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Abstract: The global increase in energy demand and exponential exhaustion of fossil recourses
has favored the development of new systems of electricity production. Photovoltaic solar energy
is undoubtedly one that has the highest application in housings, due to its simplicity and easy
implementation. In this work, a new prototype of photovoltaic solar tracker with Arduino platform
was developed. Feedback control system that allows carrying out solar tracking with two axes
using a stepper motor and linear actuator was established through an electronic circuit based on
photodiodes. Moreover, real construction of the prototype was carried out, where the effectiveness
of the design and its capacity to draw a maximum benefit of an incident radiation can be observed,
placing the panel perpendicularly to the received energy and improving its performance for its
application in future installations in housings. Results obtained from the comparison between the
developed prototype and a static panel oriented according to the latitude of the area, show about 18%
energy gain.
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1. Introduction

Economic development of industrialized countries and exponential growth of population
remarkably increased energy consumption in recent years [1]. This is why more and more regulations
appear both at the national and international levels that strive to decrease energy consumption in
order to avoid damaging and irreversible effects on the planet such as exhaustion of fossil fuel and
global warming [2,3]. One of the sectors that was the most affected in the last years by the arrival of
these new legislations is the building sector that is increasingly using renewable energy sources for
the production of heating and electricity [4]. Solar energy is an undoubtedly inexhaustible source of
energy that is most commonly used nowadays due to its abundance and its scarce pollutant emissions
generated during its production [5].

Photovoltaic solar energy is the most commonly used in housings due to its simple installation
and good quality-to-price ratio compared to other technological applications (parabolic cylinder
collectors, Stirling dish parabolic collectors, etc.), that even though reach higher levels of electric energy
production, present practically insurmountable difficulties for its architectural integration [6,7]. There
is a great amount of research that tries to improve the performance of this type of installations using
double-sided panels [8], concentration lenses [9], geometrically integrated into buildings panels [10],
development of new solar cells [11], improvement in stages of conversion [12], etc.
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In order to obtain maximum output power of a photovoltaic module or a set of modules, it is
necessary to have an automated system able to orient the surface of the panel in a way that the highest
possible amount of solar radiation reaches its surface perpendicularly to generate the highest peaks
of energy production. For that purpose, numerous authors developed diverse prototypes of solar
photovoltaic trackers in order to improve the performance of this technology [13,14]. In general, all
of them have a fixed part of structure and moving part composed of tracking equipment and energy
production equipment [15].

Out of all solar trackers existing in the market, the most effective are those that move in two
axes, azimuthal and zenithal [16,17]. Compared to a properly inclined fixed solar panel, energy gain
can be considerably increased using this type of solar tracking systems. These systems of tracking
with two axes have been developed using two types of the most commonly used automatic control
systems, with open loop and closed loop [18,19]. Tracking in closed loop is more effective as it uses
various active sensors responsible for receiving signals of solar radiation, such as light-dependent
resistance (LDR) or charge-coupled device (CCD), and moreover, it has a feedback to the controller
that allows constantly orienting the panel making the most of its effectiveness [20,21]. At the moment,
when an error signal previously calibrated coming from the control system is produced, the motors are
activated and the surface of the panel is redirected [22,23].

On the other hand, in the market there is a great variety of controllers capable to interpret the
signal of automated regulation systems. Referring to the solar tracking equipment, generally complex
strategies of tracking with chips of microprocessors as control platforms are used [24]. Arduino
platform that functions using free software has experienced a considerable rise since it appeared
over a decade ago. For this reason, more and more researchers use this technology to program
their equipment [25,26]. In the field of solar energy, Arduino sensors are also used to improve the
performance of this type of installations through the implementation of solar trackers. They are
also used to measure one of the most common parameters in these systems of energy production,
giving really satisfying results and considerable economic saving compared to other commercial
controllers [27–30].

This paper proposes a new prototype of photovoltaic solar tracker with two axes based on
Arduino technology. A block of four high-sensitivity photodiodes able to emit an electric response
that is interpreted by the Arduino UNO controller was used to capture radiation levels. A stepper
motor was used to provide azimuthal movement and a linear actuator was used to obtain an optimal
inclination. This system is completely autonomous and can improve the levels of energy production of
photovoltaic solar panels. In order to calculate energy gain obtained using developed solar tracker, the
levels of energy produced by the prototype and by a static panel oriented according to the latitude
of the area were compared. Developed prototype is competitive for its installation on a flat roof and
other exterior horizontal building elements to improve the performance of photovoltaic installations at
a reduced cost.

2. Methodology

This section describes the design and fabrication of the prototype of photovoltaic solar tracker.

2.1. 3D Prototype Design

To carry out 3D design of solar tracker drawing tool FreeCAD 0.15 (London, UK) [31] was used.
This tool allows to represent all the elements of the prototype and to visualize its final result before the
fabrication, being compatible with other formats of graphic design. Figure 1 shows the design of the
solar tracker.
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Figure 1. 3D design of photovoltaic solar tracker: (a) Perspective of the prototype; and (b) front view. 

Table 1 shows the description of the components of the prototype classified according to their 
functions. 
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Component * Description
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Solar panel Photovoltaic solar panel ISOFOTON of monocrystalline silicon 25 Wp 

Arduino UNO R3 
Programmable electronic controller for tracking operations ATmega328, 14 digital 
inputs and 6 analogue inputs, clock of 16 MHz 

NEMA-23HS9430 Stepper motor for azimuthal movement 
LA-10 Linear actuator for elevation movement 

Driver DM542a 
Controller responsible for the transmission of turning movements to the stepper 
motor with 0.9 degree/step precision 

Double relay 
bridge 

Component responsible for activation and moving back the linear actuator, controlled 
integrally by Arduino sheet 

BPW34 
Light semiconductors photodiodes responsible for sending the signal to Arduino to 
activate the movement 

Victron Energy 
Battery 

Batteries 12 V and 2.1 Ah to provide the tracker and prototype alimentation with the 
autonomy 

* Moreover, other components such as wiring, protoboards, mortises, etc. were used. 

2.2. Simulation of the Prototype 

Before the construction of the prototype, a model was developed to validate the performance of 
the equipment with regard to the variations of an incident solar radiation on the photodiodes (North 
= PDN, South = PDS, East = PDE, West = PDW), validating the proposed scheme and the response of 
the block of sensors towards the variations of radiation in both movements, azimuthal (checking the 
response of stepper motor) and zenithal (checking the response of linear actuator). The model was 
implemented through the electric scheme of the tracker at functional level using PSIM© software 

Figure 1. 3D design of photovoltaic solar tracker: (a) Perspective of the prototype; and (b) front view.

Table 1 shows the description of the components of the prototype classified according to
their functions.

Table 1. Short description of prototype’s components.

Component * Description

Metal structure Aluminium structure of 27 kN/m3 according to CTE DB SE-AE [3]

Solar panel Photovoltaic solar panel ISOFOTON of monocrystalline silicon 25 Wp

Arduino UNO R3 Programmable electronic controller for tracking operations ATmega328,
14 digital inputs and 6 analogue inputs, clock of 16 MHz

NEMA-23HS9430 Stepper motor for azimuthal movement

LA-10 Linear actuator for elevation movement

Driver DM542a Controller responsible for the transmission of turning movements to the
stepper motor with 0.9 degree/step precision

Double relay bridge Component responsible for activation and moving back the linear
actuator, controlled integrally by Arduino sheet

BPW34 Light semiconductors photodiodes responsible for sending the signal to
Arduino to activate the movement

Victron Energy Battery Batteries 12 V and 2.1 Ah to provide the tracker and prototype
alimentation with the autonomy

* Moreover, other components such as wiring, protoboards, mortises, etc. were used.

2.2. Simulation of the Prototype

Before the construction of the prototype, a model was developed to validate the performance
of the equipment with regard to the variations of an incident solar radiation on the photodiodes
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(North = PDN, South = PDS, East = PDE, West = PDW), validating the proposed scheme and the
response of the block of sensors towards the variations of radiation in both movements, azimuthal
(checking the response of stepper motor) and zenithal (checking the response of linear actuator). The
model was implemented through the electric scheme of the tracker at functional level using PSIM©
software (version 10.0.4, Powersim Inc., Rockville, MD, USA) [32]. Electric scheme of the simulation
can be observed in Figure 2.

Energies 2017, 10, 1298 4 of 12 

 

(version 10.0.4, Powersim Inc., Rockville, MD, USA) [32]. Electric scheme of the simulation can be 
observed in Figure 2. 

 

Figure 2. Scheme of simulated prototype. 

As it can be seen in Figure 2, the photodiodes were modeled with the help of nonlinear resistance 
that gives intensity response according to the voltage and incident radiation. Relay module that 
controls the functioning of linear actuator was built with the help of two contacts (NO and NC) in a 
way that if the incident radiation in North photodiode exceeds the radiation in South photodiode, 
North relay activates with +12 V voltage in terminals of linear actuator, acting towards elongation; 
otherwise South relay activates moving back the rod of the motor. NEMA 23HS9430 stepper was 
modeled according to the parameters that define two phases of the motor, an inductance per phase 
of 6 Ω and 6.8 mH respectively. The activation of each step of the motor and the direction of rotation 
require logic of control that assumes the driver DM542a that is also responsible for providing 
sufficient power for the requirements of the motor through the batteries. This stepper is responsible 
for azimuthal movement after having been compared to the levels of radiation in the photodiodes 
West and East. 

The results of the simulation are shown in Figures 3 and 4. In case of Figure 3, South radiation 
is fixed in 10 W/m2 and solar radiation varies towards North direction between 0 and 30 W/m2, which 
are small values to be able to check in the same graphic the functionality of comparison stages at the 
beginning of the linear actuator functioning (voltages of ±5 V in Arduino controller and ±12 V in 
linear actuator). It can be observed that when North radiation exceeds South one, output voltage of 
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Figure 2. Scheme of simulated prototype.

As it can be seen in Figure 2, the photodiodes were modeled with the help of nonlinear resistance
that gives intensity response according to the voltage and incident radiation. Relay module that
controls the functioning of linear actuator was built with the help of two contacts (NO and NC) in
a way that if the incident radiation in North photodiode exceeds the radiation in South photodiode,
North relay activates with +12 V voltage in terminals of linear actuator, acting towards elongation;
otherwise South relay activates moving back the rod of the motor. NEMA 23HS9430 stepper was
modeled according to the parameters that define two phases of the motor, an inductance per phase of
6 Ω and 6.8 mH respectively. The activation of each step of the motor and the direction of rotation
require logic of control that assumes the driver DM542a that is also responsible for providing sufficient
power for the requirements of the motor through the batteries. This stepper is responsible for azimuthal
movement after having been compared to the levels of radiation in the photodiodes West and East.

The results of the simulation are shown in Figures 3 and 4. In case of Figure 3, South radiation is
fixed in 10 W/m2 and solar radiation varies towards North direction between 0 and 30 W/m2, which



Energies 2017, 10, 1298 5 of 13

are small values to be able to check in the same graphic the functionality of comparison stages at the
beginning of the linear actuator functioning (voltages of ±5 V in Arduino controller and ±12 V in
linear actuator). It can be observed that when North radiation exceeds South one, output voltage of
Arduino is +5 V activating the rod of linear actuator that is placed at +12 V, and conversely when
South radiation exceeds North one. In case of stepper motor shown in Figure 4, the logic is the same,
keeping in this case East radiation fixed and West radiation variable. In this case stepper motor
always consumes 3 A in each movement. For both movements the time of 25 s was established for
the simulation, with a radiation variation frequency between the photodiodes of 0.2 Hz, being this a
repetition of one complete wave every 5 s.

Energies 2017, 10, 1298 5 of 12 

 

South radiation exceeds North one. In case of stepper motor shown in Figure 4, the logic is the same, 
keeping in this case East radiation fixed and West radiation variable. In this case stepper motor 
always consumes 3 A in each movement. For both movements the time of 25 s was established for 
the simulation, with a radiation variation frequency between the photodiodes of 0.2 Hz, being this a 
repetition of one complete wave every 5 s. 

 
Figure 3. Response of the simulation of linear actuator performance. 

 

Figure 4. Response of the simulation of stepper motor performance. 

To obtain these appreciable variations of radiation, a block of sensors with four photodiodes was 
designed in a way that with the help of a structure in form of a cross the levels of radiation are more 
sensitive to the variations of the position of the sun thanks to its own shade. Additionally, this block 
of photodiodes is situated on the same plan as a photovoltaic panel, as shown in Figure 5. 

Figure 3. Response of the simulation of linear actuator performance.

Energies 2017, 10, 1298 5 of 12 

 

South radiation exceeds North one. In case of stepper motor shown in Figure 4, the logic is the same, 
keeping in this case East radiation fixed and West radiation variable. In this case stepper motor 
always consumes 3 A in each movement. For both movements the time of 25 s was established for 
the simulation, with a radiation variation frequency between the photodiodes of 0.2 Hz, being this a 
repetition of one complete wave every 5 s. 

 
Figure 3. Response of the simulation of linear actuator performance. 

 

Figure 4. Response of the simulation of stepper motor performance. 

To obtain these appreciable variations of radiation, a block of sensors with four photodiodes was 
designed in a way that with the help of a structure in form of a cross the levels of radiation are more 
sensitive to the variations of the position of the sun thanks to its own shade. Additionally, this block 
of photodiodes is situated on the same plan as a photovoltaic panel, as shown in Figure 5. 

Figure 4. Response of the simulation of stepper motor performance.



Energies 2017, 10, 1298 6 of 13

To obtain these appreciable variations of radiation, a block of sensors with four photodiodes was
designed in a way that with the help of a structure in form of a cross the levels of radiation are more
sensitive to the variations of the position of the sun thanks to its own shade. Additionally, this block of
photodiodes is situated on the same plan as a photovoltaic panel, as shown in Figure 5.
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Figure 5. Sensors block scheme. (a) Design phase; and (b) built prototype.

As it can be seen in the final state in Figure 5b, the cross to differentiate cardinal points was
custom made with the help of a 3D printer with polyethylene of dark color.

2.3. Solar Tracker Algorithm Definition

The descriptive diagram of blocks of solar tracker in closed developed loop is shown in Figure 6.
Its objective is to obtain the maximum perpendicularity between the incident rays of sun and the
surface of photovoltaic panel. Feedback controller is based on the Arduino platform and the block of
sensors is based on the photodiodes and operation amplifier of type 741. The input to the comparator
is the intensity of output received from the block of photodiodes, which is amplified and generates
error voltage of feedback, being the variance between the responses of the sensors North-South and
West-East the cause of this imbalance. At this moment the comparator sensitive to these variations of
radiation two by two activates a linear actuator being the rod extended or moved back to obtain the
maximum performance in elevation movement, or activates the driver that allows turning by means
of stepper motor improving the effectiveness in azimuthal movement. Consequently, the controller
maintains the photovoltaic panel and solar radiation monitored, sending a differential signal when
the difference occurs what allows positioning the solar panel until practically zero error voltage is
obtained. Each pair of data (azimuth and elevation) is captured and stored by the Arduino platform
regularly, and after being interpreted, it activates the movement of motors.
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Under the premises of the diagram of blocks the control algorithm was designed as flow diagram
that allows checking all the photodiodes positioning the prototype. This diagram can be seen in
Figure 7.Energies 2017, 10, 1298 7 of 12 
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Figure 7. Flow diagram of prototype’s solar tracking.

Therefore, according to the flow diagram shown in Figure 7, the variable that predominates over
the movement of the tracker is the radiation, that is different to zero during daylight hours and equal
to zero from the nightfall until the beginning of a new day. The tracker stays positioned towards West
once the day is over and before starting a new day of measuring. Moreover, with an aim to avoid
possible components wear caused by mechanical vibrations produced by continuous starts and stops
of motors, the measurements were spaced every 10 min, reducing in this way the frequency of capture
and possible saturation of the system.

3. Results and Discussion

Once the work of design and simulation of the prototype was done, real fabrication began. Design
guidelines indicated in the previous section were followed and a scheme of real wiring of the prototype
with the sensors block and two motors was carried out, according to the simulation done by PSIM©.
This scheme of wiring that can be seen in Figure 8 was implemented inside a custom printed box
made from polyethylene complying with the requirements of ventilation for the circuitry and avoiding
possible overheating [33].
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As can be observed in Figure 9, the built prototype can be controlled through laboratory test or
even through dynamic simulators that model the parameters of irradiance and energy production.
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Moreover, as shown in Figure 10, a solar photovoltaic installation was performed, using the
same typology of photovoltaic panel as in developed solar tracker prototype with 30◦ inclination and
south orientation. In this way, the comparison between both systems was carried out, calculating the
difference in energy production.
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Obtained Production and Collected with the Tracker Data

First, Figure 11 presents results obtained in the production of the prototype and static panel
during the months from January until May. For this, the prototype was placed on the roof of the
center Salesianos Carabanchel in Madrid (Latitude 40.37◦ and Longitude −3.75◦), capturing data every
30 min, and obtaining the average daily production achieved by the panel performing the tracking.
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As it can be observed, the levels of energy production keep a direct relation with the environment
conditions registered in the area at the moment of data collection, as shown in Figure 11. Clear days and
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those of higher temperatures are ones that give the highest levels of energy production. Moreover, as it
can be observed in Figure 11, solar tracker prototype allows for obtaining higher energy production
compared to static panel. This gain in production was about 18%, being in accordance with the average
values obtained by other authors using different technologies of solar tracking [34,35]. Consequently,
used low cost technology with Arduino can be validated as a tool for solar trackers design.

Furthermore, existing correlation between the average produced power and average incident
radiation over the surface of the tracking panel can be seen in Figure 12.
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Therefore, Figure 12 shows a linear relation among the levels of production and average incident
irradiance, what is really useful for further theoretical calculations that allow measuring the maximum
performance that can be reached by the panels placed in a determined geographic situation knowing
only the levels of radiation in the area. To implement these systems in building of houses, the
consumption of motors has to be deducted from the obtained energy production that in clear areas is
in any case lower than reached production. On the other hand, varying the calibration of the sensors
and adjusting the frequency of tracking to the real conditions of the geographic location, the electric
production can improve even more.

In relation to the analysis of the prototype fabrication cost, consulting known commercial
sources [36–38], not superior to 800 euros cost was obtained. In terms of large-scale production,
such as solar farms, developed solar tracker is not competitive with commercial systems that are able
to move hundreds of photovoltaic panels. However, it can be competitive for small less powerful
installations placed on flat surfaces. Lightweight of this type of prototype is one of its advantages
for installation in houses, where it is not feasible to place large masses that can generate loads on the
building structure, or vibrations caused by rotating movements that could coincide with fundamental
resonance frequencies of the building structure. Moreover, the fact of using Arduino as electronic
control card, provides it with a power comparable to any commercial PLC, but at lower cost, not only
because of the device itself, but also because of great amount of developed freeware programs that
allow modelling, programming and simulating of previous behavior of these systems. That is why
this type of prototype is ideal for its installation in houses without presenting any serious technical
difficulties and at a reduced cost.
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4. Conclusions

This paper offers a new and effective prototype of photovoltaic solar tracker based on Arduino
platform that with a reduced cost and following logic of effective control is able to move autonomously
and regularly under different conditions of irradiance. Moreover, a previous simulation of tracker’s
behavior was achieved, which is able to anticipate the movement of the prototype in phase of design,
what is really useful to know is the suitability of the device.

On the other hand, the effectiveness of the tracker was verified taking measurements during five
months, observing a good correlation between the maximum levels of daily radiation in the area and
the levels of energy production reached by the prototype. Furthermore, results obtained from the
comparison between the reference static solar installation and developed solar tracker prototype show
18% energy gain using this latter, applying the same type of photovoltaic panel in both cases. These
results show the effectiveness of the device, and suggest its possible use in buildings (flat roofs, garden
areas, plots, etc.) or centers of photovoltaic production using scale models and developing a correct
encapsulation for electric and electronic components what would allow the equipment to endure
adverse weather conditions. Finally, and thanks to the versatility of Arduino platform, it would be
possible to integrate a unit of control of environmental parameters that would complete commercially
the design of the solar tracker developed in this work.

Finally, despite the fact that the prototype presents a lower performance compared to other
commercial equipment (approximately 12% lower), it is competitive for its installation in houses, due
to its low fabrication cost, easiness to be integrated in the building and simplicity to be programmed
and to update tracking software as it belongs to Arduino community.
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