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Abstract

Being different from terrestrial photovoltaic (PV), vibration response is critical to PV modules
for vehicle applications, as dynamic loads lead to vibration responses in VIPV modules, which
must be carefully considered during the structural design phase to prevent noise and fatigue
failure. In this work, the experimental modal analysis on conventional glass-based and novel
composite-based, lightweight PV module structures is investigated. First, the modal
frequencies and mode shapes are determined by experimental modal analysis on different
module structures with/without solar cell strings. Based on the experimental results, the solar
cells have negligible influence on vibration response of glass-based PV panels, whereas their
influence is non negligible for the considered lightweight panels. The lightweight panels show
a higher number of modal frequencies within the 0-120 Hz range and greater amplification
factors for these modes compared to the glass-glass modules. The experimental results are
used to update a finite element model and quantify its accuracy for the prediction of modal
frequencies and shapes. The sensitivity analysis, based on the numerical modal, suggests the
significance of skin material properties, i.e., thickness, Young’s modulus and density. The
findings highlight the challenges of implementing lightweight structures for vehicle
applications and provide a fundamental understanding of vibration performance for next-
generation VIPV applications.
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1. Introduction
With a rapid growth of deployment in recent years, photovoltaic (PV) is foreseen to be one of
the most significant and sustainable energy sources in the future [1], [2]. The concept of
“integrated PV” combines different systems and PV to reduce the carbon footprint of the
entire system. Examples include Building-integrated PV (BIPV) and Vehicle-integrated PV
(VIPV). Considering massive CO; emission is induced by transportation activities [3], VIPV
might be part of the solution to alleviate this.

Although current VIPV products already exist on the market [4], [5], with a main focus on
integrating PV into the panoramic roof, the power density provided by such a “solar roof” is
still limited (around 200 Wp/m?) [6]. Therefore, to enhance the energy vyield, the next
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generation VIPV product should aim to maximize PV coverage across the entire surface of the
car, including the hood, trunk, and even body panels [7]. Achieving high integration across
vehicle surfaces requires lightweight PV modules to preserve aerodynamic efficiency and
minimize the additional weight introduced by PV components. In this case, the weight of
conventional glass-glass modules (weighing up to 20 kg/m?) [8] is not negligible compared to
the weight of an electric vehicle itself (weighing 1500-2200 kg) with a hypothetical area of 10
m? [9]. Thus, lightweight PV modules are imperative to be considered for the next generation
VIPV applications.

Although there is lack of standards specifically for VIPV products, some safety qualifications
have been proposed and conducted by different researchers [10], [11]. On the one hand,
environmental stability remains significant for terrestrial PV applications, including thermo-
mechanical, damp heat storage, UV stability. Previous studies have shown that thermo-
mechanical and damp heat reliability is challenging for lightweight PV modules [12], [13], [14].
When the skin layer is replaced from glass to fiber reinforced polymers, the coefficient of
thermal expansion and water vapor transmission rate have significant differences, which
result in environmental reliability issues. On the other hand, impact and dynamic response
(i.e. vibration behavior) also play an important role in vehicle applications, as noise, vibration
and harshness (NVH) design significantly impact the user comfort [15] and the structural
fatigue life. Over past years, prior studies have reported on the vibration behaviour of PV
modules during transportation [16], [17] and under wind load with different mounting
configurations [18]. However, to the knowledge of the authors, a comprehensive and
fundamental analysis of the vibration behaviour between conventionally bulk glass-based
modules and novel lightweight modules has not been reported yet.

The goal of this paper is to better understand and simulate the vibration behavior of the novel
lightweight PV modules for an improved NVH design of the vehicle. Therefore, in this paper,
the results of experimental modal analysis in a free preload-free constraint condition (also
referred to as “free-free”) are presented to determine the dynamic properties (modal
frequencies and mode shapes) of PV modules for vehicle applications. The modal frequencies
and mode shapes are compared between glass-glass and lightweight (using glass-/carbon-
fiber reinforced polymers as backsheet) modules. Under the assumption of small linear-elastic
displacements, the vibration behavior can be conveniently synthetized in terms of modal
frequencies, shapes and damping values. Therefore, to reach the above-mentioned goal, we
propose an experimental and numerical modal analysis of conventionally bulk glass-based
modules and novel lightweight modules.

2. Experimental section

2.1 Sample fabrication
The module structure consists of frontsheet, front encapsulant, solar cell with
interconnections, back encapsulant and backsheet (shown in Figure 1 (a) and (d), marked as
type “A”). Three module structures are fabricated in a small size (35%35 cm?): namely (i) a
conventional glass-glass (GG) module, (ii) a lightweight module with polyethylene
terephthalate (PET) frontsheet-glass fiber reinforced polypropylene (GFPP) backsheet and (iii)
a lightweight module with PET frontsheet-carbon fiber reinforced polypropylene (CFPP)
backsheet module. To understand the influence of each PV component on the vibration



response of the PV module, module structures with only solar cells (w.o. interconnection, seen
in Figure 1 (b) and (e), marked as type “B”) and without any PV (w.o. solar cells and
interconnections, shown in Figure 1 (c) and (f), marked as type “C”) have been fabricated and
tested for their modal features. Detailed sample fabrication process and module mass and

thickness are described in Supplementary Information S1.
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Figure 1. The schematic picture of PV module structures and sample images: (a) the full
module structure (sample type A), (b) the module without interconnection (sample type B)
and (c) the module without solar cell and interconnection (sample type C), (d)-(f)
corresponding images to structures (a)-(c), each time showing left to right GG, PET-GFPP and
PET-CFPP buildup.

2.2 Free vibration test

Aregular 4 x 4 grid is marked on each sample to indicate the excitation locations, as illustrated
in Figure 2 (a). With this type of grid, it is possible to distinguish at least the first 4-5 typical
mode shapes of squared plates in free-free conditions. [19] The free pre-load and free
constraint test condition is selected because of the expected low influence on the modal
results, which is realized by hanging the samples with elastic bands. Three lightweight
accelerometers (model PCB 352A24) are mounted on the rear side of the structure using
beeswax, at the grid locations labelled as ”11”, ”22” and ”33” according to Figure 2 (a). An
automatic hammer (model NV-TECH SAM1) is used to excite the sample sequentially at the
grid points at the frontside, applying an excitation force that ranges between 0.34 and 3.30 N.
In this range, the acceleration response is found to scale linearly with the excitation force. The
frequency response functions (FRFs) between acceleration response and excitation force are
measured per each of the 16 excitation locations. Details of data collection are described in
Supplementary Information S2. The samples labelled as “GG-A-1", “GF-A-1" and “CF-A-1" are
excited at each location of the grid, whereas symmetry is exploited for the other samples,
which are only excited at the locations in the lower half of the grid. The experimental setup is
shown in Figure 2 (b) and (c) for the sample “GF-A-1", as an example.
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Figure 2. (a) The layout of excitation spots on each sample and position of accelerometers. (b)
The front view of GF sample during experimental modal analysis, showing the mounting

method and excitation position. (c) The back view of GF sample showing the position of
accelerometers.

3. Finite element (FE) modeling

3.1 Finite element model and mesh
FE models are extensively used for prediction of structures’ modal frequencies and modal
shapes. After the initial investigation on the element type (details seen in Supportive
Information S3), 3D elements are chosen to represent each layer with elimination of
interconnections in the geometry (which will be discussed in Section 4.1). The 3D FE model is
realized with Simcenter 3D integrated framework and solved with solution “103 - Real
Eigenvalues” in NX Nastran. The parameters of this model are then analyzed and updated with
the multi-disciplinary design optimization software HEEDS.

Table 1. Material properties used in the initial FE model

Material Thickness Young’s modulus Density Poisson factor
[mm] [MPa] [kg/m?] []
PET frontsheet 0.3" 2000" 1150° 0.29%[20]
Encapsulant 0.21 (GG), 45.8" 902" 0.26%[21]
0.55(other) *
Silicon 0.18" 170000%[22] 2329%[16] 0.28[16]
Glass 3* 74000" [23] 2520" 0.24%[23]
GFPP 1.7* 11000%[24] 1495" 0.25%[25]
CFPP 1.25" 54000%[24] 1370° 0.25%[26]
* Measured

# From literature



3.2 Material properties and constraints

The nominal properties used for the initial FE model are listed in Table 1. In the first
approximation linear elastic isotropic material models are used. The thickness of each layer is
measured with a confocal microscope over the sample cross-section. The Young’s modulus of
PET frontsheet and encapsulant was estimated as the storage modulus, which is measured
using a Dynamic Mechanical Analysis (DMA) in tension mode at an oscillation frequency of 1
Hz and temperature of 23 °C. The densities of PET, encapsulant, GFPP and CFPP are measured.
The density of glass is instead tuned in order to match the total weight of the samples. All the
remaining material properties are taken from literature. With these assumptions, the total
thickness and weight of the modelled samples matched the real samples with a maximum
percentage error of 1%. No structural constraint was applied to represent the experimental
free-free conditions.

4. Results and discussion

4.1 Experimental modal analysis

The modal features of each sample are estimated on the base of the FRF that are measured
in the free vibration test. The FRF with excitation and response at the grid point “11” is shown
as an example in Figure 3 (a). Per each frequency, it illustrates the amplitude of the
acceleration response at point “11” resulting from a unit impulse excitation applied at the
same point “11”. In such a plot, the peaks indicate vibrational modes, showing the frequencies
at which the system naturally resonates. The repeatability of the measurement is proven to
be good for the 3 samples tested. Four vibration modes are found in the measurement range
of 0-500 Hz for GG modules, corresponding to the “torsion”, “saddle”, “central” and “diagonal”
modes at 177.7, 275.9, 312.6 and 416.9 Hz respectively. These modal shapes are shown in
Figure 4. Interestingly, the “saddle” mode is not visible in the FRF of Figure 3 because of its
very limited participation factor, but is suggested by the Polymax algorithm within Simcenter
Testlab, which is used to estimate the modal features from the experimental data. More
details on the estimation method can be found in Supportive Information S2. In this mode,
half of the grid points, among which the accelerometers points (along the diagonal), are
located in the proximity of nodal points, where the modal displacements are almost zero.
When eliminating solar cells and interconnections, the modal frequencies do not change
significantly (Figure 3 (b)), which suggests that PV has a minor impact on vibration response
for the GG structure. This aligns with a prior reported study that solar cells and
interconnections have negligible effects on the module stiffness for a full-size module, and
therefore can be eliminated in FEM for simplifications for full size GG modules [27]. However,
according to the scaling law [28], an increase in module size significantly reduces the modal
frequencies.



Frequency Response Function [g/N]
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Figure 5. Measured FRFs of (a) full GFPP modules, (b) full CFPP modules, (c) and (d) GFPP and
CFPP modules w./w.o. PV and interconnections. Excitation and response are both at grid point
“11” (Figure 2). Peaks are marked.
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Figure 6. Experimental mode shapes of (a)-(d) GFPP modules (e)-(h) CFPP modules for type A

Next, the modal features of GFPP and CFPP modules are estimated. The modes that are
observed for GG modules are now shifted to significantly lower frequencies and can be found
in the range 0-120 Hz, which coincides with the typical range of frequencies excited due to
vehicle-road interaction [29]. As shown in Figure 5 (a) and (b), four vibration modes are
detected, corresponding to the “torsion” (32 Hz), “saddle” (72 Hz), “central” (91 Hz) and
“diagonal” (104 Hz) modes as shown in Figure 6. The respective modes for GFPP and CFPP are
very similar in modal frequency due to similar geometry. Compared to GG modules, the modal
density (i.e. the number of modes within a certain frequency range) and the modal
amplification (i.e. the height of the peaks in the FRFs) are both higher. These observations
indicate that within the same frequency range, the lightweight PV modules are more prone to
resonance issues. It is noteworthy that the repeatability of the measurement for lightweight
modules is also limited, which can be observed from side peaks and noise in Figure 5 (a) and
(b). This might be due to the shift in position of the bussing ribbons that slightly alter the
geometry of each module, which results from uncertainties of manually fabricated lightweight
modules, as demonstrated in Figure S1. Module structures without interconnection and/or
solar cells are also tested. It is found that solar cells have a significant impact on the vibration
response by increasing the modal frequencies, while the effect of interconnections is limited
compared to cells, as shown in Figure 5 (c) and (d). This indicates that FE modeling for
lightweight modules should include solar cells but can neglect the interconnection (but not
the bussing ribbons).

The modal features for all the samples are summarized in Table 2. The first column contains
the average of the modal frequencies among the full samples, and the second column
contains the standard deviation. The third and fourth columns indicate the relative variations
of modal frequencies due to the removal of the interconnections and the solar cells



respectively. The comparison between these modal frequencies is only valid when the modal
shapes are similar. In this paper, two modal shapes are considered similar when their Modal
Assurance Criterion (MAC) value is higher than 0.5. [30] The modal damping values are shown
in Supplementary Information Table S3. While the modal frequencies show evident patterns
with respect to the sample types, the modal damping values are very scattered and more
difficult to interpret. It seems that the modal damping values are more sensitive to the
manufacturing and testing uncertainties.

Table 2. The modal features of GG, GF and CF samples

Modal frequency

Average Std. dev. Freq. change of Freq. change of
value of full
module of module .structure of .no structure of no
Sample Mode structure structure interconnection solar cells
(type A) (type A)  (type Bvstype A) (type Cvstype A)
(2] (%] (%] (%]

1-Torsion 178 0.7 -1.81 -5.39
GG 2-Saddle 276 0.57 -2.93 -6.27
3-Central 313 0.12 -2.41 -4.86
4-Diagonal 417 0.50 -0.81 -3.04
1-Torsion 33 1.69 -8.87 -34.21
GE 2-Saddle 70 1.29 -8.33 -41.65
3-Central 88 1.36 3.62 -30.76
4-Diagonal 103 0.94 -2.73 N.A."
1-Torsion 30 5.28 -3.26 -25.24
CF 2-Saddle 74 1.50 -3.79 -34.40
3-Central 93 1.18 -2.88 -32.30
4-Diagonal 105 1.33 -2.10 N.A."

*Note: the modal shape for type Cis significantly different (MAC < 0.5) from the modal shape
obtained in type A, therefore, the comparison between frequencies each mode is not valid.

4.2 Numerical sensitivity analysis

In the second step, the modal frequencies and shapes are predicted with the FE model. The
model is used for a sensitivity analysis to understand the impact of design parameters such as
layer thickness or the material properties, on modal frequencies. The sensitivity is defined as
the percentage variation of modal frequencies due to a +10% variation of a certain design
parameter with respect to its nominal value shown in Table 1. As illustrated in Figure 7 (a),
when considering only one design parameter for the GG sample, the sensitivities are very
similar for all modes. It can be observed that the highest sensitivities regard the front- and
backsheets, in terms of thickness, Poisson’s ratio and Young’s modulus. The sheets’
sensitivities for the glass material properties case are the same for front and back sheets due
to the symmetric construction. Then, the sensitivities are averaged among the modes and



compared among the different types of samples, as shown in Figure 7 (b). Here, the sensitivity
related to backsheet properties is more dominant than the frontsheet for lightweight modules.
The sensitivity related to solar cells is higher for lightweight modules, compared to the glass-
glass modules, which confirms that solar cells are essential to be considered for structural
analysis of lightweight modules. These findings provide critical insights for optimizing
lightweight PV module designs.
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4.3 Correlation and model update

On one hand, the sensitivity analysis supports the designer when tuning the modal response
of the PV panel. On the other hand, this analysis indicates which parameters should be
updated primarily in order to have a more accurate simulation of the modal frequencies.

Therefore, the numerical results are then correlated to the experimental ones, to verify the
accuracy of the initial FE model and to improve it with the update of its material parameters.
The correlation of the modes is based on the similarity of the modal shapes, which is also
guantified with the MAC [30]. Each simulated mode is paired to an experimental mode with a
MAC value always higher than 0.5. In this way, 4 mode pairs are obtained for each sample case.

Per each mode pair, the percentage error between the experimental and simulated modal
frequency is an indicator of model accuracy. These errors are synthesized in the root mean

square objective function:
m i ex
1 flglm (p) _ fk 1Y
E(p) = _Z fexp
Tm k

Where n,, is the number of the paired modes, p is the vector of the design parameters,

2

exp
fk

is the k-th experimental modal frequency of the full sample (sample type “A”) and f,ﬁim is the
k-th simulated one. The objective function e(p) is minimized with respect to certain design
parameters with the SHERPA optimization routine [31], with maximum number of evaluations
set to 50.

Thicknesses and densities are not considered as design parameters to be updated because
they are measured with simple and well-established methods. Among the other design
parameters, the most sensitive ones are selected for the model update. After this selection,
the conditioning of the identification problem is verified. In all cases, the condition number of
the sensitivity matrix lies between 1 and 103, confirming that the selected parameters can be
identified [32].

Within the optimization routine, upper and lower boundaries are applied to the selected
parameters, as percentage of the nominal values. The lower boundary is 50% of the nominal
value and the upper boundary is 150%. For the GG case, the update of the selected
parameters results in a reduction of the objective function e(p) from 3.56% to 0.63%, as
shown in Table 3.

Table 3. Parameters variation and modal frequency errors for the GG modules

GG
Initial Final
Front and back Young’s modulus [GPa] 74.00 81.40
Design parameters Front and back Poisson’s ratio [ ] 0.24 0.25

Encapsulant Young’s modulus [MPa] 45.80 44.88




Mode 1 - Torsion -3.83% -0.32%

Mode 2 - Saddle -4.29% -0.60%
Modal frequency errors
Mode 3 - Central -2.86% 1.07%
Mode 4 - Diagonal 3.07% 0.05%
Objective function e(p) 3.56% 0.63%

When a similar optimization procedure is repeated for the lightweight samples, the objective
function cannot be reduced below 16.64% and the parameters values approach the assumed
boundaries, indicating an inaccurate assumption in the structure of the FE models as shown
in Table 6. In further work, it is necessary to understand the cause of uncertainty for the
lightweight model, which could be the material model of composite backsheets.

Table 6. Parameters variation and modal frequency errors for the lightweight modules with
isotropic material model

GF-A CF-A

Initial Final Initial Final

Front Young’s modulus [GPa] 2.00 2.78 2.00 1.00

) Back Young’s modulus [GPa] 11.0 9.57 54.00 27.00

Design parameters ] .

Back Poisson’s ratio [ ] 0.25 0.375 0.25 0.375

Encapsulant Young’s [MPa] 45.8 68.2 45.8 22.9
Mode 1 - Torsion 33.13% 28.11% 88.28% 45.06%
Mode 2 - Saddle -10.01% -11.60% 7.08% -18.11%

Modal frequency errors

Mode 3 - Central -17.21% -13.33% -1.85% -23.63%
Mode 4 - Diagonal 3.79% 2.13% 29.06% -1.09%
Objective function e(p) 19.42% 16.64% 46.61% 27.01%

5. Conclusions and outlook
In this work, experimental and numerical modal analysis are presented on conventional glass-

glass and novel lightweight PV modules targeting VIPV applications.

Through experimental modal analysis, it is demonstrated that the modal density and the
modal amplification factors of lightweight PV modules are higher than those for traditional
glass modules. PV strings have a limited impact on changing modal features for a GG structure,
whereas they can significantly affect modal features for lightweight structures. The
experimental analysis also shows that the effect of manufacturing tolerances on modal
frequencies is limited for glass-glass modules but more prominent for lightweight modules,
presenting a challenge for lightweight modules in VIPV applications.

The numerical modal analysis shows a more accurate prediction of modal frequencies for
glass-glass modules compared to the lightweight modules. The sensitivity analysis confirms
that PV strings have a higher impact on modal frequencies for lightweight modules compared
to glass-glass modules. All the correlations are improved by updating the most sensitive and
uncertain material properties. The improvement results in more accurate correlations for
glass-glass modules compared to lightweight modules. However, it is challenging to obtain



good correlation between experimental and simulated modal frequencies for lightweight
modules (objective function >16.64%), where the updated parameters might be unrealistic
(by varying up to 50% Young’s modulus of frontsheet and backsheet). Further investigation is
required to improve the FE model specifically for lightweight modules.

This study bridges the research gap by comparing the vibration responses of conventional
glass-based modules with those of novel lightweight modules. On the one hand, it
experimentally highlights some of the new NVH challenges related to the introduction of novel
lightweight PV modules. On the other hand, the paper investigates the accuracy of a FE model-
based approach, which can be used for a product in actual size and with realistic mounting
system. For further studies, the actual module size and mounting system should be taken into
account to obtain accurate modal features for each specific case. Modal frequencies might
increase with added constraints and decrease with larger modules sizes. Depending on the
VIPV design, the impact of VIPV dimensions and form on modal features should be also
investigated in the future study. Furthermore, as a next step, random vibration and shock
testing based on ISO 16750 should be carried out using the actual design and mounting system.
The current study approach could be used to the NVH challenges in the design of future
generation VIPV modules.
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