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Abstract. There is currently an urgent need to study the application of solar energy to photovoltaic systems due to the need to produce
electricity; indeed, maximizing the performance of solar energy promotes efficient and sustainable energy systems. The objective of this
study was to determine the photovoltaic performance of a dual-axis solar tracker based on photovoltaic cells with different inclination
angles at high altitudes above 3800 m.a.s.l. A solar tracking system activated by two linear actuators was implemented to automatically
follow the trajectory of the sun during the day, and the results were compared with those from a fixed photovoltaic system. In addition,
due to the climatic variation in the area, photovoltaic cells installed at different inclination angles were used to maximize electricity
production and processed by a programmable logic controller (PLC). Finally, principal component analysis (PCA) was used to determine
the factors that influenced the performance of the photovoltaic system during the experimental period. The results showed that the
maximum monthly performance of the solar tracker was 37.63% greater than that of the fixed system, reaching 10.66 kWh/m?/d on sunny
days in peak sun hours (PSH). On days with frequent rain and clouds, the partial yield was less than 14.38%, with energy production
during PSH of 6.54 kWh/m2/d. Therefore, in this high-altitude area, the performance of the solar tracker was greater from July to October;
from November to February, the performance was reduced due to the occurrence of rain.
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1. Introduction or solar tracking systems (Oclon et al., 2020). Thus, the

energy produced by a photovoltaic module increases the
performance of the system (Du et al., 2021). In this way,
these strategies, including the use of solar trackers, allow
the capture of more solar radiation by maintaining the
surface of the module approximately perpendicular to the
source for a longer period (Seme et al., 2017).

In this sense, single-axis and double-axis solar tracking
systems maximize electricity production, increasing the
capture of solar radiation and photovoltaic efficiency by
between 15% and 45% compared to other fixed photovoltaic
systems of equal power (Soulayman et al., 2021); by 19.97%
compared with dual-axis systems based on light-dependent
resistors (LDR) (Jamroen et al., 2021); by up to 40%
compared with other low-cost systems with four and 8
simulated LDRs (Pawar et al., 2021); and by up to 54.39%
compared to using a closed circuit control loop (Fuentes-
Morales et al., 2020). Currently, dual-axis solar trackers
have greater photovoltaic efficiency in the production of
electricity because they follow the trajectory of the sun in
a synchronized movement across the horizontal and
vertical axes with different control algorithms (Motahhir
et al., 2020). One of the important aspects of two-axis solar
trackers is that they can follow the trajectory of the sun in
any direction by means of motors or actuators, making
their operation more precise (Sidek et al., 2017).

Renewable energy comes from natural sources or
environmental resources and has recently undergone
accelerated growth due to local availability (Sharma et al.,
2021). Sources of sustainable energy production, such as
solar, wind, hydroelectric, biomass and geothermal energy,
could reduce carbon emissions (Suki et al., 2022) and gas
emissions that affect the environment (Ni & Kurita, 2020).
Solar energy is one of these energies and has potential for
application in thermal concentration and electricity
production in photovoltaic systems (Hua et al., 2019).

Solar energy is widely applied in photovoltaic systems
due to its availability and cost, which is reduced because it
does not require fossil fuel to function; furthermore, solar
energy systems require simple maintenance, are easy to
install and are beneficial for the environment (Joshi et al.,
2022). Photovoltaic solar panels have a yield of less than
40%, depending on the type of solar panel, the solar
irradiance of the area, the geographical location and other
factors, such as solar tracking systems (Lai & McCulloch,
2017).

Photovoltaic systems convert sunlight into electricity;
however, to improve the capture of solar irradiation, they
use cooling techniques on the surface of the module,
maximum power point tracking (MPPT) with a regulator
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To control a solar trajectory tracking system, several
control strategies are used, including open, closed or
combined loops (Fuentes-Morales et al., 2020) Classic
strategies such as ON-OFF, PI and PID controls are also
used; in addition, control algorithms are implemented
through a programmable logic controller (PLC), software
for entering information about the sensors, the sequence of
the processes and the output of the actuators that
automatically direct the solar tracker (Mao et al., 2018).
Therefore, some solar trackers use photosensors or
photodiodes as the main solar tracking device; however,
the normal operation of these sensors depends on clear
skies and favourable weather conditions (Su et al., 2018).
Others have used low-cost LDRs (Hoffmann et al., 2018)
and photovoltaic panels (Kivrak, 2013). In addition, the
performance of these solar trackers can be improved by
MPPT strategies (Kumar et al., 2020).

The performance of trackers is affected by several
factors, such as irregular precipitation, partial cloud cover,
and seasonality. To correlate these variables in a scatter
plot, PCA is used to determine which factor influences the
loss of performance (Yang et al., 2017). This technique
divides the variables into relevant blocks and is very
effective for the monitoring and detection of faults (Bakdi
& Kouadri, 2018).

However, in the Peruvian Altiplano with elevated
altitudes above 3800 m.a.s.l., there are no studies of solar
tracking systems that can operate on sunny days that are
partially cloudy and have heavy rains. Moreover, low-cost
sensors (e.g., LDRs) (Bharati et al., 2017; Imhade et al.,
2018) could be affected by climatic variation and the
accumulation of dust in the tracking of the sun’s trajectory.
For this reason, the use of solar trackers based on
photovoltaic cells is proposed because these cells have high
resistance to climatic variation and sudden changes in
temperature and light and heavy precipitation, sometimes
including hail, and irregular partial shading. In addition,
photovoltaic efficiency was analysed by PCA to determine
which factors influenced the production of electricity in
solar trackers.

Therefore, the objective of this research was to
determine the photovoltaic performance of a dual-axis
solar tracker with photovoltaic cells at different inclination
angles and high altitudes above 3800 m.a.s.l.
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Fig. 1 Geographical location of the Peruvian Altiplano
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2. Materials and Methods
2.1 Location

The study was conducted in the Peruvian Altiplano, at an
altitude of 3825 m.a.s.l., in the southern hemisphere. The
south latitude of the study site is -15°29'27” and the west
longitude is -70°07'37”, and the area was formed largely by
irregular geography (Figure 1). The temperature ranges
from 4 °C to 10 °C, with a mean annual maximum
temperature of 18.08 °C and a mean annual minimum
temperature of -7.5 °C. The research process was carried
out from July 2021 until February 2022 at the National
University of the Altiplano, Peru.

2.2 Mechanical structure, linear actuators and solar
tracker prototype

To perform this research, a solar tracker with two axes of
movement was implemented. The first axis is located in
the central part of the support (steel tube) in a vertical
position; it was machined with a 3 ”diameter double
bearing to prevent breakage of the axis. The second axis is
located in the upper part of the vertical support; it is
mechanized, with a horizontal axis that supports the
structural base and the 100 W monocrystalline
photovoltaic module. Both axes were driven by two linear
actuators (ECO-WORTHY) with a load capacity of 330 lb,
stroke of 355 mm, and a travel speed of 5.7 mm/s.

The linear actuator of the first axis follows the path of
the sun from east to west, and the linear actuator of the
second axis moves from north to south. Finally, both
mechanisms were controlled by PLC Model 1214C (S7-
1200 SIEMENS) with high precision. The mechanical
structure of the solar tracker is shown in Figure 2.

The prototype of the solar tracker was machined with
steel tubes 4” and 3” in diameter, with a thickness of 2 mm
so that it was resistant to wind and rain. In the central
part, the linear actuator was located in the horizontal
position for east to west movement; from the middle of the
support to the top of the tracker, the linear actuator was
located in a vertical position for north to south movement.

Vertical linear

actuator

\Hoﬁzontal axis

Support

N w
Fig. 2 Solar tracker: (a) mechanical structure with linear
actuators, (b) tracking of the first and second axes of rotation

ISSN: 2252-4940/© 2022. The Author(s). Published by CBIORE



E.R.A. Larico and A.C. Guitierrez

2.3 Solar irradiance sensor for the solar tracking system

To optimize the capture of solar irradiance, five 3 W
photovoltaic cells oriented to the north with different
inclination angles (0°, 4°, 15°, 26°, 30°) were used, taking
the latitude of the area as the central point, as determined
by the central composite design (response surface method)
(Yu et al., 2019). The reasoning for this design is expressed
by the design centre (0), the design radius and the decoded
equation for (-1 and +1) and the minimum and maximum
extremes (-a and + a), expressed in Equations (1), (2) and
(3), respectively.

Z )+Z

_ j (max] j(min)
Zio —% @
Z. -7, .
AZ, = i(max) i(min) )
2
X.
Zj :Zj(0)+[aJAZ]-J (3)

Table 1 shows the inclination angles of the photovoltaic
cells determined by the central composite design.

Where Zjq) is the centre of the design (15°), Zjmax) and Zjimin)
are the extremes (0° and 30°, AZ; is the radius of the
design, Xj and a are the coded variables, finally Z; are the
intermediate levels (4° and 26°).

The photovoltaic cells were calibrated by a solar
metre SOLAR-100 (AMPROBE-USA), which was used as a
solar irradiance sensor. Each photovoltaic cell measures
the solar irradiance independently connected to the PLC;
within its programming, the PLC obtains the maximum
reference solar irradiance value and compares it with the
irradiance of the solar tracker to optimize the range of
motion of the axes and find the point of maximum power.

Table 1
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In the Peruvian Altiplano, the winter season is the
coldest season, during which the sun moves farther away
and the angle of inclination of the surface of the
photovoltaic cell is greater; in the summer season, the solar
rays are approximately perpendicular to the surface of the
earth and the photovoltaic cells have a lower angle of
inclination, thus maximizing the capture of solar
irradiation (Figure 3).

2.4 PCA of photovoltaic systems and scaling of photovoltaic
cells

To determine the differences in energy production
during PSH, on sunny days with rain, and considering the
variation in the temperature of the area, we used the
statistical technique principal component analysis (PCA)
(Kazem et al., 2022). Compared with another 100 W fixed
monocrystalline photovoltaic system inclined at 15°, the
difference in the generation of electricity was determined.
The data were processed by InfoStat software according to
the statistical design.

In the scaling of photovoltaic cells, the short circuit
current of a cell is directly proportional to the solar
irradiance, so that if the terminals of the photovoltaic cell
are short-circuited, both currents are equal, having a direct
relationship with the current short circuit of the
photovoltaic cell and solar irradiance. In this way, the
current transducer standardizes the current at (4 to 20
mA, connected to the analogue input of the PLC (Figure 4)
processed with the ladder programming language,
according to the IEC-61131-3 standard (Commission,
2009). The PLC converts the electric current to a digital
signal with a range of (0 to 20000) in integers (INT) before
finally scaling it to solar irradiance (W/m?) in real numbers
(Figure 5). Solar irradiation data were taken every 20
seconds from 6:00 a.m. to 6:00 p.m.

Angle of inclination of the photovoltaic cells by means of the central composite design.

) Factor symbol Levels
Inclination angle of the cells
Dec Code -a -1 0 +1 -a
Level X1 A -1.41 -1 0 +1 +1.41
Degrees (°) X2 B 0 4 15 26 30
Winter Summer
PV cell01 1\ PVcell02 PV cell 03 | PV cell 04 PV cell 05

Fig. 3 Photovoltaic cells at different inclination angles
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Fig. 4 Scaling of electrical signals to digital signals: (A) current to normalized signal, (B) normalized signal to integers, and (C) integers
to physical magnitude
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Fig. 5 Diagram of the electrical connections of the solar tracker

2.5 Solar tracker control system

The

implemented by a PLC (S7-1200 SIEMENS).

control

system of the

solar tracker was

This

controller was in charge of processing the analogue inputs

of the solar irradiance sensors, the process capturing the
maximum amount of solar irradiance, the automatic
control of the solar tracker and the outputs for the control
of the linear actuators. The control strategy was
implemented in the PLC with the ladder programming
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language. This control strategy allowed the search for the
maximum solar irradiance of the five photovoltaic cells
installed at different inclination angles, comparing them
with the photovoltaic cells of the solar tracker to find the
point of maximum power. The control algorithm of the
solar tracker is shown in Figure 6.

Figure 7 shows the initial position of the solar tracker
being approximately perpendicular to the ground and
facing east, following the sun during the day, finally
ending with an almost perpendicular position facing west
at 18:00 h. The solar panel is inclined to an approximate
angle of 15° to protect the linear actuators from possible
rain. Finally, at 06:00 h, it returns to its initial position.
However, on partially cloudy days with a solar irradiance
lower than 400 W/m2, the system is blocked, preventing
the solar tracker from performing a search. This function
of tracking the maximum point of solar irradiance was
performed as a function of time programming (Nuwayhid
et al., 2001), following the trajectory of the sun every 15
minutes from 08:00 h to 16:00 h.

© START

'

On: 06:00 am

v

Orientation east
and perpendicular

v

‘ Real-time data logging €———

- Presence of solar ™

_ YES
rder et {5 e e
y¢ ) . W/m2 (08:00am)

Search for maximum
irradiance in cells

Location of . . NO

NO

. N Solar tracker
~ | maximum e deactivated
~._irradiance zone - ¢
¢ YES
Search for maximum ~._ NO

point of solar irradiance Night: 06:00 pm

YES
Deactivate system
and data logging

Rain protection paosition

CEND
Fig. 6 Control algorithm of the sroliarrtracking system
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Fig. 7 Initial and final positions of the solar tracker

2.6 Performance evaluation of photovoltaic generation

The gain in electricity production is determined by the
difference in the solar tracker and the fixed system, as
shown in Equation (4) (Jamroen et al., 2020).

AE = Etracking - Efixed %«100% (4)

fixed
where AE is the relative percentage difference (%). Eiracking
is the energy generated by the solar tracker in (Wh), and
Efized is the energy generated by the fixed system in (Wh).

3. Results and discussion

3.1 Analysis of the photovoltaic performance of the solar
tracker compared to that of the fixed photovoltaic system

During the experimental period (Figure 8), the solar
tracker obtained the maximum energy production during
PSH with 10.66 kWh/m?/d compared to the fixed
photovoltaic system, which produced 7.75 kWh/m?/d,
representing 37.63% more efficiency in August due to the
occurrence of sunny days. However, in December, the
lowest energy production was recorded, with 6.54
kWh/m?2/d for the solar tracker during PSH and 5.72
kWh/m?2/d for the fixed photovoltaic system, representing
14.38% more efficiency. The reduction in energy was due
to the high rainfall, with a monthly average of 90
mm/month, and partially cloudy days. Finally, in PSH
during the experimental period, the energy production of
the solar tracker was 8.30 kWh/m?/d and that of the fixed
system was 6.75 kWh/m?/d, representing 22.85% more
electricity production. The reduction in efficiency was due
to the climatic variation in the Peruvian Altiplano, with
the occurrence of rainy days, especially from December to
February, and partially cloudy and sunny days. According
to Yilmaz et al. (2015), the energy produced by a dual-axis
tracking system was 55.91 Wh, while that produced by a
fixed system was 41.71 Wh, with the former generating
34.02% more energy generation.

Therefore, the solar tracker produces more energy
than the fixed system on sunny days; however, on partially
cloudy and rainy days, the performance is similar between
the two systems. In addition to the high altitude, the
photovoltaic cells showed good performance with climatic
variation. Other authors have mentioned that the latitude
of an area influences the photovoltaic performance of these
systems (Bahrami et al., 2016; Tan et al.,, 2019). In
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addition, an experimental study of an intelligent closed-
loop solar tracker implemented in an urban area showed a
yield of 30.10% (Kang et al., 2019), similar to the results
obtained in this study at high altitudes. Moreover, dual-
axis solar tracking systems improve photovoltaic
performance by between 30% and 45% due to the different
types of control algorithms or programming languages
implemented (Singh et al., 2018) Therefore, these
performance results were close to those of this study.

3.2 Solar irradiance curve analysis

The solar irradiance curve in the Peruvian Altiplano at
high altitude has an irregular behaviour due to the varied
climatic conditions of the area; from July to October, there
is a high solar irradiance above 1000 W/m? because these
months are sunny months, while the solar irradiance is
reduced from November to January due to the occurrence
of rain and partially cloudy days. Moreover, in February,
the solar irradiance curve was very low due to high
amounts of precipitation (118 mm/month) and partially
cloudy days with solar irradiance below 1000 W/m? (Figure
10). In this sense, this high-altitude region is characterized
by a rainy season that begins in October and ends between
March and April. This climatic variation affects the solar
irradiance captured by photovoltaic systems, reducing
photovoltaic yield. Therefore, the performance of the solar
tracker was better between July and October and reduced
between December and February; therefore, in these
months, the fixed photovoltaic system would be the best
option.

3.3 Effect of tilt angle of photovoltaic cells through response
surface design

The effects of tilt angles on the surface of the
photovoltaic cells were analysed using the response
surface design. Of the factors studied, the tilt angles are
significant (p < 0.0433), explaining that this variation
influences the capture of solar irradiance in the solar
tracking system, so the relationship between the variables
and the response are shown in Figure 9. The response
surface is concave downwards showing the interaction
between the factors to maximize the capture of solar
irradiation, obtaining the maximum efficiency of the
photovoltaic cells in the production of electricity, therefore,

Table 2
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the response surface generated validates the angles
obtained.

[ |Fixed
12 A [ | Solar tracker

PSH (kWh/m?/d)
L=2]
|

I
1

Jul Aug  Sep Oct Nov Dec Jan Feb
Time (Months)
Fig. 8 Monthly energy production of the solar tracker compared
to the fixed photovoltaic system

X1\, : -

X2

Fig. 9 Response surface, effect of the tilt angles of the photovoltaic
cells

PSH and climatic variables of the solar tracker and the fixed system (2021-2022).

Fixed PSH PSH tracker Precipitation Ambient temperature
Month

kWh/m2/d mm/month Max. Min.
July 6.89 9.21 1.80 15.80 -7.80
August 7.75 10.66 5.10 16.70 -6.10
September 7.50 9.23 22.50 17.40 -1.90
October 7.70 9.62 42.80 18.60 -0.40
November 6.62 7.67 49.60 18.80 1.00
December 5.72 6.54 90.00 17.50 2.60
January 5.72 6.60 118.00 16.60 3.20
February 6.14 6.85 104.00 16.50 3.40
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Fig. 10 Solar irradiance curves between July and February 2022.
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Fig. 11 PCA for the solar tracker and the fixed photovoltaic
system.

3.4 Behaviour of the photovoltaic yield according to PCA

The energy production by the fixed system and the
solar tracker and temperature and precipitation variables
for the area from July 2021 to February 2022 are shown in
Table 2. The results of the PCA shown in Figure 11
demonstrate that the greatest captures of solar irradiation
for the solar tracker and the fixed system were from July
to October (with sunny days); in contrast, from December
to February, electricity production was lower due to the
occurrence of rainfall and precipitation ranging between
49.60 mm/month and 118 mm/month, which was
associated with low temperatures. Principle component 1
(PC 1) explained 71.50% of the variation in the model,
considering that rainfall affects the production of energy
by the solar tracker and fixed photovoltaic systems during
PSH, while PC 1 and PC 2 explain 95.40% of the variation
in the model by accounting for the low temperatures in the
reduction in the photovoltaic yield. However, although
rainfall reduces photovoltaic performance, it also cleans
the surface of the photovoltaic module, which is an
important advantage that counteracts the accumulation of
dust (Del Pero et al., 2021).

3.5 Behaviour of photovoltaic cells and linear actuators

The photovoltaic cells implemented to measure the
solar irradiance and installed at different inclination
angles showed good resistance to the climatic variation in
the area; however, the accumulation of dust on sunny days
slightly reduced the capture of solar irradiance and the
energy yield (El Shenawy & El El Ghetany, 2021) In
contrast, strong rains cleaned the photovoltaic cells
(Figure 12). Moreover, the linear actuators worked in
optimal conditions because the drive motor was
hermetically sealed, preventing the entry rainwater, and
the stem was made of aluminium, presenting high
resistance to corrosion.
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Fig. 12 Photovoltaic cells: (a) clean photovoltaic cell, (b)
photovoltaic cell with slight accumulation of wet dust

4. Conclusion

In the Peruvian Altiplano, the dual-axis solar tracker
had a maximum monthly photovoltaic yield of 37.63% more
than the fixed photovoltaic system, and the energy
production during PSH was 10.66 kWh/m2/d more than
that in the fixed system, which produced 7.75 kWh/m2/d.
In contrast, on rainy days with partial cloudiness, the
performance of both photovoltaic systems was reduced to
14.38%, more than other photovoltaic systems. However,
the PCA determined that the presence of rain affects the
capture of solar irradiation in the photovoltaic system;
between July and October, there is greater energy
production because there was a greater number of sunny
days with very low levels of partial cloudiness.

Therefore, the solar tracking system is more efficient
than the fixed system because the tracker constantly
follows the path of the sun through the double axis control
of the linear actuators and the irradiance signal sent by
the photovoltaic cells. Inclined at different angles, these
cells, are more robust and performed well in the presence
of rain and with the accumulation of dust due to the
climatic variation in the area. Finally, although rainfall
reduced the total energy production, it also cleaned the
surface of the photovoltaic module, which is a considerable
benefit given the accumulation of dust on this surface.
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