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In order to ensure a solar power system runs at its optimum efficiency throughout the lifecycle, proper structural
health monitoring on photovoltaic module (PVM) should be performed as part predictive maintenance activities.
Mechanical defects such as cracks may induce power loss, raise the risks of electrical failure, and compromise the
PVM’s structural integrity. Therefore, early detection of their existence is crucial. This research emphasizes the
utilization of ultrasonic guided waves (UGW) to develop an efficient inspection technique. Since the waves can
travel over large distances, they allow long-range defect detection, hence faster inspection process as compared to
the conventional bulk wave scan. In this work, UGW experiments were done over areas with cracks of different
severity. Dispersion characteristics of the propagating modes were evaluated through experiments and numerical
simulations, where the obtained results were in agreement to each other. Time frequency analysis shows that certain
modes have lower phase velocity in the area with cracks. In addition, the results demonstrate the capability of UGW

to detect a crack that is invisible under visual inspection.

1 Introduction

Solar photovoltaics (PV) technology has emerged to
be the popular option for power generation in the world
continues the efforts towards net zero carbon emission target.
The progress is endorsed not only by the advancement of
technology and cost reduction of solar photovoltaic module
(PVM), but also by the incentives through public policy
in line with the Sustainable Development Goals. Rapid
expansion in solar energy systems is indicated by the
increase of PVM electricity generation capacity from 1.9
GW in 2010 up to over 133 GW in 2020 [1]. In the future,
as solar power becomes a key element in global energy
mix scenario, reliability of PVM systems turns into a
crucial factor in order to maintain consistent supply into the
electrical grid.

Predictive and preventive maintenance of solar PV
systems includes structural health monitoring (SHM) of
PVM. One of the important degradation modes in PVMs
is the breakage or crack of glass or cell. In addition to
compromising structural integrity, cracks allow moisture
penetration that induces other damages and deterioration
due to corrosion and discoloration [2].

Currently, several techniques are employed for PVMs
inspection. Visual observation quickly identifies visible
defects, yet lacking consistency and accuracy, especially
in the case of microscale defects. Electroluminescence and
Infrared thermography are the standard methods for fault
detection in the cells and circuitry such as cell fracture,
bad solder joint or inactive cells. Nevertheless, they are
inefficient for detecting minor mechanical defects in PVM
during operation [3, 4]. A conventional ultrasonic methods
by pulse-echo or transmission scanning are powerful and
mature techniques for high accuracy inspecting materials.
The major drawback is that they are slow, hence impractical
for in-situ inspection of large solar arrays.

A promising acoustic-based approach for PVMs
evaluation is by using the ultrasonic guided waves (UGW)
that propagate in the plate-like structure. In contrast to
the conventional method, UGW can be transmitted over
large distances, allowing long-range detection of defects,
hence faster inspection process. Researchers have shown the
potential of using Lamb waves analysis can be used to detect
debonding and microcracks on polymer and composites
layered structures, which are similar to PVM.

In this work, UGW will be employed for detecting cracks.
The work is part of research in exploring the potential of
UGW for a fast and reliable acoustic nondestructive
inspection in PVM.

2 Methods

In this work, dispersion curves were first obtained
through experiments and numerical simulation to identify
the propagating Lamb waves modes. The obtained dispersion
curves would be the basis for analyzing results from
measurements on the defective part of a PVM.

The specimen was a thin-film-type PVM (SHARP NA-
E315L) with cracks of different severity. Contact transducers
with central frequency of 1 MHz were used as emitter and
receiver, with water as couplant. To control the motion
during measurements, transducers were mounted on a 5-axis
scanning machine connected to a PC. In the experiments,
a signal generator sent pulses of 500 kHz sinusoidal waves
to the transmitter through an amplifier. The received signals
were fed to a PC for visualization and data processing.

2.1 Numerical Simulations

Guided waves in a PVM model were simulated with
DISPERSE to produce a plot of dispersion curves. The
model was a 7-layer structure that represented a solar PVM,

as shown in Figure 1.
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Ficure 1 — Model of 7 layers structure representing a solar
PVM used for numerical simulation
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The solar cell assembly consists of silicon wafer with
transparent conductive oxide (TCO) at the front and copper
at the back side. The most common TCO for PVM is
fluorine-doped tin oxide (FTO). That solar cell assembly is
sandwiched between front and back panel glasses, bonded
with ethylene vinyl acetate (EVA) encapsulant. Parameters
set for each layer in Figure 1 are listed in Table 1.
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TaBLEAU 1 — Numerical simulation parameters

,; | Thick.| Mechanical Properties
Layer| Mat'l | ) [pejen®) [E(GPa) | v
1,7 Glass 3.2 2.49 69.2 | 0.21
2,6 EVA 0.3 0.94 0.05 | 0.33
3 FTO 0.1 6.8 150 | 0.33
4 a-Si 0.1 2.23 130 | 0.33
5 Cu 0.1 7.8 110 | 0.33

2.2 Experiments

To obtain Lamb waves dispersion curves, an experiment
was set up on an undamaged part of PVM specimen with
an emitter fixed at a point while the receiver scanned along
a line. The signals were recorded every 0.25 mm of the
receiver’s displacement, creating an array of time signals
data of equally spaced points. Schematic of this experiment
is illustrated in Figure 2. The acquired time signals at points
of different distance between emitter and receiver were
processed with 2D FFT method in MATLAB to generate a
plot of frequency versus wavenumber.

Scanning machine
@) arm mechanism
Direction of receiver's motion
_______________ >
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PC for Scanner Control [ o |
and Data Acquisition

Transmitter Receiver
—> |[I o "Il (stationary) ~ (moving with Specimen
scanner arm)

Wave Generator Amplifier 10x

Sync / triggger line

Ficure 2 — Experimental setup to obtain Lamb waves
dispersion curves

To investigate the interaction of ultrasound signals with
damages within the structure, a section that contains cracks
was chosen. In the selected section as shown in Figure 3,
there exists a region with fine crack that is barely visible with
eyes, which becomes the area of significant interest for a non-
destructive evaluation. The distance between transducers was
60 mm and scanning length was 150 mm. At the position
of 0 to 30 mm, there is no defect between transmitter and
receiver. Between 30 mm and 75 mm there is visible crack
that runs from the receiver scanning line to the middle of the
investigated area. The other visible crack appears from 105
mm. However, those two visible cracks are suspected to be of
one long crack, with the intermediate portion (75 mm to 105
mm) being a fine crack not detectable with visual inspection.

Experiment was conducted with the same equipment
as the previously discussed Lamb waves dispersion
curves measurements. The only difference was that in this
experiment both transmitter and receiver were mounted on
the scanning machine’s moving arm, as depicted in Figure 4.
Therefore, those transducers moved together while scanning,
as opposed to the previous experiment where the transmitter
was fixed and not attached to the scanner arm.

craJ:k visibl

Ficure 3 — Investigated area in the experiment of guided
waves interaction with defects (Red T, R : transmitter and
receiver starting position; scanning motion to the right;
numbers are measurements in mm)
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Ficure 4 — Experimental setup to investigate interaction of
guided waves with defects

3 Results

3.1 Dispersion characteristics of propagating
waves

The signal in Figure 5 is a response on the receiver at a
distance of 30 mm, 80 mm and 130 mm, respectively, from
the transmitter. It demonstrates the change in waveform over
the distance as it propagates in a dispersive medium.

To construct dispersion curves, 2D Fourier transform
technique [7] was applied to time signals of the series
of equally spaced distances which, acquired from the
experiment. The intensity of the Fourier spectrum,
represented by the color-scaled image in Figure 6,
is distributed across the plot of frequency (f) versus
wavenumber (k).

Numerical simulation yields dispersion curves that are
overlaid in Figure 6 as continuous curved lines, with mode
numbers automatically assigned by DISPERSE software.
Referring to those lines, one can identify to which modes
each high intensity color scale belongs to. In addition, the
curves produced by numerical simulation closely match the
actual propagating modes constructed from measurement
data, which means that the model satisfactorily represents
the real PVM specimen.
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FiGure 5 — Signal waveforms at 3 points of different distance
from transmitter : 30 mm, 80 mm and 130 mm
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Ficure 6 — Dispersion curves (color scaled image
experimental results ; lines : numerical results)

3.2 Interaction of guided waves with defect

Time-frequency analysis is employed to detect the
change of velocity and/or mode conversion which can
indicate the existence of material defects within the signal
path [8]. Wavelet transform of a signal f{t) is described in
Equation 1, where a and ¢ denote the scale and translation
of wavelet, respectively. The mother wavelet chosen in this
work is Morlet wavelet, aiming at higher time resolution [9].
In the equation, the mother wavelet function is denoted by

Y.

1 re _
WT(a,t)z%f f(z)*c,b(tTT)dt 1)

Continuous wavelet transform applied to the response
signal acquired on the undamaged part of the observed
section yields in a time-frequency diagram shown in
Figure 7. Color scales indicate the magnitude of wavelet
coefficients where highest intensity lies around 500 kHz,
that is the excitation frequency of the transmitted signal in

the experiment.
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Ficure 7 — Time-frequency diagram of the signal in the
undamaged area)

Based on the hypothesis that there will be velocity
changes or mode conversion upon encountering defects, the
time-frequency distribution obtained from the undamaged
area as depicted in Figure 7 will be different with those
from defective areas. In other words, one will expect that
the appearance of certain frequency can shift in time domain
because of the change in velocity, if there is defect on
its path. To allow observation on arrival time of a certain
frequency at different points, the time series of a selected
frequency in a time-frequency diagram is extracted and
plotted for all position along scanning length. It creates a
diagram that indicates the time of arrival of a particular
frequency at every measurement position. Figure 8 (a) to
(d) present the diagram for frequency of 140 kHz, 200 kHz,
300 kHz and 400 kHz. Those four frequencies are selected
since they have possibilities of belonging to different modes
according to the dispersion curves in Figure 6. Therefore,
mode conversion can be observed if it occurs.

At all frequencies, there exists a high intensity region
within the range of 15 us and 20 us. Knowing the distance
between transducers in this experiment is 60 mm, the
velocity is therefore between 3000 m/s to 4000 m/s which
corresponds to Rayleigh wave/surface acoustic wave (SAW)
velocity in glass [d,e]. The intensity of this wave is affected
by the crack as one can see in all diagrams in Figure 8.
The crack starts at the position of 20 mm, however the
effect is not readily visible since the crack location is
very close to the receiver, keeping in mind the size of the
transducer represented by red circles in Figure 4. As the
crack approaches the middle part of the observed section,
changes in intensity can be noticed, first as a minor reduction
at 70 mm at the onset of a fine crack region and then a
significant drop in intensity at 110 mm where crack becomes
visible again.

To analyze the velocity of modes, a frequency-phase
velocity dispersion diagram in Figure 9, generated from
numerical simulation, is used as the reference. The points in
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Ficure 8 — Time of arrival of a particular frequency at
different position. (Color scale indicates the magnitude of
wavelet coeflicient.)

the diagram mark the range of calculated average velocity
of specific frequencies based on the time of occurrence of
those frequencies in Figure 8.

From Figure 8 and 9, it can be inferred that the existence
of crack in the path of guided waves causes a reduction of
velocity, or slower time lag of arrival, of Lamb modes as seen
in the case of 200 kHz and 300 kHz. At 400 kHz, the Lamb
mode that appears in the pristine area is not detected in the
response signal propagating through the crack, whereas SAW
remains.

As mentioned earlier, the investigated area contains a
section with fine crack not visible with visual inspection.
This section (from 75 mm to 105 mm) shows high wavelet
coefficient and lower phase velocity, as one can infer from
Figure 8 (c) and (d). Therefore, UGW was able to detect that
visually invisible crack.
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Ficure 9 — Frequency — phase velocity dispersion curves,
showing the range of velocities at particular frequencies
calculated from the time of occurrence in Figure 8

4 Conclusion

In this work, detection of crack in solar PVM with
guided waves is presented. Dispersion curves generated
by numerical simulation software match closely with
experimental results. It confirms that of the layered structure
model implemented in simulations represents the actual
structure. The generated dispersion curves also provide
guidance to identify propagating modes for the purpose
of studying Lamb modes characteristics. Time frequency
analysis on the response signals reveals that phase velocities
of certain modes decrease in the area with crack. In addition,
a fine crack that is unseen with visual inspection is detected
through Lamb waves analysis. Therefore, UGW technique is
a promising means of a non-destructive inspection of solar
PVM.
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