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1. INTRODUCTION

Energy is vital for the sustainable growth of industry and improving nations’ lives. An increasing
population, with expected increases in duration and intensity of extreme weather, increases the demand for
energy. The global renewable energy production capacity was 3064 GW in 2021 and increased to 4448 GW
in 2024 [1]. Therefore, the demand for energy has increased due to population growth and industrial
expansion. Another reason for the demand for energy is the climate conditions change and temperature rise
[2], [3]- This demand caused the world to face energy deficiency problems led to look for other energy
sources. Some of these alternative sources are solar, wind, and nuclear sources. Solar energy is considered
the cleanest energy source. The sun is one of the most powerful and clean energy sources available to
humans. However, the energy collected by solar panels often depends on their position in relation to the sun.
Static (or fixed) solar panels cannot adjust to these changes, which leads to lower efficiency. The estimated
power received from the sun is about 1.8*10* MW [4]. Solar energy from photovoltaic (PV) technologies is
rapidly increasing as a vital means of renewable energy resource. Solar PV is capable of supporting diverse
applications such as water desalination [5], [6]. However, to maximize the production and efficiency of the
PV panels in a changing climate remains a challenge. A solar tracking system is a good alternative to
increase the energy. The system improves capturing energy since it follows the sun's movement, which keeps
the panels aligned for maximum sunlight exposure [7], [8].
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Solar power has become one of the most prominent sources of clean energy. The energy harvested
by the solar system is influenced by the changes in climate. Solar tracking technologies enhanced the
photovoltaic production. There are three methods to extract energy from the sun using solar panels. These
methods are: fixed (static), single-axis tracking (SAT), and dual-axis tracking (DAT) methods [9]-[12]. There
are two primary methods for maximizing solar production. These methods are the single and the DAT
systems. Single-axis follows the sun by rotating along one axis. The rotation takes place from east to west.
It enhances energy production by keeping panels always aligned with the sun’s trajectory. The DAT system
has two degrees of movement. That is, it can move along two axes, both east-west and north-south; this
enables the system to track the sun with more precision during the whole day. A single-axis tracker has an
efficiency of approximately 30% over the fixed-tilt (static) solar panel, while the DAT can increase
efficiency by about 36% [7]. Karabiber and Giines [13] proposed a solar tracking system that increases the
energy obtained using photovoltaic approximately from 25% and 38% over the static solar system. Various
environmental factors can significantly degrade the production of solar panel such as dust, dirt, shadows, and
bird droppings [14]. A thorough and profound review of SAT systems is presented in [15], [16].

In this paper, we propose the usage of a single-axis tracking system to improve the production of
solar panels by spontaneously regulating their angle according to the movement of the sun and maintaining
the best possible alignment throughout the day. The main parts of the system are the Arduino controller and
the LDR sensors. The system employs the LDR sensors to find out the surrounding amount of light and allow
to move the solar panels in azimuth and elevation axes directions.

2. METHOD
2.1. loT-enabled single-axis tracking (SAT) system overview

In this paper, the loT-enabled SAT system is proposed. The overview of the system is presented in
Figure 1. It is designed to automatically align the PV unit toward the sun during the day. The system
integrates hardware components with software control logic. Hardware components are represented as
sensors, actuators, and a microcontroller. Software control logic interprets real-time light intensity data to
optimize the solar panel’s azimuthal orientation. Maximizing harvesting of solar radiation and energy output,
in addition to exploiting 10T connectivity to enable remote supervision, is the key objective.

Power
Supply
LDR Arduino PV Module
Servo
Motor
ESP32

Figure 1. loT-enabled single-axis tracking system overview

2.2. Hardware design
The hardware design of the proposed loT-enabled SAT system consists of the following core
components.

2.2.1. Panel unit

PV panel converts light energy directly into electricity. That is, it utilizes solar cell arrays to
generate electric power. It consists of interconnected individual cells that generate DC current, which can be
transformed to AC current. The PV absorbs the photons from the light and releases electrons in the solar
panel. Most PV cells are made from crystalline silicon and produce current proportional to the solar radiation
level [17]-[20]. Figure 2 displays a solar panel.

2.2.2. Sensing unit

This unit is represented by the LDR sensor. It is a photo resistor used to measure the strength of light
[21]. The resistance of an LDR sensor diminishes as the light strength increases. In our case, the intensity of
the sunlight. A general LDR sensor's resistance against light intensity is shown in Figure 3.
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Figure 2. A typical solar panel Figure 3. General LDR sensor resistance against light intensity

2.2.3. Control unit

This unit is represented by the Arduino Uno microcontroller. It processes the LDRs' analog signals.
It has digital /analog I/O pins that can be interfaced with other circuits. Arduino microcontroller has the
ability to read inputs from other components and make outputs to other instruments such as motors [22], [23].
Figure 4 displays an Arduino microcontroller.

2.2.4. Actuation unit

The SG90 motor is used for the rotation of the solar panel. SG90 is controlled by a PWM signal for
a period of 20 ms [25], [26]. The angle of the rotation of the motor is monitored and commanded by the
Arduino and can rotate from 0° to 180°. The SG90 motor is displayed in Figure 5.

(PWM)

Figure 4. Arduino microcontroller board [24] Figure 5. SG90 servo motor pinout [25]

2.2.5. 10T-based communication unit

The importance of this unit is in supporting data storage and real-time performance visualization.
This is fulfilled by an ESP32 Wi-Fi module interface, which is interfaced with Arduino. This interface
transfers the parameters of the system, i.e., irradiance, voltage, and the angle of the panel, to the ThingSpeak
cloud server using the MQTT protocol.

2.3. The control logic and software implementation

The implementation of the software was developed by Arduino IDE. The values of the real-time
analog voltage generated by LDR sensors, represented by LDR; and LDR,. These values are continuously
compared to predefine the threshold AV,,. The value of AV, is predefined by calculating the difference
between | LDR; — LDR, |. If | LDR, — LDR, | value is larger than AV,,, the servo motor is activated by the
control unit to rotate the PV unit towards the top lighting side. Meanwhile, the PV remains stable when the
values are balanced. That is, when the VLDR values are approximately equal.

The flow chart in Figure 6 represents the control logic of the proposed system. The system operates
according to the following sequences: i) Initialization by activating the all system units such as sensors,
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motor servo, in addition to WIFI modules; ii) Read sequence that read the LDR analog values;
iii) Comparing, which compares the difference of LDR values (| LDR, — LDR, |) and the threshold (AV,,);
iv) Determining sequence which decides to rotate the panel direction left or right. Accordingly, the angle (&)
of the servo motor is gradually adjusted to reduce the light difference; and v) The uploaded sequence, which
sends the data represented by the current system parameters to the ThingSpeak cloud server. The mentioned
sequences are repeated every ten-second interval for continuous alignment.

Initialize System

.

Read LDR Valueg

No

Rotate Rotate
Module Right Module Left
L,| SendData
to Server
End

Figure 6. Control logic of the proposed system

3. RESULTS AND SIMULATION
3.1. Simulation setup

Performance evaluation of the SAT proposed system is conducted using MATLAB/Simulink and
Proteus IoT Suite. The system components and technical specifications of the simulation are represented in
Table 1.

Table 1. System components and technical specifications

Component Description/function Specification/parameter

Microcontroller Central control unit for sensor data acquisition and loT ESP32; supports Wi-Fi and MQTT protocol.
communication.

Sensors Detect differential solar irradiance for tracking Dual LDRs positioned at £15° from panel center
adjustment. axis.

Actuator Adjusts the solar panel’s orientation according to sensor Servo motor (SG90), rotation range 0-180°.
feedback.

PV module Converts solar irradiance into electrical energy for 100 W monocrystalline photovoltaic panel
evaluation and comparison.

Network interface  Enables real-time data transmission to 10T cloud Integrated Wi-Fi module (ThingSpeak connection)

monitoring platform.
Sampling interval  Frequency of data acquisition and control loop execution.  Sensor readings every 1 s; control update every 10 s.

3.2. Performance metrics
In this section, metrics used to evaluate work of the proposed SAT system are presented as follows.

3.2.1. Tracking efficiency ()
Tracking efficiency is a qualitative metric that assesses how well a solar panel is aligned with the
sun, as in (1).

Nt = (Peracked / Bnax) X 100% 1)
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Where:
Pirackea: the power captured by the tracker.
P,.qx: the extreme power at normal irradiance.

3.2.2. Average power output (W)

Average power output (W) measures the increased percentage in the output of the electrical energy.
It measures the achievement of the solar tracking system compared with the PV system under the same
conditions. Another definition is measuring the tracking benefits in terms of harvested power from the
radiation of the sun, as in (2).

W = ((Etrackea — Efixed) /Efixed) X 100% (2)

Where:
E_tracked: the power yields by single-axis solar tracking PV.
E_fixed: the energy yields by fixed-tilt PV.

3.2.3. Tracking accuracy error (g)
The accuracy with which a solar tracking system aligns a solar PV panel with the locus of the sun
during the day is measured by tracking accuracy error (g). Tracking accuracy error is defined as (3).

€= (|esun_9panel|) X 100% (3)

sun

Where:
Oy SOlar azimuth angle (true sun position).
Opaner- Panel azimuth angle (actual panel position).

3.3. Simulation results

According to Table 2, the parameters used to evaluate the proposed system are: average power
output (W), daily energy yield (Wh), tracking efficiency (1), and tracking accuracy error (g). Accordingly,
the proposed system achieved 22-25 % by comparing with the fixed system based on the value of average
power output (W). According to the tracking accuracy error value, the mean angular error is below 4°. This
value ensures precise alignment throughout daylight hours. The values are also represented in Figure 7.

Table 2. The parameters used to evaluate the proposed system

Parameter Fixed system  loT-based tracker  Improvement
Average power output (W) 724 88.7 +22.5%
Daily energy yield (Wh) 579.2 709.6 +22.5%
Tracking efficiency (1) - 96.3 % -

Tracking accuracy error (8)  — 37% -
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Figure 7. Comparison between fixed and loT-based solar tracking system
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3.4. 10T performance analysis

Data transmission was verified as stable through real-time monitoring via ThingSpeak with a latency
of less than 180 milliseconds and a data delivery reliability of 99.4%. System status parameters (motor current,
board temperature) were successfully recorded, enabling predictive maintenance. Figure 8 shows the power
output over the day, from 8:00 AM to 6:00 PM. The intelligent tracker continuously aligned with solar azimuth
variation, while the fixed system exhibited up to 25 % irradiance loss during morning and afternoon periods.

Power Output Over the Course of a Day
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Figure 8. Power output from 8:00 AM to 6:00 PM

4. CONCLUSION

This paper proposed an loT-enabled single-axis solar tracking system to increase PV power
harvesting. It has continuous real-time adjustment with the trajectory of the sun. In addition,
real-time adjustment to the proposed system simultaneously enabling remote monitoring through a cloud
platform by including dual LDR sensors, Arduino-based control unit, a servo motor, and an ESP32 loT
communication module.

Based on the experimental results, loT-enabled single-axis solar tracking system improves energy
harvesting by comparing with fixed-tilt PV. The proposed system outperforms the fixed-tilt PV by 22.5% in
daily energy yield and average power output. Furthermore, tracking efficiency is better than fixed-tilt PV by
96.3% and tracking error of 3.7%. As a future work, the integration of the proposed system with machine
learning to mitigate the error of alignment, in addition to optimize response time. These developments will
support the creation of more independent and adaptable solar power systems.
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