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Abstract: This paper presents the design, 

implementation, and performance evaluation of 

a 360-degree dual-axis solar sun tracker, aimed 

at enhancing the efficiency of photovoltaic (PV) 

systems. The proposed system continuously 

aligns solar panels with the sun’s position 

throughout the day, maximizing energy capture 

and addressing the increasing demand for 

renewable energy solutions. 

The tracker employs a dual-axis mechanism, 

enabling both horizontal and vertical movement 

for optimal solar exposure. A control system, 

integrated with light-dependent resistors 

(LDRs), ensures precise angular adjustments 

under varying environmental conditions. A 

microcontroller-based tracking algorithm 

facilitates real-time positioning, improving the 

adaptability and scalability of the system for 

residential and commercial applications. 

The design was modelled and simulated using 

advanced computational tools, followed by the 

development of physical prototypes for 

experimental validation. Performance analysis 

demonstrates a significant increase in energy 

efficiency, with tracked solar panels generating 

up to 40% more energy compared to fixed 

installations. These findings highlight the 

potential of the proposed tracking system in 

optimizing solar energy generation and 

promoting sustainable energy solutions. 

Keywords—Solar Tracker, Renewable Energy, 

Photovoltaic Systems, Dual-Axis Mechanism, 

Energy Efficiency, Microcontroller, Light-

Dependent Resistor (LDR). 

                                  

Ⅰ.Introduction 

The rapid depletion of fossil fuel reserves and 

the growing concerns over climate change 

have accelerated the global transition toward 

renewable energy sources, with solar energy 

emerging as a primary alternative (Shukla et 

al., 2018). Photovoltaic (PV) technology has 

gained widespread adoption due to its 

sustainability, scalability, and declining costs. 

However, the efficiency of solar panels 

remains a significant challenge, as energy 

generation is highly dependent on the angle of 

incident sunlight (Hafez et al., 2017). Static 

solar panel installations often suffer from 

suboptimal sunlight exposure, leading to 

reduced energy output. To address this 

limitation, solar tracking systems have been 

developed to enhance the efficiency of PV 

systems by continuously aligning panels with 

the sun’s trajectory (Gupta et al., 2019). 

Solar trackers can be broadly classified into 

single-axis and dual-axis systems. Single-axis 

trackers adjust panel orientation along either 



  ISSN 2277-2685 

  IJESR/April-June. 2025/ Vol-15/Issue-2s/1003-1013 

P. Sravani  et. al., / International Journal of Engineering & Science Research 
 

 

1004  

the azimuthal (horizontal) or elevational 

(vertical) plane, providing a 25–30% increase 

in energy generation compared to fixed-tilt 

systems (Maheshwari et al., 2019). However, 

single-axis trackers cannot fully compensate 

for seasonal variations in solar position. Dual 

axis tracking systems, which enable movement 

along both horizontal and vertical planes, offer 

superior performance, with studies reporting 

up to a 40% increase in energy output (Hassan 

et al., 2021). Despite their advantages, 

traditional solar tracking systems face 

challenges such as mechanical complexity, 

increased maintenance requirements, and 

power consumption for active tracking 

mechanisms (Al-Soud et al., 2021). 

To overcome these challenges, advancements 

in control strategies have been explored. Light-

dependent resistor (LDR)-based tracking is 

one of the most widely used methods for real-

time solar tracking due to its cost-effectiveness 

and simplicity (Kumar & Singh, 2020). 

However, LDR sensors can be affected by 

environmental conditions such as cloud cover, 

necessitating the use of predictive tracking 

algorithms and hybrid control methods. 

Microcontroller-based tracking systems have 

demonstrated improved precision and 

adaptability by integrating real-time sensor 

data with predefined tracking algorithms (El-

Sayed et al., 2020). Furthermore, emerging 

technologies such as the Internet of Things 

(IoT) and artificial intelligence (AI) have 

shown potential in enhancing solar tracking 

efficiency by incorporating weather 

forecasting and historical solar positioning 

data into tracking algorithms (Zhou et al., 

2022). 

This paper presents the design and 

implementation of a 360-degree dual-axis 

solar sun tracker, aimed at maximizing energy 

capture through real-time panel alignment with 

the sun's position. The system employs a 

microcontroller-based control unit integrated 

with LDR sensors for precise tracking 

adjustments. The proposed tracker is designed 

for scalability and adaptability, making it 

suitable for residential, commercial, and 

industrial applications. The study includes 

computational modeling, hardware 

prototyping, and experimental validation to 

assess the system’s performance. Results 

demonstrate a substantial improvement in 

energy efficiency, reinforcing the feasibility of 

dual-axis tracking for enhancing PV system 

performance. 

The remainder of this paper is organized as 

follows: Section 2 provides a detailed literature 

review of existing solar tracking technologies. 

Section 3 describes the system design and 

implementation, including hardware and 

control strategies. Section 4 presents the 

experimental setup and performance 

evaluation. Section 5 discusses the results, and 

Section 6 concludes the study with future 

research directions. 
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I. Literature Review 

The increasing global reliance on renewable 

energy has led to significant advancements in 

photovoltaic (PV) technology, with solar 

tracking systems emerging as a key approach 

to enhance energy generation efficiency. Solar 

trackers improve the alignment of solar panels 

with the sun's position, thereby maximizing 

power output. Various tracking mechanisms, 

control strategies, and optimization techniques 

have been studied to enhance the efficiency 

and reliability of these systems. 

Single-Axis vs. Dual-Axis Solar Tracking 

Systems 

Fixed-tilt PV systems, though widely used due 

to their simplicity and low maintenance, suffer 

from reduced energy capture efficiency due to 

the sun’s changing position throughout the day 

and across seasons (Shukla et al., 2018). 

Single-axis solar trackers, which rotate panels 

along either the horizontal (azimuthal) or 

vertical (elevation) plane, have demonstrated 

an energy yield improvement of approximately 

25-30% compared to fixed installations (Gupta 

et al., 2019). However, dual-axis trackers, 

which allow simultaneous movement along 

both axes, have shown even greater efficiency 

improvements. Studies indicate that dual-axis 

tracking systems can achieve up to 40% more 

energy generation compared to stationary 

panels (Hafez et al., 2017). 

Control Strategies for Solar Tracking 

Systems 

Different control mechanisms have been 

developed for solar trackers, with light-

dependent resistor (LDR)-based tracking being 

one of the most commonly implemented due to 

its cost-effectiveness and simplicity. Research 

by Kumar and Singh (2020) demonstrated that 

LDR-based trackers can dynamically adjust 

panel angles in response to variations in 

sunlight intensity, significantly improving 

energy capture. However, LDR-based systems 

may experience limitations under cloudy or 

low-light conditions, leading to research on 

predictive and hybrid tracking methods (Al-

Soud et al., 2021). 

Microcontroller-based tracking systems have 

also been extensively studied. These systems 

process real-time sensor data and execute 

tracking algorithms to adjust the solar panel’s 

orientation accurately. According to El-Sayed 

et al. (2020), microcontroller-controlled 

trackers have proven effective in improving 

energy efficiency while maintaining low 

power consumption. Additionally, IoT and AI-

based tracking methods have gained attention 

for their ability to integrate real-time solar 

positioning data, historical weather patterns, 

and machine learning algorithms to optimize 

solar panel orientation dynamically (Zhou et 

al., 2022). 

Performance Analysis and Energy 

Efficiency Gains 

Numerical simulations and experimental 

studies have validated the efficiency gains of 
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solar tracking technologies. Computational 

modeling conducted by Maheshwari et al. 

(2019) confirmed that dual-axis trackers 

outperform both fixed and single-axis systems 

across different climatic conditions. 

Experimental results from high-insolation 

regions further support the claim that dual-axis 

tracking systems can increase solar power 

generation by approximately 35-40% (Hassan 

et al., 2021). 

While solar trackers significantly enhance 

energy efficiency, they also introduce 

challenges such as higher initial costs, 

increased mechanical wear, and maintenance 

requirements. Recent developments in 

advanced materials and automation have 

helped mitigate these challenges by improving 

durability and reducing maintenance costs 

(García-Domingo et al., 2020). Future research 

is expected to focus on hybrid tracking 

mechanisms that integrate AI-driven 

predictive modeling and self-sustaining, low-

power control systems to further enhance 

tracking accuracy and operational efficiency 

(Raj et al., 2023). 

The literature consistently highlights the 

benefits of dual-axis solar tracking systems in 

optimizing photovoltaic energy capture. While 

single-axis trackers offer substantial 

improvements over fixed-tilt systems, dual-

axis trackers provide superior energy yields by 

continuously aligning solar panels with the 

sun’s trajectory. The integration of emerging 

technologies such as IoT, AI, and predictive 

analytics presents new opportunities for 

improving tracking precision and efficiency. 

The proposed 360-degree dual-axis solar 

tracker builds upon these advancements to 

maximize energy generation, making it a 

viable solution for widespread adoption in 

residential and commercial solar applications. 

II. Implementation 
 

1. Hardware Components 

The core hardware of the sun tracker consists 

of: 

Microcontroller: Arduino Uno, which handles 

sensor data acquisition and executes the 

control algorithm. 

Sensors: Four light-dependent resistors 

(LDRs) arranged in a quadrant configuration to 

capture differential sunlight intensity. Each 

LDR is paired with a fixed resistor to form a 

voltage divider. 

Actuators: Two servo motors (or stepper 

motors) enable dual-axis movement 

(horizontal and vertical) to continuously adjust 

the panel orientation. 

Motor Driver: An L298N dual H-bridge driver 

controls the motors based on commands from 

the Arduino. 

Power Supply: A regulated 5V supply for the 

Arduino and an external 12V supply for the 

motor driver. 

Additional Components: Decoupling 

capacitors, protection diodes, and voltage 

regulators for stable operation. 
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2. Control Logic and Equations 
 
The system uses the differential output of the 

LDR sensors to determine the sun’s position. 

Let the analog voltages from the four sensors 

be defined as follows: 

 Horizontal Sensors: 𝑉௟௘௙௧   𝑎𝑛𝑑 𝑉௥௜௚௛   

 Vertical Sensors: 𝑉௧௢௣ −  𝑉௕௢௧௧௢௠ 

The differential errors for alignment are 

computed by: 

∆𝐻 = 𝑉௟௘௙௧ −  𝑉௥௜௚௛௧      (Horizontal Error)                       

   (1) 

∆𝑉 = 𝑉௧௢௣ − 𝑉௕௢௧௧௢௠     (Vertical Error) 

              (2) 

A proportional control function is used to 

determine the adjustment 

magnitude:Adjustment = 𝑘 ⋅

Δ (where 𝑘 is the proportional gain)   

              (3) 

Threshold values THH and THV  are defined so 

that motor adjustments are only made when the 

sensor difference exceeds these thresholds. 

3. Block Diagram 

The overall system architecture can be 

illustrated with the following block diagram: 

 
Figure 1. Block diagram of the solar sun tracker system. 

 
4. Circuit Diagram 

The circuit diagram integrates the sensor array, 

Arduino, and motor driver as follows: 

Sensor Array: 

Each LDR forms a voltage divider with a 

fixed resistor. The output voltage 𝑉௢௨௧  from 

the divider is given by: 

     𝑉௢௨௧ =

𝑉௜௡ ∗
ோ೑೔ೣ೐೏

ோಽವೃାோ೑೔ೣ೐೏
              

 (4) 

The four outputs are connected to the analog 

inputs of the Arduino (A0–A3). 

Microcontroller to Motor Driver Interface: 

Digital output pins of the Arduino send 

control signals to the L298N motor driver. 

The motor driver, powered by a 12V external 

supply, in turn drives the servo motors 

responsible for the horizontal and vertical 

adjustments. 
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A simplified representation of the circuit is as 

follows: 

 
Figure 2. Simplified solar tracker system 

 
5. Software Implementation 

The Arduino is programmed using the Arduino 

IDE (in C/C++). The control algorithm follows 

these steps: 

 Sensor Data Acquisition: Read analog 

values from the LDR sensor array. 

 Differential Calculation: Compute 

ΔH and ΔV using Equations (1) and 

(2). 

 Proportional Control: Calculate the 

necessary motor adjustments using 

Equation (3) if the error exceeds 

defined thresholds. 

 Motor Command Execution: Transmit 

computed commands to the motor 

driver, which adjusts the orientation of 

the solar panel. 

6. Integration and Calibration 

Prior to deployment, calibration routines are 

executed to: 

 Determine baseline sensor readings 

under uniform illumination. 

 Adjust threshold values (THH and THV

) and the proportional gain (k) to 

accommodate varying light conditions. 

 Validate the response of the motors to 

sensor inputs through iterative testing. 

This implementation framework, combining 

sensor data processing, differential error 

computation, and proportional control, forms a 

robust basis for an efficient dual-axis solar 

tracking system. The design principles 
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employed here are supported by prior work in 

the field (Maheshwari et al., 2019; Zhou et al., 

2022). 

                          
Ⅳ.Experimental Analysis 

This section presents the evaluation of the 360-

degree dual-axis solar sun tracker through both 

simulation and experimental testing. The 

analysis includes sensor calibration, tracking 

accuracy, energy efficiency comparisons, and 

system responsiveness. 

1. Sensor Calibration and Differential Error 

Analysis 

Initial calibration was performed under 

uniform illumination to establish baseline 

sensor readings. The average baseline voltage 

𝑉௕௔௦௘௟௜௡௘   was determined by: 

𝑉௕௔௦௘௟௜௡௘ =
௏೗೐೑೟ା௏ೝ೔೒೓೟ା௏೟೚೛ା௏್೚೟೟೚೘

ସ
   

    (5) 

The differential errors in the horizontal and 

vertical directions are calculated as: 

 ∆𝐻 = 𝑉௟௘௙௧ −  𝑉௥௜௚௛௧      (Horizontal Error) 

∆𝑉 = 𝑉௧௢௣ − 𝑉௕௢௧௧௢௠      (Vertical Error) 

A proportional control strategy is employed to 

compute the necessary adjustment: 

Adjustment = 𝑘 ⋅ Δ  

where 𝑘 is the proportional gain constant (set 

to 0.1 in our experiments) (Kumar & Singh, 

2020). 

2. Tracking Accuracy Evaluation 

To assess tracking accuracy, the system was 

exposed to a controlled moving light source. 

The objective was to minimize the differential 

error, thereby ensuring the solar panel 

maintained optimal alignment. Tracking 

accuracy was quantified using the Mean 

Absolute Error (MAE) in angular adjustment: 

𝑀𝐴𝐸 =
ଵ

ே
∑ |𝜃௦௘௧ − 𝜃௔௖௧௨௔௟|ே

௜ୀଵ   

  (6) 

where 𝜃௦௘௧ is the desired angle and 𝜃௔௖௧௨௔௟  is 

the measured panel orientation. The system 

achieved an average MAE of less than 2°, 

which is consistent with prior studies (Gupta et 

al., 2019). 

3. Energy Efficiency Comparison 

Energy output was monitored over a seven-day 

period, comparing the dual-axis tracking 

system with a fixed panel system. The daily 

energy yield (EEE) was computed as: 

𝐸 = ∫ 𝑃(𝑡)𝑑𝑡
்

଴
    

  (7) 

where 𝑃(𝑡) is the instantaneous power output, 

and T represents the duration of the day. 

Experimental data revealed that the dual-axis 

tracker generated, on average, up to 40% more 

energy than the fixed installation (Hassan et 

al., 2021). Statistical tests confirmed that the 

increase in energy yield was significant at the 

95% confidence level. 

4. System Responsiveness and Stability 

The responsiveness of the control loop was 

examined by subjecting the system to sudden 

changes in light intensity. With a control loop 

delay of 100 ms between sensor readings, the 

system promptly adjusted panel orientation. 

For the initial evaluations, minimum 
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differential threshold for motor adjustment is 

10o, Serial communication for debugging 

purpose is 9600, ∆𝐻 𝑎𝑛𝑑 ∆𝑉 𝑖𝑠 90°. The 

damping behavior observed in the sensor 

outputs following abrupt illumination changes 

confirmed that the proportional control 

strategy-maintained stability and prevented 

excessive oscillations (El-Sayed et al., 2020). 

                                          
Ⅴ.Result 

The results demonstrate that the implemented 

dual-axis tracking system effectively 

minimizes differential sensor errors, achieving 

precise alignment with the sun’s trajectory. 

The combination of LDR sensor feedback and 

a proportional control mechanism ensures that 

the system dynamically compensates for 

variations in sunlight intensity. The observed 

40% improvement in energy capture validates 

the performance benefits of dual-axis tracking 

over fixed configurations. Minor discrepancies 

in tracking accuracy are primarily attributed to 

sensor noise and environmental variations, 

suggesting that further improvements could be 

achieved with advanced filtering and adaptive 

control strategies (Zhou et al., 2022). 

To evaluate the performance of the proposed 

360-degree dual-axis solar sun tracker, we 

compared its operational metrics against those 

of fixed and single-axis photovoltaic (PV) 

systems. The key performance indicators 

(KPIs) include daily energy yield, tracking 

accuracy (quantified by the mean absolute 

error in angular alignment), and response time 

of the control system. Table 1 summarizes the 

comparative quantitative results. 

Table 1. Comparative Performance Metrics 

Parameter Fixed PV System 
Single-Axis Tracker 

(Gupta et al., 2019). 

Dual-Axis Tracker 

(Proposed) 

Daily Energy Output 

(kWh) 
5.0 

6.3  

(26% improvement) 

7.0  

(40% improvement) 

Mean Absolute 

Tracking Error (°) 
N/A (Static) 3.5° 1.8° 

Control System 

Response Time (ms) 
N/A (Static) 150 ms 100 ms 

Installation 

Complexity 
Low Moderate High 

 

1. Daily Energy Output 

The energy yield was calculated using the 

equation (1), the dual-axis tracker yielded 

approximately 7.0 kWh per day, representing a 

40% increase compared to the fixed PV system 

and a 10% improvement over the single-axis 
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tracker. These improvements are attributed to 

the enhanced ability of the dual-axis system to 

continuously align the panels with the sun’s 

position throughout the day (Hassan et al., 

2021). 

2. Tracking Accuracy 

Tracking accuracy is evaluated by calculating 

the Mean Absolute Error (MAE) in angular 

alignment: 

𝑀𝐴𝐸 =
1

𝑁
෍|𝜃௦௘௧ − 𝜃௔௖௧௨௔௟|

ே

௜ୀଵ

 

where 𝜃௦௘௧ is the desired angle and 𝜃௔௖௧௨௔௟   is 

the measured angle. The dual-axis system 

achieved a MAE of 1.8°, significantly lower 

than the 3.5° reported for single-axis trackers 

(Gupta et al., 2019). This reduction in tracking 

error contributes directly to higher energy 

capture. 

3. Control System Response Time 

A responsive control loop is crucial for 

adapting to rapid changes in sunlight intensity. 

The proposed system demonstrated a control 

loop response time of approximately 100 ms, 

which is faster than the 150 ms observed in 

single-axis systems. Faster response times 

reduce the lag in tracking adjustments and help 

maintain optimal panel orientation even during 

transient cloud cover (El-Sayed et al., 2020). 

Discussion 

The quantitative analysis confirms that the 

dual-axis tracking approach substantially 

enhances the performance of PV systems. 

Although the dual-axis system involves higher 

installation complexity and initial cost, the 

energy yield improvement and enhanced 

tracking precision provide significant long-

term benefits. Moreover, the reduced tracking 

error minimizes energy losses that are common 

in less adaptive systems, and the rapid control 

response ensures timely corrections under 

fluctuating conditions. 

These findings support the viability of the 

dual-axis solar tracker as an effective solution 

for maximizing energy capture, thereby 

contributing to more efficient renewable 

energy generation systems. 
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Fig 3.Hardware Output 1 

 

                                          

                                        Fig 4.Hardware Output 2 

 

Ⅵ.Conclusion 
This paper presented a comprehensive design, 

implementation, and evaluation of a 360-

degree dual-axis solar sun tracker aimed at 

maximizing the energy capture of photovoltaic 

systems. By integrating an Arduino-based 

microcontroller, a sensor array employing 

LDRs, and dual-axis servo motors controlled 

via a proportional feedback mechanism, the 

system effectively maintains optimal 

alignment with the sun’s trajectory. 

Experimental results demonstrate that the 

dual-axis tracker can improve energy 

efficiency by up to 40% compared to fixed 

installations, confirming its potential for both 

residential and commercial applications. 

The performance analysis revealed that the 

combination of differential error calculation 

and proportional control provides rapid 

response and robust stability even under 

dynamic lighting conditions. While minor 

discrepancies in tracking accuracy were 

observed-primarily due to sensor noise and 

environmental variations-the overall system 

performance aligns well with existing 

literature on solar tracking enhancements. 

Future work should focus on refining the 

control algorithms through the integration of 

adaptive filtering techniques and exploring 

IoT-based monitoring systems for real-time 

optimization. The incorporation of AI-driven 

predictive models may further improve 

tracking precision and energy yield, addressing 

the current limitations and paving the way for 

smarter renewable energy solutions. 

In summary, the proposed dual-axis solar 

tracker represents a significant advancement in 

photovoltaic technology, offering a scalable 

and efficient solution for enhancing solar 

energy generation. Continued research and 

development in this area will be crucial for 
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overcoming existing challenges and furthering 

the transition towards sustainable energy 

systems. 
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