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Abstract: Drone infrared camera monitoring of photovoltaic (PV) power plants allows us to quickly
see a large area and to find the worst defects in PV panels, namely cracked PV cells with broken
contacts. Roofs are suitable for the integration of PV power plants into buildings. The power plant at
the Czech University of Life Sciences in Prague, which was monitored by this method, does not show
any significant defects, and the produced electric energy exceeds the expected values. On the contrary,
the PV power plant in Ladná has visible defects, and the data monitoring system Solarmon-2.0 also
indicates defects. Our newly developed data monitoring system Solarmon-2.0 has been successfully
used in 65 PV power plants in the Czech Republic and in many PV power plants throughout the
world. Data are archived and interpreted in our dispatch area at the Czech University of Life Sciences
in Prague. The monitoring system can report possible failure(s) if the measured amount of energy
differs from the expected value(s). The relation of the measured values of PV power to the PV panel
temperature is justified, which is consistent with the physical theory of semiconductors.
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1. Introduction

In the first decade of this century, a series of on-grid photovoltaic (PV) power plants were installed
in the Czech Republic. A similar development of photovoltaics has taken place in a number of other
countries. A subsidy policy in the Czech Republic has been supporting the installations of photovoltaic
power plants since 2006. However, the prices of PV panels have dropped considerably during 2007
and 2008. This has reduced the cost of PV power plants and accelerated the return of the investment.
The boom came in 2008 and 2009. In the end of 2010, 2000 MWp of PV power plants and PV systems
were already installed in the Czech Republic. After this, the subsidy policy changed and this boom
stopped. To date (2017), the total installed nominal power has only increased marginally. Many of
these PV power plants are directly integrated into buildings, including ours, which we will talk about
in the following sections. Roofs and building facades are considered to be a very suitable place for the
installation of photovoltaics, which is dissimilar to agricultural land. Building-integrated PV power
plants are currently being installed more frequently.

PV power plants need high-quality parameters and data monitoring. For example, some papers
have discussed the data monitoring of PV power plants, rooftop power plant [1], power plant
connected into the single phase grid [2] and review about monitoring [3]. Reference [4] talks about
the monitoring of meteorological data and radiation intensity by satellites. We have developed our
own data monitoring system Solarmon-2.0 (older version [5] and new version [6]), which is already
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installed at 65 PV power plants in the Czech Republic and abroad (Romania, Slovakia, and Chile).
Data are collected and evaluated continuously, with some results having already been discussed in the
above-mentioned paper and in other publications, such as [7] and [8].

PV GIS (Geographical Information System, http://re.jrc.ec.europa.eu/pvgis/apps4/pvest.php#)
is an internationally used internet application that can forecast the yield of electricity produced
in PV power plants at a given location. If the amount of electricity produced is too low or the
decrease in the PV power conversion efficiency of the power plant is too high, this indicates a failure
of the PV power plant. Errors may be different, but defects in PV panels are the most common.
The most common defects include cracked photovoltaic (PV) cells, broken interconnecting contacts,
degradation of encapsulation, and corrosion of outlets into the interconnection box. Broken PV cells
and interconnecting contacts are among the worst defects. If the electrical contact is not interrupted
over the damaged location, the current flows through the entire PV cell, but it is likely that the
interruption will occur later due to temperature changes or mechanical stress due to weathering,
cleaning, or animals. If the contact is interrupted, the electrical current flows only across a certain
part of the damaged PV cell, which limits the current flowing through serially connected PV cells.
This reduces the efficiency of PV energy conversion. In addition, the current flow inside the PV panel
causes the variation of current densities inside individual PV cells. The PV cells are non-uniformly
heated, and this effect accelerates the degradation of the PV panel. Different temperatures of individual
PV cells can be monitored by an infrared camera as the PV cell with a higher current density is warmer.
The defects of PV cells also affect the I-V characteristic of the PV panel.

The methods of detecting PV panel defects have been mentioned in our previous paper [9]. There
were studied faults of PV systems in other references, for example early degradation of silicon PV
modules [10] and statistics of the faults [11]. In particular, it is the detection of thermal inhomogeneity
by the infrared camera and the detection of cracks by the method of electroluminescence of PV cells
after introducing the electric current into the PV panel from an external source. The most actual
method of detecting defects by means of electroluminescence is described in the paper in detail in [12].
In this article, we present the monitoring of a small PV power plant (10 kWp) integrated into the
building roof using an infrared camera that is onboard a drone. For example, a similar method was
used in the work [13] to fault detection for large photovoltaic systems. We compared the results
with the similar monitoring of a larger PV power plant. This method is especially appropriate if
the building-integrated PV power plant is not easily accessible. Other PV systems integrated into
buildings and data evaluation have also been described in a number of other references. There have
been described design optimization of roof integrated PV systems [14], estimation of solar energy
potential on building roofs [15], energy analysis of a solar house [16].

2. Materials and Methods

We have already monitored a number of PV power plants using drones. In this article, we present
the results from monitoring the PV power plant installed at the Czech University of Life Sciences in
Prague with a nominal output of 10 kWp. The power plant is integrated into the roof of the Faculty of
Engineering. It was installed in 2015 and connected to our above-mentioned Solarmon monitoring
system. The GPS coordinates of the building are 50◦7’43" N and 14 22’27" E with an altitude of 280 m.
As the monitoring of other PV power plants was similar, we chose the larger PV power plant in Ladná
(4 MWp) for the comparison of results.

PV-panels based on the polycrystalline silicon of the German production Renesola, Ltd. were
used for the construction of a small PV power plant at the University. The following parameters were
used: type JC 260M-24/Bb, maximum power of 260 W, open-circuit voltage of 37.6 V, short-circuit
current of 8.95 A, voltage at maximum power of 30.5 V, and current at maximum power of 8.53 A.
PV panels are installed on fixed stands with an inclination of 35◦ and facing almost to the south. A
deviation of approximately 10◦ to the east is given by the orientation of the building. A total of 40 PV
panels are divided into two independent sections (each section with 20 PV panels and a rated output

http://re.jrc.ec.europa.eu/pvgis/apps4/pvest.php#


Energies 2019, 12, 795 3 of 9

power of 5 kWp). In each section, 20 PV panels are connected in series and connected to a three-phase
inverter of German production SMA Solar Technology, AG type STP 5000TL-20, which has a maximum
DC voltage of 1000 V, maximum direct current of 10 A, alternating voltage of 400 V, and maximum
alternating current of 7.3 A.

The monitoring of the temperature of PV panels by a drone was conducted in cooperation with
Upvision, s.r.o. during a sunny day on 20 June 2017. On this day, the PV power plant had been
operating for less than two years. The operational time of the drone is 20 minutes (period between
2 recharging cycles). The drone carried the infra-camera Flir A65. Figure 1 shows the PV power
plant and the drone during temperature monitoring. Figure 2 shows the infrared camera in detail.
The camera resolution is 640 × 512 pixels and has a thermal sensitivity of 0.05 ◦C, temperature range
of 40–160 ◦C, and spectral range of 7.5–13 µm. Data processing was conducted using the Flir software
(Flier Systems Inc., Nashua, NH 03063, USA).
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The values of wind speed and air temperature were obtained from the meteorological station
installed in the campus of the Czech University of Life Sciences in Prague.

We used our Solarmon monitoring system to collect data from the PV power plant and compared
the results with the prerequisites of the site according to the above-mentioned internationally used PV
GIS application.

3. Results and Discussion

With the infrared camera located on the drone, it is relatively simple to see a large area and
monitor the differences in temperatures in a relatively short time. In a previous work [17], this method
was used to detect the occurrence of animals and look for lost people. If we use this method to monitor
the PV power plant, we can only find large forms of PV panel damage, especially cracked PV cells
with broken contacts. However, these defects are the worst and they have to be found preferentially.

Figure 3 shows a typical PV panel image (bird view) from the infrared camera. The pictures
of all other PV panels were very similar during the monitoring. It is evident that the temperature
distribution is homogeneous with values around 45 ◦C throughout the PV panel (at about 10 a.m.).
There are no places with significantly increased temperature. The slightly increased temperature
on the left side of each PV panel is not a fault, but it corresponds with the location of the box with
the contact pins on the back of the panel. In this place, the PV panel is not cooled as much as other
locations. This indicates that the PV panels have no apparent significant damage and perfect operation
is expected. By comparing Figure 3 with Figure 1, it is apparent that the roofing is warmest at the area
of impact of direct solar radiation (about 55 ◦C) while light tiles reflect more radiation and they are
therefore a bit cooler. In the area that is shaded by the PV panels, the roof temperature is about 30 ◦C.
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The premise of the flawless operation corresponds to our data analysis from the Solarmon
monitoring system. Figure 4 shows the generation of the electric energy in 2016, which is the first year
of operation of the PV power plant. The comparison of the measured values with the assumption
according to the internationally used PV GIS application [18] shows that the annual electric energy
production is actually about 20% higher than the expected value. A more detailed breakdown
of monthly values is provided in Table 1. The amount of the produced electric energy exceeds
expectations, and it is the most important indicator of the quality of the PV system. All significant
defects would immediately lead to a reduction in these values. In this case, our monitoring system
would immediately report a suspected malfunction.
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Figure 5 shows the dependence of the instantaneous power relative to time during the three
selected days at the turn of the spring and summer of 2016. We chose the sunny, cloudy, and overcast
days. The daily values of the electric energy production are also presented and they correspond
to the area under the graph as it applies E =

∫
∆t

P dt, where E is the generated electric energy, P is

the instantaneous power, and t is the time. When comparing the sunny and cloudy days, the local
maxima on the instantaneous power curve are higher during a cloudy day. This is related to the lower
temperature of the PV panels. With an increase in temperature, the Fermi energy level moves from the
edge to the center of the forbidden band in the band structure of energy levels of the semiconductor.
This effect is based on the physical theory of solids. This reduces the potential barrier at the PN junction
in the semiconductor PV cells. The reduced potential barrier decreases the photovoltaic voltage and
consequently the generated power. The theoretical physical justification for this phenomenon was
published in a previous work [19]. During a cloudy day, the temperature of the PV panels is lower
because most of the energy supply is obtained from direct solar radiation, and during the shading of
the sun, this energy does not fall. The resulting temperature is always reliant on the balance between
received energy and the energy transmitted by radiation, heat conduction, and air flow. If the sun is
suddenly out from behind clouds during the cloudy day, the temperature of the PV panels is lower
at the beginning. According to the physical theory, the instantaneous power increases by about 0.5%
when the temperature of the PV panels decreases by 1 ◦C. Figure 5 shows that during the relatively
cloudy day of 9 July 2016, the maximum power output after the clouds suddenly disappeared was 15%
higher than on a cloudless day (23 June 2016). PV panels were intensively cooled due to the higher
wind speed during the cloudy day of 9 July 2016 (see Figure 6) and the air temperature was around
24 ◦C in the afternoon. On the other hand, the temperature of the air was around 31 ◦C in the afternoon
during the clear skies day of 23 June 2016. The temperature differences in the PV panels between these
days reached up to about 30 ◦C. The PV panels had a temperature of about 25 ◦C when they were
shaded on 9 July. A temperature of about 53 ◦C had PV panels that were illuminated by direct solar
radiation on 23 June. The temperatures of the PV panels were measured only by an infrared camera,
but the measured values correspond well to the theory of solids.
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The results from the PV power plant in Ladná with substantial PV panel failures are used as
a reference. In this case, the Solarmon monitoring system also indicates possible failures in the
appropriate part of the power plant.

4. Conclusions

We consider roofs to be a very convenient place to install small PV power plants that are to be
integrated into buildings. We consider the usage of agricultural land for large PV power plants to be
far less appropriate, and we recommend a reduction of this usage to a minimum.

Using the drones and an infrared camera to monitor the defects of the PV power plant is relatively
simple, fast, and operational but only serves as an approximate control of the state of the PV panels.
However, the ability of the quick detection of the worst defects is the main advantage. Cracked PV cells
with broken contacts are the worst defects. It can be seen (Figure 3) that our above-mentioned PV power
plant does not have any significant flaws. We suggested the use of drones to monitor parameters [20].
This method is appropriate if there is limited access to the building-integrated PV power plant, such
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when it is located on the roof or the facade. Figure 7 shows a similar image from a larger PV power
plant in Ladná as an example. We can see two damaged hot spots on the PV panels in the central part
of the image. In the background, we can see the ventilation of the heat released by the inverters.

The evaluation of the figures, such as Figure 7, yields the following conclusions: (a) If the
temperature of the hot spots is more than 20 ◦C above the temperature of the PV panel, the panel has
to be replaced; (b) if there are more than three low temperature hot spots (temperature less than 20 ◦C
above the PV panel temperature), the panel has to be replaced; and (c) if there is a complete string(s)
with an increased temperature, the panel has to be repaired and the bypass diode has to be replaced.
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We believe that there is no need to test PV panels with more demanding electroluminescence
technology until there is a reason to suspect larger PV panel faults. Such suspicion may arise from
the infrared monitoring mentioned above or from a significant decrease in PV plant power and
consequently a decrease in the electric energy production.

Our Solarmon monitoring system for photovoltaic power plants has been installed in 65 PV power
plants and it has good performance in all of them. The data have been archived and evaluated in our
dispatching center. The PV power plant integrated into the roof of the Faculty of Engineering of the
Czech Technical University in Prague has been working for nearly two years. Its initial parameters are
very good and the amount of the produced electric energy significantly exceeds the expected values
for the site. It can be assumed that the values of the amount of the produced electric energy will drop
slightly during the ageing of PV panels. However, the initial values are very good, and they indicate
the good quality of all the components.

The effectiveness of the proposed PV systems can be further enhanced by the design elements
that we have developed and published earlier, such as using a tracking PV panel stand [21] or mirror
concentrators [22]. In references [23] and [24], the authors used the so-called hybrid solar panels to
combine photovoltaic and photothermic energy conversion in order to increase efficiency. In the case of
the usage of radiation concentrators, it is necessary to choose a reasonable construction and to look for
any economic advantage. The amount of the produced electric energy can be lower due to the reduced
PV energy conversion efficiency from the increase in the PV panel temperature. If the temperature is
too high, the concentrators are no longer efficient enough. The efficiency of the PV energy conversion
is approaching zero at the temperatures of PV panels based on crystalline silicon around 200 ◦C, as
explained above.

Our results are in agreement with the results presented in the previous work [25]. Sometimes, there
are troubles with connection of the renewable energy power sources to the public grid, see reference [26].
Monitoring of defects using a drone in possible in the case of other energy sources as well. See for
example the reference [27], the drone was used for inspection of the wind turbine.
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Novelties: This article presents real size outdoor PV array monitoring by drone unlike preceding
report [13]. In the paper [13], two samples of PV panels only were used for drone monitoring tests and
majority of tests were performed indoor. Our report shows real outdoor applications.

Table 1. Electric energy production during years 2016–2017—comparison of the measured values with
the assumption according to PV GIS.

Month El. Energy—PV GIS
Prediction (kWh·kWp

−1)
El. Energy—Production

(kWh·kWp
−1) Comparison (%)

January 2016 29.5 36 +22
February 47.4 58 +22

March 88.7 88 −1
April 116.0 125 +8
May 121.0 158 +31
June 120.0 147 +22
July 119.0 150 +26

August 113.0 154 +36
September 89.1 134 +50

October 63.8 55 −14
November 32.9 47 +43
December 25.3 31 +23

Total 2016 965.7 1183 +22.5

January 2017 29.5 10 −66
February 47.4 41 −14

March 88.7 67 −24
April 116.0 118 +2
May 121.0 169 +40
June 120.0 179 +49
July 119.0 151 +27

August 113.0 154 +36
September 89.1 94 +5

October 63.8 75 +18
November 32.9 37 +12
December 25.3 31 +23

Total 2017 965.7 1126 +16.6
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