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Summary. Solar panels are considered as three-layer plates with a thick, rigid outer layer and a thin,
soft inner layer. The model for anti-sandwich plates was used to describe the mechanical behavior of the plates in
the example of a solar panel. The literature review includes scientific articles describing models for analytical
and numerical calculations of three-layer plates. During the scientific study of the mechanical behavior of the
solar plate under the influence of external factors, the finite element analysis method for multilayer plates was
used. The shell elements were used to calculate and model the natural waveforms of three-layer plates. The paper
presents scientific research under static loading under various conditions of influence, analyzes the natural
frequencies, and vibration forms, and investigates the stress-strain state depending on the vibration frequencies
of the three-layer plate. As part of the scientific work, a mechanical model of a thin solar panel was studied using
finite element analysis in the ANSYS program, taking into account various temperature conditions and comparing
the results with existing studies.
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Formulation of the problem. In our time, there is a rapid development of renewable
energy sources, and one of the most common among them is solar energy. Solar panels are
subjected to significant loads due to temperature changes, wind, and precipitation. The
mentioned effects lead to dynamic loads, potentially causing breaches in the seal between
layers, crack formation in brittle materials, and consequently, a decrease in efficiency.
Therefore, the study of plate vibrations, using solar panels as an example, is important and
necessary for designing more robust solar panels.

Modeling and investigating the behavior of both individual layers and the entire
plate are essential and highly relevant today [1, 2]. In scientific research, solar panels
are considered as multilayered plates, and their study is conducted using classical
theories.

The paper presents the results of determining natural frequencies and vibration modes
for a three-layered plate, taking into account temperature factors. These results provide
information about the shape the structure will take if a force with a specific frequency, equal to
the corresponding natural frequency of vibrations, is applied to it.

Analysis of the available research results. Several studies have explored the dynamic
behavior of composite sandwich panels with different focuses and methodologies. For instance,
[3, 4] utilized a sandwich panel with laminate faces to analyze free vibrations. They employed
the Shear Deformation Theory and finite element analysis in ANSYS Workbench to investigate
the effects of design parameters on vibration responses. Another study [5] presented an exact
mathematical model for three-layered sandwich plates, providing a time-efficient alternative to
finite element methods.

A multiscale projection approach for analyzing photovoltaic modules, combining global
and local scales is proposed in [6]. The modeling and design of composite multilayered
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structures using a solid-shell finite element model, coupled with a response surface method for
optimization investigated in [7].

A new formulation for solid-shell finite elements considering large displacements and
different transverse shear strains approximations introduced in paper [8]. Authors [9] evaluated
the application of the first-order shear deformation (FSDT) theory to analyze laminated glasses
and photovoltaic panels.

A comprehensive analysis of functionally graded sandwich plates, focusing on
deflection and stresses conducted in [10]. In paper [11] authors analyzed laminated glass beams
for photovoltaic applications, assessing mechanical properties and relationships between
deflection and applied force.

In work [12] proposed a simple equivalent plate model for the dynamic bending stiffness
of three-layer sandwich panels, providing a computationally efficient solution. Authors in paper
[13] explored the free vibration of a three-layer sandwich plate with a viscoelastic core modeled
with fractional theory.

Three-dimensional vibration analysis of laminated composite plates performed in [14],
while in work [15] investigated thermal mechanical bending responses in functionally graded
material plates. Combining these approaches could enhance the understanding of dynamic
behavior in structures with varying material properties.

A finite element model for analyzing the vibration and damping of sandwich
plates under different boundary conditions is shown in [16]. Also modal analysis of a
sandwich panel with composite laminated faces, studying the effect of design parameters
on vibration response and identifying length sensitivity to dynamic wind loads conducted
in [17].

The models for evaluating PV-module temperatures is shown in [18], and higher-
order structural theories for laminated composite panels explored in [19]. Integrating these
models could improve the design and performance prediction of photovoltaic structures.

An alternative determination of transverse shear stiffness’s for sandwich
and laminated plates, contributing to equivalent single-layer theories and enhancing
structural analysis accuracy proposed by authors in. Experimental and numerical studies on
the flexural behavior of fiber-reinforced polymer composite sandwich panels, assessing the
effects of various parameters on flexural stiffness and strength demonstrated in. Study
advance knowledge in structural mechanics, materials science, and engineering design,
providing a comprehensive understanding of dynamic response, mechanical properties, and
optimization in composite structures across diverse engineering applications.

The diverse range of topics, methodologies, and applications addressed in these
works reflects the multidisciplinary nature of research in composite materials, structural
analysis, and mechanical behavior. The integration of analytical, numerical, and
experimental approaches provides a comprehensive understanding of the dynamic response,
mechanical properties, and optimization of composite structures in various engineering
applications.

These studies are particularly relevant to the solar energy sector, offering crucial
insights into optimizing materials and structural designs for solar panels. Their
multidisciplinary approach ensures a comprehensive understanding of how these
components perform, emphasizing lightweight design and energy efficiency-key factors for
enhancing solar panel efficiency. The proposed synergies and alternative methods
contribute directly to refining models and innovating solutions tailored to the unique
challenges in solar panel design. In summary, these studies play a pivotal role in advancing
solar panel technologies, contributing to more effective and sustainable solar energy
systems.
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Objective of the research. The main goal of the research is to determine the natural
frequencies and vibration modes of a three-layered plate using the finite element method, with
the example model being a solar panel and considering the influence of temperature. The
investigation also includes assessing the convergence of discretization to analyze the accuracy
of the obtained results. Also, the study of the stress-strain state of the three-layered plate.

Statement of the problem. The object of the study is a three-layered plate subjected to
various types of loading, using solar panels as an example. The typical structure of solar
elements consists of outer glass layers and inner soft polymer layers, serving a protective
function for very thin and brittle silicon solar panels (Fig. 1) [3-5].

1. glass plate

2. top protective

membrane

3. photocell

4. lower protective
membrane

5. glass plate fl—-,

Figure 1. a) Structure of a solar panel and b) boundary conditions [2]

As mentioned earlier, this mechanical model describes the typical construction of solar
panels, which consists of glass and soft polymer materials. This type of construction serves a
protective function for very thin and brittle silicon solar panels.

Scientific articles often lack information about the type of attachment of solar panels. In
this case, analytical calculation is conducted in two boundary cases of attachment: rigid
attachment and free attachment, allowing relative displacement of layers.

Shell elements used in classical theories do not account for transverse shear, which
makes it impossible to model the real behavior of a solar panel in the thickness direction.

1. Geometry Modeling

The investigation was carried out for a three-layered thin anti-sandwich panel, where
the outer layers are made of glass, and the inner layer is made of soft polymer EVA. The
geometric characteristics of this model are as follows:

1) Planar dimensions are significantly larger than the overall thickness: L, , > L, (Fig. 2).

2) Thickness of the middle layer is very small compared to the thickness of the outer
layers: h* < h®,hY (Fig. 2, Table 1).

o

hl{
i}

Figure 2. Plate Structure
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Table 1

Geometric data [8]

Parameter Value
L1 [mm] 1620
Lo [mm] 810
h® [mm] 3.2
hY [mm] 3.2
hK [mm] 1,0

2. Material selection

As mentioned earlier, the outer layer of solar modules is protected by glass. Inside, there
is a protective polymer layer, which is typically made from Ethylene Vinyl Acetate (EVA). It
compensates for various thermal and mechanical deformations and serves as a sealing layer for

the photovoltaic cells [9].

An important assumption is that each layer is considered isotropic. Additionally, the
mechanical characteristics of the outer layers significantly outweigh the corresponding values
of the inner layer: E, =E, > E,, G, =G, > G, . Material properties is provided in Table 2.

Table 2

Material properties [8]

Parameter Glass EVA
E [N/mm?] 73000 7,9

v [-] 0,3 0,41
P [kg/mm?3] 25-107 960-10°°
G [N/mm?] 28076,9 2,80

Since the goal is to determine the mechanical behavior of the sandwich structure under
real weather conditions, it is important to investigate the impact of different temperatures. The
study was conducted at the following temperatures: under normal conditions (+23°C), under
elevated conditions (+80°C), and under reduced conditions (-40°C). It is assumed that the
properties of the outer layers do not change with temperature, and only the mechanical
characteristics of the material in the middle layer vary. The corresponding values of mechanical
properties are provided in Table 3.

Table 3

Material data for the middle layer at different temperatures [9]

T [°C] -40 +23 +80

E [N/mm?] 1019,04 7.9 0,52
v [] 0,41 0,41 0,41

G [N/mm?] 361,36 2,80 0,18

3. Boundary Conditions and Loadings

Solar modules are typically embedded in an aluminum profile. Since the outer layers
are made of glass, which is a relatively brittle material, direct contact between glass and metal
is undesirable. This is because deformation would lead to high stress concentrations, resulting
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in crack formation and failure. Therefore, a special buffer layer is used between the glass and
the aluminum frame, absorbing deformation differences and compensating for stress (Fig. 1 b).

As detailed information about the buffer layer and its functions is lacking, the
assumption in this work is that all layers of the sandwich panel can freely rotate at the edges [9,
11]. Hence, it is reasonable to choose fixed displacement constraints for each layer at the edges
in the thickness direction, set to zero.

To simplify the problem, a uniform static load was applied in the form of pressure evenly
distributed over the entire surface of the sandwich, orthogonal to the surface plane. When
choosing the magnitude of the load, it was considered that the problem is geometrically linear,
therefore the relationship should hold wmax/h<0,5, where wmax — maximum deflection, h — the
overall thickness of the plate. According to [1], the magnitude of the distributed load may vary

within the range +2,4-107 and 45,4-10N/mm?. In this problem, it was decided to apply the

load 0.5-10°° N/mm?,

4. Finite Element Meshing

The finite element mesh was constructed in ANSYS Workbench using spatial shell
elements. Only one element was used through the thickness of each layer. The aspect ratio of
each element in the plane directions is set to one: AR = % =1. Thus, the corresponding nodes

2

at the boundaries between the layers coincide. Since the behavior of the element in the plane
directions and in the thickness direction differs, it is important during discretization to specify
the thickness direction for the elements. To do this, it is necessary to select the upper and lower
surfaces. The geometric model with the finite element mesh is shown in Fig. 3, where the lower
surface is indicated in blue.

0,000 0450 0,900 (m) z/\
[ e S

0,225 0,675

Figure 3. Spatial discretization of the plate

5. Investigation of Convergence of Results

The investigation of the convergence of results was conducted to check the accuracy of
the finite element calculation. The h-method was used for this purpose, involving an increase
in the number of elements. Several meshes with different numbers of elements were generated,
and the maximum plate deflection values were calculated and compared.

Since the goal is to determine the mechanical behavior of the sandwich panel under real
weather conditions, it is important to study it at different temperatures. Numerical modeling
was carried out using the ANSYS Workbench software package. The simulation results are
presented in the figures (Fig. 4).
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Figure 4. Maximum plate deflection values calculated using different
numbers of elements at various temperatures:
a) -40 °C, b) +23 °C, ¢) +80 °C.

Numerical values of the results depicting the dependence of the maximum plate
deflection on the number of elements are provided in Table 4.
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Table 4

Main results of calculations

Ne NE (Tz\l—vir;;XOC) (T:Vfg(l)XOC) (T;IYISXOC)
1 54 0,18676 0,18789 0,10186
2 486 0,3014 0,30679 0,08977
3 4374 0,30252 0,30931 0,076833
4 17496 0,30271 0,30995 0,073334

From the figures and the table, it is clear that the deviations between the
deflections on the last two meshes (Ne 3 and Ne 4) are very small (less than 5%). This
indicates that the solutions converge, and therefore, for further calculations, it is sufficient
to use mesh 3.

As evident from Fig. 4 and Table 4, the maximum deflection increases with an increase
in the number of elements, which corresponds to the physical situation where a plate becomes
less rigid with more elements.

In contrast, at a temperature of -40°C, the convergence shows physically correct results,
meaning that with mesh refinement, the deflection decreases.

The deflection distribution is symmetrical (Fig. 5), with the same trend, i.e., the
deflection increases with an increase in temperature.

0,00E+00

0 200 400 600 800 1000 1200 1400 1600
-5,00E-02

-1,00E-01

-1,50E-01

-2,00E-01

Wmax, Imm

-2,50E-01 -40

+23
-3,00E-01
+ 80

-3,50E-01

X, mm
Figure 5. Plate deflections in the thickness direction
at different temperatures
Results of the research. As a result of modeling the static analysis of the

stress-strain state of a three-layer plate, displacements, strains, normal and shear stresses
were determined, taking into account the temperature effect (Figs. 6, 7, 8).
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Figure 6. Results of static analysis:
a) deflection, b) equivalent strains, ¢) equivalent stresses (von Mises),
d) maximum shear stresses occurring in the three-layer plate at a temperature of -40°C

Total Deformation Equivalent Elsstic Srain
Type: Total Deformation Type: Equivalent Elasti Strain

Unit: mm/mm

Time: 1 Time: 1
0122023 1349 04122023 1641

0.0003014 Max 000051365 Max

000026791 000045664

000023842 000039964

000020083 000034263

000016744 000028563

000013395 000022862

000010047 o 7en

6077e-5 000011481

34995 576045

0Min v 59829-7 Min

0,000 0450 0,200(m) z)\ X 000 45000 900,00 (mm) z)\l X
— — — —)
05 067 2500 675,00
a) b)

D:-23 :23
Equivalent Sress Macimum Shesr Stress
Type: Equivalent (von-Mises) Stress Type: Maimurm Shear Stress
UnitPa UnitPa
Time: 1

01.12.2023 13:49 01.12.2023 1349

2890606 Max 1,5633e6 Max

2,5695¢6 1,3696e6

2,2483¢6 1,215%6

1,9271e6 1,0422e6

1,605%6 8,685¢5

1,2847¢6 6,998e5

9635565 S 521165

§4237¢5 347465 >

3211965 > 17375 S

71,2788 Min < 4,1303 Min ;
0000 0450 0900(m) :/L. G 0000 0450 0900 (m) !./L. x

T — ) —

0235 0675 0275 0675

Figure 7. Results of static analysis:
a) deflection, b) equivalent strains, c) equivalent stresses (von Mises),
d) maximum shear stresses occurring in the three-layer plate at a temperature of +23°C
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c) d)

Figure 8. Results of static analysis: a) deformation, b) equivalent strains, c) equivalent stresses (von Mises),
d) maximum shear stresses occurring in the three-layer plate at a temperature of +80°C

The results of the calculation of the corresponding deformations, strains, and stresses
are shown in Table 5.

Table 5

Main results of calculations

Temperature Deformation, Strain, Equiva_lent stress Shear stress,
mm mm/mm (von Mises), MPa MPa
-40°C 0,089771 0,000153 1,305 0,7057
+23°C 0,3014 0,000514 2,8906 1,5633
+80°C 0,30679 0,000523 2,9278 1,5834

Modal response of the three-layer plate. The modal analysis method is used to construct
modes and find natural frequencies of vibrations and can be solved using the appropriate FEA software.
Harmonic analysis is performed to find the amplitudes of displacements and stresses corresponding
to each found natural frequency of the structure under exciting loads. The analysis was carried out
using ANSY'S Workbench. The calculation was limited to the tenth mode of vibration (Table 6).

Table 6

Eigenfrequencies for plate

No Frequency, Hz (-40°C) Frequency, Hz (+23°C) Frequency, Hz (+80°C)
1 2 3 4

1 110,13 61,56 61,04

2 138,85 79,68 79,07

3 181,63 111,98 1113

4 230,37 158,38 157,66

5 236,5 159,81 159,17

6 252,19 177,76 177,09
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Eigenmodes of vibration of the three-layer plate with consideration of temperature
influence obtained from modal analysis are shown in Fig. 9, 10, 11.
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Figure 9. Total deformation of the plate from Mode 1-10 using ANSYS (T = - 40°C)
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Figure 10. Total deformation of the plate from
Mode 1-10 using ANSYS (T = + 23°C)
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Figure 11. Total deformation of the plate from Mode 1-10 using ANSYS (T = + 80 °C)

The results of the obtained natural frequencies values depending on the

corresponding mode during the modeling process are presented in the form of a histogram

in Fig.

12.
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Figure 12. Frequency (Hz) v/s Modes

Harmonic response of the three-layer plate. Harmonic analysis for the three-layer plate,
exemplified by a solar panel, was conducted with the application of external loading in the form of
a distributed force. The graphical distribution of deformations and strains in different plate directions
Is shown in Fig. 13 and Fig. 14, respectively. Harmonic analysis is essential for determining the
frequency and phase characteristics of the satellite shaft in the operating frequency range, solved
through modal analysis. For the current investigation, the frequency range varies from 0 to 400 Hz.

In the amplitude-frequency plot (mm vs. Hz), a significant reduction is observed in the
frequency range from 50 Hz to 100 Hz. The maximum displacement (2.62 mm) is observed in the
Y-direction, while the minimum is observed in the X-direction (Fig. 13). The amplitude-frequency
plot (Pa vs. Hz) shows that the maximum stress (155.31 Pa) is observed in the Y-direction compared
to other directions (Fig. 15). Similar dependencies are observed in the harmonic analysis of the
three-layer plate, exemplified by a solar panel, under different temperature influences.

The provided plots of deformation, strain, and stress amplitudes allow for the
determination of maximum values in each direction.

Deformation in X Deformation in Y

3,00E-10 3,00E+00
—o—- 40
—e—-a0
2,50E-10 +23 2,50E4+00 423
——+ 80
E 2,00E-10 8 2,00E+00 ==+ 80
El
£ 150610 2 1506400
g 2
g =2
£ 1,00e10 = 1,00E+00
=1 =
g ]
< 500611 4 5,00E-01
0,00E+00 0,00E+00

-5,00E-11 -5,00€-01
0 100 200 300 400 o 50 100 150 200 250 300 350 400

Frequency, Hz Frequency, Hz

a) b)

Deformation in Z

4,00E-10

3,50E-10

3,00E-10

2,50E-10
2,00E-10

1,50€E-10

Amplitude in mm

1,00E-10

5,00E-11

0,00E+00

-5,00E-11
o 50 100 150 200 250 300 350 400

Frequency, Hz
c)
Figure 13. Deformation Amplitude (mm) v/s Frequency (Hz): X — direction, Y — direction, Z — direction
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Prospects for further research development. In the subsequent research works, there
are plans to delve into the investigation of the influence of boundary conditions on the natural
vibrations of the three-layer plate, exemplified by a solar panel. The aim is to determine
equivalent mechanical characteristics such as Young's modulus and Poisson's ratio. This is
crucial as understanding their impact on the dynamic characteristics of multilayer plates
remains a pertinent task.
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Conclusions. The article presents the results of investigating the behavior of a three-
layer plate using the example of a solar panel through finite element analysis. Static calculations
were performed to determine normal and shear stresses, as well as corresponding displacements
and strains. To verify the adequacy of the calculations, a numerical convergence study was
conducted for various mesh densities. A modal analysis of the three-layer plate was performed,
allowing for the determination of natural frequencies and mode shapes at different
temperatures.

The analysis also covered harmonic characteristics of the three-layer plate,
considering the influence of temperature. The stress-strain state of the three-layer plate was
explored in different planes and at various frequencies of oscillations using by ANSYS
Workbench.
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YK 539.3

MCA HAIIPYKEHO-JIE®@OPMOBAHOT'O CTAHY TA KOJIUBAHb
TPUILIAPOBOI INIACTUHUA

SApocaas JlaBpenko; Makcum CynieHko

Hayionanvnuii mexniunuu ynieepcumem Ykpainu « Kuiecokuii noasimexuivHuu
incmumym imeni leops Cikopcvkoeor, Kuis, Ykpaina

Pe3ztome. Conauni nameni po3enrsanymo K MpuuLaposi niacmuny 3 mogcmum, HCOPCMKUM 3068HIUHIM
wapom i MOHKUM, M'SKUM HYMPIWHIM wapom. [{is onucy MexauiyHoi nosedinKu NAACMuK Ha NPUKIAOl COHAYHOL
nameni 8UKOPUCMAHO MOOeNb anmu-cenogiu niaacmun. Q2140 nimepamypu GKIOHAE HAYKOGI CMAMMI, o
onucyloms MoOeni 01 AHANIMUYHUX MA YUCETbHUX PO3PAXYHKIG mpuuwiaposux niacmun. Hasedeno
eKCHepUMeHmMAanbHi OaHi MEXAHIYHUX XAPAKMePUCMUK Mamepianie, sKi 6UKOPUCIOBYBAIUCS O MOOeNI08AHHS
HANPYICEHO-0ePOPMOBAH020 CcmaKy Ma OOCIIONCEHHA KOAUBAHbL MpUwaposoi niacmunu. Pesynemamu
YUCENbHO20 MOOEN8AHHS HAB8eOeHO 6 OaHitl cmammi. 11i0 uac HayKo8o2o 00CniOdHCeHHs MeXAHIYHOT N08eOIHKU
COHAYHOT NAACTUHY NIO 6NAUBOM 306HIWMIX (PAKMOPIE, MAaKux, AK GNIUE MeMNepamypu HA NO200HI YMOSU,
BUKOPUCIAHO MeMOO CKiHUeHO-eleMenmHo20 ananizy ona bazamowiaposux niacmut. OO0I0OHKOSI enemenmu
BUKOPUCINAHO 051 POIPAXYHKY MA MOOETIOBANHS 61ACHUX (POPM KOIUBAHL MPUWIAPOSUX naacun. JJocniodcenis
30ICHOCMI  Pe3yIbMamis NPO6eOeHO 3 MemoK NepesipKu MOYHOCMI CKIHUEHO-eleMEeHMHO020 PO3PAXYHKY.
3eeneposano womupu cimku 3 pi3HOMN KiIbKICMIO eleMeHmis, HA AKUX PO3PAX08AHO MAKCUMANbHI 3HAYEHHs
npocuHie niacmuHu ma nopieHeno Mixc coborw. I[Ipedcmasneno Haykosi O0CHIONCEHHA NPU CMAMUYHOMY
HABAHMAJICEHHI 3a PIi3HUX YMO8 enaugy. llposedenuii MOOANbHUN MA 2APMOMIYHUL AHANI3, AKI OANU 3MO2Y
BUBHAYUMU Ul NPOAHANIZY8AMNU 3ANEHCHOCII GIACHUX KOIUBAHL MA (OPMU KOIUBANb, OOCHIONCEHO HANPYICEHO-
dehopmo6anuti cman 3aneNHCHO 8i0 YACMOM KOAUBAHbL mMpuwiapogoi niacmuuu. Jis  00CHiONCeHHs.
memMnepamypHo20 8nau8y no6y008aro spaghiuni 3a1eiCHocmi nepemiujeHs, 0eopmayiti ma HanpytHceHsv Y PI3HUX
RIOWUHKAX. Y pamKkax HayKoeoi pobomu 00CaiOHNCeHO MEXAHIUHY MOOeIb MOHKOI COHAYHOT naHeni 3a 00NOMO20H0
CKiHYeHO-elleMeHmHo20 ananizy 6 npozpami ANSYS 3 ypaxyeanwsam pisnux memnepamypHux pedcumie ma
NOPIGHAHHAM PE3YTbMAmia 3 iCHYIOYUMU OOCAIOINCEHHAMU.

Knrouosi cnoea: consiuna nanenv, ceHosiy, 4acmomu, HaANPYyXicents, oeopmayis, Memoo CKIHYeHUx
enemenmis, ANSYS.
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