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The Impact of Cracks on the Performance of
Photovoltaic Modules

Mahmoud Dhimish, Violeta Holmes, Mark Dales, Peter
Mather, Martin Sibley
Dept. Computing and Engineering
University of Huddersfield
Huddersfield, United Kingdom

Abstract—This paper presents a dstatistical approach for
identifying the significant impact of cracks on the output power
perfor mance of photovoltaic (PV) modules. Since there are a few
statistical analysis of data for investigating the impact of cracks
in PV modules in real-time long-term data measurements.
Therefore, this paper will demonstrate a statistical approach
which uses two statistical techniques. T-test and F-test.
Electroluminescence (EL) method is used to scan possible cracks
in the examined PV modules. M oreover, virtual instrumentation
(VI) LabVIEW softwareis used to predict the theoretical output
power performance of the examined PV modules based on the
analysis of 1-V and P-V curves. The statistical analysis approach
has been validated using 45 polycrystalline PV modules at the
University of Hudder sfield, UK.

Index Terms—Photovoltaic (PV) cracks, Electroluminescence

(EL) method, Statistical approach; Virtual Instrumentation (VI)
LabVIEW software.

l. INTRODUCTION

Benjamin Chong, Li Zhang
School of Electronic and Electrical Engineering
Leeds University
Leeds, United Kingdom

Diagonal cracks and multiple directions cracks always show a
significant reduction in the PV output power [5].

Collecting the data from damaged PV modules using
installed systems is a challenging task. Electroluminescence
(EL) imaging method is used to scan the surface of the PV
modules, the light output increases with the local voltage so
that regions with poor contact show up as dark spots [6]. The
thermography technique is simpler to implement, but the
accuracy of the image is lower than with the EL technique,
and does not allow the estimation of the area (irf)nthat is
broken in the solar cells [7]. Therefore, the image technique
used in this work is based on EL imaging method which also
is illustrated and discussed briefly in the work of Berardone et
al [8] and Spataru et §].

As proposed in [10 &1] the performance of PV systems
can be monitored using proprietary software such as
LabVIEW. Also MATLAB software allows users to create
tools to model, monitor and estimate the performance of
otovoltaic systemslp]. Simulation tools are important to

Photovoltaic modules (PV) are expected to have a Iifetirﬁé1
of more than 20 years under various environmental conditiqfs,
like temperature changes, wind load, snow and many otrﬁ-;érrf
factors. Such loads induce mechanical stresses into the
components of the PV module, especially into the crystalline There are a few statistical analysis tools that have been
solar cell [1. The resulting cracks in silicon solar cells reducgeployed in PV applications. The comrhomised tool is the
the power output of the PV modules [2]. The amount of thi®rmal standard deviation limits (+ 1 SD or + 3 SD) technique
degradation is usually relatively small, if measured direct{t3]. However, Kajari-Schroder et al [5] used a statistical local
after the crack initiation. A subsequent artificial aging of PWistribution analysis in identifying the type of cracks in a PV
modules, however, shows that PV modules with cracked cetiodules. To the best of our knowledge none of the redewe
indicate a much higher degradation than undamaged BNicles have used a real-time long-term statistical analysis
modules [3]. approach for PV cracked modules under real-time operational
process. Therefore, the main contribution of this work is the

The PV industry has reacted to the in-liedestructive  yo\e1gnment of a novel statistical analysis approach that can
PV cracks by developing new techniques of crack dEteCt@Q used to identify the significant effect of cracks on the
0

such as resonance l_JItrasonic vibration (_RUV) for scanning \étput power performance for PV modules under various
cells with pre-existing cracks [4]. This helped to reducg, i-onmental field data measurements.

cracking due to defective wafers, but, it does not mitigate the
cracks generated during the manufacturing process.

mpare the real-time long-term output measured data from
cracked PV modules with the theoretical output power
ormance.

Four different types of cracks are examined: diagonal,

. . rallel to busbars, perpendicular to busbars and multiple
There are several types of cracks that might occur in Ig}? perp P

N acks direction. Fig. 1 illustrates the overall system
modules: diagonal cracks, paraliel to busbars Cra%zchitecture of the statistical analysis approach.
perpendicular to busbars crack and multiple directions crack.

This Work is sponsored by the Computing and EngineerggaBment,
University of Huddersfield, United Kingdom.



The first layer is used to simulate the PV modulihe visibility of cracks in solar cells as shown in Fig. 2. This
performance curves: |-V and P-V curves. Two layers tdsttechnique was firstly proposed by Sara et]al [5
statistical analysis techniques are used: T-test and F-test layer.
T-test layer is used to compare the measured data wih Crack Orientation
theoretical simulation. And the F-test layer is used to compare QOrientations of cracks can have very different impact on
the data of possible cracked cell with a PV module that hastRe power output of PV modules. In particular, a single crack
cracks. The main purpose of the F-test layer is to confirm gt leads to an electrical separation of a relevant part of the
significance of the crack on the PV power performancgell can significantly reduce the power output of a PV
Statistical layers one and two are presented by 2 and 3 on Rigdules [14]. In order to assess the criticality of the cracks we

1 respectively. classify them according to the orientation of the crack. Fig. 3
illustrates the crack orierttans which have been analyzed
Il METHODOLOGY and examined using the EL method.
A Experimental Setup In order to test the impact of each crack orientation which
1] has been examined in the PV solar cells, real-time long-term
- data analysis is carried out. The cracked PV modules has been
PV Module PV Theoretical . . . . . .
With No PYﬁflodtﬂE Sl Ui Vi tested at the installation in the University of Huddersfield,
Cracks | | "0 Cmek| |1 bVIEW Software United Kingdom.
5 Crack Does not
Stf}‘f;;:_al Effect on the
Significant— Output power
performance
Not Significant significantly
- —
Statistical Significant he Gk Hasa
F-test | | - significant Effect
Not Significant on the output

power performance

Figure. 1. Overall crack approach architecturedghayers used to
identify the significant impact of the crack (B)

gure. 2. EL image of PV solar cell. (A) After a medhahload test; (E

A static mechanical load tester meeting the requirement ¢ Difference between EL image before and after the ardchl load test

IEC 61215 10.16 is used for the mechanical load test, which i
applied to all examined PV modules. The tested modules &e Data Acquision

evaluated with respect to crack type with the |5 this work, statistical analysis study of various PV
electroluminescence (EL) method. Broken cells are sortgghqules showing different crack orientations has been tested.
according to the type of crack which are classified as th@ty five Different polycrystalline PV modules have been
following: examined as shown in Fig. %o establish the connection for
e« Diagonal (+48) each PV module separately, a controlling unit allows the user
to connect any PV module to a FLEXmax 80 MPPT.
e Diagonal (45°)

In order to facilitate a real-time monitoring for each PV

e Parallel to busbars module, a Vantage Pro monitoring unit is used to receive the
icul Global solar irradiance measured by a Davis weather station

e Perpendicular to busbars which includes a pyranometer. Hub 4 communication

e Multiple directions manager is used to facilitate acquisiton of modules

) ~ temperature using Davis external temperature sensor, and the
In order to speed up the crack detection and make it mefgctrical data for each photovoltaic module. LabVIEW
reliable an EL image is taken both and after the mechaniggftware is used to implement data logging and monitoring
load test. The comparison of the two images greatly improMgsictions of the examined PV modules.

) (B) © © (B)

Figure. 3. Examined crack types. (A) Diagonal craels’); (B) Diagonal crack @#5%); (C) Parallel to busbars crack; (D) Perpendictddsusbars crack;
(E) Multiple directions crack




Fig. 4 shows the system data acquisition design where theoretical simulated power, n is the sample size and SD is the
peak power for each PV module is equal to 220Wp. And thtandard deviation of the entire data.
age of the PV installations is 5 years. The PV systglins
angel ar]d azimuth angel is equal to 42 degrees and 185 degree (F— pm
respectively. t= —p

®)

D. M LabMEW Software PV Theoretical Ouput Power The confidence interval for all measured samples are

Simulation estimated at 99%. Statistically speaking, the crack does not
In order to predict the output power of the examined Pyave a significant impact on the output power performance of
modules, the DC side of all examined PV modules is modellg@g examined PV module if the t-test value is less than or
using 5-parameters model. The voltage and the curregjual to 2.58, as shown in Takle
characteristics of the PV module can be obtained using the

single diode model [14] as the following: If the t-test value is not significafttitest > 2.48) as shown

in Fig. 5, another statistical method/layer is used to compare
the output measured power from the cracked PV module with
ViR, V+IR, a PV module that has 0% of cracks. This layer is used to
L= fph. — I, (9 nebg — 1) - (1) confirm that the output generated power of the cracked PV
module has a significant impact (real damage) on the total
) ) generated output power performance of the examined
Where }n is the photo-generated current at STIC is the  photovoltaic module. From the results section, most of the
dark saturation current at STC, Ris the module series jnspected results indicates that if the T-test value is significant,
resistance, Ris the panel parallel resistance, ns is the numbefest value is also significant. The overall statistical approach
of series cells in the PV module and I the thermal voltage can pe explained in Fig. 5 and F-test can be evaluated using

Rgp

and it can be defined based on: (4). Where the explained variance is calculated mean square
value between groups, the unexplained variance is calculated
v, = AKT (2) Using mean square value within groups [15 arid 16
q
. . . ) TABLE |
Where a the diode ideality factoK is Boltzmann’s STATISTICAL T-TEST CONFIDENCEINTERVAL [16]
constant andj is the charge of the electron. 95% | 99%

Value of t for Confidence Interval of 0 — -
Critical Value |t| for P Values of 90 % (P=0. | (P=0.

[ll.  STATISTICAL ANALYSIS APPROACH Number of Degrees of Freedom (P=0.1) 05) | 01)

In order to examine the significant impact of the crack 1 631 12.71 | 63.66
the generated output power of the examined PV modules,
statistical techniques are usedtekt and F-test as shown i 20 172 209 | 285
Fig. 5. The first method (T-test) is used to compare th 50 1.68 201 | 268
simulated theoretical power with the measured PV outp
power. T-test can be evaluated using (3) whers the mean
of the measured sampleg,is the population mean of the
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Figure. 4. 45 photovoltaic modules installed at Husfiield University, United Kingdom
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Figure 5. Statistical approach used to identify whetherdfack type has a significant impact on the oygputer performance of a photovoltaic modul

In this work, a infinite number of samples have been tak#mere is no evidence for a real damage in the PV module. The
during the measurements (total measured samples > 120F-test for a diagonal crack which affects 1 or 2 solar cells is
order to determine whether the F-test value is significast (Frequal to 4.55 and 5.67 respectively.

6.635) or not significant (F > 6.635). A real-time measured data obtained over 24 hours period
According to the statistical approach explained in Fijg. & carried out to estimate the output performance for a
T-test and F-test methods are significant based on a threshiédjonal crack which affects 1 and 5 solar cells are presented

values. Therefore, crack types are divided into two categorigsfig. 6(A). The theoretical simulated output power which is
Short: crack effects one solar cell in a PV module; Longalculated using LabVIEW software has a standard deviation
crack effects two or more solar cells in a PV module. equal to 61.5 which is very close to the standard deviation for

a diagonal crack which affects 1 solar cell (SD=61.4).
However, a diagonal crack which affects 5 solar cells has a

Explained Variance significant reduction in the output power performance of the

(4) PV module where the standard deviation is equal to 61.

Unexplained Varaince

Fig. 7(A) shows the output power efficiency for the
IV. RESULTS examined diagonal cracks which affect 1, 2, 3, 4 and 5 solar
%Is. From 0.35 - 0.44% reduction of power estimated for a
agonal crack which affects 1 solar cell. However, the
estimated reduction of power for a diagonal crack which
affects 5 solar cells is between 2.97 - 5.37%.

This section describes the main results of the propos
statistical analysis approach. Two case studies are carried
to verify the effectiveness of the proposed approach.

A Case Study 1 : Diagonal Crack
TABLE Il

Diag_onal cracks can be clgssified into two d[fferer DIAGONAL CRACK PERFORMANCEINDICATORS
categories: +45and 45 as explained previously in Fig. 3. [ Number Significant/Not Significant
The measured data which has been carried out from b of Approximate | T-test Effect on the PV Power
diagonal crack categories indicate that the value of t Afsfe‘fted Area Broken | Value Performance
measured output power performance for all examined F| 220 (mm)
modules are comparable. Therefore, both categories car Tmn?—83 | 040-066 Not Sgnificant,
classified as one type of crack. This result is different from t| 1 mm?
results explained in [7, 8] because all the measured data in Sincet <2.56
experiments were taken from a real-time long-ter 8585 mA— | 1.22-1.86 Not Significant
environmental measurements instead of laboratory un 2 169.7 mm
controlled climate conditions. 172.7 mm- | 251-2.71 Significant

- 3 256.6 mmM

Based on the proposed statistical approach, the T-t _
values for all examined diagonal crack PV modules (12 F A 257.5mm- | 2.65-2.70 Significant
modules) are shown in Table Since the T-test value for a 344.4 mnd
diagonal crack which affects 1 or 2 solar cells is less than 9! 3451 mmA— | 3.12-3.35 Significant
of the confidence interval threshold (2.58), the output pow 5 424.3 mm
performance for the PV module is statistically not significar




B. Case Study 2 : Parallel to Busbars Cracks examined. Additionally, various crack type are demonstrated
Parallel to the busbars cracks have a percentage P¥fthe statistical analysis approach such as diagonal, parallel

occurrence 20% in the total examined PV modules (9 pQ busbars, perpendicular to busbars and multiple directions

modules out of 45 examined PV modules) and this type gack. In order to capture the crack type vyhich exists 'in the PV
crack can be listed as the following: modules, electroluminescence (EL) imaging method is used to

scan the surface of the PV modules.

0 .
* 9% (4 PV modules): Short crack affect The proposed approach can be applied to PV systems with

e 11% (5 PV modules): Long crack affect limited advanced monitoring systems while the electrical

. ... _measurements are still available.
Not all parallel to busbars cracks have a significant

impact/reduction on the output power performance of the PV

module. As shown in Table lll, parallel to busbars cracks REFERENCES

which affect 1 solar cell statistically indicates that there is mj Ndiaye, A., Charki, A., Kobi, A., Kéhé, C. M., Ndia, P. A, &
real damage in the PV module. The result is confirmed by the Sambou, V. (2013). Degradations of silicon photovoltaiodules: A

T-test value which is less than the threshold value 2.58. literature review.Solar Energ96, 140-151.

Pichler, K., Lughofer, E., Pichler, M., Buchegger, Klement, E. P., &
Moreoyer’ When.a parallel to busbars crack affects 2 sofar Huschenbett, M. (2015). Detecting cracks in recipiingacompressor
cells with approximate broken area less than 82hame no valves using pattern recognition in the pV diagr@attern Analysis
significant effect on the amount of power generated by the PV and Applications18(2), 461-472.
module. [3] Kontges, M., Kunze, |l., Kajari-Schroder, S., Breitesam X., &

) ) Bjgrneklett, B. (2011). The risk of power loss in cajlste silicon
Fig. 6(B) presents real-time measured data for a parallel t0 based photovoltaic modules due to micro-cracks. Solaerdy

busbars crack which affects 1 and 4 solar cells. The standard Materials and Solar Cell95(4), 1131-1137. o
deviation for the theoretical simulated power is 62 which ¥ dAbtdelthamld{ MH' Singh, I;\’-, &Ql_rnah M. $2014)-”Re\|/'EegEmﬁ;00f6:$<|
very close to the standard deviation for a parallel to busbars 5t " \'/%rl‘taice:‘lz’l';‘“seli_& stlicon  solar - cefls. our
crack affects 1 solar cell (61.8). However, parallel to bush E$ Kajari-Schroder, S., Kunze, |, Eitner, U., & KonsgeM. (2011).

crack affects 5 solar cells hassignificant reduction in the Spatial and orientational distribution of cracks imystalline
output power performance of the PV module while the photovoltaic modules generated by mechanical loas.t8star Energy
standard deviation is equal to 61.1. Materials and Solar CelB§(11), 3054-3059.

[6] van Molken,J. L, Yusufoglu, U. A., Safiei, A.,, Windgassen, H.,

Fig. 7(B) describes the output power efficiency for the Khandelwal, R., Pletzer, T. M., & Kurz, H. (2012npact of micro-
examined parallel to busbars cracks that which affects 1, 2, 3 Cfagkls on the ‘gegfzdaﬂon gf 30'3(1; ;el”(;gef;’zfmamedmmo'di(’de

H H model parameters.ener roce y - .

and 4 solar cells. The reduction of power estimated forgﬁ Gerber‘? A e Ve %{an’ T M H, Siegloch, Mgarten, Y.
parallel to busbars crack affects 1 solar cell is between 0.75% pieters’ B.E., & Rau, U. (2015). Advanced large atesracterization
~ 0.97%. However, the estimated reduction of power for a of thin-film solar modules by electroluminescence andntiography
parallel to busbars crack which affects 3 and 4 solar cells is imaging techniques.Solar Energy Materials and Soldis 85, 35-
between 2.39% ~ 3.0% and 3.67% ~ 4.55% respectively. 42. _ , ,
[8] Berardone, I., Corrado, M., & Paggi, M. (2014). éngralized electric

model for mono and polycrystalline silicon in the presenf cracks

V. CONCLUSION and random defects. Energy Proceft,2229

In this paper, we have proposed a new statistical analyi§is Spataru, S., Hacke, P., Sera, D., Glick, S., Kereke & Teodorescu,
approach to identify the significant impact of cracks on the R. (2015, June). Quantifying solar cell cracks in pholtaic modules

by electroluminescence imaging. In Photovoltaic Spesti€lonference
output power performance of the PV modules. The approach (PVSC), 2015 IEEE 42nd (pp. 1-6). IEEE.

uses a Virtual Instrumentation (VI) LabVIEW software ifio] phimish, M., & Holmes, V. (2016). Fault detection aigam for grid-
order to predict the theoretical output power of the examined connected photovoltaic plants. Solar Energy, 137, 288-2

PV module. Forty-five polycrystalline PV modules wer¢ll] M. Dhimish, V. Holmes and B. Mehrdadi, "Grid-connect&y/
monitoring system (GCPV-MS)," 2016 4th Internationam@8gsium
on Environmental Friendly Energies and Applications EBER

TABLE lll Belgrade, Serbia, 2016, pp. 1-6.doi: 10.1109/EFEAGZOMS772.
PARALLEL TO BUSBARSCRACK PERFORM_AN?EIND'CATOR_S - [12] Chong, B. V. P., & Zhang, L. (2013). Controller dgsifor integrated
Number _ Significant/Not Significant PV-converter modules under partial shading conditiongrSol
of Approximate T-test Effect on the PV Power Energy,92, 123-138.

Affected | Area Broken Value Performance [13] Dhimish, M., Holmes, V., & Dales, M. (2016, November).idsr
Solar (mn) connected PV virtual instrument system (GCPV-VIS) fetedting
Cells _ photovoltaic  failure. In Environment Friendly Eneggi and

L 1~59.2 0.78~1.13 Not Significant Applications (EFEA), 2016 4th International Symposium(pp. 1-6).
IEEE.
63~ 81 142 ~1.87 Not Significant [14] Kontges, M., Kunze, ., Kajari-Schroder, S., Breitesem X., &
2 Bjgrneklett, B. (2011). The risk of power loss in cajlgte silicon
2 82~121 262~274 Significant based photovoltaic modules due to micro-cracks. Solaerdy
S— Materials and Solar Cell85(4), 1131-1137.
122~177 4.04~4.81 Significant [15] McEvoy, A., Castaner, L., Markvart, T., 2012. Solall€ Materials,
3 — Manufacture and Operation. Academic Press.
177.3~239.7 | 4.39 ~5.66 Significant [16] Miller, J. N., & Miller, J. C. (2005). Statistics anderhometrics for
4 analytical chemistry. Pearson Education.



Simulated Theoretical Power Standard Deviation = 61.46774
Measured Diagonal Crack Effects 1 Solar Cell Standard Dev

Measured Diagonal Crack Effects 5 Solar Cells Standard Deviation = 60.99696

iation = 61.38360
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6. (A) Real-time measured data for a diagjorack which affects 1 and 5 solar cells; (B) Risaé measured data for a parallel to busbars créaogtw
affects 1 and 4 solar cells
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