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Abstract The problem of simulated low-velocity hail
impacts on flexible photovoltaic (PV) modules resting
on a substrate with variable stiffness is investigated. For
this type of PV module it is shown that the prescrip-
tions of the IEC 61215 International Standard for qual-
ity control used for rigid (glass-covered) PV modules
should be augmented by taking into account the real
mounting condition and the stiffness of the substrate in
the simulated hail impact tests. Moreover, electrolumi-
nescence inspection of the crack pattern should be made
in addition to electric power output measurements. An
implicit finite element simulation of the contact prob-
lem in dynamics is also proposed, with two different
degrees of accuracy, to interpret the experimentally ob-

served extension of cracking. Results pinpoint the im-

M. Corrado, A. Infuso

Department of Structural, Geotechnical and Building Engi-
neering, Politecnico di Torino

Corso Duca degli Abruzzi 24, 10129, Torino, Italy

Tel.: +39-011-0904858

Fax: +39-011-0904899

E-mail: mauro.corrado@polito.it

Present address: M. Corrado

Civil Engineering Institute, Materials Science and Engineer-
ing Institute, Ecole Polytechnique Fédérale de Lausanne
(EPFL), Station 18, CH-1015 Lausanne, Switzerland

M. Paggi
IMT School for Advanced Studies Lucca, Piazza San
Francesco 19, 55100 Lucca, Italy

portant role of stress wave propagation and reflection

in the case of soft substrates.
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1 Introduction

Photovoltaic (PV) modules are laminates composed of
layers having very different mechanical properties and
fulfilling different functions ranging from energy pro-
duction to protection from the environment. Two main
types are available on the market: (¢) rigid panels with
a glass cover on the top of the stacking of layers to pro-
vide rigidity and protection against mechanical loads,
typically installed in PV parks; (i7) semi-flexible panels
to be bonded onto flat or curved substrates where pro-
tection is guaranteed by a polymeric layer which allows
a certain degree of flexibility. Since PV modules are in-
stalled outdoor, thermo-hygrometric cycles, wind gusts,
snow, and hail impacts are the main sources of damage
and degradation during the expected working period of
25 years. The reader is referred to [1-6] for an overview
of mechanical issues affecting the durability and the
electric performance of PV modules. Among them, hail
impacts are particularly severe for semi-flexible lami-

nates, since the polymeric layers above the Silicon (Si)
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solar cells only slightly mitigate the effect of impacts.
As a consequence, cracking in Silicon may occur, which

can induce significant electrical power-losses.

Experimental tests simulating hail impacts were pi-
oneeringly carried out in 1978 at the Jet Propulsion
Laboratory of the California Institute of Technology
[7]. Different types of PV modules were tested, differ-
ing mainly for the top layer material: tempered glass,
annealed glass, acrylic sheet and Silicone potting. The
impact tests were performed with a pneumatic gun, fir-
ing ice balls with different diameters, at different veloc-
ities. The results were analysed by means of visual in-
spections and through the determination of the electric
power-loss from current-voltage (I-V) curves. The ex-
periments pinpointed that no semi-flexible panels (those
with a Silicone potting top layer) were capable of with-
standing 1-inch diameter simulated hailstone impacting
at a velocity of 23 m/s or higher, without the occurrence
of solar cell cracking. However, at that time it was not
possible to analyse the experimental results by means
of more sophisticated technologies, such as the electro-
luminescence (EL) technique, which permits nowadays
to clearly identify the crack pattern and its effect on
the electric response (the reader is referred to [3,5,8,
9] for the fundamentals of EL imaging and its working
principles).

Today, in the European zone, all the various types of
PV modules have to comply with the IEC 61215 stan-
dard [10], including also simulated hail impact tests to
be performed by firing a molded ice ball with a pneu-
matic launcher onto the PV module. The standard di-
ameter of the ball is 25 mm, and the impact velocity
is 23m/s. However, different diameters and velocities
can be used for special environments. The purpose of
the test is to verify that the module is capable of with-
standing the impact of hailstones. Hence, it provides a
simple pass/fail assessment based on the visual inspec-
tion of the cover and the electric power-loss, rather than
a quantitative evaluation of the amount of cracking in
PV modules after impacts. Specifically, the following

sequence of shots is requested to hit specific locations

of the PV module, recording by visual inspection any

sign of damage and visual effects:

1. A corner of the module window, not more than 50
mm from the frame (1 shot);

2. An edge of the module, not more than 12 mm from
the frame (1 shot);

3. Over edges of cells, near an electrical joint (2 shots);

4. Over points of minimum spacing between cells (2
shots);

5. On the module window, not more than 12 mm from
one of the points at which the module is fixed to the
supporting structure (2 shots);

6. On the module window, at points farthest from the
points selected above (2 shots);

7. Any points which may prove especially vulnerable

to hail impact.

The requirements to pass the test are: (i) absence of
major visual defects; (i¢) degradation of maximum out-
put power less than 5% of the value measured before
the test; (i4¢) insulation resistance meeting the same
requirements as for the initial measurements. However,
neither the type of substrate is mentioned in the test-
ing procedure, nor the quantitative evaluation of the
crack pattern morphology by electroluminescence is re-
quired. If this testing is suitable for rigid PV modules,
where fracture of glass that can be visually assessed
with the naked eye correlates well with the amount of
cracking in Silicon, this is not the case of flexible PV
modules. In this article we will show that the plastic
cover usually remains undamaged after impacts, while
Silicon cells exhibit cracking, whose extension does de-
pend on the substrate stiffness. For modules resting
onto stiff substrates, cracking tends to be concentrated
near the impact point, giving rise to a small portion
of electrically insulated area that can be detected by
I-V curves, possibly leading to harmful hot spots. In
the case of soft substrates, on the other hand, a much
wider crack pattern takes place, but with most of the
cracks still electrically conductive. As a consequence,
they cannot be detected by a power measurement im-

mediately after testing while, after moisture and ther-
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mal cycles inducing degradation, significant impact on
power-losses can take place. Hence, for semi-flexible PV
modules, it will be concluded that EL inspection should
be performed and the type of substrate and mounting
conditions should be included in the testing procedure,
since they shall be essential parameters to judge about
the suitability and safety of a flexible PV module de-

pending on the specific application.

To shed light onto the effect of hail impacts on semi-
flexible PV modules from a quantitative point of view,
a series of impact tests with a polyamide sphere fired
with a pneumatic gun is proposed, reproducing the con-
ditions for the simulation of hail impacts. The crack
pattern is assessed by EL imaging and the main results
are summarized in Section 2. To interpret the observed
crack patterns and draw general conclusions, two dif-
ferent simulation strategies based on the finite element
method and with different degrees of approximation are
proposed in Section 3. Numerical trends in terms of
expected extension of the crack pattern are compared

with experimental results in Section 4.

The problem of impacts and contact mechanics in
dynamics has been extensively investigated both from
the computational methodology point of view [11-13]
and the applications [14-18]. However, most of the con-
tributions available in literature concern applications in
the marine, aerospace and defence fields [16-20], where
the commonly used composite sandwich panels are made
up of two thin but stiff facesheets or skins separated by
a lightweight and thick but low modulus core. Anal-
ogously, the problem of hail impacts has been mainly
studied with reference to aerospace applications, char-
acterized by high velocities [21-24]. On the contrary,
the present problem involves composite laminates with
soft polymeric encapsulant layers that have to be mod-
eled as hyperelastic materials at finite strain, a layer
of Silicon cells with a very brittle mechanical response,
and the difficulty to assess the extension of cracking
that cannot be made with the naked eye, all aspects not
in common with composite shells for defence, marine

and aerospace applications. The conclusions in Section

5 pinpoint that the crack pattern strongly depends on
the impact velocity and on the stiffness of the substrate.
Specific recommendations for the PV module installa-
tion and for acceptance depending on the application

are finally devised.

2 Experimental tests

Commercial semi-flexible PV modules have been used
for the experimental tests. They have a rectangular
shape made of 2 rows of 5 monocrystalline Silicon so-
lar cells each, see Fig. 1(a). Solar cells have a square
shape with rounded corners and are connected with
each other in series by two busbars, see Fig. 1(b). The
size of the solar cells is 156 x 156 mm?. These PV mod-
ules are made of five layers: a backsheet 0.345 mm thick,
an epoxy-vinyl-acetate (EVA) layer with a thickness of
0.4mm, solar cells with a thickness of 0.166 mm, an-
other layer of EVA 0.6 mm thick, and a top protective
layer in polyethylene terephthalate (PET) with a thick-
ness of 0.265 mm, see Fig. 1(c).

The impact of hailstone on PV modules was repro-
duced with low-velocity impact tests, performed by fir-
ing a polyamide sphere with a pneumatic gun. During
the impact tests, the PV modules were laid on sub-
strates with different mechanical properties in order to
reproduce different realistic installation conditions and
assess their role on cracking, an aspect not yet inves-
tigated in the literature and not taken into account in
the IEC prescriptions. The effective extent of cracking
created inside the solar cells after each impact of the
sphere has been assessed by taking an EL image, which
shows crack patterns and electrically inactive portions

of the solar cell as dimmer areas.

[Fig. 1 about here.]

2.1 Low-velocity impact tests

Impact tests were carried out in the laboratory of Ma-
terials and Structures of the Department of Structural,

Geotechnical and Building Engineering of Politecnico di
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Torino. A pneumatic gun built to perform low-velocity

impact tests [25] (maximum velocity of 20m/s) with

a spherical projectile having a diameter of 40 mm was

used (see Fig. 2). The pneumatic gun apparatus is com-

posed by several parts, herein described in relation to

Fig. 2:

1. An air compressor;

2. A tank for the storage of compressed air;

3. A vertical gun barrel. The spherical projectile is re-
strained at the top of it, with an electromagnetic
jaw, manually unlocked by the operator;

4. A manual control tap to adjust the inlet air pressure;

5. A pressure gauge to read and control the air pressure
stored in the storage tank;

6. A velocity gauge at the bottom end of the gun barrel
to measure the output velocity of the projectile;

7. A rigid mounting plane, over which the PV module

is placed.

A preliminary set of shots was performed in order
to derive a calibration curve relating the pressure of the
stored air to the velocity of the projectile measured at
the exit of the gun barrel. The obtained curve is shown
in Fig. 3(a). Moreover, this preliminary series of shots
was used to select the appropriate velocity of the projec-
tile to be used in the tests. IEC standards [10] prescribe
to reproduce hailstone with molded ice balls, and pro-
vide a correlation between the impact velocity and the
diameter of the sphere. However, this approach requires
a careful examination of the ice balls before shooting,
to avoid defective ice balls and ice cracks influencing
the repeatability of the test itself.

For research purposes, to assure repeatability and

propose also a much simpler testing procedure, a polyamide

sphere with a diameter of 40 mm was used instead of
ice balls. In this case, the prescriptions of the IEC stan-
dard cannot be used, and the conversion of the veloc-
ity in order to have the same linear momentum as for
the ice balls cannot be applied. In fact, polyamide and
ice have also a completely different material response
during impact, namely linear elastic for polyamide and

brittle for ice that shatters into many pieces, contribut-

ing to energy dissipation. Hence, the selection of the ve-
locity for the proposed impact tests was done in order
to reproduce similar crack patterns and damage zones
as in the case of ice. The crack patterns due to different
impact velocities with polyamide spheres are shown in
Fig. 3(b). Impacts with a velocity of 10 and 12m/s fully
indent the solar cells with large dimmer areas represent-
ing electrically insulated regions, whereas impacts with
a velocity of 6 and 7m/s produce a well identifiable
crack pattern similar to the effects of ice ball impacts.
In particular, the velocity of 6m/s was selected as the

most appropriate for the present setup.
[Fig. 2 about here.]
[Fig. 3 about here.]

During tests, as it can be seen in the photo in Fig. 2,
the PV module lies horizontally on the mounting plane,
perpendicular to the gun, and as close as possible to the
bottom end of the gun barrel in order to limit the effect
of the gravity acceleration on the impact velocity and
guarantee the reproducibility of the imposed impact ve-
locity. Impact tests were performed by impacting a solar
cell in its center to avoid spurious effects caused by bus-
bars soldered on solar cells, as well as boundary effects.

Regarding the substrate interposed between the PV
module and the rigid mounting plane, three cases were
considered to simulate the conditions typical of different
installation setups and analyze their effect on cracking.
The three substrates, listed from the stiffer to the softer,
are: (i) a wooden board; (i4) an alveolar polycarbonate
(PC) layer interposed between the PV module and the
wooden board; (i7i) a polystyrene (EPS) layer inter-
posed between the PV module and the wooden board
(see Fig. 4(a)-(c)). In the sequel, they will be referred

to as hard, medium and soft substrate, respectively.
2.2 Analysis of the crack pattern by
electroluminescence imaging

Cracks and electrically inactive areas in Silicon solar

cells are not usually visible with the naked eye. How-
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ever, they can be analyzed by means of EL imaging
[3], which is a non-destructive technique based on the
evaluation of the level of luminescence emitted by Sil-
icon when subjected to an imposed electric potential
in forward bias. Electrically insulated zones or cracks
can be identified by their low EL intensity, thus result-
ing in dimmer areas. In the present tests, a voltage of
0.7V was applied to the PV modules by the Genesys
GENH60-12.5 (750W-1U, TDK Lambda) power sup-
plier. EL emission was detected by the cooled digital
12 bit CCD camera pco.1300 solar, with a resolution of
1392 x 1040 pixel and equipped by the Schneider Kreuz-
nach XNP F1.4 lens with SWIR coating 800 — 1800 nm.
Tests were performed inside a dark room, shading all
the possible sources of light to avoid reflection. Nearly
the maximum aperture of the lens (F2) was selected,
with an exposure time of 5s to avoid heating of the PV
module that can affect measurements. Post-processing
of the acquired EL images was made by using the fa-
cilities of the software CamWare. In particular, cut-off
filters of 600 and 8200 nm were used for all the images
to make them comparable and remove very high and

very low emission in the EL signal spectrum.

The EL images of the Si cells subjected to impact
are shown in Fig. 4(d)-(f), for the three considered sub-
strates whose sketch is shown above. For the case with
hard substrate, damage remains localized in a small
area around the impact point. Inside such a circular
region, solar cells are heavily indented and electrically
inactive, whereas outside it damage appears in the form
of few radial cracks. The indentation point can lead to
harmful hot spots. Two small black spots close to the
impact point are due to the bouncing of the sphere after
the main impact. The radius r* of the circular dimmer
area is 7.5 mm. By reducing the stiffness of the sub-
strate to the medium case (see Fig. 4(e)), damage be-
comes less localized and it spreads over a wider region
around the impact point. The crack pattern is charac-
terized by both radial and circumferential cracks, the
extension of the latter being larger than the former.

The maximum radius r* of the circular area interested

by the circumferential crack is 15.8 mm. Finally, the
crack pattern with the soft substrate is similar to that
of the medium one, although with even more extended
circumferential cracks (see Fig. 4(f)). In this case, r* is
equal to 31.0mm. On the contrary, the lengths of the
radial cracks are almost the same as in the previous

case.

[Fig. 4 about here.]

2.3 Characterization of the substrate stiffness

Besides the impact tests, indentation tests were carried
out in order to quantify the stiffness of the substrates
and characterize them by a specific parameter. This is
also fundamental for the identification of the contact
model parameters input for the numerical simulations.
Hence, quasi-static indentation tests were carried out
with a Zwick Allround electro-mechanical testing ma-
chine (maximum capacity of the load cell of 10kN).
The indenter had a cylindrical shape, with radius equal
to 5mm and length of 40 mm. The test has been per-
formed in the MUSAM-Lab at the IMT School for Ad-
vanced Studies Lucca for each of the three materials
used as substrate, namely wood, alveolar PC, and EPS
(see Fig. 5). The force vs. indentation curves for the

three materials are shown in Fig. 6(a).
[Fig. 5 about here.]
[Fig. 6 about here.]

The contact stiffness kspn of a sphere indenting a
substrate can be deduced from the contact stiffness kcy
of a cylinder through basic contact mechanics formulae
valid for a linear elastic continuum [26]. For a sphere,
the indentation force Fypy is function of the indentation

depth u as:
4 .12
Fon =3B RYEu?, (1)

where Ry is the radius of the indenting sphere and E*

is an equivalent elastic modulus function of the elastic
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properties of the materials in contact. Similarly, for a

cylinder, the following relation holds:
Fep = ZE*LU, (2)

where L is the length of the cylinder.
The area of contact in the two cases is also function

of the indentation depth:

Gsph = 7T}zsphu

eyl = L 2Rcy1u

The average contact pressure for the sphere can

therefore be derived from Egs. (1) and (3a):

Fspn _ 4
Gsph 3T

u
b
Rsph

*

(4)

ﬁsph =

and from Egs. (2) and (3b) for the cylinder:
T

_ Fcyl * (%
Peyt = —— = 2 E7/ 5
vl Acyl 8 2}zcyl ( )

The contact stiffness can be obtained as the deriva-

tive of the average pressure with respect to the indenta-

tion depth. For the sphere and the cylinder they read,

respectively:
dpepn 4 E*
koph = —24 = — ————— 6
ph du 67 /Rt (6a)
dp. E*
hoi = = = T (6b)

du 8 A/ QRCylu

Therefore, those relations allow the computation of
the average stiffness due to the indentation of the half-
plane by a sphere with radius Rspn from the experi-
mentally evaluated average stiffness of a cylinder with

radius Ry in contact with the same half-plane:

1672 | Rey
37‘1’2 Rsph

ksph = KReyl- (7)

The contact stiffness of the three substrates subject
to the indentation of a sphere with radius of 20 mm is
computed as a function of the indentation depth from
the curves shown in Fig. 6(a) and applying, in sequence,
the formulae in Egs. (5), (6b), and (7). The obtained
curves are shown in Fig. 6(b). The vertical axis is in
logarithmic scale to emphasize the different magnitude

in the three cases. From the obtained curves, we notice

that the contact stiffness depends on the indentation
depth. As it will be shown in the next section, the max-
imum value of indentation reached during the tests and
in the simulations differs from substrate to substrate
and it increases by decreasing its stiffness. Therefore,
based on the actual indentation depth experienced in
the impact test experiments, the characteristic values
to be used in input to the numerical simulations are
marked by dashed lines in Fig. 6(b). In particular, they
are 0.0065 N /mm? for EPS, 0.2 N/mm? for alveolar PC,
and 5N/mm? for wood. The ratio between the con-
tact stiffness of the three cases with respect to EPS is
1:30:770.

3 Numerical modeling

Two numerical approaches characterized by a different
degree of approximation are herein proposed to simu-
late the contact problem of a sphere impacting on the
PV module and assess the induced stress field, to inter-
pret the crack patterns observed in the experiments.

The first approach is a simplified method in which
a quasi-static nonlinear finite element contact problem
is solved to predict the load vs. indentation response
of the system. Afterwards, the equation describing the
nonlinear single-degree-of-freedom (SDOF) spring-mass
model is used to generalize the quasi-static solution to
the dynamic regime.

The second approach is the most accurate as possi-
ble and it corresponds to the solution of the nonlinear
dynamic contact problem by using a fully implicit fi-
nite element integration scheme in space and time. In
both cases, the finite element analysis program FEAP
[27] is used for the solution of the equation set resulting
from the weak form of the problem and the imposition
of the initial and boundary conditions representative
of the experimental tests. The real problem is herein
approximated by the axis-symmetric model shown in
Fig. 7.

[Fig. 7 about here.]
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Linear quadrilateral finite elements are used to dis-
cretize the continuum. Linear elastic constitutive rela-
tions have been considered for all the materials com-
posing the layers of the PV module and for the sphere,
except for the epoxy material (EVA) encapsulating the
solar cells. This is in fact a polymeric material with a
pronounced thermo-viscoelastic behavior [28,29]. Due
to the testing conditions of dynamic loading and con-
stant room temperature, these two complex mechanical
aspects can be neglected, and a neo-Hookean hyperelas-
tic constitutive relation at room temperature has been

adopted. The material parameters are listed in Tab. 1.

[Table 1 about here.]

An implicit time integration scheme based on the
Newmark method, and in particular the constant aver-
age acceleration scheme, is used in dynamics. The con-
tact problem is solved by using the node-to-segment
contact strategy [13] to identify the finite elements in
contact. The penalty method is adopted to impose the

satisfaction of the unilateral contact constraint. In this

regard, the penalty method was preferred over the method

of Lagrange multipliers since it was possible to pro-
vide a physical meaning to the penalty stiffness to be
used in the simulations. Different values of the penalty
parameter have been considered along the contact in-
terface between the PV module and the rigid mounting
plane in order to simulate contact with substrates char-
acterized by different indentation stiffness, to reproduce
the conditions of the experimental tests. Specifically,
the penalty parameters used for the contact problem
along this interface are taken proportional to the val-
ues of the contact stiffness experimentally evaluated
(see Section 2.3), i.e., 1 x 10°N/m? for the soft sub-
strate, 3 x 10" N/m3 for the medium substrate, and
7.7 x 108 N/m? for the hard substrate. Therefore, the
ratio 1 : 30 : 770 was preserved as in the experimental
tests. Regarding the interface between the sphere and
the laminate, a very high penalty parameter is set to

avoid any spurious interpenetration of the sphere and

satisfy almost exactly the unilateral contact problem

along that plane.

3.1 Nonlinear SDOF spring-mass model

The problem of impact of a sphere on a PV module
resting on a substrate can be approximated by a SDOF
spring-mass model according to the methodology pro-
posed in [30] (see Fig. 8(a)). Basically, the mass of the
equivalent system is given by that of the sphere, since
the mass of the portion of module interested by the
impact is negligible. On the other hand, the stiffness
of the equivalent spring has to take into account both
the stiffness of the sphere and the contact stiffness. The

governing equation for the SDOF system is:

Mii+ K(u)u=0 (8)

where K (u) is the nonlinear stiffness of the spring,
that can be determined from a quasi-static FE simula-
tion of the sphere indenting the PV module. In partic-
ular, three different cases were examined, one for each
substrate type. Simulations were performed under dis-
placement control, i.e. the displacement of the bound-
ary AB of the sphere (see Fig. 7) was increased step-by-
step and the resulting force was computed as the sum
of the reactions along the same boundary. The obtained
quasi-static force vs. indentation depth curve is shown
in Fig. 8(b) for the three substrates. Each curve was
then approximated with a polynomial function of the
4th degree (the corresponding equations are also super-
imposed to Fig. 8(b)). The nonlinear stiffness entering
Eq. (8) is therefore provided by the derivative of the
polynomial functions fitting the force vs. indentation
curves. Due to the nonlinear character of the problem,
Eq. (8) was solved with a step-by-step numerical inte-
gration, assuming a constant acceleration within each
time step, and imposing the initial conditions of inden-

tation u(t = 0) = 0 and velocity u(t = 0) = 6m/s.

[Fig. 8 about here.]
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3.2 Rigorous implicit dynamic finite element solution

The alternative approach to simulate the impact tests
is based on the finite element method applied to the
dynamic problem with a fully implicit time stepping
technique. The solution strategy adopted for this case
is a step-by-step implicit dynamics, using the Newmark

constant average acceleration scheme for time integra-

tion. At each time step, the Newton-Raphson incremental-

iterative scheme is adopted to solve the nonlinear set of
algebraic equations. The mass matrix of the finite ele-
ments was computed in lumped form and energy dis-
sipation phenomena, for instance due to friction, were
neglected. Due to the hyperelastic behavior of the EVA
material, and in order to avoid instabilities, the time
step was changed during the simulation, starting from
1ps and decreasing it down to 0.1 pus by approaching
the maximum indentation depth. As discussed in the
Section 4, the present approach is the most accurate
as possible, and it will be shown that it is more pre-
cise than the SDOF spring-mass model for the analysis
of the stress field. On the other hand, it is computa-
tionally much more expensive, since it has to deal with
dynamics, contact mechanics, and the nonlinear hyper-

elasticity of EVA at the same time.

4 Results

In this section, the predictions of the two numerical
methods used to simulate the impact test are reported.
Furthermore, they are compared with the experimen-
tal results in order to assess the possibility of using
numerical simulations to predict the extension of the
area subject to cracking caused by impacts. First, the
analysis of the results is carried out in term of global
response, i.e., by examining the relation between inden-
tation depth and time. Then, a more detailed analysis is
carried out by inspecting the stress field inside the PV
module, with particular focus on the layer containing

the solar cells.

4.1 Indentation vs. time response

The outcome of the numerical simulations, in terms
of indentation depth vs. time and velocity vs. time,
is shown in Fig. 9. The dashed lines refer to the so-
lution obtained by a quasi-static finite element simula-
tion combined by the SDOF spring-mass model to ex-
tend the solution to dynamics, whereas the solid lines
refer to the finite element prediction by solving the con-
tact problem in dynamics. In both cases, the simula-
tions are stopped at the maximum indentation. Clearly,
the two approaches provided almost identical results.
As expected, the maximum indentation and the dura-
tion of the impact do depend on the substrate stiff-
ness. In particular, a maximum indentation of 1.16 mm
is achieved after 0.26 ms for the hard substrate, 2.20 mm
after 0.54 ms for the medium substrate, and 4.54 mm af-
ter 1.14 ms for the soft substrate. Correspondingly, the
negative gradient of the velocity increases by augment-

ing the substrate stiffness.

[Fig. 9 about here.]

4.2 Analysis of the stress field

The stress field inside the PV module is herein exam-
ined in order to verify whether it is possible to correlate
the stress distributions in the Silicon layer to the ex-
tension of the cracked area observed in the EL images.
Considering the brittle behavior of Silicon, it is reason-
able to assume that cracking takes place as soon as the
radial stresses reach the ultimate tensile strength of the
material. Hence, even by assuming linear elasticity for
Silicon, it is reasonable to expect that all the portion of
the solar cell where the radial stress overcomes the ulti-
mate tensile strength of Silicon correlates with the ex-
tension of the electrically inactive zones. Moreover, the
point where the circumferential stresses become lower
than such a threshold could be used to identify the
maximum length of the radial cracks observed in the

experiments.
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Due to the axis-symmetry of the model, the stress
field is identified through the radial stress, o,., and the
circumferential stress, oy. In the case of the SDOF spring-
mass model, the stress field is quantified from a quasi-
static simulation up to a deformation level correspond-
ing to a maximum indentation depth predicted by the
SDOF method. As an example, the contour plots of the
radial stresses are shown in Fig. 10 for the three consid-
ered substrates. The highest stress level is located inside
the solar cell, which has a Young modulus from 2 to 4
orders of magnitude higher than that of the other ma-
terials composing the PV laminate. The indentation of
the sphere in the module determines a localized flexural
state in the impacted solar cell. Therefore, the maxi-
mum and minimum stresses are achieved on the lower
and upper surfaces of the layers. From a qualitative
comparison of the three contour plots, the region sub-
jected to the highest stresses increases by decreasing
the substrate stiffness, in qualitative agreement with

the experimental evidences.
[Fig. 10 about here.]

In order to quantitatively compare the three cases,
the distributions of the radial and circumferential stresses
along the radial coordinate at the bottom surface of
the solar cell, i.e., the surface further from the side of
impact, are shown in Figs. 11 and 12. In the SDOF
spring-mass model, since there are no dynamic effects
explicitly taken into account, the condition of maximum
indentation corresponds to the achievement of the max-
imum radial stress in the module (see Fig. 11) and this
simplifies the estimation of the extension of the cracked
area of Silicon.

On the other hand, the same procedure is not viable
for the rigorous finite element solution of the dynamic
problem. The identification of the maximum and mini-
mum stresses at the boundary of the solar cells is in fact
complicated by the phenomenon of stress wave propa-
gation which is not accounted for in the SDOF method.
As a consequence of this, the peak stress in the various

points along the boundary of the solar cells is reached

at different time steps. Therefore, in this case, an en-
velope diagram of the stresses is required to assess the
maximum extension of the solar cell layer experiencing
a radial stress higher than the Silicon ultimate tensile
strength. Hence, the diagram in Fig. 12 represents, for
each material point, the maximum and the minimum
radial stresses reached during the entire load history in
the dynamic simulation.

The radial and circumferential stress distributions
shown in Fig. 11 for the SDOF method and the cor-
responding envelope diagrams obtained from finite el-
ement dynamic simulations shown in Fig. 12 display
common features. The maximum values of the radial
and circumferential stresses take place within the area
of contact between the ball and the PV module. The
maximum radial stress o, is found in a point about
3mm far from the symmetry line. Further from the im-
pact area, the radial stresses change sign, and the min-
imum values take place at a distance from 6 to 12 mm
from the symmetry line. After the minimum, the ra-
dial stresses tend to vanish at a distance sufficiently far
from the point of impact. The circumferential stresses
op also tend to zero far from the point of impact, but

without changing sign.
[Fig. 11 about here.]
[Fig. 12 about here.]

The diagrams in Figs. 11 and 12 are now inter-
preted in relation to the EL images showing dimmer
areas (see Fig. 4(b)) in order to assess the possibility of
using these numerical predictions to identify the region
of the solar cell that becomes electrically inactive. As
mentioned before, the key idea is to define such a re-
gion as the area where the absolute value of the radial
stresses g, overcome a threshold given by the ultimate
tensile strength of Silicon. The use of the absolute value
is justified by the fact that, on the upper surface of the
solar cell, stresses are almost the same as those acting
on the bottom surface and shown in Figs. 11 and 12,

but with opposite sign due to bending. To this purpose,
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the envelope diagrams obtained from dynamic finite el-
ement simulations are considered first.

Considering a threshold value of 60 MPa for o, (see
the horizontal dashed lines in Fig. 12), the region po-
tentially subjected to circumferential cracks is predicted
to have an extension defined by a radius r* of 10.5 mm
for the hard substrate, 17.8 mm for the medium one,
and 31.3mm for the soft substrate. These values are in
very good agreement with the experimentally observed
extension of the crack patterns (see Fig. 4). The same
threshold applied to the diagrams of the circumferen-
tial stress og identifies regions where radial cracks can
develop with a radius of 6.8 mm for the hard substrate,
10.2 mm for the medium one, and 16.5 mm for the soft
substrate. Based on these results, the extension of the
solar cell portion subjected to radial cracks is predicted
to be smaller than that subjected to circumferential
cracks, which is fully consistent with the experimental
observation (see Fig. 4).

The same analysis of the stress diagrams resulting
from the SDOF method (see Fig. 11) does not lead to
the same level of agreement with the experimental ob-
servation of the extension of the crack pattern, espe-
cially for the soft substrate. This is particularly evident
for the radial stresses. In fact, for the same threshold
of 60 MPa, SDOF predictions for r* are 9.4 mm for the
hard substrate, 14.2 mm for the medium one, and only
20.3 mm for the soft substrate. A direct comparison be-
tween experimental results and numerical predictions
based on the two proposed models for the extension of
the cracked area, r*, is provided in Fig. 13. Predictions
by finite element simulations in dynamics are in excel-
lent agreement with experimental results, since they lie
very close to the dashed line at 45°. The SDOF method

should be used for hard or medium stiff substrates.
[Fig. 13 about here.]

It is worth noting that the tensile strength of intact
mono-crystalline silicon is usually much higher than the
threshold value assumed in this analysis. However, solar

cells used to produce PV modules are cut from a big

cylindrical wafer and are subject to several industrial
processes up to their final incapsulation in the EVA
layers. All of these steps can induce impurities, micro-
cracks and defects leading to stress concentrations and

a much lower nominal tensile strength.

5 Discussion and conclusions

The impact of simulated hailstone on semi-flexible PV
modules has been studied from the experimental and
the numerical points of view. With respect to [7], the
use of the EL technique represents a significant step
forward for the accurate detection and analysis of the
crack pattern. The use of EL imaging for a quantitative
analysis of electric damage and crack pattern is highly
recommended in the case of semi-flexible PV modules
that are much more vulnerable to hail impacts than
the rigid ones. Moreover, the effect of the type of sub-
strate was also found to be very important and should
be considered in the design of PV installations for the
assessment of potential safety risks connected to hot
spots induced by cracking.

As far as the numerical modeling is concerned, the
proposed simplified approach based on quasi-static fi-
nite element simulations and the application of the SDOF
model provides excellent results in terms of global re-
sponse, i.e., indentation depth vs. time behavior. How-
ever, stresses predicted by this approach to be used to
predict the extension of the crack pattern do not sat-
isfactorily correlate with the experimentally observed
dimmer areas in the EL images, especially for soft sub-
strates. On the other hand, fully implicit finite element
simulations in dynamics accounting for stress wave prop-
agation and reflection provide stress diagrams that can
be effectively used to assess the extension of cracking
in solar cells due to impacts, for any substrate stiff-
ness. In particular, the use of a nominal ultimate tensile
strength of 60 MPa to identify the extension of the crack

zones leads to predictions that compare very well with

experimental observations. Therefore, the proposed method

can be used in practical engineering applications to as-
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sess different laminate configurations both in terms of
layers thickness and material composition, and in rela-
tion to different mounting substrates.

As regards future perspectives, the analysis of the
evolution of the crack patterns induced by impacts due
to the exposure to cyclic thermal loads, performed by
means of experimental tests inside a climate chamber,
will be of high relevance for a complete evaluation of
the actual durability of cracked PV modules. In fact, a
further propagation of cracks and an increase of their
opening can lead to an expansion of the electrically in-
active solar cell areas, with a consequent increase of
power-loss [6]. In this regard, the crack pattern with
partial electric insulation observed for the soft substrate
(see Fig. 4(b)), almost impossible to be assessed from
the inspection of I-V curves, could be quite dangerous
in perspective, since it can lead to a very large elec-
trically insulated area and a hot spot after a series of

cyclic thermal loading in the field.
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Fig. 1 Semi-flexible PV module: (a) photo of one of the tested modules; (b) detail of a solar cell; (c) sketch of the cross-section of the
PV module with its different layers.
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Fig. 3 (a) Calibration curve relating air pressure and output velocity of the projectile; (b) electrically damaged areas for different

impact velocities.
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Fig. 4 Experimentally simulated hail impact tests: (a)-(c) sketches of the three considered substrates; (d)-(f) EL images showing the
resulting crack patterns and electrically inactive areas.
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Fig. 5 Photos of the indentation tests on: (a) wooden board; (b) alveolar polycarbonate; (c) polystyrene.
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Fig. 6 Results of the experimental indentation tests: (a) force vs. indentation depth and (b) average indentation stiffness.
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Fig. 7 Sketch of the axis-symmetric model geometry for FE simulations.
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Fig. 9 Results of the numerical simulations for different substrate stiffnesses: (a) indentation depth vs. time; (b) velocity vs. time.
The dashed lines refer to the SDOF spring-mass model whereas the solid lines to the rigorous finite element solution in dynamics.
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Fig. 10 Contour plot of the radial stress in the PV module for the three considered substrates. These predictions are obtained based

on the SDOF method.
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Fig. 11 Stress distributions along the radial coordinate at the bottom surface of the Si cell predicted by the SDOF method: (a) radial
stress; (b) circumferential stress.
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Fig. 12 Envelopes of the stresses along the radial coordinate at the bottom surface of the Si cell predicted by dynamic finite element
simulations: (a) radial stress; (b) circumferential stress.
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Fig. 13 Comparison between experimental results and numerical predictions of the extension of the silicon area cracked by circum-
ferential cracks, r*.
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Table 1 Material parameters used in the finite element simulations.

E(N/m?) v p(kg/m?)
Backsheet 2.8 x 109 0.30 1200
EVA 1.0 x 107 0.30 1180
Silicon 1.3 x 1011 0.22 2330
PET 2.5 x 109 0.30 1300
Polyamide (sphere) 3.0 x 10° 0.30 1200




