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Abstract: Various methods have been developed to increase electrical energy production gains in
photovoltaic (PV) systems. These can be classified as solar tracking systems, cooling systems and
methods of reducing the effect of shading. In order to maximise the PV energy yield, the PV systems
must follow the sun. In this study, the effect of solar tracking systems on the energy yield gains of PV
systems is investigated, and various types of solar tracking systems are discussed in detail. To ensure
accuracte tracking of the postion of the sun, a new, low-cost, system has been developed that employs
a global positioning system (GPS) module, compass and accelerometer. With this necessary angle
information a dual-axis coordinate-based solar tracking system was designed using the Arduino
Mega 2560 microcontroler with home-built control software. The system is validated by comparing it
to a fixed angle system and an energy yield gain of 33-38% is found.

Keywords: solar energy; photovoltaic systems; solar tracking systems; yield enhancement;
incidence angles

1. Introduction

With continued economic growth, electrical energy demand is increasing by approximately 4-8%
every year [1,2]. Fossil fuel reserves, which meet a large part of the increasing electrical energy needs,
will be depleted in the near future and therefore cannot meet the need [3,4]. Hence, new energy sources
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are being developed that should meet the electrical energy needs in a way that will not harm humanity
and the environment, i.e., renewable energy sources. One of the most useful resources among
renewable energy sources is solar energy [5,6]. Many energy scenarios foresee solar to be the main
pillar for a 100% renewables society [7]. Initially, solar energy was mostly used to produce hot water.
Obtaining electrical energy directly from solar energy is provided by photovoltaic cells, which are
combined in PV solar panels, and many panels are combined in solar arrays.

Various methods have been developed to increase electrical energy yield in photovoltaic panels.
These methods are solar tracking systems, panel cooling systems and methods of reducing the effect
of shading [8]. In order to keep solar intensity at the highest level at all hours of the day, PV panels
must follow the sun. One of the most effective ways to improve energy yield is tracking the sun. If the
panel surface is kept perpendicular to the incident angle of sun rays at all hours of the day, conversion
efficiency is the highest and as a consequence, daily energy yield is maximized [9,10] compared to PV
systems with fixed orientation and tilt.

Thanks to the solar tracking system, it is possible to benefit from the solar energy throughout the
day and the lost part can be reintroduced into the system and the efficiency will increase solar
tracking (solar tracker) systems may increase efficiency up to 40% [11-17]. The first solar tracking
system was designed entirely mechanically at Valparaiso, Chile, by Finsher in 1962 and electronic
control was added later by Saavedra, as described by Georgiev et al. [18].

In a review authored by Fuentes-Morales et al. [19], it was concluded that the most widely used
sun tracking control strategy is closed loop, which represents about 54% of all referenced publications.
The most applied control algorithms in active solar tracking systems are on-off, fuzzy logic,
proportional-integral-derivative and proportional-integral control, which represent about 57%, 11%, 6%
and 4%, respectively. Sharaf et al. [20] reviewed cooling techniques for PV systems. Today, the most
used techniques are passive cooling (air ducts, heat sinks), active cooling with water or air and cooling
with phase change materials (PCMSs), which may lead to about 20% maximum yield enhancement. In
a study of Golroodbari et al. [21], the non-linear effect of partial shading on the performance of
photovoltaic (PV) modules was studied. Different methods of optimizing energy harvesting under
partial shading conditions have been proposed to reduce this nonlinear effect. A general model is
developed by simulating the behavior of smart architecture under different shading models. They
reported that although the annual efficiency of the smart architecture is about 80% of the efficiency of
an ideal module, the smart architecture outperforms a standard serial connected module by 47% and a
parallel architecture by 13% [21].

In the axis tracking system study conducted by Chong et al. [22], the general coordinate
transformation method was used to derive general sun-tracking equations. In this study, it has been
proven that small errors of about 0.4% can lead to limits in energy gains [22]. In a study by Sungur [23],
a solar tracking system was used to maximize the performance of PV panels. They analyzed the energy
gain of fixed system and mobile solar tracking systems. The mechanical control unit of this system
made the position and performance measurements of the solar panel. As a result, they saw that there
was a 42.6% energy gain compared to the single axis. In a review by Singh et al., it was emphasized
that the cost will be reduced when mass production is started by increasing the number of panels [24].
In another review by Rodr guez-Gallegos et al. [25], PV systems were analyzed with solar tracking
and fixed single-sided and double-sided (bifacial) solar panel systems. As a result of this analysis, they
showed that the energy yield can be increased by 30-40%, where 30% can be reached using dual axis,
monofacial PV panels and 40% with dual axis, bufacial PV panels.
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Gerardo Garcia-Gil and Juan M. Ramirez propose the design and implementation of a sun tracker
based on panoramic images taken by a fisheye camera. These angles position the solar tracker
according to the sun’s elevation angle and are fed by a microcontroller that uses a compass to set the
azimuth angle [26]. In a study by Barbara Mendecka et al., they assessed the feasibility of using the
mechanical work generated by volumetric expansion loops in a paraffin-based LHTES device for
photovoltaic (PV) solar tracking purposes. Thus, we hypothesize a new paradigm for efficient
integration between thermal and PV solar power plants [27]. Barbara Mendecka and colleagues
conducted a study on the actual thermo-mechanical design of the integrated TES tracking system. The
presented results open up interesting perspectives in the development of multifunctional LHTES
devices as a viable solution to increase efficiency and reduce energy production. This affects
installation costs and energy efficiency [28].

In the present study, a low-cost solar tracking system is designed, which ensures that the sun rays
reaching the earth at all angles during the day are perpendicular to the PV panel. Two low-speed DC
motors are used to provide the movement of this dual-axis solar tracking system. The microcontroller
provides the motion control of the system by receiving the coordinate (latitude and longitude) and
time (date and time) data using GPS, as well as the direction and angle information from the electronic
compass and accelerometer, through dedicated software. By operating the system in the east-west axis,
it is ensured that the sun follows the sun all day long. Operating the system in the north-south direction
allows the system to follow the sun throughout the year. By comparing the designed system with a
fixed angle system at optimal orientation and tilt for Turkey, we will demonstrate that the energy gain
is higher by 33-38% compared to a fixed PV system.

2. Materials and methods
2.1. Mechanical system design

The designed coordinate based solar tracking system (CBSTS) is a tip-tilt dual-axis tracker (TTDAT)
type. The design of the mechanical system was made using the solidworks design software [29]. A
three-dimensional solid model picture of the designed system is given in Figure 1.

For the solar tracking system mechanical design, an aluminum composite panel was used for the
upper body and vertical motor carrier as it is a light and hard material. This composite panel is a
building material formed by covering both sides of a material called polyelite (a kind of plastic) with
aluminum sheets. It is very easy to use and process and is preferred because it is very light. It has been
tried to ensure that the designed mechanical system is exposed to a minimum level of load in cases
where the two motors to be used are in motion and stationary. In addition, while the motors provide
the movement of the system in the vertical and horizontal axis, it is ensured that the horizontal and
vertical position of the tracking system do not change in the passive state (de-energized state). The
motor, which will provide the vertical axis movement (2 in Figure 1), is provided with a screw feature.
This screw will be tightened and loosened by the forward and backward movement of the motor, and
the vertical axis movement of the PV panel will be provided with minimum energy. The motor, which
will provide movement on the horizontal axis (5 in Figure 1), is made in the form of a box and the
fixed part is fixed to the upper body, while the upper body is connected to the lower body with the
motor shaft. In order not to overload the motor shaft, four caster wheels are mounted on the coupling
surface of the lower body to the upper body. The load is distributed on these wheels, and the horizontal
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axis motor is exposed to a minimum load. The vertical axis motor can move the PV panel between 0

and 90<in approximately 4 minutes. The horizontal axis motor, on the other hand, completes the 360
movement in about 15 seconds. The solar tracker has been manufactured in house, as shown in

Figure 2. Further detailed component designs and photographs can be found in the Appendix A.

(a)

(b)

® 0

Figure 1. Three-dimensional solid model shape of the coordinate based solar tracking
system. (a) overview; (b) details: 1) vertical drive motor carrier, 2) vertical motion motor,
3) PV panel, 4) vertical motion motor shaft, 5) horizontal motion motor, 6) upper body, 7)
wheels carrying the upper body, 8) lower body (stand).

Figure 2. Manufactured system (left) tested in comparison with a fixed tilt system (right).
2.2. Electrical hardware
The electrical hardware consists of a PV panel, geared DC motors, a triple axis compass

acceleration module LSM303, L298d motor driver module, GPS module, LCD Keypad module and
Arduino Mega2560 microcontroller. Figure 3 shows the block diagram of electrical components.

AIMS Energy Volume 11, Issue 5, 753-773.



757

Details of the circuit are shown in Figure C1. The 10 Wp commercial PV panel used consists of 4
monocrystalline silicon cells. Technical data are shown in Table 1. Maximum power voltage is
typically 12 V in normal daylight, 10 VV when the weather is overcast and 18 V under full sun.

LCD Keypad

Vertical axis Motor

Motor Drive Micro Controller
(L298) (Ardunio Mega 2560)

GPS Module

(Skylab)

Horizontal Axis Motor

Compass and Acceleration
Module (LSM303)

Figure 3. Block diagram of the electrical components in the system.

Table 1. PV panel technical specifications.

PV panel Proporties
Specifications of panels Monocrystalline silicon
Model YLE10

Maximum power (Pmax) (W) 10W

Maximum power voltage (Vmp) 18V

Maximum power current (Imp) 0.56 A

Open circuit voltage (Voc) 21V

Short circuit current (lsc) 0.66 A

Dimension 280 %365 %22 mm

2.3. Software control

For tracking the sun, the sun’s position needs to be determined. Based on the information provided
by the GPS unit, in combination with the date and time, the sun’s position can be calculated. Our
algorithm determines a horizontal (azimuth) angle and a vertical (elevation) angle reflecting daily and
seasonal variations, as shown in Figure 4. It is based on the algorithm from Blanco-Muriel et al. [30].
We use the convention that North is 0< A flow diagram is shown in Appendix D Figure D1.
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Figure 4. Relationship between elevation and azimuth angle.

After this calculation is done, our second step will be to bring the panel to these calculated angle
values. In order to do this, we need to know the location information of the panel. LSM303 compass
and acceleration module were used to learn the position information of the panel. This module is
mounted parallel to the surface of the panel. First, calibration settings of the LSM303 module were
made. Three angle values of the panel are taken from this module, whose calibration settings are made.
These are pitch, roll and heading angles. Pitch value varies between 0 and 90 <in our system. Heading
indicates north at 0< east at 90< south at 180 “and west at 270<

Our next step is to drive the vertical and horizontal motors that will provide the movement to the
solar tracking system mechanism. We will perform this operation using the L298 DC motor driver
module. The Arduino Mega 2560 microcontroller compares the calculated height and azimuth angle
values with the pitch and heading values found with the LSM303 module, determines which direction
the vertical and horizontal motors will move and sends information to the L298 motor driver module
accordingly. When the motors start to move, the motor movements continue until the values in the
LSM303 module are equal to the calculated altitude and azimuth values. Figures D2 and D3 show the
flow diagram for the motor control. Finally, the latitude, longitude, time and angle information are
displayed on the LCD keypad module. We have created a menu section where we will determine how
many minutes solar tracking system will follow during the day. Here, the desired information is
displayed on the LCD screen by switching between the menus with the buttons on the LCD keypad
module. The follow-up interval is set as 30 minutes and its multiples.

C programming language has been used and designed in the software of the solar tracking system.
After compiling, the program was uploaded to the Arduino Mega 2560 microcontroller using Arduino
IDE (integrated development environment). The control software includes drivers to all peripherals
needed for the solar tracking system. The main program cycle starts after all peripherals are switched
on and constantly calls functions, performs the task specified in the function content and leaves the
main program. When the functions come back to the main program by affecting the state of a variable
related to the peripheral unit they are related to, without leaving the main program, the value of this
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variable will be learned and the operation will be performed. If the value of the variable has not
changed, the function will not operate. If the value of the variable has changed, the operations for this
situation will be performed. In this way, the system works faster by avoiding process redundancy.

2.4. Data acquisition

The experiment for the comparison of the designed solar tracking system and the fixed slope
system was carried out in Mus province on the following day It was carried out on 21-24 June 2019,
when the weather was clear, in a region receiving full sun. PV panels with the same characteristics
were used in both systems. Tilt of the fixed tilt system angle was chosen equal to the latitude angle of
the experimental setup. Load in both systems 47 Q resistor with a power of 10 W was used. Current
of both systems at five minute intervals and voltage values were measured and recorded with the data
logger. As a result of the measurements on two different days, the movable PV panel was 33-38%
higher than the fixed PV panel. increased earnings. For data acquisition a data logger was designed. It
has two current and voltage inputs. It measures the voltage and current produced by two separate
systems and saves them locally. The LCD screen on the data logger displays these values instantly.
The data logger we used in the experimental study is shown in Figure C2.

3. Results

Two different approaches were followed to test the designed solar tracking system. First, the
current and voltage values were compared by taking also measurements throughout the day with a
fixed slope system (as shown in Figure 2). Second, the efficiency of the solar tracking system was
calculated by measuring the shadow length of a stick placed on the photovoltaic panel.

3.1. Performance comparison

The experimental setup was established in the province of Mus in a region with a latitude
of 38.753898 N and a longitude of 41.504688 E. In the fixed slope system, the PV panels slope is
selected equal to the latitude angle. A 10 W 47 Q resistor is used as a load resistor in solar tracking
system. Voltage and current values measured at 5-minute intervals between 8:30 and 19:00 on 21
June 2019 and instantaneous power values were calculated. Results are shown in Figure 5.

From Figure 5, it is observed that at noon (12:00-13:30) the fixed system and solar tracking
system voltage, current and power values are very close to each other and the solar tracking system
voltage, current and power value are higher than the fixed system in the morning and evening hours.
The current for the solar tracking system shows little change during most of the day, while it decreases
substantially for the fixed system. This is similar for the power. The solar tracking system increased
PV energy yield by 33.92% compared to the fixed system.
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Figure 5. (a) Voltage, (b) current and (c) power measurements for the solar tracker system

compared to the fixed tilt system on 21 June 2019.

The experiments were repeated on 24 June 2010, at 5-minute intervals between 8:00 and 19:00.
Measured data are shown in Figure 6. When the test results on 24 June were examined, it was seen
that the solar tracking system increased the PV panel gain by 38.2% compared to the fixed system,

with the daily power values a little larger than the ones of 21 June.
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Figure 6. (a) Voltage, (b) current and (c) power measurements for the solar tracker system
compared to the fixed tilt system on 24 June 2019.

3.2. Shadow length experiment

Two different applications were made with the designed solar tracking system. One of them was
measured throughout the day with a fixed inclined system and the values were compared. The other
one was measured with a rod placed on the PV panel and the shadow length was measured with a ruler
and the efficiency of the designed solar tracking system was calculated. The efficiency and accuracy
of the solar tracking system were experimentally determined by placing a rod perpendicular to the
surface of the tracker, see Figure 7.
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Figure 7. (a) Angle (8) between stick and shadow (b) experimental setup.

Here, the angle between the stick and the shadow represents the solar incidence angles. When the
solar tracking is perfect, this angle will be 90< Thus, no shadow will be visible. The angle 6 can be
defined as follows:

0=tan™' () (1)

with Lp the length of the stick (mm) and Lg the shadows length (mm).
We then define the solar tracking system efficacy ngrs as

Nsrs = sin(6) (2

In this experimental study, the shadow lengths of the 10 cm long bar placed on the panel surface
were measured and recorded with the measurements made at 30-minute intervals between 08:00
and 16:00 on July 1, 2019. The calculation shows that the solar tracking system efficiency was 0.9971
on average. In Table 2, shadow lengths measured at 30-minute intervals, calculated sun incidence angle
and solar tracking system efficacy values are given. It is clear that around noon the highest efficacy
values are found.

Table 2. Solar tracking system efficacy values.

Time (s) Shadow length (mm) 6 (degree) Efficiency% sin(0)
08:00 12 83.16 0.9928
08:30 10 84.29 0.9950
09:00 8 85.43 0.9968
09:30 8 85.43 0.9968
10:00 9 84.86 0.9959
10:30 7 86.00 0.9975
11:00 4 87.71 0.9992
11:30 5 87.14 0.9987

Continued on next page
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Time (s) Shadow length (mm) 6 (degree) Efficiency% sin(0)
12:00 4 87.71 0.9975
12:30 4 87.71 0.9975
13:00 4 87.71 0.9975
13:30 5 87.14 0.9987
14:00 7 86.00 0.9975
14:30 6 86.57 0.9982
15:00 8 85.43 0.9968
15:30 9 84.86 0.9959
16:00 11 83.72 0.9939

4. Conclusions

In this study, an open-loop solar tracking system working with a tracking algorithm [30] was
designed. It is ensured that the designed solar tracking system works automatically when it is active.
Thus, the solar tracking system is able to track the sun to the PV panel wherever it is in the world,
without the need for any external intervention. It has been observed by experimental studies on clear
days that the designed solar tracking system increases the PV panel energy yield by 33-38% compared
to the fixed PV panel on two different days. Another experiment in which a shadow was analyzed that
was cast by placing a bar on top of the tracker, showed that the efficacy of tracking was very high. Due
to the benefit to be gained from the use of this tracking system, it is certain that less panels will be used
in solar-tracked PV systems and therefore solar-tracked PV will be used in proportion to the benefit
obtained compared to systems using fixed panels.
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Appendix A

Details of component design are shown in Figures A1-Ab.

Figure Al. Vertical drive motor carrier.

Figure A2. Vertical drive motor shaft.
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Figure A3. Upper body.

Figure A4. Upper body azimuth motor and vertical drive shaft bearing added.

Figure A5. Lower body (stand).
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Appendix B

Photographs of manufactured components are shown in Figures B1 and B2.

Figure B1. Various components assembly.
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Figure B2. Full assembled tracker system.

Appendix C

Photographs and schematics of electronics components are shown in Figure C1.

Data recorded by the data logger is saved locally on the micro SD card. There is a DS3231
RTC (real time clock) module on the data logger, the time information received with this module is
recorded on the micro SD card with the measured values. With the LCD screen on the data logger, the
date, time and measured values are displayed instantly. At the end of the set time, the measured current
and voltage information is recorded together with the time information in the desired recording interval
and data recording is performed. Two ASC712-5A hall effect current sensors are used to measure
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current. A voltage divider circuit with a potentiometer was used to measure the voltage. Since the

current sensor can measure current in two directions, the value of 512 was subtracted from the

measured value and the calculations were made with the Arduino Uno microcontroller. See Figure C2.
Figure C3 shows photographs of the solar tracker control unit in the field.
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Figure C1. Solar tracking system control circuit.
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Figure C3. The controller at work in the field.

Appendix D

Flow diagrams of various algorithms.

The GPS module communicates with the microcontroller via a serial port. Time and
location information from the GPS to the microcontroller comes in National Marine Electronics
Association (NMEA) format with American Standard Code for Information Interchange (ASCII)
characters. Incoming global positioning system information is loaded into a buffer until the end of line
character [enter(‘\r’)]. Then these NMEA codes in this buffer are decoded. From here, date time and
latitude longitude information is obtained. Time information of the received information, date (day,
month, year) and coordinated universal time information (hour, minute, second). Location information
is in the form of six digits after the latitude and longitude degrees. Figure D1 shows the flow diagram
of the global positioning system module.

AIMS Energy Volume 11, Issue 5, 753-773.



772

The position angles of the sun are calculated from the location and time information from the
GPS. The angles of the panel are calculated from the information from the accelerometer and compass
sensor. Now that the angles are found, the vertical and horizontal motor is started until the vertical and
horizontal angles are equal. L298 motor drive icloud (IC) is used to drive the motors. Two terminals
are used in the motor driver to control each motor, these are Inputl (IN1) and Input2 (IN2) terminals.
If one of these terminals is at logic 1 and the other is at logic 0, the motor rotates in one direction. If
the sequence is changed, the motor will spin in the other direction. Since the rotational speed of the
horizontal motor is very high, the speed of the motor is reduced by using pulse width modulation (PWM).
Figure D2 shows the flow diagram of the vertical engine. Figure D3 shows the flow diagram of the
horizontal engine.
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Figure D1. Flow diagram of the GPS module.
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Figure D2. Flow diagram of vertical engine.
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Figure D3. Flow chart of horizontal engine.

% © 2023 the Author(s), licensee AIMS Press. This is an open access
amms AJMS Press

article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0)

Volume 11, Issue 5, 753-773.



