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Głęboka Street, 20-612 Lublin, Poland; jacek.caban@up.lublin.pl (J.C.); andrzej.marczuk@up.lublin.pl (A.M.)

* Correspondence: jonas.matijosius@vgtu.lt; Tel.: +370-684-04-169

Received: 23 October 2019; Accepted: 26 November 2019; Published: 28 November 2019 ����������
�������

Abstract: The impact of hail ice cubes on composite structures (such as solar cells) causes actual
defects. This article presents a series of tests, in which solar cell modules were exposed to hail
simulation testbed balls, allowing to assess the following: the impact energy, which causes the
major defects in solar cells; the formed micro-cracks in the structure of solar cells, resulting in the
loss of power generated by a solar cell; and the solar cell parameters necessary for modelling. In
addition, this article presents a digital analysis of hail simulation. Information received from the
digital analysis was used to optimize the structure of solar cells in order to improve its resistance
properties. The aim of this study was to present a simple method for experimental hail simulation.
The proposed hail impact estimation method can be successfully applied to study the influence of the
mechanical–dynamic impact of photovoltaic (PV) modules of different structures on the technical
characteristics of these modules (structural stability, power generation, etc.). The study showed that
PV modules are subjected to an irreversible effect of the excitation force (i.e., micro-cracking) and it
can reduce the generated power by 2.33% to 4.83%.

Keywords: photovoltaic (PV) module; hail simulation; resistance of photovoltaic modules; energy
losses; newly-created testbed

1. Introduction

The operation and maintenance of photovoltaic (PV) power-generating modules have become
increasingly more important in recent years, as the number of such modules is being raised to ensure
maximum power generation throughout their life cycle. All types of degradations and failures
adversely affect the reliability and lifetime of PV module installations. Analysis of the impact of these
factors on technical and financial problems is becoming more important for operators and investors [1].
PV electricity generation has become an important factor in the electricity mix in many countries and is
expected to become even more important in the future [2]. PV failures have a significant impact on the
safety, reliability, and energy balance of PV devices [3]. Similarly, malfunctions directly result in loss
of power, which reduces the return on investment. The manufacturing process of PV modules from
silicon solar cells is conventionally performed by soldering copper strips to the solder and metallizing
the contact area. Contact shooting and screen printing are used for this purpose [4].
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PV modules are either composites or laminates made up of different layers with very different
mechanical properties and functions. Some layers of photovoltaic modules are designed to generate
electricity, while others protect the modules from environmental effects. Two types of photovoltaic
modules are usually used [5]: (1) rigid plates with glass layers on the outside to ensure the rigidity and
protection of the modules from mechanical loads; (2) semi-flexible plates that must be fixed to flat or
curved surfaces with a protective polymer layer, which allows the PV module to have some flexibility.
Since PV modules are installed outdoors, thermo-hygrometric cycles, wind gusts, snow, and hail are
the main sources of damage and degradation over the estimated 25 years of operation. To determine
whether the solar cell and mechanical stresses exceed the permissible stress levels, several studies used
the Finite Element Method (FEM) [4]. Beinert et al. analyzed mechanical stresses in frame-based and
non-composite PV modules, where mechanical stresses were induced [6]. Other studies focused on
determining the influence of joints [7] and their coating, mechanical properties [8], and geometry [4]
on the mechanical stresses of PV modules. Mechanical impacts are among the factors most affecting
the reliability and rigidity of PV modules [8–10]. Their impact on durability and electrical operation
of PV modules were reviewed [11–18]. When it comes to mechanical impacts, the impact of hail on
PV modules is significant, as it may result in the breakdown of silicon, which in turn may lead to
significant electricity loss. Hail tests are usually carried out using pneumatic equipment (the diameter
of an ice cube is 25 mm and its speed at impact reaches 23 m/s) and by analyzing the curves of electrical
current losses from the current voltage (I-V), as well as the electroluminescence pictures that allow
clear visual identification of micro-cracks and their impact on electrical response [19–21].

All newly-manufactured PV modules in Europe, regardless of their type, must meet the
requirements of the International Electrotechnical Commission (IEC) 61215 standards [22]. The IEC
also defines hail impact simulation tests which must be performed by firing a formed ice ball on a
PV module, using a pneumatic actuator [23]. The standard IEC 61215 defines an ice ball diameter of
25 mm and an impact velocity of 23 m/s. However, during a hail, the parameters (the shape and size)
and impact velocity of the ice balls vary, therefore the test aims to assess whether the PV module itself
can withstand the hail.

It is very important that the correlation between impact velocity and the diameter of the ice ball
is determined based on the requirements of IEC 61215. On the other hand, the repeatability of the
tests is important in the test process too. This is very difficult to ensure because the ice balls used
must have the correct shape and no cracks or other defects that will affect the test results [24,25]. Thus,
the preliminary series of shots we used allowed us to identify and select the most appropriate impact
velocity and use it during the tests.

The research methodology applied in this work allowed to simplify the test procedure and to
ensure its repeatability by using a 40 mm diameter sphere instead of an ice ball (the material of the
sphere was also selected similar in density to the ice ball). Therefore, the requirements of the IEC
standards did not need to be applied, since the conversion of the linear velocity of the ice ball to obtain
the same impulse was not applied.

Carrying out the theoretical research of the problem is important in order to supplement
experimental research. The problem of impact and contact mechanics in the dynamics has been
extensively studied from both the experimental and theoretical perspectives, but most studies addressed
the problems concerning the aerospace and defense fields [26,27]. In the aforementioned research,
composite cellular plates [28,29] dominated as the main subject. This article analyzes the possibilities
and challenges of the newly-created testbed for hail simulation, for which the market demand is very
high—especially in small and medium-sized enterprises—and which in turn determines the cost of
new technologies [30,31]. The newly-developed testbed allows achieving the parameters used in
similar research (ball speed and the impact force) [11]. Most studies simulate the effects of hail using
pneumatic equipment that provides the energy needed to move a piece of ice [2,4,32–36]. The hail
test requires expensive, time-consuming equipment. Thus, one of the main aims of this study was
to provide a simple method for experimental hail simulation. The proposed hail impact estimation
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methodology can be successfully applied to study the influence of the mechanical–dynamic impact of
PV modules of different structures on the technical characteristics of these modules (structural stability,
power generation, etc.) [37–53]. This study employed a newly-developed hail simulation bench, which
allows the value of the impact force applied to the PV module to be varied and the angle of the action of
that force to be adjusted. The ability to change and adjust the action angle brings the experiment closer
to the real conditions of the PV module since the PV modules are almost always angled. The paper
investigates the potential of the newly-developed bench and assesses the impact of different forces
acting on the PV module on the technical characteristics of that module.

2. Hail Simulation Testbed and Equipment for Measuring Dynamic Parameters

The subject of this research was the newly-created hail simulation testbed (see Figure 1). The testbed
consisted of three parts: the hail simulation part, the part for measuring acceleration and force, and
the part for detecting defects of solar cells (electroluminescence). The hail simulation part consisted
of a motor with a frequency converter, hail simulation components, and a solar module moving on
rails. The part for measuring acceleration and force parameters comprised force and acceleration
sensors and equipment for processing and storing measurement results. The part for detecting the
defects of the PV module consisted of a camera and equipment for processing and storing results.
The specifics of the PV module chosen for this research: cell size 37 × 156 mm; number of cells 10;
front-side 3.2 mm hardened solar glass; dimensions (L ×W) 322 × 204 mm; weight 625 g. This type of
a PV module is commonly used as a roof tile. The PV module consisted of: 3.2-mm non-iron glass/EVA
film (0.4 mm)/The matrix of PV modules/EVA film/PPE plastic.
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Figure 1. Scheme of the photovoltaic (PV) module testbed (a) and general view (b). In (a): where: 1–a
table, 2—a computer, 3—data processing and storage equipment, 4—a generator, 5—a control unit,
6—lifting equipment, 7—a motor, 8—balls (material—PPE plastic), 9—a bushing, 10—a PV module,
11—a frame, 12—a force transducer, 13—an accelerometer, 14—a carriage, 15—a portable base, 16—an
electroluminescent stand (Greateyes GE 1024 1024 BI MID CCD camera; NIR (near-infrared) spectrum:
780-1,100 nm). The Brüel & Kjær meters were used to measure oscillations and force parameters (see
Figure 2): (1) portable equipment for processing, storing and managing measurement results Machine
Diagnostics Toolbox—Type 9727; (2) a single-axis accelerometer 8341; (3) a force transducer 8230.

The aims of the study were to find out the possibilities of the newly-created testbed, to perform
hail simulation tests, and to determine the impact of dynamic effects on the structure and performance
of PV modules. During the experiment, the rotational speed was changed to simulate dynamic
mechanical loads that correspond to different speeds of ice cubes during hail. The PV module was
firmly attached to the carriage that moved on the rail. The motor pushed the mechanism with fastening
balls, which excited PV modules. The motor was connected to the control unit, which controlled
frequencies (in the 5–60 Hz range) and revolutions. The accelerometer was affixed to the centre of
the PV module, at the bottom, in order to measure the values and nature of the incoming signal
(acceleration and displacement). The force transducer designated for measuring ball impacts was
affixed next to the accelerometer. The accelerometer and the force transducer were connected to data
storage and processing equipment. The data storage and processing equipment were connected to the
computer, which graphically displayed the results. Before and after the hail simulation, PV modules
were photographed (using an electroluminescence camera) on the electroluminescent stand with an
electric current (the current depended on the size of the PV modules; it can reach up to 4–5 A) supplied
to the PV modules. Electroluminescent imaging is usually used to check for defects [54–56] because
the intensity of radiation is proportional to the current density. The pictures taken helped detect any
defects in the PV modules.

Figure 2 illustrates the block diagram of the testbed.
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Figure 2. Block diagram of the dynamic mechanical load-generating facility.

3. Experimental and Theoretical Research Results

The first stage of the experimental research was aimed at finding out the necessary force that
creates cracks in PV modules. The excitation force affecting PV modules was gradually increased (see
the first peak in Figure 3) during the first stage, which was done by changing the speed of engine
rotations (see position 7, Figure 1a). In the second stage, after the force required to create cracks was
determined, a number of tests was carried out to assess the regularities of the cracks. The force and
acceleration were measured during the tests. Figure 3 shows the acceleration values. The aim of the
tests was to determine the frequency characteristics of the PV module.
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The analysis of the first-stage results (see Figure 4) revealed that internal cracks in the PV module
formed at the force of 582.06 N, and glass cracks appeared at the force of 1129 N. After the interaction,
a visual PV module inspection was performed to check for any cracks. The tests of the second stage
aimed to maintain similar forces.
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4. Research of the Resistance of Photovoltaic Modules

Solar cell cracks and their regularities were analyzed in the second stage of the experimental
tests. The purpose of these tests was to find and identify defects (e.g., cracks) in the PV modules, in
their glass and their interior structure. In order to compare the main parameters of the PV module
after the impact of the hail testbed, the PV module was photographed with the electroluminescent
stand at the beginning of the study and measured using a voltaic characteristic of the testing stand.
First damage, marked in yellow, was observed at the force of hail simulation balls of 582.06 N (The
middle image of PV module 1 in Table 1). An electroluminescent photo of the test at the force of 1129
N can be seen on the right side of Table 1. The electroluminescent photo of the test at the force of 1129
N was presented accordingly; the majority of defects, which are marked in yellow, formed during
this test. More findings have been presented in previous studies [14]. A uniform excitation force was
maintained during the test; the force was selected in accordance with a previous study which found
that the first cracks in the PV module occurred at a force of 582.06 N. The weight of the hail imaging
ball used in the experiment was 30 g; diameter 40 mm; movement speed 27.5 m/s; and energy 11.1
J (these parameters corresponded to the values recommended in IEC 61215). More features of the
stand are described in the article [11]. During the experiment, one ball was used and the PV module
was uniformly moved from right to left (see Figure 1b); the PV modules were excited one by one in 4
strokes. The PV module was excited along the middle section (see Figure 1b).

Table 1 was compiled out of the two drafted voltaic data (before the tests and after the sixth test).
It compares the three key parameters: the generated power (W), the maximum voltage (V), and the
maximum current (A). Table 1 shows the characteristics of the PV module 1 after the test at 1129 N.
In Table 1, the characteristics of PV modules were obtained using I–V (Voltage Amps) measuring
equipment: Pasan Highlight 3, class AAA+, measuring time 10 ± 1 ms. Measured under standard
conditions: 1000 ± 30 W/m2, solar spectrum AM 1.5 g, 25 ◦C [57–60].

Table 1. Changes in performance characteristics of PV cells after the hail simulation test.

Before Hail Simulation After Hail Simulation %

The PV module 1
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Table 1. Cont.

Before Hail Simulation After Hail Simulation %

Power (W) 9.461 9.125 3.55%

Voltage (V) 5.064 4.966 1.94%

Current (A) 1.868 1.837 1.66%

The PV module 5
Energies 2019, 12, x FOR PEER REVIEW  10  of  14 

 

 

   

 

Power (W)  9.413  9.089  3.44% 

Voltage (V)  5.070  4.958  2.21% 

Current (A)  1.857  1.833  1.29% 

The PV module 6 

 

   

 

Power (W)  9.345  8.894  4.83% 

Voltage (V)  5.012  4.893  2.37% 

Current (A)  1.865  1.818  2.52% 

The analysis of the results received (Table 1) revealed that micro‐cracks mainly formed at the 

point of contact between the solar cell and the ball simulating an ice cube, and some micro‐cracks 

appeared at the fastening points on the edges of the PV module. When it comes to power losses, the 

analysis of the results of Table 1 showed a loss of power ranging from 2.33% to 4.83% when the impact 

of the force‐induced micro‐cracking (i.e., the magnitude of the force) was assessed. Accordingly, the 

assessment of the impact of the maximum force (1129 N) used in the research showed that the loss of 

power was 8.29% and that a force, having increased twice, leads to a loss of power of 1.7 to 3.56 times. 

In summary, the researched solar modules suffered significant damage after the hail simulation test. 

The structure of the PV modules was mechanically damaged (cracks formed), resulting in a loss of 

power. 

5. Conclusions 

The present study examined a newly‐created hail simulation testbed aimed at identifying the 

necessary conditions for hail simulation and assessing the performance parameters of PV modules 

before and after the dynamic impact. 

After the hail simulation test, the tested PV modules suffered severe damage, resulting in cracks 

in their crystalline structure and the loss of generated power. 

Energies 2019, 12, x FOR PEER REVIEW  10  of  14 

 

 

   

 

Power (W)  9.413  9.089  3.44% 

Voltage (V)  5.070  4.958  2.21% 

Current (A)  1.857  1.833  1.29% 

The PV module 6 

 

   

 

Power (W)  9.345  8.894  4.83% 

Voltage (V)  5.012  4.893  2.37% 

Current (A)  1.865  1.818  2.52% 

The analysis of the results received (Table 1) revealed that micro‐cracks mainly formed at the 

point of contact between the solar cell and the ball simulating an ice cube, and some micro‐cracks 

appeared at the fastening points on the edges of the PV module. When it comes to power losses, the 

analysis of the results of Table 1 showed a loss of power ranging from 2.33% to 4.83% when the impact 

of the force‐induced micro‐cracking (i.e., the magnitude of the force) was assessed. Accordingly, the 

assessment of the impact of the maximum force (1129 N) used in the research showed that the loss of 

power was 8.29% and that a force, having increased twice, leads to a loss of power of 1.7 to 3.56 times. 

In summary, the researched solar modules suffered significant damage after the hail simulation test. 

The structure of the PV modules was mechanically damaged (cracks formed), resulting in a loss of 

power. 

5. Conclusions 

The present study examined a newly‐created hail simulation testbed aimed at identifying the 

necessary conditions for hail simulation and assessing the performance parameters of PV modules 

before and after the dynamic impact. 

After the hail simulation test, the tested PV modules suffered severe damage, resulting in cracks 

in their crystalline structure and the loss of generated power. 

Power (W) 9.413 9.089 3.44%

Voltage (V) 5.070 4.958 2.21%

Current (A) 1.857 1.833 1.29%

The PV module 6

Energies 2019, 12, x FOR PEER REVIEW  10  of  14 

 

 

   

 

Power (W)  9.413  9.089  3.44% 

Voltage (V)  5.070  4.958  2.21% 

Current (A)  1.857  1.833  1.29% 

The PV module 6 

 

   

 

Power (W)  9.345  8.894  4.83% 

Voltage (V)  5.012  4.893  2.37% 

Current (A)  1.865  1.818  2.52% 

The analysis of the results received (Table 1) revealed that micro‐cracks mainly formed at the 

point of contact between the solar cell and the ball simulating an ice cube, and some micro‐cracks 

appeared at the fastening points on the edges of the PV module. When it comes to power losses, the 

analysis of the results of Table 1 showed a loss of power ranging from 2.33% to 4.83% when the impact 

of the force‐induced micro‐cracking (i.e., the magnitude of the force) was assessed. Accordingly, the 

assessment of the impact of the maximum force (1129 N) used in the research showed that the loss of 

power was 8.29% and that a force, having increased twice, leads to a loss of power of 1.7 to 3.56 times. 

In summary, the researched solar modules suffered significant damage after the hail simulation test. 

The structure of the PV modules was mechanically damaged (cracks formed), resulting in a loss of 

power. 

5. Conclusions 

The present study examined a newly‐created hail simulation testbed aimed at identifying the 

necessary conditions for hail simulation and assessing the performance parameters of PV modules 

before and after the dynamic impact. 

After the hail simulation test, the tested PV modules suffered severe damage, resulting in cracks 

in their crystalline structure and the loss of generated power. 

Energies 2019, 12, x FOR PEER REVIEW  10  of  14 

 

 

   

 

Power (W)  9.413  9.089  3.44% 

Voltage (V)  5.070  4.958  2.21% 

Current (A)  1.857  1.833  1.29% 

The PV module 6 

 

   

 

Power (W)  9.345  8.894  4.83% 

Voltage (V)  5.012  4.893  2.37% 

Current (A)  1.865  1.818  2.52% 

The analysis of the results received (Table 1) revealed that micro‐cracks mainly formed at the 

point of contact between the solar cell and the ball simulating an ice cube, and some micro‐cracks 

appeared at the fastening points on the edges of the PV module. When it comes to power losses, the 

analysis of the results of Table 1 showed a loss of power ranging from 2.33% to 4.83% when the impact 

of the force‐induced micro‐cracking (i.e., the magnitude of the force) was assessed. Accordingly, the 

assessment of the impact of the maximum force (1129 N) used in the research showed that the loss of 

power was 8.29% and that a force, having increased twice, leads to a loss of power of 1.7 to 3.56 times. 

In summary, the researched solar modules suffered significant damage after the hail simulation test. 

The structure of the PV modules was mechanically damaged (cracks formed), resulting in a loss of 

power. 

5. Conclusions 

The present study examined a newly‐created hail simulation testbed aimed at identifying the 

necessary conditions for hail simulation and assessing the performance parameters of PV modules 

before and after the dynamic impact. 

After the hail simulation test, the tested PV modules suffered severe damage, resulting in cracks 

in their crystalline structure and the loss of generated power. 

Power (W) 9.345 8.894 4.83%

Voltage (V) 5.012 4.893 2.37%

Current (A) 1.865 1.818 2.52%

The analysis of the results received (Table 1) revealed that micro-cracks mainly formed at the
point of contact between the solar cell and the ball simulating an ice cube, and some micro-cracks
appeared at the fastening points on the edges of the PV module. When it comes to power losses,
the analysis of the results of Table 1 showed a loss of power ranging from 2.33% to 4.83% when the
impact of the force-induced micro-cracking (i.e., the magnitude of the force) was assessed. Accordingly,
the assessment of the impact of the maximum force (1129 N) used in the research showed that the loss
of power was 8.29% and that a force, having increased twice, leads to a loss of power of 1.7 to 3.56
times. In summary, the researched solar modules suffered significant damage after the hail simulation
test. The structure of the PV modules was mechanically damaged (cracks formed), resulting in a loss
of power.
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5. Conclusions

The present study examined a newly-created hail simulation testbed aimed at identifying the
necessary conditions for hail simulation and assessing the performance parameters of PV modules
before and after the dynamic impact.

After the hail simulation test, the tested PV modules suffered severe damage, resulting in cracks
in their crystalline structure and the loss of generated power.

The conducted tests revealed that micro-cracks in the crystalline structure of the PV module
formed when the module was exposed to the force. When the PV module was exposed to the said
force, the generated power losses ranged from 2.33% to 4.83%. After increasing the force impacting the
PV module, power loss increased to 8.29%.
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