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Abstract: This article examines the positioning features of polycrystalline, monocrystalline, and
amorphous silicon modules relative to the focus points of concentrator photovoltaic modules under
real meteorological conditions using a dual tracking system. The performance of the photovoltaic
modules mounted on a dual-axis tracking system was regarded as a function of module orientation
where the modules were moved step by step up to a point where their inclination differed by
30° compared to the ideal focus point position of the reference concentrator photovoltaic module.
The inclination difference relative to the ideal focus point position was determined by the perfect
perpendicularity to the rays of the sun. Technology-specific results show the accuracy of a sun
tracking photovoltaic system that is required to keep the loss in power yield below a defined level.
The loss in power yield, determined as a function of the measurement results, also showed that the
performance insensitivity thresholds of the monocrystalline, polycrystalline, and amorphous silicon
modules depended on the direction of the alignment changes. The performance deviations showed
clear azimuth dependence. Changing the tilt of the modules towards north and south showed little
changes in results, but inclination changes towards northwest, southwest, southeast, and northeast
produced results diverging more markedly from each other. These results may make the planning of
solar tracking sensor investments easier and help with the estimate calculations of the total investment
and operational costs and their return concerning monocrystalline, polycrystalline, and amorphous
silicon photovoltaic systems. The results also provide guidance for the tracking error values of the
solar tracking sensor.

Keywords: solar energy; solar module; sun-tracking; sun-tracking sensor; azimuth angle; tilt angle

1. Introduction

1.1. Changes in the Spread of Photovoltaic Technologies in the World

Nowadays, more and more countries understand the harmful consequences of climate change
worldwide. Their common goal should be to keep the global temperature rise below 2 °C compared to
the pre-industrial level and aiming for a maximum increase of only 1.5 °C [1]. In the transformation
needed to achieve these targets and to reduce the greenhouse effect, the use of renewable energy plays
a key role. Advances in renewable energy technologies have provided several sustainable alternatives,
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and more and more attention is also paid to solar energy. Many cities around the world have started to
develop their solar energy programs in their urban planning to promote sustainable development and
environmental protection. Energy from the Sun, which is available for all mankind, is the basis of most
natural processes and it is a sustainable, plentiful, and clean resource [2-11]. The annual solar energy
potential arriving on the Earth’s surface is approximately 8000 times greater than the current energy
demand of the world. Photovoltaic (PV) technologies use PV cells and modules which transform the
incoming solar energy into DC energy [12-14].

In the PV sector a significant market increase has been observed in the last 10 years mainly due
to the state subsidies introduced in many countries, the falling investment costs and the accelerated
technological development [6,15,16]. In 2018 the share of renewable electricity production was 26.2%
of all the electricity produced worldwide, of which PV technology represented 2.4%. In 2018 the
global built-in photovoltaic capacity was 505 GW, with the largest proportions being China’s 177.5 GW,
the European Union’s 115 GW, the USA’s 62.4 GW and Japan’s 56 GW (Figure 1) [6,17,18].

Republic of
Korea

7.9 GW = 1.6% .
Australia 177.5 GW =35.1%

111 GW =22%_/}

Japan

56 GW =
11.1%

Figure 1. Estimated global solar photovoltaic capacity, by country and region in 2018, based on [18].

The amount of electric energy produced by PV systems depends primarily on the solar radiation,
the temperature, the technology, the current natural factors, the composition of the particular module
and the combined effects of the installation and the efficiency rates. PV systems are primarily mounted
on fixed mounting systems for economic reasons. However, an advanced mounting technique is to use
a solar tracking system to increase the energy production [19-22].

1.2. Energy Production and Accuracy Features of Dual Tracking PV Systems

With the help of a solar tracking system, the orbit of the Sun can be monitored with sensors.
An ideal solar tracker allows PV panels or complete systems to precisely follow the sun within an
accuracy of less than 0.1 degree. This makes it possible to maximize the current energy production since
sun tracking systems keep the PV modules perpendicular to the incoming solar radiation. [19,22,23].
In order to obtain maximum efficiency, three main factors are crucial:

e an optimal configuration of the tracking axes [24,25],
e an optimal configuration of the control systems [26],
e the optimization of the moving fixtures [27].

Currently, there are two different classes of solar tracking systems, whose characteristics have
been examined by many manuscripts (Figure 2):
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e solar tracking systems with one axis (rotating around one axis) [28-32],
e solar tracking systems with two axes (rotating around two axes) [22,33-35].

Sol . eHorizontal-Axis
olat t.ra 5 Sy.Stems o Vertical-Axis
with one axis
o Tilted-Axis
Solar tracking systems o Azimuth-Elevation
with two axes ¢ Tilt-Roll or Polar

Figure 2. Types of sun tracker solutions based on [36].

The efficiency of a solar tracking solution will be higher than that of a fixed PV system. Single- and
dual-axis solar tracking PV systems can easily increase their energy produced by 12-42%, depending
on the installation site and mounting type [22,25,37-39]. Focusing on Europe, Vokas et al. (2015)
collected many (>100 pieces) real, detailed energy production measurement data from single- and
dual-axis PV plants all over Greece. They investigated the real (measured) data comparison between
dual-axis and fix-mounted PV systems in 8 towns in Greece (Kilkis, Ilia, Serres, Trikala, Evros, Karditsa,
Magnisisa, and Rodope). It can be stated that the percentage of the average difference between the
average performances of dual-axis and fix-mounted PV systems was 34.8%. Results delivered by other
similar researches in other geographic locations (Canada, Turkey, Spain) were close to the average of
the figures obtained in Greece (Table 1) [19].

Several sources suggest that dual-axis tracking solutions are more efficient and can also be
cost-effective if bigger systems are implemented. Nevertheless, the implementation of solar tracking
devices is only justified if the amount of electrical energy produced compensates for the costs of the
equipment, the maintenance and the energy consumed by the moving parts [23,38,40-42].

Regarding solar tracking technologies, the implementation of good tracking and control algorithms
is also crucial. These systems are generally classified into open- and closed loop systems depending on
the type of control strategy involved and the mode of signal operation. [23,43,44]. An important aspect
is the performance and the error of solar tracking systems. Lee et al. (2009) present the performance
and error relationship of many precise solar tracking systems and algorithms. It is apparent from the
research that there is typically a 0.0003°-1° tracking error tolerance, but nowadays the investment
costs of such systems are high [45]. Nevertheless, there are solar tracking systems and sensors which
are easily and cheaply available to the public but their tracking error tolerance is at least 1.5° [46].
According to Nsengiyumva et al. (2018) solar tracking system devices are exceptionally attractive
and always yield more than 98.5% of their full tracking efficiency even when the aim is off by 10°.
Notwithstanding, it is necessary to minimize small tracking errors to ensure the maximum energy gain
on a long term basis [23,47]. An alternative option to control a two-axis PV tracking system without
sensors is based on a mathematical sun tracking model for the specified geolocation (Zenith angle
calculation). This model was presented in the study by Haber et al., 2013, which could give the perfect
position but did not consider the diffuse radiation [48].
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Table 1. The gain in yearly real energy production compared to optimally positioned south-facing
crystalline photovoltaic (PV) systems.

Gain in Yearly Real Energy

Country (City/Town) Production Achieved by Using Reference
a Double-Axis Tracker System (%)

Turkey (Mugla) 30.8 [22]

Canada (Vermilion) 31 [49]

Spain (Palencia) 30.5 [50]
Greece (average) 34.5

Greece (Ilia) 21

Greece (Serres) 27.4
Greece (Karditsa) 37.3

Greece (Evros) 422 [19]
Greece (Kilkis) 34.5
Greece (Trikala) 34.6
Greece (Magnisia) 39.1
Greece (Rodopi) 422

Due to various technical and economic aspects it is necessary to examine the technology-specific
performance losses in the case of inaccurate sun tracking compared to the ideal position. This article
tries to find an answer to the question when it is necessary to reposition a sun tracking PV system.

Furthermore, current scientific literature does not give an answer regarding the performance
insensitivity thresholds of the most widely used PV technologies (m-Si or p-Si) [51] in the case of
inaccurate sun tracking or sensor failures. Another important issue is whether the yield loss resulting
from the solar tracking uncertainty shows an azimuthal dependence. These uncertain issues motivated
this scientific work.

2. Material and Methods

2.1. Study Location

The experiment was conducted at the measuring station of the University of Pannonia Georgikon
Faculty, Department of Economic Methodology, in Hungary in Keszthely (longitude: 17.26609°,
latitude: 46.76750°, altitude 108 m) in the summers of 2017, 2018 and 2019 on fourteen different days.

2.2. System Description

In the present experiment, a dual-axis tracking system equipped with modules using concentrator
photovoltaic (CPV), amorphous silicon (a-Si), polycrystalline (p-Si) and monocrystalline (m-5i) PV
technologies was examined under real meteorological conditions at the same measuring point. The CPV
module on the monitoring system assisted only with the accurate sun adjustment in this research
(Table 2, Figures 3 and 4).

Table 2. Technical information of the PV modules. (standard test conditions: air mass 1.5; cell
temperature 25 °C; irradiance = 1000 W/m?2/m-Si, p-Si, a-Simodules; irradiance = 850 W/m?/concentrator
photovoltaic (CPV) module).

Module Type CPV a-Si m-Si p-Si

Model CX-75-111 G-EA050 SM636-50 SL50TU-18P

Nominal power (Pmax) (W) 75 50 50 50

Performance tolerance (%) +5% +10% +3% +3%
MPP voltage (Vmp) (V) 135 67 18.18 19.12
MPP current (Imp) (A) 0.55 0.75 2.8 2.62
Open circuit voltage (Voc) (V) 150 91.8 23.17 22.68
Short circuit current (Isc) (A) 0.64 1.19 3.08 2.80
Efficiency (%) 27.2 5.3 144 13.7

Temperature Coefficient (%/°C) 0.15 0.27 0.5 0.5
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Figure 3. The measuring station in Keszthely (1, HYTE-ANA-1735 humidity module [measuring air
humidity]; 2, Pt 100 sensor; 3, manual/automatic tracking control unit; 4, m-Si module; 5, CPV module;
6, photosensors; 7, Eppley Black and White pyranometer; 8, a-5i module; 9, p-Si module; 10, Hukseflux
LP02 pyranometers; 11, EMS 11 Silicon PV detector; 12, DS-2 Sonic anemometer; 13, OTT TRH relative
humidity sensor; Orange dot: Pt 100 sensors).

Figure 4. Fisheye view of the measuring station surroundings in the summer afternoon.
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A professional multimeter (Voltcraft VC607) (Conrad Electronic SE, Wernberg-Koblitz, Germany),
verified on a LT1021 (Linear Technology Corporation, Milpitas, USA) precision reference, was used for
the calibration of the current and the voltage. During the measurements oscillation true maximum
point seeking (TMPS) devices were used to optimize the current (A) and the voltage (V) of the PV
modules. With these devices it was possible to manually check the maximum power point of the PV
modules, thus allowing a correct measurement precision (Figure 5). Moreover, it was also possible to
measure the V and A values directly without any loss in the TMPS devices.

Within the scope of the present study for the collection of environmental and technical data
a GB HOBO (Onset Computer Corporation, Bourne, USA) four-channel analogue data logger,
a CR1000 measurement (Campbell Scientific, Inc., Logan, USA) and control datalogger, a PicoLog
1012 (Pico Technology, St Neots, United Kingdom) data acquisition system and a PicoLog 1216 (Pico
Technology, St Neots, United Kingdom) acquisition system were used (Figures 5 and 6). The radiation
intensity was measured by using an Eppley Black and White Model 4-48 Pyranometer (The Eppley
Laboratory, Inc., Newport, USA), Hukseflux LP02 pyranometers (Hukseflux Thermal Sensors B.V.,
Delft, The Netherlands) and the global horizontal irradiation was taken by an EMS 11 Silicon PV
detector (Energy XPRT, Brno, Czech Republic) (Figures 5 and 6).

The angle information of the photovoltaic modules and pyranometers was measured using
a digital angle gauge, while the humidity of the air was measured by a HYTE-ANA-1735 (B+B
Thermo-Technik GmbH, Donaueschingen, Germany) meter and by an OTT TRH relative humidity
sensor (OTT Hydromet GmbH, Kempten, Germany) (Figure 5).

Pt 100 sensors (Conrad Electronic SE, Wernberg-Koblitz, Germany) were used to detect the PV
module and air temperatures with the help of the PicoLog devices. A digital LM 35-based precision
thermometer (B+B Thermo-Technik GmbH, Donaueschingen, Germany) was used to calibrate the
entire measuring circuit. In this research, the temperature values were for informational purposes only,
because the temperature values of the PV modules remained stable throughout the experiments (see
chapter “2.3. Data Processing and Analysis”). In 2017, 2018 and 2019 measuring stations ‘A’ and ‘B’
were used at the same places and times (Figures 5 and 6).
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Figure 5. Schematic illustration of PV module measuring station “A’.
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Figure 6. Schematic illustration of PV module measuring station ‘B’.

For positioning the photovoltaic modules two linear actuators were used. By a handheld remote
control, it was possible to carry out a set of attempts, which were suitable for both horizontal and/or
vertical control. The accurate adjustment to the sun was checked by the visible focus point (FP) of
the CPV solar module (Figure 7) because at this position the rays of the sun are ideally positioned,
perpendicularly to the photovoltaic modules. The measurements at the FP position were used as
a reference in order to obtain the power loss as a function of the solar tracking uncertainty angle. Thus,
it was possible to measure the technology-specific performance losses in the case of inaccurate sun
tracking compared to the ideal position. With inadequate dual tracking devices, it is difficult to provide
appropriate measurement conditions, which may lead to erroneous evaluation of the data.

Figure 7. The accuracy of the alignment to the sun can be illustrated with the help of the CPV cells
(upper image: incorrect setting; lower image: precise setting).

2.3. Data Processing and Analysis

The data collection for the research was carried out in the summers of 2017, 2018 and 2019
on fourteen different days between 11:00 am and 1:30 pm. In each case, measurements were
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taken continuously (every second, station ‘A’) and at an interval of an average of 10 s (station ‘B’).
The measurements of the PV performance and irradiance were made altering the inclination of the
PV module towards the north, north-west, west, south-west, south, south-east, east and north-east
as follows:

e  Module performance and irradiance measurements between the FP and a solar tracking uncertainty
of 5° at 0.5-degree intervals in all directions to find the performance insensitivity threshold of
the m-5i, p-5i and a-5i technologies. It was possible to measure the performance values directly
without any loss in the TMPS devices.

e  Module performance and irradiance measurements between the FP and a solar tracking uncertainty
of 30° by moving in 10-degree steps in all directions to see the technology-specific performance
properties of m-Si, p-Si and a-Si technologies. It was possible to measure the performance values
directly without any loss in the TMPS devices.

For all angles the starting position of the PV modules was the FP of the CPV solar cells, after which
the aforementioned orientations, radiation and performance data were measured. The performance
output for each position was measured over 10 s, and switching to the next measurement lasted for
2-20s. Due to the switching of the measuring instruments, it was necessary to wait about 6 s. During
the measurements this method made it possible to eliminate the effect of the changing environmental
conditions (for example, temperature changes of PV modules), since the starting point for each
measurement was the FP.

Appropriate measurements of yield loss for a solar tracking position from the FP to a solar
tracking uncertainty of 5° were achieved during 2018 and 2019. In the summers of both years,
measurements were performed 20 times for each direction. These data were averaged and checked
using relative standard deviation (CV%). A relative standard deviation between 0 and 10% shows
homogeneous conditions, between 10.1 and 20% it shows a medium variability, between 20.1 and 30%
it shows strong variability, while above 30.1% it is related to strongly heterogeneous conditions [52].
For all measurements, the relative standard deviation of the averaged data was below 1%, which
was an excellent result. To manage, evaluate and analyse the data Microsoft Excel (version: 2016,
Redmond, DC, USA), PicoScope (version: R5.23.0, St Neots, UK), Matlab (version: R2017a, Natick,
MA, USA) and SPSS Statistics (version: 24, Armonk, NY, USA) software were used. It is difficult to
detect systematic mistakes but these phenomena do not increase the deviation of the measurements.
The given measuring accuracy and calibration (which should be independent of the measuring system)
of the measuring devices can help solve this problem.

3. Results

3.1. The Performance Insensitivity Threshold of Selected PV Technologies, as a Function of Direction

The measurement results showed the performance insensitivity thresholds of the m-5i, p-Si and
a-Si modules depending on alignment changes. In the case of same-direction changes around the
FP the performance deviations were not the same. Figures 8-10 provide information for the easier
interpretation of the solar tracking sensors’ inaccuracy. Figures 8-10 show no variation as a function of
the gap relative to the focus point (FP) for any of the modules if the angle of deviation is below 3°.
Indeed, in every direction and for every technology, there is still 100% of performance (pink color)
below 3° of “offset” compared to the FP and less than 2% of loss below 5°. The most indifferent
orientation was north-south up to 5°. The east and west measurements showed a 1% power reduction
in the case of 4.5°-5° compared to the FP. The north-west orientation was the most sensitive setting
with a 2% performance change in the case of a change in alignment of between 4.5°and 5°. The average
values were the same for all three technologies up to 5° (Figures 8-10). Up to a deviation of 10°
the m-Si, p-Si and a-S5i module data showed a 1-4% change in power. That was the limit where the
performance features of the measured technologies were almost the same. Only the p-5i technology
differs by 1% in the case of the south-west orientation. In the case of a 20° change it becomes more
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visible which orientation causes greater deviation. The least sensitive orientation is south-north, where
the crystalline technologies showed 4%, while the a-Si one showed 5% power reduction compared
to the FP. In the case of the east-west orientation the values were reduced by 5-8% (Figures 8-10).
The measurements performed for inclination changes towards north-west, south-west, south-east, and
north-east showed about an 8-12% performance loss for the crystalline modules, while the a-5i module
seemed more sensitive with 11-16%. It can be seen that when the solar tracking uncertainty was
increased to 20°, the orientation sensitivity of the technologies used became measurable. These features
were also observable for a 30° uncertainty, but the performance change showed a greater difference.
In this case, the biggest difference was again seen for the north-west, south-west, south-east, and
north-east directions (Figures 8-10). In the cases of solar tracking deviations of 20° and 30°, it is not
only the technology-specific differences that can be seen, but also the fact that the western deviation is
1-5% more sensitive compared to the eastern direction (Figures 8-10). The explanation is not only that
the direct and diffuse radiation from the sun changes with the orientation of the module, but there is
also an influence by reflected radiation from the surroundings.

Our aim was to publish our experimental and theoretical results in as much detail as possible.
This method ensures the reproducibility of experimental results for other researchers. These results may
make the planning of solar tracking sensor investments easier and help with the estimate calculations
of total investment and operational costs and their return concerning monocrystalline, polycrystalline
and amorphous silicon photovoltaic systems. The results also provide guidance for the tracking error
values of solar tracking sensors.

3.2. Polynomial Regression Models of Dual-Axis Solar Tracking m-Si, p-Si and a-Si Systems between 0-30° of
Deviation Compared to the FP

Polynomial regression models (Tables 3-8) have been created from the results of Figures 8-10 by
Matlab software. This method ensures the reproducibility of experimental results for other researchers.
Other regression methods have been also tested (logarithmic, quadratic, exponential, multivariable)
for the data analysis, nevertheless, the most accurate fit came from the polynomial regression model at
the highest R-squared value.

With the help of these models, a context has been created for the effects of solar radiation changes
caused by inaccurate dual-axis solar tracking systems on m-Si, p-Si and a-Si performance. Using
a pyranometer and applying the contexts for deviations between the FP and 30° in all directions anyone
can estimate the performance changes for these technologies. The R-square values in the case of the
effect of solar radiation changes on m-Si performance showed an almost perfect fit (Tables 3-5).

Using the polynomial regression models, we developed equations which describe the performance
of m-5i, p-Si or a-S5i modules as a function of solar tracking uncertainties up to 30°. Using the
values of directional changes and the equations anyone can estimate the performance changes for
these technologies for dual-axis solar tracking systems. The R-square values obtained for the m-Si
performance represented an almost perfect fit (Tables 6-8).
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Figure 8. The performance insensitivity thresholds, the performance changes, the solar radiation
features and the performance characteristics of m-Si technology depending on directional changes
compared to the focus point (FP).
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Figure 9. The performance insensitivity thresholds, the performance changes, the solar radiation
features and the performance characteristics of p-Si technology depending on directional changes

compared to the FP.
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Figure 10. The performance insensitivity thresholds, the performance changes, the solar radiation

features and the performance characteristics of a-Si technology depending on directional changes
compared to the FP.
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Table 3. The effect of solar radiation changes on m-Si performance. (x = change in solar radiation (%),
FP =100%, 80% = 20% change in solar radiation; f(x) = percentage value of the performance compared

to the FP).
Description Equation Numerical Results for Modeling R-Square
pl=-0.01395
South p2=23.748 0.9889
p3=-135.5
pl =0.04104
North p2 = -6.601 0.9996
p3=2349.7
pl =-0.01577
East p2=3.978 0.9947
p3=-140.1
pl=0.05651
West 5 p2=-9.401 0.9939
f(x) = pl X x~ + p2 p3=4751
XX+ p3
pl = 0.006652
South-east p2 =-0.2319 0.9953
p3=56.61
pl=0.01358
South-west p2=-1421 0.9943
p3 =105.9
pl=-0.01195
North-east p2=3.244 0.9987
p3 =-105
pl=-0.009231
North-west p2=2776 0.9880
p3 =-85.95

Example of calculation result, south-east, ~ 81% = p1 x 80% +
80% change in solar radiation [%] p2 x 80 + p3

Table 4. The effect of solar radiation changes on p-Si performance (x = change in solar radiation (%),

FP =100%, 80% = 20% change in solar radiation; f(x) = percentage value of the performance compared
to the FP).

Description Equation Numerical Results for Modeling R-Square
pl=-0.01918
South p2=4.745 0.9910
p3=-182.8
pl =0.06783
North p2=-118 0.9963
p3=601.7
pl=-0.02172
East p2 =5.032 0.9926
p3=-185.9
_ 5 pl=0.05355
West ) ‘XP: j S *p2 p2=-8.834 0.9827
P p3 = 447.7
pl=-0.009841
South-east p2=2717 0.9985
p3=-7346
pl=0.01107
South-west p2 = -0.9367 0.9910
p3=825
pl=-0.01228
North-east p2=3.236 0.9957
p3=-101.1
p1=10.002913
North-west p2 =0.6102 0.9898
p3 =9.131

Example of calculation result, south-east, ~ 81% = p1 x 80% +
20% change in solar radiation [%] p2 x 80 + p3
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Table 5. The effect of solar radiation changes on a-5i performance (x = change in solar radiation (%),
FP =100%, 80% = 20% change in solar radiation; f(x) = percentage value of the performance compared

to the FP).
Description Equation Numerical Results for Modeling R-Square
pl=-0.01557
South p2=428 0.9933
p3=-1724
p1=0.0601
North p2=-10 1
p3=499.2
pl =-0.01756
East p2 =4.468 0.9948
p3=-1713
_ 5 pl=0.06519
West 69 ’prl . p2 p2=-1082 0.9929
P p3=530.1
p1=0.01088
South-east p2 =-0.7589 0.9942
p3=67.21
p1=0.01088
South-west p2 = —0.6964 0.9956
p3=60.43
pl=-0.01392
North-east p2=3.776 0.9990
p3=-1385
p1 = 0.004485
North-west p2 =0.5934 0.9957
p3=-4726

Example of calculation result, south-east, ~ 76% = p1 x 80% +
20% change in solar radiation [%] p2 X 80 +p3

Table 6. The effect of directional changes on m-Si performance (x = change in orientation (°);
f(x) = percentage value of the performance compared to the FP).

Description Equation Numerical Results for Modeling R-Square

pl=-1683x107°
p2 = 0.0009611

South p3 =-0.02697
p4 = 0.09686
p5=9995 0.9998
pl=-1877x107°
p2 = 0.0009883
North p3 = -0.02603
pd =0.09122
p5=99.95
pl=-4.017x 1075
p2=0.001883
East p3 = —0.03404 0.9979
pd = -0.01403
p5=100.1
pl=-2936x 107°
p2 =0.001704
West £ = p1 x4 + p2 33 + p3 p3=-0.04316 0.9987
Xxx2+pdXx+p5 p4 =0.08324
p5 =100
pl=2.095x107°
p2 = —0.0007642
South-east p3=-0.01447 0.9994
pd = —0.06451
p5=100.1
pl=-3515x107°
p2 = 0.0004726
South-west p3 = -0.03775 0.9996
p4 =0.01547
p5=100.1
pl=-8536x107°
p2 = 0.0006003
North-east p3=-0.03319 0.9997
p4 =0.0319%
p5 =100
pl=-6333x107°
p2 =0.002912
North-west p3 = -0.05449 0.9987
pd =-0.1513
p5=100.3

Example of calculation result, south-east,  90% = p1 x 20* + p2 x 20° +
20% direction change [%] P3 X 202 + p4 x 20 + p5
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Table 7. The effect of directional changes on p-Si performance (x = change in orientation (°);

f(x) = percentage value of the performance compared to the FP).

Numerical Results for

Description Equation Modeling R-Square
pl=-117x107
B 4 3 p2 = 0.0006521
South f9 = P PR X+ pax p3 = ~0.02167 0.9999
p p p4 = 0.07924
p5 =99.96
pl=-2369 x 107>
f(x) = p1 X x> + p2 X x* + p3 X p2 = —0.008792
North X+ pd D3 = ~0.02042 0.9956
p4 =100.1
pl=-188x107
B 4 5 p2 = 0.0007663
East £ = pi2><+x 4+prf s Tp3x p3 = —0.01851 0.9981
P P p4 = —0.0239
p5 = 100.1
pl=-6.694x107°
f(x) = pl X x> + p2 X x* + p3 X p2 =-0.01025
West X + pd p3 = -0.1163 0.9935
p4 =100.1
pl=-3306x1075
p2 = 0.001555
South-east p3 =—-0.03691 0.9996
p4 = —0.002006
p5 = 100.1
pl=-2717x1075
f(x) = pl x x* + p2 x x3 + p3 x p2 = 0.001542
South-west X2+ pd X x +p5 p3 = —0.04935 0.9985
p4 = 0.001848
p5 =100.1
pl=-2.624x1075
p2 = 0.001321
North-east p3 = —0.0354 0.9993
p4 = —0.03995
p5 = 100.1
pl=-2.968 x 107
f(x) = pl x x> + p2 x x* + p3 X p2 =-0.01921
North-west X+ pi p3 = ~0.2668 0.9961
p4 =100.2

Example of calculation
result, south-east, 20%
direction change [%]

92% = p1 x 20* + p2 x 20% + p3
X 20% + p4 x 20 + p5
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Table 8. The effect of directional changes on a-Si performance (x = change in orientation (°);
f(x) = percentage value of the performance compared to the FP).

Numerical Results for

Description Equation Modeling R-Square
pl=2.646 x 1077
_ 4 3 2=5382x%x107°
South f9 = p12><+" 4+xp2f o p3x pp3 = -0.01624 0.9999
ApREXXTP pd = 0.06834
p5 =99.96
pl=3.102 x 107°
f(x) = pl X x> + p2 x x> + p3 X 2 = -0.01546
North ) =p . g . p pp3 006449 0.9998
p4 =99.97
pl=-4779 x 107>
p2 = 0.002246
East p3 = —0.04004 0.9984
p4 = —0.02006
p5=100.1
pl=-3919x107°
p2 = 0.002307
West p3 = —0.05705 0.9994
p4 =0.1432
p5 =99.97
pl=3.445x107°
p2 =—0.001102
South-east p3 = —0.02458 0.9999
f(0) = pL x x* + p2 x x° + p3 x p4 = 0.03649
X2 + p4 X X + p5 p5 =100
pl=-1.174x107°
p2 = 0.0002058
South-west p3 = —0.03832 0.9996
p4 =0.01014
p5=100.1
pl=7.699 x 107°
p2 = —0.0002437
North-east p3 = —0.02453 0.9998
p4 = —0.01247
p5 = 100.1
pl=7.456x107°
p2 = —0.003751
North-west p3 = 0.02249 0.9984
p4 =-0.373
p5 =100.4

Example of calculation
result, south-east, 20%
direction change [%]

88% = p1 x 20* + p2 x 20° + p3
X 20% + p4 x 20 + p5

4. Conclusions

In our research, we studied the positioning features of polycrystalline (p-5i), monocrystalline
(m-Si), and amorphous silicon (a-Si) modules relative to the FP of a reference CPV module under real
meteorological conditions using a dual tracking system. The measurement results indicated that the
performance insensitivity thresholds of m-5i, p-Si, and a-5i modules depend on the direction of the
changes. According to the relevant literature, solar tracking system devices are very popular and
always perform at more than 98.5% of their full tracking efficiency even when the aim of the device
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is off by 10°. Nevertheless, the deviations in performance showed a significant dependence on the
azimuthal direction. The most indifferent orientation was the north-south, while the most sensitive
settings were the north-west, south-west, south-east, and north-east orientations. According to the
results, there is no variation as a function of the deviation relative to the focus point for any of the
module technologies examined if the angle of variance is below 3°. This also provides guidance for
the tracking error values of solar tracking sensors. Although nowadays there are many easily and
cheaply available solar tracking systems and sensors, their tracking error tolerance is at least 1.5°. The
3° threshold of insensitivity indicates that it is not economically sensible to make solar tracking sensors
more sensitive than that. This information may contribute to the achievement of economically optimal
investments. With the help of the new evidence delivered by the study, it may become easier to plan
solar tracking sensor equipment and to assess the total investment and operational costs and their
return in the case of m-Si, p-5i, and a-5i PV systems.

In the future, CPV modules will be examined. According to preliminary measurements, this
technology is much more sensitive to changes in orientation, and from the point of view of future
investments, it would be important to determine its insensitivity.
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