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Abstract: Electroluminescence imaging is increasingly used in photovoltaic power plant
inspections due to its effectiveness in detecting various types of failures in solar cells. This
article presents a novel technique that enables the modulation of an arbitrary electrolu-
minescence signal in PV modules using an electronic device that controls the signal by
modulating an arbitrary current waveform in a photovoltaic module, utilizing the string
current as its energy source. As a result, measurements do not require a power supply
and can be performed during the normal operation of a PV string. Throughout the paper,
this method is compared to a more conventional approach that relies solely on a power
supply to generate the current signal. Capturing a sequence of images while modulating
the current with different waveforms allows the application of the Fast Fourier Transform
to suppress background signals caused by sunlight, resulting in high-quality EL images.
Experimental results demonstrate that the proposed method delivers imaging quality com-
parable to that achieved with a power supply, while effectively detecting a broad range of
solar cell failures. Furthermore, the calculated signal-to-noise ratio for both approaches
yields similar values, indicating comparable quality in quantitative terms. Finally, square
wave modulation has shown slightly better performance than other waveforms, such as
sinusoidal and half-sinusoidal modulation.

Keywords: photovoltaics; module inspections; luminescence; electroluminescence;
outdoor; solar cell failures; Fast Fourier Transformation

1. Introduction

According to the International Energy Agency (IEA), photovoltaic (PV) power genera-
tion accounted for 5.4% of global electricity demand in 2023 [1]. Moreover, PV technology
is expected to become the largest renewable energy source by 2029, surpassing wind and
hydropower [1]. Proper operation and maintenance of PV power plants requires inspection
techniques for PV modules [2-5], which are considered the most vulnerable components of
any PV plant to faults, as they are exposed to various environmental stressors such as hail,
moisture or ultraviolet (UV) radiation.
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The implementation of inspection techniques enables the detection of faults and
anomalies, improving PV power plant operation, reducing safety risks and maximizing
energy output [2,3,6]. Inspection techniques can be categorized into electrical measurements
and imaging techniques. Current—Voltage (I-V) curve analysis is the primary electrical
measurement performed in PV power plants [3], providing quantitative data that can be
compared to manufacturer specifications for fault detection and degradation analysis [3].
While I-V curve measurements require system disconnection and can be time-consuming,
imaging techniques offer the potential to inspect multiple modules in a shorter time, making
them a cost-effective tool for fault detection [3], particularly when unmanned aerial vehicles
(UAVSs) are used [3,7].

Common imaging techniques include thermography and luminescence inspections [3].
Thermography is widely used in utility-scale PV power plants, as thermal cameras can be
easily integrated into UAVs, enabling fast and cost-effective inspections during normal
operation of the power plant [8,9]. Luminescence imaging has also gained popularity in
recent years, as it can detect a broader range of faults compared to infrared imaging due
to its higher spatial resolution [10,11]. However, outdoor luminescence measurements are
more challenging, which limits their applicability for field inspections.

Luminescence imaging is based on capturing the emission generated by solar cells
when exposed to different energy sources. Luminescence emission can be induced either by
electrical excitation, where a current is injected into the PV device, known as electrolumi-
nescence (EL), or by illuminating the PV device with an appropriate light source, referred
to as photoluminescence (PL). Both EL and PL imaging can detect a wide range of failures
and anomalies in solar cells, including delamination, potential-induced degradation, cracks,
cell inhomogeneities, corrosion, diode faults and soldering issues, among others [10,12,13].

For silicon solar cells, the peak luminescence emission wavelength is 1150 nm [14].
In contrast, Cadmium Telluride (CdTe) solar cells exhibit a luminescence peak around
800 nm [15]. Regarding silicon technology, two types of sensors are suitable for lumines-
cence applications: silicon and Indium Gallium Arsenide (InGaAs) sensors [10,16]. Silicon
sensors are more affordable and offer high resolution, but their low sensitivity to lumines-
cence emission requires long exposure times and a dark environment. Meanwhile, InGaAs
sensors have a sensitivity that closely matches the luminescence emission of silicon solar
cells, making them suitable for measurements under high irradiance conditions and short
exposure times, although they are more expensive and have lower resolution.

Conventional luminescence measurements have traditionally been performed at
night, using power supplies as excitation sources to achieve the EL effect by injecting
current [10,12], typically around the module’s short-circuit current. The need for nighttime
measurements, module disconnection and external power supplies limits the applicability
of this technique.

In recent years, several approaches have been proposed to overcome the limitations
of conventional luminescence imaging techniques. Related studies that have developed
alternative methods for luminescence imaging in PV power plants are summarized in
Table 1. When measurements are performed during daytime, extracting the EL or PL signal
from the background becomes challenging, as sunlight emission intensity is significantly
higher than luminescence signal intensity [12,13]. Therefore, InGaAs cameras are used for
high-irradiance measurements to maximize the luminescence-to-background signal ratio.
Additionally, the use of a suitable bandpass filter to block unwanted wavelengths improves
this ratio and enhances measurement quality [17].
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Table 1. Summary of studies proposing alternative luminescence imaging methods for PV power
plant inspection.

Ref./Year EL/PL Day/Night Excitation Source Equlpmen.t for I.’V Modu!e Camera Sensor Filter
y/N1g
Modulation Disconnection
InGaAs sensor Optical
[18,19] . Power supply (EL) or Power supply (EL) or . ;
2014 EL/PL Day/night electronic board (PL) electronic board (PL) Required bandoll):);;csaflilter bagﬂgjss
[20] InGaAs sensor Optical
EL Da PV module current Electronic board Required Optical bandpass
2017 Y q P p
bandpass filter filter
. InGaAs sensor Optical
[22]0_1%;] PL Day Sunlight Optlciirscﬁai cell Not required Optical bandpass
controtiers bandpass filter filter
[24] . Bidirectional No modulation .
2020 EL Night inverter needed Not required InGaAs -
InGaAs sensor
2%;2) PL Day Sunlight Two optical filters Not required Optical I;)W(t)ifinfglt);-s:
bandpass filters P
[26,27] . s No modulation . InGaAs or Optical lowpass
2001 PL Night LED lighting needed Not required Silicon filter
InGaAs sensor Optical
[28,29] . PV Inverter . .
2022 PL Day Sunlight (MPPT functionality) Not required bandO}g):scsaflﬂter bagﬁgfss
InGaAs sensor Optical
[30-52] PL Day Sunlight PV Inverter (I-V curve Not required Optical bandpass
2022 sweep functionality) bandpass filter filter
. Ultranarrow
[33] . No modulation . .
2022 PL Day Sunlight needed Not required InGaAs sensor optlca}i‘ﬁaelgdpass
. InGaAs sensor Optical
[34] Sunlight (PL) or . . .
2004 EL/PL Day PV string current (EL) Electronic board Not required Optical bagﬁgrass

bandpass filter

Daylight measurements typically involve modulating the PL or EL signal and acquir-
ing a sequence of images in which luminescence emission alternates between high and
low signal intensity states. The image sequence is digitally processed for filtering and
background removal. Modulation is primarily achieved by adjusting the operating point
of the PV device using different methods [12]. Between short-circuit (SC) and maximum
power point (MPP) conditions, luminescence emission is nearly absent. Maximum PL
emission occurs near open-circuit (OC) conditions, while EL emission is achieved when PV
devices operate at voltages higher than OC voltage, inducing a reverse current and causing
the module to behave as a load. Therefore, by appropriately adjusting the operating point
of the PV devices under test, it is possible to modulate both EL and PL signals.

Table 1 also presents the main features of each technique, including their capability to
perform measurements during night, day or both, as well as whether they are based on EL
or PL imaging. It also highlights whether signal modulation, and therefore a sequence of
images, is required or not. Additionally, the table shows the hardware required for each
approach and whether measurements can be performed during the normal operation of
the power plant without disconnections. Finally, the type of camera and optical filter used
in each case is also included.

This article presents a significant improvement over a previously developed tech-
nique [34]. The novelty of the presented approach relies on the generation of an arbitrary
current signal in a solar module by using the string current as an energy source for self-
powered signal modulation and image acquisition. This method is based on an electronic
board connected within the PV string, enabling EL measurement without disconnections
and during the normal operation of the power plant. Additionally, an FFT approach is
introduced to remove the background signal while the EL signal is modulated according to
any periodic signal, which means another improvement in comparison with the previous
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work [34]. The self-powered approach is also compared with a conventional method based
on a programmable power supply. The second section of the manuscript describes the
equipment used, the tested PV configuration, and the electronic board topology, as well
as the FFT-based processing. The third section presents the results obtained for both the
conventional and self-powered approaches, while the final section includes a detailed
discussion and conclusions regarding the proposed method.

2. Materials and Methods

The current experiment is divided into two main steps: the imaging acquisition
technique, where both a self-powered approach and a conventional approach based on a
power supply have been tested, and a processing method using the FFT, which has been
employed for processing the sequence of images obtained using both approaches.

2.1. Imaging Acquistion Set-Up

The conventional setup for acquiring EL images under daylight conditions consists of
a programmable power supply (EA ELEKTRO-AUTOMATIK EA-PSB 10200-25 2U 1500W)
directly connected to the PV module under analysis. In this study, a 235 W}, polycrystalline
PV module (Trina Solar TSM-235-PC05A) was examined. This conventional approach
requires disconnecting the PV module from the string and using either a generator or a
grid connection to power the supply.

The self-powered method relies on an electronic board that can be integrated into
each PV module within a string. The board topology, shown in Figure 1, is based on
a half-controlled H-bridge and an LC (L-inductor C-capacitor) low-pass filter. The half-
controlled H-bridge enables bidirectional current flow through the tested PV module.
When MOSFETs M; and M are turned on, current flows through the module in the normal
direction, allowing it to operate as a generator. Conversely, when M; and M, are off, current
flows in the opposite direction, causing the module to behave as a load, thereby inducing
EL effect. Finally, if only one of the MOSFETs (M; or M) is turned on, the module is
bypassed, and no current flows through it.
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Figure 1. Topology of the electronic board for self-powered signal modulation.

By controlling the MOSFETs (Metal-Oxide-Semiconductor Field-Effect Transistor)
with pulse-width modulation (PWM) signals and incorporating an LC low-pass filter
with a cutoff frequency lower than the PWM frequency, an arbitrary current signal can
be modulated within the tested PV module. The present implementation involves a
5 kHz PWM signal and a LC low-pass filter with 0.8 kHz cutoff frequency. Since EL
signal emission is directly proportional to the current injection, signal modulation is
inherently achieved.
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In the self-powered approach, the tested PV module (Trina Solar TSM-235-PC05A)
is integrated into a string of 10 modules optimized by a PV string inverter. Modulation
is performed while the inverter remains in operation, enabling real-time measurements
without requiring module disconnection. The acquisition system for the self-powered
approach is shown in Figure 2, where a laptop is used as the control system to automate
the acquisition of the image sequence and to control the electronic board for proper signal
modulation. Additionally, the board must be connected to both the tested PV module and
the remaining modules in the string.
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Figure 2. Acquisition setup for EL imaging using the self-powered approach.

The acquisition system consists of a tripod and an InGaAs camera (Hamamatsu
C12741-03) with a resolution of 640 x 512 pixels, a maximum frame rate of 60 frames per
second (fps) and a 14-bit depth. The camera lens is equipped with an optical bandpass filter
that blocks wavelengths outside the 1100 nm-1250 nm range. The camera exhibits high
sensitivity at the EL emission wavelength (1150 nm for silicon solar cells), which, combined
with the optical filter, enhances the signal-to-background ratio. This is particularly critical
when measurements are performed under high irradiance conditions.

While the current and signal are modulated either by the power supply or the electronic
board, the camera captures a sequence of consecutive images at its maximum frame
rate, with a fixed exposure time of 2 ms for all measurements. The camera’s shutter
has been adjusted to ensure an appropriate histogram, with the average pixel intensity
cantered around the mid-range. All images were acquired under high irradiance conditions
(1030-1150 W/m?) around midday, with stable irradiance and clear-sky throughout the
acquisition period. It has been done to achieve similar irradiance conditions during all
the measurements.

In both approaches, the modulated signal has a frequency of 4 Hz. This frequency
was selected to acquire enough images per cycle to observe signal variations. At 4 Hz and
a maximum frame rate of 60 fps, 15 images are captured per cycle, which is adequate to
represent the periodic variation of the signal. Three different waveforms were modulated in
both approaches: square wave, sine wave and half-sine wave, to assess potential differences
between them. All the measurement parameters, PV characteristics and weather conditions
are summarized in Table 2.
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Table 2. Summary of camera settings, modulation parameters, PV characteristics and weather
conditions during the measurements.

Camera Parameters (Hamamatsu C12741-03)

Image size 640 x 512 pixels
Stack size 1000 images
Exposure time 2 ms
Acquisition speed 53 fps
Filter Bandpass filter (1100 nm-1250 nm)
Signal modulation parameters
Frequency 4Hz
Waveforms Square, half sine and full sine
PV characteristics (Trina Solar TSM-235-PC05A)
Module Power (STC) 235V
Module V¢ (STC) 372V
Module Igc (STC) 8.55 A
String size 10 modules
Inverter type String inverter

Weather conditions

Irradiance 1030-1150 W/m?
Cloudiness Clear-sky conditions
Temperature ~14 °C

2.2. FFT Imaging Processing

Once the image sequence has been automatically acquired, a Python (version 3.13.3)
script is used to process the pictures. Common processing approaches are based on square
wave signal modulation, where each image is classified as either a high or low emission
state [12]. High and low signal images are averaged separately and then subtracted to
extract the luminescence signal. The implementation of fast FFT for processing not only
allows the extraction of the luminescence signal waveform used during modulation but
also eliminates the need to classify the images within the sequence.

The FFT is applied to each pixel individually, analyzing the evolution of its intensity
throughout the sequence. The pixel intensities in the final EL image correspond to the
amplitude of the FFT at the index associated with the modulation frequency (4 Hz), where
a peak is expected. Therefore, background signals generated by sunlight can be removed.

The python script is also able to automatically adjust the brightness of the final EL
picture and apply a perspective correction and crop by identified solar module corners.

In order to quantitatively evaluate the quality of the final EL image, the signal-to-noise
ratio (SNR) can be calculated using the FFT [35]. The SNR of each pixel is determined using
the following Equation (1):

1)

Peak amplitude?
SNR = 10log; ( Var(Noise) )

where the peak amplitude is defined as the difference between the amplitude at the mod-
ulation frequency (f) and the average amplitude within the frequency range [f /2, 2f],
excluding the modulation frequency itself (f). The noise is estimated as the variance of
the amplitude within the same frequency range [f/2, 2f], also excluding the modulation
frequency (f). To calculate the SNR of the entire image, the pixel SNR values corresponding
to the PV module area are averaged, ensuring that the signal evolution in non-relevant
pixels is not considered. In this SNR approach, a value higher than 10 dB can be consid-
ered indicative of a sufficiently high-quality image. The flow diagram of the processing
approach implemented can be seen in Figure 3.
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Figure 3. Processing approach flow diagram.

3. Results

Experimental results have shown that both approaches are able to provide high-quality
EL images that can be used for fault detection with similar quality.

3.1. Current and Signal Modulation

Experimental results have demonstrated that the electronic board is capable of mod-
ulating current injection in the tested configuration, thereby affecting the EL signal itself.
Figure 4 shows three oscilloscope measurements monitoring the current in the tested PV
module using the electronic board for self-powered modulation. Some noise is observed,
particularly in the half- and full-sine modulations. This noise could be reduced by using
a higher PWM frequency, employing a low-pass filter with a lower cutoff frequency, or
increasing the execution speed of the code, which allows changing the duty cycle of the
MOSFETs a higher number of times per second. However, the noise will be partially
or entirely filtered by the camera, as it integrates the signal during the exposure time of
each capture.

Once the image sequence has been acquired, the evolution of the average pixel intensity
throughout the sequence can be analyzed. Figure 5 illustrates this evolution during the
measurement process with different modulation types. In all cases, it can be observed that
the EL signal to be extracted corresponds to an average value of around 20 digital counts,
compared to the background signal generated by the sun, which ranges from 10,000 to
12,000 digital counts. This means that the EL signal accounts for only 0.15-0.2% of the
total signal, which may complicate its extraction, as even minor noise can significantly
affect results. It is important to note that a higher ratio of background to EL signal may be
observed when testing other modules, as monocrystalline solar cells, particularly those
with PERC and TOPCon technologies, exhibit higher luminescence intensities.

Moreover, Figure 5 shows how the background signal also varies during the evolution
of the measurement, which can be explained by minor changes in irradiance. These changes
may affect the quality of the measurement, as rapid fluctuations in irradiance would lead
to larger changes in pixel intensity than those generated by the signal modulation, making
sunlight background extraction impossible.

The FFT allows transforming the signal evolution from the time domain to the fre-
quency domain. Therefore, a signal peak corresponding to the modulation frequency (4 Hz)
is expected to be found. By performing the FFT on the average pixel intensity of all the
images in the sequence and plotting the FFT amplitude (see Figure 6), it is possible to detect
this signal peak as well as signal transmission at different wavelengths, which correspond
to noise.
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Figure 4. Module current for square, full sine and half sine wave modulation (Measured with
oscilloscope RS PRO Siglent SHS820X).
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Figure 6. Average FFT transformation for a sequence of 1000 images with 53 fps and 4 Hz of
modulation frequency using a square wave.

3.2. Conventional Power Supply Aproach

The conventional power supply approach has provided EL pictures with enough
quality to be used as tool for monitoring and detecting failures in PV modules as Figure 7
shows. Identification of patterns in these EL images enables fault detection. Regions with
low signal intensity (dark areas) can be associated with regions within the solar cell that do
not contribute to power generation. Conversely, solar cells with high and homogeneous
signal intensity indicate a good state of health and performance. All wave modulation,
including square, full sine and half sine, has allowed a successful El signal extraction by
using the FFT. Even when irradiance is higher than 1000 W/m? and therefore the ratio
between EL signal and background signal in minimized, the processing approach is able to
extract the EL signal, providing good enough SNR (>10 dB). Note that square modulation
led to slight better results in terms of SNR, although all pictures have similar qualitative
quality, it being difficult to detect major differences between them.

4 Hz Square Wave (8 A) 4 Hz Sine Wave (8 A) 4 Hz Half Sine Wave (8 A)

SNR:15.03dB 1060 W/m2 SNR: 14.73dB 1070 W/m? SNR:12.30dB 1030 W/m?

0 255

Figure 7. EL images using conventional approach with power supply using different waveforms.
Exposure time of 2 ms, 53 fps and 1000 images per sequence.
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3.3. Self-Powered Electronic Board Aproach

Experimental results have also demonstrated that the modulation of the EL signal
using the developed electronic board for self-powered modulation achieves similar results
to the conventional approach using a power supply, as shown in Figure 8. Not only is the
visual quality comparable to the conventional approach, but the SNR also indicates similar
quantitative quality in both methods. The same trend, which identifies square modulation
as providing the best SNR results, was also observed in this experiment.

4 Hz Square Wave 4 Hz Sine Wave 4 Hz Half Sine Wave

B
i

i

i

f! :

4.

= 4 i

SNR:16.14 dB 1120 W/m? SNR:14.36 dB 1050 W/m? SNR:8.44 dB 1080 W/m?

] 255

Figure 8. EL images using self-powered approach based on the electronic board. Exposure time of
2 ms, 53 fps and 1000 images per sequence.

Detailed pictures of some of cells of the PV module above have also been acquired
using the self-powered approach. The increase in resolution in terms of pixels per cm?
allows a better identification of possible faults that appear in solar cells. Figure 9 includes,
for all the modulation, three groups of four cells that present some anomalies. The first row
shows solar cells with some cracks that have led to the creation of isolated areas where
current can be extracted /injected and therefore EL signal is low resulting in dark areas. The
second row includes a solar cell (bottom-left solar cell) where one of the corners is inactive.
Finally, the third row shows two cells (bottom solar cells) with clear inhomogeneities. That
patron of inhomogeneities is observed in the cells close to the PV module frame, which
may indicate derivation issues.

Regarding the computational cost of the processing approach using the FFT, a total
processing time of 6.5 s was reported for analyzing 1000 images of 640 x 512 pixels on
an Intel Core i7-11800H processor. Most of the computation time is spent applying the
FFT to all pixels, allowing the estimation of the computational cost function as shown in
Equation (2).

T(N,p) = c-p-Nlog,N @)

where T(N, p) represents the processing time as a function of the number of images to be
processed (N) and the number of pixels per image (p), and c is a constant that depends on
the FFT implementation and hardware characteristics. For the current experiments using
the aforementioned processor and a python script with NumPy library for FFT calculation,
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constant c corresponds to 2-10~? s-pixel 1. Therefore, processing half the images would
result in a total processing time of 2.9 s.

4 Hz Square Wave 4 Hz Sine Wave 4 Hz Half Sine Wave

SNR:16.46dB 1140 W/m? SNR:14.10dB 1150 W/m?2 SNR: 14.27dB 1140 W/m?2

SNR:16.84 dB 1150 W/m? SNR:15.88dB 1150 W/m? SNR:14.49dB 1150 W/m?

SNR:16.47dB 1140 W/m? SNR: 16.47 dB 1130 W/m? SNR:15.04dB 1130 W/m?

0 255

Figure 9. Detailed images of damaged solar cells using the self-powered approach. Exposure time of
2 ms, 53 fps and 1000 images per sequence.

4. Discussion and Conclusions

Performing EL measurements in PV power plants under high irradiance conditions can
be challenging, as the EL signal must be modulated for background removal. Nevertheless,
EL imaging remains a powerful tool for fault detection and optimizing PV plant operation.
Therefore, developing new approaches that enable EL image acquisition during normal PV
plant operation is highly desirable.

This article has demonstrated that it is possible to modulate an arbitrary current
injection in a single solar module using an electronic device that relies on the string current
for self-powered modulation. The ability to modulate current using other PV modules as
an energy source enables EL signal modulation without the need for an external power
supply. This approach is more practical for PV power plant inspections, as it eliminates the
need for disconnection, enhancing EL. measurements during normal operation.

Although current and string voltage variations are observed during modulation, the
PV inverter continues operating. In this scenario, the analyzed case represents the worst-
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case condition, as a single inverter tracks the MPP of only 10 modules. Using a larger
inverter could help reduce voltage and current fluctuations.

Since the injected current is directly proportional to the EL signal intensity, one might
assume that the self-powered approach only works under high irradiance conditions.
However, the background signal also varies linearly with irradiance, resulting in similar
signal-to-background ratios across different irradiance levels. This allows the self-powered
approach to be used in a wide range of scenarios. Note that wind can also significantly
affect image processing, as it may cause vibrations in grass and surrounding vegetation
(visible in the raw images), leading to signal variations close to the modulation frequency.
Therefore, it is crucial to crop the images to analyze only the area corresponding to the
solar module.

The main limitation of the proposed approach is that it requires integrating a small
electronic device into each PV module. Although this could have a significant cost im-
pact, the proposed topology has strong potential for integration into module-level solar
optimizers or micro-inverters, which are becoming increasingly popular. In this context,
since a single electronic device would be required for each module, incorporating the
proposed solution could have a minimal impact on the overall cost of the system. The
total cost of the board hardware is approximately $16; however, it can be reduced to less
than $10 if the design is optimized for cost (e.g., selecting alternative MOSFETS, increasing
the PWM frequency to reduce the size of the LC filter, etc.). Furthermore, integration into
other module-level electronics, such as microinverters or solar optimizers, allows for the
omission of certain components such as the microcontroller, communication module, or
power supply module, which could reduce the cost to less than $8 per board.

Comparing the proposed approach with conventional measurements using a pro-
grammable power supply to modulate the EL signal, similar results can be expected from
both methods. In qualitative analysis, both approaches produce comparable images, effec-
tively revealing failures within solar cells. To quantitatively assess potential differences, the
SNR was calculated across several scenarios. In this regard, both methods also yield similar
results. It is important to note that the quantitative analysis of EL images is inherently
complex and may not always be fully representative. However, it can serve as an indicator
of measurement quality.

The use of FFT has proven to be effective in successfully removing the background
signal using different waveforms, including square wave, full sine wave and half sine
wave. Even when the ratio between the EL signal and the background signal is below 0.2%,
FFT can provide high-quality results by analyzing signal transmission at the modulation
frequency. The tested waveforms have produced similar images, with square wave modu-
lation showing slightly better results in term of SNR. However, all waveforms delivered
sufficiently high-quality outcomes and similar qualitative quality.

Future work will focus on two key points: analyzing image quality under a wide range
of irradiance levels and other weather conditions; and integrating the proposed electronics
or their variations into devices such as module-level solar optimizers or micro-inverters, in
order to enable luminescence measurements under high irradiance conditions in a more
economically feasible manner.
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Abbreviations

The following abbreviations are used in this manuscript:

CdTe Cadmium Telluride
EL Electroluminescence
FFT Fast Fourier Transformation

InGaAs Indium Gallium Arsenide

v Current-Voltage

LC L-inductor C-capacitor

MOSFET  Metal-Oxide-Semiconductor Field-Effect Transistor
MPP Maximum Power Point

MPPT Maximum Power Point Tracking

PERC Passivated Emitter and Rear Contact
PL Photoluminescence

PV Photovoltaic

PWM Pulse Width Modulation

TOPCon  Tunnel Oxide Passivated Contact
UAVs Unnamed Aerial Vehicles

uv Ultraviolet
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