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Abstract—The environmental pollution that arose from the 20th century has
led to the search for clean and renewable energies, so this research aims to deter-
mine the efficiency of a two-axis solar tracker system, through the analysis of the
data obtained. In view of the fact that it remains perpendicular to the solar rays
for a longer time, which automatically moves to the point where the radiation
source is. Mathematical models were considered for this study based on parame-
ters of time, voltage, solar radiation, temperature, ultraviolet radiation, inclination
angles, and cardinal points, to which the panel was directed during the test days.
The efficiency given by the solar panel was obtained as 15.34% on average
among monocrystalline silicon solar panels. It was concluded with the analysis
of the most relevant data that are, the voltage, the solar radiation, and the angle
of inclination to determine with these three parameters if the dual-axis tracker
system had an excellent capture of solar radiation in the test days, in order to
make the collection and production of solar energy more efficient.

Keywords—Two-axis solar tracker, radiation capture, energy efficiency, solar
radiation

1 Introduction

The author [1] states that the technology in recent years has led human beings to
search for clean and renewable energies, that have high energy efficiency and that at
the same time it is not so difficult to generate; solar energy is ideal and contributes to
replacing fossil energy, since much of the electrical energy used in the world is gener-
ated through the use of fossil fuels in accordance with [2] and [3]. The energies from
non-conventional renewable sources that have been most implemented are solar, which
will be emphasized in this study, taking into account [4].

The solar energy radiated in one day on Earth is equal to the energy that humans
produce in an entire year based on [5]. According to [6], the sun’s energy leaves its core
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through a process called nuclear fusion and takes a little over eight minutes to travel 93
million miles to Earth. Solar energy travels at the speed of light at 186,000 miles per
second, so from the position of [4], the energy captured by the Earth is a small part of
that radiated by the sun, but that is more than enough to meet energy needs.

From the point of view of [7] and [8], photovoltaic solar energy is responsible for
producing electricity from solar radiation, using a technology based on the photovoltaic
effect. Therefore, when the radiation falls on one of the faces of the photoelectric cell,
an electric potential difference is produced between both faces that causes the electrons
to jump, thus generating an electric current.

According to [9], [10] and [11] photovoltaic systems constitute the application of
solar energy that has experienced the greatest expansion in recent years, since one of
the most energy efficient technologies is photovoltaic solar energy, considering [12].
The authors [1] and [13], are also considered, who state that photovoltaic systems in-
fluence their cells when photons of light are converted into electrical energy and when
solar radiation affects an area of the photovoltaic material, the photons will cross the
surface transforming energy.

The authors [14] and [15] are considered, who state that energy through solar panels
allows electricity to be produced in the place where it is required, reducing the need for
energy transport, thereby giving a positive energy balance in its entirety. In addition,
the use of mobile photovoltaic systems represents a saving in electrical energy costs,
which is generated many times by the consumption of fossil fuels as indicated by the
authors [16]. Thus, the photovoltaic solar energy is also a renewable energy that allows
reducing greenhouse gases in addition to contributing to other benefits for the environ-
ment, according to [4]. According to [17] state that currently there are photovoltaic
systems that allow the capture of radiation at all times and that they are known as solar
tracker systems, which remain perpendicular to the sun’s rays for much longer. From
the point of view of [7] and [18], the use of these mobile photovoltaic systems has in-
creased and consequently brings more benefits by taking more advantage of solar en-
ergy throughout the day. So according to [19], these are a good option to improve the
long-term cost-benefit ratio of these systems.

The author [20] mentions that mobile photovoltaic systems can be structured in one
or two axes. Taking into account [21], single-axis systems have a degree of freedom
which increases the uptake of direct solar radiation more than a fixed system. On the
other hand, according to [22] the two-axis systems, which will be emphasized, have
two degrees of freedom and these helps to increase the capture of direct solar radiation
by up to 33%.

Based on [23], the two most common orientations for a system that follows the path
of the sun to achieve the highest possible performance of solar radiation that falls on a
specific surface or point are: on one-axis to follow the sun from east to west and on two
axes that guarantee to always follow the sun directly. According to [24], they state that
the two-axis system is the best to take full advantage of the capture of direct solar radi-
ation.

This research aims to determine the efficiency of a two-axis automatic mobile so-lar
panel system through the analysis of the data obtained in view of the fact that it remains
perpendicular to the solar rays for a longer time. Therefore, for this study mathematical
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models based on parameters such as time, voltage, solar radiation, temperature, ultra-
violet radiation, inclination angles and cardinal points are considered, to which the
panel was directed during the test days.

2 Methodology

Considering that the objective of this study is to analyze a Two-axis solar tracker
system, an experimental design that was applied through a prototype was used. This
study will be designed under the methodological quantitative approach since data col-
lection that will be obtained and analyzed. The data collection technique that was car-
ried out in this study was based on mathematical models, instruments, and pro-grams
to calculate different sections that will be necessary in this study.

The mathematical models are the solar radiation according to the author [25], the
ultraviolet radiation reported [26], the equation of peak solar hours from the point of
view of [27] and the equation of the panel performance solar according to [28].

2.1  Tools used

For the purpose of this study, tools and software were used for data collection such
as for the design of the structure and the design of the prototype circuit. Among which
was used a multimeter, a digital compass, a digital level, a software on the forecast to
know temperature and radiation, PVGIS software. A small solar panel, an Arduino Uno
board, 4 photoresistors, 4 10kQ resistors, 2 servomotors, a breadboard, and Tinkercad
software were also used to design the structure and circuit of the prototype.

2.2 Framework

A framework was developed in reference to the objective of this study on a two-axis
photovoltaic system, for which based on the algorithm used and as a function the mon-
itoring of solar radiation during the day, allows the solar panel to be during the day
perpendicular to the sun’s rays. The process is represented in Figure 1 describing effi-
cient radiation capture, as the sun’s rays would point directly at the solar panel.
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Fig. 1. System tilt and rotation process during the day
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2.3 Solar modules

To achieve an efficient photovoltaic system it also depends on the type of solar mod-
ule used according to [29]. The author [9] states that there are three fundamental types
of solar modules that are made of silicon and that they are shown in Table 1.

Table 1. Solar panels with their respective yields

Solar Panel Performance in commercial modules
Monocrystalline silicon Maximum 24% 15% — 18%
Polycrystalline silicon Maximum 20% 12 - 14%

Amorphous silicon Maximum 10% 8—10%

The monocrystalline silicon module is the one used in the prototype of this study in
order to have a good capture of solar radiation on par with the system.

2.4 Design of the double axis prototype structure

Figure 2 shows the design of the prototype structure of the two-axis system of this
study, which was carried out through the Tinkercad software. The tilt axis would be
linked to the vertical servomotor and the round part of the structure would give the
panel rotation with the horizontal servomotor.

Fig. 2. Structure of the two-axis system prototype

The tilt axis would be linked to the vertical servomotor and the round part of the
structure would give the panel rotation with the horizontal servomotor.
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2.5  Circuit design for the automatic system

Arduino

LDR

Resistance

Fig. 3. Prototype solar

The programming and code developed in this study was carried out on Arduino,
which allows the two-axis prototype to follow the light and thus be perpendicular to the
solar rays all the time.

2.6 Prototype of two-axis solar tracker system

In the prototype designed and visualized in Figure 4, each photoresistor is placed in
one corner of the panel, which are each linked with a 10kQ resistor. The photoresistors
are linked to 4 analog pins and the servomotors to two digital pins of the Arduino. The
sources and grounds of the circuit are connected to the breadboard. It should be noted
that the panel automatically moves according to position of the sun.

Fig. 4. Two-axis solar tracker system prototype (automatic)
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2.7  Data description

The data collection was based on different factors which influenced the voltage gen-
erated by the solar panel. For this collection, the solar panel was tested from 9:00 a.m.
Until 6:00 p.m. in Manta city, Ecuador, since 9:00 a.m. was when the solar radiation
began to increase and at 6:00 p.m. was when the sky was completely cloudy. This pro-
cess was carried out during 5 days without any interruption, and in 30-minute intervals
data were collected on voltage, solar radiation, temperature, ultraviolet radiation, incli-
nation angles, direction taken by the panel and atmospheric condition. The data ob-
tained was placed in an Excel database, which was averaged. In addition, the solar panel
was tested to charge a completely discharged battery which took 30 and a half hours to
charge with a solar panel of 1.5 watts.

2.8  Mathematical equations and models

To obtain data on peak solar hours, the following equations is needed (1)

E
HSP =~ (D)

Where:

HSP: These are peak solar hours, E: It is the average irradiance of a month and d:
They are de numbers that must be calculated during the month.

Solar radiation is calculated by integrating the intensity lo between the angles w o
sunrise and sunset. The following mathematical model (2) is with which solar radiation
could be calculated:

Hy = ff;?o Iy x senA * d (@ 5) ¥

Where:

H,: It is the solar radiation from the horizontal on Earth w0: It is the angle of the
ortho which is the one that crosses the plane of the horizon and passes to the visible
hemisphere on Earth, —@0: It is the angle of sunset which occurs when the Earth
crosses the plane of the horizon and passes from the visible to the non-visible hemi-
sphere, I,: It is the intensity of the solar energy emitted towards the Earth, senA : It is
the angle of the area with respect to the sun in which the radiation is to be taken, w: It
is the movement of the sun on the earth’s horizontal, and d: It is the differential of the
integral.

Also, in order to calculate the ultraviolet radiation index, the following mathematical
model is needed (3):

400nm

Ly = Ker f250 nm Ej % SerA dA (€))

Where:
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I,,: 1t is the index of ultraviolet radiation emitted by the sun, K,,: it is a constant
which is 40 m3/W, E, : It is the solar spectral irradiance expressed in W/(m?*nm), S,,:
It is the reference action spectrum for the erythema, A: It is the length of the radiation
wave, and dA: It is the wavelength difference used in the integration.

To calculate the performance or efficiency of the panel the following equation is
needed (4):

_ Pmax
AxE

100 (4)

Where:
n: Panel solar yield in percentage (%), Pmax: The maximum power of the solar
panel, A: Solar panel area y E: Maximum solar irradiation captured by the solar panel.

3 Results

3.1  Average irradiation and peak solar hours in Manta

To obtain the irradiation data PVGIS was used, considering that geographic data can
be calculated from any part of the world and for peak solar hours, the equation (1) was
used. These data are shown in Table 2. The city of Manta is in Ecuador, located practi-
cally in the middle of the world.

Table 2. Average data obtained on irradiation and HSP in Manta-Ecuador

Month Daily irradiation (W/m?) HSP
January 132,03 4,26
February 126,88 4,53
March 164,91 5,32
April 160,97 5,37
May 143,99 4,64
June 164,4 5,48
July 150,31 4,85
august 174,88 5,64
September 168,66 5,62
October 148,91 438
November 136,62 4,55
December 129,69 4,18

3.2  Data obtained with the prototype
Obtaining the results of the prototype was divided into 4 phases:

1. Related to the voltage generated by the solar panel and other parameters, 2. In rela-
tion to the angle of inclination and direction taken by the panel at different times of
the day automatically, 3. It is related to the percentage charged of 12 Volt battery
bye the solar panel, and 4. It is related to the efficiency of the solar panel used.
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Phase 1, average voltage, KW/m2 radiation, temperature, and UV radiation:
The results shown in Table 3 are the average of data collected for 5 days, of voltage,
solar radiation, temperature, and ultraviolet radiation. To obtain the voltages, a multi-
meter was needed, which was connected in parallel with our solar panel.

To facilitate the obtaining of solar radiation and ultraviolet radiation, in this study a
solar measurement software was used that instantly showed us the radiation level in the
city of Manta, Ecuador. Using this software, the temperature shown by the forecast was
also obtained.

Figure 5 represents the average results obtained each day from the voltage generated
by the solar panel. It can be seen that day 3 was the day in which the solar panel had a
voltage deficiency and on day 5 it was de opposite.

On the day 3 the voltage was low due to the atmospheric condition because was a
cloudy day and therefore direct solar radiation was low, which produced that mini-mum
average voltage, and on this day the panel generated the lowest voltage record-ed that
was 8.84 volts at 6:00 p.m.

Day 5 as seen in Figure 5 was the day in which the panel generated a higher voltage
because was a sunny day, and even that day the solar panel generated the highest volt-
age obtained which was 13,31 volts at 1:00 p.m.

Table 3. Average results obtained for 5 days.

Hour Voltage (V) Temperature (°C) tionl(qlilcc\?;mz) Radiation (UV)
9:00 a. m. 12,11 23,2 0,33 1,7
9:30 a. m. 12,48 24,2 0,43 3,6
10:00 a. m. 12,73 24,8 0,51 4,9
10:30 a. m. 12,74 25,6 0,55 7,6
11:00 a. m. 12,60 25,8 0,59 8,9
11:30a. m. 12,58 26,6 0,62 81
12:00 p. m. 12,60 26,6 0,65 8,9
12:30 p. m. 12,67 27,2 0,66 8,8
1:00 p. m. 12,76 27,2 0,6 9,9
1:30 p. m. 12,51 27,4 0,62 9,3
2:00 p. m. 12,64 27,4 0,59 7,6
2:30 p. m. 12,62 27,2 0,58 6,2
3:00 p. m. 12,59 27,2 0,5 55
3:30 p. m. 12,44 27,2 0,41 4,3
4:00 p. m. 12,30 26,4 0,31 2,7
4:30 p. m. 12,28 25,8 0,24 1,6
5:00 p. m. 11,61 25,4 0,15 0,9
5:30 p. m. 11,15 25 0,07 0,4
6:00 p. m. 10,05 24,6 0,03 0,1
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Fig. 5. Average results of voltage obtained each day

Phase 2, average tilt angle, cardinal point taken by the panel automatically and
atmospheric condition: The data obtained are shown in Table 4, considering that to
calculate the exact degree and direction of the panel on the surface, an inclinometer and
digital compass were needed. In atmospheric conditions the abbreviations are de-
scribed: PN: Partially cloudy, P C: Partially clear, T D: Totally clear y T N: Totally
cloudy

Table 4. Average results of data obtained during the 5 days

Time (m) Angle () Direction Atmospheric condition
9:00 a. m. 30 Southeast PN
9:30 a. m. 28 Southeast PN
10:00 a. m. 25 Southeast PC
10:30a. m. 23 Southeast PC
11:00 a. m. 20 Southeast TC
11:30a. m. 19 Southeast PC
12:00 p. m. 16 South PN
12:30 p. m. 15 South PN
1:00 p. m. 13 Southeast PC
1:30 p. m. 13 Southeast PN
2:00 p. m. 13 Southeast PN
2:30 p. m. 14 Southeast PC
3:00 p. m. 16 Southeast PC
3:30 p. m. 19 Southeast PN
4:00 p. m. 21 West PN
4:30 p. m. 23 \West PN
5:00 p. m. 27 West PN
5:30 p. m. 30 West TN
6:00 p. m. 34 West TN

Also, Figure 6 represents the statistics of the data regarding the angle that the proto-
type of mobile solar panel takes according to the time in which the data was collected.
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Fig. 6. Variation of the inclination angles taken by the mobile panel during the day

Phase 3, data obtained from a 12V battery charged by the solar panel: In this
section, a totally discharged 12 V battery was chosen, and it was charged with the solar
panel used as prototype in this research, while it was charging, the approximate per-
centage of the battery charge was measured.

Table 5 shows the percentage of charge related to the voltage on the 12V battery. It
should be noted that the percentage in 12V batteries will always be higher, that is, a
new 12V battery can have up to 13V.

Table 5. Percentage of charge of a 12v battery in relation to voltage

Percentage (%) Battery voltage (V)

100 V >12,90
90 12,7
80 12,5
70 12,3
60 12,15
50 12,05
40 11,95
30 11,81
20 11,66
10 11,51

0 V >10,5

Table 6 shows the data obtained when the solar panel was feeding the 12V battery,
which at the beginning was totally discharged, the percentage of charged battery is also
shown based on Table 4, during the 3 and a half days that it took load.
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Table 6. Results of the battery charging process

Charging| Voltage Percen- Voltage Percen- Voltage Percen- Voltage Percen-
Hour | Voltage | charged tage charged tage charged tage charged tage
V) on day 1 charged on day 2 charged on day 3 charged on day 4 charged
onday 1 on day 2 on day 3 on day 4
9h00 12,04 1,75 0 6,77 0 10,79 2,9 12,43 76,3
9h30 12,42 2,23 0 7,08 0 10,88 38 12,43 76,3
10h00 12,75 2,75 0 7,74 0 11,08 5,8 12,49 79,9
10h30 12,75 3,05 0 8,22 0 11,17 6,7 12,61 85,1
11h00 12,62 3,14 0 8,46 0 11,34 8,4 12,73 90,3
11h30 12,62 3,38 0 8,71 0 11,71 21,1 12,82 95,2
12h00 12,50 3,51 0 9,05 0 11,82 30,2 12,89 99,8
12h30 12,55 3,69 0 9,38 0 11,94 39,9 12,94 100
13h00 12,63 4,18 0 9,81 0 11,98 43,8 12,94 100
13h30 12,38 4,36 0 9,98 0 11,98 43,8 12,94 100
14h00 12,57 5,14 0 10,15 0 12,06 51,6 12,94 100
14h30 12,54 5,93 0 10,27 0 12,13 58,3 12,94 100
15h00 12,56 6,47 0 10,42 0 12,16 61,6 12,94 100
15h30 12,38 6,61 0 10,55 0,05 12,21 65,2 12,94 100
16h00 12,24 6,72 0 10,61 11 12,30 70 12,94 100
16h30 12,23 6,79 0 10,74 2,4 12,41 75,1 12,94 100
17h00 11,44 6,79 0 10,79 2,9 12,43 76,3 12,94 100
17h30 10,93 6,79 0 10,79 2,9 12,43 76,3 12,94 100
18h00 9,81 6,79 0 10,79 2,9 12,43 76,3 12,94 100
5.04
> 4.02
2
g
s 1.64
% 0.51
S
> Day 1 Day 2 Day 3 Day 4

Loading days

Fig. 7. Voltage that was charged in the battery daily with the solar panel.

In Figure 7, you can see the voltage charged in the battery at the end of the day,
during the 4 days while the capture light was taking place, and until the battery was
fully charged. It should be emphasized that on day 4 the battery in the middle of the
day finished charging.

In Figure 8 you can see the percentage that was charged daily until completing the
maximum charge in the battery.
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Phase 4 related to the efficiency of the solar panel used: To calculate the effi-
ciency of the solar panel used, both equation (4) and the necessary data were applied.

Data

Pmax: 1,5W, A: 85 mm * 115mm, E: 1000 W/m? Standard

1m?

A=9775mm? [———n—
mmn (1000000mm2

) = 0.009775 m?

1,5W

_ 100
0,009775m2  1000W /m?

n

n=1534%

In our study the solar panel obtained an efficiency of 15.34%, which is in the average
of monocrystalline silicon solar panels.

4 Results Analysis

The results obtained in this study were made up of 4 aspects, but the results of the
voltages, radiation, angles, and the efficiency, in which the results of the voltages, ra-
diation, angles and the efficiency of the solar panel used are highlighted. All these data
are necessary to be able to give a final criterion on the use that these two-axis solar
tracker systems have. These sections were obtained from the prototype of the two-axis
solar tracker system using tools obtained in the city of Manta, Ecuador.

In Figure 9 you can see the values of the voltages, solar radiation, and the angles that
the panel had during the day on a partially cloudy day, which refers to Figure 5, in
which was noted that on day 3 there was an average voltage lower than the resto of the
days. It should be noted that the panel had the same conditions (angles, directions, and
location) every day.
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Fig. 9. Results obtained in a partly cloudy day

On the day 3 the voltage was lower due to the less solar radiation that partly cloudy
day, which caused the average to drop even more at 6 p.m., on that day the lowest
voltage was recorded, which was 8,84 V.

The solar panel generated different voltages depending on the radiation emitted by
the sun at that time, it also took some inclination angles depending on the time, and, in
Figure 10 you can see the average voltage and the angles that the panel maintained
during the day. The voltage depended on the exact direction and tilt that the panel
picked up best for direct solar radiation.
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Fig. 10.Average results of voltage, solar radiation, and tilt angle.

In addition to the results shown in figure 10, we have in the two-axis solar tracker
used, a performance of efficiency of 15.34%. This panel was made with monocrystal-
line silicon which made this material have a better solar energy capture, this type of
material in solar panels has an average of 15 to 18% efficiency. Our two-axis solar
tracker system is in that efficiency range.
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With the data shown above, it can be stated that the prototype of two-axis solar
tracker had a good capture of solar energy in the hours of sun with the highest radiation,
because the voltage was always higher than 12 volts, even reaching 13,31 volts in days
of higher radiation as can be seen in Figure 11, since the data was taken on a sunny day.
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Fig. 11.Results obtained on a sunny day

It is important to highlight that, with the data provided in this research, it is shown
that two-axis solar tracker systems are the best solar radiation collector systems, due to
the fact that, as observed in Table 3, the two-axis solar prototype (double servomotor)
it took a varied inclination and looking towards the cardinal point in which the sun was
positioned. These two factors, such as the inclination and direction of the panel, made
the solar rays pass perpendicular to the solar panel for much longer, for this reason,
these two-axis solar tracker systems are the most efficient in capturing solar radiation,
because they take advantage of radiation up to 33% more than a conventional system.

5 Conclusion

This research contributes to the generation of knowledge, it was observed that be-
tween the relationship of voltage and radiation, it was possible to verify that in many
cases the voltage does not change drastically in relation to an increase or decrease in
solar radiation, in any case, the sky should be completely cloudy so that the voltage is
less than 12 volts.

In addition, observing the data generated and expressed in the tables related to bat-
teries, we can realize that a solar panel must produce at least 12 volts for it to be func-
tional, otherwise it could not be used if the voltage to be consumed it is 12 or more
volts. This panel system carries an algorithm, because the system needs to perform solar
tracking and make the servomotors perform the vertical and horizontal turns for the
direct capture of solar radiation.
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With the data generated in this research, it is shown that it is advisable to implement
two-axis solar tracker systems, because they help to get the most out of a solar panel
due to the monitoring that radiation does during the day since it takes advantage of the
33% more than other conventional panels.

It is also recommended to only implement this type of photovoltaic systems in loca-
tions where there are not so many cloudy days, otherwise you could not make good use
with any photovoltaic system.x.
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