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This paper presents a novel technique to examine the impact of Photovoltaic (PV) micro cracks on the
performance of the output power for PV solar cells. Initially, the image of the PV micro crack is captured
using Electroluminescence (EL) method, then processed by the proposed technique. The technique consists
of two stages, the first stage combines two images using an OR gate, the first image is the crack-free
(healthy) solar cell, whereas the second is the cracked solar cell image. The output image from the first
stage is passed into the second stage which uses a 3D graph-based model in order to examine the output
power loss in the cracked solar cell. In order to examine the effectiveness of the 3D graph-based model, two

K ds: . . R L .
P%‘;‘;ﬂ,rolstai c different cracked PV solar cells have been examined. From the obtained results, it is evident that the crack
Solar cells size, location and orientation are more detectable using the developed technique. In addition, the

maximum and minimum output power can also be estimated using the offered technique.
© 2018 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
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This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Micro cracks in solar cells are the genuine problem for Photovol-
taic (PV) modules. They are hard to avoid and, up to date, the impact
of PV micro cracks on the performance of the PV modules in various
environmental conditions has not been reported [1—3]. In order to
examine micro cracks in PV modules, several methods have been
proposed [4]. Resonance ultrasonic vibrations (RUV) technique for
crack detection in PV silicon wafers has been developed [5,6].

RUV technique uses ultrasonic vibrations of a tenable frequency
and changeable amplitude. The silicon wafer is constrained by an
external piezoelectric transducer in a frequency range of
20—90 kHz. The transducer comprises a central hole allowing a
reliable vacuum coupling between the wafer and transducer by
applying 50-kPa negative pressure to the backside of the wafer.
RUV PV micro crack technique is sensitive to crack length and its
location, and can be used to reject or accept wafers. However, it
does not identify the precise location of the PV crack.

Photoluminescence (PL) aiming technique was proposed to
solve this problem, since it can be used to inspect micro cracks in
silicon wafers and PV modules [7]. PL technique can be applied not
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only at the end of the PV solar cell's production, but also it can be
slotted in during the process of production [8].

Y. Zhu et al. [9] proposed a new PL setup that enables inhomo-
geneous illumination with arbitrary illumination patterns to
determine various parameters of solar cells. The results indicate
that the use of inhomogeneous illumination significantly extends
the range of photoluminescence imaging applications for the
characterization of silicon wafers and solar cells.

Most recently, in 2018, the PL images are acquired using the sun
as the sole illumination source by separating the weak lumines-
cence signal from the much stronger ambient sunlight signal. This
is done by using a suitable optical filtering and modulation of the
PV cells biasing between the normal operating point and open
circuit conditions [10].

Electroluminescence (EL) technique is another method for the
micro crack detection in PV solar cells. EL technique is the form of
luminescence in which electrons are excited into the conduction
band through the use of electrical current by connecting the solar
cell in forward bias mode. This technique is very attractive, because
it can be used not only with small solar cell sizes but also, with full
scale PV modules [11,12].

The EL method requires the solar cells to be in the forward bias
condition in order to emit infrared radiation. The EL ranges from
950 to 1250 nm with the peak occurring at approximately 1150 nm.
The Emission intensity depends on the density of defects in the
silicon, with fewer defects resulting in more emitted photons [13].

2468-2179/© 2018 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi. This is an open access article under the CC BY license
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The EL system should be placed in a dark room, as the image of the
cells is being taken by cooled CCD camera, we have already pub-
lished the configuration and construction of the EL setup in [14].

M. Kontgers et al. [ 15] investigated the impact of micro cracks on
the performance of PV modules using EL imaging method. This
research proves that micro cracks do not reduce the power gener-
ation of a PV module by more than 2.5%, if the crack does not harm
the electrical contact between the cell and fragments. Orientational
distribution of micro cracks in crystalline PV cells was firstly
presented by S. Kajari-Schroder et al. [16]. PV micro cracks were
classified into six subcategories as follows: dendritic,
several, +450, —450, Parallel to busbars, and Perpendicular to
busbars.

The analysis has been carried out using 27 PV modules using
EL imaging technique, where the maximum micro cracks found
in the PV modules are parallel to busbars with 50% relative
occurrence. Furthermore, I-V curve analysis based on gallium
arsenide (GaAs) PV solar cell on silicon substrate for crack-free
and cracked PV solar cells have been investigated by S. Oh
et al. [17] using EL imaging technique. It was evident that the
output voltage of the PV solar cells decreases while increasing
the crack size. Moreover, the crack density defined as the total
length of the crack liner per unit area, which was found to be in
the range from 13.8 to 33.2 cm™! in most investigated solar cell
samples.

On the other hand, in 2018, a new micro crack detection method
based on self-learning features and low-rank matrix recovery was
proposed by X. Qian et al. [18]. Firstly, the input image is pre-
processed to suppress the noises and remove the busbars and fin-
gers. Next, a self-learning feature extraction scheme in which the
feature extraction patterns are changed along with the input image
is introduced. Finally, the optimized result is further fine-tuned by
morphological post-processing.

In this paper, EL imaging technique was used to capture the
micro cracks in PV solar cells. The EL detection technique is already
shown in our previous articles [11,19]. Furthermore, the main
contribution is illustrated as follows:

e Technique selection: comparing different techniques to assess
crack-free and cracked solar cell output EL image

o Image resolution: selecting the most suitable technique that has
an optimum observable output image arrangement, in which it
can be used to precisely identify PV crack orientation, size, and
location

(2)

e Surface analysis: process the desirable image into a suitable
system in order to draw a relevant graph-based description for
the power loss in the cracked PV solar cell

This paper is organized as follows: Section 2 explains the
examined PV module and its electrical specifications. Section 3 and
4 demonstrate various techniques for analyzing the PV crack im-
ages and the obtained results, while Section 5 draws a relevant
conclusion for the proposed power loss estimation of the cracked
PV solar cells.

2. Tested PV solar cells

In this work, the tested PV modules are shown in Fig. 1(a). The
total inspected PV modules are ten, where its maximum peak po-
wer is 220 W and the number of solar cells is 60 per PV module.

A healthy (crack-free) solar cell is shown in Fig. 1(b), whereas a
cracked solar cell is shown in Fig. 1(c). Both crack-free and cracked
solar cell images will be processed using various detection tech-
niques, this will be explained in the next section.

3. Proposed detection technique

This section describes the selection for the proposed EL detec-
tion technique. Fig. 2 shows the combination between the healthy
and cracked PV solar cells. Six different techniques were used to
combine both images, staring with OR gate, ending with subtrac-
tion technique. The output image for each technique is also
demonstrated in Fig. 2.

As can be noticed, the division technique has no output (fully
black PV solar cell image), whereas the second worst output image
when subtracting the healthy from the cracked image. However,
the best image resolution for the crack is identified using the OR
gate (healthy solar cell image OR cracked solar cell image), this
result arises because the crack-free image would not add additional
noise or cracks to the cracked solar cell image. However, it cleans up
the areas which have no micro cracks.

Fig. 3(a) show the output image of the OR gate. As can be
noticed, the image lacks filtering for the noise in the areas that have
no micro cracks, thus, it is required to create an image with a better
resolution. It is worthy pointing that both vertical lines correspond
to the solar cell busbars.

The proposed filtering and resolution enhancement technique
are shown in Fig. 3(b). The suggested technique consists of three

Fig. 1. (a) 10 Examined PV modules, (b) Healthy (crack-free) PV solar cell, (c) Cracked PV solar cell.
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Fig. 2. The image of the healthy cell combined with cracked solar cell using various techniques (OR, AND, XOR, Division, Addition, Subtraction).
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Fig. 3. (a) OR gate output result, (b) suggested image filtering and resolution enhancement technique.

steps, each step has an OR gate. The healthy PV cell image plays a
significant role in the correction of the whole output image, since it
affects the first stage output result. The second and third OR gates
filter the noise in the combined image of crack-free and cracked
solar cell.

The main functionality for each OR gate is presented in Fig. 4(a).
In fact, each of the above listedtechniques are based on a specific

process which it will calibrate bit-by-bit of the pixels for the images,
thus to clear out the noise, and improve the quality of the output
cracked solar cell image, the process for 2 bits is described in Fig. 4(a).
As a result, the detection technique leads for better image structure.

Fig. 4 shows the output images from each step using the pro-
posed filtering and resolution enhancement technique. Fig. 4(b)
shows the output images from all OR gates for stage 1.
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Fig. 4. (a) Bit-by-bit pixel calibration after each OR gate, (b) Output PV solar cell image obtained by each OR gate, (c) Stage 2 color calibrated image.
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It is evident that after the 3rd OR gate, the micro cracks do
appear more visible in the size, location, and orientation compared
to the original image shown previously in Fig. 1(c).

The maximum pixel resolution for all images is obtained by the
third OR gate. In order to visualize this image in better conditions,
another layer which basically calibrate the image form black-white
into a color is added (i.e. cyan-green as shown in Fig. 4(c)). The
selection of the color does not make the significant difference in the
output image resolution, since it does not add any noise, or inter-
ference with the resulted image.

The final calibrated image is passed to the second stage (Stage 2)
shown previously in Fig. 3(b). The main purpose of this stage is to
route the image into a 3D graph-based model in which it will
outline the total output power loss in the cracked solar cell. This
stage will briefly be described in the next section.

To sum up, the proposed micro crack detection techniques have
a better resolution and focus on the micro crack size, location, and
orientation. So, to end up this section, it would be sufficient to show
the final black-and-white calibrated image vs the original EL image
captured by the camera.

Fig. 5 illustrates that before using the detection system, several
cracks appears on the original EL image such as the micro cracks
labelled “1” and “2”. Whereas after using the proposed technique it
was evident that these are not actual cracks but a noise caused by
the original EL image. In addition, the actual micro cracks size,
location, and orientation are labeled as “3” in Fig. 5. These micro
cracks in the solar cell are clearly detected and observed as shown
in the figure.

4. Graph-based model
4.1. Overall structure and 3D surface implementation

The final image from the implemented filtering and resolution
enhancement technique will be processed into a 3D graph-based
model. The output of the model is shown in Fig. 6(a). In addition,
Fig. 6(b) shows the 3D adjusted surface of the cracked PV solar cell,
where x-axis and y-axis present the pixel number of the calibrated
image, and z-axis presents the output power of the solar cell. The
3D model was implemented using the image processing toolbox
available in MATLAB [20].

The 3D graph-based model follows the following steps:

e Color calibration of the processed image from the last stage
(filtering and resolution enhancement stage)

e Adjusting the pixel number and generating x-axis and y-axis

o Identifying the maximum output power of the solar cell, which
is calculated using (1). Therefore, producing the z-axis of the 3D
graph-based model

PV Cell Maximum Output Power =

PV module peak power

Fig. 5. Micro cracks detection before and after the proposed technique.

Peak power =230 x 1072 =23 W

Furthermore, there are various areas in the solar cell contain less
output power (nearly 180 x 1072 = 1.8 W) from the initial con-
struction of the 3D surfac. Hence, these areas comprise minor or
major cracks. To sum up, the total maximum loss in the output
power is calculated as follows:

Healthy PV cell peak power (2.3 W) — Crack PV cell peak power (1.8
W) =0.5W.

Fig. 6(b) shows the adjusted/biased image from the initial pro-
cessed image in the 3D graph-based model. This image shows that

220w

Therefore, it is possible to predict/calculate the output power
loss due to the micro cracks based on the cumulative power shown
as z-axis.

As shown in the 3D graph-based model, areas with free-cracks
(healthy areas) generate a peak output power of 2.3W, however,
the cracked area does not produce any output power. Fig. 6(a)
presents area “labeled with a circle” that has no micro cracks, and
according to the 3D surface, this area of the solar cell generates a
peak power equals to the following:

Number of PV solar cells in the PV module - 760

—36W (1)

while simulating the PV under various illumination levels, the
cracked areas of the solar cell generates less output power
compared to healthy areas.

4.2. Evaluation of the developed 3D graph-based model

In order to test the effectiveness of the proposed 3D graph-
based model for estimating the power loss of cracked PV cells,
another PV cracked solar cell sample has been examined.
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The examined healthy and cracked PV cell is shown in
Fig. 7(a),(b) respectively. The output of the first OR gate between
the healthy and cracked is presented in Fig. 7(c). For better reso-
lution, this image will be processed through two different OR gates,
while the resulted images are shown in Fig. 7(d),(e) respectively. As
can be seen from the 3rd OR gate image, the crack location, size, and
orientation are more clear, and it is much observable in terms of the
areas that were affected by the micro cracks.

As stated previously, the final image form the 3rd OR gate will be
passed into the color calibration mode as shown in Fig. 7(f). The final
outputimage is modeled using a 3D graph-based technique explained

) 300

Output Power (W)

x10?

359 400

Pixel Number

(@

Output Power (W)
102

Pixel Number
(b)

Fig. 6. (a) Initial 3D surface generated using the calibrated image of the cracked solar cell, (b) Adjusting the scale of the 3D image obtained in Fig. 5(a).

previously in section 4.1. The main purpose of this stage is to examine
the loss in the output power of the micro cracked solar cell.

Firstly, the output 3D graph-based model is presented in Fig. 8.
The cracked area generates less output power comparing to the
free-cracked adjacent area.

The triangle in Fig. 8 shows the area of the PV solar cell which
conations micro cracks. This area generates an output power equals
2.3 W. However, crack-free (healthy) areas reach a maximum
output power of 252 x 1072 = 2.52 W (this point is labeled as circle
1 on Fig. 8). Therefore, the maximum loss in the output power due
to the crack in the solar cell is equal to:
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Fig. 7. Output image from the suggested 3D graph-based model explained previously in Section 3. (a) Healthy PV cell sample, (b) Cracked PV cell sample, (c) First OR gate output
image, (d) Second OR gate output image, (e) Third OR gate output image, (f) Final processed image with color calibration.

252W-23W=022W

The loss in the output power varies across the tested solar cell
sample, since some parts of the solar cell have more micro cracks
than the other. Table 1 reports seven areas compared with the
cracked area, these points are labeled on Fig. 8.

The results obtained from Table 1 show that the maximum
difference between the healthy and cracked peak power is equal to
0.22W (corresponds to 8.7% difference). However, the minimum is
obtained at point 5, where the difference equals 1.3%.

On the other hand, the 3D model gives an optimum layout of the
crack and its distribution among the solar cell, thus, it can be used
to model, estimate, and observe the impact of the cracks in the solar
cell. Further study could use the suggested 3D model to analyze the
impact of hot spots in the PV cells, which mostly captured using
FLIR cameras [21—24].

5. Conclusion

This paper presents a novel technique to examine the impact of
Photovoltaic (PV) micro cracks on the output power performance

for PV solar cells. Initially, the image of the PV micro crack is
captured using Electroluminescence (EL) method, then processed
by the proposed technique. The technique consist of two stages as
follows:

e First stage: the combination between a crack-free (healthy)
solar cell samples and the cracked solar cell sample will
pass into three OR gates. The main functionality of the OR
gates is to combine bit-by-bit pixel form both images. Thus,
reducing the total noise and resulting a high quality cali-
brated image for the cracked solar cell sample. The final
image will then passes into the second stage of the devel-
oped technique.

e Second stage: initially a color calibration for the output image
from stage one will be accomplished. Next, a 3D surface analysis
will be shaped based upon the color calibrated image in order to
examine the total loss in the output power caused by the PV
micro cracks.

Subsequently, based on the developed 3D graph-based model,
this article claims the following:
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Fig. 8. Output 3D graph-based model processed using the color calibration image shown in Fig. 7(f).

Table 1
Comparison between the output power of seven healthy points with the cracked
peak power.

Point Healthy point
Number Peak power (W)

Healthy point Peak
power — cracked
peak power (W)

Percentage of the
difference in the
output power %

1 2.52 252 -23=0.22 8.7 “maximum”
2 248 248 —23=0.18 7.2
3 244 244 -23=0.14 5.7
4 240 240-23=0.10 4.1
5 233 233 -23=0.03 1.3 “minimum”
6 239 239 -23=0.09 3.8
7 235 235-23=0.05 2.1

e PV micro cracks size, location, and orientation are more visible
using the proposed technique

e The power loss for cracked solar cells strongly depends on the
PV crack size

In future, it is intended to validate the proposed PV micro crack
detection and 3D graph-based model in a large scale manufacturing
process, where the PV micro cracks often have different sizes,
orientation, and locations.
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