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Abstract

Nowadays, renewable energy is a much discussable topic because of its important specifications such as pollution and un

end sources. This paper emphasizes the importance and capabilities of the dual axis solar tracking system (DASTS) of solar cell

technologies. The study carried out a practical process of a dual-axis system design, which practically demonstrates the influence

of dual-axis solar trackers, including their operational principles, advantages, and associated challenges. Furthermore, it has

been shown that dual-axis solar trackers can significantly increase solar energy yield by capturing maximum sunlight, making

them an important advancement in improving the efficiency and effectiveness of solar energy generation. The paper also

presents a performance evaluation of a solar tracker system that improved energy output by 45 % compared to the fixed solar
panel (FSP) while also reducing the numerical calculation (NC) efficiency of DASTS by 3.16 %. Based on these findings, solar
tracker systems can provide sustainable and environmentally friendly energy solutions that are both feasible and substantial.

Keywords: DASTS; PV system; Uno board; solar panel efficiency; sustainable energy; maximum power point tracking (MPPT);

energy harvesting; environmental monitoring.

I. Introduction

To address climate change and promote sustainable
development, the adoption of sustainable energy
solutions is critical [1][2]. Solar power has emerged as
a leading source of sustainable and efficient energy.
Solar panels offer immense potential for capturing the
sun’s energy, but optimizing their performance has
been a continuous area of innovation. A solar tracking
system (STS) ensures that solar panels are aligned with
the sun's trajectory to maximize their efficiency. An
overview of the evolution, benefits, and applications of
solar tracking technology is presented in this
compilation of research findings. A pivotal study [3][4]
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demonstrates an impressive +25.62 % increase in
average power gain from solar panels thanks to a hybrid
solar tracker. A system like this enhances both the
production of energy as well as the use of thermal
systems. It is designed for both fixed solar panels (FSP)
and continuous tracking (TC) systems. Another
ground-breaking study focuses on innovative sensor
technology, where the traditional light dependent
resistors (LDRs) are replaced with ultra violet (UV)
sensors. This novel approach results in superior sun-
tracking accuracy, ultimately leading to increased
power generation [5].

Comparative assessments [6] emphasize the
advantages of automatic solar tracker systems over
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fixed solar systems. Notably, these systems are not only
cost-effective but also highly adaptable, with many
applications benefiting from Arduino microcontroller-
based control. This paper introduces the concept of an
internet-of-things (IoT)-based setup, enhancing data
monitoring and storage in the cloud, making solar
tracking not only efficient but also technologically
advanced. A particularly compelling study presents
dual axis solar tracker technology utilizing LDRs with
Arduino UNO, showcasing its ability to generate
substantially more energy than fixed solar panels or
single-axis trackers. Efficiency gains of around 30-40 %
compared to fixed panels and 6-7 % compared to
single-axis trackers underscore its potential.

In Iraq, real-world prototypes of STSs have been
implemented using Arduino-based controllers,
delivering practical results [7][8]. Energy gains of
approximately 26.83 % were achieved by these
prototypes, which demonstrated their ability to control
costs and enable efficient energy production.
Furthermore, they provide empirical evidence to
support the use of solar energy for a wider range of
applications.

Using a microcontroller Arduino, a dual axis solar
tracking system (DASTS) is explored for its versatility
and ease of use [9]. A particular emphasis is placed on
the two-axis movement, the high response to sunlight,
and the programmability of the device. The advantage
of this approach is that it achieves a 20 % efficiency
increase compared to fixed panels, although it is slightly
more costly than single-axis systems.

The proposed system has the advantage of being
compatible with smartphone monitoring, simplifying
the data collection, particularly in regions such as
North Iraq, where sunlight data collection can be
challenging. Furthermore, this system offers the
potential for further development, such as the
implementation of maximum power point tracking
(MPPT)-based battery charging systems [9]. A
comparison of dual-axis solar trackers and fixed tilted
panels suggests that there is an intriguing balance
between efficiency and cost [10]. The increased cost of
the former offers significantly greater energy collection,
especially on clear days. As a result of this study, it has
been concluded that dual-axis solar trackers, which are
controlled by Arduino boards, are capable of
optimizing solar energy. Researchers have concluded
that dual-axis tracking systems offer a distinct
advantage over single-axis tracking systems [11]. Using
solar trackers, you can expect an approximately 20 %
increase in power production due to the substantial
difference in voltage output and the choice of materials
and components.

In another research, dual-axis solar trackers are
being designed and implemented [12]. by utilizing
Arduino controllers, LDRs, and motors; these trackers
were able to achieve maximum efficiency by controlling
the solar panel both horizontally and vertically. Efforts
to harness solar energy even in low-light conditions are
evident [13], where a low-cost microcontroller-based
scaled-down solar tracker, guided by Arduino,
successfully tracks various light sources. This low-cost,
dependable solution is well-suited for rural areas. A
comprehensive analysis of solar panel performance
under different conditions is conducted in Brasov,
Romania [14].

This study compares five types of photovoltaic (PV)
modules on fixed and dual-axis solar-tracked platforms,
demonstrating significant energy gains with the tracked
platform. The research underscores the consistent
effectiveness of DASTS [15]. The adoption of solar
trackers yields substantial efficiency improvements
[16][17], especially when solar tracking is integrated
into prototypes that concentrate sunlight [18] or during
multi-day experiments [19][20].

In addition to improving energy output, dual-axis
solar trackers are environmentally friendly and cost-
effective, reducing electricity = expenses  [21].
Researchers continue to innovate with new Arduino-
based systems [22]. Furthermore, the advantages of
solar tracking strategies are evident [23], as they were
able to maximize irradiance capture throughout the
tracking process, eliminate shading, and optimize
energy conversion, even under cloudy conditions.
These strategies employ simple algorithms, reducing
computing time. Exploring different tilt angles [24] and
the impact of single-axis solar trackers [25] The
understanding of STSs is further enhanced by focusing
on energy output. Even artificial light sources have been
used in research to study the effect of dual-axis solar
trackers on PV energy production [26].

The versatility of solar tracking solutions is further
highlighted with the development of Arduino Uno-
based systems [27] and IoT-based dual-axis solar
trackers [28]. Solar energy utilization continues to
expand as a result of these innovations. The
compilation of research presented here demonstrates
the significant advancements in solar tracking
technology, as well as the variety of features it can be
used.

This research contributes to the ongoing
development and implementation of solar tracking
solutions in the quest for renewable energy sources in
several ways, including increasing energy efficiency,
reducing costs, and increasing adaptability.
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I1. Materials and Methods

A. Numerical concept

A dynamic and intriguing feature of the sun is its
daily movement, which follows an apparent path called
the solar ecliptic as it rotates around the earth. Azimuth
(the position of the sun along the horizon) and altitude
angle (its height above the horizon) are used to describe
the sun's position in the sky. A change in these
parameters occurs as the sun rises from the east, reaches
its zenith at solar noon, and sets in the west. This has a
significant impact on daily sunlight patterns as well as
influencing fields such as astronomy, navigation, and
solar energy. It is important to note that solar radiation
is composed of direct beam irradiance (sunlight that
reaches PV surfaces directly) and reflected beam
irradiance (sunlight that reflects off PV surfaces
without causing any energy production). To maximize
the amount of energy captured by solar panels, it is
imperative to optimize the angle and orientation of the
panels, as shown in Figure 1.

In addition to aligning solar panels with the sun
throughout the day, a DASTS maximizes the amount of
energy produced. In this case, the angle between the
vertical line on Earth's surface and the solar zenith will
be used as the reference. If the solar zenith angle is
minimal, the panels should be oriented perpendicular
to the incoming sunlight. The equation relating solar
zenith angle, panel tilt angle, and panel orientation
angle can be expressed as equation (1)

sin(8) = cos(B)cos(a) €))

where @ is solar zenith angle (degree), f is Panel tilt
angle (degree), o is Panel orientation angle (degree).

As the solar zenith angle changes, a DASTS
continuously adjusts the panel's orientation. Different
mechanisms can be used to achieve tracking, including
single-axis tracking (rotating around one axis) and
dual-axis tracking (rotating around both the horizontal
and the vertical axes). Optimizing energy conversion
efficiency requires aligning the panel precisely with the
sun.

In essence, the effectiveness of the DASTS in
harnessing solar energy depends on its ability to
accurately calculate and respond to the dynamic solar
zenith angle, ensuring that the solar panel maintains
optimal positioning to capture maximum sunlight.

The efficiency of the solar panel can be determined
using equation (2)

__ Ppeak
AXE

x 100% (2)

where 7 is efficiency, Ppeak is peak power of solar
panel (W), A is area of solar panel (m?) and E is
irradiance of sun (W/ m?).

Figure 1. Geometrical representation of sun motion.

B. Appurtenances

Arduino UNO R3 in solar tracking: the Arduino
UNO R3 is a versatile open-source platform used in
electronics projects. It combines a programmable
circuit board and software. With digital and analog pins
for input and output, it connects to computers via USB
and operates at 5 V.

Servo motors for solar tracking: servo motors offer
precise control based on controller input. In this project,
two servos are used: one with a 180 degree rotation
capacity for horizontal movement and another with a
45 degree rotation for vertical movement. They
respond to signals from the Arduino.

LDRs are light-sensitive resistors whose resistance
changes with light intensity. Four LDRs, each
representing a direction (north, south, east, west), help
track light changes. The Arduino monitors LDR
resistance imbalances and controls servo motors
accordingly.

Solar cells/PV: Solar cells transform light into
electrical energy, with their effectiveness contingent on
direct sunlight. An Arduino-controlled servo motor
repositions the solar cells to track the sun's movement
during the day, enhancing energy production.

The compacted system has been shown in Figure 2
in both photographs and illustrative versions of the
detailed parts.

C. Tracking system flowchart

Based on Figure 3, the formal workflow commences
at the "Start" point, marking the commencement of the
process dedicated to the monitoring of LDRs within a
tracking system. In the subsequent step, a
comprehensive assessment is conducted to ascertain
whether the LDRs exhibit uniform irradiance. Should
they indeed demonstrate congruent irradiance levels,
the workflow proceeds seamlessly to the phase of data
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Figure 2. Experimental setup.

acquisition, followed by a predetermined time delay.
Conversely, in instances where the LDRs do not present
uniform irradiance, the workflow transitions to the task
of identifying the specific LDR characterized by the
highest irradiance. Subsequently, the ensuing step
mandates the precise adjustment of the PV system's
orientation towards the LDR characterized by superior
irradiance.

The process subsequently reverts to the previous
step that addresses the uniformity of irradiance levels,
necessitating the continuous acquisition of data. This
iterative cycle persists until parity in irradiance among
the LDRs is attained. At this juncture, the system
prompts an additional data acquisition phase before
reinitiating the comparison steps. This iterative and
perpetual monitoring process ensures optimal
performance within the tracking system, maintaining
continuous vigilance over the irradiance status of the
LDRs.

II1. Results

This experiment was conducted during July and
August, chosen for their favorable conditions of
enhanced sunlight and reduced dust levels. These
conditions collectively improve the performance of the
system. As sunlight reaches the LDRs, each responsible
for a specific cardinal direction, changes in resistance
occur. Through computer code stored on the Arduino
UNO R3, the system interprets the optimal direction of
sunlight for the solar panel by analyzing the variations
in resistance. Subsequently, signals are sent to the servo
motors, facilitating the accurate rotation of the solar
panel to maintain its alignment with the sun's position.

Data were meticulously collected during this
experiment for both the active DASTS and the FSP
system, allowing for a comprehensive comparison of
their respective performance and highlighting the
advantages of solar tracking in maximizing electricity
generation throughout the day.

Compare the
LDR's
Irradiance

—| Stop for the night period

—_
o
Have they the same @'E
Irradiance >0 5 8
238
P-4
o=
=
[=]

Measure |-V Data

Figure 3. Flowchart of the system.
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Figure 5. V-P curve for a) FSP case; b) DASTS.

Figure 4 and Figure 5 provide a comprehensive
snapshot of the real-world performance of my solar PV
system based on meticulously gathered and analyzed
data from my solar PV system. This graph illustrates the
complex relationship between voltage and current, as
well as voltage and power, shedding light on how my
system responds to constantly changing environmental
conditions. V-I graphs, in particular, provide valuable
insights into the system's behavior under different
conditions of irradiance and temperature, where open-
circuit voltages (Voc = 5.2 V) and short-circuit currents
(Isc=0.51 A) can be seen. As well as providing a deeper
understanding of the system's maximum power points
(MPP), the V-P graph provides further information
about the voltage at which the solar PV system
generates its maximum output power. Figure 4 and
Figure 5 show the plot between current (A) and power
(W) concerning solar panel voltage (V) in both FSP and
DASTS cases.

The data were taken for eight-hour periods and
clearly show that the current and power in Figure 4(a)

and Figure 5(a) decreased respectively due to the
change in the sun irradiance deflection angle on the
fixed solar panel surface. Instantly, for the case of
DASTS that is shown in both Figure 4(b) and
Figure 5 (b) for the current and power, respectively, the
decreasing or fluctuation of the current and power is
not more like part (a) in both figures, and this stability
is due to the influence of the DASTS system that is used.
In the case of the DASTS system nearly we have
satisfied the maximum power point tracking (MPPT)
because for all hours of data measurements, the
maximum power and maximum current remain
constant. Furthermore, our investigation delved into
both hourly temperature and irradiance, as depicted in
Figure 6. In Figure 6(a), the temperature of the solar
panel was measured during the time of data collection.
It changes for each hour at the beginning of the
morning its lowest and rising near noon, and after that
hour, it decreases to 43 °C, and again increases by the
evening. Figure 6(b) shows the sun irradiance for
different hours of the day. The highest irradiance can
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Figure 7. Variation of the MPP to the time for each: stationary case, theoretical and practical solar tracking system.

be achieved from 11:00 a.m. to 02:00 p.m. Meanwhile,
before and after those times, the irradiance level is
going to vanish gradually. Subsequently, we
determined the maximum points for each of the three
distinct scenarios and illustrated these points Figure 7
for comparison.

The variation in solar irradiance throughout the day
follows a distinct pattern for the solar tracker system,
and this phenomenon can be mathematically described

using the equation (3) when irradiance & cos(6)
E = Ep cos(9) 3)

where E is Irradiance of the Sun (W/m2), ED is direct
irradiance (W/m?), and 0 is solar zenith angle (degree).

In this equation (3), Irradiance represents the solar
energy received by the PV, and 6 denotes the solar
zenith angle, which is the angle between the Sun and
the vertical line perpendicular to the Earth's surface.
illustrates  that
irradiance is lowest during early morning and late

The mathematical relationship

evening when the solar zenith angle is at its peak,
indicating oblique sunlight. As the day progresses, the

solar zenith angle decreases, reaching its minimum at
solar noon when the Sun is directly overhead. This
results in maximum irradiance around midday.
Subsequently, after solar noon, as the solar zenith angle
increases once more, irradiance decreases, following a
similar pattern in the late afternoon and evening hours,
and the main taken data are plotted in Figure 7 and
clearly shown in Table 1. The solar panel's efficiency, as
determined numerically by the equation (2), stands at
approximately 16.5 %. However, in the case of an FSP
setup, irradiance is highest in the early morning
because the panel is fixed at an angle equal to the solar
zenith angle.

This mathematical expression quantifies the
observed phenomenon of daily irradiance variations
based on the changing angle of the Sun in the sky. To
easily assess the efficiency of energy harvesting, one can
adopt the following approach: First, to facilitate
comparison and gain a clear understanding of how
closely the solar tracker's performance aligns with ideal
numerical calculations (NCs), one can employ the
following equation (4)
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Table 1.

Evaluate MPP hourly across three cases, accounting for DASTS’s energy harvesting compared to NC (reference power of PV) and FSP setups.
Time (h) DASTS’s power (W) NC power (W) FSP power (W)
09:00 1.84 1.53 1.84
10:00 1.763 1.60 1.763
11:00 1.728 1.70 1.404
12:00 1.794 1.74 1.107
13:00 1.764 1.75 0.615
14:00 1.6 1.75 0.4
15:00 1.444 1.71 0.172
16:00 0.936 1.51 0.1521
> MPP 12.869 13.29 7.4531
Energy harvesting equation (4) and equation (5) -3.16 % +42.08 %

Energy Comparison of DASTS with NC =

Y nPnc— 21, PpasTs <100% )
Y nPNe

where PDASTS is Power of DASTS (W), PNC is
obtained power from numerical calculation (W) and

secondly, to compare the DASTS to the FSP scenario.

Energy harvesting of DASTS compared to FSP =
Y nPpasrs = X Prsp x100% (5)

21 PpasTs

where PDASTS is Power of DASTS (W) and PFSP is
obtained power from FSP (W)

IV. Discussions

Implementing dual-axis solar DASTS significantly
enhances the performance of PV systems by
dynamically aligning solar panels with the sun's path.
This optimization maximizes sunlight capture,
ensuring consistent achievement of the MPP
throughout the day, as illustrated in Figure 4 solar
tracking is especially beneficial in regions with variable
sunlight angles and high solar variability, enhancing
overall PV system efficiency. Based on Figure 7 and
Table 1, the main goal of this study can be extracted. In
this figure, the maximum power in each case of DASTS,
FSP, and theoretical (NC) can be sensed. Both DASTS
and NC are very close, which means that the DASTS
system will mostly achieve the possible power of the
used PV. However, the DASTS is significantly different
from FSP because of its capability rather than the fixed
case of the PV.

Temperature and irradiance levels profoundly
impact MPP. Temperature-induced changes in
electrical resistance within PV cells can shift the MPP
voltage, affecting power output. Higher irradiance
levels increase output current and shift MPP towards
higher power, as shown in Figure 5 and Figure 6.
Engineers must consider these factors to design

efficient PV systems that operate close to their MPP
under varying environmental conditions.

Daily temperature fluctuations are the result of
factors like solar radiation, sunlight angle, geographic
location, and altitude. Figure 7 graphically illustrates
the DASTS's pivotal role in maintaining consistent
power output throughout the day, outperforming static
configurations. This performance closely aligns with
NCs, with minor deviations attributable to temperature
and irradiance, detailed in Figure 6.

V. Conclusion

The performance evaluation of the solar tracker
system has yielded highly promising results. Our
analysis indicates that the solar tracker system operated
at an impressive efficiency rate, closely approximating
45 % of the ideal energy levels derived from NCs.
Furthermore, in direct comparison to the FSP case, the
solar tracker system demonstrated its efficacy by
significantly improving the output energy, achieving a
remarkable enhancement of -3.16 %. These findings
underscore the practical effectiveness of the solar
tracker system in harnessing solar energy efficiently,
making it a valuable asset in the realm of renewable
energy  technology. =~ With  such  substantial
improvements in energy capture and utilization, the
solar tracker system represents a pivotal advancement
in the pursuit of sustainable and eco-friendly energy
solutions.
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