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ABSTRACT

Based on the recent development of renewable energy utilization technology, in addition to centralized photovol-
taic power plants, distributed photovoltaic power generation systems represented by building-integrated photo-
voltaic systems are frequently employed for power supply. Therefore, in the architectural design, the double-glass
photovoltaic module used in the integrated photovoltaic building system puts forward a higher load-bearing capa-
city requirement and the corresponding simplified method of carrying capacity check. This article focuses on the
simplified method of checking the bearing capacity of the four-sided simply supported double-glass photovoltaic
module. First, the principle of equivalent stiffness is used to calculate the effective thickness. Then, the rationality
of this approach is verified by comparing the bending states of sandwich panels under different shear moduli. The
double-glass photovoltaic module is equivalent to a single-layer board, and its effectiveness is verified by compar-
ing the impact test results of the double-glass photovoltaic module with the results of the single-layer board. But
the comparison with the test results shows that, from the perspective of architectural design, the effective thick-
ness results in this paper can ensure that the building structure has sufficient bearing capacity, but the four-side
simply supported boundary theory cannot fully reflect the calculation of the bearing capacity of the four-side
clamped double-glass photovoltaic module.
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1 Introduction

Based on the recent development of renewable energy utilization technology, in addition to centralized
photovoltaic power plants, distributed photovoltaic power generation systems represented by building-
integrated photovoltaic (BIPV) systems are frequently employed for power supply [1–3]. BIPV systems
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are an important part of photovoltaic applications [4–5]. Photovoltaic modules are designed to be combined
with buildings as building components [6–7] to reduce the cost of building materials while providing
additional power for buildings. Therefore, BIPV systems can meet the requirements for green building
energy savings, emission reduction, and economic savings and are important development goals for
photovoltaic applications [4–5].

In the BIPV system, photovoltaic modules with different packaging materials can be used for different
applications. For example, ordinary single-glass photovoltaic modules are usually used on opaque roofs [8].
However, in actual engineering, the photovoltaic modules used in BIPV systems must not only provide
electricity for building use but also meet lighting and safety requirements [7–9]. Therefore, BIPV systems
often use photovoltaic modules called double-glass photovoltaic modules [8]. Compared with traditional
single-glass photovoltaic modules used in centralized photovoltaic power stations, double-glazed
photovoltaic modules have better light transmittance. However, BIPV systems can use double-sided
double-glazed photovoltaic modules, which will provide more electricity than single-sided double-glazed
photovoltaic modules [9–10]. Correspondingly, there have been many corresponding studies on the
output power of photovoltaic modules. Premkumar et al. [11–12] analyzed the V-I relationship of the
components, proposed a corresponding analysis model, and also studied the power output of the
components under different lighting conditions. In the application of the BIPV system, the double-glass
photovoltaic module as a component of a building structure needs to bear the corresponding external
loads; therefore, the mechanical properties of double-glass photovoltaic modules in BIPV systems must
meet the requirements of the mechanical properties of the building. The International Electrotechnical
Commission (IEC) specification [13] provides requirements for the design, evaluation and finalization of
crystalline photovoltaic modules for ground use. These requirements specify the mechanical load and hail
impact mechanical test methods and eligibility criteria used to test the eligibility of crystalline
photovoltaic modules, and there is no ongoing research on the mechanical performance parameters of
photovoltaic modules. However, the mechanical performance parameters of double-glass photovoltaic
modules are crucial to the design of BIPV systems.

The packing structure of a double-glass photovoltaic module is shown in Fig. 1. It consists of two upper
and lower surface layers of the glass and an ethylene-vinyl acetate (EVA) copolymer intermediate layer that
wraps the silicon cell and the power bus bar [14–18]. The basic structure of double-glass photovoltaic
modules is similar to that of laminated glass [16–18]. Naumenko et al. [16] hypothesized that silicon cells
would not affect the overall bending of a sheet or the stiffness of a membrane; therefore, in the overall
deformation analysis, the entire intermediate layer of the organic polymer covering a silicon cell can be
regarded as a homogeneous shear layer. At this time, the mechanical model of a double-glass
photovoltaic module is the same as that of a laminated composite glass panel. Mishra [19] reviewed the
fracture behavior of laminated composite glass plates and introduced a variety of mechanical models
suitable for the theoretical analysis of composite material laminated plates, such as classical lamination
theory (CLT), first-order shear deformation theory (FSDT), and layerwise theory (LWT). In recent years,
many scholars have extended these theoretical studies to the mechanical behavior of photovoltaic panels.
Naumenko et al. [16] used LWT to study the layering of double-glass photovoltaic modules. Li et al. [17]
used the Hoff interlayer theoretical model [20] to analyze the bending resistance of double-glazed
photovoltaic panels under the boundary conditions of the panel being simply supported on four sides and
verified the accuracy of the theory by comparing their results with the results of experiments. In addition,
many scholars have used experimental research or numerical simulations to study the response of
photovoltaic modules under different boundary conditions and different static forces [21–23]. These
studies have greatly promoted the application of photovoltaic modules. However, in BIPV systems, a
double-glass photovoltaic module is an integral part of the building structure [7–8]. In addition to bearing
quasi-static loads such as wind pressure, a double-pressure photovoltaic module may suffer from impacts
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due to hail and various flying objects. Therefore, theoretical and experimental research related to the impact
effect is also of great significance to the design and application of double-glass photovoltaic modules.

In the analysis of impact and collision for sandwich panels, the key to determining the impact response is
to obtain the time history curve of the impact contact force. Many scholars have carried out research on the
impact of composite laminates by assuming a certain time history change and distribution of contact forces
[24–26]. Karas [27] extended Timoshenko’s method [28] of using local indentation to solve the beam impact
response of rectangular simply support plates for the analysis of the center collision problem and verified the
accuracy of the method through experiments. From the results of these studies, it is undoubtedly difficult to
evaluate the impact bearing capacity if the relevant theories for sandwich structures are directly used to guide
the structural design. The concept of effective thickness proposed by Wölfel [29] in 1987 simplifies the
calculation of this problem. At present, this method is adopted in the design specifications of laminated
glass in China, Europe and the USA [30–32] to simplify the calculation of sheet deformation under
bending. In addition, many scholars have studied the optimization method of the effective thickness
method of laminates. Peng et al. [33] regarded the middle layer as a rigid material in the research of
laminated glass, and combined it with the surface layer to calculate the overall bending rigidity of the
structure to obtain an effective thickness method. Calderone et al. [34] uses finite element analysis to
analyze the structural performance of laminates, and optimizes the existing effective thickness formula
based on the test results. Galuppi et al. [35] proposed a variational method to improve the accuracy of
effective thickness calculation on the bending performance of laminated beams. However, the effective
thickness methods in these laminated glass design codes all originated from research on the equivalent
stiffness of laminated beams. Moreover, the effective thickness method in the Chinese code completely
ignores the influence of the shear strength of the intermediate layer [30]. Therefore, these effective
thickness methods need to be evaluated to determine if they are suitable for the design calculation of
double-glass photovoltaic modules in BIPV systems.

Based on the status of the research results discussed above, this paper uses the effective thickness as an
index to explore the impact resistance of a double-glass photovoltaic module in a BIPV system and focuses
on the calculation approach based on the effective thickness of a double-glass photovoltaic module. This
paper explores the overall stiffness characteristics of a double-glass photovoltaic module through the
analysis of the natural frequency under the condition of the simply supported on four sides. The principle
of equivalent stiffness is used to calculate the effective thickness. Then, the rationality of the method is
verified by analyzing the bending state of sandwich panels under different shear moduli. The double-glass
photovoltaic module is equivalent to a single-layer board, and its effectiveness is verified by comparing

Figure 1: Sandwich panel structure of a crystalline photovoltaic module. (A) Single-glass photovoltaic
modules. (B) double-glazed photovoltaic modules
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the impact test results of the double-glass photovoltaic module with those of a single-layer board. Finally, the
applicable range of the formula is verified by comparing the effective thickness formulas of European and
American standards.

2 Theoretical Analysis of the Effective Thickness

The concept of effective thickness has been applied to the design of sandwich panels and the evaluation
of their bearing capacities. In Chinese construction industry standard JGJ113-2015 [30], the effective
thickness is taken as

he ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h31 þ h32 þ � � � þ h3i þ � � � þ h3n

3

q
(1)

where hi represents the thickness of the i-th glass layer of a laminated glass containing n glass layers.

The American standard ASTM E1300 [31] and the European standard PREN 13474 [32] define a shear
stress transfer coefficient x that reflects the influence of the shear resistance of the intermediate layer on the
effective thickness of the sandwich structure.

� ¼ 1

1 þ 9:6
Ef Ishc
Gch2s a

2

(2)

he ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h31 þ h32 þ 12�Is

3

q
(3)

where Is ¼ h1h2s2 þ h2h2s1; hs1 ¼ hsh1=ðh1 þ h2Þ; hs2 ¼ hsh2=ðh1 þ h2Þ; hs ¼ 0:5ðh1 þ h2Þ þ hc.

The effective thickness formula in the Chinese standard regards laminated glass as two laminated plates,
and does not consider the contribution of the interlayer film to the bending performance of laminated glass
[36]. The effective thickness obtained from European and American standards is obtained through bending
analysis of laminated glass beams with a certain width [34–35]. Whether this approach is suitable for double-
glass photovoltaic modules in BIPV systems must be verified by further research.

2.1 Basic Assumptions of the Mechanical Model of Double-Glass Photovoltaic Modules
A suitable mechanical model is the basis for a structural theoretical analysis. Based on Reissner’s

sandwich theory [37], Hoff [20] proposed that the theory of isotropic sandwich panels considering the
bending stiffness of the upper and lower layers can effectively reflect the structural characteristics of
photovoltaic panels. Moreover, Li et al. [17] verified the accuracy of Hoff’s theory when analyzing the
bending of double-glass photovoltaic modules. To simplify the theoretical analysis of double-glass
photovoltaic modules under impact, the following basic assumptions are adopted and combined with the
Hoff’s interlayer theoretical model to perform dynamic analysis.

1. As shown in Fig. 2, the thickness of the silicon cell in the double-glass photovoltaic module is very
thin, the size is small, and a complete layer cannot be formed in the intermediate layer, which can
affect the overall flexural rigidity of the structure. Therefore, the EVA intermediate layer that
wraps the silicon cell is regarded as a homogeneous shear layer, and the stress component in the
xy plane is ignored.

2. The thickness of the upper and lower panels of a double-glazed photovoltaic module sandwich
structure is thicker than the middle layer. However, the thicknesses of the upper and lower surface
layers of the glass are still much smaller than the minimum size of the middle surface of the plate,
as shown in Fig. 3, so the upper and lower layers are considered ordinary thin plates.
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3. In this article, only the effect of the impact load at the center of the plate is studied, and thus, research
is conducted on the antisymmetric deformation of the component. Ignoring the strain in the z
direction of the intermediate layer, that is assuming that ɛz = 0 and σz = 0 in the intermediate layer
according to Hooke’s law.

2.2 Natural Frequency of the Double-Glass Photovoltaic Module
Fig. 3 shows the forces acting on the basic hexahedral unit of the sandwich panel of the double-glass

photovoltaic module, where a and b are the structural dimensions of the plate; h1, h2 and hc are the
thicknesses of the upper, lower and middle layers of the double-glass photovoltaic module, respectively;
Qx and Qy are the total transverse shear forces of the element in the yz plane and xz plane, respectively;
Mx, Myx, My, and Mxy are the total bending moment of the unit in the yz plane, total torque of the unit in
the yz plane, total bending moment of the unit in the xz plane and total torque of the unit in the xz plane,
respectively; Nx, Ny and Nxy are the preloaded internal forces that may exist in the xy plane of the plate,
but the boundary conditions of the four-side-supported double-glass photovoltaic modules in the BIPV
system can be regarded as four simply supported sides, so the double-glass photovoltaic modules in the
BIPV system do not affected by the internal factors due to preloading.

Figure 2: Silicon cells in double-glass photovoltaic modules

Figure 3: Geometry of the crystalline photovoltaic module and the force state of the parallelepiped unit
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The overall balance equation of the sandwich structure is the same as that of the single-layer board, and
the governing equation of the theoretical sandwich model presented by Hoff [20] is still based on the overall
balance equation of the sandwich board. Hoff first discussed the stress components borne by different layers,
then used the principle of superposition to obtain the total bending momentsMx andMy, total torqueMxy and
total transverse shear forces Qx and Qy in the sandwich plate, and then solved the control equations.
Therefore, based on the relevant assumptions in 2.1 and combined with the Hoff’s interlayer theoretical
model, the lateral vibration control equation of the crystalline photovoltaic module can be obtained

C r2w� @’x

@x
� @’y

@y

� �
� Dfr2r2w ¼ q$2

mnw (4)

where φx and φy are the turning angles of the cross section of the intermediate layer in the xz plane and the yz
plane. w is the displacement of each point of the plate in the z-axis direction. C =Gc[hc + 0.5(h1 + h2)]

2/hc is
the shear stiffness of the photovoltaic panel, and Gc is the transverse shear modulus of the EVA sandwich
panel. Df ¼ Ef ðh31 þ h32Þ=12ð1� l2f Þ is the combined bending stiffness of the photovoltaic panel, ρ
= ρf(h1 + h2) + ρchc is the area density, and ρf, ρc are the volume density of the glass surface layer and the
EVA middle layer. Eq. (4) contains three basic unknowns φx, φy and w, which cannot be solved directly.
Refer to Hu’s simplification method [38] and introduce two functions �w and L to simplify

’x ¼ @�w

@x
þ @L

@y
(5)

’y ¼ @�w

@y
� @L

@x
(6)

w ¼ �w� D

C
r2�w (7)

From this, the lateral vibration control equation expressed by �w can be obtained

ðDþ Df Þr2r2�w� DDf

C
r2r2r2�wþ q$2

mn 1� D

C
r2

� �
�w ¼ 0 (8)

whereD ¼ Ef ½ðhc þ h1Þ2h1 þ ðhc þ h2Þ2h2�=4ð1� l2f Þ is the combined bending stiffness of the photovoltaic
panel.

The photovoltaic modules in the BIPV system are usually installed in four-side clamp support, which
can be simplified to four-side simple support. Therefore, the boundary conditions of the component can
be obtained as

ð�wÞx¼0;a ¼
@2�w

@x2

� �
x¼0;a

¼ 0 ð�wÞy¼0;b ¼
@2�w

@y2

� �
y¼0;b

¼ 0 (9)

Same as the simple supported four-sided single-layer board, the modal function satisfying Eq. (9) can be
set as

�w ¼ Cmn sin
mpx
a

sin
npx
b

(10)

Simultaneous Eqs. (10) and (8) the natural frequency$mn corresponding to the (m, n)th mode of the dual-
glass photovoltaic module under the four-sided simply supported boundary condition can be obtained as
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$2
mn ¼

p4

q
m2

a2
þ n2

b2

� �2

Df þ D

1 þ Dp2

C

m2

a2
þ n2

b2

� �
2
6664

3
7775 (11)

2.3 Effective Thickness of the Double-Glass Photovoltaic Module
In the vibration analysis of thin plates [39], the natural frequency ωmn corresponding to the (m, n)-order

mode of a single-layer plate under the boundary condition of being simply supported on four sides can be
expressed as

x2
mn ¼

p4

�qd
m2

a2
þ n2

b2

� �2

�D (12)

where �D ¼ Eh3=12ð1� l2Þ is the bending stiffness of the single-layer board, E and μ are the elastic modulus
and Poisson’s ratio of the material of the single-layer board, h is the thickness of the single-layer board, and �q
is the material density of the single-layer board. Comparing the natural frequency expression of the double-
glass photovoltaic module with that of the single-layer board, it is evident that the expressions for the natural
frequency of the rectangular plate under the condition of the four-sided simply supported boundary are the
same, and the only difference appears in the composition of the bending stiffness. Therefore, when
the sandwich structure is regarded as a single-layer structure using the concept of equivalent thickness,
the flexural rigidity of this single-layer structure should be equivalent to the overall flexural rigidity of the
sandwich structure. Taking the fundamental frequency as the research object, that is, the natural
frequency $11 corresponding to the (1, 1)-order mode of the double-glass photovoltaic module, the
overall bending stiffness Dw is expanded according to the expression for the bending stiffness of the
single-layer panel.

Dw ¼ Ef

12ð1� l2f Þ
h31 þ h32 þ

3½ðhc þ h1Þ2h1 þ ðhc þ h2Þ2h2�

1 þ Ef ½ðhc þ h1Þ2h1 þ ðhc þ h2Þ2h2�hcp2
4Gc½hc þ 0:5ðh1 þ h2Þ�2ð1� l2f Þ

1

a2
þ 1

b2

� �

0
BBBB@

1
CCCCA (13)

Let Iw = (hc + h1)
2h1 + (hc + h2)

2h2, then Eq. (14) can be simplified as

Dw ¼ Ef

12ð1� l2f Þ
h31 þ h32 þ

3Iw

1 þ Ef Iwhcp2

4Gch2s ð1� l2f Þ
m2

a2
þ n2

b2

� �
0
BBB@

1
CCCA (14)

Parameter η is introduced as

g ¼ 1

1 þ Ef Iwhcp2

4Gch2s ð1� l2f Þ
1

a2
þ 1

b2

� � (15)

The theoretical solution for the effective thickness of the double-glass photovoltaic module can be
obtained as
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hwe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h31 þ h32 þ 3gIw

3

q
(16)

3 Theory Verification

Comparing Eq. (2) to Eq. (15), the effective thickness method obtained by the sandwich plate theory in
this paper and the effective thickness method obtained by the sandwich beam theory in European and
American standards both consider the influence of the shear strength of the soft sandwich interlayer on
the effective thickness. However, the effective thickness methods in the European and American
standards only include the influence of the long side of the sheet structure size, which cannot reflect the
difference in the effective thickness of sandwich structures with different structure sizes. In contrast, the
effective thickness method obtained in this paper can compensate for this deficiency.

3.1 Verification of the Validity of the Model
For the different shear moduli of the middle layer, the sandwich structure will show different bending

states when deformed under forces [36]. As shown in Fig. 4, when the shear modulus of the intermediate
layer is sufficiently large, the sandwich panel can be regarded as a single-layer panel with a constant
nominal thickness. The bending state at this time corresponds to situation (a). When the shear modulus of
the middle layer is sufficiently small, the load-bearing effect of the middle layer can be ignored. The
sandwich panel can be regarded as two surface panels that are simply stacked together. The bending state
at this time corresponds to situation (c). However, in actual engineering scenarios, the bending state of
double-glass photovoltaic modules is closer to that of situation (b), and the shear resistance of EVA
cannot be ignored, but its strength is still limited compared to that of the surface glass.

This section will verify the validity of the formula by comparing the effective thickness and natural
frequency of the double-glass photovoltaic module under different ultimate shear moduli with the
thickness and natural frequency under the three bending states. Analyzing the value of the shear modulus
in Eq. (15), it is evident that when the interlayer shear modulus Gc→ 0, η = 0; when the interlayer shear
modulus Gc→∞, η = 1. By combining this result with Eq. (16), when the interlayer shear modulus Gc→
0, the effective thickness of the double-glass photovoltaic module is hwe ¼ ðh31 þ h32Þ1=3, which is
consistent with the effective thickness formula of the Chinese Building Glass Regulation JGJ113-
2015 [28] that ignores the shear strength of the intermediate layer and satisfies situation (c) in Fig. 4;
when the interlayer shear modulus Gc→∞, the effective thickness of the double-glass photovoltaic
module is hwe ¼ hwe ¼ ðh31 þ h32 þ 3IsÞ1=3.

Figure 4: Bending state of a sandwich structure with different interlayer shear modulus (a) Interlayer shear
modulus Gc / 0. (b) Interlayer shear modulus Gc > 0. (c) Interlayer shear modulus Gc / ∞ [36]
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The thicknesses of the upper and lower layers in the double-glass photovoltaic module are usually the
same. When a different value is selected for this thickness, the effective thickness obtained according to the
condition where Gc→∞ will be compared with the nominal thickness of the sheet, as shown in Tab. 1.

The percentage Difference shows that when the interlayer shear modulus Gc→∞, the difference
between the effective thickness obtained in this paper and the nominal thickness of the double-glass
photovoltaic module is almost negligible, which satisfies situation (a) in Fig. 4. From this result, it is
evident that the value of the shear modulus has a great influence on the effective thickness, and when the
shear modulus is the limit value, the effective thickness of the double-glass photovoltaic module
conforms to the bending state of the sandwich structure under the same conditions.

3.2 Test Verification
3.2.1 Test Plan

To better present the actual mechanical properties of the double-glass photovoltaic module in the BIPV
system under impact, this paper uses the commercial double-glass photovoltaic modules provided by Zhongli
Teng-hui Photovoltaic Technology Co., Ltd., for testing, as shown in Fig. 5. The relevant material parameters
for the 3 test components are shown in Tab. 2, and the structural size of the double-glass photovoltaic module
is 1658 mm × 992 mm. Based on the impact of different heights, the changes in the deflection of the plates
under different energy impacts are explored.

Table 1: Comparison of the difference between hwe and the nominal thickness under infinite shear strength

h1 = h2/m hc/m Nominal thickness/m hwe/m Difference/m Percentage difference%

0.002 0.002 0.006 0.005925 0.000075 1.2501

0.003 0.008 0.007958 0.000042 0.5236

0.004 0.010 0.009973 0.000027 0.2674

0.005 0.012 0.011981 0.000019 0.1546

0.006 0.014 0.013986 0.000014 0.0973

Figure 5: Commercial double-glass photovoltaic modules
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With reference to the test method in the current IEC specification [11], a test stand that can impose
boundary conditions similar to those of actual working conditions is designed, as shown in Fig. 6. The
impact load is provided by steel balls controlled by the positioning device of the outer frame. The
1A531E acceleration sensor provided by Jiangsu Donghua Testing Technology Company is used for
acceleration measurement, and the DH8302 dynamic signal test and analysis system is used for data
collection. The sampling frequency is 1 MHz. The CD22-100VM12 laser displacement meter provided
by the Japanese company, OPTEX, is used for deflection measurement, and the dynamic signal test and
analysis system DH5922D provided by Jiangsu Donghua Testing Technology Company is used for data
collection. The sampling frequency is 200 kHz.

The simplified test process is shown in Fig. 7. The 1A531E acceleration sensor is placed on the impactor
to test the acceleration change of the impactor during contact.The CD22-100VM12 laser displacement sensor
is placed directly below the specimen to test the lateral displacement of the impact point of the specimen. The
relevant parameters of the sensor are shown in Tab. 3.

3.2.2 Deflection Verification and Discussion
In this section, the effective thickness method presented in Section 2.4 will be used to equate the double-

glass photovoltaic module to a single-layer structure, and then the law of conservation of energy will be used
to determine the change in the deflection of the equivalent single-layer plate under different potential energy
impacts. To use the law of conservation of energy, it is first necessary to fully understand the energy transfer

Table 2: Material parameters

Material Modulus of elasticity/MPa Poisson ratio Density/kg·m-3 Thickness/mm

Reinforced glass 7.2E+4 0.2 2500 2

EVA 3.5E+1 0.3 980 1

Figure 6: Test device
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between the steel ball and the plate during the impact contact process. Based on work by Timoshenko [28],
using local indentation to solve the beam impact response method, and combining the result with the
research results obtained by Karas [27], the equivalent single-layer plate impact contact force time history
curve and plate deflection time history curve can be obtained. The initial kinetic energy Ek of the plate
during the impact contact process can be obtained by integration; an equation can be established to solve
for the maximum deflection of the equivalent single-layer plate under impact based on the strain energy of
the plate at the moment of maximum deflection. Then, the results obtained by the calculation can be
compared to the test results.

In the ball-plate impact problem, the contact area is circular, and the contact force f is calculated as [40]

f ¼ kaðtÞ32 (17)

where k is the contact stiffness coefficient. For macroisotropic materials, the contact indentation law satisfies

k ¼ 4

3
ER

1
2 ¼ 4

3

R
1
2

ð1� l2gÞ=Eg þ ð1� l2f Þ=Ef
(18)

α(t) is the indentation depth of the contact between the steel ball and the plate, and according to
Timoshenko’s definition of local indentation, α(t) is given as follows:

aðtÞ ¼ w1ðtÞ � w2ðtÞ (19)

where w1(t) is the lateral displacement of the steel ball when it is in contact with the plate. For a steel ball with
a mass of m and an initial velocity of v0, according to the balance equation of the force on the contact surface
of the steel ball, w1(t) is

Figure 7: Test diagram

Table 3: Material parameters

Sensor 1A531E acceleration sensor CD22–100VM12 laser displacement sensor

Frequency response 10 KHz 2 KHz

Range ±5000 g ±50 mm

Sensitivity 0.1 ± 0.01 mV/m/s2 100 mV/mm

Precision — 20 μm
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w1ðtÞ ¼ v0t � 1

m

Z t

0

�Zs

0

f ðsÞds
�
ds (20)

w2(t) is the lateral displacement of the impact point of the plate when the steel ball is in contact with the
plate. The impact point of the test is located at the center of the plate. With reference to the solution of the
forced vibration process of the plate [34], the deflection solution at the center point of the rectangular plate
under the four-sided simply supported boundary condition is

w2ðtÞ ¼ 4

p2ab
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qf heDe

p X1
m¼1

X1
n¼1

sin2
mp
2

sin2
np
2

m2

a2
þ n2

b2

Z t

0

f ðsÞ sinxe;mnðt � sÞds (21)

whereDe ¼ Ef h3e=12ð1� l2f Þ is the flexural rigidity of the equivalent single-layer plate; he is the thickness of
the double-glass photovoltaic module in the test and calculated according to the effective thickness formula
in this article; and ωe,mn is the natural frequency of the single-layer board after the double-glass photovoltaic
module is tested, and its thickness is equivalent to that of the effective thickness formula in this paper. Then,
the impact contact force can be obtained as
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MATLAB software program is used to numerically solve Eq. (22), and the time history curve of the
impact contact force and the maximum value Ek of the kinetic energy transmitted to the plate by the
impact is obtained. Taking the impact height of 0.5 m as an example, the comparison with the result of
the impact contact force in the test is shown in Fig. 7.

The thickness of the equivalent single-layer board is still much smaller than the minimum dimension b
of the middle surface of the plate, so this single-layer board is regarded as an ordinary thin plate for analysis.
Glass is a typical elastic and brittle material, and its mechanical properties basically conform to Hook
Hooke’s law [41]. Therefore, according to the basic assumption of the small deflection bending theory of
thin plate, the strain energy [39] of a thin plate with a constant thickness at maximum deflection under
the boundary conditions of being simply supported on all sides can be expressed as

Ve ¼ p4abD
8
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(23)

According to the law of conservation of energy

Ek ¼ p4abD
8
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(24)

Ek can be expanded by a double series

Ek ¼
X1
m¼1

X1
n¼1

Ek

2mþn
(25)
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Eqs. (24) and (25) can be simultaneously solved to obtain

Bmn ¼
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8Ek
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Therefore, the maximum deflection of the double-glass photovoltaic module at the impact point
(a/2, b/2) under the impact of the falling ball is

wmax ¼
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m¼1

X1
n¼1
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� �2

vuuut (27)

The maximum deflection of the double-glass photovoltaic module under impact at different heights
measured by the test is compared with the theoretical solution of the equivalent single-layer board
deflection, as shown in Fig. 8.

Fig. 8 shows that the time history curve of the impact contact force measured by the experiment has the
same trend as the theoretical result. In a very short contact time during impact, the impact contact force will
reach the maximum value, and then it will decrease to zero with a certain fluctuation trend in a relatively long
duration time.

However, the maximum value of the theoretically calculated impact contact force is smaller than the
experimental value, which is due to the four-sided simply supported boundary conditions adopted in the
theoretical assumption. In the actual BIPV project, to prevent the edges and corners of the tempered glass
from being damaged by strong extrusion, elastic materials such as rubber pads with supported edges will
be added. Therefore, the boundary conditions of double-glass photovoltaic modules are actually closer to
hose of the four-sided elastic support condition. However, the four-sided elastic support introduces very
complicated boundary conditions. To date, a reasonable vibration mode has not been proposed. In theory,
the boundary condition can be equivalent to the conservative four-sided simply supported boundary
condition. Under the same impact, the lateral displacement of the four-sided elastic support plate is
smaller than that of the four-sided simply supported boundary condition. Therefore, the theoretically
calculated value of indentation is smaller than that in the actual situation, and the calculated maximum
impact force of the plate will also be smaller than that in the actual situation. However, this meets the
architectural design requirements for safety.

In addition, the two curves have different fluctuation characteristics during the time period of contact
force decline. Theoretically, by adjusting the calculation parameters in MATLAB software, it is found
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that the obvious fluctuation of the curve in the descending stage is related to the number of modes
accumulated during the calculation. Through the analysis of the period of the curve fluctuation of the
descending section, combined with the free vibration of the damped single degree-of-freedom system, it
can be proven that the regular fluctuation of the curve in the descending section of the test is caused by
the influence of the plate’s own damping.

Fig. 9 shows that the theoretical value of the maximum deflection of the plate under the impact of
different heights and the test results of the same steel ball show power changes with height, which shows
that the method of calculating deflection using the principle of conservation of energy is feasible in this
paper. However, it is obvious that in the theoretical analysis, when the clamped support boundary is
simplified to four sides simply supported, the maximum deflection solution of the component under
impact is greater than the experimental result. From the perspective of architectural design, this result can
ensure that the building structure has sufficient bearing capacity; but in fact, it shows that the true
bending stiffness of double-glass photovoltaic modules has not been fully considered.

4 Comparison with Existing Formulas

It can be seen from Fig. 10 that when the interlayer shear modulus is concentrated in the range of
0∼35 MPa, it has a great influence on the effective thickness of the dual-glass photovoltaic module.
When the interlayer shear modulus exceeds 35 MPa, the curve will become flat. Most of the double-glass
photovoltaic modules in actual projects use EVA material as the intermediate layer material, and the shear
modulus of EVA is about 13.5 MPa. The effective thickness thus obtained conforms to the law between
the effective thickness and the shear modulus of the intermediate layer shown in Tab. 1.
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As described in Section 2 of this article, European and American standards [29–30] have proposed an
effective thickness suitable for laminated glass in the bending analysis of laminated glass beams with a
certain width. However, whether this thickness is suitable for dual-glass photovoltaic modules must be
further verified. This section compares the effective thickness hwe obtained in this paper with the effective
thickness he in European and American standards to verify the scope of application of the formula in this
paper and whether it meets the safety considerations for sandwich structures (Difference = he − hwe, and
Percentage difference = Difference/he).

As shown in Fig. 11, the double-glass photovoltaic module with a surface layer thickness of h1 = h2 = 6
mm and an intermediate layer thickness of hc = 2 mm is taken as an example to compare the values of the
formula in this paper and the various thicknesses obtained by the equivalent thickness method based on
the standards in Europe and the United States. The relevant material parameters are shown in Tab. 2.

The curve where a = b shows that for a square double-glass photovoltaic module, when the size is
1.17 m, the effective thickness obtained by the formula in this paper is the same as that in European and
American standards. As the size increases, compared with the formula in European and American
standards, the formula in this article will be more in line with safety considerations; when the size
reaches 1.5 m, the difference between the two formulas will exceed 5%. Other curves show that for
nonrectangular double-glass photovoltaic modules with a long side dimension greater than 1.5 m, as the
short side dimension of the structure increases, the percentage difference between the two types also
increases. Before the short side dimension reaches the limit (when a = 1.6 m and b = 1.4 m; a = 1.8 m
and b = 1.2 m; and a = 2.0 m and b = 1.1 m), the percent difference will not exceed ±5%; however, after
the short side dimension reaches a certain limit, the percent difference will exceed 5%.

It can be determined that for a double-glass photovoltaic module with a surface layer thickness of
h1 ¼ h2 ¼ 6 mm, an intermediate layer thickness of hc ¼ 2 mm, and a long side dimension greater than
1.5 m, if the difference between the short side dimension and the long side dimension is greater than a
certain value, both approaches for calculation of the effective thickness are applicable; however, when the
difference is less than a certain value, the formula in this paper will be more in line with the design safety
considerations than that in the standards. A comprehensive analysis shows that there are double-glass
photovoltaic modules that meet the above conditions. When the area of the sheet is greater than 2.2 m2,
the formula in this paper is more in line with the design safety considerations than that of the standards.
This dimension is in line with the application of double-glass photovoltaic modules in BIPV systems with
a large investment area.
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As shown in Fig. 12, further data analysis is carried out on the 1.5 m × 1.5 m double-glass photovoltaic
module and compared with the results of previous conclusions. The percent difference shows that for a
double-glass photovoltaic module with a fixed structure dimension, the percent difference of the two
formulas increases with the increase in the thickness of the surface layer or the thickness of the
intermediate layer. The red points in the figure are the working conditions considered in the previous data
analysis. With reference to Fig. 9, it is evident that the limit of the long side dimension and the limit of
the corresponding sheet area in the law obtained above are affected by the thickness of the surface layer
and the thickness of the intermediate layer of the selected dual-glass photovoltaic module. When
the thickness of the middle layer is constant, as the thickness of the surface layer increases, the limit
of the long side dimension and the limit of the corresponding sheet area will decrease, and vice versa.
When the thickness of the upper and lower layers remains unchanged, as the thickness of the middle
layer decreases, the limit of the long side dimension and the limit of the corresponding sheet area will
increase, and vice versa. In actual BIPV system engineering applications, when a double-glass
photovoltaic module with a relatively large area size is used, the thickness of the glass layer and the
intermediate layer is also correspondingly increased according to the requirements of the specification to
meet the safety requirements. The formula in this article is more in line with the safety considerations of
this type of board than the formulas in the standards.

To propose an effective thickness formula, whether the formula satisfies the safety consideration of the
sandwich structure must first be considered. However, if the effective thickness formula pursues excessive
safety, such as the Chinese Building Glass Regulations JGJ113-2015 [28], the design may cause
unnecessary material waste. The effective thickness should be the result of the comprehensive
consideration of security and economy. Combined with the previous analysis, in the BIPV system
application of double-glass photovoltaic modules, the formula obtained in this paper is more in line with
safety considerations than the European and American standards [29–30]. On the one hand, the safety
requirements of the structure design can be ensured, and on the other hand, the protection of the silicon
cell and bus bar welding points in the double-glass photovoltaic module can be effectively improved. At
the same time, compared with the Chinese standard, the effective thickness obtained by the formula in
this paper is closer to that of the actual situation, which minimizes the quantity of wasted materials and
satisfies the economical requirements.

5 Conclusions

This paper studies the effective thickness method of double-glass photovoltaic modules under four
simply supported boundary conditions and the dynamic response of double-glass photovoltaic modules
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under impact. The experimental and theoretical work has been completed in this article, and this research can
lay the foundation for safety requirements for the design of double-glass photovoltaic modules in the future.
The following conclusions can be drawn based on the research results.

In this paper, the Hoff model, which is suitable for soft core laminates, is used to describe the stiffness
characteristics of double-glass photovoltaic modules under the four-sided simply supported boundary
condition. According to the natural frequency equation of the double-glass photovoltaic module and the
principle of equivalent stiffness, a calculation of the effective thickness suitable for both photovoltaic
modules is obtained.

In the experimental work, referring to the test method in the current IEC specification [11], a platform
suitable for tests on the impact of a ball falling on plates of various sizes was designed. The electromagnet
and laser positioning device can strictly control the falling point of the steel ball to ensure the accuracy of the
test results.

The test results show that when photovoltaic panels are subjected to impact, the entire impact process
can be divided into two processes: 1. The contact process between the steel ball and the plate for the forced
vibration process of the plate; 2. The free vibration process of the plate after the steel ball and the plate are
separated.

This paper uses Timoshenko’s method of using local indentation to solve the impact response of the
beam to determine the impact contact force of the photovoltaic panel during impact. In this solution
process, the double-glass photovoltaic module is equivalent to a single-layer board according to the
effective thickness formula in this paper. The comparison with the experimental results verifies the
feasibility of using local indentation to solve the impact response of double-glass photovoltaic modules
and verifies the effectiveness of the effective thickness method to simplify the process.

This paper uses the principle of energy conservation to determine the maximum deflection of a plate
under impact. In this solution process, the double-glass photovoltaic module is equivalent to a single-
layer board according to the effective thickness formula in this paper. Based on a comparison of the test
results, it is confirmed that only part of the potential energy of the steel ball is converted into the internal
energy of the plate during impact; therefore, determining the ratio of the dissipated energy is very
important for accurately solving the deflection response of the plate under impact. At the same time, the
results also verify the effectiveness of the effective thickness method for simplifying this process.

Through the comparison with the effective thickness method in European and American standards, the
scope of application of the effective thickness method in this paper and the differences between the effective
thickness methods in European and American standards are discussed. For double-glass photovoltaic
modules with a larger area used in the BIPV system, the effective thickness method adopted in this paper
is more in line with the safety considerations of the design. At the same time, compared with the method
in Chinese standards, the effective thickness method in this paper is more in line with the economic
considerations of architectural design.

The four-side simply supported boundary theory cannot fully reflect the calculation of the bearing
capacity of the four-side clamped double-glass photovoltaic module, and more accurate results need to be
further studied.
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