive
Banach spaces, moreover, let the embeddings

H—=B—> .. =B >H—=>B] ... =B = H
be dense and continuous, and enclosure
HEH

be compact. Let L € L($;$*) be a linear self-adjoint positive semidefinite Fredholm
operator orthonormal (in the sense of H), set {yx} of eigenvectors be a basis in the
space H. In further, let N; € C"(%8;;%B7), j = 1,..k, be an s-monotone operators (i.e.
<N;yx,x> > 0, Vz,y € B;\{0}) and a pj-coercive operator (i.e. (N;(z),z) > Cyllz|?
and ||N;(z)|l« < CV||z|[P7~! for some constants Cy, CV € Ry and p; € [2,+00) and for
any z € Bj, where || - ||, || - [« are the norms in the spaces B; and B, respectively),
where pp = mjaxpj. For smooth operator N; : B; — B}, strong monotonicity implies

s-monotonicity, and s-monotonicity implies strict monotonicity [20].
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Consider the Showalter — Sidorov problem (2) for the semilinear Sobolev type
equation (3). Let T € R,. Consider the space s = L, (0,T;%B;),p;' + ¢,' = 1, and
define a closed convex set .4 C 4. Consider the optimal control problem (1) by the
solutions of problem (2), (3), where cost functional is given as

J(z,u) = 5/ l2(t) = za(®) s, dt + (1= 5) / lu(®)I§ dt, 8 € (0,1), (4)

where z; = z4(t) — wishful state of the system, which we need to achieve using the control.
Consider the space

dx

dt
Definition 1. A pair (Z,0) € X X Uyq is called a solution of problem (1) — (3), if

X = {z|r € L(0,T;coim L) N Ly, (0,T;*By), € Ly(0,7;9)}.

J(z,u) = inf J(z,u)

(z,u)
and every (x,u) satisfies (2), (3), and vector U is called an optimal control.

Theorem 1. [18| For an arbitrary zo € 9, T € Ry there exists solution of problem
(1)~ (3).

In monograph [17] it was proposed to use the decomposition method to find numerical
solution of the optimal control problem. This method allows to linearize the state equation
and to extend a phenomenon of nonlinearity to the functional. Let us linearize the equation
in (3) using an additional variable in the state equation. To this end let z = x(u,v) =
x(t,u,v) be a solution of linear problem with respect to vector-function x

k
Li+ ) Nj(v)=u, z(u,v)=v, L(z(0)—29)=0,u€ U, veL,(0,T;B). (5
=1

Therefore the optimal control problem (1) — (3) with the penalty functional (4) is
equivalent to the problem (1), (5) with the functional

Tfayu,0) =65 [ lalt) = 2 1, de-+
. , (6)
+1=0)5 [ 1o(0) ~ (0l de+ (1= 8) [ u(o)l3 dt, 0 € 0.1)

Theorem 2. [21]| For any xo € $, T € R, there exists the solution of optimal control
problem (1), (5).

Consider the problem of finding an approximate solution of problem (1), (5). To this
end we use the penalty method [17] and consider the system of states

k
Li+ > Nj(v)=wu, L(z(0)—x¢) =0,u € Uyq, v E Ly, (0,T;By) (7)
=1
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and the optimal control problem
Jg (2, u,v) — min (8)

with the penalty functional in the following form:

Je(z,v,u) =6 - ﬁ/ [2(t) — za(t) [, dt + (1 —0) - ﬁ/ [o(t) — za(t) ||, dt+
0 0 (9)

T
(1= 8) [ (Ol e+ v [ (e, 0.0) = o0
0

where (x,v,u) — is a solution of the problem (7), and r. — 0+ is a parameter of fine.

Theorem 3. (21| For any o € H, T € Ry, € > 0 there exists the solution (zc,ve,u.) of
the problem (7), (8).

Theorem 4. [21]| For any xo € 9, T € Ry and when € — 0+ there exists the sequence
{ve,us} such that

Ve = U, Uz — U,

where the pair (0,1) = (Z,u) — solution of the problem (1) — (3).

2. Algorithm for the Numerical Method

We are interested in the process of the control of solutions of the Showalter — Sidorov
problem (2), (3). Our goal is to find the approximate solution of optimal control problem
(1) by the solutions of problem (2), (3), where cost functional is given as (4). Let us
describe the algorithm for the numerical solution of the problem (1) — (3). This algorithm
is based on the modified Galerkin — Petrov method and the Ritz method.

Let o(L) be spectrum of the operator L. Because of the properties of the operator L,
its spectrum o (L) is non-negative, discrete, finite multiplicity and thickens only to +o0.
Let {\;} be the set of the eigenvalues, which are numbered in non-decreasing according to
multiplicity. Let {¢;} be the set of the corresponding eigenfunctions which are orthonormal
with respect to the scalar product < -, - > from H. They form an orthonormal basis in the
space H.

Let us find an approximate solution Z(s,t) of problem (2), (3) as the sum

m

B(s,t) =a"(s,t) = > a;(t)pi(s), (10)

=1

where m € N, m > [, | = dimker L (to take into account the effects of the reduced
equation).
We represent the right side of equation (3) as

u(s,t) = Z <u(s,t), pi(s) > pi(s) = Zuz@)%@) (11)
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We substitute Galerkin sums (10) and (11) to equation (3). So we get a system of nonlinear
differential equations

(Lx}™, i) + <éN]~($m),4pi> =(u,p;), i=1,....m. (12)

Here, depending on the parameter A, the equations of this system can be differential
or algebraic. Because of nonlinearity of the equations, we can not obviously obtain the
dependence a;(t) from a;(t), i = 1,...,m, i # j and u,;(t),7 = 1,...,m. In contradiction
to the linear case, this does not allow us to solve the problem of finding the functional
minimum with respect to w;(t), ¢ = 1,...,m. Therefore before performing of consecutive
approximations of the Galerkin — Petrov method we do the following. First we decompose
equation (2) such that to linearize this equation. After that we introduce the penalty
functional, which allows to find an approximate solution of the original problem. To this
end we introduce in equation (3) an unknown function v(s,t) such that

Lz+ zk: N;(v) =u, x(s,t) = v(s,t). (13)

Jj=1

The equations in (13) are linear with respect to the function x(s,t). By the second equality
in (13), the penalty functional (4) is equivalent to the functional (6). By the theorem 2,
the solution of problem (1) — (3) with penalty functional (4) is equivalent to the solution
of problem (1), (2), (13) with penalty functional (6).

To find the required approximate solution we use the penalty method. Let the penalty
functional be in the form (9). Then our problem reduces to finding triples of minimizing
functions (z,v,u). Represent 0(s,t) as a sum

m

(s, t) = 0" (s, t) = Zvi(t)%(s). (14)

=1

Substitute Galerkin sums (10), (11), (14) in equation (13). We get the differential equation
.k
Li+3 N;(®) = . (15)
j=1

Then, scalar in H we multiply resulting equation (15) on the eigenfunctions ¢;(s),i =
1,...,m, and we get the system of the equations

<Lx;n7 90i> + <i1Nj(vm)v 90i> = <um’ 90i>7 (16)

1=1,...,m.

Depending on the parameter A, equations of system (16) can be differential or algebraic.

Consider these cases.

(i) Let A ¢ o(L). In this case all equations of system (16) are ordinary differential
equations of the first order. To solve this system with respect to a;(t),i = 1,...,m, we
find m initial conditions in the following way. Scalar in H we multiply conditions (2)
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on eigenfunctions ;(s),i = 1,...,m. After that we solve thus obtained system of linear
first order differential equations with initial conditions and express unknown function
coefficients a;(t),j = 1,...,m in the approximate solution Z(s,t) = 2™(s,t) through
a;(t), i=1,..mi# 7, v(t), i=1,....m, u;(t), i =1,...,m.

(ii) Let A € o(L), where | — the multiplicity of the first eigenvalue L. In this case
the equations of system (16) with numbers 1y, ...,1; are algebraic, and the rest ones —
differential. Consider the systems of the first order differential equations and the algebraic
equations. To solve the system of algebraic-differential equations with respect to a;(t),i =
1,...,m, we find m — [ initial conditions from the Showalter — Sidorov condition (2). The
solution of the algebraic-differential system exists for any initial functions. We exclude the
initial conditions corresponding to ai,(0),7 = 1,...,[ and solve the algebraic-differential
system. After that the unknown function coefficients a;(t),7 = 1, ..., m are expressed in the
approximate solution Z(s,t) = x™(s,t) through v;(¢), i =1,...,m, w;(t), i =1,...,m.

(iii) Let us find the minimum of the functional. To this end we substitute the obtaining
representation for Z(s,t) = 2™(s,t) and (11), (14) to functional (9). After that, using the
Ritz method, we find unknown values v;(t), i = 1,...,m, u;(t), i = r,...,m in the form

N

N
t t
vit, N) = ;bn sin(?), wi(t, N) = ;cn sin(%) (17)
or
N N
vilt, N) =) bat”, wi(t, N) =Y cqt". (18)
n=0 n=0

Note that we choose the coefficients b, and ¢, such that the functions v;(t, V), u;(t, N)
minimizes functional (9). Therefore, the problem is reduced to finding the extremum of
function of 2(N + 1) x m (2N x m) variables.

An algorithm of finding the approximate solution of problem (1) — (3) is reduced to
six steps.

Step 1. To find eigenvalues and eigenfunctions of the operator L, that is, the solution
of the problem

< Lp,v >= A< p,v>
with appropriate boundary conditions.

Step 2. To find the number m such that from m we can calculate the approximate
solution using the condition: m > [, [ = dim ker L.

Step 3. To check by specified parameter A: mathematical model corresponds to
degenerate case or to non-degenerate one.

Step 4. To express a;(t),i = 1,...,m in the approximate solution Z(s,t) = 2™ (s,t)
through v;(t), i = 1,...m, u;(t), i = 1,...,m, using the specified initial functions,
depending on cases (i), (ii).

Step 5. To represent the unknown functions v;(t), ¢ = 1,...,m, w;(t), i = 1,...,m
using (17) or (18) in penalty functional (9).

Step 6. To find the minimum of a functional and functions Z(s,t), 0(s,t), u(s,t).

3. Computational Experiments

We are interested in the process of control of the behavior of the I-beam [18], which
is under constant load. In a cylinder Q7 = (0,1) x (0,7),T > 0 consider the Dirichlet
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condition
x(s,t) =0, (s,t) € (0,1) x (0,7) (19)

and the Showalter — Sidorov condition
(A + A)(x(s,0) —zo(s)) =0, s € (0,1) (20)
for the generalized Hoff equation
(=X — A)zy + ax + aq2® + apr® + ...+ 12 T =, (21)

where function u = u(s,t) describes the impact of the external manager (side loading),
2

and operator A = —. Our goal is to find an approximate solution of the optimal control
s
problem
J(x,u) — min (22)

by the solutions of problem (19) — (21), where cost functional is in the form

J(z,u) 5//|x s,t) — zq(s, )| 2dsdt + (1 — 3 //|u| dsdt. (23)

The algorithm for finding an approximate solution of problem (19) — (21) using
decomposition, penalty, Galerkin — Petrov methods was described in 2. By the proposed
method, in a cylinder Q7 we consider Dirichlet condition (19) and Showalter — Sidorov
condition (20) for the equation

(=X — A)xy + ax + a1v® + agv® + ..+ a0+ ot = . (24)

Equation (24) is linear with respect to the function z(s,t). We define a penalty functional
as

T
J5(z,v,u) = BO [ [|x(s,t) — za(s, t)|**T2dsdi+
00

T 0
—0) [ [|v(s,t) — za(s, t)[**2dsdt+
00

T
// |z — v|*dsdt.
00

Example 1. Consider problem (19) — (22) inthecase A\ =1, a =1, a1 =2, =7,T =

1L,0=3, 8= ¢e=1%, xo(s) = \/E(sms + 2sin(2s) + 2sin(3s)), 24(s,t) = \/g(sins—i-

(t +2)sin(2s) + (t* +2) sin(3s)), m = 3, N = 3. Graphs of the functions x(s), z4(s,t) are
shown in Fig. 1.

The results of the calculations are the coefficients of the control (see. Table 1), such
that the value of the functional J = 4,098527. An approximate solution of the problem

(25)

T 1
—B)ff|u|2dsdt+
00

m | =
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Fig. 1. The initial functions of problem (19) — (22):
a) function zo(s); b) function z4(s,t)

Table 1
bip = 3,78551 b1 = 0,191363 bio = 0, 332450 b1z = 0,014591
bag = 9, 54792 by1 = —5,66737 | byy = 13,4783 bz = —10, 5349
bsg = —0, 125106 | b3; = 6,52025 b3 = 1,12257 b3z = —7,21200

c1o = 0,232990

C11 = —0,020644

c12 = 0,051504

c13 = 0,000723

Cop = 0, 941092

o1 = 0, 780535

cog = —0,235198

co3 = —0,000466

C3p — 1, 90204

31 = —1, 23850

C39 — 0, 447985

C33 = 0,001871

(19) — (22) is in the form:

(s, t) = 0,207035sin(s) + 1,94309 - 10° sin(2s) — 1, 33263 - 107 sin(3s)—
—3,04802 - 109 sin(s)t? — 7,12624 - 109 sin(3s)t? — 1,9430810%¢ 3¢ sin(2s)+
+1,16963 - 108 sin(2s)t? + 1, 33263 - 107e~ 5" sin(3s) 4 1, 66578 - 106 sin(3s)t—
—1,04111 - 10° sin(3s)¢? + 0,002711 sin(2s)t” + 0,000011 sin(2s)t3+

+4337, 61 sin(3s)t3 — 135, 521 sin(3s)¢4 + 3, 30193 sin(3s)¢> — 0, 049447 sin(3s)t5—
—0, 000959 sin(3s)t” — 0,000005 sin(3s)¢5 + 0, 198778 sin(2s)6—

—5,92736 sin(2s)t° — 64768, 6 sin(2s)t + 96,5275 sin(2s)t* —

—1195, 08 sin(25s)t* 4+ 10792, 9 sin(2s)t? 4 0, 089563 sin(s)t—

—0,000003 sin(s)t® — 0,000553 sin(s)t"+, 292602 sin(s)£5—

—0,035173sin(s)t% — 0,871872sin(s)t* + 1,05038 sin(s)t> — 0, 499923 sin(s)?,

v(s,t) = 0,576594e — 3sin(s)t? + 0,0410941 sin(s)t>—

—0,0164711 sin(s)t + 0, 185899 sin(s) — 0, 000372 sin(2s)t3—

—0, 187661 sin(2s)t? + 0, 622777 sin(2s)t + 0, 750882 sin(2s)+

+0, 001493 sin(3s)¢> + 0, 357441 sin(3s)¢2 — 0, 988178 sin(3s)t + 1, 51761 sin(3s),

50

Journal of Computational and Engineering Mathematics



COMPUTATIONAL MATHEMATICS

u(s,t) = 0,011642sin(s)t> + 0, 265256 sin(s)t> + 0, 152685 sin(s)t+
+3,02040sin(s) — 8,40566 sin(2s)t® + 10, 7541 sin(2s)t? — 4, 52191 sin(2s)t+
+7,61814 sin(2s) — b, 75434 sin(3s)t* + 0, 895680 sin(3s)t? + 5, 20241 sin(3s)t—
—0, 099820 sin(3s).
The graphs of an approximate solution of problem (19) — (22) are presented in Fig. 2 and

Fig. 3. The graphs of the functions z(s, 1), v(s, 1), z4(s,1), when ¢ = 1, are presented in
Fig. 4.

Fig. 2. The graph of the numerical solution of problem (19) — (22):
a) function z(s,t); b) function v(s,t)

We are interested in the process of the control of a behavior of the construction of
I-beams under a constant load. Consider finite connected directed graph G = G(V; &),
where V = {V;}[L, is a set of the vertices, and £ = {E;}_, is a set of the arcs. We assume
that each arc has a length [; > 0 and the cross sectional area of an edge d; > 0. On a
graph G we consider the equation

. 1o 4 2.3 ko2k+l _
—ATji — Tjiss + QT +asxy + o = uy,

st Beex s € (0,0;), te R, j=1,N.

(26)

For equations (26) at each vertex V;, i = 1, M we define the boundary conditions

Yo di(0.t) = > dyrg(lnt) =0, (27)

J:E;€eE*(V;) r:E.eEv(V;)

ur(0,t) = u;(0,t) = up(ln, t) = (I, t), (28)

for all E,, E; € E*(V;), Ej, E,, € E“(V;). Here E*@)(V;) is a set of the arcs with the end
at a vertex V.
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Fig. 3. The graph of an optimal control u(s,t) by solutions of problem (19) — (22)

w4
e

Fig. 4. The graph of the numerical solution of problem (19) — (22) at the time moment ¢t =1

Let us add the initial Showalter — Sidorov conditions
(A + A)(z;(s,0) — x0;(s)) =0, mast Beex s € (0,1;), (29)

to (27), (28). So we get the Showalter — Sidorov — Neumann problem for equations (26).
Our goal is to find an approximate solution of the optimal control problem

J(z,u) — min (30)
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by the solutions of problem (26) — (30), where the cost functional is in the form

T l;
Twu) = X 8 ds [ ley(5,6) — zals, 1)+ 2dsdi+
E;eE 0 0
T 1 (31)
+(1 So [ djluj|*dsdt.
EJ €E0 0

The algorithm for finding an approximate solution of problem (26) — (30) using
decomposition, penalty, Galerkin — Petrov methods was described in 2. By the proposed
method on the graph G consider the equations

1,,3 k,2k+1 __
—ATjt = Tjtss + 5 + ajv; + o+ v = . (32)

Equations (32) are linear with respect to the functions x;(s,t). We define a penalty
functional in the form

Js(z,v,u) = 59fd f |25 (s,t) — zja(s, t) | T2dsdt+
E,eE
T lj
+ > B(1=0) [d; [|vj(s,t) — zjal(s, t) [P 2dsdt+
E,eE 0 0

’ (33)
+1-8) X ffdj|uj|2d=9d’“r
EjEEO 0
L
+ 3 %JT"djf|xj(5,t) — v;(s, t)[Pdsdt.

E;,eE 0 0

Example 2. It is required to find the approximate solution of problem (26) — (30) on
the oriented graph G, which consists of two serially connected edges and three vertices.
Herekzl,)\:O,ozlzog:l,ﬁ:@:%, d1 1,d2:1, 11:7T,12:7T,N:2a.nd
the initial functions (see Fig. 5) are

10’

zo1(s) = 0.225676 cos s, o2(s) = —0.225676 cos s,

z14(5) = (0.225676(t* + 1)) cos s, z04(s) = —(0.225676(t* + 1)) cos s.

The results of the calculations are the coefficients of the control (see. Table 2) such
that the value of the functional J = 0, 758280. An approximate solution of problem (26)
— (30) is in the form:

z1(s,t) = —0,000269 + 0,000858t — 0,035642t% + 0, 016320t° — 0, 0859261 —
—0, 3275785 + 0,203202t" + 0,415751¢> — 0, 364575t* + 0, 1775823 —
—0,000022¢ =4 (57885, 8¢t + 15705, 248 — 2048, 73417 —

—2,53678 - 10°e*#5 — 3,62799 - 10°e*43 + 2,66670 - 10°e*t>—

—1,39073 - 10°e*t + 3,53474 - 10°e* 4 + 1,40785 - 10°e**5 + 38532, 2¢* —
—38532, 3) cos(0, 5s) + 0,564191e (39958, 5 — 39957, 8e* + 39958, Oe't+
+332, 582¢'t5 — 55, 1402¢'15 + 6659, 28¢'t3 — 1664, 61e't* — 19978, 8e't>+
+7,69238¢t™ — 0,866750€'t® + 0,611560e — e't?) cos(s),
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Fig. 5. The initial deflection xg1, xg2

Table 2

boo = —0,000898 | by; = 0,000519 bo2 = 0,004183 bos = —0,004247

bio = —0, 150189

b1 = —0,009871

b2 = 1,003754

by = —0,804374

by = 0, 664529

by = 0,074235

bay = —0, 374667

by = —0, 360942

oo = —0, 000514

co1 = —0,009678

co2 = 0,028825

Co3z — —0, 019824

Ci0 = —O, 008221

cin = —0,495853

C1a = 1, 146591

c13 = —0, 595256

Cop = 1, 000790

Co1 = —0, 522917

Coo = 0, 438774

Co3 = —0, 306497

xo(s,t) = —0,000269 — 3 + 0, 00086t — 0, 0356416t + 0,016320t7 — 0, 085925t —
—0, 3275785 4 0,203202t" 4 0, 4157515 — 0, 364575t* 4+ 0, 177582t3+
+0,000022¢ 4 (— 57885, 8¢ 47 1 15705, 26415 — 2048, 736417 — 2, 53678 - 10°¢445—
—3,62799 - 10%e443 + 2, 66670 - 10%e442 — 1,39073 - 105t + 3, 53474 - 1074+
+1,40785 - 105646 + 38532, 2¢* — 38532, 3) sin(0, 5s) — 0, 564191e~"(39958, 5—
—39957, 8¢t + 39958, Oe't + 332, 582¢!t> — 55, 1402¢!t5 + 6659, 28¢5 —

—1664, 61eft* — 19978, 8e't? + 7,69238e!t”—

—0,866750e't® + 0,061156¢'t?) cos(s),

v1(s,t) = —0,007908¢% + 0,011499¢2 — 0, 003861¢ — 0, 000204+
+0,564191(—0, 59525613 + 1, 146592 — 0, 495853t — 0, 008221)) cos(0, 5s)+
+0,564191(—0, 3064973+, 438774¢% — 0,522917¢ + 1,00079)) cos(s),

va(s,t) = —0,007908t3 + 0,011499¢* — 0,003861¢ — 0,000204—
—0,564191(—0, 59525613 + 1, 14659t* — 0, 495853t — 0,008221)) sin(0, 5s)—
—0,564191(—0, 3064973+, 438774t* — 0, 522917t + 1,00079)) cos(s),

wi (s, t) = —0,001694¢3 + 0,001668¢2 + 0,000207¢ — 0, 000358+
+0,564191(—0, 804374¢3 + 1,00375t2 — 0,009870¢ — 0, 150189)) cos(0, 5s)+
+0,564191(—0, 3609423 — 0, 37466712 + 0,0742352t + 0, 664529)) cos(s),
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us(s, t) = —0,001694% + 0,001668¢2 + 0,000207¢ — 0, 000358 —
—0,564191(—0, 804374¢3 + 1,00375¢t2 — 0,009870¢ — 0, 150189)) sin(0, 55)—
—0,564191(—0, 3609423 — 0, 374667¢2 + 0, 0742352t + 0, 664529)) cos(s).

The graphs of an approximate solution of problem (26) — (30) are presented in Fig. 6 and
Fig. 7.

a) b)
Fig. 6. The graph of numerical solution of problem (26) — (30):
a) function z1(s, 1), a(s, 1), za1(s, 1), z42(s, 1); b) function z1(s, 1), z2(s, 1), vi(s, 1), va(s,1)

Fig. 7. The control uy(s, 1), ua(s, 1)
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AJITOPUTM YMCJIEHHOTO METO/IA PEIIIEHIA
3AJIAYUY OTITUMAJIHBHOTO YIIPABJEHUS JIJIS
TOJIYJIUHENHBIX MOJIEJEN COBOJEBCKOT'O TUIIA
HA OCHOBE METO/JIA JEKOMIIO3UITUN

H.A. Manaxosa

B cBsa3m ¢ 60sbIIuM KOJIMYECTBOM MPHUJIOKEHUI HA IIEPBBIH IIJIAH BBIXOAUT BOIIPOC O
HaXO0XKJEHUHN YUCJIEHHOI'O pPelleHrd 3a/ad ONTUMAJbHOIO YIPABJIEHUA B MATEMATUIECKUX
MOJIEJTSIX Ha OCHOBE BBIPOXKIEHHBIX MOJIYIMHEHHBIX YPDABHEHUN MaTeMaTHIECKON (QU3NKHU.
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N.A. Manakova

B ciyuae HesmHERHOrO ypaBHEHMsI COCTOsIHUS MOUCK YUCJIEHHOIO PEIIeHUs 3aJa9u OITH-
MaJIbHOTO YTIPABJIEHUS 3HAUYUTENBHO 3aTpyausiercs. QOmUpHBIH KIacC HAYATbHO-KPAEBBIX
3a/a4 i YPABHEHUN W CHCTEM YPABHEHUH B YaCTHBIX MPOM3BOIHBIX HE PA3PENIEHHBIX OT-
HOCHTETBHO MPOU3BOIHON TI0 BPEMEHW MOTYT ObITh U3yYeHbI B PAMKAX TEOPUU yPABHEHWI
coboseBckoro tuita. Hac mHTEpecyeT uccieoBaHue 33,/1a491 ONTHMAIBHOTO YIIPABICHUST JJIs
MOJTYJIMHEHHOTO ypaBHEHUsT COOOIEBCKOrO THITa. B cTaThe mpeiiiosKeHo Heoab30BaTh METO/T
JIEKOMTIO3UITUH, MTO3BOJISIIOINIAN JIMHEAPU30BATh HEJIMHEHHOE ypaBHEHUe, u MeTo[ mrrpada,
MTO3BOJISIIOIIH I HAXOAUTE TPUOJIMKEHHOE PeIlieHne TIOCTABIeHHOM 3a1a4uu. Ha ocHoBe MeToma
lanepkvba 1 METOMA TEKOMIIO3UIUHN TTOCTPOEH YUCIEHHBIH METOJ, MIPY TOMOIIM KOTOPOrO
HAXOAATCS MPUOTUKEHHBIE PEITIEHN 3312491 OMTUMAIBHOTO YIIPABIEHU /s MaTeMaTHIe-
ckoit momenn Xodda u 00001IEHHON MAaTEMATHIECKON MOAETH JePOPMAIINA KOHCTPYKITHN
U3 JIBYTABPOBBIX OAJIOK.

Katoueenie cro8a: ypasuenus coboae6Ccko20 muna; onmMumMaLbHoOe YnpasieHue; 3adaua

Hloyoamepa — Cudoposa; memod Ianepkuna; memod 0exoMNo3UuUUUL.
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