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As the world trend is going towards renewable energy, solar photovoltaic (PV) energy shines the most due to the low generation
cost especially by using the latest PV cell technologies and materials, although the conventional silicon cell has an efficiency in the
range of 15-16%. A PV tracking system (PVTS) could be a considerable method to increase electrical PV efficiency. In this study,
the performance enhancement of the daily output power and energy has been experimentally investigated using single- and dual-
axis tracking mechanisms for flat-plate conventional PV panels under the insolation conditions of the Eastern province of Saudi
Arabia (SA). In the current study, the active PVTS has been designed and implemented with PID controllers and controlled in
real-time with an embedded system. The fixed-tilt (FTPV), single-axis solar tracking system (SAST), and dual-axis solar
tracking system (DAST) were tested simultaneously under clear-sky conditions. The PV electrical energy balance has revealed
that the energy consumed by the electrical controllers of the SAST and DAST is 3.4% and 3.9%, respectively. In addition, the
energy losses due to the actuators of the SAST and DAST are 7.8% and 13.0%, respectively, where they contributed mainly to
the energy losses. However, the PV energy production by the DAST was high enough to compensate for the higher actuating
mechanism losing rate compared to the SAST and performed incremental net energy output of around 8.64%. On other hand,
the DAST and SAST were more efficient than the FTPV recording higher net energy increase by 28.98% and 18.73%, respectively.

1. Introduction

As the human population grew alongside technology, the
energy demand increased rapidly day after another, which
led to the industrial revolution at the end of the 19th cen-
tury, causing a vast consumption of fossil fuel. Although it
is a dependable energy source, it has many drawbacks such
as greenhouse gas emissions, transportation adversity, and
exhaustibility [1–3]. Due to these flaws, in the last decade,
renewable energy sources like wind, solar, and geothermal
became relevant as they are infinite and most importantly
eco-friendly [1–4].

Solar energy is the most used and promising renewable
energy source since solar energy technologies have shown
considerable improvements in performance and reduction
in cost in the past few years [5, 6]. In addition, the annual

energy potential received from the sun is approximately
8000 times more than the average energy usage of the whole
world [7]. There are three main solar systems: photovoltaic
(PV) system, solar thermal system, and hybrid system [8],
where a photovoltaic system produces electrical energy, a
solar thermal system produces thermal energy, and a hybrid
system produces both electric and thermal energy [9].
Recently, energy generated from PV systems became domi-
nant in the market considering that it is noise-free, highly
efficient, and inexpensive in production and maintenance
costs [3, 10, 11].

Overall, the efficiency of a PV system is affected by many
factors, including environmental conditions, such as the PV
cell temperature, the amount of solar irradiance, and soiling
effect [12–15]. One approach to enhance the overall effi-
ciency of a PV system is by increasing the amount of solar
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irradiance that the system receives [12, 14]. The amount of
solar irradiance depends significantly on the angle between
the sun rays and the normal of the module (incidence angle),
so as long as the panel is fixed, it can only receive the max-
imum amount of irradiance when the sun is perpendicular
to the module’s surface. Thus, a PVTS tends to improve
the PV system efficiency via detecting the direction of the
sun rays and adjusting the orientation of the PV module to
minimize the incidence angle [16–18].

Solar tracking systems (STS) have three main categories:
solar trackers based on driving technique, solar trackers
based on movement degree of freedom, and solar trackers
based on control method [9]. The first category is solar
trackers based on driving techniques with two main types
of driving techniques: passive STS and active STS [5, 19,
20]. The second category is solar trackers based on the
degree of freedom of the motion, which in general are
divided into two subcategories, single-axis solar tracking sys-
tems (SAST) and dual-axis solar tracking systems (DAST)
[21, 22]. The third category is solar trackers based on the
control method, and they have three primal types of control
scheme, open-loop, closed-loop, and hybrid (combined)
control systems [9, 23, 24]. Various control algorithms can
be implemented in solar tracking (ST) techniques, for exam-
ple, simple on-off, PID, fuzzy, and LQR controllers [25–28].
[29] states that the on-off, fuzzy, and PID controllers are the
most used controllers with a utilization percentage of
57.02%, 10.53%, and 6.14% of STS, respectively, while
26.31% of STS are other types of control algorithms.
Although all these controllers are used to optimize the PV
system power consumption, there are still some concerns
regarding the ST technology, such as shading effect, perfor-
mance under different weather conditions or different
regions, initial cost, and maintenance cost.

da Rocha Queiroz, J. et al. [22] assembled a DAST based
on Arduino integrated development environment in process
language. The DAST has shown a 67.28% total gain and
63.22% net gain while on a cloudy day the total gain was
37.84% and the net gain was equal to 28.99%. In the case
of a rainy day, 11.71% total gain is recorded and 19.47% loss.
That shows the effect of different weather conditions on the
DAST PV system, even though the DAST shows a perfor-
mance improvement when appropriately applied.

Du, X. et al. [30] highlighted that DAST technology fab-
rication cost is almost 40% of the total cost of the whole PV
system. Furthermore, DAST with an active driving tech-
nique consumes more energy than SAST to alter its position
regarding the sun since it usually consists of two motors that
might consume more power than gained, causing the net
efficiency to drop. The cost of the DAST may lead to a
greater economic-friendly alternative, and that is the SAST.

Ngo, X. C. et al. [31] studied the efficiency of the SAST in
Vietnam (Quang Tri Province) while considering the track-
ing system energy consumption on different weather condi-
tions. The performance on a sunny day showed an increase
of 33.3% in energy generation and an efficiency increase of
about 30.3%. While on a cloudy day, a huge efficiency drop
accrues compared to a sunny day, where the net increase in
efficiency is measured to be 3.2%. The worst-case scenario is

when it is rainy; although there is a power generation differ-
ence of 6.7%, the net efficiency drops to about -2% since the
power consumed via the tracking is more than the energy
gained by the solar system itself.

Ruelas, J. et al. [32] made a low-cost PV SAST by using
the efficiency as a function of time technique (EFO) at Mex-
ico (Cd. Obregón). The prototype was designed with specific
parameters to maintain the cost of production and mainte-
nance low, while its working principle is based on three-
point motion control with azimuth angles of 30°, 90°, and
120°. It was found that the system achieved an increase in
the collection efficiency of about 24% and a price of 27%
lower than the traditional commercial trackers. It is notice-
able that the STS has different outcomes depending on the
weather conditions of where it is installed, which needs to
be further studied.

Eldin, S. A. S. et al. [16] studied the effects of extreme
exposure to solar irradiance and how it affects the PVTS
temperature and performance. The results of the study
showed a 39% gain in electrical energy in a cold environ-
ment (Berlin, Germany). On the other hand, results of the
same PV STS in the hot environment (Aswan, Egypt)
showed an electrical energy gain that does not exceed 8%.
The study concludes that the energy consumption from the
tracking system was considerable, where the tracking system
would not be as useful in hot weather areas as it is in cold
weather areas.

In the literature, few studies were conducted in the Arab
Gulf countries regarding the feasibility of STS, and most of
them are simulation-based ones. In effect, [33] studied the
effect of different STS configurations and adjustment periods
on the power production in the western region of Saudi Ara-
bia (in Makkah city, SA). The simulation study found that
the DAST and SAST produced 34% and 20% power more
than the FTPV, respectively. Similarly, [34] investigated the
effect of STS on multiple performance indicators in 32 sites
in SA. The simulation-based results concluded that DAST
is an infeasible choice for the region from an economical
point of view, since the difference in energy production
between SAST and DAST is only 3-4.5%, and SAST pro-
duces 28-33% energy more than the FTPV. Another simula-
tion work was elaborated by [35] in Kuwait, and it was
found that using SAST and DAST, the annual energy yield
could be increased by 24.7% and 29%, respectively. Further-
more, [36] experimentally carried out a study in order to
optimize and investigate the performance of SAST in Bah-
rain using a micro-controller-based system. The optimized
STS has shown that the energy yield might be increased up
to 40% compared to FTPV using the proposed STS. [37]
compared the experimental average power production of
the FTPV and STS systems against their simulation results
using the local weather conditions of the United Arab Emir-
ates (UAE). The obtained results showed that there is an
increase in the output power of the PV modules of 17.28%
compared to FTPV by using an azimuthal STS. The simula-
tion results showed a good agreement with the experimental
ones, and the mean relative error was about 2.7%. Moreover,
another work was conducted in UAE [38] to evaluate the
rate of output power increment that can be achieved by
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integrating the STS to a PV panel and Fresnel linear concen-
trating system. The simulation results revealed that tracking
the sun-azimuth can increase the electrical output power by
14.8% and 15.3% compared to the FTPV panel and linear
PV concentrator, respectively. Finally, [39] designed a cheap,
high-accuracy, and closed-loop DAST using a sun position
algorithm with the aim of studying the feasibility of the sys-

tem in Qatar. The results demonstrated that using such a
system may lead to an increase in the PV power generation
by 13.9% with respect to the FTPV.

In all the studies mentioned above, researchers have car-
ried on the gain in instantaneous and integrated power
yields over a typical measurement time frame that was made
by solar tracking mechanisms with respect to FTPV.

Table 1: The electrical setup for the experiment.

Component Model Specification Qty

Current sensor ASC712

Input: 5V
Frequency: 80 kHz

Sensitivity: 185mV/A
Error: 1.5%

6

Motor driver L298N
Input: 12V

Operating current: 0-36mA
Peak current: 2 A

2

Secure digital (SD) SDHC
Input: 5V

Operating current: 0.2-200mA
2

Real-time clock (RTC) DS3231
Input: 5V

Frequency: 100 kHz
1

Power resistor JIANXIN-09-13-318-02
Power rating: 100W
Resistance value: 8Ω

Tolerance: 5%
3

On/off switch —
Rating: 3A/6A 250V

Electrical life: 103 cycles
1

LDR — Input: 5V 6

Arduino Mega ATmega2560
Input: 12V

Frequency: 16MHz
1

Linear motor —
Input: 12V

Max. speed: 20mm/s
3

PV module —

Pmax = 54:2W
Imax = 3:28W
Vmax = 16:54W

Efficiency = 14:24W

3

Battery — Capacity: 100Ah 1

Tilt-angle
support 

East-West motor
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LDR 7LDR 8

PV module

LDR holder

Rod holder

Motor support
Middle bar

Bearing
housing 
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Figure 1: (a) SAST and (b) DAST CAD models.
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However, the contribution of the actuators and particularly
the controllers in the energy consumption and therefore
the net output power of the tracked flat-plate PV panels have
never been analyzed and discussed in detail. Furthermore,
the improvement rates in power and energy of the tracking
systems have neither been numerically nor experimentally
investigated under the local weather conditions. This is
because no previous research studies have experimentally
analyzed the net electrical energy of a self-consumption fixed
or tracked PV panel under the Saudi environmental condi-

tions and more particularly of Dammam city (26°26′03″
N, 50°06′11″ E).

2. Materials and Methods

2.1. Mechanical Design. The mechanical design of SAST and
DAST is firstly made using a computer-aided design (CAD)
software and underwent many enhancements and improve-
ments to the mechanical structure of the trackers (as seen in
Figure 1). The design had to be flexible enough to give

Interface

SD card Sensors

LDR

Current

RTC

Linear actuators

Actuators

Motor drivers

12V battery

Power Microcontroller

Arduino MEGA

Figure 3: Electrical block diagram for SAST and DAST.

Figure 2: The electrical schematic diagram for the FTPV, SAST, and DAST.
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effective degrees of freedom; in addition, it has to be stable
under windy weather conditions or any other external dis-
turbances. The actual models have been fabricated and man-
ufactured in the mechanical workshop at Imam
Abdulrahman Bin Faisal University (IAU).

2.2. Electrical Setup. To make the mechanical model of SAST
and DAST functional, linear actuators have been integrated
to give movement for the 50W PV modules. The linear actu-
ators receive signals via the motor drivers from an embed-
ded controller (Arduino Mega) based on the light

Start

Initialize sensors

Sensor’s readings:
- Real time clock
- Current
- LDR

Yes No Yes

No

Yes

No Yes No

LDR5+LDR8 >
LDR6+LDR7

Move West Move East Move West Move EastMove North

Calculate error

Error > 0.35°

Stop actuators

End

Move South

LDR1+LDR2 >
LDR3+LDR4

LDR1+LDR4 >
LDR2+LDR5

Figure 5: SAST and DAST working principle’s flow chart.
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(DAST)

Wind

SAST
dynamics
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dynamics

Output
orientation+
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Figure 4: Block diagram of the close-loop feedback system.
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dependent resistor (LDR) readings. In addition to the elec-
trical setup of SAST and DAST, an electrical set up for the
measurement and acquisition of the sensors’ signals has
been constructed to achieve the goal of this experimental
study as seen in Table 1 and Figures 2 and 3. The current
measurements generated via each PV module have been
recorded using a current sensor. At the same time, the cur-
rents consumed by each motor and the electrical control sys-
tem have been measured using current sensors also.
Furthermore, real-time-clock (RTC) has been used to give
the time and date of the collected experimental data.

2.3. Control Schema. The controller used to manipulate the
closed-loop system is a proportional integral derivative
(PID) controller tuned experimentally to achieve an accu-
rate, smooth, and power-friendly response based on equa-
tion (1). The STS under investigation has no input; instead,
LDRs act as the sensors that provide the feedback signal to
the PID controller upon which error calculations are made,
following equation (2), equation (3), and equation (4), and
orientation adjustments are decided (based on the highest
intensity direction). After that, the microcontroller sends a
signal to the actuators (linear motors) accordingly
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Figure 7: Experimental setup for FTPV, SAST, and DAST.
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(Figures 4 and 5).

PID = Kp ∗ E
� �

+ Ki ∗ iEð Þ + Kd ∗ dEð Þ, ð1Þ

E = CMD − feedback, ð2Þ
iE = E ∗ dt + iE Prev, ð3Þ

dE =
E − E Prev

dt
, ð4Þ

where Kp is the proportional component, E is the error, Ki is

the integral component, Ei is the integral error, Kd is the
derivative component, Ed is the derivative error, CMD is
the command, and Prev is the previous.

2.4. Tracking System Resolution. An indoor experiment was
implemented to determine the accuracy of the experiment’s
tracking systems. In this test, angles were given to the system
as a command, and then, the actual tilt angles of the PV
module were measured using an accelerometer sensor. After
that, the actual angle measured was compared to the com-
mand given to the systems. Results of the resolution test
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showed a high accuracy achieved by the developed tracking
mechanism of about 0.35° as seen in Figure 6.

2.5. Experimental Procedure. The experiment presented in
this study was conducted at IAU, in the city of Dammam,

SA (26.4° latitude). The data is collected on June 8, 2021,
on a sunny, clear day. To set up the experimental platforms
for testing, the FTPV, single, and dual STS were placed and
examined simultaneously to increase the reliability of the
comparison as seen in Figure 7. The FTPV and SAST were

Power VS Time

07:00 08:00 09:00 10:00 11:00 12:00 13:00
Time (h) Jun 08, 2021

Electrical control system

14:00 15:00 16:00 17:00 18:00
0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

Po
w

er
 (W

)

Single
Dual

Figure 10: FTPV, SAST, and DAST power consumption.

Power VS Time

07:00 08:00 09:00 10:00 11:00 12:00 13:00
Time (h) Jun 08, 2021

14:00 15:00 16:00 17:00 18:00

0.5

0

–0.5

1

1.5

2

2.5

3

3.5

4

Po
w

er
 (W

)

Figure 11: The difference in power consumption between DAST and SAST.
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initially oriented toward the optimal yearly tilt angle
(OYTA) which is about 23°, since the latitude is between
25° and 50° and according to equation (5) [40]. In addition,
as SA is located in the northern hemisphere, both FTPV and
SAST were placed to face the south.

OYTA = latitude ∗ 0:76ð Þ + 3:1: ð5Þ

3. Results and Discussion

3.1. Power. The power production and consumption of
FTPV, SAST, and DAST have been calculated throughout
the day. The measurements for the power production of
PV modules were recorded by utilizing the current measure-
ments through power resistors acting as dummy-load (this
strategy enables to measure the power without any voltage
sensor), while the measurements of the power consumption
through the actuators and the controllers were acquired via
utilizing the current measurements with the known input
voltage.

3.1.1. Power Production. The results of the power production
showed expected outcomes since DAST showed the highest
power production throughout the day. On the other hand,
the FTPV showed the lowest power production, and the
SAST power production was somewhere in between
Figure 8. Furthermore, the power generation of SAST and
DAST was almost the same at the beginning and the end
of the experiment, while a significant difference occurred
between these times. Also, the graph shows that the huge dif-
ference between FTPV and the PVTS is at the early and late
hours of the day.

Figure 9 shows the difference in power generation
between DAST and SAST. Remarkably, the highest differ-
ence in power generation occurs after the starting point by
a few minutes as same as before the ending point by a few
minutes. However, the average difference in power is about
3.9W; although that seems low, the accumulation of this
power with time leads to a high energy difference.

3.1.2. Power Consumption. In regard to power consumption,
most papers claim that most of the power wasted is due to
the actuators (motors) not the electrical system and that is
what is studied in this section. The data collected from the
experiment proved that the dominant power waste is due
to the actuators (Figure 10) which is the same as what previ-
ous studies suggested.

The difference in power consumption between DAST
and SAST, which is shown in Figure 11, proves that the dif-
ference in power consumption is not high (between 1W and
3.5W), although this slight difference leads to high energy
consumption at the end of the day. Additionally, it is notice-
able that the difference in power consumption starts to
increase from the beginning and then starts to decrease after
12 : 30 approximately. And in terms of average value, the
average difference of power consumption was about 2W.

3.1.3. Net Power. To calculate the net power of SAST and
DAST, the power produced by each system has been sub-
tracted from the consumption of the motors and the electri-
cal control system. Both SAST and DAST show positive net
power as expected in Figures 12(a) and 12(b), which led to
the understanding that both of these systems are beneficial.
The increase in power (power improvement) of SAST and
DAST was maximum at the beginning and the end of the
test since the FTPV produced the lowest power in these
times; however, it was minimum in the noon (Figure 12
(c)). In addition, the comparison between the net power of
SAST, DAST, and FTPV shows similar results, since the
net power of both SAST and DAST was maximum in com-
parison to FTPV at the beginning and end of the day
(Figure 12(d)), while the net power was almost the same
for all systems from 9 AM to 2 : 30 PM.

3.2. Energy. The energy can be calculated via taking the inte-
gration of any power VS time curve, and that was the
approach to calculate the energy in this paper. Energy gener-
ated, consumed, and net energy of all systems are listed in
Table 2. The energy generated from the FTPV was about
399 kJ, while SAST and DAST generate 34.6% and 54.4%
more energy, respectively. On the other hand, the energy
consumed via SAST is about 7.8% of its total generated
energy, while DAST is about 13.0% of its total generated
energy. Furthermore, the energy consumed from the SAST
and the whole electrical control system was almost similar
to each other, and the energy consumption for the DAST
is almost equal to the sum of the energy consumed by both
SAST and the control system, while the energy consumed
via the electrical control system of SAST is about 3.9% of
its total energy production, and the electrical control system
of DAST consumed about 3.4% of its total energy
production.

Most importantly, the increase in the net energy (INE) of
SAST and DAST compared to FTPV has been calculated
using equation (6). As a result, DAST achieves 28.98% INE
while the SAST achieves 18.72% INE.

INE = ETS − EC + EFð Þð Þ ∗ 100
EF

, ð6Þ

Table 2: Energy generated, consumed, and net energy via each
system.

Energy generated (kJ)

FTPV 398.6

SAST 536.3

DAST 615.4

Energy consumed (kJ)

Electrical control system 42.3

SAST_actuator 42

DAST_actuators 80.2

Net energy (kJ)

FTPV 398.6

SAST 473.2

DAST 514.1

11International Journal of Photoenergy



where INE is the increase in net energy of SAST or DAST,
ETS is the energy generated by SAST or DAST, EF is the
energy generated by FTPV, and EC is the total energy con-
sumed by SAST or DAST. Figure 13 shows the net power
and energy of SAST, DAST, and FTPV. This graph is capa-
ble to show the power and the accumulation of energy
throughout the day. A critical point in the energy curve is
point (A) since the graph demonstrates that the net energy
of each system from the highest to the lowest was as flows:
FTPV, SAST, and DAST. In contrast after point (A), the
graph shows the opposite order of net energy production.

The energy difference demonstrated at the beginning of
the day between the FTPV, SAST, and DAST is due to the
actuation mechanism compared to the production of the
modules. After a few hours, the accumulation of energy for
all three systems meets at point (A) (Figure 13) starting from
which the DAST starts to have the most energy accumula-
tion since it has the highest net power production. Also,
the DAST has the highest power consumption since it has
two actuators to adjust its orientation. Therefore, the energy
curve of the DAST starts at the bottom and ends at the top.
Additionally, point (A) clarifies that if DAST and SAST were
exposed to the sun for an insufficient time (e.g., from 8 AM
to 11 AM), both systems would be useless and cause negative
INP.

4. Conclusion and Future Work

To sum up, in this study, the assembly and mechanization of
single-axis and dual-axis microcontrolled PV tracking sys-
tems are demonstrated in order to determine the most effi-

cient PV system for the region. Additionally, a unique
investigation for the net energy generated and consumed
by each system is carried out in the study.

The PVTS is actuated using linear motors and controlled
via PID controllers in order to reorient 50W PV modules to
the direction of the sunlight. The algorithms of the PVTS
were able to trace the sunlight with a resolution of 0.35°.
The sheer amount of energy produced via the PVTS has
recorded massive increases in comparison to the FTPV with
an increase in energy production of 34.5% and 54.4% for
SAST and DAST, respectively. However, after considering
the power consumption of different components in the
PVTS (the actuators and the electrical control setup), the
net increase in energy is recorded to be about 18.72% and
28.98% for SAST and DAST, respectively, which demon-
strates that DAST, SAST, and FTPV are the most efficient
systems for the region, respectively. It is concluded that most
of the energy consumption is due to the actuation mecha-
nism, since SAST consumed about 7.8% of its total energy
production, while DADT consumed 13.06% of its total
energy production. The energy consumed by the electrical
control system was 3.4% and 3.9% of the total energy pro-
duction from SAST and DAST, respectively.

Although the result shows that DAST and SAST are
compatible with the region in terms of increase in net
energy, a financial analysis must be one to determine if the
increase in energy production would cover the cost of
manufacturing and maintenance, especially for DAST.
Moreover, in order to further optimize the mechanical of
the PVTS, a study of the wind profile should be made to
investigate the effect of the wind force on the energy
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Figure 13: Net power and energy of SAST, DAST, and FTPV.
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consumption of the actuators. Furthermore, an investigation
of various STS control algorithms on the consumption of the
actuators should be carried out.

Abbreviations

PV: Solar photovoltaic
PVTS: Solar photovoltaic tracking system
FTPV: Fixed-tilt photovoltaic system
SAST: Single-axis solar tracking system
DAST: Dual-axis solar tracking system
STS: Solar tracking systems
CAD: Computer-aided design
LDR: Light dependent resistors
RTC: Real-time clock
Qty: Quantity
Kp: Proportional component
E: Error
Ki: Integral component
Ei: Integral error
Kd : Derivative component
Ed : Derivative error
CMD: Command
Prev: Previous.
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