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LITERATURE REVIEW
2.1	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 [7]. 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 [8,9]. 
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 [10,11]. 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 [12]. Solar tracking systems also play an important role in the advancement of solar concentration applications such as solar-pumped lasers and parabolic concentrators [13,14]. 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, [15,16]. 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. 
2.2 	Classification of Solar Tracker 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.
2.2.1. 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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Figure 3. Various Single-axis Solar Tracking Systems. (a) HSAT; (b) VSAT; (c) PASAT; (d) TSAT.
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 [17,18]. 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 [19,20]. PASAT, as shown in Figure 3c, was derived by aligning the tilted single-axis solar tracker to the polar star [17]. 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 [12,17]. The solar azimuth angles of a single-axis solar tracking system range from −100° to 99.87° [19]. The following is a review of several developed single-axis time-based solar tracking systems.
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 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[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 development and programming development. The hardware development part was concerned with the components used to develop the solar tracker, which includes a solar panel, bidirectional 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[21]. A high-efficiency single-axis solar tracking system was designed and developed in 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 [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 [23]. 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 which the amount of solar panel power gain and loss was measured due to the timer[24]. A single-axis time-based solar tracking mechanism was proposed by [25] 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.
2.2.2. 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.
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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 [26]. 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 [26]. 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 [27]. 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 [26]. 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 [28]. To ensure robust system performance, in [29] 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.
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 [30]. The design and implementation of a dual-axis solar tracking system were presented by [31] based on a closed-loop technique. The system was divided into two parts, mechanical and electrical. The mechanical part, which was said to be the most challenging part of 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 concerned 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.
A double-axis solar tracking system was designed and implemented by [32], 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. 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 [9].
A dual-axis solar tracking system was designed and developed in [33] 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.
2.2.3. 	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 [34]. Figure 5 depicts a hybrid solar tracker system developed in [35], 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°.
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Figure 5. Hybrid Solar Tracking System.
A hybrid solar tracking system was proposed by [36]. 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.
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 motor, 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 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 [37]. An electromechanical system programmed using C++ was developed by [38] 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 [39], 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.

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




2.3. 	360o Solar Tracking system 
	This is a system that adjusts the orientation of a solar panel to follow sun’s movement throughout the day, ensuring movement exposure to sun light unlike traditional solar tracker that track the sun only on one axis (horizontal or vertical) or two axis (azimuth and elevation), a 360o solar tracker is capable of rotating completely around to capture sunlight from any direction, it is essential in regions were the sun’s path varies significantly. The key components of the 360o solar tracker system are: solar panels, rotational mechanism (Dual axis or 360o tracking) sensors, control system, motor and Actuators and power source.  
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360o Solar Tracking System
Challenges of 360o Solar Tracking system 
The following are challenges of 360o solar tracking system: 
· 360o solar tracking system involve two separate axes of movement (typically north-south and east-west), requiring more complex control systems and more mechanical components. 
· The added complexity of 360o systems can increase the risk of component failure and downtime, potentially impacting energy production. 
· Active tracking systems, including 360o trackers, consume power to operate the motors and control mechanisms. 
· Cloud cover and other weather conditions can affect the performance of any tracking system, including 360o trackers. 
· Implementing 360o tracking systems can be challenging, particularly in areas with limited resources or where specialized technical expertise is not readily available.
· 360o trackers require ongoing maintenance, including regular inspections, repairs, and potential component replacements. 
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