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Abstract—This paper investigates opportunities to rapidly
detect defects in photovoltaic (PV) panels. It is worth noting
that a defect in a single PV cell can significantly reduce the
output power of a PV panel and, thereby, of an entire PV array.
Hence, it is crucial to detect faults in PV panels and replace them
within PV power plants. In this paper, we utilise synchronized
thermography (ST) to obtain infrared (IR) images under outdoor
environmental conditions. We illustrate how IR-images obtained
under changing irradiation and different angles can be analysed
to rapidly detect defects in PV panels. Our technique allows
maintenance staff to quickly identify PV panels with defects on
the site of a PV power plant.

Index Terms—defect, fault diagnosis, infrared, outdoor envi-
ronment, photovoltaic cell, photovoltaic panel, rapid diagnosis,
solar energy, synchronized thermography.

I. INTRODUCTION

Forecasts estimate that the energy consumption of the world
will increase by 56% between 2010 and 2040. Over the same
time period, it is forecasted that global energy-related carbon
dioxide emissions will increase to 45 billion metric tons in
2040, which represents an increase of 46% compared to 2010
[1]. Solar energy is perceived as the most promising energy
resource to counteract these negative future projections for
humanity and to substitute non-renewable energy resources
such as coal, oil, gas and nuclear power (COGN) energy
sources [2], [3].

It is worth noting that the potential energy of photovoltaics
directly depends not only on the available irradiation, but
also on defects and faults, which can be caused by effects
related to aging and different types of events and impacts
over time. A defect in a single PV cell affects the output
performance of the whole PV panel and, therefore, the output
performance of an entire PV array [4]-[7]. For that reason, it
is vital to detect faults and defects in PV panels and replace
them accordingly. Thus, a measurement technique is needed
which allows maintenance staff to locate a defect PV panel
and replace that PV panel to improve the performance of the
PV power plant [8].

Commonly, the output power and, thus the performance of
PV panels is measured with the help of electrical verification
to obtain the characteristic Current-Voltage (I-V) curve of PV
panels [9]-[11]. However, electrical verification can only be

used to measure the /-V curve of individual PV panels, but not
of an entire array of a PV power plant. Thus, when carrying
out electrical measurements, PV panels must be disconnected
from each other. As a result, it takes significantly more time to
carry out diagnosis on PV panels for potential defects. Here,
infrared thermal (IRT) imaging techniques can be helpful to
be used by maintenance staff on the site of the PV power plant
to verify the performance of PV panels [12].

IRT imaging techniques such as lock-in thermography
(LIT), electroluminescence (EL) imaging, photoluminescence
(PL) imaging, synchronized thermography (ST), time-resolved
thermography (TRT) and other IRT techniques are designed
for imaging PV panels under indoor environmental conditions
[13]-[17]. Recently, experiments were carried out with IRT
techniques also to detect defects in PV panels under outdoor
environmental conditions [18]-[20]. However, under outdoor
environmental conditions such as irradiation can influence IRT
techniques in various ways and, thus, the obtained measure-
ment results [19], [20].

IR-cameras can be equipped to unmanned aerial vehicles
(UAVs) to carry out diagnosis on the condition of PV pan-
els within a PV power plant. IR-cameras including weather
stations to measure ambient temperature, wind speed, relative
humidity, horizontal irradiation can also be used to monitor
PV power plants on a continuous basis [19]. However, in
order to minimise the efforts and costs for detecting defects
in PV panels, a simple IRT technique is needed which is
independent of environmental conditions. Furthermore, the
opportunity should be given that maintenance staff can carry
out measurements on the site of the PV power plant with a
portable low-cost IR-camera instead of an expensive stationary
IR-camera which requires a certain alignment.

A portable IR-camera can also help to maximise the usage
of the resolution of the camera by optimising the distance
between the camera and PV panel [17]. In respect to the
region-of-interest (ROI) [17], a stationary IR-camera is often
used to measure several PV panels at the same time [19], [20].
By using an IR-camera for several PV panels simultaneously,
only a fraction of the resolution is used for one PV panel and
even a smaller share for one PV cell. Hence, as in [19], [20],
only the temperature in approximately the centre of one PV



cell is measured.

Based on this way of using the resolution the IR-camera, it
is possible that the background irradiation as well as other fac-
tors can have various impacts on the result of the measurement,
in particular the accuracy of the measurement. As an example,
Akram et al. [18] report in their work that measurements
conducted on PV panels outdoors do not result in the same
results as measurements carried out indoors. More precisely,
IR-images obtained outdoors show fewer or not all defects
in PV panels in comparison to indoor measurements [18].
Likewise, Teubner et al. [19] report that weather conditions
can affect the results of IR thermography. In their work, for
measurements outdoors, steady-sate conditions are preferred
in which the solar radiation level remains constant within a
certain period of time [19].

In this paper, we wish to utilise a simplified version of ST,
based on previous research [16], for rapid diagnosis on PV
panels in order to detect defects under outdoor environmental
conditions. With the help of our method, maintenance staff can
quickly flag PV panels with potential defects. At the same
time, by optimising the usage of the resolution of the IR-
camera and, in this way, maximising the ROI, we aim to
avoid false positive and false negative decisions whether a
PV panel contains defects or not. Moreover, with the help of
our technique, we also eliminate the necessity of a non-defect
reference sample, needed in other comparable approaches [19].

II. BACKGROUND OF THE RESARCH
A. Behaviour of Photovoltaics

Commonly in PV simulation models, each PV cell in a
panel is threated in the same way. In other words, each PV
cell is simulated with the same values for all parameters.
Furthermore, in commercial PV panels, all PV cells are
connected in series with each other in order to achieve a high
voltage level [21], [22]. However, if a single PV cell in the
panel is defect, the output power of the entire PV panel is
affected. In a series connection of PV cells, the short-circuit
current (/) depends on the short-circuit current of the weakest
PV cell of the interconnection () [16], as obtained by the
following equation

f)ideal = Voc . Isc,min

1
Isc,min < Isc ( )

where Pjg., is the ideal power of the PV panel and V,, is the
open-circuit voltage of the PV panel.

B. Configuration of a PV panel

Fig. 1 illustrates a typical series connection of PV cells in
a commercial PV panel. The example, which is seen in Fig.
1, is taken from a PV panel which contains 36 PV cells and
produces an output power of 80 W. In each row, 9 PV cells are
located. At the end of each row, either on top or on the button
of the PV panel, each string of PV cells is then connected to
the next string of PV cells in the next row. The corner points
are connected to a voltage terminal on which the output power
can be obtained.

row (1)

row (2)

row (3)

row (4)

Fig. 1: Series connection of PV cells in a PV panel

In a PV simulation model, firstly, the characteristic output
behaviour of a single PV cell is simulated. Then, secondly, a
multiplier is used to calculate the output of a PV panel. The
multiplier reflects the number of PV cells within the series
connection of a panel. It is worth noting that the multiplier
does not change the slope of the characteristic /-V (Current-
Voltage) curve, only the scale of the voltage-axis (i.e. x-axis)
[21], [22]. In this paper, we concentrate on commercial PV
panels in which PV cells are connected in series.

C. Background of Synchronized Thermography

ST was originally developed by Leppédnen et al. for the
characterisation of thin films [16]. In contrast to other IRT
techniques such as illuminated LIT (ILIT) and PL imaging, ST
does not require uniform illumination for the device under test
(DUT). These circumstances help as it is expected that under
outdoor environmental conditions the irradiation on top of the
PV panel will be similar but not entirely uniform. Furthermore,
under outdoor environmental conditions, it is expected that
the solar radiation level (\) changes during the duration of
the measurement. Especially if the sky is overcast, the solar
radiation level can change frequently between shadow and
direct sunlight.

Within the early development of ST, an expensive stationary
IR-camera (i.e. Optris PI 640) was used [16]. However, it was
later proven that the same temperature differences can be ob-
tained with low-cost portable IR-cameras (i.e. Flir ONE) than
with expensive stationary IR-cameras [17]. For rapid diagnosis
on the site of the PV power plant, a portable IR-camera which
can be attached to a smartphone provides an easy opportunity
for maintenance staff to carry out measurements. In [17], we
used the Flir ONE with a Samsung Galaxy S4 (GT-19506)
smartphone. In this research work, we used the Flir ONE
Pro (with a USB-C connector) and a Nokia 8 (TA-1004)
smartphone.

III. EXPERIMENTAL SETUP AND PROCEDURE
A. Setup under Outdoor Environmental Conditions

Fig. 2 shows the schematic of ST under outdoor environ-
mental conditions. As seen in Fig. 2, an external power supply
is used to forward bias PV panels and, thereby, heat them up.
Heating up PV panels is a common procedure. For example, if
PV panels are covered by snow or ice, then, panels are biased
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Fig. 2: Setup of ST under outdoor environmental conditions
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Fig. 3: ST measurement setup

forward to melt the snow or ice covering the protection glass of
PV panels, allowing them again to generate electricity. Fig. 3
shows the ST measurement setup on the roof of the University
of Oulu in the City of Oulu, Finland.

In previous research [16], [17] as well as in the available
literature [18]-[20], as illustrated in Fig. 2, the IR-camera is
aligned towards the PV panel either under a perpendicular
angle (8 =90 °) or under an angle (/3) close to a perpendicular
angle. However, in practice, maintenance staff should have the
opportunity to obtain IR-images under various angles, which
can differ significantly from a perpendicular angle. Moreover,
the opportunity is given that IR-images are taken from a side
angle () in which the IR-camera does not face the front side
of the PV panel. Hence, in this paper, we carry out IR-imaging
under different angles to verify the impact of different angles
on the obtained temperature differences in IR-images.

Measurements were conducted in September when the am-
bient temperature was 12 °C, wind speed 6 m/s, gust speed
10 m/s, and the solar radiation level was frequently varying
between 100 and 400 W/m? (horizontal level). However, as
seen in Fig. 3, when tilting the PV panel (i.e. the DUT) towards
the sun, a higher solar radiation level of up to 650 W/m? was
obtained on top of the PV panel. On the roof of the university,
the measurement setup was located next to the cooling pipes
of the university’s air conditioning system. In addition, even
though the temperature was 12 °C, the asphalt shingle type
roof reached a temperature of up to about 40 °C.

Fig. 4: Schematic of the PV panel (i.e. DUT) and ROI

Generally speaking, temperatures in the background sur-
rounding PV panels can have an impact on the settings of the
IR-camera’s temperature scale, in particular when the temper-
atures in the background are higher than the temperatures of
PV panels. In contrast, indoors, a narrower temperature scale
can be used for the IR-camera in comparison to outdoors.
Moreover, due to potential reflections from the protection glass
of the PV panel, the IR-camera needs to be slightly tilted (i.e. 8
= 90 °) when taking IR-images. Hence, the ROI is affected,
in other words, the available resolution of the IR-image of
the PV panel. The Flir ONE Pro can record IR-images in a
resolution of 1440x1080 with an IR-resolution of 640x480.

B. Experimental Procedure

In this research, we concentrated on the potential practical
usability of our IR-imaging method. Hence, as seen in Fig. 3,
we decided not to use a measurement structure for installing
the IR-camera under an optimal distance (d) from the DUT in
order to maximise the use of the resolution of the IR-camera
as in [17] within indoor environmental conditions. Outdoors,
in particular when taking IR-images of PV panels installed
of the roof of buildings, it can be difficult to position an IR-
camera under a certain distance (d) and angle () from the
PV panel, for example by the use of a structure to establish a
certain measurement setup. Similarly, the possibility is given
that it is difficult to obtain IR-images from the front of the PV
panel (i.e. v =0 °).

Fig. 4 shows the series connection of PV cells inside the PV
panel used within experiments (i.e. DUT). The PV panel used
in the experiments is the same one as in previous research
[11], [17]. In the PV panel, 18 PV cells are present, which
are divided into two strings of 9 PV cells, string 1 and
2, respectively. For rapid diagnosis, we concentrate on the
connecting wire, at which the current from the PV cells is
collected. Thus, multiple ROI are used; where each single ROI
is located around the connecting wire of a PV cell, one on
the left-hand side as well as one on the right-hand side, as
illustrated in Fig. 4. From the ROI, the mean temperature (1)
is calculated.

In [19], a non-defect reference PV panel is used for
analysing a defect PV panel. In this research, we propose a
simplified version of ST, which allows to carry out analysis
without the requirement of a non-defect reference sample.



In [16], IR-images were obtained after forward biasing the
PV panel with the help of an external power supply for a
precise time. However, as demonstrated in [17] with the help
of TRT, the PV panel only needs to be forward biased for
a minimum amount of time (#,;,), but a precise time is not
needed after which an IR-image must be taken. In other words,
after t,,;,, the temperature differences are suitable high enough
to distinguish areas with defects from areas without defects.

C. Failure Detection

In order to determine if a PV cell contains a potential defect,
within the same PV cell, the mean temperature inside the
ROI of the left-hand side (7}) is compared with the mean
temperature inside the ROI of the right-hand side (7). If the
temperature difference between T, and T, in other words AT,
exceeds 10% than the string of PV cells is perceived to contain
a defect. In [17], the aim was to identify the exact location
of the defect within the PV panel as well as to estimate the
potential loss in output power and to investigate the impact
of different types of IR-cameras on obtained temperature
differences. In this work, we concentrated on quickly verifying
PV cells inside panels under different angles and to flag PV
panels for further inspection if a defect is suspected.

Similar to other IRT techniques [19], based on empirical
research, we determine suitable values for AT, either as
absolute or relative value. After determining a suitable value
for AT (i.e. the threshold temperature), we are capable of
decide whether a PV cell contains a potential defect or not.
As in [23], a safety margin needs to be taken into account to
avoid a false-positive and false-negative detection of defects.
As a result of our experiments, we found AT > 10% to be
suitable for flagging PV panels and, thus, assuming that they
contain potential defects. As ellaborated in [17], the precise
value of AT can vary based on the given circumstances such
as the type of DUT and used type of IR-camera, for example.

D. Experimental Results

Figs. 5-8 show the IR-images of the same PV panel obtained
under different angles (). Firstly, an IR-image was taken from
the right-hand side of the PV panel (y ~ +45 °), similar to
Fig. 3 in which the ST measurement setup is shown. As seen
in Fig. 5, the temperature in string 1, the string of PV cells on
the left-hand side of the PV panel, is much higher compared to
string 2, the string of PV cells located on the right-hand side of
the PV panel. Table I summarises the obtained measurement
results for the mean temperatures (T}) for each row of PV
cells, row number 1 to row number 9 (i.e. i =1, 2, ..., 9),
including the temperature difference (AT;) for each row.

As seen in Table I the mean temperatures in string 2 are
very similar and, thus, the observed temperature differences
are much less than 10%. Hence, it is assumed that this string
of PV cells does not contain any defects. In contrast, in string
1, large temperature differences are present which are greater
than 10% and can be seen easily in the IR-image even though
some reflections are caused by irradiation. When taking an
IR-image in front of the PV panel (y =~ 0 °), in Fig. 6, large
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Fig. 5: Orientation 1, right-hand side of the PV panel
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Fig. 7: Orientation 3, left-hand side of the PV panel
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Fig. 8: Orientation 4, from top facing down to the PV panel



TABLE I: IR-camera: Orientation 1, right-hand side of the PV panel (Fig. 5)

PV string 1 PV string 2
Ty =313°C | T1,, =275°C | |ATy|=38°C=138% | T1,=262°C | T1, =254°C | |ATi|=08°C=3.1%
Ty, =327°C | To,r =293 °C | |ATy|=34°C=11.6% | Ty, =273°C | To,, =266 °C | |ATy|=0.7 °C = 2.6%
T5,;=327°C | T3, =317°C | |AT3|=10°C=32% | T5;=283°C | T3, =27.0°C | |AT3|=13°C=4.8%
Ty, =325°C | Ty, =336°C | |[ATy|=11°C=33% | Ty;=289°C | Ty, =273°C | |ATy|=16°C=59%
Ts5,;=320°C | T5, =356°C | |AT5|=3.6°C=10.1% | T5;=289°C | T5, =278 °C | |AT5|=1.1°C = 4.0%
T, =316 °C | To,r =359 °C | |ATg|=43°C=12.0% | T, =287°C | To,r =28.1°C | |ATg|=0.6°C=21%
T;,=317°C | Tr,=344°C | |AT7|=27°C=78% | T7;=280°C | Tr, =27.6°C | |AT;|=04°C = 14%
Tg1 =313°C | Tg,r =320°C | |ATg|=07°C=22% | Ty, =272°C | Tg,r =269 °C | |ATg|=03°C=1.1%
Ty, =29.9°C | To,r =292°C | |ATy|=0.7°C=24% | To; =254°C | Ty, =248 °C | |ATp|=0.6°C = 2.4%

TABLE II: IR-camera: Orientation 2, in front of the PV panel (Fig. 6)

PV string 1 PV string 2
Ty, =244°C | T1,,=253°C | |ATi|=09°C=3.6% | T1,=242°C | T1,, =242°C | |ATi|=0.0°C = 0.0%
Ty, =254°C | T, =266°C | |ATy|=11°C=42% | Th;=254°C | To,, =253 °C | |ATy|=0.1°C = 04%
T3, =257°C | T3, =27.0°C | |AT3|=13°C=48% | T3, =261°C | T3, =256°C | |AT3|=05°C =2.0%
Ty =256°C | Tar=274°C | |ATy|=18°C=6.6% | Ty;=265°C | Ty, =259°C | |ATy|=0.6°C=23%
T5,=251°C | T5,=285°C | |AT5|=34°C=11.8% | Ts5; =266 °C | T, =263°C | |AT5|=0.3°C = 1.1%
T, =250°C | Tg,r =29.1°C | |ATg|=4.1°C=14.1% | T, =26.7°C | Tg,r =26.5°C | |ATs|=02°C = 0.8%
T7;=252°C | Trr=279°C | |AT7|=27°C=97% | T7;=263°C | Tr, =263°C | |AT¢|=0.0°C = 0.0%
Ts, =252°C | Tg,r =264°C | |AT3|=12°C=45% | Ts; =258°C | Tg,r =259 °C | |ATg|=0.1°C = 04%
To; =237°C | Ty, =234°C | |ATy|=03°C=13% | To; =242°C | Ty, =243 °C | |ATy|=0.1°C = 04%

TABLE III: IR-camera: Orientation 3, left-hand side of the PV panel (Fig. 7)

PV string 1 PV string 2
T1,=252°C | T1,,=256°C | |ATi|=04°C=1.6% | T1,=249°C | T1,, =244 °C | |ATi|=05°C =2.0%
Ty, =269°C | Th, =277°C | |AT3|=08°C=29% | T5;=263°C | Tz, =262°C | |ATy|=0.1°C =04%
T5,=273°C | T3, =285°C | |AT3|=12°C=42% | T5,=278°C | T3, =27.0°C | |ATs|=0.8°C = 3.0%
Ty =273°C | Ty, =287°C | |ATy|=14°C=49% | Ty; =283°C | Ty, =271°C | |ATy|=12°C = 44%
T5,=269°C | T5, =29.5°C | |AT5|=26°C=88% | T5;=284°C | T5, =27.6°C | |AT5|=08°C=29%
T, =265°C | To,r =304 °C | |ATg|=39°C=128% | Ts,; =284°C | Tg,r =28.1°C | |ATs|=03°C=1.1%
T71=269°C | Tr,=292°C | |AT7|=23°C=79% | T7;=278°C | Tr, =275°C | |AT7|=03°C=1.1%
Ts; =269°C | Tg,r=279°C | |ATs|=10°C=3.6% | Ts;=274°C | Ts, =27.0°C | |ATs|=04°C=15%
Ty, =254°C | Tor=252°C | |ATy| =02°C=08% | To; =257°C | Tp,=251°C | |ATy|=0.6 °C = 2.4%

TABLE IV: IR-camera: Orientation 4, from top facing down to the PV panel (Fig. 8)

PV string 1 PV string 2
Ty, =281°C | T1,,=290°C | |AT1|=09°C=31% | Ty;=287°C | T1,, =288 °C | |ATy|=0.1°C=03%
Ty, =298°C | To,, =31.5°C | |ATy|=17°C=54% | Ty, =30.7°C | To, =30.6°C | |ATy|=0.1°C=0.3%
T5;=304°C | T3, =322°C | |AT3|=18°C=56% | T5;=313°C | T3, =314°C | |AT3|/=0.1°C=03%
Ty =305°C | Ty, =327°C | |ATy|=22°C=67% | Ty;=315°C | Ty, =320°C | |ATy|=05°C = 1.6%
T5,=303°C | T5,=332°C | |AT5|=29°C=87% | T5;,=319°C | T5, =322°C | |AT5|=03°C=09%
T, =298 °C | Tg,r =342°C | |ATg|=44°C=129% | T, =324°C | Tg,r =323 °C | |ATg|=0.1°C =03%
T7,=301°C | Tr, =338°C | |ATy|=3.7°C=109% | Ty, =323°C | Tr, =322°C | |AT¢|=0.1°C=0.3%
Ts; =302°C | Tgr=325°C | |ATg|=23°C=71% | Ts; =320°C | Ts, =316 °C | |ATs|=04°C=13%
Ty, =29.5°C | To,r =303°C | |ATy|=08°C=26% | To; =312°C | To, =308 °C | |ATp|=04°C=13%

temperature differences can be seen in string 1. In Fig. 6,
the temperature scale is wider, ranging from 14.9 °C to 45.9
°C, due to the heat emitted from the cooling pipes of the
university’s air conditioning system in the background of the
IR-image. However, in Table II, the defect is clearly seen by
ATg = 14.1% and is actually the defect PV cell identified in

previous research [17].

In Fig. 7, the IR-image is taken from the left-hand side of
the PV panel (y =~ —45 °). Due to the different angle of the
IR-camera, the temperature differences in the PV cells on the
outside, row number 1 and 2, are smaller due to less reflections
caused by irradiation. The defect in row number 6 with ATy



= 12.8% is clearly obtained, as seen in Table III. In Fig. 8§, an
IR-image is taken from top facing down to the PV panel. The
observed temperature differences are higher than in the other
IR-images. However, as seen in Table IV, with ATy = 12.9%,
string 1 is correctly flagged as containing a potential defect. It
is worth noting that the temperature differences in the healthy
PV string, string 2, are less than 2%.

IV. DISCUSSION AND CONCLUSION

PV panels can suffer from various defects and faults due to
aging and other factors. Hence, a defect in a PV cell can occur
which results into a decrease in output power of a PV panel
and, thus, of an array and an entire PV power plant . Hence,
it is critical to detect defects in PV panels and replace them to
improve the performance of a PV power plant. Commonly,
PV panels are inspected at manufacturing stage to detect
defects before they are installed in the field. However, recently,
thermal imaging techniques have been proposed to characterise
PV panels which are already installed in the field. Hence, we
concentrated on the development of an IRT technique which
can be used by maintenance staff in an easy way on the site
of a PV power plant.

In this paper, we investigated the potential of a simplified
version of ST for carrying out rapid diagnosis on PV panels
under outdoor environmental conditions. In contrast to com-
parable approaches in the available literature, our proposed
method does not require a reference sample. In addition, the
monitoring and recording of ambient conditions is not needed.
Even though the irradiation is changing frequently, and IR-
images are taken from various angles with the help of a low-
cost portable IR-camera, defects can be clearly identified by
comparing obtained temperature differences along the connect-
ing wires of PV cells. A temperature difference of 10% allows
to flag PV panels correctly for further investigations, while
healthy PV panels are not flagged and identified properly.
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