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Abstract: After installing a solar panel system, the orientation problem arises because of the sun’s
position variation relative to a collection point throughout the day. It is, therefore, necessary to change
the position of the photovoltaic panels to follow the sun and capture the maximum incident beam.
This work describes our methodology for the simulation and the design of a solar tracker system
using the advantages that the orientation and efficiency of the PV panel offer due to the latitude and
the number of hours of sunshine in the testing area. This proposed methodology is experimentally
validated through the implementation of a single-axis solar tracker at a specific location (36.261◦

latitude), which allowed the incorporation of a high-availability tracking mechanism, low precision,
and low cost. Based on the results, the feasibility of this type of solar tracker for latitudes close
to 36◦ was demonstrated, as this tracking system costs less than traditional commercial systems.
Furthermore, this system increased the collection efficiency compared to a fixed device. Our results
provide an excellent platform for engineering technology researchers and students to study the
design theory of a sun-tracking solar system.

Keywords: prototype of a single-axis solar tracker; Simulink; Arduino card; LDR; photovoltaic panels

1. Introduction

Much scientific research has been carried out, not only in the field of solar energy
conversion in general but also in a very specific sector of the latter, which is none other than
photovoltaic technology. In this case, the design, optimization, and realization of systems
based on this technology are current issues since they can lead to better exploitation of solar
energy if they are correctly done. One of the paths taken is increasing the solar radiation
captured since maximum efficiency is achieved when the incident light is perpendicular
to the cells of the photovoltaic panels: this is the concept of “solar tracking”. Therefore,
the energy efficiency of these systems depends on the climate conditions of solar radiation,
ambient temperature, and wind speed, the matching of the system with the load, and
the appropriate placement of the solar panels. Most solar panels are used in a stationary
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position and therefore do not consistently output the maximum amount of power they can
produce.

To obtain the maximum efficiency from photovoltaics panels, it was necessary to
study the problem of PV orientation, which requires using a solar tracker connected to the
photovoltaic system. A solar tracker will track the sun throughout the day and adjust the
angle of the solar panel so that the sun is normal, typical to the solar panels at all times.
There are two ways to maximize the useful energy rate: by optimizing the conversion and
degree of absorption and increasing the incident radiation rate by employing mechanical
steering systems. In this context, in our project, we decided to realize such a system, which
is commonly called a “solar tracker”.

A solar tracker is a photovoltaic installation placed on a supporting structure com-
posed of a motor. It makes it possible to direct the solar panels throughout the day toward
the sun to capture the maximum sunshine. Therefore, solar trackers can be classified into
two main categories depending on the type of control and the sensitivity of the sensors
or the positioning system they incorporate [1–3]. They can also be distinguished by two
tracking techniques: The MPPT (maximum power point tracking) method which is based
on an algorithm to find the maximum power curve of the photovoltaic panel, or the sun
tracking system, which is based on the orientation of solar panels throughout the day to
better exploit the photovoltaic cells [4,5].

Much research was conducted to improve and increase the production of electrical
energy through the transformation of solar energy. Among this research, we can cite the
work of Robert H. Dold and F. R. Rubio et al. [6]. In 2007, they described a 2-axis solar
tracker capable of withstanding extreme weather conditions, which tracks the elevation
and azimuth movement. In 2008, J.Rizk [6] indicated the potential advantages of a simple
solar tracking system using a stepper motor and light sensor. A solar tracking system was
designed, implemented, and experimentally tested with fairly conclusive results. Hossein
Mousazadeh, in 2009 [6], discussed the different sun tracking systems’ advantages and
disadvantages. The most effective sun tracking device was found in the form of polar
and azimuth/elevation axes. In 2010, Nader Barsoum [6] reported that his research has
proven that the single-axis sun tracking system can increase the energy output by about
20%, while the dual-axis tracking system can increase the output by 40%. In 2012, L.
Kancevica [6] noted that thanks to the sun tracking device, the solar radiation continuously
hit perpendicular to the collector of the flat plate, which finally produced 1.4 times more
thermal energy on average compared to the collector stationary of the same size. In 2013,
Mostefa Ghassoul [6] described constructing and testing a cost-effective, innovative sun
tracking system to extract maximum solar energy. The latter was designed to be driven
by a PIC 18F452 microcontroller. The system was based on two mechanisms: the first
is the search mechanism (PILOT), which locates the position of the sun and the second
mechanism (intelligent PANELS) aligns with the PILOT only if the maximum possible
energy could be extracted.

Thereby, the research results from the article [7–11] confirm that the orientation of
solar panels can increase the efficiency of the conversion system by 20% up to 50%, which
significantly increases electricity production. In [11], there was a study of a three-phase
inverter representing an essential part of the photovoltaic systems, which allowed us to
take an idea on the conditioning and the simulation of the motor used in our realized
prototype. Afterward, many research works have studied the optimization and design of
the sun tracking method to maximize the exposure of cells to sunlight by keeping the solar
module’s active surface perpendicular to the solar radiation. In 2018, the authors of the
article [12] presented a comprehensive examination of the solar tracking system’s potential
in solar energy applications. Their explanation helps to give an overview of drive system
design parameters, construction, types, and techniques covering different applications of
use. They explained the two main types of solar tracking systems: the single-axis solar
tracking system and the dual-axis solar tracking system. Their paper shows that in recent
research studies, 42.57% of the studies have discussed and presented single-axis tracking
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systems, while 41.58% of these studies reported on dual-axis tracking systems. As well as
in the solar tracking techniques, azimuth and elevation tracking reached 16.67% utilization,
horizontal tracking 16.67%, azimuth tracking 10%, polar tracking 16.67%, and utilization
4.44%. This encouraged us to continue to improve the modeling results of the different
blocks of our methodology and improve the other blocks’ modeling results [13].

Several electronic systems for the control and piloting of bi-axial solar trackers of pho-
tovoltaic power plants were developed and tested by [14–16]. As in our case, the tracking
is managed by a PC software application with a user-friendly graphical interface. The
software’s design is designed to calculate the circadian orbit of the sun and consequently
to move the solar panels to keep the panel surface always perpendicular to the solar rays,
thus improving the efficiency of energy production. For example, a new photovoltaic (PV)
sun tracker design methodology has been explained and relied on by [14], who used the
advantages that the orientation and efficiency of the PV panel offer due to the latitude of
the installation zone. They experimentally validated the proposed design methodology
and proposed a design methodology via the implementation of a solar tracker with dual
axes at a specific location (27.5◦ latitude). Their method enables the incorporation of a
high-availability, low-accuracy, and low-cost tracking mechanism. From their results, we
can conclude that this system increases the collection efficiency by 24% with respect to a
fixed device. Based on an orientation efficiency chart, the proposed methodology can be
applied to control our solar tracker system.

The scientific content of [16] allowed us to get a general idea of the most commonly
used solar tracking systems, and we identified the systems that provide benefits such as
higher efficiency, higher tracking accuracy, easy installation, and cost-effectiveness. Their
study reveals that double axis ST in the form of polar-axis and azimuth/elevation featuring
the solar movement models and the dynamic closed-loop feedback control is the most
effective and generally gives more than a 40% improvement in energy return compared
to fixed PV panels. Moreover, they showed that large systems significantly reduce costs
and save on materials. The energy consumed by the moving fixtures is mostly low (2–5%
of the collected energy), but this could be higher if no optimization is performed. That is
why we have optimized all power-saving hardware and software settings from the early
stages of system development to avoid waste of material and over-consumption of power
by tracking units.

Another study by [17] presents an overview of the advancements realized in the world
of solar tracking systems. They emphasized the performance analysis of dual-axis solar
tracking systems equipped with different designs and techniques that have evolved in
recent years. Some conclusions drawn in their paper are stated below: the dual-axis solar
tracking systems are generally more efficient than their single-axis and fixed counterparts.
These systems also demand maintenance due to the presence of rotating components.
Furthermore, these systems contain more complex design and control mechanisms. The
solar system’s performance depends on many physical factors and so does the choice of
use of tracking.

In this paper, we present the steps of designing and implementing the prototype of
a single-axis solar tracker that we designed and built at our university. The design of
the single-axis solar tracker has been made by several researchers, as mentioned in the
previous summary of the literature. But still, some shortcomings must be avoided to
improve the system, especially concerning the geographical parameters of each installation
area. Our project was put into reality following the need of our university for this system
to be used in the various premises containing PV panels. This necessity forced us to
start collecting knowledge in circuit theory, power electronics, microcontrollers, machine
electricity, and solar energy to design and simulate the system. The Matlab/Simulink
simulation provided an excellent platform to explore different designs for the sun-tracking
solar energy system. After testing and verification using simulations, a prototype system
was built in the laboratory using our hardware and programs. The university’s weather
station collects parameters and real-time data on the installation area. Given the high
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number of models created and the mathematical calculations performed, we present only a
part of the scientific result obtained in this paper. Our complete prototype of the single-axis
solar tracker is characterized by the fact that it contains in the control circuit a control
device assembled and programmed by us in the laboratory to allow the pivoting of the
photovoltaic panel and force it to follow the sun’s curve. Thus, we have developed our
mathematical models allowing translating of the behavior of the components constituting
the prototype, such as the model of the direct current motor block (servomotor); the model
of the quantity of effective radiation; the model of the sun, and the model of the photovoltaic
panel.

In particular, our work aims to optimize an existing, designed by us, fully-hardware
setup by completely replacing the classic electronic board with the designed software to
communicate, using a serial port, with Arduino electronic boards for tracker motors driving.
The models were developed using MATLAB/Simulink to track a photovoltaic module
and achieve optimal operational efficiency. The multi-controller is programmed to detect
sunlight by LDR and operate two actuators to position the solar panel where it can receive
maximum sunlight.

2. Methodology

This paper collects some results of research work, part of which is carried out as part
of a research project, “PRFU: University Training Research Project”, with the participation
of [18]. The simulation of our models was carried out using the software “MATLAB-
SIMULINK”, which allowed us to create a library of specialized simulation blocks. The
annual meteorological data was collected through the meteorological station installed at
the University of Khemis Miliana. The prototype allowed tracking the movement of the
sun in real-time.

To maximize actual PV production in the field, solar trackers must meet several
dimensions during the different phases of the PV project life: design, installation, operation,
and maintenance. The challenges are many and diverse, ranging from the lay of the land to
the need for local content, local workforce skills, weather conditions, and budget constraints.
The efficient performance of a solar tracker requires comprehensive realizations.

Our work is based on a new idea by designing an automatic microcontroller-based
solar tracker with a hybrid algorithm comprising both active and chronological algorithms
for locating the sun’s position. This hybrid algorithm combines both mathematical models
and sensors to determine the precise sun’s position and thereby harness optimal solar
energy for all weather conditions.

Experimental results show that the hybrid solar tracking algorithm can yield higher
solar power than traditional active and chronological algorithms. The solar tracking process
is fully automated, maximizing the collection and management of solar energy for the solar
system.

The proposed solar tracker has light-dependent resistors (LDRs), an Arduino micro-
controller connected with Wi-Fi, a servo motor, a current sensor, and a solar panel with a
supporting metallic servo bracket. This electromechanical system consists of one driver
with a servo motor for rotating in east and west directions. The solar panel produces
a voltage proportional to the sunlight intensity, while the LDRs determine the system
misalignment and send signals to the microcontroller, which in turn automatically adjusts
the motors to correct the solar panel position.

Active and chronological algorithms are employed in solar tracking. The active
algorithm is a closed-loop tracking mechanism based on the control principle with feedback.
A light sensor, which detects sun brightness, acts as the input to the system controller. The
acquired values are then analyzed by the microcontroller, which controls the motor motion
to orientate the solar panel towards the sun. While the active solar tracker produces high
tracking accuracy during clear and sunny days, its performance may degrade when the
weather is cloudy or when the light sensor is sheltered. Conversely, the chronological
algorithm controls the solar panel movement by identifying the sun’s path using sun
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tracking mathematical models. The microcontroller calculates the sun’s position and directs
the motor to move the solar panel towards the sun at preset time intervals.

In summary, with a large-scale implementation, the proposed hybrid solar tracker
can harness optimal solar energy for all weather conditions, thereby considerably cutting
electricity costs for public and private organizations.

To evaluate the performance of active, chronological, and hybrid algorithms for solar
tracking, experiments were conducted. The solar tracker prototype must be in an open field
where it can receive sunlight throughout the day. Voltage measurements were taken from
the morning at 4 a.m. to the evening at 8 p.m. at every 60-min interval. Readings from the
traditional fixed-mount solar panel were also recorded to determine the baseline voltage.
Subsequently, an analysis was performed to determine the energy generated, consumed,
and gained by the hybrid solar tracker.

2.1. Assumptions

Our research on the tracking system showed us that, in reality, they are from the same
capacity compared to a static configuration and will produce more energy at any point in
time, but at what cost? When talking about the price, we have to do a test for 10 years of
operation. Thus, we must add the cost of the land into the calculations without forgetting
to consider the electricity price, which increases every year, and the state degradation of
the PV panels, which degrade every year. Therefore, we must consider the average output
per kW installed and the maintenance price for the tracking system every year. Finally, we
must calculate the cost per watt supplied and installed for the static system and tracker
system. Moreover, that question can be asked in reverse. How much does the by-watt price
have to drop before the static system becomes more viable than the tracker system?

When comparing to ascertain what is the best system, static versus tracking, many
assumptions need to be made in addition to the reality of actual energy production and
how it matches with site loads, etc. Our scientific research confirms that many assumptions
are common between the static system and the tracker system, but some are not. Based on
the assumptions made, we can say that the tracker system is more economically feasible.

Compared to fixed panels, the advantage of mobile panels is that the sun moves con-
tinuously during the day, while a PV panel is fixed in its position, thus losing a considerable
amount of energy that might be available. When a photovoltaic panel is fixed in relation to
the ground and oriented towards the south, its energy yield is not constant during the day.
At the start and end of the day, the poor radiation angle of the panel reduces the efficiency
of electricity production [11–16,19].

2.2. Block Diagram of a Single-Axis Tracker

The prototype of the tracker that we have realized consists of an electromechanical
structure to support the solar panel and direct it in the direction of the perpendicular
radiation of the sun on an axis of two East-West directions.

The tracking system essentially consists of two parts: The control or command part
(the physical quantities and the solar radiation follow the sun and position the turret
optimally) and the operative part (elevation). The control or programming units are used
to process the position information of the sun to transmit it to the actuators to track the sun,
as well as to detect operating anomalies and perform equipment safety operations. It also
performs other functions, such as the control of the system’s mechanical movements by
limiting the rotation angles from (0◦ to 180◦ on the horizontal) and the panel’s orientation
at the end of the day towards the starting position of the system.

The role of the operating or electronic block is to ensure that the solar radiation is
always perpendicular to the panel. It, therefore, relies on systems allowing the reception of
orders sent by the calculator, their conversion into electrical signals, their transmission to
the articulated mechanical system, and the activation of the motor. As shown in the block
diagram in Figure 1, when the tracking system steers the solar panels by rotating them
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in the direction of the sun and maintaining an ideal angle based on two light-dependent
resistors (LDR) and a motor, the electrical power per square meter is maximized [20].
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The two LDRs are used in our work to capture the light in East-West directions. Each
LDR will supply the controller an analog signal depending on the lighting through the
voltage divider Vout, given by Equation (1), with an R1 resistance LDR and R2 resistance
standard. The controller changes the motor direction [21–25].

Vout =
R2

R1 + R2
∗ Vcc (1)

The principle is to notice that the light received by the two LDR photoresistors is
identical as soon as the sensor is oriented in the axis of the light. Therefore, we measured
the light received by each photoresistor by measuring the voltage at their terminals. This
measurement is carried out by connecting the ports pin1 to 2 of the card. The program
then compares these voltages ordering the servo motor to rotate in the direction of the
photoresistor(s) that receives the least light. We used a resistor of 1 kΩ to measure the
voltage change between the photoresistor and a resistor of 1 kΩ (voltage divider) placed
on the control unit (Arduino card).

Our MATLAB modeling requires describing the models of the different design
blocks [18]: The model of the D.C. motor (servo motor) with a P.I.D. controller (proportional
integral derivative), the model of the chopper to vary the voltage, the model of the radiation
quantity falling on the solar panel, the model of the sun and the model of the photovoltaic
panel.

2.3. D.C. Motor Block Controlled by a Chopper

To create the model of the D.C. motor (servomotor), we took into account its 04
constituents and their characteristics which are: A direct current electric motor with rotation
in two directions, a reduction gear train actuating the rudder of the out axe, an electronic
circuit of the motor control, and a potentiometer.

The creation of our models of the physical system of the engine in the Simulink
environment was made using the simulator SimScape (physical systems simulation), which
constitutes an effective method for developing the mathematical model of our physical
system by creating a multi-domain diagram based on physical connections.

A DC chopper or DC-to-DC converter is the most efficient method as it involves only
a one-stage conversion. A fixed D.C. voltage U coming from a power supply is converted
into an adjustable D.C. voltage V by a control signal Ucom with a variable duty cycle. The
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chopper’s role in the solar tracker system is to vary the rotational speed of the D.C. motors.
The equivalent model of a motor contains a resistance (Rm), an inductance (Lm), and an
electromotive force (E). In addition, the protection elements such as freewheeling diodes
are necessarily added [26–28]. The steps below are taken into consideration while creating
the model of the D.C. motor [29].

- Variation of the speed for a motor by the P.W.M. (pulse width modulation) command.
- Voltage reversible chopper.
- The average value of the supply voltage.
- Direction inversion control.

The advantage of a P.I.D. regulator is its dynamic performance, adjustment precision,
and stability. The elements of this regulator are a combination of P (proportional), I
(integral), and D (derivative) actions chosen according to the type of application. For
example, our prototype used it to monitor the motor’s position [30].

2.4. Effective Radiation Quantity on the Solar Panel and Calculation of Solar Irradiance

To simulate solar radiation from a different angle than the photovoltaic panel, a simple
program was written to obtain the practical relationship between the sun and the falling
radiation. Figure 2a shows the equivalent Simulink block diagram that was used to simulate
the angle between the sunlight and the photovoltaic panel based on Equation (2) [31,32].
The fixed panel is always parallel to the ground at 45◦ c.d. 0◦ for sunrise and 180◦ for
sunset. At sunrise, the sun’s angle starts at 0◦, and at sunset, it is at 180 ◦C. To follow the
change in the amount of radiation and temperature that falls on the ground during the day,
we have created a model that simulates the evolution of the angle of the sun with time
using the real data downloaded from the site PV system. Figure 2b represents the Simulink
block diagram used.

Ge f = G ∗
(
−(θs − θp) + 180

180

)
(2)

where Gef is the effective radiation, G is the solar radiation, θs is the sun angle, and θp is
the panel angle.
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3. Design and Implementation

Our prototype of the solar tracker was made by starting with schematizing its general
configuration. As we explained previously, it consists of three large blocks: the electronic
control block, which contains the relay module provided by the Arduino card; the mechani-
cal movement block; and the power supply and electrical power block. In the photovoltaic
panel design, it was replaced by a wooden frame of size 40 × 27 cm.
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3.1. Electronic Control

This part mainly includes components and electrical circuits to control our solar
tracker system. The latter can be defined as a microprocessor-type information processing
unit to which internal peripherals have been added, allowing the assembly to be carried
out without the need for external components [21]. An Arduino board is a brand that
covers hardware-free boards on which there is a microcontroller. Their free license allowed
us to program microcontrollers that exist in the different cards as we wanted to analyze
and produce electrical signals that can be used for different tasks, including the control
and management of electronic processes and instruments [21]. Microcontrollers have
reduced performance but are small in size and consume little power. Although the Arduino
card was chosen because of its open-source architecture and the ease of connecting to the
computer with a simple USB cable. This cable provides both the card power supply and
serial communication [33–35]. The Arduino card is programmed via a software interface in
pseudo-C language. Once the program has been written, it is sent to the card, which can
then operate independently (without connection to the computer). To display the numerical
or textual information produced by the Arduino card, we connected it to a computer on
the one hand and to a liquid crystal display (LCD) on the other hand to be able to operate
autonomously away from the computer. In our prototype, we used a display compatible
with the Hitachi HD44780 driver.

3.2. Servomotor

Figure 3a shows the mechanical structure of the servomotor. Therefore, Figure 3b
shows how we connected the servomotor to the Arduino card. Table 1 collects the charac-
teristic parameters of the servomotor we used in our assembly.
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Table 1. Characteristic parameters of the servomotor used in the construction of the prototype of the
single-axis tracker.

Parameters/Characteristics Values

Weight 14.6 g

Torque 2.5 kg.cm (4.8 v) 2.8 kg.cm (6.0 v)

Operating speed Operating: 0.11 s/60 degree (4.8 v) 0.09 s/60 degree (6.0 v)

Size 22.5 × 12.2 × 35 mm
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To give us a clear idea of the hardware part, it was preferable to use the ISIS program
to simulate the block diagram shown in Figure 4. The signal detected at the output of the
Arduino card is visualized using the ISIS program, which is used afterward as the servo
motor control signal (P.W.M.).
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4. Results and Discussion
4.1. Modeling of a PV Panel

Figure 5 shows the MATLAB-SIMULINK block diagram of the PV panel [18] used in
our protocol system.
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For the modeling of the PV panel block, we chose the Apollo SOLAR ENERGY ASEC-
200G6S module available in the Simulink-Matlab library. This module is made up of
54 monocrystalline silicon cells with a maximum power of 200 W. Table 2 contains the
parameters that characterize the module under standard conditions (level of solar radiation:
G = 1000 W/m2, cell temperature: 25 ◦C, AM = 1.5).
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Table 2. Characteristics of the APOLLO SOLAR ENERGY ASEC-200G6S module.

Parameters/Characteristics Values

Maximum power Pmpp[W] 200

Voltage of the maximum power Vmpp[V] 25.38

Current of the maximum power Impp [A] 7.89

Open-circuit voltage V.O.C. [V] 33.53

Short-circuit current ISC[A] 8.24

Temperature Coefficient Ki(ISC) [%/K] 0.136

Temperature Coefficient Ki(VOC) [%/K] −0.37101

Temperature Coefficient Ki(Pmpp) [%/K] −0.47

Length x width x height [mm] 1660 × 990 × 50

Number of cells 54

Cell size [mm] 156 × 156

Cell material Monocrystalline Si stalling

Current-voltage (I-V) curve and power-voltage curve (P-V) of the PV module
(T = 25 ◦C, G = 1000 W/m2):

Current-voltage curve (I-V) and power-voltage curve (P-V) of the PV module
(T = 25 ◦C, G = 1000 W/m2) exhibit a nonlinear relationship with the temperature and irradi-
ance. However, on this characteristic curve (Figure 6a,b), there is a unique point where the
entire system can work with maximum efficiency. This point is called the maximum power
point M.P.P. It requires calculations, tracking, and control techniques to ensure the PV sys-
tem is operating at this unique point to achieve the most incredible power harvest. Tracking
of the maximum power point (MPPT) is a way to extract the maximum energy from the
photovoltaic panels at different irradiance levels. Figure 6 shows the characteristic I-V and
P-V of the PV module for a temperature T = 25 ◦C and a solar radiation G = 1000 W/m2.
We found the short circuit current or the maximum current at zero voltage ISC = 8.24 A
and the open circuit voltage or the maximum voltage at zero current VOC = 33.53 V. This
result explains the 54 cells that make up the photovoltaic panel. The power delivered by
the PV panels depends on the operating point of the generator. The max point represents
the maximum power delivered by the generator (PMPP = IMPP*VMPP, where, VMPP s to
the voltage to the maximum power supplied by PMPP, and the IMPP corresponds to the
current to the maximum power supplied PMPP).
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Figure 6. Characteristic curves of the PV module: (a) Current-voltage I-V curve, (b) Power-voltage
curve P-V.

Influence of temperature and Irradiance on I-V and P-V characteristics:
The temperature is a very important parameter in the operation of a PV module

because of the temperature sensitivity of the electrical properties of the semiconductor. The
characteristic I-V and P-V of a PV module according to the temperature under constant solar
radiation (1000 W/m2) is represented in Figure 7a,b. We note that this characteristic I-V
varies only slightly when the temperature varies, which means that the temperature has an
effect over a long period of operation. It shows that the short-circuit current (I.S.C.) increases
slightly with the temperature. It is thus observed that the influence of the temperature on
(I.S.C.) and the maximum power current can be negligible and that the maximum power
(PMPP) of the PV module undergoes a decrease when the temperature increases.
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Figure 7c,d shows the I-V and P-V characteristics of the PV module for different
irradiance levels by fixing the temperature value at 25 ◦C. We noticed that the I-V char-
acteristics undergo a change with the irradiance and that the short-circuit current (I.S.C.)
was directly proportional to the incident light intensity according to Equation (3). On the
other hand, the increase in illumination causes a slight increase in the open-circuit voltage
(V.O.C.). We deduced that the cell could provide an almost correct voltage, even in low
light. This implies that the optimal power of the cell (Pmax) is practically proportional to
the illumination, and the maximum power points are at approximately the same voltage.

I_SC ≈ I_ph = α (T) × G × S (3)

where G is the solar radiation in W/m2, S is the surface of the cell in m2, α(T) is a coefficient
depending weakly on the temperature; it is expressed in A/W (in our case α = 0.136/◦K).
Therefore, we can conclude that the shift of the I-V curves toward the increasing values
allows the module to produce greater electrical power. This explains that solar irradiations
lead to an increase in power corresponding to the maximum power points (PMPP).

The influence of temperature is smaller compared to that of solar irradiance, but it is no
longer negligible on the I-V characteristic of a PV module. For a change in the temperature
value, we can see that the voltage variation changes much more than that of the current,
which varies very slightly.

4.2. Command of the Servomotor for Position-Controlled by P.W.M.

The block diagram used in modeling the D.C. motor is shown in Figure 8. For our
simulation, we have represented the equation system of a D.C. motor in this block diagram.
The input parameters are the supply voltage (Ua) and the resistive torque (Cr). The
accessible output parameters are the motor current (ia), the motor torque (Ce), and the
rotation speed (Wm) by calculating the motor angle θ through integrating of the Wm.
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Figure 8. Simulink block model of the servomotor.

To facilitate the creation of our servo motor models in the Simulink environment, we
used SimScape (physical systems simulation), which is an effective method for developing
the mathematical model of the physical system by creating a multi-domain diagram based
on physical connections. In addition, SimScape products allowed us to vary the system
design without determining and implementing system-level equations. Figure 9 shows the
block diagram we used in the SimScape simulation.
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Figure 9. Block model of a voltage-fed motor using SimScape’s Simulink.

Figure 10 shows the simulation results of our servomotor, taking as input the set point
(90◦) and using the gains of the following P.I.D. controller: Kp = 100, Ki = 1, and Kd = 0
to drive the motor at the desired angle. The step response given in Figure 10 shows that
the servomotor reaches its reference position at the angle of 90◦ for a response time that
is less than 1 s. We have chosen a 12 v D.C. motor for our design. The parameters and
the simulation results of this motor and the chopper, such as the temporal variation of the
speed, current, and torque, the voltage at the chopper output, and the step response of a
position-controlled servomotor, will be published soon in another article.
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4.3. Simulation of the Sun

Single-axis solar tracker systems rotate on an axis to track the sun, facing east in
the morning and west in the afternoon. This type of follower needs seasonal tilt angle
adjustment.

The meteorological parameters such as temperature and sunshine of the city of Khemis
Miliana were extracted using a PV-system site in real-time and the data of the meteorological
station from the university.
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The temporal variation of different sun parameters like sun radiation, temperature,
and sun angle θ are shown in Figures 11a,b and 12. The simulation was carried out for 16 h
from 4:00 a.m. to 8:00 p.m. in May. Where the value of the irradiance used in the study
area during the days of the simulation was:

- Equal to 0 from 00:45 a.m. to 4:45 a.m. and from 8:45 p.m. to 11:45 p.m.;
- Starts increasing by 11 and 1030 from 5:45 a.m. to 13:45 p.m., then decreases from 1030

to 8 from 2:45 p.m. to 7:45 p.m.

As long as the light reappears each morning at sunrise and the temperature rises and
begins to disappear at sunset, there is a variation in irradiance during the day, regardless of
the season. It can be seen that the irradiance reaches its maximum value at 2:00 p.m. and
decreases at sunset when it is colder than during the day. Global irradiation corresponds
to the solar energy received in one day; this irradiation is linked to irradiance. It is noted
that the temperature and the irradiance vary during the year gradually; they increase from
winter until summer and decrease from summer until winter. This is explained by the
height of the sun, which varies according to the seasons: the sun is higher at noon in a
summer sky than in a winter sky.
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The position of the sun is given by the zenith angle (γs) and the azimuth (αs). The
zenith angle is the angle between the local vertical and the line that connects the observer to
the sun. The sun’s azimuth is the deviation of the sun’s position from the south. The zenith
and azimuth depend on the local time of day (t), the day of the year (d), and the latitude (λ)
of the observer (h) [4]. Figure 12 shows that the sun’s angle is equal to 90◦ almost at noon,
so the tracker is perpendicular. At 180◦ at 8:00 p.m., the tracker is at a horizontal position
and returns to its starting position.
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4.4. Tests of the Tracker

After receiving a quantity of light using a lamp, the prototype tracker starts tracking
the solar radiation (Figure 13a). Figure 13b shows that the tracker is in the perpendicular
position (90◦ almost at noon).
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Figure 13. Tests of the tracker position: (a) start position of the solar tracker realized to start tracking
of the light. (b) Perpendicular position (90◦) of the solar tracker.

To validate our results, we performed two tests on the prototype of the single-axis solar
tracker: the photovoltaic module connected to the prototype of the tracker and checking if
it is in its fixed position. Figure 14a,b show the variation of the motor angle (Tracker angle)
with respect to the sun angle for the two tests. It can be seen that the solar tracker reaches
its reference position (sun angle) in a time of response of less than a second.
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Several studies have analyzed the efficiency of energy production using single-axis
trackers compared to fixed panels [35–38]. BAHRAMI et al. [37] determined that the
increase in solar production of a PV plant with single-axis trackers compared to a fixed-
panel system is around 17.22–31.23% [39–41]. That fluctuation in energy production can be
reduced depending on the tracker distribution in the PV plant [42–44].

To validate our design, we compared the motor angle and the sun angle over an entire
day if the panel is fixed and if the panel is attached to our prototype single-axis tracker. As
the sun begins to shine at 5:00 a.m., our system records data until sunset. Figure 15 shows
that the solar tracker device maximizes the sun’s irradiance by keeping the solar module’s
active surface vertical at the sun’s angle. From noon until sunset, we find that the fixed
panel loses a large amount of solar radiation during the day.
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Figure 15. Comparison between sun angle and sun tracker angle.

Figure 16a–d show the values variation of illuminance, voltage, current, and power
of a PV module for two cases (with and without the tracker), which are compared for the
period spanning from sunrise to sunset. When the curves are examined between 8:00 a.m.
and 11:00 a.m., the voltage, current, and power values are a little close for the two cases.
On the other hand, in the afternoon, between 12:00 p.m. and 7:00 a.m., we observed a large
difference in the quantity of the voltage, current, and power produced. We concluded that
a fixed panel’s energy loss was recorded from noon until sunset.
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5. Conclusions

The question of sizing and of optimizing the efficiency of the PV solar panel is always
a crucial step during their installation. Photovoltaic tracker systems represent an important
area in which a significant amount of research has been carried out. However, the field itself
is so vast that there is always room for innovation or improvement. This has prompted us to
study this field, enabling the development of PV tracking systems to increase the efficiency
of PV modules and, therefore, higher electrical energy production. We have optimized the
production of a photovoltaic solar system by using a solar tracker system that we designed
on our own. The various elements of our solar tracker were exposed, and we noticed
that the part devoted to the control and the electronic command of the maneuvers of this
system was the most important. Thanks to the choice of the Arduino board, and the control
program that we developed, we could design a complete prototype system by our own
configuration, which showed better sensitivity in tracking the trajectory of the sun. The use
of an LDR system has enabled us to find a completely autonomous solution that is easy to
set up and brings an interesting energy gain, especially during the less sunny hours of the
day. The test of the instantaneous energy production through the PV panel that we used
showed that following the sun would benefit the future photovoltaic installations that our
sun tracking system will support. We can conclude that the photovoltaic tracker systems
with appropriate control systems can be considered an important factor in increasing the
electrical power by 22 to 56%, compared to the fixed photovoltaic system. This research
field is developing very fast; hence, many types of research are ongoing, such as artificial
neural networks and fuzzy logic. These tools are used in all fields where fuzzy logic
controllers are used for tracking the maximum power point in a photovoltaic system [45].

Currently, cascade control algorithms are used for high-concentration photovoltaics,
capable of achieving a sun tracking error of one minute. Scientists and researchers are
working on optimizing energy extraction. In doing so, an approach based on deep learning,
low-cost open hardware, and computer vision has been developed to reduce the limitations
regarding costs and operational issues [46]. Despite many developments, this area still faces
some hurdles. Therefore, more work regarding operational efficiency, cost-effectiveness,
and feasibility is required. In future perspectives, we plan to develop our tracking system
using these new techniques, starting by implementing a manual mode to the automatic
control system, as well as a remote access mode and control of PV production of this system.
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