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Abstract— The efficiency of a solar panel (PV) depends on solar radiation. In general, the solar panels 

will produce maximum power with radiation of 1000 W/m2 at a temperature of 25 oC. The sun's relative 

position will affect the strength of solar radiation received by the PV. This work aims to implement 

Mamdani fuzzy logic to optimize sunlight detection by dual-axis solar tracking (DAST) movement. The 

designed solar tracker consists of a light sensor (light-dependent resistor/LDR) as the input, an Arduino 

Mega as the controller, and a linear actuator to drive the solar panels. The solar panels used are 100 Wp 

monocrystalline. Data collection was carried out for 10 hours with time intervals every 10 minutes, starting 

from 7.00 am to 17.00 pm. Efficiency optimization is reviewed by comparing the output voltage of solar 

panels using and without sunlight tracking. The test results show that the solar tracker shows significant 

performance in maximizing the capture of sunlight so that the PV gets optimum radiation. The energy 

generated by fixed and solar trackers is 0.63 kWh and 0.92 kWh. The solar tracker also result higher 

efficiency 4.17% more, it shows that the use of the proposed method can increase the PV efficiency.  
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1. Introduction 

The generation of electrical energy in solar panels is directly proportional to the dimensions and 

the amount of solar radiation received by the solar panels [1]. In designing a solar power generation 

system, the angle of inclination of the solar panel (tilt angle) is an important consideration for optimal 

solar radiation reception [2], [3], [4]. Figure 1 shows three components of solar radiation on an inclined 

plane, direct irradiation that hits the panel plays a major role as a main component in maintaining the 

electrical energy generated throughout the day [4]. The optimum condition for absorbed solar radiation 

occurs when a perpendicular angle is formed between the direction of incoming sunlight and the solar 

panel [5], [6], [7]. However, this is not possible in solar power generation systems where the solar panels 

are installed permanently, because of the change in the sun's movement from east to west every day. 

Therefore, the generation of electrical energy from solar panels can be increased by creating a system 

that moves the solar panels following the movement of the sun, namely solar tracking[8], [9], [10]. 

 
Figure 1. Solar Irradiation Components [4] 
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 The essence of solar tracking aims to regulate the size of the angle formed between the PV and 

incoming solar radiation, in other words, increasing the solar radiation received [11]. The operation of 

the solar tracking system can be divided into four types, namely based on the type of drive, based on the 

angular movement, based on the control strategy, and based on the sunlight tracking strategy [12]. Based 

on the tracking strategy, the solar tracking system works based on date and time, light sensor, time and 

light sensor and time [13]. Based on the drive system, it is divided into active and passive tracking [14]. 

Based on the control strategy, solar tracking systems are divided into open-loop, closed-loop, and hybrid 

tracking [15]. Based on its angular movement, solar tracking is categorized into two, namely single and 

dual-axis configurations [16]. Single-Axis solar tracking is a mechanical system that moves photovoltaic 

panels along one axis of rotation (horizontal, vertical, or tilted) using a single drive motor to follow the 

sun's daily path [17]. A DAST system is an automated system designed to increase energy production 

by precisely moving photovoltaic (PV) panels to follow the position of the sun [18]. Due to the 

revolution and rotation of the earth, it causes two degrees of freedom of the apparent motion of the sun, 

and the dual-axis tracker can realize more optimal tracking of the sun's movement to optimize the 

absorption of sunlight [19]. DAST are gaining popularity in solar energy applications, due to the 

tracker's ability to continuously align the PV perpendicular to the sun, thereby maximizing sunlight 

exposure and solar panel efficiency [19], [20]. 

The application of the fuzzy logic method (FLM) in DAST has been used to increase electrical 

energy production and solar panel efficiency [21], [22], [23]. The study [21]The sensorless fuzzy logic 

controllers application on DAST systems has been proven to be effective in optimizing power 

production. This research successfully implemented the Fuzzy Logic Controller (FLC) on a DAST using 

the Takagi-Sugeno method to optimize the capture of sunlight via tilt angle movement from 8 am until 

4 pm. This system is proven to increase power generation compared to static systems through adaptive 

motor control. In [22], this research successfully improved the electricity generation using two control 

strategies for DAST. Simulink and SolidWorks platform used to design an electrical and mechanical 

system DAST. By using two LDR sensors, the motor will rotate to east or west based on the output 

voltage of the LDR sensor. In [23], a low-cost DAST was designed to use four LDR sensors as inputs 

to control the tracking. The strategy of tracking based on the logic sensors (design of digital logic) to 

rotate the primary and secondary axis.  The implementation of DAST has been shown to significantly 

increase current output and daily energy absorption compared to static solar panel systems. The panel's 

ability to precisely track the sun's movement optimizes energy conversion throughout the day. 

For this reason, the research designs a DAST system based on Arduino Mega 2560 using 

Mamdani fuzzy logic controller. This method is used to regulate the movement of the linear actuator to 

be more precise in detecting the movement of the sun based on the results of the four LDR sensor 

reading. Solar tracking performance is measured by comparing the output voltage and current values of 

the solar panel directly at its output terminal using a voltmeter and an ammeter. Measurement of solar 

radiation, tilt, and temperature received by solar panels using the Seaward Solar Survey 200R measuring 

instrument. Solar tracking performance analysis is carried out by comparing the efficiency between solar 

panels in the tracking system and fixed solar panels. Likewise, the impact of solar panel movement on 

the solar panel's solar radiation reception is analyzed to show that changing its angle can increase solar 

radiation reception, thereby increasing output power, efficiency, and energy generated. 

2. Method  

This research was conducted on the roof of building B, Pamulang Viktor University campus at 

the coordinate point -6.3377, 106.6912 ° as shown in Figure 2. The Arduino circuit board used in this 

research is the Arduino Mega. Because this board has the advantages of being flexible, low-cost, and 

easy to use, it can be integrated into various electronic projects. 
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Figure 2. Satellite Image of Research Location 

 

Figure 3 shows the wiring between the input, process, and output sections of the tracking system. 

There are four LDRs placed on the 4 sides of the solar panel to detect sunlight. The output signal from 

the LDR is processed by the Arduino Mega to control the movement of the linear actuator (output) on 

each axis.  

 
Figure 3. Integration Circuit between Input, Processor, and Actuator 

 

 
Figure 4. Components in the Tracking System 

 

A linear actuator is a device for converting rotational motion into forward or backward linear 

motion with input provided by the system. The forward and backward actions allow the device to pan, 

tilt and lift the PV by controlling the actuators. Figure 4 is a design of a DAST tool consisting of 1) a 

solar panel, 2) an LDR sensor, 3) a linear actuator, and 4) a control circuit panel box. 
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In the Mamdani method, 4 stages are required to obtain output, namely forming a fuzzy set, 

determining the degree of membership, establishing rules, and defuzzification. The input and output sets 

and their membership are written using the millis function to determine the Arduino input and output as 

Figure 5. 

 

 
Figure 5. Input and output defuzzyfication 

 

Next, Figure 6 show the Mamdani fuzzy logic design was carried out using the MATLAB 

program. Input design is carried out by creating appropriate input variables, namely right, left, middle, 

and bottom, with high, medium, and low membership values. The output is determined based on the 

fuzzy logic output. The membership consists of left, still, and right, for each actuator with membership 

values of 0, 0.5, and 1, respectively. Determination of Mamdani fuzzy logic rules is carried out to 

determine the movement of the actuator according to the input function using the IF and THEN 

statements. 

 

 
Figure 6. Fuzzy logic input set 

 

 
Figure 7. Rule Viewer Fuzzy 

 
 After determining the input, output and rules, the final step is to carry out a fuzzy simulation to 

determine the rules that are in accordance with fuzzy logic. Figure 7 shows that the sensor input is in 
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the medium range, in accordance with the established rules. Therefore, the output of both actuators is 

0.5, which is the same as being at rest. 

 

To measure the performance of the tracking system, tests were carried out using two identical 

solar panels (using tracking and fixed) with the data listed in Table 1. 

 

Table 1. The PV Data Sheet 

Model SP100-18M 

Peak Power 100 W 

Open Circuit Voltage (Voc) 21.8 V 

Short Circuit Current (Isc) 6.05 A 

Maximum Power Voltage 

(Vmp) 

17.8 V 

Maximum Power Current (Imp) 5.62 A 

Cell Efficiency 16.93% 

STC irradiance 1000 W/m2 

Operating Temperature -4°C + 85°C 

 

Testing is carried out by measuring the open circuit voltage and short circuit current of the PV 

using a DC voltmeter and a DC ammeter. Meanwhile, the performance of solar panels is analyzed using 

an equation approach. To determine the efficiency value of PV, the equation is used [24].  

 

 
 

𝜂 =  
𝑉𝑜𝑐  𝑥 𝐼𝑠𝑐  𝑥 𝐹𝐹

𝑃𝑖𝑛
 

 

(1) 

Where the fill factor FF value is taken from the data sheet on the PV, the value of which is [25]. 

 

 
𝐹𝐹 =  

𝑉𝑚𝑝  𝑥 𝐼𝑚𝑝 

𝑉𝑜𝑐  𝑥  𝐼𝑠𝑐
 

(2) 

 

The amount of energy in Watt Hours generated by each PV is calculated using the equation [26]. 

 

 E = 𝑃𝑜𝑢𝑡  𝑥 𝑡 

 

(3) 

While the output power is obtained from [27]. 

 

 𝑃𝑜𝑢𝑡  =  𝜂  x A x I (4) 

 

3. Result and Discussion 

Result of Testing dan Measurement  

This solar tracker was tested to determine its performance. Data collection was carried out using 

the measuring instruments mentioned in the introduction. Measurements were carried out for one day, 

starting at 07:10 am until 17:00 pm with a 10-minute interval for each data. The parameters measured 

on solar panels consist of solar panel temperature, ambient temperature, open circuit voltage, short 

circuit current, radiation, and tilt angle. 



AIJASET – Vol. 06, No. 02, July 2026. 202-214 

https://doi.org/10.25077/aijaset.v6i2.344 

207 
 

 

 

 

 

 

(a) (b) (c) 

Figure 8. Data Collection (a) Measurement of Radiation, PV Tilt, PV Temperature, and 

Environmental Temperature via Seaward Isolar Survey 200R, (b) DAST System, (c) PV Testing with 

Tracker System and Fixed 

 

The intensity of solar radiation has an impact on the output power of PV and increases its surface 

temperature as seen in Figure 9. 

 

 
Figure 9. Results of radiation measurements, PV temperature, and environmental temperature 

 

With the scorching hot weather during the test, the intensity of solar radiation experienced an 

increasing trend from the beginning of data collection to a peak value of 1046 W/m2 at 12: 40 pm. 

Likewise, the temperature of the solar panels and the ambient temperature increased from morning to 

noon, with the highest values of 47 oC at 11: 50 am and 41 oC at 11: 20 am, respectively. Then from 

noon to evening, there was a decreasing trend in the intensity of solar radiation, the temperature of the 

solar panels, and the ambient temperature, and obtained an average of 804.51 W/m2, 38.77 oC, and 34.68 
oC respectively. 

The intensity of solar radiation significantly impacts the increase in open circuit voltage generated 

by solar panels, as shown in Figure 10. During the test, it was seen that the solar tracker system was able 

to maintain optimal sunlight capture so that the open circuit voltage of the solar panels produced was 

higher than that of solar panels without trackers, namely 23.7 Volts and 22.5 Volts, respectively. When 

compared to the average open circuit voltage during the test, the solar panel with tracking produced 

23.12 Volts, and the fixed solar panel still produced 21.65 Volts. From these values, it was found that 

the tracker system produced a higher average open circuit voltage of 1.47 Volts. 
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Figure 10. Results Of Measuring Solar Radiation, Open Circuit Voltage of The PV  Tracking System, 

And Open Circuit Voltage Of The Fixed Solar Panel 

 

The short-circuit current of solar panels increases significantly with the increase in solar radiation 

intensity, as shown in Figure 11. With 57 measurement data, it can be seen that the increase in solar 

radiation intensity is directly proportional to the short-circuit current. The highest short-circuit current 

of the tracking system solar panel is 7.01 A, which occurs at the highest solar radiation intensity of 1046 

W/m2, while the fixed PV produces the highest short-circuit current of 6.53 A. In addition, when viewed 

from the average value of the short-circuit current, the tracking system and fixed system produce 

currents of 5.22 A and 3.83 A, respectively. In other words, the tracking system has a higher average 

short-circuit current value of 1.39 A. 

 
Figure 11. Results Of Measuring Solar Radiation, Tracking Solar Panel Short Circuit Current, And 

Fixed Solar Panel Short Circuit Current 

 
Based on the solar panel data sheet and equations 1 and 2, the fill factor value is 0.76, while the 

efficiency of the solar panel with the tracking system and the efficiency of the fixed solar panel are as 

shown in Figure 12. 

 
Figure 12. Relationship Between Solar Radiation And Solar Panel Efficiency 
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As stated in the introduction, the solar tracking system aims to increase the capture of solar 

radiation received by solar panels. This ensures optimum efficiency during peak sun hours. Figure 12 

shows that the solar tracking system produces a 4.17% higher efficiency than the fixed system, with the 

highest efficiencies of the two systems being 20.49% and 16.32%, respectively. This optimization of 

sunlight capture can also be seen from the significant difference in the average efficiencies of the two 

systems, which are 17.53% for the tracking system and 11.53% for the fixed system. 

 
Figure 13. Relationship Between Solar Radiation And PV Output Power 

 

Figure 13 shows a comparison of the PV output power between the tracking system and a fixed 

system. The tracking system shows that the optimization of solar radiation has an impact on the output 

power produced. For 10 hours, it can be seen that the highest output power for solar panels using a 

tracking system and a fixed system is 124.13 Watts and 109.18 Watts, respectively, and the average 

power is 92.05 Watts and 63.33 Watts. In other words, there is an increase in average power of 28.71 

Watts after using the tracking system. By using equation 3, a significant difference in energy generation 

by the two solar panels is obtained. The application of the tracking system is able to increase energy by 

45.34%, where in the fixed system, the solar panel generates energy of 0.63 kWh, while the tracking 

system produces energy of 0.92 kWh. 

Optimizing sunlight capture is the primary objective of implementing a two-axis tracking system, 

as it maximizes solar radiation reaching the solar panels. This is linearly correlated to increased 

efficiency, output power, and energy generated by the solar panels. The application of Mamdani fuzzy 

control to control the movement of linear actuators based on LDR sensor readings has shown a 

significant impact on optimizing solar panel performance. Figure 14 shows the changes in solar panel 

angles generated by the designed two-axis tracking system. The angular changes observed during the 

study indicate that the system is able to track the sun's movement effectively. These angular changes 

also indicate that the PV system's tilt varies, resulting in maximum exposure to solar radiation from 

morning to evening. 

 
Figure 14. PV Tilt Variations Generated By The Two-Axis Tracking System. 
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Validation and Discussion 

 

Based on the test and measurement data, the following discussion is conducted to evaluate the 

solar tracking system data. The evaluation uses four main graphs, which include: Time-Series Plot to 

view the solar radiation profile throughout the day, Scatter Plot to view the correlation between radiation 

and short-circuit current, Scatter Plot to view the relationship between PV temperature and Voc, and 

Line Plot to view changes in the PV Tracker angle over time. The four graphs are shown in Figures 15 

until 18. 

 

 
Figure 15. Solar Radiation Profile 

 

Figure 15 is used to validate environmental conditions. The solar radiation profile forms a bell 

curve indicating a sunny day, but there is a drastic decrease at 15:50 (40 W/m²) and 16:00 (70 W/m²) 

before finally jumping back to 742 W/m² at 16:10. Using the cross-validation method, looking back at 

the electricity data, at 15:50, the Isc value also plummeted to 0.92 A. Because both measurement results 

(radiation and short-circuit current) show a decrease at the same time, this proves that the data is 

physically valid because there is a real phenomenon (shadow) by thick clouds that block the sunlight. 

 

 
Figure 16. Relationship between solar radiation and short circuit current  

 

Pearson correlation was used to see the strength of the relationship between radiation and short-

circuit current in Figure 16. The second correlation value is 0.9742 (very close to 1). This data is strongly 

validated physically. The current Isc is proven to be directly proportional to the radiation intensity (Isc 

∝ G). At 13:20, the radiation value was at 910 W/m², but Isc suddenly dropped to 4.49 A, this was due 

to partial shading of the solar panel surface at that minute.  
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Figure 17. Relationship between PV temperature and Voc 

 

Figure 17 is used to validate the relationship between temperature and Voc. From the graph, it 

can be seen that the relationship between PV temperature and Voc appears somewhat scattered. The 

dominant Voc value is stable in the short range of 20.5 V to 21.4 V. There is a low voltage outlier point 

at the bottom, namely 19.7 V at 15:50. This occurs because at that minute the solar radiation drops 

drastically to 40 W/m². In photovoltaic theory, when the radiation is very low, the Voc value will 

decrease logarithmically, ignoring the effect of temperature.  

 

 
Figure 18. Solar Panel Angle Profile 

 

Mechanical Validation of Movement (Solar Tracker Angle). Figure 18 shows a very smooth and 

monotonous decrease in angle, moving from +43° at 07:10 am (facing east) to -48° at 17:00 pm(facing 

west). This indicates that the solar tracker motor is functioning consistently and precisely. No extreme 

angular spikes or mechanical system jams were observed throughout the data collection. 

 

 

4. Conclusion 

In this study, a DAST system has been designed and tested with a novel combination of solar 

radiation measurements, solar panel temperature, and solar panel tilt, along with solar panel voltage and 

current. From the test, it was found that the movement of the tracking system was able to track sunlight 

based on fuzzy Mamdani control so that it could increase sunlight absorption during the experiment. 

The DAST system is capable of detecting the sun's movement through precise and consistent movements 

to maintain the solar radiation captured by the solar panels at optimum levels. Furthermore, the 

maintained solar radiation exposure is evident from the Isc value, which forms a bell curve (rising from 

morning to midday and gradually decreasing again until evening) proportional to the solar radiation 

value. 

The use of this tracking system can increase the average power generated by solar panels by 
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45.33% compared to fixed solar panels. Similarly, the solar panels using tracking can increase the energy 

generated by 0.29 kWh compared to fixed solar panels. This shows that adjusting the solar panel's 

position relative to sunlight increases its power output and efficiency [28], [29].  

Suggested follow-up research plans are solar tracking systems focusing on the integration of AI 

and IoT for intelligent algorithms, structural optimization to reduce costs [30], [31]. In addition, the 

study focuses on physical validation, implementation of two-axis tracking, and local data-driven 

optimization to maximize energy efficiency. Further developments include hybrid system integration, 

cost-benefit analysis, and application to grid-connected PV systems [32]. 
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