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1. INTRODUCTION

Solar energy has emerged as one of the most promising renewable energy sources due to increasing
global energy demand, depletion of fossil fuels, and growing environmental concerns. Photovoltaic (PV)
systems convert sunlight directly into electrical energy; however, their output power strongly depends on the
angle of incidence of solar radiation on the panel surface. Fixed solar panels cannot maintain optimal
alignment with the sun throughout the day and across seasons, resulting in reduced energy conversion
efficiency. To overcome this limitation, solar tracking systems have been developed to dynamically adjust
panel orientation and maximize solar energy harvesting. Various solar tracking approaches have been
reported in the literature. A satellite-compass-based dual-axis tracker integrating GPS and inclinometer
sensors was proposed to achieve precise solar positioning without optical sensors, demonstrating improved
power output compared to fixed systems [1]. Arduino-based discrete multi-position tracking strategies have
also been evaluated for both single-axis and dual-axis configurations, showing enhanced annual energy
generation while reducing continuous motor operation [2]. Experimental comparisons between tilted single-
axis and azimuth—altitude dual-axis systems further confirm that dual-axis tracking provides superior
performance by following both daily and seasonal solar movement [3].
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Several studies have focused on improving tracking accuracy and system efficiency through
advanced control strategies and hardware designs. Electromechanical dual-axis trackers driven by stepper
motors have demonstrated energy improvements of approximately 25% compared to fixed panels while
maintaining low tracking energy consumption [4]. Advanced control methods, including PI and optimized
PID controllers, have also been applied to enhance tracking accuracy under varying solar conditions [5]-[7].
In addition, low-cost microcontroller-based implementations using LDR sensors have gained attention due to
their simplicity and suitability for small-scale and residential PV applications [8]-[10]. Other studies have
investigated structural optimization, mechanical robustness, and wind-load effects to improve system
durability [11]-[13], while recent work has explored IoT-based monitoring platforms for real-time system
performance evaluation [14], [15]. Further developments include self-powered tracking systems, timer-
assisted tracking methods, hybrid energy-efficient tracking approaches, and experimental validation under
real environmental conditions [16]-[25].

Despite these advancements, many existing dual-axis tracking systems rely on complex control
algorithms, GPS-based positioning techniques, or high-precision sensors, which increase system cost and
implementation complexity. Moreover, several studies emphasize simulation-based analysis rather than
practical hardware implementation. Limited research also addresses the mechanical feasibility of small-scale
tracking systems, particularly in terms of torque requirements and energy consumption of the tracking
mechanism. Therefore, there is a need for a simple and cost-effective dual-axis solar tracking system that can
be practically implemented while maintaining reliable tracking performance and minimal additional energy
consumption. In this work, an Arduino-based dual-axis solar tracking and panel positioning system using
LDR sensors is designed and experimentally validated. The system provides automatic panel alignment along
both azimuth and elevation axes while maintaining low power consumption and simple hardware
architecture. The main contributions of this work are summarized as follows:

— Design and implementation of a low-cost dual-axis solar tracking and panel positioning system using
Arduino-based control architecture.

— Development of an LDR-based differential light sensing mechanism for real-time detection of solar
irradiance variations and automatic panel alignment.

— Mechanical torque estimation and motor energy consumption analysis to evaluate the feasibility and
operational efficiency of the tracking system.

— Experimental validation of the proposed prototype under natural sunlight conditions, demonstrating stable
tracking operation and low additional energy consumption.

2. PROPOSED SYSTEM ARCHITECTURE

The proposed dual-axis solar tracking and panel positioning system is designed to maximize PV
energy harvesting by maintaining the solar panel as perpendicular as possible to incident sunlight. The overall
architecture consists of sensing, control, actuation, and power management units, as illustrated in Figure 1.
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Figure 1. Block diagram of the proposed dual-axis solar tracking and panel positioning system
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The block diagram illustrates the interaction between the sensing, control, and actuation units that
enable automatic dual-axis solar tracking. A PV panel serves as the primary energy source, and its output
voltage is monitored using a voltage sensor connected to the Arduino Uno microcontroller. The generated
power is also supplied to a battery and power regulation unit to ensure stable operation of the control
circuitry and motor driver.

To determine the direction of maximum solar irradiance, four light dependent resistor (LDR)
sensors are arranged in a cross configuration to detect light intensity variations along the horizontal (east—
west) and vertical (north—south) axes. The Arduino processes these signals and determines the required panel
adjustment. A temperature sensor monitors environmental conditions, while limit switches prevent excessive
mechanical rotation. The Arduino generates control signals for the L293D motor driver IC, which drives two
DC motors responsible for azimuth and elevation movement of the panel. A 16x2 LCD displays real-time
parameters such as panel voltage and temperature. This integrated architecture enables efficient solar tracking
while maintaining low system complexity and cost.

3.  WORKING PRINCIPLE OF THE DUAL-AXIS TRACKING SYSTEM

The proposed dual-axis solar tracking system operates based on differential light intensity sensing to
maintain near-perpendicular alignment between the PV panel and incident sunlight. The system continuously
detects the direction of maximum solar irradiance and adjusts the panel orientation along both azimuth (east—
west) and elevation (north—south) axes.

Four LDR sensors are arranged in a cross configuration and separated by small barriers to create
measurable differences in light intensity. When sunlight falls unevenly on the panel, the LDR sensors
produce different resistance values proportional to the received irradiance. These signals are read by the
Arduino Uno microcontroller, which compares the light intensity between opposite sensor pairs. If a
difference is detected between the left and right LDRs, the azimuth DC motor is activated through the L293D
motor driver to rotate the panel horizontally toward the brighter side. Similarly, a difference between the top
and bottom LDRs triggers the elevation motor to adjust the panel vertically. When the sensor readings
become approximately equal, the controller stops the motors, indicating that the panel is aligned with the
direction of maximum sunlight.

The system also monitors PV performance and environmental conditions using a voltage sensing
module and a DHT11 temperature sensor. The measured parameters are displayed on a 16x2 LCD for real-
time observation. Additionally, four limit switches are incorporated to restrict excessive mechanical rotation
and ensure safe operation of the tracking mechanism. Through continuous sensing and controlled motor
actuation, the system maintains optimal solar orientation throughout the day, thereby increasing the effective
solar irradiance on the panel surface compared to a fixed installation.

The control algorithm implemented in the Arduino microcontroller is illustrated in Figure 2 (in
Appendix). The controller continuously reads the signals from the four LDR sensors and compares the
intensity differences between opposite sensor pairs. When the difference exceeds a predefined threshold
value, the corresponding DC motor is activated to rotate the panel toward the direction of higher irradiance.
Once the sensor readings become approximately balanced, the controller stops the motor, indicating proper
solar alignment.

To avoid unnecessary motor oscillations caused by minor fluctuations in light intensity, a threshold-
based decision method is applied. The threshold value is selected experimentally to ensure stable operation while
maintaining adequate tracking sensitivity. In addition, short delays in motor actuation and continuous sensor
monitoring help reduce the influence of temporary light variations caused by clouds or shadows. Although the
system does not use explicit angular position sensors, the LDR-based approach provides sufficiently accurate
solar alignment for small-scale PV applications while maintaining low system complexity and cost.

4. MECHANICAL DESIGN AND PERFORMANCE CONSIDERATIONS
4.1. Mechanical structure design

The mechanical structure of the proposed dual-axis tracking system is designed to provide stable
support and controlled rotation of the PV panel. The frame is fabricated using a rigid metallic structure to
ensure adequate strength and durability. The system provides two degrees of freedom: azimuth (east—west)
rotation and elevation (north—south) tilt adjustment. Two DC motors coupled with external gear reduction
mechanisms are used to drive the panel. The gearbox reduces motor speed and increases torque, enabling
smooth rotation under load conditions. The azimuth motor is positioned at the base to rotate the entire panel
horizontally, while the elevation motor controls vertical tilt. Limit switches are integrated at extreme
positions to prevent over-rotation and ensure mechanical safety.
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4.2. Torque estimation
To validate motor selection, the torque required to rotate the PV panel is estimated using basic
mechanical principles. The force due to the weight of the panel is calculated as (1):

F=mg (M

where m is the mass of the panel and g = 9.81 m/s? is gravitational acceleration.
The mass of the 10 W PV panel used in the prototype is approximately 1.2 kg based on manufacturer
specifications. Substituting:

F=12x981=1177N
The required torque is given by (2):
T =Fr (2)

where r is the distance from the pivot to the center of mass of the panel.
For the developed structure, this distance is approximately 0.125 m based on the panel dimensions.

T =11.77 x 0.125 = 1.47 Nm

Therefore, the motor—gearbox assembly must provide torque greater than 1.47 Nm to ensure reliable panel
rotation.

4.3. Motor energy consumption analysis
The electrical power consumed by the DC motor is determined using:

P=VI (€)

where V is the motor supply voltage and [ is the operating current.
For the proposed system:

V=12V
I = 0.44

Substituting into (3):
P=12x04=48W
The daily energy consumption is calculated as (4):
E =Pt 4

where t is the operating time in hours.
The motor operates intermittently during tracking adjustments, with an approximate total runtime of
120 seconds per day.

t= 120 =0.0333 4
= 3600 = ours

Substituting into (4):
E =48x0.0333 = 0.16Wh
The system is powered by three 18650 lithium-ion cells connected in series, providing approximately:

Vpattery = 11.1V
Capacity = 2.5 Ah

The total stored energy is:

Epattery = 111 X 2.5 = 27.75 Wh
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The percentage of battery energy consumed daily by the tracking mechanism is therefore:

016 x 100 ~ 0.57%
27.75 TR

This indicates that the motor energy consumption is negligible compared to the available battery capacity,
confirming efficient, and sustainable operation of the tracking system.

5. RESULTS and DISCUSSION
5.1. Prototype implementation and experimental observation

The fabricated dual-axis solar tracking prototype is shown in Figure 3. The system includes a 10 W
PV panel mounted on a metallic frame that allows rotation along the azimuth (east—west) and elevation
(north—south) axes. Two DC motors with gear reduction mechanisms provide controlled bidirectional
movement of the panel. The electronic control unit, consisting of the Arduino Uno microcontroller, L293D
motor driver, LDR sensor array, voltage sensing module, DHT11 temperature sensor, LCD display, and a
battery pack formed by three 18650 lithium-ion cells connected in series, is mounted on the base platform.

Figure 3. Fabricated prototype of the proposed dual-axis solar tracking system

Experimental testing was conducted under natural sunlight conditions on the rooftop of Geethanjali
College of Engineering and Technology, Hyderabad, India. The LDR sensors detect variations in light
intensity, and the Arduino controller processes these signals to determine the required panel adjustment.
When unequal illumination is detected, the corresponding DC motor rotates the panel toward the direction of
maximum irradiance. Once balanced illumination is achieved across the sensors, the motors automatically
stop, indicating optimal solar alignment. Limit switches prevent excessive rotation and ensure safe
mechanical operation.

During testing, the PV panel output voltage was monitored using the integrated voltage sensor
connected to the Arduino microcontroller. The measured voltage values were displayed on the LCD and
recorded through serial monitoring. The output voltage typically varied between 7 V and 11 V depending on
solar irradiance conditions, confirming effective solar alignment during operation.

Figure 4 illustrates the variation of PV output voltage throughout the day. The voltage gradually
increases during the morning as solar irradiance rises, reaches a peak near midday, and decreases in the
afternoon as sunlight intensity reduces. This trend confirms that the tracking mechanism maintains
appropriate panel orientation and allows effective exposure to solar radiation.

5.2. Comparative analysis

To evaluate the effectiveness of the proposed system, a qualitative comparison between fixed,
single-axis, and dual-axis PV tracking configurations is presented in Table 1. According to previous studies,
single-axis solar tracking systems typically increase PV energy generation by approximately 10-20%, while
dual-axis tracking systems can improve energy output by about 25-35% compared to fixed PV installations.
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The approximate prototype cost is estimated to be around 50—60 USD, indicating that the proposed system
can be implemented as a low-cost solar tracking solution.

PV Voltage Variation During Daytime Operation
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Figure 4. Typical variation of PV panel voltage during daytime operation of the dual-axis solar tracking
system

Table 1. Comparison of fixed, single-axis, and dual-axis solar tracking systems

Parameter Fixed system  Single-axis system  Dual-axis system (proposed)
Degrees of freedom 0 1 2
Tracking direction No tracking East-west only East-west and north-south
Seasonal adjustment Not available  Not available Available
Solar incidence alignment ~ Limited Moderate High
Mechanical complexity Low Medium High
Motor energy consumption  None Low Low (intermittent)
Implementation cost Low Moderate Moderate
Typical energy gain Baseline 10-20% increase 25-35% increase

6. CONCLUSION

This paper presented the design and experimental validation of an Arduino-based dual-axis solar
tracking and panel positioning system. The proposed system utilizes four LDR sensors to detect variations in
solar irradiance and automatically adjust the PV panel orientation along both azimuth and elevation axes. DC
motors controlled through an L293D motor driver enable smooth panel movement, while limit switches
prevent excessive rotation and ensure safe mechanical operation. The fabricated prototype demonstrated
stable tracking performance under natural sunlight conditions.

Experimental observations indicated that the PV output voltage varied approximately between 7 V
and 11 V during daytime operation, confirming effective solar alignment throughout the day. Mechanical
torque analysis verified that the selected motor—gearbox assembly provides sufficient torque for reliable
panel rotation. In addition, energy consumption analysis showed that the tracking mechanism operates
intermittently and consumes only a small fraction of the available battery capacity. These results indicate that
the additional energy required for tracking has negligible impact on overall system efficiency. Comparative
analysis with fixed and single-axis systems further highlights the advantage of dual-axis tracking in
improving solar alignment and energy harvesting potential.

The main contributions of this work include the development of a compact Arduino-based dual-axis
solar tracking system, the implementation of an LDR-based differential sensing mechanism for automatic
panel alignment, and the evaluation of mechanical torque and motor energy consumption to ensure reliable
operation. However, the experimental validation was performed using a small-scale 10 W PV module under
short-term testing conditions. Future work will focus on long-term performance evaluation under varying
climatic conditions, integration of maximum power point tracking (MPPT) techniques to optimize power
extraction, and incorporation of IoT-based monitoring for real-time system diagnostics. Additionally, scaling
the system for larger PV panels will require higher torque motors and improved mechanical support
structures.
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APPENDIX

Initialize Arduino, Sensor, and LCD

.

Read LDR Sensor Signal

LDRI>LDR2 LDR2>LDR1
Rotate Azimuth Check LDR1 & LDR2 Rotate Azimuth
Motor Right Motor Left
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Rotate Elevation Check LDR3 & LDR4 Rotate Elevation

Motor Up Motor Down

Check Limit Switches

.

Read Voltage & Temperature Sensors

.

Display Data on LCD

Repeat
Loop

Figure 2. Flowchart of the Arduino-based control algorithm for the proposed dual-axis solar tracking system
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