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ABSTRACT: Electroluminescence (EL) imaging is a very powerful technique for the identification of defects in Silicon
solar cells and panels. Daylight Electroluminescence (dEL) has emerged recently, aiming to avoid the need to perform
the EL images on dark environments, which complicates the measurements and limits the number of panels to be
inspected. In this work we present a procedure to obtain dEL images by using sinusoidal or square excitations and high
speed InGaAs cameras, working in asynchronous mode between excitation and signal capture. We subsequently apply
post-processing techniques based on both frequency and time domain analyses to assess the quality of the images by
quantifying the signal-to-noise ratio arising from both analyses. We captured a stack of dEL images using two InGaAs
cameras capable of acquiring at speeds of up to 60 and 600 frames per second. Our results demonstrate the promising
potential of the proposed dEL method, as the post-processed image stack exhibits the same features as dark EL images
obtained using the same InGaAs cameras. Notably, this stack of dEL images can be obtained within a very short
acquisition time, typically ranging from 100 to 200 ms, while maintaining good image quality.
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1 INTRODUCTION

Electroluminescence (EL) characterization has
become a widely accepted method for obtaining detailed
information about the defects in Si solar cells and modules.
This technique offers high spatial resolution, enabling
precise detection of faults such as cracks, broken cells,
interconnections, shunts, potential and light-induced
degradation (PID/LID), among others [1, 2]. EL imaging
is now a very well-established technique [2], providing
complementary, and often more comprehensive,
information compared to infrared thermography (IRT) and
I-V characterization [3, 4]. However, two bottlenecks
appear in performing the EL characterization, especially in
the case of a large number of solar panels. First, EL is
usually performed in dark scenarios. Secondly, EL
requires the injection of current into the solar modules,
which when performed on-site requires large power
sources or frequent movement of a small power source
from module to module.

Given the significant number of solar modules in a
photovoltaic plant, the industry requires fast inspection
techniques [S]. However, a massive inspection is currently
unavoidable if the EL image is taken in strictly dark
conditions, disassembling the modules and sending them
to a lab, or also using specialized dark containers or mobile
vans. Performing on-site EL during the night is also
possible, but the risk of electrical manipulation damage is
high and the potential number of modules to be inspected
is low. For this reason, it would be very beneficial to
perform on-site EL at the solar plant without
disassembling the modules and during the day. This will
reduce the risk of electrical manipulation damage, as well
as to suppress the risk during assembly and disassembly of
the modules, allowing a faster inspection of a large number
of panels.

Daylight EL (dEL) has gained rapid development and
significant attention in recent years [6-10], although it is
still challenging to be applied in-situ in photovoltaic plants
for a large number of modules. Enabling dEL requires IR
based cameras — such as those based on InGaAs sensors—,
in conjunction with sophisticated filtering procedures,
capable distinguish the weak luminescence emission

coming from the solar module from the more intense
ambient light.

Several approaches for the obtention of dEL images
can be used [10-12]. In our first approach [10], we used an
InGaAs camera, a power source, and a mechanism for the
injection of the current in a switching mode, with “on” and
“off” periods. In this mode, there is a synchronization
between the current injection and the acquisition of the
images, in both “on” and “off” periods. The subtraction of
the images obtained in both periods, and the accumulation
of periods, give enough signal to obtain final good images,
even at high irradiation conditions [10]. However,
relatively long total acquisition times (of the order of tens
of seconds) would be needed, especially for hard
conditions, such as high irradiation conditions, low
emitting panels, etc.

On the other hand, specific power sources able to
produce square, sinusoidal, and other kinds of wave forms,
can now being applied for the current injection of the solar
modules. This can be used for the decoupling of the EL
image acquisition and the power injection process (non-
synchronized way). To do this, InGaAs cameras capable
of capturing a large number of frames per second (fps) are
needed, as well as robust post-processing analysis of the
collected images.

Our proposed asynchronous dEL method enables the
inspection of a large number of Si modules of a PV solar
plant in very short times, which is becoming a requirement
for O&M activities of a medium-to-large PV solar plant.
We achieve this thanks to the combination of a 15 kW
power source with square and sinusoidal wave forms, used
for the injection of current into the strings, and a very fast
acquisition of images. In this work we show the capability
of two cameras from different manufacturers, with
maximum acquisition speeds of 60 and 600 fps. Finally,
the use of advanced filtering techniques to discard the non-
EL related radiation is shown by comparing two methods
to filtrate the EL signal from the ambient light: a time-
domain method using square waves for the injection of
current, and a frequency-domain method using both square
or sinusoidal waves for the injection of current.



2  EXPERIMENTAL DESCRIPTION

For the current injection, a 15 kW power source was
used (EA-PS 91500-30 3U 19" 3U 15000W model),
allowing for the injection of current with I values for a
whole solar PV string. The power source allows for both
square and sinusoidal wave form injection schemes for the
excitation of Si solar modules.

Two InGaAs cameras, with maximum of 60 and 600
frames per second (fps), respectively, were used and
compared in this work. A Hamamatsu C12741-03 InGaAs
camara, with 640 x 512 pixels and pixel pitch of 20 x 20
pm, with 14 bits” quantization and maximum speed of 60
fps, and a First Ligh C-RED 2 Lite InGaAs camera, with
640 x 512 pixels and pixel pitch of 15 x 15 pm, with 14-bit
quantization and 16-bit dynamical range with maximum
speed of 600 fps, were used. We use a Kowa short wave
infrared (SWIR) optical system with 16 mm focal length
for image acquisition. This allows an entire module per
image to be viewed with the camera placed 2.5 meters
away from the module. On the other hand, in order to
suppress as much ambient light as possible, a SWIR
bandpass filter, centered around 1160 nm with a
bandwidth of 150 nm and a transmittance close to 90%, is
used.

For the wave excitation, various frequencies (f) were
tested while keeping the maximum intensity around Is.
Additionally, exposure times (fexp) were varied from 1.2 to
10 ms, depending on the selected acquisition velocity
(number of fps) of the camera and irradiation conditions.

To conduct this analysis both a multi-Si Al-BSF
(Sharp, ND-AR330H 330 W, Vo=45.5 V, 1,=9.40 A) and
a multi-Si PERC module (Canadiansolar, CS6U 345 W,
Voc=46 V, 1,:=9.69 A) were used as test specimens.

3 DATA ANALYSIS

3.1 Square and sinusoidal wave excitation

Opposite to our previous synchronous method to
obtain the dEL images of the modules [10], here we
describe the use of an asynchronous scheme in which the
excitation of the module and the acquisition of the images
are decoupled. To do this, a periodic oscillating signal is
needed, for which both square and sinusoidal schemes
have been used for the current injection. The true EL signal
coming from the module is discriminated from the ambient
light (noise) by filtering the non-modulated component of
the light acquired by the camera.

It is worth noting that the EL emission can be very
small when compared with the background light,
particularly for high irradiation conditions and older
technology panels. This makes it challenging to
distinguish signal from noise. Fig.1 illustrates this
phenomenon for a multi-Si Al-BSF solar panel exposed to
750 W/m? of solar irradiation. The panel was excited with
a sinusoidal wave of 10 A in amplitude, a frequency of
4 Hz with 10 ms of exposure time and recorded at 32 fps.
In the image the average of the intensity recorded for each
frame by the First Light camera vs the number of acquired
frames is shown. Under these conditions the EL signal is
only a very small fraction of the recorded intensity, with a
modulated signal of less than 20 units over a background
of ~11500 units. To make things worse, the background is
not constant due to changes in the ambient light during the
acquisition of the images which lead to a strong
modulation of the background (see for instance Figure 1,

the initial jump in the first 100 frames). It is worth noting
that the longer the time required to record the stack of
images the worse this modulated background can be, and
more difficult is to extract the information from the panel.
Consequently, a robust baseline correction step is
imperative for each pixel in the image stack before
differentiating modulated light from background light.
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Figure 1: Intensity levels of the signal captured with
the First Light camera (400 images) for the multi-Si Al-
BSF module with a sinusoidal function. G =750 W/m2,
f=4Hz, 32 fps, texp = 10 ms.

3.2 Frequency domains analysis

In the frequency domain, both sinusoidal and square
waves can be processed by calculating the real valued Fast
Fourier Transform (FFT) of each pixel in the image stack.
In this process, we extract the signal to noise ratio (SNR)
of the excitation frequency against the background defined
in the region [f72, 2f]\{f}. The SNR is calculated from the
squared amplitude at frequency f and the variance of the
noise level in the specified region of the frequency

spectrum signal analysis:

(Peak amplitude)? .
SNR = 1010910 (W) Lf > 10

0 if <10

All pixels with SNR lower than 10 dB (i.e., equivalent
to a signal three times higher than the standard deviation
of the noise) are filtered, as they may not be
distinguishable from noise with sufficient certainty as per
the standard practice in signal analysis in frequency
domain. As a quality metric the average SNR of the pixels
in the lower quartile is defined (SNR2s=4vg(Q1(SNR));
i.e., the average SNR of those pixels with the lowest values
which are associated with the regions with weakest EL
emission. Therefore, the higher is this value, the better we
can distinguish the weakest part of the image from noise.
Finally, all frequencies but the excitation frequency f for
sinusoidal waves, and odd multiples of f for square waves,
[, 3f, 5f, ...], are set to 0. Then the image stack is
transformed to time domain to recover the image in real
space containing only the EL component of the light. The
last step is integrating the new image stack and
normalizing to the number of periods to recover a single
image with all the EL information. After this process, a
final assessment quantifies the information recovered in
the filtered image, typically represented as the number of
bits needed to represent the bandwidth of the image. This
measurement is based on the number of levels needed to
represent the average of the most intense decile of pixels
in the image to weight for potential spurious pixels
(labelled here as Resolution).



3.3 Time domain analysis

In this process the On states are separated from the Off’
states, and therefore only square waves can be handled.
After separating the On and Off states their averages are
computed, and their difference is calculated for each pixel.
The SNR is calculated using the same principles as
described for frequency domain, but in this case the signal
is the square of the average difference between the On and
Off sates, and the noise is the variance of the Off levels.
The variance is determined by averaging the variance of
the Off states per period if there are more than 4 data points
in an Off state during each period. Otherwise, the total
variance of the Off states in the image stack is used. This
is done to mitigate the effect of the residual background
discussed in 3.1. For this analysis all pixels with less than
3 dB (i.e., equivalent to approximately 92% certainty of
the pixel not being noise if noise is normally distributed)
are filtered:

2
(Onavg - Offavg) i
SNR = 1010910( Var(Noise) if >3

0 if <3

The quality metric is identical to the one defined for
frequency domain, the average SNR of the pixels in the
lower quartile, SNR2s=4vg(Q1(SNR)). It is worth noting
even being the same SNR2s for both types of analysis the
numbers are not directly comparable because their
detection threshold differs. This is because in time domain
we are working with averages of the whole image stack,
which are less sensitive to detect modulation in the signal
than the frequency analysis which uses information of all
individual frames in the image stack.

4 RESULTS DISCUSSION

4.1 Square and sinusoidal wave excitation

Figure 2 shows the dark EL image obtained with the
Hamamatsu camera for the PERC module, which is the
image against we benchmark the dEL images. In this case,
the Off signal has been first collected, then the On signal
for a constant current injection of 9 A (/i) has been
collected. An artificial square image has been constructed
using both On and Off signals, in order to create a synthetic
image stack of 400 images like those obtained when
exciting with a square signal with /=2.5 Hz, 50 fps, and
texp = 15 ms.

A time domain analysis as described in 3.3 has been
performed in this synthetic dataset, which result is the final
dark EL imaged showed in Figure 2. The SNR2s5 marker in
this case is ~63.6 dB, due to the completely dark
conditions. The information recovered from this image
stack has a resolution of ~11.2 bits, namely 2353 levels are
needed to represent all the EL information from the image
stack.

Figure 3(a, b) shows the processed dEL images for
both sinusoidal and square excitations schemes on the
same PERC module shown in Figure 2. Image stacks of
400 frames were acquired using the same camera, with =
10 Hz, 46 fps and fep = 2 ms (G = 875 W/m?). SNR2s
values are in the order of 25 dB, indicating that even the
weakest part of the image is filtered with a signal 8 times
above the variance of the noise level, resulting in images
where it is possible to clearly distinguish the state of all the
cells of the module and their defective areas. Indeed, the
visual information is almost indistinguishable from the
image obtained in dark conditions. It is worth noting that

the SNRas is slightly better for the sinusoidal wave, while
the square wave conveys slightly more information.
Nonetheless, both types of excitations produce nearly
indistinguishable results. When comparing the amount of
information in these images, only approximately 8 out of
the original 14 bits have been recovered. In other words,
approximately 256 levels are recovered from the original
16384 levels of the camera sensor, which is nearly a
tenfold reduction compared to the dark image. Therefore,
both types of panel excitation, square and sinusoidal, when
properly generated, will result in similar image quality and
there is no clear reason to prefer one over the other.
However, by exciting with square waves we allow for a
time processing of the image, which is not currently
achievable with the sinusoidal wave.
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Figure 2: Dark EL image of the PERC module
obtained with the Hamamatsu camera working with an
acquisition velocity of 50 fps and zeyy = 15 ms. In order
to compare the quality of the image with the dEL
images shown in figure 3, a virtual square wave has
been generated, with f'= 2.5 Hz, and a post-process
analysis has been carried out in the time domain. The
inset shows the zoom for a single cell with dark areas
and a crack.

Figure 3(c) shows the processed image of the PERC
module with square excitation and time domain analysis.
Once again, the image quality is sufficient to clearly
distinguish the same features as in dark conditions and
nearly indistinguishable from the frequency domain
analysis. It's worth noting that the difference in the SNR2s
metric between time and frequency analysis is attributed
to the distinct mathematical procedures used in the
analysis as described in 3.2 and 3.3. In any case, we can
perform a direct comparison with the image shown in
Figure 2 since both are processed with the same method.
By doing this, it is observed that, although the dEL image
is visually comparable with the dark EL image, the quality
markers are very different. In dEL we are recovering only
~222 levels to represent the image, i.e. we have 10 times
less resolution than in dark EL. However, even with this
loose in recovered information both dark EL and dEL
allow to recognise the same defective regions and even
small features in the panel. This confirms the capability of
the dEL process in the non-synchronized way carried out
in this work.

4.2 Comparison between cameras with different
acquisition velocities

Very recently, a new generation of InGaAs cameras
with very high acquisition velocities have appeared in the
market. This paves the way for a much faster acquisition



of the dEL images. In order to test the capabilities of such
cameras, we have tested the First Light C-RED 2 Lite
InGaAs camera, with a maximum acquisition velocity 10
times higher than the one used in Figures 2 and 3 (600 fps
vs 60 fps). This increase in the acquisition velocity means
also a decrease of the maximum exposure time, and
therefore potentially to a more challenging filtering of the
background light if the sensors are not able to detect more
efﬁcie(r)ltly the photons from the panel.

1.0
100 0.8
)
¢ 200 0.6
2
S 300 0.4
@
I
400 -
SNR2s =26.31dB b3 02
Resolution = 8.04 bits =
200 300 400
Width (pixels)
0 1.0
100 0.8
w
¢ 200 0.6
2
5 300 0.4
[
e =
400
ISNR25=25.15 0:2
Resolution= 8.33 bits
500 0.0
200 300 400 500
Width (pixels)
0 1.0
100 0.8
o)
¢ 200 0.6
g
b
2 300 0.4
@
x
400 0.2
500 0.0

0 100 200 300 400 500 600
Width (pixels)

Figure 3: dEL images of the PERC module obtained
with the Hamamatsu camera and with sinusoidal (a) and
square (b, c) wave excitations. The post-process
analysis has been done in the frequency domain (a, b)
or in the time domain (c). G= 875 W/m?, =10 Hz, 46
1ps, texp =2 ms. The inset in each image shows the zoom
for a single cell with dark areas and a crack.

Figure 4 (a, b) shows the dEL images obtained with
both the Hamamatsu and the First Light cameras,
respectively. A square wave excitation was used in both
cases. The acquisition conditions were /=2 Hz, 46 fps, texp
= 2 ms to obtain 400 images with the Hamamatsu camera,
and f=62.5 Hz, 600 fps, texy = 1.2 ms to obtain 594 images
with the First Light camera. It should be noted that the
measurements with both cameras were taken in different
days, and unfortunately the irradiance conditions were

different, G =780 W/m? and 340 W/m? for the Hamamatsu
and First Light, respectively. To somewhat compensate for
this low irradiance, we have selected for this comparison a
more challenging panel which has a much weaker EL
response than the previously described PERC panel.
Therefore, an older multi-Si AlI-BSF module was selected
for this comparison. A post-process analysis in the
frequency domain was performed in both cases, yielding
SNR2s and Resolution values 0of 20.36 dB and 9.06 bits for
the Hamamatsu camera and 18.02 and 9.53 bits for the
First Light camera. In both cases the images yield similar
level of information and allow to clearly detect all the
features shown by the dark EL image from that module,
Fig. 4 ¢, which was obtained with the Hamamatsu camera
for comparison. It should be noted that the images were
obtained at different temporal moments, and the module
has degraded in the last images (obtained with the
Hamamatsu camera) respect to the image obtained with

the First Light camera.
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Figure 4: dEL images of the multi-Si Al-BSF module
obtained with both the Hamamatsu camera (a) and the
First Light camera (b) with square wave excitations.
The post-process analysis has been done in the
frequency domain. In a) G = 780 W/m?, f = 2 Hz, 46
fps, texp = 2 ms. In b) G = 340 W/m>, f = 62.5 Hz, 600
fps, texp = 1.2 ms. (c) Dark EL image of the same
module obtained with the Hamamatsu camera working
with an acquisition velocity of 32 fps and texp = 15 ms.
An artificial square wave has been generated, with f=
2 Hz, and a post-process analysis has been done in the
frequency domain.
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Figure 4 shows that working with short exposure times
and fast acquisition times is not linked to a worsening of
the dEL image quality, and therefore it opens the door to
perform the analysis in much shorter times. Note that the
Hamamatsu camera needed ~8.7 s to collect all the images
while the First Light used slightly less than 1 s even
collecting 50% more images.

To test how much we can reduce the time needed to
obtain a final image with enough quality we have removed
frames from the 594 image stack taken with the First Light
camera. For this we have removed full periods of data from
the end of the stack and extracted the SNR2s marker from
the resultant image stack. This analysis is shown in Fig. 5
for both frequency and time domains. Here it is observed
that for frequency domain analysis by increasing the
number of periods from 5 up to 20 the SNR2s value
increases, then reaching a plateau until 40 periods, and
then degrades for 50 and 60 cycles. This behaviour occurs
because the signal degrades in frequency over time, likely
due to fluctuations in the background light that introduce
a small phase shift when subtracting the baseline. This
figure demonstrates that there is little improvement in
image quality when extending the measurement time from
~100 ms to ~600 ms, and in some cases, extending the
measurement time beyond that limit can result in worse
dEL images. On the other hand, for the time domain
analysis the SNRus slightly increases monotonically with
the number of cycles/frames in the stack (Figure 5-a, left
axis). This improvement occurs because the difference
between the average and noise level becomes more
significant as more data is added, while it is less sensitive
to phase degradation. When evaluating the resolution of
the final images, a pattern akin to that observed for the
SNR2s marker in frequency analysis becomes evident.
Specifically, the resolution plateaus at 10 periods and
exhibits a slight degradation when exceeding 40 periods.
In contrast, in the time-dependent analysis, resolution
displays a nearly constant trend regardless of the number
of periods. As previously discussed, this behaviour is
expected since the addition of more periods primarily
enhances the ability to discriminate signal from noise
rather than amplifying the signal level itself.

This finding illustrates that remarkably short
acquisition times (~160 ms) are sufficient for acquiring
dEL images in very short timeframes, paving the way to
the implementation of dEL in the field using cameras
installed on drones for efficient inspection of a large
number of modules.

5 CONCLUSIONS

Large improvements for the obtention of dEL images
have been proven, with the combined use of a 15 kW
power source with square and sinusoidal waves excitation
modes and a very high acquisition speed camera. Two
methods for analyse the dEL signal from Si solar panels
have been disclosed: one in the frequency domain and one
in the time domain. Both methods have been applied to
images taken from multi-Si low emitting (Al-BSF) and
high emitting (PERC) panels. It is demonstrated that, with
proper data filtering, the information recovered from dEL
images can show a similar amount of visual information
than images taken in dark conditions. A metric (SNR2s)
has been proposed to quantify the quality of the images.
dEL images with good quality can be obtained in very
short timeframes (approximately 160 ms). These

improvements in the acquisition of the images can open
the door for the massive inspection of Si solar plants by a
very powerful technique such as EL imaging.
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Figure 5: SNR2s evolution as a function of the number
of analysed cycles (a). The data correspond to the dEL
images of the multi-Si AI-BSF module obtained with
the First Light camera with square wave excitation. The
post-process analysis has been done both in the
frequency and time domains. G = 340 W/m?, f =
62.5 Hz, 600 fps, texp = 1.2 ms. Also, the evolution of
the resolution of the images with the number of periods
is shown (b).
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