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Abstract: Solar energy is the cleanest and most abundant form of energy that can be obtained from the
Sun. Solar panels convert this energy to generate solar power, which can be used for various electrical
purposes, particularly in rural areas. Maximum solar power can be generated only when the Sun
is perpendicular to the panel, which can be achieved only for a few hours when using a fixed solar
panel system, hence the development of an automatic solar tracking system. Over the years, different
solar tracking systems have been proposed and developed, and a few have been reviewed in the
literature. However, the existing review works have not adequately provided a comprehensive survey
and taxonomies of these solar tracking systems to show the trends and possible further research
direction. This paper aims to bridge these gaps by extensively reviewing these time-based solar
tracking systems based on axis rotation and drive types. Lessons learned from the comprehensive
review have been highlighted and discussed. Finally, critical open research issues are identified and
elaborated.

Keywords: solar tracker; single-axis tracker; dual-axis tracker; active tracker; passive tracker

1. Introduction

Renewable energy sources are energies that come from the Sun directly, such as
thermal, photochemical, and photoelectric energy, or indirectly, such as wind, hydropower,
and photosynthetic energy stored in biomass, as well as other climate regulation and
natural motions, such as geothermal and tidal energy; these are then converted into usable
forms of energy, such as electricity, heat, and fuels [1]. The most abundant renewable energy
that is directly obtained from the Sun is solar energy, which also serves as a regulator of
the hydrological cycle and a source of wind energy because the Sun’s heating effect on the
atmosphere causes air to move [2,3].

Solar power, also known as solar energy, can be generated by a solar panel, which
largely depends on the amount of sunlight it is exposed to. Solar photovoltaic energy has
a much higher installed capacity than other renewable energy concepts and technologies
due to its abundance, versatility, and ease of implementation with minimal negative
environmental impact in terms of land use [4,5]. Maximum solar power can be obtained
only when the Sun is directly on the panel. Due to the variation of the position of the Sun
throughout the day, there is a need to adjust the solar panel so that it is always aimed
precisely at the Sun. A solar tracker is a device employed to operate a solar photovoltaic
panel, particularly in solar cell applications, and requires a high level of precision to ensure
that sunlight is directed accurately onto the power device [6]. Solar tracking systems also
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play an important role in the advancement of solar concentration applications such as solar-
pumped lasers and parabolic concentrators [7,8]. These trackers can improve the efficiency
of the overall solar photovoltaic system, reducing the size and the cost per kilowatt hour
(kWh).

To increase the efficiency of photovoltaic (PV) systems, several solar tracking systems
have been developed over the years, and a few have been reviewed, for instance, [9–13].
However, these reviews did not consider hybrid solar trackers or learning-based solar
tracking systems as most of these reviews are limited to classification based on two-axis,
single-, and dual-axis solar tracking systems and classification based on the nature of
motion, that is, active and passive solar tracking systems. This paper thus aims to provide a
holistic review of the different existing developed time-based solar tracking systems based
on various classifications to show the trend and proffer further research directions. The key
contributions of this paper are as follows:

• An extensive review of solar tracking systems based on the axis of rotation is presented,
including the hybrid-axis solar tracking system and a comparison based on different
properties.

• A comprehensive analysis of solar tracking systems based on drive types is provided
with an exhaustive review and a proposed taxonomy of these systems.

• An exhaustive review of learning-based solar tracking systems is presented, including
a proposed taxonomy of these systems.

• Critical open research issues and future directions are identified for time-based solar
tracking systems and elaborated.

The structure of the paper is as follows: the “Background of Solar Tracking Systems” in
Section 2 presents the theoretical background of solar tracking systems. The “Classification
Based on Axis Rotation” in Section 3 provides a review and comparison of solar tracking
systems based on the movement of the axis of rotation, and the “Classification Based on
Drive Types” in Section 4 presents a review and comparison of solar tracking systems based
on drive types. The various learning-based solar tracking systems are reviewed in Section 5,
“Learning-Based Solar Tracking Systems”. The “Lessons Learned” in Section 6 presents
the salient points obtained from this current review. The “Further Research Directions” in
Section 7 identifies and elaborates on the critical open research issues in time-based solar
tracking systems, and finally, the “Conclusion” in Section 8 concludes the paper.

2. Background of Solar Tracking Systems

The amount of sunlight received varies throughout the year as a result of the motions
of the Earth; however, the amount of solar energy received over a certain period on a surface
that is perpendicular to the radiation’s path of propagation outside of the atmosphere at
the mean earth–sun distance is known as the solar constant [14] and can be expressed
mathematically as given in Equation (1):

Gsc = σ·T4·
(

4πR
4πD

)2
= 1367 W/m2 (1)

where σ denotes the Stefan–Boltzmann constant (5.67 × 10−8 Wm−2K−4), R is the radius
of the Earth (6371 km), and D denotes the average distance between the Sun and Earth
(148.72 × 109 km).

According to [12], the substantial amount of daily solar irradiation has led to the use
of solar energy for power generation in a variety of applications, such as water pumping,
telecommunication, and lighting. This has resulted in the design and implementation of
solar photovoltaic panels, which can collect solar energy and convert it to other forms of
energy, such as electrical energy. However, the amount of energy that may be produced is
directly proportional to the intensity of the sunlight that falls on the panel. As a result, the
necessity to build a system that can follow the position of the Sun over time has emerged,
hence the solar tracking system. A solar tracking system can track the Sun’s movement and
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location over time to increase solar energy output, which in turn boosts electrical energy.
Figure 1 shows the difference and limitations of the fixed solar tracking system compared
to a simple solar tracking system.
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Figure 1. Comparison between Fixed and Simple Solar Tracking Systems.

For the accurate design, implementation, and installation of a solar tracking system,
several parameters must be considered, such as the latitude, angle of incidence, solar
irradiance, tilt angle, declination angle, elevation angle, zenith angle, orientation angle,
solar azimuth angle, and inclination angle.

Latitude is a measure used to calculate the angular distance (south or north) of the
equator in any location on Earth. The latitude angle can be measured in degrees. The angle
of incidence is the most critical factor to consider when installing solar tracking systems. It
is the angle formed by the Sun’s rays falling on the surface and the rays perpendicular to
that surface.

Solar irradiance is another important parameter to consider, and it can be calculated
by measuring the power of the light source or the luminous flux. The angle formed by
the solar tracking system and the horizontal axis is known as the tilt angle. The angle of
incidence is a variety of tilt angles. The declination angle is the angle formed between the
equator and a line drawn from the center of the Sun to the center of the Earth. It can be
expressed mathematically as given in Equation (2):

δ = −23.45 × cos
(

360
365

× (n + 10)
)

(2)

The elevation and zenith angles are similar to the declination angle: the elevation
angle is the angle between the Sun’s center and the horizon, while the zenith angle is the
angle formed by the center of the Sun and the vertical. They are both measured in degrees
and expressed mathematically as shown in Equations (3) and (4), respectively:

α = 90◦ − θz (3)
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θz = cos−1 sin Lst sin δ + cos Lst cos δ cos ST (4)

where α is the elevation angle, θz is the zenith angle, Lst is the standard longitude that is
positive for the east region and negative for the west, δ is the declination angle, and ST is
the standard time.

The orientation angle can be used to adjust a solar tracking system to keep the solar
photovoltaic module perpendicular to the Sun and generate the maximum power. The
solar azimuth angle is defined as the angle formed by projecting the Sun’s center onto
the horizontal plane and pointing due south. It is represented with a positive sign for the
position east of south, and the position west of south is represented with a negative sign. It
can be represented mathematically as given in Equation (5):

γs = sin−1
(

sin h cos δ

sin θz

)
(5)

where γs is the solar azimuth angle, δ is the declination angle, θz is the zenith angle, and h
is the hour angle expressed as given in Equation (6):

h = 15◦(solartime − 12) (6)

The inclination angle is the angle between a photovoltaic module and the positive
x-axis, measured in degrees. As shown in Figure 2, these variables can be used to determine
the optimal location for installing a solar tracking system or to establish the best orientation
for such systems to obtain the maximum solar power.
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Figure 2. Solar Angles.

Although a solar tracking system can be used to maximize solar power, designing
and implementing one is complex for a variety of reasons, including the need for intensive
mathematical computations and detailed measurement of numerous solar parameters. It
is also more expensive and sophisticated than a fixed-angle solar tracking system. The
complexity, however, is determined by the number of axes utilized to move the solar panels
horizontally or vertically.
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3. Classification Based on Axis Rotation

According to the movement of the axis of rotation, two types of solar trackers have
been designed and implemented in the literature. These include single-axis trackers and
dual-axis trackers. In addition, some authors have designed and developed tracking
systems with three or more axes categorized under hybrid-axis solar trackers. This section
presents and reviews these time-based solar tracking systems based on the axis rotation.

3.1. Single-Axis Solar Tracking System

This solar tracking system comprises only one axis, either vertically or horizontally,
and cannot rotate for both. Examples of this type of solar tracking system in the literature
include Horizontal Single-Axis Trackers (HSAT), Vertical Single-Axis Trackers (VSAT),
Tilted Single-Axis Trackers (TSAT), and Polar-Aligned Single-Axis Trackers (PASAT) [15].
Figure 3 depicts the various existing single-axis solar trackers.
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HSAT rotates from north to south on a fixed axis parallel to the ground, as shown in
Figure 3a, throughout the day and is considered the most economical tracker setup in many
PV applications [16,17]. VSAT, on the other hand, rotates vertically with respect to the
ground, as shown in Figure 3b, and can be mounted in either a north/south or east/west
orientation to track the Sun’s movement up-and-down in the sky; such systems are more
common in high-altitude/mountainous areas or more severe latitudes [16,17]. PASAT,
as shown in Figure 3c, was derived by aligning the tilted single-axis solar tracker to the
polar star [16]. Finally, the TSAT, shown in Figure 3d, has axes of rotation that alternate
between horizontal and vertical, where the module sweeps a cylinder that is rotationally
symmetrical around the rotation axis to track the Sun [6,16]. The solar azimuth angles of a
single-axis solar tracking system range from −100◦ to 99.87◦ [18]. The following is a review
of several developed single-axis time-based solar tracking systems.

In [19], a low-power single-axis solar tracking system was designed and developed
to track the Sun’s position regardless of the motor speed and generate maximized solar
power. The system implementation was divided into hardware and software parts, and the
tracking system comprised two LDR sensors, a PIC16F877A microcontroller, a bi-directional
DC-geared motor, a voltage regulator, a driver circuit, and a solar panel. To evaluate the
performance of the developed system, a comparison with a fixed solar panel system was
conducted in which the voltage and current for each system were measured between 8
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a.m. to 6 p.m. The results showed that the developed system performed better than the
fixed system by generating higher power. However, the system was not tested for different
weather conditions.

In [20], a single-axis solar tracking system was developed based on LDR as a sensor.
The methodology adopted for this research was divided into two parts, hardware develop-
ment and programming development. The hardware development part was concerned
with the components used to develop the solar tracker, which includes a solar panel, bidi-
rectional DC geared motor, drive circuit, PIC16F667A microcontroller, two LDR sensors,
and voltage regulator, while the programming development part was concerned with the
development of the program that would be fed into the PIC16F667A microcontroller. To
evaluate the performance of the developed solar tracker, a comparison with a fixed solar
panel was conducted, and the results showed that the developed system received more
sunlight and generated higher solar power than the fixed system. However, the research
only considered sunny weather conditions and did not consider other weather conditions.

A high-efficiency single-axis solar tracking system was designed and developed in [21],
where the system was based on a microcontroller focused primarily on small applications
in remote areas. The tracking system consists of a power supply circuit, servo motor, light-
dependent resistor (LDR), solar panel, liquid crystal display (LCD), real-time clock, and two
different types of voltage regulators. The system was demonstrated to be a cost-effective
solution and increased the solar output from the panel by 30–40% compared to the fixed
solar panels.

In [22], a single-axis solar tracker to track the Sun on the azimuth axis by using an
AVR microcontroller was designed and implemented. The implemented system consisted
mainly of the ATmega328 controller, DC motor, light sensors, relay, and solar panel. The
results showed that the designed low-cost solar tracker increased the output power gain
by 18–25% compared to the fixed panel located at Kirkuk city, Iraq. The output power
was increased and improved by adding an ear side panel and reflector by about 65% and
70–80%, respectively. However, the overall system is limited to just one axis, reducing
reliability.

Analysis and implementation of a single-axis solar tracking system were carried out
in [23] to recover the demand for electricity in rural areas. The tracking system comprised a
microcontroller, two light-dependent resistor (LDR) sensors, a stepper motor, a battery, and
a solar panel. The system was designed to compare the data from the LDRs and sensitivity
so that the motor rotates clockwise if the measured difference between the set of sensors
is greater than the sensitivity value and the direction pin on the microcontroller is high;
otherwise, the motor rotates counterclockwise. In addition, data from the two LDR sensors
were obtained and compared for sunny and cloudy days, and the result showed not many
changes in the voltage levels.

A single-axis solar tracking system prototype was presented in [24], which includes
the simulation, modeling, procedures, and results. The development process was divided
into hardware and programming parts. The hardware development part dealt with the
components utilized for the implementation of the tracking system which comprised two
LDR sensors, a microcontroller, solar panel, voltage regulator, driver IC L293D, and DC
gear motor, while the programming development was primarily concerned with the coding
of the microcontroller and the process of operation where two pieces of software were
utilized, Arduino and Eagle. To evaluate the performance of the developed prototype,
a comparison with a fixed solar system was conducted, and the results showed that the
developed system performed better. The major limitation of this research is that the small-
scale implementation was not validated using the Sun but rather with a torch light.

In [25], a solar tracking system was utilized which operates based on light-dependent
resistor (LDR) sensors, a microcontroller for controlling the system, and DC motors. The
study aims to establish a cost-effective solar tracker system by identifying and removing
the parts that consume unnecessary energy, reducing energy loss. To achieve this, a timer
circuit was used to shut down the system for 29 min after one minute of work during
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which the amount of solar panel power gain and loss was measured due to the timer. A
comparison of the tracking system with and without a timer was carried out, and the results
showed that the tracking system with a timer is more efficient in terms of the measured
gain and loss.

An automatic solar tracking system for maximized energy output was designed and
implemented by [26] based on two mechanisms, a search mechanism (PILOT), which
tracks the Sun’s position, and an optimal energy extraction mechanism (PANEL), which
aligns the panel with the PILOT only if the maximum output energy can be extracted.
The tracking system comprised a light-dependent resistor (LDR) and inductive proximity
sensors (ultrasonic sensor), a microcontroller, voltage regulators, comparators, reset set
(RS) flipflops, servomotors, a panel, variable resistors, a transducer, and an assembling
structure. The proposed system is said to be an efficient and feasible way of tracking the
Sun’s position and achieved a 25% output power increment at 10:00 a.m. compared to the
fixed solar panels. However, the overall system design and analysis are complex.

To optimize a single-axis solar tracking system to function in different weather con-
ditions [27], two single-axis solar tracking systems with a vertical axis of rotation were
compared based on the readings of LDR photo sensors and based on astronomical calcula-
tions of the position of the Sun. The astronomical-based solar tracking system was designed
and implemented using a built-in real-time SD card that has the coordinates of the Sun’s
movement, where the system automatically sets the appropriate azimuth angle based on
the date and time, while in the LDR-based solar tracking system, the microcontroller only
starts when the sensor detects the sunrise. The systems were experimentally evaluated
against each other, and generated voltage and current under different conditions were
measured and used as a comparative factor. The results indicated that the astronomical-
based solar tracker performed better than the LDR-based system, with an efficiency of 4.2%,
and better than a fixed solar panel system, with an efficiency of 57.4%. The developed
astronomical-based tracker can be utilized in regions with varying climatic conditions.
However, the system can be prone to tracking errors as it relies on the Sun’s coordinates in
the SD card, which can be wrong or corrupted.

The design, modeling, and experiment of a single-axis solar tracker that can remove
incident sunlight overlapping on sensors inside the sunlight tracking system are presented
in [28]. It can be determined from the results that the moveable PV panel by the tracker
can improve power efficiency significantly. The system comprises micro-controller based
LDR sensors and LCDs for observing and receiving signals from the Sun. This solar
system can be used domestically to provide highly efficient solar energy. For commercial
purposes, it can be manufactured in industry because the components of the solar tracker
are recoverable and available at low prices. However, one main limitation of the system is
that it depends on sunlight intensity. The panel will not move when the sunlight intensity
is very low and hence cannot be used for other weather and climatic conditions.

A single-axis time-based solar tracking mechanism was proposed by [29] that can
automatically track the movement of the Sun and then display the tilt angle values and
the corresponding solar irradiance values in real time. The tracking unit comprises a solar
panel, a real-time clock, a stepper motor, and a stepper motor driver. The study utilized the
zenithal angle as a reference angle, which the microcontroller follows and then moves the
stepper motor to track the position of the Sun. The system is a cost-effective, accurate, and
efficient method to track the position of the Sun compared to a stationary solar panel.

3.2. Dual-Axis Solar Tracking System

This solar system has two degrees of flexibility that act as the axis of rotation; that
is, it allows for maximized solar power output levels due to its ability to track the Sun
both vertically and horizontally. Two common implementations are Tip-Tilt Dual-Axis
Trackers (TTDAT) and Azimuth-Altitude Dual-Axis Trackers (AADAT). Figure 4 depicts
the operation of a dual-axis solar tracking system.



Information 2023, 14, 211 8 of 32

Information 2023, 14, x FOR PEER REVIEW 8 of 32 
 

 

3.2. Dual-Axis Solar Tracking System 
This solar system has two degrees of flexibility that act as the axis of rotation; that is, 

it allows for maximized solar power output levels due to its ability to track the Sun both 
vertically and horizontally. Two common implementations are Tip-Tilt Dual-Axis Track-
ers (TTDAT) and Azimuth-Altitude Dual-Axis Trackers (AADAT). Figure 4 depicts the 
operation of a dual-axis solar tracking system. 

 
Figure 4. Various Dual-axis Solar Tracking Systems. (a) TTDAT; (b) AADAT. 

TTDAT, as shown in Figure 4a, is so termed because the panel array is positioned on 
the top of vertical poles. Typically, the east–west movement is caused by rotating the array 
around the top of the pole. The posts at each end of the primary axis of rotation of a tip-
tilt dual-axis tracker can be reused between trackers to reduce installation expenses [30]. 
The primary axis of AADAT, also known as the azimuth axis, is parallel to the ground 
while the secondary axis, also known as the elevation axis, is normal to the primary axis 
[30]. A servo motor for the azimuth axis (horizontal) and a linear actuator for the elevation 
axis (vertical) are used in an AADAT to track the Sun [31]. AADAT systems can use a 
huge ring mounted on the ground with the array positioned on a series of rollers rather 
than rotating the array around the top of the pole as shown in Figure 4b. This enables 
AADAT to support much larger arrays; however, the system cannot be positioned closer 
together than the diameter of the ring, which may diminish system density, especially 
when inter-tracker shadowing is included [30]. The solar azimuth and altitude angles of a 
dual-axis solar tracking system can range from 61.1° to 299.1° and −10.1° to 10.7°, respec-
tively [32]. 

To ensure robust system performance, [33] proposed a novel dual-axis solar tracking 
PV system design that leverages feedback control theory, a four-quadrant light-dependent 
resistor (LDR) sensor, and simple electronic circuits. The proposed system utilized a dis-
tinctive dual-axis AC motor and a stand-alone PV inverter to achieve solar tracking. The 
execution of the control was a technical innovation with a simple and effective design that 
did not require programming or a computer interface. In addition, a scaled-down labora-
tory prototype was built to test the scheme’s effectiveness, and experiment results indi-
cated that the developed system increased the energy gain up to 28.31% for a partly cloudy 
day. The developed system achieved attractive features, but it is limited to a laboratory 
prototype with no real-life implementation. 

In [34], a smart dual-axis solar system was proposed, where an embedded controller 
was utilized as the major system controller that detects the voltage difference and esti-

Figure 4. Various Dual-axis Solar Tracking Systems. (a) TTDAT; (b) AADAT.

TTDAT, as shown in Figure 4a, is so termed because the panel array is positioned on
the top of vertical poles. Typically, the east–west movement is caused by rotating the array
around the top of the pole. The posts at each end of the primary axis of rotation of a tip-tilt
dual-axis tracker can be reused between trackers to reduce installation expenses [30]. The
primary axis of AADAT, also known as the azimuth axis, is parallel to the ground while the
secondary axis, also known as the elevation axis, is normal to the primary axis [30]. A servo
motor for the azimuth axis (horizontal) and a linear actuator for the elevation axis (vertical)
are used in an AADAT to track the Sun [31]. AADAT systems can use a huge ring mounted
on the ground with the array positioned on a series of rollers rather than rotating the array
around the top of the pole as shown in Figure 4b. This enables AADAT to support much
larger arrays; however, the system cannot be positioned closer together than the diameter
of the ring, which may diminish system density, especially when inter-tracker shadowing
is included [30]. The solar azimuth and altitude angles of a dual-axis solar tracking system
can range from 61.1◦ to 299.1◦ and −10.1◦ to 10.7◦, respectively [32].

To ensure robust system performance, in [33] proposed a novel dual-axis solar tracking
PV system design that leverages feedback control theory, a four-quadrant light-dependent
resistor (LDR) sensor, and simple electronic circuits. The proposed system utilized a
distinctive dual-axis AC motor and a stand-alone PV inverter to achieve solar tracking.
The execution of the control was a technical innovation with a simple and effective design
that did not require programming or a computer interface. In addition, a scaled-down
laboratory prototype was built to test the scheme’s effectiveness, and experiment results
indicated that the developed system increased the energy gain up to 28.31% for a partly
cloudy day. The developed system achieved attractive features, but it is limited to a
laboratory prototype with no real-life implementation.

In [34], a smart dual-axis solar system was proposed, where an embedded controller
was utilized as the major system controller that detects the voltage difference and estimates
the solar azimuth angle with four groups of cadmium-sulfide (CDS) as sensor elements. The
control system comprises solar panels, motors, sensors, an A/D controller, an embedded
controller, a drive circuit, and GSM modules. The system utilized two motors as an actuator
to regulate the elevation and azimuth while the CDS tracked the position of the Sun through
the movement of the embedded controller motor. The GSM module was used to notify
the maintenance personnel in the event of a failure. A comparison between the proposed
system and a fixed solar panel system was carried out under different weather conditions,
and the results showed that the generated power increased by 30% when the proposed
system was utilized.

The design and implementation of a dual-axis solar tracking system were presented
by [35] based on a closed-loop technique. The system was divided into two parts, mechani-
cal and electrical. The mechanical part, which was said to be the most challenging part of
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the development, dealt primarily with the azimuthal and vertical movements of the solar
tracker and consisted of servo motors and panel carriers. The electrical part, which is con-
cerned with sensing the sunlight and the movement of the panel in that direction, consists
of four light sensors and an ATmega328P microcontroller. To evaluate the performance of
the developed system, a comparison with other systems, which included the fixed solar
panel system and the single-axis solar tracking system, was conducted, and the results
showed that the developed dual-axis solar tracking system always outperformed the other
systems. One major limitation of this research is that the developed system is limited to
small-scale use.

In [36], the design and implementation of a two-axis solar tracking system were pre-
sented derived from a close-loop control system to track the Sun’s movement to obtain
optimal power from the solar panel. The system comprised components that were catego-
rized into five groups, namely, power supply, light sensor, stepper motor driver, display,
and central processing units. To evaluate the performance of the system, a comparison
with a fixed solar panel system was conducted, in which output voltages were measured
every hour from 6 a.m. to 4 p.m., and the results showed an average increase in power
output of about 10.7%. The research encompassed cost estimation, which showed that the
developed system is cost-effective; however, the implemented system was not shown.

A double-axis solar tracking system was designed and implemented by [37], where
the overall system design is divided into two parts, electrical and mechanical. The electrical
part is further subdivided into control system design and programming. In contrast, the
mechanical part comprises two DC motors that provide horizontal-to-vertical and left-to-
right motions, as well as gears that transfer their movements to the solar panel. Other
components include a light-dependent resistor (LDR), microcontroller, battery, mount
limit switches, profile iron stand, and roller. To evaluate the performance of the system, a
comparison was made between the proposed system and a stationary solar panel system;
the results showed that the generated energy increased by 25% when the proposed system
was utilized and based on the cost analysis carried out in the study, the proposed system is
very cost-effective.

In [3], an automatic dual-axis solar tracking system was designed and developed
using a light-dependent resistor (LDR) to determine the intensity of falling sunlight and DC
motors on a mechanical structure with gear arrangement to track the Sun accurately. The
results showed that the energy gained from the solar panel with the dual tracker exceeds
35% of the energy gained from the fixed solar panel. In analyzing the data, the energy
gained from the solar tracker is mostly in the morning and the evening because there is
little difference at noon, proving that the fixed solar panel is efficient at noon. One major
limitation of the system is the cost, as the system utilizes four LDR sensors.

In [38], the design and implementation of a real-time clock (RTC)-based dual-axis
automatic solar tracking system with I2C protocol (bi-directional bus) was presented, where
one motor rotates the solar concentrator in an azimuth angle and adjusts the initial position
of the solar concentrator while another motor adjusts the concentrator in the zenith angle.
The performance of the developed system was tested and compared with the fixed solar
tracking system, and experimental results showed that the real-time clock-based solar
tracking system has 75% more average thermal gain when compared to fixed solar tracking
systems. The developed system is cost-effective and has low power consumption. However,
it was not implemented for solar PV systems.

In [39], a dual-axis solar tracking prototype was designed and developed that tracks
the Sun in both horizontal and vertical axes. The tracking system was divided into hardware
and software parts and utilized a solar panel, ATmega328P microcontroller, two servo
motors, four LDR sensors, and four resistors. The prototype was said to be working
efficiently in tracking the location of the Sun in correspondence with the movement of the
motors from morning to evening using the sensors that act as self-adjusting light sensors.
However, the major limitations of the research are that the developed system is a prototype
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with no real-life use, and the developed system was not evaluated against other existing
tracking systems.

A dual-axis solar tracker was designed and implemented in [40] to supply additional
power supply to a cleaning robot to extend its operating time. The tracking system com-
prises three parts: a solar tracker mechanical system, a solar tracker electronic system, and
program algorithms embedded in the solar tracking controller. The performance of the
system was evaluated in terms of PV module testing, battery charger testing, and an overall
test, which compared the robot’s operation time with additional photovoltaics (PVs) and
without. The results showed that the robot operates longer with PV by 7 min 17 s compared
to without PV. Additionally, the average charging time of the battery using PV is 94 min
and 48 s.

A simple, cost-effective algorithm-based reliable two-axis tracking system for real-time
solar position measurement was developed in [41]. The research utilized the Astronomical
Almanac’s (AA) algorithm due to its simplicity, reliability, and fast computability, which
made it suitable to be implemented on an 8-bit microcontroller platform. To evaluate the
accuracy of the algorithm, a comparison with other standard algorithms, Sun Position
Algorithm (SPA) and Energy and Sustainable Economic Development (ENEA), was con-
ducted using MATLAB simulation, and it was found that the ENEA algorithm’s accuracy
was higher than that of the AA algorithm, but the ENEA algorithm will not be valid after
2022, and also the SPA is computationally expensive and not implementable in a low-speed,
low-power-consuming microcontroller. Furthermore, the measured solar panel voltage
also reflects that a close-loop algorithm-based dual-axis tracker can be implemented using
an 8-bit microcontroller, which outperforms a conventional optical tracker without adding
system cost. The proposed system has the benefit of high accuracy in tracking the Sun.
However, the system was limited to prototype design and not real-life implementation.

The design, fabrication, and performance of a dual-axis solar tracking system were
presented by [42], in which the components utilized to develop the system were divided
into electrical and mechanical system designs. The electrical system design consisted of
a solar panel, servo motors, light sensor, position sensor, microcontroller, and battery,
while the mechanical part consisted of the actuator, rotor, and base box. To evaluate the
performance of the developed system, a comparison with a fixed solar panel system was
conducted, in which the current, voltage, and power were measured between 8 a.m. to 4
p.m. The results showed that the developed system performed better than the fixed system.
However, the system was not evaluated for different weather conditions.

In [43], the design and implementation of a simple and cost-effective dual-axis solar
tracking system were presented. The major components of the tracking system include four
LDR optical resistors as sensors, two MG996R servo motors, actuators, a battery, a solar
charge controller, and an Arduino microcontroller. The overall system was divided into
hardware and software design, and the system was implemented and programmed. The
performance of the developed system was evaluated based on the comparison between
fixed solar panels, a single-axis solar tracking system, and the developed dual-axis solar
tracking system, and the amperage and voltage produced by each system were measured.
The experimental results showed that the developed system performed better than the
other system, with an increased efficiency of 20.77%. The system is cost-effective and simple
to implement. However, it has limitations, such as the fact that it cannot be monitored
remotely.

In [44], a novel and low-cost dual-axis solar tracking system was developed using an
Arduino microcontroller. The tracker system consisted of three main parts: the input from
eight LDRs, the Arduino as the controller, and servomotors as outputs. To evaluate the
performance of the developed system, an experimental comparison between a fixed solar
panel system, single-axis solar tracking system, and the developed dual-axis solar system
was conducted in terms of generated power, and the results showed that the developed
system performed better than the other systems; however, no real-life implementation was
done, hence the limitation of the research.
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In [45], a dual-axis design of an automatic tracking system was developed to track the
position of the Sun to ensure that the solar panel position is always positioned vertically
from the Sun. The tracking system includes a solar panel, microcontroller, gear motor
system, solar panels, and light-dependent resistors (LDR), which were utilized as a sensor.
The system also comprises a real-time clock and limit switch, which resets the position of
the solar panels at the end of the day. The design of the system is portable and can be used
to increase the power output as well as the efficiency of the panels, reducing the pressure
on fossil fuels and greenhouse gas emissions.

The work [46] designed and implemented a dual-axis solar tracker using LDR with
Arduino Uno and used a stepper motor rather than a linear actuator to improve the overall
tracker performance. The automated solar tracking system based on the Arduino prototype
is mainly built using the Arduino Microcontroller, four LDRs, and three stepper motors. To
evaluate the performance of the system, the proposed system was compared with a fixed
solar PV system. The results showed that the proposed system performs better than a fixed
solar panel by around 30–40% or more. The current implementation was based on sensors,
and a real-time clock was not considered for the seasonal tracking of the Sun. Therefore,
increasing the efficiency of the overall system would cause an equivalent increase in the
cost of the system.

A dual-axis solar tracking system was designed and developed in [47] for a standalone
PV system using worm gear. The system comprised solar cell plates, a PIC microcontroller,
an LCD, a real-time clock, LDR sensors, DC motors, and servo motors. The performance
of the system was evaluated against a fixed-axis solar panel, and the input and output
power were measured and utilized to calculate the efficiency for different days. The results
obtained showed that the proposed system performed better, with a power gain of 84%
in the morning, and in the evening, the power gain was 100%. However, the developed
system was limited to small-scale use.

3.3. Hybrid Solar Tracking System

The hybrid solar tracker, also known as the three-axis or triple-axis solar tracker, moves
along three axes, allowing it to capture solar energy for the longest time of the day and with
the most accurate alignment with the position of the Sun in different seasons and weather
conditions [48].

Figure 5 depicts a hybrid solar tracker system developed in [49], which comprised a
solar panel mounted between two vertical poles and a rotating horizontal surface adapted
to mount the two vertical poles. A scissor lift approach was employed to smoothly move
the axis up and down to obtain the third axis and minimize shading. The location of the
Sun was tracked using four LDRs placed on top of the solar panel, and signals from these
sensors are sent to the servo motor through the microcontroller, which thus moves the
solar panel toward the direction of the Sun. Another LDR is connected at the bottom of
the solar module and was used to automatically control the functioning of the third axis,
sending signals to a relay and activating the DC motor to move the scissor lift upward
when shading is detected. The system was compared with both fixed and dual-axis solar
tracking systems in terms of power output and energy efficiency, and it was shown the
hybrid system produced the highest power output, particularly in shading areas; however,
it consumed more energy than the dual-axis solar tracking system. The relative error of the
solar azimuth and altitude angles ranges from 0.844◦ to 0.251◦ and −0.498◦ to 0.576◦ [50].
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A brief overview of the hybrid solar tracking system was presented in [48], where it
was mentioned that the hybrid solar tracking system was developed to solve the problem
faced by other tracking systems, especially on cloudy and overcast days. It was then
concluded that the hybrid solar tracking system could work efficiently on both clear and
cloudy days but stopped working on rainy days to conserve the use of generated power.
However, the implementation of the hybrid tracking system is very complex due to the
presence and synchronization of two tracking schemes.

A hybrid solar tracking system was proposed by [51], combining a mechanical and
an electrical tracking system. The mechanical tracking system was based on a photodiode
array (PDA) that was implemented using a sphere whose inner surface was optimized,
allowing the PDA to function as a high-precision sensor. On the other hand, the electrical
tracking system consisted of a maximum power point tracking (MPPT) feedback control
system. The system was simulated, and it concluded that although the single solar tracking
system is more efficient than the fixed solar panel, it cannot track the variation of the
azimuth angle, which was hard-coded into the microcontroller of the proposed system.
Additionally, the proposed system can track the Sun at any time, thus increasing the output
power. The research did not implement the proposed system, hence the limitation.

The work [52] designed and implemented a two-axis microcontroller-based energy-
efficient hybrid automatic solar tracking system aimed at improving solar conversion
efficiency. The system utilized a microcontroller that operated a hybrid two-axis Sun
tracker that functions in different weather conditions despite the long duration of the
presence of clouds, where the tracker continuously measures the light intensity until the
3.70 V threshold is reached. To evaluate the performance of the proposed system, data from
four different trackers, stationary, single-axis, dual-axis, and hybrid-axis, were collected.
The results showed that the dual-axis tracking system outperformed the single-axis tracker
by an 18% increment in power output. In contrast, the hybrid tracker system outperformed
the stationary tracker by a 54% increment in the power output.

In [53], a multidimensional automatic solar tracking system was developed based on
a hybrid hardware and software prototype that automatically provides the best alignment
of a solar panel with the Sun to obtain the maximum power output. The tracking system
comprised a sensor, a light-dependent resistor, a relay, a light-emitting diode, a stepper mo-
tor, a capacitor, gears, and a microcontroller. To evaluate the performance of the proposed
system, measurements of the PV system were taken with and without a tracking system in



Information 2023, 14, 211 13 of 32

the local climates of Bangladesh, and the results obtained showed that the overall efficiency
of the solar power system increased by 31% with the tracker system.

A hybrid dual-axis solar tracking system was proposed by [54], where one motor runs
continuously to track the movement of the Sun, and another motor runs once a month
to track the Sun’s seasonal motion. To simplify the system’s design and implementation
process, it was divided into two parts: the mechanical system and the electrical circuit
design. To evaluate the performance of the designed system, a comparison between the
proposed system, a static, and a continuous dual-axis solar tracking system was conducted,
and it was found the proposed system has a 25.62% greater average power gain over the
static system while it has a 4.2% lower average power gain over the continuous tracking
system. The proposed system was achieved with low power consumption, high accuracy,
and low cost; however, it is quite complex to implement.

A hybrid solar tracking device was proposed by [55], utilizing photo-sensors and
GPS. The photo-sensor was utilized to track the Sun’s position when the solar radiation
is greater than or equal to 400 W/m2 while the GPS data would be utilized when the
solar radiation level falls below 400 W/m2. To evaluate the performance of the proposed
device, a comparison with a photo-sensor solar tracking device was conducted in a low
solar radiation condition, i.e., less than 400 W/m2, where precision errors were analyzed.
The results showed that the hybrid solar tracking device operated more precisely than
the photo-sensor solar tracking device, which indicated that it can be utilized for different
weather conditions. The research did not consider the cost of the system.

An electromechanical system programmed using C++ was developed by [56] that
controls the solar panel movement based on a hybrid-axis tracking system (one-axis and
two-axis) so that it is always positioned towards the direction of the Sun. The major
component of the tracking system includes solar panels, a deep cycle rechargeable battery,
a microcontroller, signal conditioning circuits, and a motor drive, which are then connected
to four-quadrant light-dependent resistor (LDR) sensors and a solar rotation mechanism.
The system provides a reliable and cost-effective means of aligning a solar panel with the
Sun to optimize energy output and efficiency by 31% when compared to a stationary solar
panel.

The tracking system suitable for a smart photovoltaic blind (SPB) was investigated
by [57], and an indirect tracking method was adopted as a preliminary study of a two-axis
hybrid (direct and indirect) solar tracking method. According to the research, an SPB is a
device that can be utilized for both electricity generation and Sun-shading functions and
can be installed in the windows of buildings. The indirect tracking method was conducted
via two steps: calculating the hourly altitude and azimuth of the Sun and calculating the
hourly slope of the panel (SoP) and the azimuth of the panel (AoP) that are perpendicular
to the altitude and azimuth of the Sun. The results obtained showed the SoP tracked the
Sun from 0◦ to 90◦, while the AoP tracked the Sun from −9◦ to 9◦. The limitation of this
research is that no solar tracking system was developed.

In [58], a new hybrid solar tracking system was designed and developed at King
Mongkut’s Institute of Technology Ladkrabang, Bangkok, Thailand. The developed hybrid
system comprised eight optical sensors from LDR for four directions, a local clock equation
system, an atmospheric sensor, and two DC servo motors to check azimuth and altitude
angles to determine the Sun’s position. To evaluate the performance of the developed solar
tracking system, the outdoor temperature from the receiver was measured, the measured
temperature was obtained to be 508.25 K, and other results indicated that the tolerances
of the azimuth and altitude angles are less than ±2◦, showing the high precision of the
tracking system. The developed system did not generate solar power but rather just
measured the temperature, hence the limitation.

In [59], an autonomous microcontroller-based solar tracking system was developed
using a hybrid algorithm for tracking the position of the Sun. The proposed hybrid
algorithm combined both sensors and mathematical models to estimate the position of
the Sun to obtain optimal solar energy for all weather conditions. The tracking system
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comprised LDRs, an Arduino mega microcontroller, an Arduino Wi-Fi shield, a servomotor,
a stepper motor and driver, an HMC5883L magnetometer, an ACS712 current sensor, and
a solar panel with supporting metallic servo bracket. To evaluate the performance of the
proposed hybrid algorithm, a comparison with active and chronological algorithms was
conducted on sunny and cloudy days, and experimental results showed that the proposed
algorithm yielded higher solar power for all weather conditions than the other algorithms.
The solar tracking system based on the proposed algorithm can effectively produce higher
solar power. However, it is not cost-effective as it comprises many components, hence the
limitation of the research.

In [60], the fabrication and installation of a solar panel mount with a three-axis solar
tracking controller were proposed. The major parts of the solar system are solar panels
and solar cells. However, other components utilized include a battery, servo motors, AVR
microcontroller, voltage regulator, liquid crystal display (LCD), real-time clock, and a
light-dependent resistor (LDR). The proposed system was compared with a stationary solar
panel, and the results showed that the proposed system increased the overall efficiency
by 25%. However, the system is subject to some inherent limitations of the solar power
system in terms of the cost of installation, inequivalence to the conventional power stations,
conversion from direct current (DC) to alternating current (AC), and the unavailability of
the solar energy at all times, especially at night.

In [61], the methodology adopted for designing and implementing a single-axis solar
tracker prototype based on hybrid algorithms was presented. The MATLAB/Simulink
simulation software was utilized before the experimental implementation to explore various
designs for a solar tracking system, and testing and verification using the simulation were
conducted. The proposed solar tracker comprised LDRs, an Arduino microcontroller
connected to Wi-Fi, a servo motor, a current sensor, and a solar panel with a supporting
metallic servo bracket. The system utilized both active and chronological algorithms. To
validate the design prototype, two comparisons were conducted between the motor angle
and Sun angle when the panel is fixed and when the panel is connected to the proposed
single-axis tracker for the entire day, and the results showed that the proposed system
increased electrical power by 22 to 56% more than the fixed panel system. The research was
based on some assumptions and designed a small-scale solar tracker prototype. Table 1 is a
comparison of the solar tracking systems according to axis rotation.

Table 1. Comparison between the Solar Tracking System based on Axis rotation.

Properties Single-Axis Dual-Axis Hybrid-Axis

Cost Cheap to implement
More expensive to implement
than a single but less
expensive than a hybrid

Most expensive to implement

Complexity Less complex High complexity Very complex to implement

Tracking accuracy It offers the least accuracy compared
to the other types of trackers

It offers high accuracy
compared to the single-axis

It offers the best accuracy as
the Sun will be tracked at any
angle and position

Number of Axis It is limited to only one axis It is limited to having only
two axes It can have three or more axes

Efficiency

Very reduced since it only tracks the
Sun’s movement in the East–West
direction, and during cloudy days, its
efficiency is almost close to the
fixed-angle solar tracking system

Has high efficiency as in
addition to tracking the Sun’s
movement from East–West, it
also follows the angular
height position of the Sun

Has the highest efficiency,
especially during the cloudy
days

4. Classification Based on Drive Types

Apart from classification based on the axis rotation, the solar tracking system can
also be classified based on its drive types. There are two major categories under this
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classification, active and passive solar tracking systems. This section discusses and reviews
research works based on these categories.

4.1. Active Solar Tracking System

An active solar tracking system is a type of solar tracking system that utilizes motors
and gear trains to align the solar panel towards the direction of the Sun as shown in Figure 6.
It is a combination of open and closed-loop trackers. Active tracker systems come in several
varieties that can be classified into single-axis, dual-axis, and chronological active solar
tracking systems. Compared to passive trackers, active solar tracking systems provide
better utilization of solar energy. However, they require regular maintenance due to the
motors and moving parts, which can be expensive.

Information 2023, 14, x FOR PEER REVIEW 15 of 32 
 

 

close to the fixed-angle solar tracking sys-
tem 

4. Classification Based on Drive Types 
Apart from classification based on the axis rotation, the solar tracking system can also 

be classified based on its drive types. There are two major categories under this classifica-
tion, active and passive solar tracking systems. This section discusses and reviews re-
search works based on these categories. 

4.1. Active Solar Tracking System 
An active solar tracking system is a type of solar tracking system that utilizes motors 

and gear trains to align the solar panel towards the direction of the Sun as shown in Figure 
6. It is a combination of open and closed-loop trackers. Active tracker systems come in 
several varieties that can be classified into single-axis, dual-axis, and chronological active 
solar tracking systems. Compared to passive trackers, active solar tracking systems pro-
vide better utilization of solar energy. However, they require regular maintenance due to 
the motors and moving parts, which can be expensive. 

 
Figure 6. Active Solar Tracking System. 

An active solar tracker based on the solar horizon coordinate system was developed 
in [62], where the horizon coordinate system was used to determine the position of the 
Sun at all times to align the panel towards the direction of the Sun. The system comprised 
Arduino Uno as the control system, two servo motors as a panel drive, a PLX-DAQ pro-
gram for data monitoring, ACS–712 as the current sensor, and a DC voltage sensor as the 
output voltage sensor. The performance of the system was measured based on sensor 
characterization and output as well as on the effect of altitude and azimuth, for which 
measurements were conducted in two different cities, and the results obtained showed 
the developed system increased output power with a minimal relative error or difference 
between cities. However, the developed system was not compared with other systems. 

4.1.1. Single-Axis Active Solar Tracking System 
The design and implementation of a single-axis active solar tracking system were 

conducted by [63] based on Node MCU (ESP 8266 module). The system also comprised 

Figure 6. Active Solar Tracking System.

An active solar tracker based on the solar horizon coordinate system was developed
in [62], where the horizon coordinate system was used to determine the position of the
Sun at all times to align the panel towards the direction of the Sun. The system comprised
Arduino Uno as the control system, two servo motors as a panel drive, a PLX-DAQ
program for data monitoring, ACS–712 as the current sensor, and a DC voltage sensor as
the output voltage sensor. The performance of the system was measured based on sensor
characterization and output as well as on the effect of altitude and azimuth, for which
measurements were conducted in two different cities, and the results obtained showed
the developed system increased output power with a minimal relative error or difference
between cities. However, the developed system was not compared with other systems.

4.1.1. Single-Axis Active Solar Tracking System

The design and implementation of a single-axis active solar tracking system were
conducted by [63] based on Node MCU (ESP 8266 module). The system also comprised
an LDR sensor, an L293D motor driver, a solar panel, a DC motor, and a serial monitor.
The implemented tracking system was then utilized based on the light intensity falling
on its surface to collect the output power data of the solar panel under different weather
conditions, and it was found that the system can attain its peak voltage for a longer time,
hence increasing output. The proposed system has numerous advantages. However, a 5V
solar panel was utilized and only a single-axis was considered, hence the limitation of the
system.
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In [64], the design, modeling, and testing of a single-axis active solar tracking system
were presented, showing that its portability and compactness allow for it to be mounted
onto a wall. To prevent unnecessary energy consumption and provide flexibility, the
system was designed to sleep at night and function under various weather conditions with
different user preferences. MATLAB/Simulink was utilized first to model the system to
determine its efficiency over other systems. Experimental results obtained in terms of the
efficiency, power, and current output showed that the simulation results of the proposed
system correspond to the fixed solar system; however, the limitation of the system is that
it is affected by unmodelled external disturbances such as mechanical friction and wind
loading, which meant the simulated output did not correspond with the experimental
result.

4.1.2. Dual-Axis Active Solar Tracking System

The design and practical implementation of a simple dual-axis active solar tracker
were conducted by [65] to track the movement of the Sun with very few components and
cost-effectiveness. The system comprised the chassis, a monocrystalline solar panel, four
LDR sensors, two servo motors, and a bearing, which was designed to control the motors
based on the solar incidence measured by the four LDR sensors placed at the four corners
of the solar panel. To minimize cost, the system was designed using a low-cost ATMega328
microcontroller, which was integrated into a low-cost Arduino Uno board. To evaluate
the performance of the proposed system, a comparison with a fixed solar panel system
was conducted, and a good efficiency of 36.25% was obtained. The developed system
in this research was limited to small-scale implementation, hence the limitation of the
methodology.

The major disadvantage of the active dual-axis solar tracking system is that the drive
power is obtained from the output power of the solar panel itself. To solve this problem,
in [66] presented a novel design that utilized a three-fold strategy to minimize the drive
power consumption while satisfying the increased efficiency requirement. The strategy
utilized includes (i) coupling the motor with the gearboxes to reduce the torque, (ii) com-
bining gears and bearings to reduce the effect of high wind loading, and (iii) adopting a
night-return algorithm to reset the whole system, reposition the solar panel to its initial
position at night, and switch to sleep mode to save energy. To evaluate the performance of
the developed system, a comparison between the proposed system, a fixed PV system, and
a generic active dual-axis solar tracking system was conducted, and the voltage and current
were measured. The results obtained showed that the proposed system performed better
than the other system, with a significantly increased output power of 42%. The developed
system can save energy and generate high-output power. However, not only is the system
complex to implement but the strategy adopted is also at the expense of tracking sensitivity.

In [15], a cost-effective active dual-axis solar tracking system was developed to track
the Sun’s movement. The tracking system utilizes LDRs to sense the Sun’s position and
then sends these data to an Arduino Uno microcontroller, which processes the data and
instructs a set of two servo motors that allow the panel to move and stay perpendicular to
the Sun. The performance of the developed tracking system was evaluated using LabView
and compared to a fixed solar tracking system, and the results showed that the developed
system performed better with an average power gain of 13.44%. However, the developed
solar tracking system is limited to small-scale use only.

In [67], an active dual-axis solar tracking system was developed based on three
identical LDRs to track the Sun’s position at the strongest intensity of visible light. The
tracking system comprised other major components, including an Arduino microcontroller,
a solar panel, two DC motors, two batteries, an H bridge motor driver, and an LED bulb.
The performance of the developed system was evaluated using both solar light and normal
tube light. In both cases, the LDRs were able to detect the maximum intensity light, which
was the Sun, and move the solar panel toward that direction. The developed system was
also compared to a fixed solar panel system, and it was found that the power generation
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cost for the developed system was reduced. The major limitation of the developed system
is the cost of implementation as it utilizes many components.

4.2. Passive Solar Tracking System

Passive solar trackers operate on thermo-hydraulic principles. Thermo-hydraulics is
the study of hydraulic flows in thermal fluids that are affected by fluctuating temperatures
or pressure [68]. In other words, thermal hydraulics is the study of gas pipeline pressures,
temperatures, and flow rates while accounting for the thermal properties of the soil, pipe,
and, if applicable, pipe insulation [69]. As shown in Figure 7, it is made up of two tube tanks
that are mounted to the side of the PV panel [70]. Like the active tracker, passive tracker
systems also come in several varieties that can be classified into single-axis, dual-axis, and
hybrid passive solar tracking systems. The operating principle is not as complicated as
that of active trackers. The cost of passive trackers is lower, and they are also less likely to
be affected by illumination. Although they may not be as enticing as active trackers, they
do provide good results. However, a peek at the negative aspects indicates that they are
sluggish in the morning.
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In [71] the design, construction, and testing of a passive solar tracker were described.
It used R-134a, Tetrafluoroethylene (CF3CH2F), as the refrigerant medium to harvest more
solar energy at a much lower cost than the available trackers. To store the refrigerant, two
canisters were used as well as a copper conduit to connect them. The tracking system
operated on the principle of a differential pressure-controlled system, where high-pressure
refrigerant from one canister flows to another. Due to the imbalance in the weight of
canisters, the panel will tilt in the direction of the side where the weight is high due to
gravity. However, the height and angle of the shadow plates require adjustments according
to the geographical location to achieve more solar tracking sensitivity.

A methodology for the detection and monitoring of the apparent movement of the
Sun through a passive image acquisition system was presented by [72], where the proposed
system operates by processing sky dome images to find the solar center. The system was
economically viable to be implemented in low-cost solar applications that require solar
tracking due to its cost-effectiveness and compatibility with multiple concentrated solar
power (CSP) systems. The major advantage of the developed system was that it reached a
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field of view (FOV) of 180◦, which showed the possibility of locating the Sun at any time
of the day and is not affected by diffuse radiation. However, the Sun’s position cannot be
localized on days with severe cloudiness, and the characterization of the solar tracking
system to know the tracking precision was not performed.

4.2.1. Dual-Axis Passive Solar Tracking System

The design and implementation of a dual-axis passive solar tracker were developed
by [73] with an average angular difference of 25 degrees to the position of the Sun under
controlled conditions, using the thermal expansion properties of metals in a bimetallic strip
as a base of operation. The system has two levels of flexibility, where one is used to track
the Sun every day and is controlled automatically by the bimetallic strip, while the other
is manually adjusted in seasonal shifts to compensate for variations in the Sun’s descent
throughout the year. The proposed system’s construction was simple, and the production
cost was low compared to existing methods. However, the system’s accuracy is modest,
and it is not fully automated.

A novel low-cost solar tracker suitable to be used in equatorial regions around
the world was presented in [74]. The proposed system was passively activated by alu-
minum/steel bimetallic strips and controlled by a viscous damper. Computer modeling
predicted an increase in efficiency of up to 23% over fixed solar panels, and the design met
its criteria by adopting a passive method of control—-not draining power from the actual
solar cell for movement. Although solar radiation may be insufficient in certain geographic
locations, an adapted tilted/dual-axis system should provide accurate tracking in many
locations other than those at the equator. Experimental testing showed excellent agreement
with the computer model. However, the early morning response of the system is finite, the
system’s applicability is restricted to only equatorial regions, and additional experimental
testing is required to assess the system’s corrosion resistance, the effect of wind loading,
and wear properties.

4.2.2. Hybrid-Axis Passive Solar Tracking System

A multiple-axis passive solar tracking concept was presented in [75] that took advan-
tage of the thermal expansion-induced length variation of a material when exposed to
sunshine. The differential expansion of three vertical thin flat strips with different orien-
tations was amplified by a lever system to enable tracking of the apparent motion of the
Sun in the sky. A passive solar tracking system prototype supporting a photovoltaic (PV)
module was built and tested. The model and experimental results show that the tracking
system using the azimuthal range tracker can correctly follow the azimuthal motion of the
Sun during the day. The use of this tracking system led to a 28% increase in PV generation
during the testing period. However, the proposed system has some limitations, including
the relatively smaller thermal expansion coefficient of aluminum leading to small length
variations, which entails higher requirements on the mechanical system. Additionally, the
tracking system demands stringent clearance control and significant amplification of the
leveraging system, thus requiring lever fine-tuning.

4.3. Chronological Solar Tracking System

A chronological solar tracking system is a time-based tracking system in which the
structure is moved at a fixed rate and angle throughout the day as well as for different
months [54]. Therefore, the motor or actuator is controlled to rotate at a slow average rate
of one revolution per day. This method of solar tracking is more energy efficient because
no energy is lost at this tracking calibration due to low tracking errors.

A laboratory-scale single-axis solar tracking system was designed and developed
by [76] based on a chronological method that was implemented due to the high accuracy
and energy efficiency it offered compared to the other types of solar tracking systems. The
system comprised an LDR sensor, motor driver, microcontroller, motor, and encoder, which
have their respective functions. The performance of the system was evaluated through a
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series of experiments in which two separate comparisons were conducted, and the power
output and performance ratio of ±5◦ angle differences from 15◦ per hour were compared,
and the power output and performance ratio of the angle of rotation 7.5◦ per 30 min was
compared with the angle of rotation 15◦ per hour. The obtained showed that the 15◦ angle
of rotation was preferred when compared with other angles due to its high-performance
ratio of 0.83 and low power consumption. However, this developed system was not
implemented on a large scale. Table 2 is a comparison between the solar tracking systems
according to drive types.

Table 2. Comparison between the Solar Tracking System based on Drive types.

Properties Active Passive Chronological

Cost Most expensive to implement Cheap to implement
More expensive to implement
than passive but less
expensive than active

Complexity It is more complex and
requires more parts

It is less complex and requires
few parts It is complex

Reliability More reliable Less reliable It is less reliable than passive

Energy It requires an external source
of energy to function

It does not require an external
source of energy to function

It requires more energy to
function

Accuracy Most accurate Less accurate More accurate than passive
but less than active

Monitoring and alarm It can incorporate automated
systems

It cannot incorporate
automated systems

It can incorporate automated
systems

Efficiency (morning and
evening) It has very efficient It is less efficient because it is

weather dependent
It is more efficient than
passive

Low temperature It can work at low
temperature

It cannot work at low
temperature It cannot work on cloudy days

Wind
It can shut down and resume
operation automatically
during a windstorm

It has to be shut down
manually during a windstorm

It cannot function during a
windstorm

5. Learning-Based Solar Tracking System

The section reviews the various research studies that integrated artificial intelligence
(AI) models as well as other intelligent models for the efficient control of solar tracking
systems over the past decade (2011–2022).

Artificial intelligence (AI) is a broad field that has applications in various sectors,
including agriculture, finance, medicine, engineering, marketing, etc. It is one of the popular
technologies that is widely utilized for control systems such as solar tracking systems.
Several authors, over the years, have developed different AI-based models to control solar
tracking systems which include logistic regression (LR), support vector regression (SVR),
fuzzy logic (FL), adaptive neural fuzzy inference system (ANFIS), multilayer perceptron
(MLP), genetic algorithm (GA), etc.

A solar tracking system was simulated using MATLAB/Simulink in [77], where a
fuzzy logic controller (FLC) was utilized to control the system. The solar tracking system
consisted of two permanent DC magnet (PDCM) motors, two LDRs, and two amplifiers
utilized to drive the motors. The fuzzy logic controller has two inputs, error and change of
rate of errors, and an output, controlled output change. For comparison and evaluation, the
solar tracking system was designed using different fuzzy membership functions, and the
results showed that the triangular-based FLC produced good and acceptable performances.
The research only modeled the solar tracking system without any physical implementation.

An intelligent dual-axis solar tracking system was designed and developed in [78]
based on fuzzy logic in which photo-resistor sensors were utilized to determine the direc-
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tion of the sunlight. The overall system development was divided into three parts: the
photosensors part, which comprised the four LDRs utilized to accurately track the sun-
light; the second part, known as the controller and motor drivers, dealt with the hardware
components of the solar tracking system, which included an eZdspF2812 board with DSP
TMS320F2812 being the main controller of the tracking system. Finally, the third part is
known as the algorithm, which dealt with designing the FLC for the tracking system. To
evaluate the performance of the system, a 10 cm indicator was installed on the surface of
the solar panel, and if accurately controlled, the solar panel would be perpendicular to the
Sun; thus, the indicator would cast no shadow. The results obtained showed that there was
the least amount of error in the afternoon. However, errors increased when the Sun started
to set.

An artificial neural network (ANN) was utilized to identify and model a dual-axis
solar tracking system in [79], where a proportional integral derivative (PID) with and
without self-tuning fuzzy logic was utilized to control the solar tracker. To train the model,
the input and out responses from the solar tracking system were regularly retrieved and
stored after a random signal was produced using a function that was developed in Simulink
and applied as an input signal. The system was designed so that root mean square error
was utilized to evaluate the best epoch, and the 800 epoch was found to be the best training
epoch. To obtain the best PID controller to control the system, a comparison was conducted
between the conventional PID (cPID), PID without self-tuning fuzzy logic (PIDFL), and
PID with self-tuning fuzzy logic (PIDSFL), and the results obtained showed that both
PIDFL and PIDSFL performed better than the cPID, producing better results; however, the
PIDSFL controller responded faster to disturbance than the other controllers. One major
limitation of this research was that the developed system was not compared with other
existing AI-based systems.

In [80], a fuzzy controller-based dual-axis solar tracking system was proposed to
increase the efficiency of the tracking system. The tracking system comprised a solar
panel, two DC motors, two actuators, and four PV cells that act like sensors, which were
then utilized as inputs to the FLC to generate two outputs using 50 rules. To evaluate
the performance of the proposed system, several simulation studies were conducted, and
the results obtained showed that the proposed system was reliable and could be utilized
to control several PV panels simultaneously. However, the proposed system was not
compared with other existing systems.

A fuzzy logic-based solar tracking system using Arduino Uno was proposed by [81]
in which MATLAB was utilized for implementing and testing the tracking system. The
system comprised a Buck DC-DC converter, stepper motor, current-to-voltage (I2V) battery,
and LDR sensory circuits. The fuzzy logic controller has two inputs, error and change of
error, utilized to generate one output, the duty cycle. The system was designed and to
evaluate its performance, a comparison with a fixed solar panel system was conducted
where the output power was measured from 7 a.m. to 7 p.m. The results obtained showed
that the FLC increases the efficiency of the overall system by 33.416% more than the fixed
solar panel system.

In [82], different types of fuzzy membership functions were analyzed with respect to
solar tracking systems where two inputs, light intensity and day, were utilized to generate
two outputs, solar intensity direction, and tilt angle. The performance of the different types
of membership functions, triangular, trapezoidal, and Gaussian, was evaluated from 6
a.m. to 6 p.m. using Qtfuzzylite, and a comparison of the proposed solar tracking system
with a fixed solar panel system was conducted. The results showed that the triangular
membership function performed better than the others with the lowest error percentage.
Furthermore, the results also showed that the fuzzy-based system improved the overall
system compared to the fixed system.

In [83], a prototype of a single-axis solar tracking system was developed based on
fuzzy logic to optimally track the position of the Sun. The overall system implementation
was divided into a mechanical part that comprised the system design and an electrical part.
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These were concerned with the design of the fuzzy logic controller where the LDR sensors
were utilized as inputs, controlled by an Atmega 328 microcontroller in which the fuzzy
rules and membership functions were designed, to generate output that moved the DC
motors. To evaluate the performance of the system, several experiments were conducted
to compare the output power of the developed system against a fixed solar panel system
between 7 a.m. to 4 p.m., and the results obtained showed that the maximum power gain
of the developed system was 47% more than the fixed solar panel system. Furthermore, it
was concluded that the proposed fuzzy logic controller worked properly.

The design and implementation of a fuzzy decision support system (FDSS) were
presented in [84] to control the movement of a solar panel and enhance the availability of
solar energy and the efficiency of the system. Two fuzzy logic controllers were utilized,
which comprised two inputs each, the maximum solar intensity in the eastward–westward
direction and northward–southward direction, and their variation with the time, and these
inputs were utilized to generate an output that controls the movement of the motors. The
implemented scheme was concluded to reduce the cost of tracking, and it is an effective
technique; however, the performance of the technique was not validated and was not
compared with other existing schemes, hence the limitation of this study.

A dual-axis solar tracking system was designed and developed in [85] based on fuzzy
logic. The system comprised an Arduino Uno microcontroller, four LDRs, two power
window motors, a motor driver board, and an MPPT charger module. The FLC was
designed such that it takes the two error values and two corresponding changes in error
values as inputs that generate two outputs that would be fed to the power window motor.
To evaluate the performance of the system, an experimental comparison with a non-tracking
system was conducted, and the results showed that the developed system was able to
provide an increase in output power efficiency by 18.13% over the static system.

A microcontroller-based single-axis solar tracking system was designed and presented
by [86] in which fuzzy logic was utilized to maximize the efficiency of the PV panel by
focusing the panel to be perpendicular to the sunlight. The developed tracking system
consisted of four LDR sensors, LED sensors, DC motors and servomotors as actuators, and
a PIC16F877A microcontroller as a controller. MPLAB software was utilized to simulate
the system and was compared with a fixed solar panel system, and experimental results
obtained showed that the efficiency of the designed system was 30.26% more than the fixed
system. However, no real-life implementation was conducted.

In [87], a dual-axis solar tracking system was modeled using MATLAB/Simulink in
which an FLC was designed to control the system. Various mathematical modeling steps
were developed. To evaluate the performance of the proposed fuzzy-based tracking system,
a comparison with both a static solar tracking system and PID-based solar tracking system
in which the solar insolation generated as well as the generated panel output power were
measured. The results obtained showed that the proposed system performed better than
the other systems. However, the research did not implement any real-life tracking system.

In [88], a fuzzy logic-based dual-axis solar tracking system was proposed and de-
veloped to achieve maximum efficiency for solar panels. The tracking system comprised
monocrystalline solar panels, lead-acid batteries, a gearbox, a stepping motor, and a light
detection circuit. The software part comprised a detection system, a fuzzy tracking con-
troller, and a database system. The FLC in this work was used to decide the timing for
tracking the Sun. Specifically, it was designed to accept two inputs, sunlight sensor output
and cell output current, to generate one output that would be fed into the motor to move
or stop it based on the Sun’s position. To evaluate the performance of the developed
system, a comparison with a fixed solar tracking system was conducted, and the results
showed that the developed system is more accurate. Furthermore, the circuit design is
simple, making it easy to control the angle without considering errors due to external
environmental variations.

The work [89] proposed and developed the design and application for a single-axis
solar tracking system based on fuzzy logic and PID controller in a real system. The control
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circuits were designed and built on an Atmega328 microcontroller. The software was
installed into the control unit based on MATLAB simulations. The experimental result
using real-time measurement data obtained showed that fuzzy controllers were more
efficient than PID controllers for single-axis solar tracking systems by 2.39% and the energy
obtained from the system using fuzzy logic for a solar tracking system increased by 21.2%
compared to systems not using fuzzy logic for a solar tracking system. However, the
interface for real-time data transmission and monitoring was not developed, and the
sensitivity of the sensors used as input to the fuzzy logic control system was not optimized.

The work [90] proposed the use of artificial neural network (ANN) architecture to
effectively predict the factors such as wind speed, air temperature, solar elevation angle,
etc. that affect power production in a single-axis solar tracking system. In this research
work, two feed-forward and backpropagation (FFBPN) models were developed, one for
sunny days and the other for cloudy days. The performance of the developed models was
evaluated using indicators such as mean square error (MSE), mean absolute error (MAE),
root mean square error (RMSE), relative absolute error (RAE), root relative square error
(RRSE), and correlation coefficient, and the experimental results showed that the developed
models were perfect for prediction. However, the models still need to be projected for
future estimation of power production.

The performance of two types of solar tracking systems was compared in [91] based
on tetrahedron geometry using PID and fuzzy logic algorithms. The two dual-axis solar
tracking systems were identically developed and comprised several components such as an
Atmega 328 microcontroller, LDR sensor, solar cell, servo mini, data logger, etc. They were
also developed with identical control system setups, but each utilized a different control
programming algorithm, PID, and fuzzy logic. To evaluate the performance of the solar
tracking systems based on the algorithms, a comparison of the energy generated by the
solar cells was undertaken, and the results showed that fuzzy logic was relatively stable
and generated larger energy on the solar cells than the PID.

In [92], a novel implementation of an FLC on a field-programmable gate array (FPGA)
for a dual-axis solar tracking system was presented. The FLC was utilized to estimate
the position of the Sun at different conditions in the day and was based on Mamdani
rules, max-min operations, and alpha levels for defuzzification. The tracking system
was designed in FPGA and comprised two servomotors and two solar intensity sensors
utilized as inputs to the FLC. To evaluate the performance of the system, a scaled prototype
was developed where experimental results were obtained for the FLC compared to the
simulated and calculated results, which showed that the values obtained with the proposed
FLC corresponded with both the other results. However, the research did not evaluate the
proposed FLC with existing FLC-based tracking systems.

In [93], the performance of two algorithms, linear regression, and fuzzy logic in a
dual-axis solar tracking system was compared to optimize the output power from a solar
panel by constantly aligning it with the direction of sunlight. Three different solar modules
were designed and developed where one is fixed while the others are dual-axis, each
controlled by fuzzy logic and linear regression algorithm. To determine which system
performed better, the calibration readings and the instantaneous power readings for all
systems were measured and compared. The results showed that the fuzzy logic is best
suited for dual-axis as it outperformed the linear regression algorithm by 1.3%. However,
the system may malfunction under cloudy conditions.

A dual-axis solar tracking system was designed and developed in [94] based on an
optimized fuzzy logic controller by genetic algorithm. The system comprised one DC
motor, one actuator, a dual channel motor driver, two reed relays, etc. while the algorithm
controlling the system was developed using MATLAB. After designing the fuzzy logic
controller, the membership functions and rules were simultaneously found using a genetic
algorithm. To evaluate the performance of the developed system, a comparison with a fixed
solar panel system was conducted based on the power generated. The results obtained
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showed that the developed system performed better than the fixed system at varying rates
based on the weather and climatic conditions.

In [95], a rapid and accurate method to track the position of the Sun using a dual-axis
solar tracker was presented based on a closed-loop combination of a multilayer perceptron
(MLP) neural network and a perturbation and observation (P & O) controlling procedure.
The proposed algorithms were evaluated using two scenarios through MATLAB simulation.
The results showed that the proposed method reduces tracking time and reaches more
energy, thus increasing efficiency and flexibility. However, no real-life implementation was
conducted in the research, hence the limitation.

The design and implementation of efficient single and dual-axis solar tracking control
systems were proposed by [96] based on ANFIS models that can increase the performance
of solar trackers, accurately estimate the Sun’s trajectory across the sky, and minimize
tracking errors. The proposed models utilized the month of the year, day of the month, and
the solar time of the day as inputs that can be utilized to estimate the orientation angle for
the single-axis solar tracking system, while for the dual-axis, the variables can be utilized to
predict the tilt and orientation angle. To evaluate the performance of the proposed ANFIS
models, two statistical metrics, mean square error (MSE) and prediction rate (PR), as well
as three scenarios, were utilized. The results showed that for both solar tracking systems,
the ANFIS model with five membership functions was the most efficient, having the lowest
MSE and highest PR, and it is suitable to be used as an intelligent controller for the tracking
systems.

In [97], the design and evaluation of two controllers, PID, and fuzzy logic, of a dual-
axis solar tracking system to keep the sunlight perpendicular to the solar panel and obtain
a constant output power were evaluated. Both schemes were simulated in Simulink, where
two tests, maintaining power output in its nominal power and following an arbitrary
power reference, were conducted to evaluate the performance of the controller. The results
obtained showed that fuzzy logic performed better as it has a shorter stabilization time,
smaller amplitude, and a lower error percentage in the steady state. However, no real-life
implementation was carried out in the research, hence the limitation.

In [98], a new efficient and low-complexity single and dual-axis solar tracking system
was proposed based on the integration of a supervised logistic regression (LR), which
includes binomial LR (BLR) or multinomial LR (MLR) and multilayer perceptron (MLP) or
cascaded multilayer perceptron (CMLP), and which can be utilized to estimate both the tilt
and orientation angles using two different datasets. The first dataset contains variables such
as a month, day, and time while the second dataset consists of the month, day, time, current,
voltage, and power radiation. The performance of the proposed models was evaluated,
and the results showed that the use of one hidden layer for both systems achieved a smaller
number of neurons when compared with using three hidden layers in conventional models.
Furthermore, the proposed model achieved less time complexity when compared with
the conventional methods. The research only evaluated the models required for efficient
control of solar tracking systems without developing the solar tracking systems.

In [99], the most effective variables on orientation angles for single-axis solar tracking
systems and orientation and tilt angles for dual-axis solar tracking systems were inves-
tigated and evaluated to select the most appropriate combination of the solar variables
and intelligent predictors. These variables were obtained using correlation results between
different input solar variables: day, month, time, current, voltage, and power radiation
utilized to predict the output variables, tilt, or orientation angles. The overall implemen-
tation of the system was divided into five phases, where the first phase was concerned
with the development of the solar tracking prototype. The second phase dealt with data
collection, which was used for identifying the correct orientation and tilt angles for the
tracking system. The third phase was concerned with finding a correlation between the
collected variables, leading to the fourth phase, where the solar tracker was developed
based on the results obtained from the correlation analysis and statistical rules. The final
phase dealt with the evaluation of three intelligent predictors, LR, MLP, and CMLP in terms
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of the prediction rate and MSE, and the results obtained showed that LR is insufficient in
developing dual-axis solar tracking systems and high prediction rates were obtained for
both MLP and CMLP predictors with three hidden layers. However, CMLP has the best
results for both single- and dual-axis solar tracking systems.

A single-axis solar tracking system was proposed and demonstrated by [100] based
on an automatic fuzzy logic controller (FLC) that finds the best position of the solar panels
corresponding to the Sun’s position. The fuzzy logic controller in this work utilized two
inputs, error and sum, to generate one output which was fed into the linear actuator, which
would then change the inclination angle of the solar panel. To evaluate the performance of
the proposed system, a simulation was conducted using MATLAB/Simulink software, and
the results obtained showed the proposed system can work effectively in both normal and
cloudy conditions. However, the research did not implement any solar tracking system.

Several intelligent models have been utilized to control and enhance the efficiency of
different solar tracking systems; however, the fuzzy logic is the most utilized model for
controlling several developed solar tracking systems due to its simplicity and wide range
of applications, and the results obtained showed that fuzzy logic can effectively increase
the efficiency of the solar tracking system, thus increasing the solar power output when
compared with other schemes such as PID and fixed solar panel systems. Furthermore, it
can be seen that no models have been applied to control the hybrid solar tracking systems.

6. Lessons Learned

In this section, the lessons learned from this current review are all highlighted and
discussed, which can be used as a guide for further research directions in this subject of
interest.

Lesson 1: LDRs are widely utilized for the Development of Solar Tracking Systems

Light-dependent resistors (LDRs), as shown in Figure 8, are also known as photocells,
photoresistors, or photoconductors. They have been extensively useful for applications
and scenarios that require a check for the presence or absence of light, such as alarm
clocks, streetlights, etc. There are various types of LDRs which can be largely classified
as intrinsic and extrinsic LDRs. From the review, it can be seen that LDRs have been
extensively utilized for the development of solar tracking systems as they have been used
to sense the presence of the highest level of sunlight, thus sending this sensed information
to the microcontroller, which then instructs the servomotor to move the panels towards
the direction of that highest level of sunlight. Thus, LDRs are mostly utilized to sense the
presence of sunlight and have been utilized to track the position of the Sun.
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Lesson 2: Hybrid Solar Tracking System Produces the Maximum Output Power

The hybrid solar tracking system is a type of solar tracking system with more than two-
way freedom in axis rotation and can be utilized to track the Sun efficiently, thus increasing
output power. Compared to the other types of solar tracking systems, Table 1 shows that the
hybrid solar tracking system generates the maximum output power because it can efficiently
track the Sun despite its position, thus producing the highest power output irrespective
of the weather and climatic conditions. However, one of the major disadvantages of the
hybrid solar tracking system, apart from its complexity, is the implementation cost. These
systems have been seen to require more components than other solar tracking systems,
thus increasing the cost. Therefore, there is a need for a cost-effective implementation of
the hybrid solar tracking system.

Lesson 3: Autonomous Solar Tracking Systems

A solar tracking system can be remotely controlled particularly when IoT function-
alities and components have been integrated. This can ensure adequate monitoring of
the performance of the system for further analysis or to further maximize the efficiency
of the system. An autonomous solar tracking system is also a system in which intelligent
algorithms have been integrated into the microcontroller to not only maximize efficiency
and produce increased solar output power but also to shut down and reset the system
when it is not utilized, particularly at night when there is no Sun, thus conserving energy
consumed by the system itself. Only a few of these autonomous solar tracking systems
have been developed thus far, hence the need to develop a cost-effective tracking system
that can accurately track the Sun and be controlled intelligently.

Lesson 4: Fuzzy logic is extensively utilized for Controlling Solar Tracking Systems

Fuzzy logic is a mathematical model that can be utilized as a decision tool when all
the input variables are not precise and qualitatively ambiguous. It has wide applications in
several areas and research fields to make an informed decision based on one or more input
parameters. In the same vein, from Table 3, it can be seen that among all other models and
schemes, fuzzy logic has been extensively utilized to control several solar tracking systems,
both for single- and dual-axis solar tracking systems, and results from various research
studies showed that it improves the overall solar tracking system as well as increasing the
generated output power when compared to other systems, particularly conventional PID
(cPID) and fixed solar panel systems. However, fuzzy logic has not been applied to hybrid
solar tracking systems.

Table 3. Taxonomy of the Learning-Based Model for Solar Tracking Systems.
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[77] - × × × 3 × × ×
[78] Dual-axis × × × 3 × × ×
[79] Dual-axis × × × 3 3 × ×
[80] Dual-axis × × × 3 × × ×
[81] - × × × 3 × × ×
[82] - × × × 3 × × ×
[83] Single-axis × × × 3 × × ×
[84] - × × × 3 × × ×
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[85] Dual-axis × × × 3 × × ×
[86] Single-axis × × × 3 × × ×
[87] Dual-axis × × × 3 × × ×
[88] Dual-axis × × × 3 × × ×
[89] Single-axis × × × 3 × × ×
[90] Single-axis × × × × × 3 ×
[91] Dual-axis × × × 3 × × ×
[92] Dual-axis × × × 3 × × ×
[93] Dual-axis × × × 3 × × 3

[94] Dual-axis × × × 3 × × ×
[95] Dual-axis × × 3 × × × ×
[96] Single- and Dual-axis 3 × × × × × ×
[97] Dual-axis × × × 3 × × ×
[98] Single- and Dual-axis × 3 3 × × × ×
[99] Single- and Dual-axis × 3 3 × × × ×
[100] Single-axis × × × 3 × × ×

7. Further Research Direction

This section identifies and elaborates further research directions for time-based solar
tracking systems.

7.1. Application of Solar Tracking System to Smart Grid Interoperability

A smart grid is an advanced digital two-way energy information delivery system
that is transparent, seamless, and instantaneous with foresight prediction under different
uncertainties, enabling the electricity industry to manage energy delivery and transmission
better and allowing consumers to have more control over energy decisions [101,102]. One
of the key functions of the smart grid is the integration of renewable energy, which includes
solar, wind, hydroelectric, and geothermal energy, of which solar energy is the most
abundant form. However, there is a need to ensure maximum efficiency and increased
output power for the solar aspect as well as interoperability with other power sources of
the smart grid. Therefore, for future work, there is a need to integrate these solar tracking
systems to maximize the solar output power and increase the solar power generated to
enhance smart grid interoperability.

7.2. Integration of Learning-Based Algorithm to Hybrid Solar Tracking System

Over the years, the two common solar tracking systems that have been extensively
researched and developed are single-axis and dual-axis solar tracking systems. Recently,
researchers have extended the axis of rotation to accommodate more than two axes and
combined these existing solar tracking systems to achieve what is known as a hybrid solar
tracking system. From Table 3, it can be seen that none of these learning-based models have
been applied to control the hybrid solar tracking system, and given the advantages of this
system over its counterparts, it is imperative to enhance the system using these intelligent
models. Therefore, it is recommended that future work investigates the application of
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intelligent models to hybrid solar tracking systems that can effectively control the solar
tracking system as well as conserve the energy consumed in tracking the Sun.

7.3. Solar Tracking System Maintenance

One of the crucial problems of any implementation is the cost. This cuts across the cost
of components and cost of development as well as the cost of maintenance. Maintenance
is mostly neglected; however, it is critical to increasing these developed systems’ lifespan.
Several authors, over the years, have tried to develop a cost-effective solar tracking system
that can accurately track the Sun and generate an increased solar output power when com-
pared with a fixed solar panel system. However, no maintenance strategy can be utilized to
prolong the lifespan of these developed systems. Therefore, it is also recommended that
future work investigates the development of a cost-effective procedure to maintain these
solar tracking systems.

8. Conclusions

Solar energy is the most abundant form of energy that can be obtained from the Sun
using a solar panel. One of the methods of obtaining the maximum power from these
solar panels is the use of solar tracking systems. The paper has classified and reviewed the
various types of solar tracking systems based on their axis rotation and drive types. Key
findings from the review indicated that LDRs are extensively utilized as light sensors in
these tracking systems. The hybrid solar tracking system is seen to produce the highest
efficiency, however, at the expense of its implementation cost. Furthermore, fuzzy logic is
the most utilized model for controlling solar tracking systems among all other learning-
based models. For future work, critical open research issues in time-based solar tracking
systems were identified and elaborated, which can be useful for the research community to
attain a greater understanding and penetration of these tracking systems.
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AA Astronomical Almanac
AADAT Azimuth-Altitude Dual-Axis Tracker
AC Alternating Current
AI Artificial Intelligence
ANFIS Adaptive Neural Fuzzy Inference System
AoP Azimuth of Panel
BLR Binomial Logistic Regression
CDS Cadmium-Sulfide
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CMLP Cascaded Multilayer Perceptron
CSP Concentrated Solar Power
DC Direct Current
ENEA Energy and Sustainable Economic Development
FFBPN Feed-Forward and Backpropagation Network
FLC Fuzzy Logic Controller
FoV Field of View
FPGA Field-Programmable Gate Array
GA Genetic Algorithm
GSM Global System for Mobile Communication
GPS Global Positioning System
HSAT Horizontal Single-Axis Tracker
LCD Liquid Crystal Display
LDR Light-Dependent Resistor
LR Logistic Regression
MAE Mean Absolute Error
MLP Multilayer Perceptron
MLR Multinomial Logistic Regression
MPPT Maximum Power Point Tracking
MSE Mean Square Error
PASAT Polar-Aligned Single-Axis Tracker
PDA Photodiode Array
PIC Programmable Interface Controller
PID Proportional–Integral–Derivative
PDCM Permanent Direct Current Magnet
PV Photovoltaic
PR Prediction Rate
RAE Relative Absolute Error
RMSE Root Mean Square Error
RRSE Root Relative Square Error
RS Reset Set
RTC Real-Time Clock
SoP Slope of Panel
SPA Sun Position Algorithm
SPB Smart Photovoltaic Blind
SVR Support Vector Regression
TSAT Tilted Single-Axis Tracker
TTDAT Tip-Tilt Dual-Axis Tracker
VSAT Vertical Single-Axis Tracker
Wi-Fi Wireless Fidelity
Symbols
σ Boltzmann constant
β Tilt Angle
R Radius of Earth
D Average distance between the Sun and Earth
α Elevation Angle
αs Solar Altitude Angle
θz Zenith Angle
Lst Standard Longitude
δ Declination Angle
ST Standard Time
γs Solar Azimuth Angle
γ Surface Azimuth Angle
h Hour Angle
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