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In this work, a mathematical model of the thermo-electro-magnetic-elastic deforma-
tion process of thin plates with a complex shape was developed and calculation exper-
iments were carried out using the Hamilton-Ostrogradsky variational principle. Based
on the Kirchhoff-Liav hypothesis, the three-dimensional mathematical model was trans-
ferred to a two-dimensional view. Cauchy’s problem, physical law (Hook’s law), Lawrence
force and Maxwell’s equations were used to find variational solutions of kinetic and po-
tential energy and work done by external forces. The effects of electromagnetic field
forces and temperature on the state of deformation stress of an electrically conductive
plate were observed, as a result, the equation of motion in the form of a system of dif-
ferential differential equations with initial and boundary conditions for displacement, i.e.
mathematical model was developed. R-function, numerical methods (Bubnov-Galerkin,
Newmark, Gauss and Gauss squares) were used to find the solutions of the unknown func-
tion, and a calculation algorithm was created. In the calculation experiments, numerical
results were obtained by conducting calculation experiments based on the mechanical
conditions of the plate and various conditions. A comparative analysis of the calculation
results was presented.
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1 Introduction

Of plates with complex configuration in the world scientific research aimed at build-
ing mathematical models and developing calculation algorithms to solve the problems of
thermo-electro-magnetic-elasticity deformation processes is being carried out.. Thin mag-
netoelastic structural elements are important structural elements of machine-building,
aircraft-building, shipbuilding and construction facilities. In addition, it is widely used in
the fields of working with radio signals.

Many scientists of the world and our country have conducted many studies on the
processes of magnetoelastic deformation of thin electroconductive bodies. In particu-
lar, D.I. Bardzokas, S.A. Ambarsumyan, G.Ye. Bagdasaryan, M.V. Belubekyan, K.A.
Rakhmatulin, V.K. Kobulov, B. Kurmanbaev, Sh.A. Nazirov, T. Yuldashev, A.A. Khald-
jigitov, R.Sh. Indiaminov, F.M. Nuraliev etc. scientists are among them. The analysis of
the literature shows that the problems of mathematical modeling of the thermo-electro-
magnetic-elasticity deformation processes of thin plates with an electrically conductive
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complex shape under the influence of mechanical and electromagnetic forces and temper-
ature are relevant. This determines how important the issue is and how relevant it is to
conduct research.

Boundary problems of the general theory of thermoelectro-magneto-elasticity for ho-
mogeneous anisotropic bodies with cracks are studied in the work [2|. Using potential
methods of pseudo-differential equations on finite manifolds, it is proved that the solu-
tions are defined and unique based on their theory. Using potential methods and theory
of pseudo-differential equations in finite manifolds, existence and uniqueness of solutions
are proved. In the article [3], a nonlocal first-order deformable plate model is presented
to study the buckling and subsequent buckling of magneto-electro-thermoelastic (METE)
nanoplates under magneto-electro-thermo-mechanical loadings. The mathematical model
is described by a system of nonlinear equations for temperature and displacement, and
heat release occurs in the source subregion V. Vasileva et al. identified in the article [4].

The behavior of an anisotropic material under limited deformations under the influence
of external force factors in a non-uniform stationary temperature field has been studied
[5]. The description of these processes requires the formulation of a boundary value
problem taking into account the interaction of force and temperature factors. A size-
dependent nanoplate model was developed to describe the free vibrational and torsional
motions of magneto-electro-thermo-elastic (METE) rectangular nanoplates [6]. Nonlocal
elasticity theory, along with third-order shear deformation theory, has been applied to
size-dependent mathematical modeling of nanoplates. Hamilton’s principle, Galerkin’s
method and Duffing type ordinary differential equations are used.

2 Problem statement

Based on the Hamilton-Ostrogradsky variational principle, a mathematical model of the
deformation process of a magnetoelastic plate was developed [1]. A three-dimensional
mathematical model was converted to a two-dimensional view using the Kirchhoff-Liav
hypothesis. A linear strain tensor was obtained using the Cauchy relation and Hooke’s
law. The general form of geometric linear deformation obtained according to the Cauchy
relation is as follows [10]

Cow = or ~0x2’
Ov d*w
Cyy = oy Za—yQ; (1)
ou Ov 0*w

€y = 7 T 7 — % .
Y or Oy 0xdy
ez, ey, e,y is deduced from the formula. Here the plates are joined by thickness. We
derive this expression using the Duhamel-Neyman relation and Hooke’s law
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where F - Young modulus, i - Poisson’s ratio, ap - heat resistance coefficient, Tj - initial
temperature of the plate, T' - temperature of the plate.
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Lorenth force and Maxwell’s electromagnetic tensor form were used |7] and the electro-
magnetic field forces of the magnetoelastic plate were developed. As a result, a mathemat-
ical model representing the process of deformation under the influence of electromagnetic
field forces was developed [8].
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Initial conditions:

ou ov ow
phaéuh =0, phaévh =0, pha&uh =0, T|4=o = 0, (4)

where p - density of the material under consideration, A - thickness of the plate.

Boundary conditions:
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where Ny, Ny, Nz, -normal and impact forces, M,,, M,,, M,, - bending and twist-
ing moments, &..,&.y, &z, ¢a, @y, ¢ - derivative external forces,(r-constant temperature,
Nz, Ny,N., R;, R, R, - the organizers of the volume forces.

3 Computational algorithm

The bending of the middle surface of the plate along the z,y, zcoordinate axis is deter-
mined by the above numerical methods. In this case, finding u(z,y, 2), v(z,y, 2), w(z,y, 2)
displacement points of the middle surface of a thin plate with a complex shape along the
coordinate z,y, z axis includes the following steps [11]:

O M, (w) O Myy(w) | 0" Myy(w)
Ox? + Ox20y? * oyt =@ (6)
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The displacement functions u, v, w are calculated in the following system of equations
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4 Computational experiments

To determine the coefficients of the unknowns in the equation of motion (1), the Bubnov-
Galerkin variational method, Gaussian squares, Gaussian, Newmark, numerical methods
are used together. In particular, the displacement coefficients of the magnetoelastic thin
plate along the OZ axis w;(x,y), vi(z,y), w;(z,y) are determined.

The analytical equation of the area of complex structural form was constructed using
the R-function method of V.L. Rivachov [9]. A symmetrical complex structural form (Fig.
2) was built during computational experiments. The borders (four sides) of the elastic
plate are tightly fixed.

Using the R-function, the boundary equation for the symmetric complex field (Fig.
1) was constructed. Numerical results and a graphical representation of the bending of
this symmetric complex magnetoelastic plate (Fig. 2) along the coordinate axis under the
influence of external forces are presented in Fig. 3.
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Figure 1 Complex form magnetoelastic symmetric thin plate

Based on the boundary conditions given above, we construct the analytical equations

of the field with a complex configuration (expression 1).
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In the process of calculation, we obtain the geometric and mechanical parameters as

follows.
a=1,b=1 h=0.01, R=0.2,r=0.1, v =0.3,

to=01, H, = H,=H, =10kE, T = 40°, Q, = 1.
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Table 1. Results obtained under conditions where the boundaries of the thin plate are

rigidly fixed

x Y Values of the Values of the Values of the
function function function
W(z,y,t)t =0.1 | W(z,y,t)t =0.1 | W(z,y,t)t =0.1
when the when the when the
mechanical forces | electromagnetic | mechanical forces
field forces and
electromagnetic
field forces, when
affected by
temperature
-1 0 0 0 0
-0.9 0 0.000408 0.00449 0.00525
-0.8 0 0.000426 0.000468 0.00133
-0.7 0 0.000104 0.000114 0.000133
-0.6 0 0 0 0
-0.5 0 0 0 0
-0.4 0 0 0 0
-0.3 0 0.000086 0.000094 0.000110
-0.2 0 0.000404 0.000444 0.000519
-0.1 0 0.000814 0.000897 0.001049
0 0 0.001006 0.001107 0.001295
0.1 0 0.000814 0.000897 0.001049
0.2 0 0.000403 0.0004 0.000519
0.3 0 0.000086 0.000094 0.000110
0.4 0 0 0 0
0.5 0 0 0 0
0.6 0 0 0 0
0.7 0 0.000104 0.000114 0.000133
0.8 0 0.000426 0.000469 0.000548
0.9 0 0.000408 0.000449 0.000525
1 0 0 0 0
wixyt)
A A

10 08 06 04 02 02 04 06 08 10

Figure 2 Graphic representation of a magnetoelastic symmetric thin plate with a complex con-
figuration on the coordinate axis with the boundaries rigidly fixed
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Table 2. Results obtained on U(x,y,t) in the conditions where the boundaries of the
thin plate are rigidly fixed

x Y Values of the Values of the Values of the
function function function
U(z,y,t)t =0.1 U(z,y,t)t =0.1 U(z,y,t)t =0.1
when the when the when the
mechanical forces | electromagnetic | mechanical forces
field forces and
electromagnetic
field forces, when
affected by
temperature
-1 0 0 0 0
-0.9 0 0.0000035 0.0000039 0.0000049
-0.8 0 0.0000036 0.0000041 0.0000051
-0.7 0 0.0000008 0.0000010 0.0000012
-0.6 0 0 0 0
-0.5 0 0 0 0
-0.4 0 0 0 0
-0.3 0 0.0000007 0.0000008 0.0000104
-0.2 0 0.0000034 0.000444 0.0000489
-0.1 0 0.0000066 0.0000079 0.0000987
0 0 0.0000087 0.0000098 0.0000122
0.1 0 0.0000069 0.000897 0.0000099
0.2 0 0.0000343 0.0000039 0.0000049
0.3 0 0.0000007 0.0000008 0.00000104
0.4 0 0 0 0
0.5 0 0 0 0
0.6 0 0 0 0
0.7 0 0.0000088 0.0000010 0.0000126
0.8 0 0.0000036 0.0000041 0.0000052
0.9 0 0.0000035 0.0000039 0.0000049
1 0 0 0 0

-1,0

0,000025

0,00007

0900015

@doo01

0,000005

0.4 -0,2 0,0
xxxxx

02 04 0,6

u(x,yt)

Mech
Mech+Mag

Mech+Mag+Temp

038 1,0

Figure 3 Graphic representation of a magnetoelastic symmetric thin plate with a complex con-
figuration on the coordinate axis with the boundaries rigidly fixed
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Table3. Results obtained on V' (x,y,t) in the conditions where the boundaries of the
thin plate are rigidly fixed

x Y Values of the Values of the Values of the
function function function
V(z,y,t)t =0.1 V(z,y,t)t =0.1 V(z,y,t)t =0.1
when the when the when the
mechanical forces | electromagnetic | mechanical forces
field forces and
electromagnetic
field forces, when
affected by
temperature
-1 0 0 0 0
-0.9 0 0.0000026 0.0000031 0.0000037
-0.8 0 0.0000027 0.0000032 0.0000039
-0.7 0 0.0000066 0.0000078 0.0000094
-0.6 0 0 0 0
-0.5 0 0 0 0
-0.4 0 0 0 0
-0.3 0 0.0000005 0.0000007 0.0000078
-0.2 0 0.0000026 0.0000030 0.0000036
-0.1 0 0.0000052 0.0000061 0.0000074
0 0 0.0000064 0.0000076 0.0000091
0.1 0 0.0000052 0.0000061 0.0000074
0.2 0 0.0000026 0.0000030 0.0000037
0.3 0 0.0000005 0.0000006 0.0000008
0.4 0 0 0 0
0.5 0 0 0 0
0.6 0 0 0 0
0.7 0 0.0000066 0.0000008 0.0000009
0.8 0 0.0000027 0.0000032 0.0000039
0.9 0 0.0000026 0.0000030 0.0000004
1 0 0 0 0
Vi)

0,6

Figure 4 Results obtained on V(z,y,t) in the conditions where the boundaries of the thin plate

are rigidly fixed
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In short, when calculating the effects of mechanical forces on an electroconductive thin
plate and the magnetic field force difference of 9.1% and the effect of temperature on the
mechanical forces (Table 1, Fig. 3), and the conclusion of the calculation experiments is
as follows shows that their mutual difference was 14.5% [10]

The conclusion of the calculation experiments shows that the difference of mechanical
forces, magnetic field forces was 12.3% and the mutual difference of temperature effect
was 19.9%.

According to the results of the experiment, when calculating the effect of mechanical
forces on the electrically conductive thin plate and the effect of magnetic field forces on
the mechanical forces, the difference is 15.4% (Table 3, Figure 5) and the temperature
Experiments show that the difference between them was 17.0%.

In the following experiment, the polynomial level N = 2, N = 3, andN = 4 were tested.
As a result, w(z,y,t) - numerical values of the function converged at levels N =3, N =4
(Fig.6).

W ( XIYJT)

e N=2

Z AXES

——N=3

e N =4

-1,0
X AXES

Figure 5 Comparison graph of degree polynomials obtained by the Bubnov-Galerkin method.

W(X,Y,T)

=8
=B=n-16
n=32

=48

Figure 6 Gaussian node comparison plot.

In the next experiment (Fig. 6), the Gaussian quadrature formula was used to calculate
the exact integral of the equation. Experiments were conducted at various points using
the Kronrod polynomial. As a result, at values of Gauss nodes n=32, n=48, w(x,y,t) -
numerical values of the function converged and approximate solutions close to the exact
solution were obtained.
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Figure 8 The boundaries of the plate are numerically obtained in the free state results graphd

5 Conclusion

A mathematical model in the form of a system of differential differential equations
representing the processes of thermo-electro-magneto-elastic deformation of a thin plate
with a complex shape was developed. A calculation algorithm was developed to determine
the unknown coefficients in the mathematical model. The unknown coefficients of the
mathematical model were found based on the deformation processes of the thin plate under
the influence of electromagnetic forces and temperature under different conditions (the
boundaries are tightly fixed, the hinge is fixed). Computational experiments were carried
out to study the effect of mechanical forces, electromagnetic field forces and temperature
on a thin plate of complex shape, and their comparative analysis was presented. The
results of the experiment revealed that the influence of electro-magnetic field forces on thin
magnetoelastic plates is small. The overall results prove that the plate with a complex
structural shape has a direct effect on the thermo-electro-magneto-elastic deformation
process.
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MATEMATNYECKOE MOAEJINMPOBAHUE ITPOITECCOB

TEPMO-JIEKTPO-MATHUTOVIIPYT'OI JTE®OPMAIINN
TOHKUX IIJIACTHUH CJIOXKHO KOHCTPYKTHUBHO

OOPMbBI
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muhammadzohir11100@gmail.com
Amnmmkanckuit rocymapersennniit yausepcutet, 170100, Y36exkucran, r. AHankaH, yiI.
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Crarbga IIOCBAIIICHaA pa3pa60TKe MaTeMaTUIeCKOMN MO/JIEJIN IIPOoIecca rZ[ed)Opl\la]_(I/II/I TOH-

KHAX MarHATOYIPYIUX IIACTUH CJIOXKHOM CTPYKTYPHO# (DOPMBI Ha, OCHOBE BapHAIIOHHOI'O
IIpUHIAIIAQ FaMI/I.HI)TOHa—OCTpOFpaﬂCKOFO 1 IPOBEACHUIO BbIYUCJIUTE/IbHBIX 9KCIIEpUMEH-
ToB. Ilpu sTOM TpexmepHas mMareMaTwIecKas MOIE/b ObLIa IepeBe/leHa B JIBYMEPHDIH
BHUJ C UCIOJIb30BaHmeM runore3bl Kupxroda-Jluasa. s onpeesiennss KHHETHIECKOM



Mupzaaxmeaos M.K.

U HOTEHIINAIbHON SHEPIrUud U pabOThl BHEITHUX CHJI MCIIOJIb30BAJINCh COOTHOIIeHHE Ko-
i, 3akoH ['yka, cusa Jlopenna u sjlekrpoMarauTHbIil Ten3op Makcsesuia. VceegoBano
B/INAHHE JICKTPOMArHUTHOI'O IIOJIA Ha ﬂerOpMaHHOHHO-HaHpﬂ)KeHHOG COCTOAHUE Mar-
HUTOYIPYrOil IJIACTHHBI, B Pe3yJibTare Yero COo3JaHa MaTeMaTHdecKasl MOJeJb B BHIE
cucreMbl uddepeHnnalIbHbIX YPaBHEHUN ¢ HAYaJbHBIMA U IPAHUIHBIME YCIOBUSIME 10
nepeMelrenuio. st peienus ypaBHeHUsI pa3paboTaH aJrOPUTM pacdera C HCIOJIb30Ba-
HreM MeTonoB R-dyuknuu, Bybnosa-T'anepkuna, Heomapka, I'aycca, kBagparos 'aycca
n 4Yucjia HTepaHHﬁ. HpOBe,Z[eHI)I BBIYUCJIUTEJIbHbIC 3KCIIEPUMMEHTLI B Pa3JIMYHBIX MeXa-
HUYIECKUX COCTOSHHUSAX MArHUTOYIIPYIO# IIJIACTHHBI, €€ Kpasl YKeCTKO 3aKPEIJIEHBI, OHA
CTOPOHA IIAPHUPHO 3aKpeIlieHa, Apyras ¢cBOOOIHA, U [IOJIYYEHbl YACAEHHbIE PE3YILTATEL.
IIpeacrasiien cpaBHUTEIbHBIN aHAIN3 PE3YJILTATOB PACIETOB.

Kuarouessbie caoBa: npunnun ['amuinbrona-Ocrporpajickoro, merod Bybrosa-I'ajsepkuna,
coornomrenne Koru, 3akon I'yka, ssekTpomarautabiii Tenzop Makcsesia, R-dyHKIwms.

Huruposanue: Mupsaaxmedos M. K. MaTremarndeckoe MoIeINPOBAHIE IIPOIIECCOB TEPMO-
97IEKTPO-MATrHUTOYTIPYTOit  medopMaIiil TOHKWX ILJIACTUH CJIOKHOW KOHCTPYKTHBHOM
dopmer // TIpobremsl BoMuCIATENbHOM U IpUKIagHoil MaTeMaTuku. — 2024. — Ne5(61).
- C.31-42.
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