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https://doi.org/10.18280/jesa.570422 ABSTRACT

Shading in photovoltaic (PV) systems can reduce power output, cause hot spots, efficiency
losses, maintenance needs, and impact economic returns. Traditional shading solutions for
PV systems are complex and expensive, requiring advanced sensors, imaging
technologies, and complicated algorithms. This study presents a cost-effective, simple
method that does not rely on sensors, cameras, or complex systems. It involves a site
assessment to identify shading sources and precise shadow length calculations using
astronomical equations. By combining site analysis with tracking mechanisms, the system
proactively avoids shading with minimal energy loss, only 2.7% of the generated energy.
Unlike other techniques that react to shading, this approach focuses on predicting and pre-
venting shading, ensuring optimal performance. A prototype of the system demonstrated
efficient sun tracking and shading avoidance. This innovative approach improves PV
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efficiency, reduces costs, and promotes adoption due to its simplicity and scalability.

1. INTRODUCTION

Buildings account for almost 40% of energy consumption
globally [1]. Therefore, enabling buildings to manage their
energy demand and production is one of the ultimate goals of
the world [2]. Roof-mounted solar PV systems are the most
efficient and clean systems enabling buildings to produce
power. Since sunlight is the power source for a solar PV
system, shading is an important factor in choosing the right
spot to place modules, as it can significantly reduce the entire
system's efficiency. Even a single shaded cell in a long string
of cells can easily cut over half the output power [3]. Some of
the typical shade sources that can reduce a PV system's output
power are chimneys, trees, and other roofs [4], see Figure 1.
Clouds are another source of shading but do not affect the
efficiency of PV arrays as nearby objects [5]. Therefore,
minimizing shading through careful site selection and panel
positioning is crucial for optimizing solar panel efficiency and
maximizing energy production. This imperative step ensures
the efficient harnessing of solar energy and holds the key to
revolutionizing building energy consumption and shaping the
future of sustainable architecture.

Shading detrimentally impacts solar panel efficiency by
obstructing sunlight, the primary energy source for solar
photovoltaic (PV) systems. When shaded, even partially, solar
panels experience reduced sunlight exposure, leading to
decreased energy production [6, 7].

This reduction occurs due to the interconnected nature of
solar cells within the panel; if only 20% of the surface of the
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solar panel is shaded, 50% of the output of the entire array can
be reduced [8]. Consequently, shading from objects like trees,
nearby buildings, or even clouds can significantly hinder the
performance of solar panels. Research has indicated that for
each 10% of shade on the surface, there is a 2.3% drop in
electrical efficiency [9]. Moreover, shading can potentially
reduce the efficiency of a system up to 99.98%, resulting in
the total failure of the system [10].

The literature provides various techniques to reduce the
detrimental effects of shading on solar panels. One commonly
employed method is the use of bypass diodes, which serve to
mitigate the impact of shading and safeguard the integrity of
the solar panels [11-16]. Additionally, implementing a
maximum power point tracking system can optimize the
energy output of the panels despite shading [17-22]. Grouping
shaded modules in separate strings, known as parallel series,
is another strategy to maximize the overall output power of the
photovoltaic array [23, 24]. Furthermore, the integration of DC
optimizers allows for the adjustment of output voltage and
current to maintain maximum power without compromising
the performance of other modules in the case of partial shade
[25-27]. Careful selection of materials to minimize shading
[28], as well as altering the interconnection of PV arrays, are
additional approaches to mitigate shading effects [29-31].
Novel methods such as dynamic reconfiguration of panel
connections [32-37], modified optimization algorithms for
panel layouts [38], and techniques involving renumbering and
rewiring modules within the array [39], contribute to
minimizing power loss from shading. Techniques like using


https://orcid.org/0000-0002-0362-9969
https://orcid.org/0000-0001-9649-070X
https://orcid.org/0000-0002-1502-3526
https://orcid.org/0000-0002-8236-2317
https://crossmark.crossref.org/dialog/?doi=10.18280/jesa.570422&domain=pdf

multiple converters [40], employing half-cell solar panels [41]
[42], and maximizing power ex-traction capability through
microinverters [43] or energy recovery circuits [44] are also
effective in mitigating shading effects and enhancing solar
panel performance.

Modern shading mitigation in PV systems involves using
sensors to detect shading and adjust panel angles dynamically
[45]. Some methods include using drones with advanced
imaging tools to capture aerial views of large PV installations,
analyze shading patterns, and optimize panel positioning [46-
49]. Aerial imaging tools enhance this analysis by providing
high-resolution visual data for precise mapping and proactive
shading management [50-53].

(d) Building [49]

Figure 1. Shading sources for integrated photovoltaic
systems
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The limitations of current shading mitigation techniques for
solar panels reveal significant gaps. While bypass diode
methods prevent energy loss from shaded cells, they still suffer
from reduced voltage and overall energy efficiency [54, 55].
Grouping shaded modules and using multiple converters
require complex modeling and simulation, which can be
impractical and costly due to specialized expertise and
expensive components. Sensor-based methods can only detect
performance drops without pinpointing the exact shading
cause or location, and drones and aerial imaging tools face
limitations from weather conditions, image quality, and
complexity. Shadow mapping software provides valuable data
but may not reflect real-time changes, and the energy
consumption of advanced techniques may outweigh their
benefits.

Our novel method addresses these issues by proactively
preventing shading without relying on sensors, cameras, or
complex systems. Instead, it uses astronomical equations to
calculate shadow lengths from potential shading sources like
chimneys and trees, integrating this information into solar
tracking tools. This approach enables efficient sun tracking
while avoiding shaded areas. Our system achieves maximum
energy production with only 2.7% of generated energy
consumed, which is lower than other systems reported by
Osman et al. [56] (3.4% and 3.9%), Kuttybay et al. [57] (4.2%),
and Ahmad et al. [58] (5.89%), and aligns with the optimal
solar tracking energy consumption range of 2-3% [59]. By
simplifying the implementation process and eliminating the
need for expensive technologies, this approach makes high-
efficiency solar tracking more accessible for various
applications. Its proactive shading prevention feature
improves energy generation and system durability, potentially
setting a new efficiency standard for solar tracking.

2. METHODS AND MATERIALS
2.1 Proposed solar tracking system

The solar tracker's precision is underscored by its ability to
calculate key sun angles, ensuring accurate tracking of the
sun's trajectory. Figure 2 visually represents the azimuth and
altitude angles, showcasing how the system captures the Sun's
angular displacement from the observer point (azimuth angle)
and its angular height in the sky (altitude angle). These angles,
calculated using precise astronomical equations, form the
foundation for the solar tracker's dynamic response to the sun's
movement throughout the day.

Figure 2. Sun position angles



The following equations from the Astronomical data can be
used to estimate the sun’s position [60].
The azimuth and altitude angles are given as:

(1)
2

Zs=cos™' ((sin 3 . cos ¢- cos &. sin ¢. cos 6) /cos o)
o= sin" (sin 8. sin ¢+ cos 8. cos @. cos ©)

The angle between the Earth-Sun vector and the equatorial
plane, defined as the “angle of declination,” is calculated by:
8=23.45°.sinB 3)
where, B can be calculated by the number of days elapsed in a
given year up to a particular date d as follows:
B =360/365.(d — 81) “4)
The angular displacement of the Sun from the local point,
known as the “hour angle,” is given by:
6=15°.(LST-12) %)
The time correction factor in minutes TC defined as the true
solar time, is given by the daily apparent motion of the true or
observed Sun as follows:
TC=4(L-LSTM)+EoT (6)
The difference between apparent and mean solar times EoT
is given by:
EoT=9.87 sin(2B)-7.53 cos(B)-1.5sin(B) (7
In conjunction with precise sun angles, the solar tracker
employs a mathematical model to calculate and optimize
shadow length caused by front buildings. Figure 3 visually

illustrates the changing shadow length, providing insights into
how the solar tracker adapts to the shifting position of the sun.

Solar Tracker

Distant

Shadow Length

Figure 3. Shadow length of a building

When an obstacle object, such as a roof, casts a one-
dimensional shadow, the length of the shadow can be
calculated using a simple geometric relationship. The equation
used for this calculation is:

a=b/tana

®)
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When dealing with objects that cast two-dimensional
shadows, such as chimneys and trees, the calculation of the
shadow length becomes more complex. In such cases, the
shadow length can be determined using the following set of
equations:

x = b(sin(Zg — 180)tan(a)) 9)
y = b(cos(Zg — 180)tan(a)) (10)
a=x%+y?2 (11)

2.2 Tracking system strategy

Our proposed solar tracker employs a robust strategy to
optimize solar energy absorption while minimizing shadow
impact, see Figure 4. Initiated by geographic coordinates,
object dimensions, and the current date and time, the system
utilizes advanced astronomical algorithms to calculate precise
sun position angles, sunrise, sunset times, and shadow lengths.
Operating within the timeframe from sunrise to sunset, the
tracker periodically assesses shadow length changes. If a
positive difference is detected, indicating movement away
from shadows, the tracker adjusts the actuators in a
counterclockwise direction.
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-
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Solar tracker: the actuators move I
the tracker to the new position |

Figure 4. Flow chart of the proposed solar tracking system

Conversely, for a negative difference, signifying
encroachment of shadows, the system repositions the actuators
clockwise. The control algorithm then commands the rotary
and linear actuators to align with the calculated sun angles,
ensuring optimal exposure to sunlight while avoiding shade.
This dynamic approach enhances solar energy absorption



efficiency, making the system adaptable and responsive to Pulley
varying environmental conditions. \

Stepper Motor

2.3 Prototype
The control unit of the proposed solar tracking system is Bolt

presented in Figure 5. An Arduino microcontroller board is Fixed Rail

used to perform the tracking and avoid shading simultaneously Bearings

(Number 1 in Figure 5). Two LN298 motor drives are used to (c)

drive the actuators (Number 2 in Figure 5). Two stepper

motors are employed for the elevation-tracking rotatory Figure 6. Linear actuator system

actuator and the shade-avoiding linear actuator (Number 3 in

Figure 5). The rotary actuator, depicted in Figure 7, involves fixing the
The mechanical system comprises a linear actuator for solar panel to a stem connected to a stepper motor. As the

moving the solar panel to prevent shading and a rotary actuator motor rotates, the solar panel undergoes elevation tracking.

for horizontal solar tracking. The linear actuator is illustrated
in Figure 6. To secure the solar panel support and prevent
unintended movements, four bearings are employed (Figure 6
(a)), while two bearings above the rail facilitate smooth g ]
movement (Figure 6 (b)). A belt, connected to a stepper motor
and two pulleys with a 2-meter length (1 meter outward and 1 Support
meter return), is linked to a metal L. This L, in turn, is
connected to the solar panel support (Figure 6 (c)). As the ,‘-.-'-_-:_*—.,_
motor turns, the support undergoes translation along the rail.
pp g g ]

Solar Panel

Stepper Motor

Figure 5. The proposed solar tracking control unit and E :
prototype c,
Support Bok Point A | Point B

Fixed Rail ____ Figure 8. The final proposed solar tracking system

The final designed solar tracker mechanism is depicted in
Figure 8. Positioned initially at point B during sunrise, the
tracker aligns with the sun from morning to noon. During this
period, shading on the tracker diminishes gradually, reaching
zero at noon. The tracker adjusts its orientation to follow the
sun's path throughout this timeframe. In the afternoon, as the
sun surpasses the azimuth, shading begins to cast on the
Support tracker. To counteract this, the tracker initiates translations to

prevent shading, continuing until it reaches point A at sunset.
At sunset, the tracker completes its cycle and undergoes an
(b) initialization to return to position B, ready to repeat the process

Bearings

Fixed Rail

Filter Screw

Bearings
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the following day. Throughout this cycle, the tracker
dynamically follows the sun's elevation angle, ensuring it
avoids shading.

3. RESULTS AND DISCUSSIONS

The experiment was conducted at Blida 1 University, Oulad
Yaich, Blida, Algeria, at 36.4225° latitude and 3.2117°
longitude. The study carried out in June 2023, aimed to assess
the performance of tracking systems during the peak of the
summer season in Blida. The calculated sun angles at the study
site are presented in Figure 9.

The figure illustrates the dynamic behavior of the Sun on
June 11th, 2023, in Blida. The Sun's elevation angle follows a
discernible pattern, peaking around 12:45 with an elevation of
73.62 degrees. Simultaneously, the azimuth angle exhibits
systematic changes, reaching its maximum value at
approximately 14:45. These variations are crucial for
understanding the Sun's position in the sky throughout the day.
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Figure 9. The calculated data on June the 11th 2023

The site analysis was crucial to validate the efficacy of the
designed solar tracker in effectively mitigating shading from
surrounding objects. The solar tracker was strategically
installed atop a university roof, where an obstructing object
with a height of 0.3 meters was situated in front, causing
potential shading. To assess and address this challenge, the
height of the building was incorporated into calculations to
determine the shadow length of the object throughout the
experimental day, conducted on June 11th (refer to Figure 9).
Leveraging this shadow length data, the solar tracker could
dynamically adjust its position, avoiding shading and
optimizing solar panel orientation for enhanced energy
absorption.
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Figure 10 represents the real-time performance of our
designed solar tracker in managing shading challenges. In the
left photo, taken at 1:30 p.m., the solar tracker is shaded with
a measured shadow length of 19 cm. Contrastingly, the right
photo, captured at 1:45 p.m. on the same day, demonstrates the
solar tracker avoiding the previously measured shadow. This
dynamic adaptation showcases the tracker's capability to
adjust autonomously, ensuring optimal solar panel orientation
by following the sun's path. The photos' real-time nature
underscores our solar tracker's practical effectiveness in
mitigating shading and maximizing solar energy absorption.

Figure 11 represents the real-time adaptive rotation of the
solar tracker to track the sun's changing angles. The left photo,
captured at 1:45 p.m., illustrates the solar tracker's alignment
with a solar altitude of 72°. In contrast, the right photo, taken
at 3:00 p.m., showcases the solar tracker's adjustment to a solar
altitude of 59°. The figure vividly demonstrates the solar
tracker's dynamic rotation, effectively maximizing sun
exposure while avoiding shading. This real-time response
underscores the tracker's capability to optimize solar panel
orientation for increased energy absorption and productivity.

Figure 10. Real-time performance of the designed solar
tracker

Figure 11. Real-time photo of the rotation of the solar panel

The behavior of the solar tracker on the day of the
experiment (June 11th, 2023) is illustrated in Figure 12. Figure
12 (a) depicts the linear actuator movement of the solar tracker,
where it advances 0.38 m with each step. It is evident from the
figure that the tracker remained stationary until approximately
13:00 pm. This stationary phase occurred because the object
casting the shadow was positioned to the west, and its shadow
did not reach the tracker until noon. Subsequently, the tracker
moved forward as the shadow length increased until around
7:00 pm, corresponding to sunset. This observation
underscores the importance of considering objects' position



and height when positioning the tracker to avoid shading.

Figure 12 (b) depicts the tracker's rotation actuator,
representing the tilt angle. The tracker adjusts its tilt angle by
1.8° with each step based on the difference in elevation angles.
It is evident from the figure that from 7:30 am to around 12:00
pm, the tracker's tilt angle remains relatively stable. This
stability is attributed to the minimal sun elevation change
during this period. However, around noon, the tilt angle
reaches its maximum value, corresponding to the peak
elevation of the sun at that time. Additionally, between 3:00
pm and 6:00 pm, the change in tilt angle is negligible. This
observation suggests that discrete sun tracking, rather than
real-time tracking, is more efficient. Specifically, tracking
should occur three times a day: an hour before noon, at noon,
and an hour after noon. This approach minimizes energy
consumption while maximizing solar energy capture, as it
accounts for the clear changes in elevation angles during these
times.

linear motor steps (m)

9:24 11:48 14:12 16:36

Time

(a) The linear actuator motor position

Trackers rotation steps (m)

7:00 9:24 11:48

Time

14:12 16:36

(b) The rotation motor position
Figure 12. The solar tracker position

The behavior of the designed solar tracker was analyzed
throughout each season of the year 2023 in response to
changes in the sun's position and shadow length, as depicted
in Figure 13. The results show that the tracker's linear actuator
movement varies significantly for each season (Figure 13 (b)).
This variation can be attributed to the changes in shadow
length throughout the day (Figure 13 (a)), highlighting the
importance of calculating shadow length continuously for
successful shadow mitigation.

On the other hand, the solar tracker's rotation actuator
exhibits minimal variation throughout the day (Figure 13 (d)).
The only noticeable changes occur around 12:00 pm and 2:00
pm, coinciding with the sun's maximum elevation, which
varies between seasons. This finding corroborates our earlier
observation from the day of the experiment, where discrete sun
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tracking three times a day, one hour before noon, at noon, and
one hour after noon, as deemed sufficient. This underscores
the non-necessity for real-time tracking, as commonly
employed in sensor-based solar trackers. Implementing
discrete tracking not only minimizes energy consumption but
also enhances the efficiency of the PV system.
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During our testing, we assessed the energy production and
consumption of the solar tracker on four representative
seasonal days: March 11th, June 11th, September 10th, and
December 17th, as shown in Figure 14. On March 11th, the
solar tracker generated 14.78 watt-hours (Wh) and consumed
1.2Wh, resulting in a consumption rate of 8.14%. The low
energy production was due to unclear weather conditions with
a global irradiance of 5.04 kWhr/m? [61].
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(b) Energy consumption rate in relation to produced energy
Figure 14. The designed solar tracker response

In contrast, on June 11th, energy production peaked at 49.38
WH due to clear weather and high sun intensity of
9.84kWhr/m? [61]. Despite a slightly longer shadow compared
to March 11th, energy consumption remained low at 1.33Wh,
resulting in a consumption rate of 2.7%, attributed to the high
energy production.

September 10th showed similar sun position and shadow
length to March 11th, resulting in a consumption rate of 7.68%
with solar irradiance at 5.77kWhr/m? [61]. The lowest energy
consumption was in December at 1.01Wh, attributed to
minimal shadow length and reduced movement of the solar
tracker actuator. However, energy production was
significantly lower at 5.77Wh due to clouds, rain, and very low
sun intensity of 2.46kWhr/m? [61], resulting in a consumption
rate of 17.51% due to limited energy production. These results
highlight the effectiveness of the solar tracker design,
especially in summer. Despite the longest shadow in summer,
the tracker achieved maximum power production while
consuming only 2.7% of the generated energy, thanks to
effective shadow avoidance and precise sun position tracking.
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4. CONCLUSION

In this study, we designed a new shade-avoidant solar
tracker that uses no sensors; instead, it relies on astronomical
equations to follow the sun and avoid shading. The developed
sensorless solar tracker demonstrates several key advantages
that contribute to its effectiveness in optimizing solar energy
harvesting:

(1). The tracker eliminates the need for expensive sensors
by relying on astronomical equations, resulting in a more
affordable and accessible solution.

(2). The solar tracker showcases real-time adjustments,
precisely following the sun's path and dynamically adapting to
changing solar angles throughout the day.

(3). By incorporating shadow length measurements, the
solar tracker effectively avoids shading, ensuring continuous
exposure to sunlight and maximizing energy absorption.

(4). The design simplicity makes the solar tracker easy to
implement, reducing installation complexities and associated
costs.

(5). With minimal electronic and mechanical components,
the sensorless solar tracker requires less maintenance,
contributing to long-term reliability.

(6). The ability to accurately track the sun without reliance
on sensors optimizes solar panel orientation, leading to
increased energy productivity.

(7). The design's effectiveness in enhancing PV building
integrated systems makes it a practical and efficient solution
for integrating solar energy into various architectural
structures.

(8). The designed solar tracker is efficient, as it consumes
only 2.7% of the energy produced, which is less than that of
existing solar tracking systems.

As a future work, we aim to enhance the effectiveness of
our shadow-avoidant solar tracker by implementing computer
vision and machine learning techniques to continuously
monitor the PV array's surroundings for new or moving
obstacles such as growing trees or new structures. Additionally,
we will add user-friendly software interfaces for remote
monitoring and control to simplify management. Testing will
be conducted on larger PV arrays in various regions with
different climate conditions to ensure scalability and reliability.
By tackling these challenges, we aim to further enhance the
efficiency and reliability of solar energy systems, contributing
to sustainable energy solutions across diverse applications.
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Angle of declination
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solar times
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local point
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