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ON THE MATHEMATICAL MODEL OF THE CONTROL PROBLEM
FOR A PSEUDO-PARABOLIC EQUATION WITH INVOLUTION
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In this paper, we consider the mathematical model of control problem for a pseudo-
parabolic equation with involution in a bounded two-dimensional domain. The solution
with the control function on the border of the considered domain is given. The constraints
on the control are determined to ensure that the average value of the solution within the
considered domain attains a given value. The initial-boundary problem is solved by the
Fourier method, and the control problem under consideration is analyzed with the Volterra
integral equation of the second kind. The existence of admissible control is proved by the
Laplace transform method.
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Introduction

It is known that in recent years, due to the increasing interest in physics
and mathematics, the boundary problems related to pseudo-parabolic equations with
involution were widely studied. For this purpose, various boundary problems for parabolic
and pseudo-parabolic equations have been widely studied by many researchers.

The pseudo-parabolic type equations arise in areas such as fluid flow [1], heat transfer
[2], and the diffusion of radiation [3|. Roughly speaking, pseudo-parabolic equations
account for higher order correction in the model than do parabolic equations. The
boundary control of a pseudo-parabolic equation and compare the results to those of
parabolic equations was studied in [4]. The stability, uniqueness, and existence of solutions
of some classical problems for the considered equation are studied in [5]. In [6], the point
control problems for pseudo-parabolic and parabolic type equations are considered.

The optimal control problem for the parabolic type equations was studied by Fattorini
and Friedman [7,8|. Control problems for the infinite-dimensional case were studied by
Egorov [9], who generalized Pontryagin’s maximum principle to a class of equations
in Banach space, and the proof of a bang-bang principle was shown in the particular
conditions.

The boundary control problem for a parabolic equation with a piecewise smooth
boundary in a n-dimensional domain was studied in [10] and an estimate for the minimum
time required to reach a given average temperature was found. In [11], the considered
the heat conduction equation with the Robin boundary condition and developed a
mathematical model of the process of heating a cylindrical domain. Control problems
for the heat transfer equation in the three-dimensional domain are studied in [12].

Control problems for parabolic equations in bounded one and two-dimensional domains
are studied in works [13-17]. In these articles, an estimate was found for the minimum time
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required to heat a bounded domain was found to be an estimate of average temperature.
The existence of control function is proved by Laplace transform method.

Basic information on optimal control problems is given in detail in monographs by
Lions and Fursikov [18,19]. General numerical optimization and optimal control for second-
order parabolic equations have been studied in many publications such as [20]. Practical
applications of optimal control problems for equations of parabolic type were presented
in [21].

In [22], a boundary value problem for the parabolic equation associated with involution
in a one-dimensional domain is studied. Many boundary value problems for parabolic type
equations with involution were studied in works [23,24|. Boundary control problems for
pseudo-parabolic type equations were studied in works [25,26], and it was proved that
there is a control function for heating the domain to the average temperature.

In this work, the boundary control problem for the pseudo-parabolic equation with
involution is considered. The main control problem is presented in Section 1. In Section
2, the boundary control problem studied in this work is reduced to the Volterra integral
equation of the second kind by the Fourier method, and the existence of a solution to the
integral equation is proved using the Laplace transform method.

1. Statement of Problem

In this paper, we consider the following pseudo-parabolic equation with involution in
the domain ©Q = (0,7) x (0,7)

Ut(l', Y, t) - AU(I,y,t) - Aut(xv Y, t)+
+e Upe (T — 2, Y, 1) + EUpe (T — 2, y,t) = 0, (1)
(z,y,t) € Qp :=Q x (0,7,

with boundary conditions
u(0,y,t) = P(y)v(t), ulmyt) =0, t>0, 0<y<m, (2)

and
w(z,0,t) = 0, wu(z,mt) = 0, (3)

and initial condition
u(z,y,0) = 0, 0<uzy<m, (4)

where ¢ is a nonzero real number such that || < 1, ¢(y) is a given function, and v(¢) is the
control function. If the control function v(t) € W} (R, ) satisfies the conditions, v(0) = 0
and |v(t)| <1 on the half-line ¢ > 0, we say that it is admissible.

Assume that the given function ¢ € W3(2) satisfies the conditions

P(0) = ¥(m) = 0, ¥, >0,
where

2 s
v, = —/¢(y) sinnydy, n=1,2,....
s
0

Differential equations with modified arguments are equations in which the unknown
function and its derivatives are evaluated with modifications of time or space variables;
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such equations are called, in general, functional differential equations. Among such
equations, one can single out, equations with involutions [27].

Definition 1. [28,29] A function f(x) #Z x maps bijectively a set of real numbers D, such
that

f(f(@) == or [Hz) = f(a),

15 called an involution on D.

It can be seen that equation (1) for e = 0 is a classical pseudo-parabolic equation.
If € # 0, equation (1) relates the values of the second derivatives at two different points
and becomes a nonlocal equation. It is known that boundary control problems for the
pseudo-parabolic equation in the case ¢ = 0 were studied in detail in work [26].

We now consider the following control problem.

Control Problem. Assume that function ¢(t) is given. Then, find the control function
v(t) from the condition

]]u(x,y,t) drdy = ¢(t), t>0, (5)

where u(x,y,t) is a solution of the problem (1) — (4) and it depends on the control function
v(t).
2. Main Results

In this section, we consider the reduction of the given control problem to a Volterra
integral equation of the second kind and the existence of a control function.
We now consider the spectral problem

Vio(@,y) — € Vig(m —2,y) + V2, y) + AV (2z,y) = 0, 0<a,y<m,

V(0,y) =V(m,y) =0, V(z,0)=V(z,m)=0, 0<z,y<m,

where |e] < 1, e € R\ {0}. It is proved in [22,24] that expressing the solution of a spectral
problem in terms of the sum of even and odd functions, one finds the following eigenvalues:

Amm1 = (1 —e)2m+1)>+n? meNy=NU{0}, neN, (6)
Ammz = (L+e)dm?* +n® mneN, (7)
and we have the following eigenfunctions
Vinni(z,y) =sin(2m + 1)z sinny, meNy, neN,

and
Vinn2(z,y) = sin2maz sinny, m,n € N.

By the solution of the problem (1) — (4) we understand the function u(z,y,t)
represented in the form

™T—X

77Z)(y) V(t) —U}(I',y,t), (8>
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where the function w(z,y,t) € Cg;%(QT) N C(Q7) is the solution to the problem:

wt(xayat) - A’LU(JZ', Y, t) - Awt(xayat) + 5?1]11(77' - xayat) + gwx:tt(ﬂ' - xayat) =

= T wly) V() — =) vlt) - T () V()

with initial-boundary conditions

w(z,y,t) loo = 0, w(x,y,0) = 0.

We obtain the solution of the initial boundary value problem (1) — (4) using the
solution of the above mixed problem w(x,y,t) and the equality (8) as follows:

T =X

u(z,y,t) = U(y) v(t)—
[e.e] o0 t
_g Z Z (1 -+ n2) wn Vm,n,l(xa y) /€—Qm,n,1(t—5) V/(S) ds—
ma i~ (2m+ 1) (14 A1)
m=0 n= 0
t
2y Y V(@) / e=tmn0=9) 1 (5) ds—
m I — (2m + 1) (1 + /\m,n,l) ) (9)
¢
1 = — (1+n)¢n mn2( 7y)/ —q 2(t—s) , 1
—— e dmn2078) 1 (g) ds—
D TS
¢
]‘ = = anTL Y
__Zzn ¢ , ,2(‘r y) /e—qmng(t s) V(S) dS,
1 1 m (1 + )‘m 2)
m 0
. . )‘mni .
where V,, ..:(z,y) are the eigenfunctions, ¢ . = ﬁ (1 =1,2) and Apn1s Amn2

are defined by (6), (7), respectively.
It is clear that

// mn1xydxdy—(2m# // mn2$ydflfdy—0 (1())

Using the condition (5) and the equalities (9), (10), we have

¢<t>:]ju<x,y,t>dydx = //““”5 y) dy dz—

4 (1402 wnl—(—))/q ()
- m,n, s ds—
WEZE; TESIEs V'(s) ds (11)
m=0n 0
t
1SS I ey
- mont(t=9) 1 (5) ds,
WZZ 2m + 1)2 (1 + Amns) € v(s)ds
m=0 n=1 e 0
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According to Parseval equality, we get

[ [Fvwme - 15 LG

Set

4(1—¢) n
s e ) e 12

—0n—1 mnl)

and
4(1—¢e)n (1 —(=1)")
T n(14+ Amni)?’

By (11) — (13) and from the properties of the function v(t), we can write

Ny = (13)

St)=av(t)+ ) > Aun / e tmn1(t=5) 1 (5) ds, (14)

m=0 n=1 0

)\m,n,l

1 + )\m,n,l ‘
Counsider the function

where ¢, 1 =

— i i A @ttt > 0. (15)

m=0 n=1

Then, using (14), (15), we get the following Volterra integral equation

t +/K(t —s)v(s)ds = ¢(t), t>0. (16)

For any M > 0, we denote W (M) the set of functions ¢ € W, (—oo, +00) which satisfy
the following conditions:

lollwiw,y <M, ¢(t)=0 for t<0.

Below, we present the main result in this paper.

Theorem. (Existence of the solution) There exists M > 0 such that for any function

¢ € W(M) the solution v(t) of the equation (16) exists, and satisfies condition |v(t)| < 1.
We will prove this theorem step by step.

Lemma 1. Assume that, |e| < 1. Then, the kernel K(t) of the integral equation (16) is
continuous on the half-line t > 0.

Proof. Since 1, is non-negative and |¢| < 1, it is clear that A,,, is non-negative. It is easy
to see that then the kernel of the integral equation (16) is the function K (¢), which is
positive and bounded.

O
Bectauk FOYpI'Y. Cepua <«Maremarudeckoe MOAeJIMPOBAHUE 9
u nporpammupoBanue> (Becruuk FOYpI'Y MMII). 2025. T. 18, Ne 2. C. 5-17



F.N. Dekhkonov

It is known that we can write the Laplace transform of the function v(t) as follows

where p =0 +1(, 0 >0, ( € R.

Then, applying the Laplace transform to the integral equation (16), we get

6(p) = av(p) + K (p) ¥(p),
where « is defined by (12). Then we can write

(p)

v(p) = m,

and
o+1i00 ~

+oo  ~ )
l/(t) _ L / Qb(g) eptdp _ 1 ¢(U + ZC) e(O'JriC)t dC

27
T—100

a+ K(p) 2t ) a+K(o+i)
Lemma 2. The following estimate is valid:

la+K(o+i)|>a, 0>0, (€R,
where a = const > 0 is defined by (12).

Proof. 1t is clear that « defined by (12) is positive and bounded as |¢]| < 1.

(17)

(18)

It is known that we can write the Laplace transform of the function K (t) as follows

>y e

m=0 n=1

p+an1

Then we can write

a+ K(o+i¢) —a+zzg+q 1+ZC

mOnl

— o m n U + dm,n, 1 m n
= X _|._ —_ =
T;] - 0'+an1 +C2 gn;]; O'+q —|—C2
= Re(a + K(o +iC)) +zIm(&+K(a+zC)),
where
m n 0 + Qm n 1)
Re(a+ K(o4i¢)) = a + ,
( ( C 7;) ; U + qm,n, 1 + C2
and
Im(a + K(o +i¢)) = — Aomn
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We can see that the following inequality holds

(0 + Gmn)’ + < ((0+ Gupa)* + D1+ ).

As a result, we get

1 S 1 1 (19)
(0 + Qm,n,1)2 + €2 1 + C2 (U + qm,n,1)2 + 1 '
Then, using the inequality (19), we can obtain the following assumptions
m n 0 + Qm n 1)
IRe(a 4 K (o +iC) \—oz—i-zz 5 >
m=0 n=1 U+qm”1) C (20>

1 - Amn(U+an1) Cla
> at+ — Dl =+ —
- 1+ ¢2 ZZ(O—l—qmnl) 2+1 14 ¢?

From the above, we can see that the following estimate is valid for [Im(a + K (o + i¢))):

= . 02 o ‘C|
1 K > = 21
i+ Rl +i0)] = T2, 1)
where C , and 027(7 are defined as follows
m n U + Qm n, 1
Co.o .
By (20) and (21), we obtain the required estimate
C,
a4+ K(o+i0)| > 0+ ———= >0, (22)
V14 ¢?
where C, = min(C} ,, Cs,) is bounded for all o > 0.
([
Let the Laplace transform of function ¢(t) satisfy the condition
+oo
[ 1601 dc < +oc.
If we proceed to the limit as ¢ — 0 in the equality (18), we have
1T
o) = £ [ 29D iy (23)
2r ) a+ K(i¢)

Also, to prove the theorem, we need the following lemma.

Lemma 3. Assume that, ¢(t) € W(M). Then for the imaginary part of the Laplace
transform of function ¢(t) the following estimate holds

+oo
/W@Nﬂ<+w
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Proof. Using the formula for integration by parts in (17), we take

o0

(o +iC) §(o +iC) = / e~ Ot B (1) dt.

0

Further for o — 0 we get

iCHiQ) = [ e /(1) dt
/

Besides

o0

3(ic) = / e (1) dt

0

Thus, we can write the following inequality:
+oo
[ 1BORA+ e < Co ol

where Cy = const > 0.
By using Cauchy—Bunyakowskii inequalities, we have

+oo ~
18t Clo(iQ)]
/\cb )l d¢ = 1+C2d§+ el

—00

<( z \5<zc>|2d<) N (70(1 L)+

5 (24)

+o00 N 1/2 +o00 CQ 1/2
+( / <2\¢<z'c>|2dc) ( / T dg) <

<c / BEOPA+ ¢ dC < G 91,

O

Now we present the proof of the theorem.
Proof of the Theorem. Let us show that v € W3 (R, ). Indeed, using (22) and (23)

we can write

/\ P icac = %| A+ [P de <

< / BGOPA+ICP) d¢ = const 16135,
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Now, we show that the function v(t) satisfies the Lipschitz condition. Actually,

t

) - vis)| = | [ V(€ de| < Wl vE=s

S

Using (22), (23) and Lemma 3, we have the following estimate

+o0 ~ +oo
1 9(iC)| 1 30
o< 5 [ s s [ 19001 <
02 C12]\4
<5 lwme) s 5 —=1

where « is defined by (12) and

2T«
M =
Cy '

(5 = const > 0.

The theorem is proved. O

Conclusion

In this paper, the control problem for a pseudoparabolic equation involving involution

in a bounded two-dimensional domain was considered. Using the Laplace transform
method, the control function required to heat the given domain to an average temperature
is found, and the admissibility of this control function was proven.
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O MATEMATNYECKOW MOJIEJIN 3AJAYN YIIPABJIEHU A
HAJIA IICEBJOITAPABOJINMYECKOI'O YPABHEHM A
C IHBOJIIOIINEN

@.H. /lexxornos, Hamanranckuii rocyiapcTBeHHbIil yHuBepcuTeT, I. Hamanram,

V36ekucran

B nmannOit paboTe paccMaTpUBaeTCsi MATEMATHIECKAST MOJIEJb 3a[a9U YIIPABICHUS JJIst
IICEBAOTAPAOOINIECKOTO YPABHEHNSI ¢ WHBOJIIONNEH B OTPAHUYIEHHON IBYMEPHON O0JIACTH.
IIpuBoaurcs pemrenue ¢ GyHKIMEH ympaBaeHWs Ha TPAHUIE PACCMATPUBAEMON 00JACTH.
Orpannvenusi Ha YIpaBJIEHUE OIMPEJEJISIOTCT TaKUM 006pa30oM, 9TOOBI CpejlHee 3HAYUCHHE
pellleHrs BHYTPU PacCMaTpuBaeMoil 00JIaCTH JOCTUTaJIO 3aaHHOTO 3HavueHus. HagabHO-
KpaeBad 3aj1a4a perraercs MeTonoM DPypbe, a paccMaTpuBaeMast 3a/1a9a yIIPABJICHIS aHAIIM-
3UPYeTCs C HOMOIIBIO HHTErPAJILHOrO ypaBueHus Boabreppa BToporo poja. CyimecTBoBanme
JIOIIyCTHMOTO yIPAaBJIEHNs JOKA3BIBAETCS METOJAOM IIpeodpa3oBanus Jlammaca.

Karouesvie crosa: ncesdonapaboruieckoe YpasHeHUue; MAMEMAMUYECKas MOJeb; KPa-
esas 3adava; uwmezpasvroe ypasuenue Boavmeppa; donycmumoe ynpasaenue; npeodpaso-

6aHUE ﬂcmfbaca; UHBONTOUUA.
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