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ABSTRACT

While solar power is a popular clean energy source, the efficacy of photovoltaic panels is strictly limited by
their alignment with incoming solar radiation. Static solar installations suffer from significant energy waste
because they cannot track the sun’s movement. To address this, this paper proposes an intelligent dual-axis
tracking system built to maximize solar harvesting. The system hardware comprises a microcontroller,
electromechanical actuators, and Light-Dependent Resistors (LDRs), which work together to adjust the
panel’s position dynamically in both elevation and azimuth. The system's logic continuously monitors light
intensity, repositioning the panel to ensure it faces the strongest light source. Experimental testing confirms
that this dual-axis method is superior to fixed or single-axis alternatives, boosting efficiency by 25% to 35%
in normal environments. The study also investigates environmental variables, noting that high temperatures
and surface coverings negatively impact output, highlighting the need for thermal management and
cleaning. This proposed design offers an affordable, scalable option for small-scale industrial, educational,
and home applications, supporting broader renewable energy adoption.
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1. INTRODUCTION

Among renewable resources, solar power is regarded as a primary solution due to its vast availability and lack of
emissions. While Photovoltaic (PV) technology effectively transforms light into electricity, the total energy
yield is heavily contingent upon the geometric alignment of the modules relative to the sun. Static installations,
which maintain a rigid angle, suffer from substantial efficiency drops during early morning and late afternoon
hours. To mitigate this inefficiency, dynamic tracking mechanisms are employed to continually realign the
panels for peak irradiation. Specifically, dual-axis tracking architectures offer the most robust performance by
manipulating the panel's position across both azimuth (horizontal) and elevation (vertical) planes.

1.1 Need for Solar Tracking System

The trajectory of the sun is in a state of constant flux driven by the Earth’s daily spin and its seasonal orbit.
Consequently, stationary photovoltaic mounts only capture peak irradiation for a brief window each day, leaving
a substantial amount of harvestable energy untapped. To rectify this, tracking mechanisms are employed to keep
the module aligned at a 90-degree angle of incidence relative to the light source. By maintaining this direct
alignment, the system maximizes photon absorption and minimizes losses. This optimization renders tracking
technology particularly advantageous in geographical areas endowed with abundant solar resources.

1.2 Advantages of Dual-Axis Solar Tracking

Dual-axis solar tracking technology optimizes energy capture by adjusting for both the east-west transition and
the north-south seasonal tilt. This dual-plane adjustment allows the system to sustain an ideal angle of incidence
at all times. In contrast to fixed-tilt or single-axis models, the dual-axis approach maximizes the generation
window, capturing significantly more energy during early morning and late afternoon. Although the engineering
requirements are more intensive, the resulting gains in system efficiency provide a strong economic and
technical justification for their use in modern solar projects.

2. SYSTEM ARCHITECTURE AND METHODOLOGY

This research details the engineering and empirical validation of an autonomous dual-axis tracking mechanism
designed to resolve the efficiency limitations of stationary photovoltaic modules. By integrating a
microcontroller-based control unit with a closed-loop feedback system of Light-Dependent Resistors (LDRS)
and electromechanical actuators, the apparatus actively recalibrates the panel’s orientation across both azimuthal
and elevation planes. This dynamic alignment ensures a consistent 90-degree angle of incidence, effectively
maximizing photon absorption throughout shifting daily and seasonal solar trajectories. Experimental data
reveals that this dual-axis approach delivers a substantial performance boost, yielding 25% to 35% more energy
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than fixed-tilt systems, even when accounting for environmental variables like thermal fluctuations and surface
debris. Ultimately, the proposed design offers a high-precision, economically viable solution for optimizing
renewable energy harvesting in residential and small-scale industrial sectors.

© O O O

LDR LDR LDR LDR
Sensors Sensors Sensors Centor
L 1 1 J

RTC v Display
Microcontroller

Fig -1: System Architecture of Dual — Axis Solar Tracker

2.1 System Methodology

Operating on a closed-loop feedback mechanism, this dual-axis system is engineered to optimize the capture of
solar radiation by maintaining precise alignment. The process begins with an array of Light Dependent Resistors
(LDRs) that act as optical transducers, detecting shifts in luminous flux and translating them into proportional
voltage levels.

These analog inputs are fed into a central microcontroller, which functions as the decision-making core by
evaluating the intensity differentials between sensors. Upon identifying the point of peak irradiance, the
controller triggers a motor driver to actuate mechanical rotation across both the azimuthal and elevation planes.
The system’s movement persists until the sensor outputs reach a state of equilibrium, signifying that the
photovoltaic surface is perfectly perpendicular to the sun’s rays. By executing this corrective cycle
autonomously and continuously, the tracker eliminates the energy losses inherent in stationary mounts, leading
to a significantly higher net power yield and superior operational efficiency.

Table -1: Performance Comparison of Fixed and Dual-Axis Solar Panel System

Time (hrs) Output Voltage (V) Outpu(t AC)urrent Outptj\';viower System Type
9:00 AM 16.2 0.85 13.77 Fixed Panel
9:00 AM 18.5 1.05 19.43 Dual-Axis
12:00 PM 18.0 1.20 21.60 Fixed Panel
12:00 PM 20.1 1.45 29.15 Dual-Axis
3:00 PM 15.8 0.80 12.64 Fixed Panel
3:00 PM 18.2 1.10 20.02 Dual-Axis

2.2 Control Algorithm and Working Principle
The operational sequence initiates with the microcontroller digitizing analog signals from the LDR sensor array
to establish a baseline of environmental irradiance. If the processor identifies a voltage differential between
opposing sensors, it interprets this as a misalignment and triggers the specific actuator—either for azimuth or
elevation—to initiate corrective rotation.
This mechanical adjustment persists until the sensor outputs achieve a state of equilibrium, confirming that the
panel is perfectly synchronized with the solar vector. By executing this loop persistently across the daily solar
arc, the system maintains peak energy absorption with high precision. The streamlined nature of this control
logic ensures high reliability and low computational overhead, making it an ideal, cost-efficient solution for
deploying small-scale or decentralized solar harvesting units.

e List Item —1 : Initialize the microcontroller, LDR sensors, and motor driver circuit.

e List Item - 2 : Read and compare light intensity values from all LDR sensors.

e List Item - 3: Generate control signals to rotate the solar panel along horizontal or vertical axes.

e List Item - 4 : Stop motor movement when balanced light intensity is achieved and repeat the process

continuously.
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3. RESULTS AND DISCUSSION

This segment details the empirical validation of the dual-axis solar tracking prototype under actual atmospheric
conditions. To quantify performance gains, the electrical power output was logged at periodic intervals and
benchmarked against a stationary photovoltaic reference unit. Unlike the static installation, the dual-axis system
utilized active feedback to sustain an optimal angle of incidence, facilitating peak solar harvest throughout the
diurnal cycle.

The gathered data reveals that the tracking mechanism produces a significantly more robust and uniform power
profile compared to the fixed configuration. These advantages are most prominent during the early morning and
late afternoon periods when the sun’s angle is most acute. This superior performance is a direct result of high-
precision solar synchronization and responsive, sensor-driven control logic, which effectively mitigates the
cosine losses inherent in non-tracking systems.
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Chart -2: Power Output Comparison Graph

4. CONCLUSIONS

This study confirms the functional superiority of a dual-axis solar tracking framework in optimizing the
conversion efficiency of photovoltaic modules. By implementing active feedback control, the system realizes a
significant increase in energy yield over traditional stationary setups. Its architectural simplicity, combined with
economic feasibility and modular scalability, positions it as a versatile solution for diverse energy requirements.
Moving forward, the research could be expanded to incorporate meteorological sensors and predictive
optimization heuristics to bolster system resilience against adverse weather conditions and further refine
tracking precision.
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