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Abstract
The sun is one of the most important and indispensable sources of clean energy

on our planet. Photovoltaic (PV) energy is nowadays the most viable and accepted
solar energy. Solar photovoltaics involves the conversion of sun energy into electrical
power. One way to boost the solar PV system's efficiency is to increase solar radiation
time that directed to the solar panel, which means harnessing more sunlight onto the
solar panels. This is achieved using sun trackers, which maintain solar PV panels
always oriented to the sun's beams at the optimal angle.

This thesis aims to design and build a prototype of a dual-axis solar tracking system
driven by two pneumatic actuators on a smaller scale, which can simulate real time
system with an actual load because the pneumatic system has advantages over other
actuators due to the simplicity of control, cost-effective, low maintenece and can
operate on a wide range of harsh environmental locations. A group of tests were
conducted on the tracking system on the day of September 16" 2024 in the city of
Baghdad with latitude of (33.367°N) as this location the simulation and the
experimental part were conducted.

Addtion to that, a comparison has been made between a fixed solar panel and one
driven by pneumatic actuators to show how much power can be produced for a given
local load. First, the components of the tracking system will be modeled, which
mainly contains the PV panel, the pneumatic actuator system, and the control system.
Three control methods has been simulated for the tracking system using
Matlab/Simulink: Adaptive Neuro Fuzzy Inference System (ANFIS), Fuzzy Logic
(FL), and the compare method to control the pneumatic actuators. The simulation
showed that the ANFIS method increased the effeciency of the solar system by
approximately 44.6% compared to the fixed panel system that because the ANFIS
controller have adaptive features and can predicts the environmental changes due to
data training and fuzzy reasoning, while FL method showed a 30.6% increase in solar
energy harvest compared to the fixed panel system due to non adaptive properties.
The comparison method is a simple process of comparing the readings of two
identical optical sensors and has achieved 38.15% greater efficiency than fixe panel
since this method took the data directly form the sensors. From the results above, the
ANFIS is higher effeciency than FLC controller in about 10.7%.

Comparing the performance of the solar tracker setup in the experimental work under
the ANFIS system with the corresponding simulated results, the experimental results
showed a decrease of 6.51% over the simulation results. Also, the experimental



results of the system under the control of FL and the comparison method gave about
7.6% and 7.25% less than the results of the simulation results, respectively.
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Chapter One Introduction

Chapter One: Introduction

1.1 Overview

The sun is one of the significant elements on our planet. Humankind cannot
live without it. These days, humans are suffering from global warming conditions
and growing problems [1]. Meanwhile, people have to consider the bright side of
these conditions. To manage the global warming problem, switch to more green and
clean energy resources like sunlight, hydropower, and windmills and reduce oil-
dependent energy use [2]. Researchers and big companies are developing machinery
to invest in green energy and use it to gain more power. Big companies such as Q-
Cells, BP Solar, Kyocera, Sanyo, and Sun Power have extensively utilized solar
energy tracking projects. Due to its cost-free nature, many companies use solar or
photovoltaic (PV) energy as a substitute power source. Since oil and gas prices are

globally higher than ever, these companies are switching to green energy sources [3].

1.2 PV System

Several researchers dedicated their time to discover an alternative energy
source as a substitute for gasoline. PV energy is one of the alternative energy
resources available to the world [4]. PV energy is nowadays the most viable and
accepted solar energy. Solar PVs involves the conversion of sun energy into power.
Photons collide with silicon atoms, providing electron energy and allowing them to
flow freely. The solar cell has an electric field, pushing unbound electrons in specific
directions, and metal contacts transfer DC current. PV energy is currently the main
application of solar energy globally, and it’s described as sunlight, which consists of
photons that give us energy with the help of PV properties. The photons are absorbed

by a solar cell, which gives us electrical power due to its manufacturing techniques
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[5]. The light stimulates the electrons present in the substance of the PV cell.
Electrical power is produced by the flow of electrons down a pathway. Solar PV
systems produce electric power to provide houses or other loads connected to them.
The flow of electric power uses wires to transfer the electrons, directing them to the
energy loads, which are batteries or the house's electrical system, where appliances
and other electrical devices can be them. The battery system in solar systems helps
store energy in case of excess power during average load or when using it at night
when the sun is out and electric power is needed. Figure 1.1 shows a simple PV
system which construct of PV panel, battery charger, battery, inverter to convert the
DC power to AC power and the home load [6]. Maximizing the energy yield from
PV systems in areas with reduced sunlight is difficult [7].

Solar radiation
"R

p _w»’/ Energy .
Photovoltaic charge Consumption ..
controller

Inverter

Photovoltaic
panels

PV batteries

Figure 1. 1 PV system image courtesy of bester energy
Extensive research and developments are conducted to increase the efficiency
of solar energy and minimize the overall cost of solar energy systems; the

International Energy Agency (IEA) reports that while the annual growth rate of global
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PV capacity is high, solar PV energy is not yet ready to completely replace
conventional energy sources in the market, despite its benefits. While sophisticated
techniques for PV material optimization remain challenging, advancements in system
design and module building can significantly improve solar PV efficiency and
reliability [8]. One way to boost the solar system's efficiency is to increase the time
that solar radiation directed to the PV panel, which means more sunlight is applied to
the solar panels. This is achieved using sun tracking devices, which keep the solar

PV panels always oriented to the sun's rays at the optimum angle [9].

1.3 Solar tracking system

The solar tracking system has many techniques according to their components
and drivers. They are classified into five main types: active which used an active
actuator, passive which depends on thermal properties and specific metals for thermal
expansion, semi-passive which have thermally expanded metals and active actuator
to increase precision, manual which used manual gears to track the solar angles, and
chronological tracking systems which depends on lookup table for the solar angles.
The solar tracking system is classified into two types according to the tracking degree
of freedom: single-axis and dual-axis tracking systems. The single-axis tracker will
track only one solar angle either the tilt or azimuth angle while the dual-axis tracker
will track both angles [10]. Figure 1.2 illustrates the types of solar tracking systems

according to their degree of freedom.
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(A) Horizontal 1-axis tracker (B) Vertical i-axis tracker

2-axis Tracker

(C) Tip-tilt 2-axis tracker (D) Azimuth-altitude 2-axis tracker

Figure 1. 2 single and dual axis tracking system [10]

This thesis aims to simulate and build a smaller-scale solar tracking system
prototype, which can simulate a real-life system with an actual load. Also, a
comparison between a fixed solar PV panel and a tracking one is made to show how
much energy can be produced for a specific localized load [11]. To achieve the
tracking mechanism, there must be precise actuators that constantly move the solar

PV panels toward the sun.

1.4 Pneumatic actuator

Pneumatic systems in solar tracking systems are an innovative way to optimize
the orientation of solar panels to maximize the collection of solar energy. Solar
tracking systems are designed to improve the effectiveness of solar energy capture
by maintaining the optimal orientation of solar panels toward the sun, increasing the
amount of energy generated. While most tracking systems use electric motors,
hydraulic systems, or mechanical gears, pneumatic systems offer an alternative based
on air pressure. Pneumatic actuators have become a crucial driving component widely

4
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employed in industrial robotics and autonomous systems [12]. Because of their
unique properties, pneumatic actuators have become a significant alternative for
actuators in automated material that needs handling operations. One challenging
thing about pneumatic actuators is their system's nonlinearities, primarily attributed
to air compressibility effects and frictional resistance in the actuators [13].

Many unknown parameters must be found and tuned to generate a dynamic response
that resembles natural systems. Prof. J. L. Shearer established the theoretical basis
for the dynamic management of pneumatic systems in late 1956. Shearer found the
system's dynamics by formulating nonlinear differential equations, which the linear
model subsequently followed. Shearer's methods for designing a prototype have been
widely used in research. Many valves are used in his modeling to build the pneumatic
actuator system [14]. The famous ones are on-off solenoid valves and proportional
valves.

Strengths of on-off solenoid valve technology include a straightforward system
design and a cost-effective solution, but also weaknesses such as a lack of
adaptability, many challenges in accuracy placement, and difficulties in
synchronizing timing accuracy. Meanwhile, the proportional valve is more complex
and presents complicated terms in the control case. In the late 90's, a study was
conducted to examine the use of pneumatic actuators in food packaging on a
production line [15]. A pneumatic actuator was created for a construction robot in the
year 2005 [16]. A construction robot was employed to place ceramic tiles. Pneumatic
actuators have emerged in various applications such as building equipment, power
drills, and many other applications for manufacturing purposes. In addition to their
use in manufacturing applications, pneumatic actuators have also been applied in
physical human interfaces for medical purposes. In the same year, researchers studied

the use of an intelligent pneumatic cylinder to create a Global Physical Human
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Interface Machine Interaction, which resulted in the invention of an Intelligent Chair
Tool with many applications for disabled patients [17].

Pneumatic actuators were also used in a clinical robot helper in the early
summer of 2010 [18]. Meanwhile, in specific medical applications and to improve
the accuracy of needle positioning control, a pneumatic actuator system has been
designed and applied in a Magnetic Resonance-examination Image-guided (MRI)
prostate biopsy and radiation procedure application [19]. In addition to that, a
pneumatic actuator systems have been used to produce an interactive-faced Polygon
for a sensitive physical human interface. Pneumatic actuators deliver a considerable
benefit over hydraulic actuators [20]. Pneumatic actuators use compressed air as their
source. The advantage of using air compared to conventional actuators that use water
or other fluids like certain kinds of viscous oil is that air is a cheap and accessible
source. Hydraulic actuators depend on an external water or oil source to operate their
system, but pneumatic actuators depend only on air to run their system which is clean
and cheap source compare to oil and water. The application of these actuators will
specify which one of these actuator more appropriate and which has advantage on
their work environment. [21].

This will result in a more cost-effective option for pneumatic actuators than hydraulic
actuators. Another handy and helpful feature of pneumatic actuators is their good
power-to-weight ratio quality. The low air density compared to fluid resulted in a
decrease in its weight-to-power ratio. In addition, pneumatic actuators have the
potential to produce maximum forces over an extended duration, exceeding the
capabilities of electrical actuators [22].

On the other hand, the use of electric actuators in the tracking mechanism can increase
the temperature due to extended thermal expansion, resulting in a gradual decrease
in performance accuracy. Pneumatic actuators are familiar for their straightforward

construction, design, and high adaptability. It can be designed for various

6



Chapter One Introduction

applications, from small and portable household workspaces to large and big
industrial machines [23].

Since the pneumatic actuators use air as their source, the system will offer a
clean operating environment and ensure safety to the users compared to other
actuators that use oil or electrical sources. Despite these advantages, the pneumatic
device exhibits an important and noticeable output degree of nonlinearity resulting
from the gas mass flow crossing the valve orifice and the friction forces inside the
piston [24].

A precise dynamic representation is required to design a simple and cost-
effective position control system for a pneumatic actuator system. Pneumatic
actuator's properties are known for their simple design and ability to adjust quickly.
It can be manipulated for too many spectrums of applications, from compact and
portable domestic objects to sizable and robust industrial equipment.

The pneumatic valves regulate the air pressure within the cylindrical chambers,
which will control the positioning process. Figure 1.3 shows the parts of the
pneumatic double acting cylinder which contain two chambers and piston rod which:
x 1s the rod displacement, A; and A; is the area of the chambers, P;and P, is the
pressure on the chambers, Ps 1s the pressure source, P, is the ambient pressure, M is

the external mass and A is the rod area [25].

Chamber 2

Figure 1. 3 pneumatic double acting cylinder [25]
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1.5 Pneumatic valves

The control valve in an electro-pneumatic system, which regulate airflow into
the actuator, can be categorized into two categories [26]. The first type is a
proportional valve, which produces high control accuracy and linear behavior. Its
functions act in the manner that the armature is located between the open and closed
positions based on the input signal, making it favorable for a wide range of industrial
automation applications. However, their high cost might affect the judgment of their
unique qualities and complex arrangement. A proportional valve shown in Figure 1.5
is the costliest component in the system, with its price being comparable to the
combined cost of all other elements. Because of this, its usage is limited to specific
applications. On the other hand, on-off valves shown in Figure 1.4, which can be used
in place of proportional valves, offer a cost-effective solution for building and
developing electro-pneumatic systems due to their cost-effective property [27].
However, the operation of these valves is limited to either entirely open or wholly
closed positions based on the electric input signal, which is unsuitable for the
operational demands of the industrial automation area and its applications [28]. A

Pulse Width Modulation (PWM) technique is used to address this issue.
SIMPLE OPERATION

OPEN CLOSED

Figure 1. 4 principal of operation of on-off valve image courtesy of acad engineering
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Figure 1. 5 The principle of operation of a proportional valve image is courtesy of Takano
Co. Ltd.

The PWM technique allows systems that use solenoid valves to exhibit a
behavior close to systems using proportional valves, and this technique will combine
the low budget of solenoid valves and the properties of proportional valves [29]. The
challenges in electro-pneumatic systems depend on using artificial intelligence (Al)
techniques such as Fuzzy Logic (FL) and Artificial Neural Networks (ANNs), or any
other field of artificial intelligence, which is used to automatically modify system

parameters and boost the efficiency of system units [30].

1.6 Fuzzy logic control

Fuzzy logic (FL) is often employed in engineering applications due to its ability to
address complex issues in a simple manner, particularly in areas like household
appliances, automotive electronics, and industrial automation. This approach mimics
human reasoning, allowing systems to handle uncertainty and imprecision more
effectively [42]. Fuzzy logic controllers (FLCs) are well-suited for complex control

systems [43].
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1.7 Problem statement

Fixed solar panels suffer from a clear deficiency in generating electrical
energy, so appropriate actuators must be used. Because hydraulic and electrical
actuators cause an increase in the cost and size of the tracking system, in addition to
the complexity of its control circuits when used as a tracking mechanism, it has been
replaced with pneumatic actuators due to their advantage over other equivalent
actuators. Increasing the size of the system may affect the motion response output of
the solar tracker system.

Also, solar tracking devices usually suffer from problems in the accuracy of
movement and smooth response to work, so it is necessary to use intelligent
technologies to control the operation of the tracking system with satisfactory
performance to some extent. Therefore, an Adaptive Neural Fuzzy Inference System
(ANFIS) controlling the pneumatic solar tracker is employed to efficiently direct the
solar PV panel toward the sun to achieve maximum energy absorption, thus

maximizing electrical energy production as much as possible.

1.8 Motivation

1. To overcome the fixed panel diffeciency by using thedual axis solar tracking
system.

2. To minimize the cost of the solar tracking system by using pneumatic actuators.

3. To boost the accuracy of the system by using Al method to control the solar

tracker.

1.9 Thesis Objectives

This thesis aims to implement a closed-loop, Light Dependent Resistor (LDR)-

based dual-axis solar tracking system driven by dual-acting pneumatic actuators and

10
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controlled by Al techniques for maximum power harvested from the PV panel and
minimize the cost of the actuator used in the system. Achieving this goal requires
implementing the following objectives:

1- Modeling the components of the proposed tracking system.

2- Simulate the proposed system using MATLAB/Simulink.

3- Construct the tracking system and take the experimental results

4- Compare the experimental results and the simulation results on the three
methods (ANFIS, FLC and compare method) used in controlling the tracking system.

5- discuss the results to show the power and weakness points of each method.

1.10 Thesis Organization

This thesis is organized into five chapters as follows:

* Chapter One includes an overview and introduction. This chapter provides a

preliminary explanation and preliminary description of the proposed system.

» Chapter Two introduces the literature review. This chapter includes the literature
survey of the solar tracking system. It also consists of the literature survey of
pneumatic actuator, ANFIS and FLC system used in the tracking system.

* Chapter Three introduces the research methodology and mathematical models for
parts of the proposed solar tracking system.

» Chapter Four includes tracking system simulation using ANFIS and FLC and
comparing these methods with fixed-mounted panels and the experimental work
and the comparison between the simulation and the experimental results.

 Chapter Five includes conclusions and future work that could add development to

the tracking system.

11
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Chapter Two: Literature Review

2.1 Introduction

This section provides an overview of existing studies in the literature related to

the topic of solar tracking systems.

2.2 Related Works

People increasingly view solar tracking systems as a sustainable and cost-
effective solution to maximize solar power absorption. The LDR sensors on the
solar panels sense the solar azimuth and tilt angles, which harvest the solar
illumination power. Examining the diverse and broad body of related work is
necessary to understand solar tracking technology and identify potential future
directions.

In the subsequent sections, the literature review will be conducted
according to the following topics:

2.2.1 Solar tracking system

Solar tracking techniques are essential to optimize the use of solar panels.
The first solar tracker was debuted in 1962, and it was entirely mechanical. Table
2.1 shows some researches and their techniques about solar tracking systems.
(Tudorache et at.,2012) [31] a single-axis solar tracking PV panel designed and
executed by the University Politehnica of Bucharest in cooperation with
Technosoft International SRL. The performance of the equipment was
experimentally tested in comparison with a fixed PV panel. The solar tracking
PV panel produced more energy than the fixed one by about 38%.

(Dhanabal el al., 2013) [32] the fixed photovoltaic (PV) panel and single
axis solar tracking based on real-time clocking using an ARM CPU were
compared for six days, both fixed and tracking systems were used in the

experiment. The findings demonstrated that the solar tracking system boosted
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energy received from the sun from 9:00 AM to 6:00 PM in the city of Tamil
Nadu- India and increased efficiency by about 40%.

(Hammoumi et al., 2018) [33] when comparing the energy produced by
the smart dual axis solar tracker with a fixed panel, trial results reveal that the
smart dual axis solar tracker produces 36.26% more energy than the fixed panel.
It is not necessary to have extensive understanding of electronic engineering and
sun tracking technologies to execute the suggested active dual-axis solar tracker.

(Mohanapriya et al., 2021) [34] operating the machine requires a
combination of firmware programming and hardware. In hardware
manufacturing, four light-based resistors (LDRs) are utilized to catch the most
incident light possible. Three stepper motors are utilized to move the solar panel
based on the amount of incident light that the LDRs are detecting. The
improvement in performance indicates that the efficiency 1s higher than that of a
single solar tracker axis 6-7% than a fixed solar panel and the effeciency of the

dual axis solar tracker 1s about 30-40%.

Table 2. 1 Related work on solar tracking system

Author (s) Technique Strength Weakness 'No.. of
citations
M. T. A. Khan & S. Solar tracking Single axis (163)
) system used LDR | Information | tracking system, | researches
M. 8. Tanzil, R. sensors and about control | and there is a
(2010) [35] ATMEGA strategies har'dwgre
controller limitation
deals with the (61)
performance of a researches
Tudorache, T., solar tracking PV tUsEd II)SP Embedded
Oancea, C. D., & panel of single e];: n(ziczgy controller with
- ased to :
Kreindler, L. (2012) | *SOPebymeans | T 4 | noadaptive
of'a DC motor ) characteristics
[31] controlled by an | motor rotation
intelligent drive
unit
Rengasamy, Dr. single axis solar High Us1r}g single (163)
. . axis solar researches
tracking based on efficiency .
Dhanabal & : : ; tracking
real-time clocking about 40% :
technique
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Mohanapriya, V.,

Four LDR sensor

(22)

& Derouich, Aziz.
(2018) [33]

low-cost as well

Manimegalai. V with stepper Results about | LS8 SWPPET | researches
galal, v., : : motor with
motor to track single axis and combare
Praveenkumar, V., & | the solar angles dual axis e tflo d
Sakthivel, P. (2021) for single and comparing to a between
dual axis solar fixed panel SenSOrS
[34] tracking system
Dual axis A spund dpal- Complex (106)
tracki X axis tracking hanical researches
Shang, H., & Shen, facking system system with _mechanica
using photo excellent interface with
W. (2023) [36] sensor and . the electric
stepper motor tracking actuator
efficiency
Bharathi, Venuturla using an ARM more than
& Ranjitha, R. & CPU fixed panel
Ponni, A. & Deepthi,
S. & Mageshkannan.
(2013) [32]
El Hammoumi, 99)
researches
Aboubakr & simple active dual-
Motahhir, Saad & axis solar tracker Simple and | Using motors as
_ _ to track the sun's | cost effective an actuators
Abdelaziz, el ghzizal movement by components with simple
& Chalh, Abdelilah using fewer with high compare
components and efficiency technique

2.2.2 ANFIS solar tracking systems

Solar tracking techniques are essential to optimize the use of solar panels.

Table 2.2 shows number of studies concenring the ANFIS system.

(Toylan & Hiiner, 2017) [37] in order to improve the efficiency of power

collecting solar tracking systems should typically be linked with photovoltaic

(PV) panels. This work presents a solar tracking system that incorporates the

Adaptive Neuro-Fuzzy Inference System (ANFIS). Azimuth and zenith angles

are controlled by two motors in the dual-axis solar tracking system. On the

designated day, it was discovered that the solar tracking system used with ANFIS
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in the Turkish city of Pinarhisar had a daily output power that was 47.76% greater
than that of the fixed PV panel.

(Baisrum et al., 2021 )[38] ANFIS used in solar tracking in the lab with the help
of an ultraviolet (UV) sensor. The difference between the two sensor readings
makes the controller receive this data, train the network, and then adjust the
output for the pneumatic actuator to drive the solar panel to a position that makes
the difference between the UV sensor readings almost zero. There are several
complex notes about this system: training the data and tuning the parameters of
the ANFIS controller. The current study will used a cost-effective sensor with

real time data from the location.

(Sarr et al., 2023) [39] the field of heliostats has a significant impact on the
performance and efficiency of solar tower power. To estimate heliostat error
tracking quickly and correctly, prediction models based on the Artificial Neural
Network (ANN) and Adaptive Neuro-Fuzzy Inference System (ANFIS) were
used. According to a comparison of the results, intelligent approaches
outperformed the traditional model based on geometric mistakes. In comparison
to the ANN, the ANFIS model yields coefficients of correlation (R?) 0f0.97, 0.96,

and 0.92 for the azimuth and altitude axes, respectively.

(Zulkornain et al. 2023) [40] because the ANFIS technique uses multiple
processes—the Fuzzy layer, Fuzzy Rule layer, Normalization layer, and Output
Membership layer—it exhibits excellent accuracy. MATLAB software is used to
model the dual-axis solar tracker using the ANFIS technique, which enhances the
solar system's performance. The outcome displays the average error obtained for
both training and testing data, and the smallest error demonstrates how accurately

the dual-axis solar tracker predicted the angle.
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Table 2. 2 Related work on ANFIS system in solar tracking system

Author (s) Technique Strength Weakness ci":l:t.igris
A neuro-fuzzy (20)
controller, deployed researches
Aldair, A. A., & rc;n alIall tlzgg Z?-erdi’s Controlling the | Using FPGA
Obed, A. A.(2016) sugnutracker ul‘iilizin system using controller
tical c% FLC and PID and linear
[41] opticat SEUSOLS an controller actuators
linear actuators for
PV panel
orientation
The ANFIS model (15)
is combined Tracking researches
I;lfof(lil 2;3%2;‘;?22 system control | Sensorless
Toylan, H., & Hiiner, with the learning ti:p::(ﬁginﬁl ;; Wﬁ?gl;r\(:ﬂl
E. (2017) [37] r?e]:mgly n(;t; aﬁgjiﬁ; ¢ which location | continue to
Eas set (\:;rules and time of the | work on the
. panel cloudy days
generated directly dependine on it
from the p &
experimental data
Baisrum, Baisrum & (10)
Setiadi, Budi & researches
Sudrajat, Sudrajat & Train the data
Wijayakusuma, Using UV lightasa | from the UV Work done
Varian & Ulhag, sensor, pneumtic sensor using using UV
o _ . actuator and ANFIS | ANFIS control lamp and
Hilmi & Hikmawati, as control system to drive the UV sensors
Rina & Qamaruddin, technique pneumatic in the lab.
tuat
Naufal & actiator
Hardiansyah, Sandi.
(2021) [38]
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Using Al (12)
Sart, M. P., ANFIS and ANN technique in Simulation researches
Thiam, A., & models to predict tracking system | results in lab with
Dieng, B heliostat trI; cking and discover | heliostat type of
an CITOrS which method solar tracking
(2023) [39] give good system
results
Zulkornain, M. : (6)
The Ana} ysis of Using ANFIS | Simulation based
Dual Axis Solar ) researches
S. L, Noor, S. Tracking System properties to on how many
Z., Rahman, N. Controllers Based train part of merpbershlp
on Adaptive Neural given data to function of the
H., & Musa, S. Fuzzy Inference control the ANFIS system
(2023) [40] System (ANFIS) tracking system have

2.2.3 Fuzzy Logic Systems

FLC offer a robust and nonlinear approach, making them resilient to variations in
load, supply voltage, and system parameters. Unlike traditional controllers, FL.
systems can handle imprecise and uncertain information, leading to more
effective control performance.

(Abadi et al., 2014) [44] single-axis solar tracking system was designed
by using an FLC system to optimize PV panel efficiency. The system employs a
DC motor, intelligently controlled by a FLC that responds to input signals from
LDR sensors. Experimental evaluation confirmed the system's effectiveness,
achieving a 47% power gain over a fixed panel system.

(Kiyak and Gol, 2016) [45] a solar tracker system improves the efficiency
of solar energy absorption, a crucial energy source for the future. This system
incorporates both FLC and PID-based control systems to regulate its operation.
The mechanical components, including the control mechanism, motor actuator,
control circuit, and single-axis tracking system, have been designed and
implemented. Experimental results demonstrate a significant 21.2% increase in
energy output from the solar tracking system utilizing FL compared to systems

without it. This highlights the potential for significantly boosting the performance
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of solar energy systems through the integration of solar tracking technology.
Furthermore, the FLC exhibits a comparable settling time to the PID controller,
ensuring stability and responsiveness in the system's performance.

(Yang and Xiao 2023) [46] researchers conducted a comparative study
between FLC and conventional sun-tracking systems. They developed two-axis
sun-tracking systems based on comparing light intensity using the FLC method.
Arduino microcontroller serves as the central control system, while LDRs
measure light intensity at various angles. Two stepper motors drive the PV panel.
The FLC assists the microcontroller in determining the optimal orientation of the
PV panel. Experimental results indicated a significant 24.6% increase in output
power efficiency for the FLC-based system compared to conventional tracking

systems

2.2.4 Pneumatic Actuators

(Aliyari-Shoorehdeli and Najafi, 2013) [47] a closed pneumatic solar
tracking system was proposed to optimize energy acquisition and minimize
associated losses. The suggested method enables a timed rotation determined by
the microcontroller, ensures minimal consumption through the closed pneumatic
system, and facilitates enhanced motion control via the rotational position sensor
of the pneumatic cylinders. Increased precision in rotation and tilt inclination
optimizes overall energy storage while reducing heat loss within the specified
closed pneumatic system. The research outlines the system components and their
interactions aimed at minimizing energy usage. A draft cost analysis was also
provided.

(Alboteanu et al., 2015) [48] the tracking system for PV panels exhibited
elements of pseudo-equatorial tracking system utilizing a pneumatic drive was
explicitly discussed. The simulation of the automatic drive system was conducted
using specialized software called FluidSim. The simulation results demonstrated

the progression of the standard parameters of the pneumatic drive
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The accuracy and responsiveness of a single-axis sun tracking system was studied
using a pneumatic drive system with a UV sensor. The system used a mechanical
mechanism controlled by digital and proportional valves. Data processing was
managed by an ANFIS architecture. The performance of the system was
evaluated using a UV lamp. Under idle conditions, the average error was 1.6
degrees, while under load conditions, the average error was 2.5 degrees. The

dynamic response overshoot was 2.08% and the steady-state error was 1.25% [38]
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Chapter Three:
Mathematical Modeling for the Pneumatic Tracking

System

3.1 Introduction

In this chapter, the mathematical modeling of the proposed tracking system,
which is divided into several subsystems, will be modeled. Each subsystem will
be addressed separately, starting with the PV panel and the equations for
modeling the solar panel system. After that, the components of the pneumatic
actuating system will be discussed. This actuator mainly consists of a double-
acting cylinder that can be modeled as a piston rod position, a left and right
chamber, and a pneumatic valve. This can help us understand the parameters
affecting these components and how to tune them to simulate the pneumatic
actuator in Matlab/Simulink for the solar tracking system. After that, the control
system model represented by the ANFIS and FLC system, its rules, and layers
will be presented. These controllers rely on the input signals, which can be
mapped using the tilt and azimuth angles of the latitude and day on which the
proposed system operates. These parameters are essential to maximize the

accuracy of the proposed solar tracking system.

3.2 Modeling of PV panel

Modules are stacked in a series-parallel configuration for the PV power
plant to deliver the required voltage and current levels [49]. A PV cell's output

current is:

V4RI

=1y, —1I;— 3.1)

Rgsp

where [,,, is the photocurrent, V is PV voltage, the current I; can be represented

more elaborately by the Shockley diode and by the following formula:
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=1, —1I [exp (M) — 1] — R (3.2)

HKT Rsn
where [, is the saturation current for the diode
q is the electron charge
u 1s the factor of diode ideality
K is Boltzmann constant which equal to 1.380649x107% J/K
T is the absolute temperature for the p-n junction.

The thermal voltage v; is defined in the following formula:

_ kT

vy = ; (3.3)

PV panels are typically made up of several PV cells connected in series and
parallel. Cells connected in series enhance the panel's terminal voltage, whereas
parallel cells increase the output current under the same irradiance. PV panels
employ roughly the same one-diode model the popular PV simulation model,
provides a realistic representation of solar cell performance, is easy to
implement, universally recognized, and facilitates collaboration and comparison
of results, taking into account the number of cells in Shockley's equation and

substituting the formula (3.3) in (3.2), as follows:

V+RSI) ] V+RgI

I =1,,—I [exp (uNth (3.4)

Rgsh

where N 1s the number of series cells
R; 1s the series resistor
Ry, 1s the shunt resistor

Figure 3.1 shows the electrical equivalent circuit of the PV cells
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®c

Figure 3.1 Equivalent circuit for PV panel
Table 3.1 summarizes the technical requirements for PV panels employed in the

proposed design. The PV power can be computed as follows:

Ppy = vpy ipy (3.5)
The dynamic efficiency of the PV can be calculated from the formula (3.6) as

follows:

n(100%) = —2ut (3.6)

G*Apanel
where 1) is the efficiency of the PV panel
P, 1s the output power collected from the PV panel.
G is the solar irradiance measured in W/m?.

and A,gne; is the area of the PV panel and equal to 0.18725 m* (0.535*0.35) as
shown in Table 3.1.
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Table 3. 1 PV Panel Technical Specifications

Item Symbol Specification
Model DG-P25W Poly Ethylene 25 W PV 144 cell
Dimensions Height x Width x Thickness 535x%350%18 mm
Maximum DC voltage Vinp 18V
Maximum DC current Linp 1.39A
Maximum power Prmax 25W
Open circuit voltge Voc 21.24V
Short circuit current Isc 1.53A

3.3 Modeling of pneumatic actuator

Pneumatic system actuator models are derived from theoretical analysis or
system properties techniques. Although various modeling approaches have been

proposed, most researchers in this field have depended on mathematical analysis.

The time-varying nature of the load, along with the volume, pressure, and
temperature of the gas within the cylinder, and the mass flow rate passing through
the valve, are crucial considerations for pneumatic actuator systems [25]. Friction
forces present within the system can complicate control efforts. To enhance the
accuracy of controller performance, several researchers have focused on
modeling friction force to develop effective compensation strategies. This review
will initially explore theoretical mathematical models, followed by linear and
system identification methods. Next, models of friction force and pneumatic

actuators involving physical or mechanical modifications will be delved into.

Figure 3.2 provides an illustrative block diagram of a double-acting operating

system. The load dynamics are derived from the piston load dynamics.
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M
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Figure 3. 2 Block diagram of pneumatic cylinder

3.4 Modeling of piston rod load

The formula of the motion for the combined piston rod load can be

illustrated as [50],

(M, + My)x + Bx + Fr + F, = PiA; — P,A, — P,A, (3.7)
where:

M; 1s the mass of the load.

M, 1s the combined mass of the piston with rod.

x is the rod displacement.

S 1s the coefficient of the frictional viscous.

P and P, are the pressure values in cylinders’ chambers.
FY1s the coulomb frictional force.

F 1s the external load.

P, 1s the absolute atmospheric pressure.

Ay and A, are the piston areas of the chambers.
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A, 1s the cross section area of the rod piston.
M; is the mass of the rod.

V, and V; are the volume of the chambers.
F. is the ambient force of the rod.

The expression on the right-hand side of the formula (3.7) represents the active
force of the pneumatic actuator arising from the net pressure force acting on the
piston. To control the power output of the actuator, the pressure level in the
cylinder chamber must be fine-tuned using a control element (a pneumatic valve).
This requires a detailed model of the pressure dynamics in the two chambers of

the actuator and the valve dynamics.

3.5 Modeling of pneumatic chambers

In this part, the mathematical model is formulated that is necessary for each
pneumatic cylinder chamber to link the pressure with the mass flow rate and
piston linear velocity. In literatures, the authors derived the equations under the
assumption of no heat transfer during the charging and discharging processes. In
this section, the pressure dynamics equation has been derived to explain the
varying thermal properties of the cylinder during the charging and discharging
processes of the pneumatic chambers.

The general model of a gas volume consists of three formulas: the state
equation (the law of perfect gas), the equation for mass conservation (the
continuity formula), and the formula of energy [51]. These formulas can be put
for each chamber putting in the assumption that the gas used in the system is
perfect, the temperature and pressure in the pneumatic chamber are uniform, and
the potential and kinetic energy terms are neglected. Considering the mass m,
pressure P, temperature 7, control volume V, density p then the law of ideal gas

can be written as follows [52],
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P=pRT (3.8)

Applying the principle of mass conservation and using the perfect gas constant

R, the rate of the mass flow can be expressed as,

]

=2 V) (3.9)
which can be written in another form as,

My — Moy = pV + ,OV (3.10)

Here, m;,, and m,,,; represent the inlet and outlet mass flow rates of the chamber,
respectively. The energy formula, which states that the rate of energy change
within the system is equal to the net rate of energy transfer into the system, can

be expressed as:
Gin — out + KCy(Min Ty — Mgy T) — W=u (3.1

In this equation, k represents the heat ratio, C,, is the constant-volume specific
heat capacity, T;, is the gas temperature entering the system, W is the rate at
which.work is being done, and U is the rate of change in energy. The total rate of
change in internal energy, which is the sum of the changes in internal energy of

all the particles in the system, is given by:

. d 1 d 1 . .
U=—(CmT)=——(PV) = E(VP + PV) (3.12)

Here, the gas in ideal situation, C,, = ﬁ can be applied . Substituting this relation
with W = PV and (3.11), into (3.12), it yields:

P ’ k P . . . .
din — Yout + T——= (MinTin — MoyeT) —— PV =— VP (3.13)
k-1 pT K 1

Assuming thermal equilibrium between the incoming flow and the gas within the

chamber, the energy balance equation reduces to,
k-1, , 1,. : oV o
& (Gin — Qoue) + o (M, — Moye) =V = k_PP (3.14)
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If the process is assumed to be adiabatic, meaning there is no heat transfer into or
out of the system (q;, = G,y¢), the rate at which the chamber pressure changes

with respect to time can be determined from equation (3.14) as,

: P .. . P
P=kp—V(min—m0ut)—k;V (315)

Or, substituting p from (3.8) into (3.15) yields,
P = k= (ivin — thoue) —k -V (3.16)

Assuming an isothermal process, where the temperature remains constant, the

change in internal energy is negligible,

U = C,mT (3.17)
Equation (3.14) can be written as follows,

Gin = Gou = PV == (tin = 1hou) (3.18)
Consequently, the time rate of change of pressure will be given by,

P = (g = 1igue) =V (3.19)

When comparing equations (3.16) and (3.19), a careful examination reveals that
the sole distinction between them is the heat ratio term k. Therefore, both of the

formulas can be rewritten in the following form,

. RT . . P
P = v (ainmin - aoutmout) - a;V (3-20)

The coefficients a, a;,, and a,,;, which range from 1 to k, reflect the specific
heat transfer occurring during the process. Equation (3.20) enables estimation of
these coefficients without requiring detailed knowledge of heat transfer
characteristics. The bounded uncertainty of the estimation, limited to k -1, is
significant for control system design. To model the charging process accurately,

the parameter «;, should be chosen close to the specific heat ratio k. For the
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discharge phase, the parameter a,,; must be chosen closer to unity. When
considering the thermal effects of piston movement during compress and expand

process, using a value of @ = 1.2 provides a more accurate description.

Considering the piston displacement origin to be the stroke midpoint, the

following formula can be used to calculate chamber volumes [53]:
Vi = Vor + AiGL £ x) (3.21)

Here, 1 = 1, 2 denote .cylinder’s chamber index. V,; represents the in-active
volume, which includes end-stroke volume and the volume in the admission ports
that is not directly involved in the compression or expansion process, 4; is the
area of the piston chamber, L is the initial stroke of the piston rod and x is the rod
displacement, noted that the negative sign in the rod retraction process and the
positive sign represent the rod displacement during compression. The difference
between A, and 4», the piston's chambers areas, is because of the piston rod area.
Substituting (3.21) into (3.20) yields the temporal derivative of the pressure in

the cylinder chambers:

RT
pycm)

PA;

P, = —
Voi+Ai(ELiX)

(ainmin - aoutmout) —a (3-22)

The new pressure equation is a more comprehensive model that considers several
factors: Thermal behavior during charging and discharging, the compression or
expansion process of the air caused by the movement of the piston, the difference
in the effective area of the piston on its two sides, the volume of the chamber that
1s not swept by the piston (inactive volume), and the effect of air flowing in or
out of the chamber. The first term in the formula represents the impact of the
airflow on the chamber pressure, while the second term accounts for the influence

of the piston's movement.

The cylinder chamber can be supplied with flow from two different sources; from

the pressurized reservoir tank through the valve and tube connecting to it, and the
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nearby chamber, provided that its pressure exceeds that of the target chamber and
the piston seals are not fully intact. Potential air leakage paths from the cylinder
chamber include the valve, piston seals, and the nearby chamber. While
pneumatic cylinders with rubber seals typically have minimal leakage between
chambers, low-frictional cylinders with Teflon or graphite seals can experience
significant leakage. The next section will derive mathematical expressions to
quantify the inlet and outlet flows in these systems, taking into account the

potential for leakage.

3.6 Modeling of the air valve

Pneumatic valves play a critical role in actuator systems, enabling precise
and rapid control of airflow into and out of the actuator chambers. A wide range
of valve designs are available, varying in orifice geometry, flow regulation
element, number of paths and ports, and actuation mechanism [54]. The study
concentrates on proportional valves that are actuated by electric coils. These
valves offer many advantages over traditional valves, including nearly linear flow
characteristics, rapid response times, low leakage, the competence to control the
pressure in both chambers with a single signal form controller, minimal

hysteresis, and low internal friction.

A commercially available Position x, four-way, proportional valve from
Numatics. Incorporated. was utilized. The valve is designed to balance the forces
acting on it due to pressure differences, meaning that the forces acting on it from
both sides are equal when the valve is closed. To keep the spool in its closed

position, two coil springs are used to provide a restoring force.

Accurate flow control is made possible by this design, which enables quick
and exact modifications of the valve orifice area. The air that is compressed will
flow inward (m;,> 0, m,,; = 0) if the spool is moved in a positive way,

connecting chamber 1 to the tank via the supply channel. The exhaust path will
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connect chamber 2 to the environment, causing the air to flow outward (m;,, =0
and fm,,;> 0). Now, it can present a developed model for the position x valve.
Although this analysis is based on a specific model of a pneumatic proportional
spool valve, the methodology and equations can be easily modified to accurately

represent the behavior of any other commercially available valve of this type.

To accurately model the behavior of the valve, two key components needed
to be considered: the dynamics of the spool, which is the moving part that controls
the flow, and the mass flow rate of the fluid through the variable orifice, which is

the opening in the valve that changes size to regulate the flow.

Figure 3. 3 Equilibrium of Valve Spool Dynamic [54]

The dynamic behavior of the valve spool can be described by the following

equation of motion [54]:

MsXs = —ceXs — Fr + ks(xso — x5) — ks (x50 + x5) + F, (3.23)
where x; represents the spool position, x,, denotes spring compression at rest,
M; 1s the combined mass of the coil and spool, ¢, is the coefficient of frictional
viscous, Fy is the coulomb frictional force, F;. is the force resulted by the coil and

k 1is the spool spring constant,. By reducing the formulas describing the force

exerted by springs to simpler terms, the following expressions can be arrived at:

Mk + coits + Fr + 2kgxs = F, (3.24)
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The coulomb friction force, Fr is neglected due to the application of a noise signal

to the coil. Using the equation that relates the force generated by the coil to the

current flowing through it, and ignoring Fy, the equation becomes:
Mg + coxs + 2ksxg = Kpclc (3.25)

In the above equation, K. represents the force constant of the coil, and i denotes
the current coil. The pressure loss incurred across the valve orifice is often
important to consider, demanding the simulation of compressible, turbulent flow
conditions. If the ratio of the pressure upstream of the orifice to the pressure
downstream exceeds a specific value P.,, the flow attains sonic speed (choked
flow state) and becomes linear dependent on the upstream pressure. The choked
flow mode of operation is considered simple and fast operation [50]. Conversely,
for pressure ratios below P.,., the mass flow exhibits nonlinear dependence on
both upstream and downstream pressures where the proportional mode of
operation is considered complex but exhibit high accuracy. The equation that is
commonly used to calculate the mass flow rate through an orifice with a cross-

sectional area A,, is:

Py . P
CrAyCr 7= if P—Z <P,
m, = = (3.26)
Py P4= Pag\— P
CfAvCZ \/_T(P_Z)k 1- (P_Z) k lf P_Z > Pcr
And 4, =~ d? (3.27)

where m,, is the mass flow rate across the valve orifice, (s is a non-dimensional
coefficient of discharge, and P, is up.stream pressure and P; is downstream

pressure and d is the diameter of the solenoid valve..

k, 2 it 2k 2 K
Ao o S e e (3.28)
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The constants C;, C,, and P.,., specific to a given fluid, are important parameters
in equation (3.28). For air gas (k = 1.4), these values are C; = 0.04042 and C, =
0.15618, while P., = 0.528. The interpretation of upstream and downstream
pressures in equation (3.26) depends on the process either retract or compress.
During charging, the supply tank pressure is upstream, and the cylinder’s
chamber pressure is downstream. For discharging, the roles are reversed. The
same thing can be applied to model the flow of leakage between chambers, with

appropriate adjustments to the area of the valve and pressure definitions.

3.7 Adaptive Neuro-Fuzzy Inference System

Figure 3.4 illustrates a typical ANFIS architecture. In this architecture,
Sugeno fuzzy models [55] are commonly used. These models are preferred due
to their ability to be easily understood, their efficient computation, and their built-
in methods for optimization and adaptation. For simplicity, it is considered two

inputs x and y, and one output, z.
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Figure 3. 4 ANFIS Structure

For a first-order Sugeno fuzzy model, a common approach involves using a set

of rules with two fuzzy if-then rules. The rule set can be stated as follows:
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Rule 1: if xis A; and y is By; then Z; = P, X + Q,Y + R4
Rule 2: if xis A, and y is B,; then Z, = P,X + Q,Y + R,

While A4; and B; are the fuzzy.groups used in the.antecedent, the P;, Q;, and R;
are design variables derived from the process of training. As in Figure 3.4, the

ANFIS consists of the following five layers:

Layer 1: Every node i in the first layer's nodes is calculated using the following

function:

o0} = x) where i=1,2
{ i #Al( ) (3.28)

0 = up,_,(y) where i=34
Any fuzzy membership function can be used by p,, and ug,_, .

Layer 2: Each node within this layer determines the degree to which a particular

rule is activated by multiplying the membership values of the input variables:
0F = w; = pa, () pup,(y) , =12 (3.29)

Layer 3: The i-th node situated in this layer evaluates the proportion of the i-th
rule's activation relative to the total activation of all rules by dividing the i-th

rule's firing strength by the sum of the firing strengths of all rules:

0} =& = == (3.30)

j=1@j

Layer 4: The i-th adaptive node within this layer determines the extent to which
the i-th rule contributes to the final output value. This is calculated using the

following node function:
014 = aizi = Gi(pie + ql-de + Ti) (331)

where p;, q;and 1; are the training parameters and e and de represent error and

change of rate of error between two inputs.
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Layer 5: The final node in this layer which is fixed combines the individual
contributions from each rule to determine the overall output value by adding them

together and divided them on the sum of all weights:

R 0)121+w222
07 =YY% W,z = 22222 3.32
l Zl—l 1“1 w1+w2 ( )

If the ANFIS system is modeled as shown in Figure 3.5, the ANFIS system
structure contains two inputs in the first layer represented by the readings of
sensors LDR1 and LDR2 from the microcontroller. The second layer shows how
to divide the input into three membership functions with values (small, meduim,
and big), and the membership used, and the simulation was the membership of
the triangle. The third layer follows this to fuzzify the second layer by the fuzzy
rules, then the fourth layer of the ANFIS system where the normalization
operation to the data output from the third layer, and finally to the summation
process to the all the nodes to give the output signal which is defined as the

voltage level for the pneumatic system to drive the solar panel.

input inputmf rule outputmf output

Figure 3. 5 ANFIS Structure for the Proposed System
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All the possible data from the two LDR sensors are put in the training, and
the corresponding output, as shown in Figure 3.6, is the process of the ANFIS
network to train the data, predict any data read by the sensors, and give an output
that maps the input signal. The training used 100 epochs and three triangle
memberships for each input signal. The error was significantly low, as shown in

Figure 3.7, and about 6.7x107 is considered a good training process.

Each data input from the sensor is bounded between (0-1023) since the
microcontroller has an analog-to-digital converter with a 10-bit quantization
level; dividing these levels into 11 segments makes it 121 possible outputs. The
output will range [-5, 5V] for the ANFIS training process. The data source from
workshop that have the input and output data, the optimization method used
hybrid method where the training method used forward and backpropagation with
100 epochs. The input for the system is three membership function with one

output which is voltage level for the pneumatic valve.

Training Data (ooo0) [melElin o
5 - )
# of input: 2
# of outputs: 1
# of input mfs:
5 33
o
5
@]
| Structure
140 Clear Plot
data set index
Load data — | [ Generate FIS — | [ TrainFIS | TestFIS ]
Type: From: Optim. Method:
- () Load from file hybrid ~ | | Plot against
o Training . = :
) Tesii _) file _) L oad from worksp. Error Tolerance: o Training data
./ lesling
) Grid partition 0 () Testing data
() Checking @ worksp. 9 5 : Epochs: = ng
~ () Sub. clustering 100 () Checking data
_/Demo
Load Data... | Clear Data | Generate FIS .. | Train Now | Test Now

Figure 3. 6 ANFIS Training.
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Figure 3. 7 Complete Training and Estimated Error

3.8 Modeling of fuzzy logic controller

FL is a form of many-valued logic in which any actual number between 0
and 1 might denote the truth values of its variables. This technique addresses
partial truth, which may possess either an exact or erroneous truth value [56]. In
contrast, Boolean logic permits variables to possess only truth values of 1 or 0.
FL was conceived to address the reality that decisions are often based on
ambiguous and non-numerical information. These models can recognize,
illustrate, alter, interpret, and utilize ambiguous and inaccurate information and
data.

The FL is implemented because of the system's adaptability and
applicability in online and offline contexts [57]. The FLC provides solutions to
intricate issues. Utilizing exact functions, the FL can analyze several inputs and
render judgments. The FLC necessitates reduced spatial requirements. The FL
system emulates human cognitive processes, facilitating the management of

challenging situations. Regulate the sensor’s signals via fuzzy logic.
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Figure 3.8 and Figure 3.9 illustrates the utilization of a two-input signal
and a single-output signal. The first input is the error between two sensors’
readings for specific angles; e.g., the error between LDR oy and LDRoun will
enter the FLC system to control the direction of the tilt angle. Meanwhile, the
difference between the LDR st and LDRe,s Will control the azimuth angle via the
FLC system. The derivative of the error would be the second input for the FLC
system, which impacts the FLC output signal through a set of rules as shown in
Figure 3.10. The parameters for the FLC was set was AND as minimum, OR as
maximum and defuzzification is centroid which considered a default parameter

for FLC system in Matlab/Simulink.

XX

Error

Tilt_Azimuth

/ (mamdani)

ﬂ output

D.error
FIS Name: Tilt_Azimuth FIS Type: mamdani
And method min ~ Current Variable
Or method i ~ JETE D.error
T input
Implication min o pe e
Range [[1023 1023]
Aggregation max o
Defuzzification centroid v Help Close

Figure 3. 8 Inputs and Output of the FLLC System
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Error output

D.error
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Figure 3. 9 Membership Functions of the Input

Every input has been divided into seven membership functions, as shown
in Figure 3.9 (zero Z, positive big PB, negative big NB, positive medium PM,
negative medium NM, positive small PS, and negative small NS). Figure 3.10
shows the membership function between the two inputs and the corresponding
output for the FL system. The range of the input was maximum and minimum

error of the controller’s reading, which is (-1023 to 1023).

The output of the FLC also contains a seven-membership function with the
same type of function, which is a triangle membership function, as shown in
Figure 3.11. The triangle membership function has the advantage of simplicity,
which specified with 3 points only and does not require any complex
mathematical models so it is easy to be programmed. Still, the range will differ
from the input signal to (-5 to 5) to match the upcoming joint system that needs
this range to drive the actuators where -5 represents fully retract, zero standstill

and 5 corresponds fully compress.
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Figure 3. 10 Output Membership Function and its Range
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Figure 3. 11 The Rule Base of the FLC System
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3.9 Modeling of Compare Method Control

Compare method is considered as a direct method of controlling the tracking
system. Comparing the readings between to specific sensors to give an output for
the pneumatic actuator is the main process of this method. This is done by
programming the controller with specific code to compare the readings between
LDRnorth and LDRsouth for tilt angle, and LDRwest and LDReast for azimuth
angle. Appendix 2 showed the code for the compare method where the input is
the sensor readings and the output is the rod position. Keeping in mind a
threshohold value is set between to readings and this represent the accuracy factor
for this method. Figure 3.12 shows the computer flowchart for the this method, it
begins with the input readings and this leads to move the double acting cylinder

for the desired solar angles.

Read LDR1,
LDR2,LDR3
&LDR4

Push Tilt e 78
Cylinder to  [-sYes— LDR1-LDR2>= threshold >
the North ~ i

= e Push Tilt
~ LDR1-LDR2< threshold ——Yes—e|  Cylinder to
= the South

Push = e
Azimuth
Cylinder to
the East

<t Yes—< LDR3-LDR4>= threshold >

No N!o

el Push
Azimuth

Cylinder to
the West

< LDR3-LDRA4< threshold e YE S

Figure 3. 12 Flow chart of the compare method
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3.10 Modeling of solar angles

Understanding solar angles, used to describe the particular angles at which
the sun appears in the sky is essential to understanding the sun tracking system.
Figure 3.13 illustrates two important angles: the azimuth angle (y) and the tilt
angle (). The angle created by the sun's rays and the horizontal plane is known
as the tilt angle, while the angle made by the north axis and the vertical line

extending from the sun is called the azimuth angle.

Figure 3. 13 The Sun Tilt and Azimuth Angles [58]

These angles can be computed as follows [58]:
a = sin"!(sin 8 sine + cos 6 cos w cos ©) (3.33)

where a, e, and ¢ are the tilt, latitude, and altitude angles, respectively. 6 may be

expressed as follows:

5 = 23.45 sin [2201209)

(3.34)

where n represents the day count, for example the 1% of January, n =1 and the
23" of Augustn = 31+29+31+30+31+30+31+23 = 236, etc.

Moreover, w is the hour angle and is found by:
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w = 15(t; — 12) (3.35)

where £ is the solar time; in addition, the azimuth angle (y) is calculated as

follows:

Y = sin‘l(w) (3.36)

cosa

In a particular case, if cosw > % then, y =180 —y",else y = 360 + y~
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Chapter Four: Simulation and Experimental Work of

the Solar Tracking System and Discussion

4.1 Introduction

This chapter deals with modeling, simulation, and analysis of the
performance results of the proposed pneumatic solar tracking system. Figure (4.1)
shows the schematic diagram of the system starting with the structure of the PV
panel which has two degrees of freedom to achieve the tilt and azimuth angle
movement, that structure is built to set the PV panel on it. The LDR sensors are
set in the PV panel with four locations. The pneumatic system contains: a double-
acting cylinder connected to the PV structure, on-off valves that are electrically
connected to the microcontroller, and mechanically connected to the double-
acting cylinder and pressure valve via PVC tubes. The control pressure valve
regulates the pressure source which is a tank full of air. The control system
contains mainly from microcontroller and the supporting circuit to ensure the
operating condition and protection of the microcontroller. The sensors that are set
on the PV panel are connected to the microcontroller which will process the signal
and give an output signal to the pneumatic valves. Simulation of the proposed
system model will be implemented using MATLAB/SIMULINK R2023a. In this
thesis, three methods were used to control the position of the solar PV panel to
obtain the highest power from the panel: comparison control, FL control, and
ANFIS control. The simulation and the experimental work are done in Baghdad
with a latitude of (33.367°N) on the days of 16-22 September 2024 with all these
days being sunny days.
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East and West LDRs for Azimuth angle

North and South LDRs for Tilt angle

Signal Processing Pneumatic System Actuators Solar Panel Oreintation

Micro-controller
1. Comparison
2. FLC

3. ANFIS

New LDR Readings

Figure 4. 1 Block Diagram of the Proposed Tracking System.

4.2 Solar Panel Characteristics

The power generated by solar PV cells fluctuates continuously due to
changes in temperature and radiation intensity where the power harvested from
PV panel is decreased by the increased temperature. It acts as a profile that depicts
fluctuating radiation and temperature. Figure 4.2 illustrates a solar panel's [ -V
and P-V curves at various irradiation levels. The I-V curve demonstrates the
correlation between the voltage and current output of the solar panel. The current
rises with the voltage until it reaches a maximum, after which it declines.

The P-V charts illustrate the correlation between the voltage and power output of
the solar panel across varying irradiance levels. Solar irradiance refers to the
quantity of solar radiation incidents on a surface per unit area. The P-V curves
are denoted in kW/m?, indicating the irradiance level in kilowatts per square
meter. As the irradiance level rises, the P-V curve ascends. This suggests that PV
panels possess distinct specifications detailed in Table 4.1, which lists the

parameters of the PV panels. The temperature effect in hot areas can by managed
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by using low temperature coefficient panel or by using cooling techniques for the

panel in these areas.

Current {A)

Power (W)

Table 4. 1 Technical Specification Used in the Design of PV Panels

Parameters under standard conditions
(i.e., 1000 W/m? and 25 °C) Specification
DG-P25W Poly Ethylene 25 W PV 144 cell
Dimensions 535%350%18 mm
Nominal PV Panel 25W
Open Circuit Voltage 21.24V
Short Circuit Current 1.53 A
Maximum Voltage 18V
Maximum Current 1.39 A

PV Solar Panel Characteristics (I-¥) and (P-V) Curves
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Figure 4. 2 PV Solar Panel Characteristics (I-V) and (P-V) Curves
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4.3. Solar Angles Simulation

Solar angles are simulated by MATLAB/Simulink using the modeling in
chapter 3, which demonstrated the azimuth and tilt angles. These two angles are
significant for the solar tracking process.

The information needed for the simulation is the latitude angle and day count,
choosing the location of Baghdad, whose latitude is (33.367°) and choosing the
day of September 16 to conduct the tests, which counts (n = 255).

The solar equations are modeled using Matlab/Simulink as shown in Figure 4.3
to extract the optimal tilt and azimuth angle for that specific day, as shown in
Figures 4.4 and 4.5. where the maximum angle for azimuth was at 5:45 PM and

the tilt angle is restarted at the 5:49 PM for the location and day count mentioned.

1

cos delta

255 ' | D

Days

‘cog alpha

33.367° At -

tan daita

tilt angle

tan L fF——

Tilt angle every 15 minutes

, I

azimuth angle
|: out Azimuth_angla
Azimuth angle every 15 minutes

m ;o b N -

Figure 4. 3 Simulation Circuit Diagram for Solar Angles Modeling
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Figure 4. 4 Hourly distribution of azimuth angle.

Figure 4.4 shows the change in the azimuth angle, measured in degrees, of the
sun's horizontal angle across daylight hours from 6:00 AM to 6:00 PM. The sun
appears to move from east to west across the sky. The sun's azimuth angle
increases throughout the day, starting from a low value in the morning and
reaching a maximum value at the end of the day. The exact shape of the line and
the maximum azimuth angle reached will depend on the latitude and longitude of
the location where the solar panel is installed. The sun's azimuth angle changes
throughout the year, with different maximum values at various times.

Solar tracking systems adjust their orientation to follow the sun's path throughout
the day, maximizing solar energy capture.

The solar panel's tilt angle, as shown in Figure 4.5, changes throughout the day
to optimize energy capture. It starts at a low angle in the morning, increases to a
maximum around midday, and then decreases towards evening. The line forms a
parabolic curve, with the maximum tilt angle around midday. This is because the
sun's position in the sky changes throughout the day, and the panel's tilt angle

needs to be adjusted accordingly to maximize sunlight exposure.

Tilt Angle

T T T I T T l T l I T T I
6:00 700 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Time (Hrs)

Figure 4. 5 Hourly distribution of tilt angle.
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From Figures 4.4 and 4.5, the azimuth and tilt angles for the given day and
location were azimuth angle from 87° to 268.85°, and the tilt angle began from
1.85° to 60.8° at 12:00 P.M and back at 5:50 P.M.

This simulation is essential for the next step; by mapping these data as an input
sensor for the given angle, the sensors produced from mapping the solar angle

will be input signals to the control system that drives the pneumatic actuators.

4.3 Pneumatic System Siumlation

The pneumatic system proposed in the tracking system contains a double-
acting cylinder, 2/2 solenoid valve, pressure control valve, and pressure supply.
Figure 4.6 and Table 4.2 shows the parameters of the pneumatic cylinder. The
difference in area and volume between left and right chamber because of the area

accupied by the rod piston.

Chamber 1| |Chamber 2
12 ==

Figure 4. 6 Double-acting cylinder parameters [40]
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Table 4. 2 Parameters for the pneumatic actuator system

Parameters Specification
Rod Maximum stroke (L) 200 mm
Area of left chamber (A ) 1.5x103 m?
Area of right chamber (A,) 1x103 m?
Volume of left chamber (V) | 1.64x10° m?
Volume of right chamber (V,) | 1.03x10”° m?

Working Temperature (T) 300K
Gas constant (R) 8.314 J/mol.K
Solenoid valve diameter (D) 8x10° m

Absolute ambient pressure (Pa) | 0.003 Bar
Rod effective area (Ar) 0.314x107 m?
Mass of the rod (ML) 0.1 kg
Friction force (Fr) 4N

4.3.1 Scenario 1: Rod Position versus External Force

The parameters that affect the rod position displacement are the external force
(FL), the external mass (Ms), and the input pressure of the pressure supply (Ps).
In the first scenario, the effect of the external force against the rod position of the
double-acting cylinder is shown in Figure 4.7. In this case, a constant input
pressure of 4 bar and an external mass of 5 kg are applied. It is inversely
proportional to this force. Figure 4.7 demonstrates how the rod position changes
over time in response to different applied external forces. As the external force
increases, the rod position will reach its maximum stroke faster. This suggests a
direct relationship between the two variables.
The lines show that the rod position increases gradually, indicating a dynamic

response to the applied force. Many lines facilitate a comparison of the impacts of
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various external influences. The higher slope of a line correlates with a more rapid
increase in rod position over time for that specific force. This information can be

used to develop control strategies for mechanical components.

Rod Position Vg, External Forge
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External Mass =5 Kg
0 Pressure Ource = 4 Bar
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0 2 4 6 8 10 12 14 16 18 20
Time (seconds)

Figure 4. 7 Rod Position for different readings of External Force.

4.3.2 Scenario 2: Rod position versus masses

The second scenario is the effect of external mass on the rod displacement,
where an input pressure of 4 bar and an external force of 100 N were simulated,
resulting from the application of different masses (5, 15, 25, and 35) kg. It is noted
that there are no significant changes between these results, and therefore this
parameter does not affect the rod displacement compared to other parameters as

shown in Figure 4.8.
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Figure 4. 8 Rod position for different readings of external mass

4.3.3 Scenario 3: Rod position versus input pressure

The third scenario analyzes the effect of the input pressure of the pneumatic
supply system on the rod position. At the same time, the other parameters will be
fixed: the external force at 100 N and the external mass at 5 kg. As shown in
Figure 4.9, the input pressure will directly affect the rod position. By applying
different pressures (4, 6, 8, and 10 bar), increasing the input pressure of the supply
will decrease the time the rod needs to reach its maximum stroke. The lines show
that the rod position rises gradually, indicating a dynamic response to the applied

pressure.
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Figure 4. 9 Rod position for different readings of pressure source

4.3.4 Scenario 4: : Rod position versus external force and input pressure
Here the effect of external mass on the displacement of the rod was neglected.
A relationship can be established between the external force FL and the pressure
source Ps to give the same rod position curves in the simulation and continuous
adjustment of the above parameters. Then the relationship between the external
force and the input pressure is completed. The result is a fourth-degree
polynomial describing the relationship between these two parameters and give a

good response in the case of rod displacement as shown in Figure 4.10.
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Figure 4. 10 External force Vs. Pressure source

The interpolated result using Matlab function of linear interpolation for the
relationship between the external force and the input pressure with the coefficient
of polynomial shown in figure 4.10 is:

FL = 0.0032 * Ps3 — 0.1254 % Ps? + 8.2554 = Ps — 4.9042
The cubic polynomial coeffiecient p; to ps reprenet the n™ parameters for the

polynomial.

4.4 Pneumatic system simulation using Simscape

Simscape, a part of MATLAB’s Simulink, is a powerful tool for modeling
and simulating physical systems, including pneumatic systems. Simscape has a
powerful library for pneumatic system components, which helps design,
construct, simulate, and produce results for specific systems. Figure 4.11 shows
the simulation of the pneumatic system using the library of Simscape where port

A and B is inout and output port for the solenoid valve, block Atm represent the
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heat tranfer properties for the pneumatic actuator, L is the control signal port and
R is the mechanical port for the rod piston. The design contains a double-acting
cylinder, a 2/2 solenoid valve, a pressure source, and a reservoir. Each component
has parameters that can be tuned to achieve the desired output.

1. Double-acting cylinder: It has been chosen to have a maximum stroke of 15
cm with a piston area of 2 cmm? with standard thermodynamic parameters.

2. 2/2 Solenoid valve: It has a two-port, input, output, and control signal. The
controller provides the control signal in the proposed system. Its parameters are
an orifice diameter equal to Imm and a discharge coefficient of 0.3. It is noted
that with constant pressure, the orifice diameter is directly proportional to the rod
speed, the same as the discharge coefficient parameter.

3. Pressure source: 4 bar pressure was selected for the simulation. The pressure
source is directly proportional to the rod speed.

4. Reservoir: This block is needed to complete the pneumatic system. The
atmospheric pressure is selected for the block, and the reservoir block is imagined
as a tank where the pressure source takes the gas from it, and the exhaust valve

releases the gas to it.
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Figure 4. 11 Simulation of pneumatic system circuit diagram

The double-acting cylinder is constructed of two chambers and a cylindrical
rod. Controlling the airflow from the solenoid valve can drive the rod position to
the desired location. The Ist two solenoid (S1 and S2) valves control the left
chamber, and the other two valves (S3 and S4) control the right chamber's airflow.
Table 4.3 illustrates the rod's movement according to the input signal to the
solenoid valves.

From the connection between the valves shown in Figure 4.11, the 1st valve
works as a compressed valve to the left chamber, and the 2nd valve works as an
exhaust valve to the left chamber. The same thing happened to the 3rd and 4th
valves working as compress and exhaust, respectively, to the right chamber. The
four valves control the double-acting cylinder for extension and retraction of the

cylindrical rod.
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Table 4. 3 Rod displacement via solenoid valve’s signal

Status S1 S2 S3 S4 Rod direction Rod status

1 On Off Off On Left to Right extend

2 Off On On Off Right to Left retract

3 off | Off | Off | Off Stop Stop

4.5 Simulation of fuzzy logic system

The solar equations were beneficial to derive the optimum azimuth and tilt
angles for a specific location and day. This data is set as an input signal and serves
as the default LDR sensor readings for the FLC system. The FLC system for the
proposed system needs two inputs, which are the error reading between two
sensors for one solar angle and the error rate of change so that the output data
from the solar angle simulation is set to obtain a reading for the LDR sensors.
The FLC system will process this reading to get an output signal that drives the
pneumatic actuator.

As shown in Figure 4.12, the input to the FLC system will be the error and the
rate of change of the error. This input will have seven trigonometric membership
functions for greater accuracy of the system. The output from the FLC system

will drive the pneumatic actuator for optimum solar angle.
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Figure 4. 12 Simulation of FLC system

Figure 4.13 demonstrates the rod position of the pneumatic actuator that
drives the solar panel. The double-acting cylinder will extend until it reaches 9
cm at noon, then begin to retract to its initial position, simulating the tilt angle
position. This displacement occurs according to the output signal from the FL
control system, which processes the input signal of two virtual LDR sensors
placed on the north and south of the solar panel to regulate the tilt angle over time,
as shown in Figure 4.14. Meanwhile, Figure 4.15 depicts the movement of the
rod cylinder to the azimuth angle position driven by the FLC system. The rod of
the double-acting cylinder will continue to move until it reaches a stroke of 13.5
cm at 6 P.M. This movement is generated according to the input signal to the
corresponding valves taken from the output signal from the FL system as shown
in Figure 4.16. The FLC system takes the data from the east and west LDR placed

on the solar panel and regulates the azimuth angle during the day.
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Figure 4. 15 Rod position under FLC for azimuth movement
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Figure 4. 16 Output data from FLC for azimuth movement

4.6 ANFIS Simulation
ANFIS is a hybrid intelligence system that combines the learning capabilities
of NN with the FL reasoning of a fuzzy inference system. In MATLAB, ANFIS

can be implemented using the Fuzzy Logic Toolbox. Figure 4.17 shows the

simulation block diagram of ANFIS by Matlab for azimuth and tilt movements.
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Figure 4. 17 Block Diagram for ANFIS System Simulation
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The simulation of the ANFIS system will have the same FLC simulation, two
inputs representing mapped sensor readings for specific solar angles, a block for
ANFIS system trained data, and one output representing the input signal to the
pneumatic actuator to drive the solar panel as shown in Figure 4.18.

Figures 4.19 and 4.20 demonstrate the ANFIS controller's output signal with two
input-mapped signals from the simulation of the optimum tilt and azimuth angles
for a specific location and day. These signals represent the four LDR sensors,
north and south for the tilt angle and east and west for the azimuth angle, which
are inputted to the ANFIS controller. The neural network in the ANFIS system is
trained to input typical tilt, azimuth mapped to LDR readings, and expected
output data to drive the cylinder rod to a specific location. The source of the data
to train the ANFIS controller is a workspace that have LDR readings’ and the
output is the rod position. The input signal range is (0-1023) since the suggested
controller has an ADC with a 10-bit quantization level. It gives us a division of
1024 levels of data, while the output data ranges from (-5 to 5) to simulate the
output voltage from the controller to drive the pneumatic valves.

In the case of tilt angle, the rod will move during the day starting from 6 A.M and
reach 10 cm at noon, then retract its position gradually to the origin around 6 P.M
as shown in Figure 4.19, while in azimuth angle, the rod displacement will change
from 0 cm to 13.5 cm at 6 P.M. as shown in Figure 4.20.

As shown in Figures 4.13, 4.15, 4.18, and 4.20, the rod position in the FLC
controller and ANFIS controller are almost compatible with the rod displacement
and the velocity. The two systems will be compared in the case of harvested solar

power to ensure their compatibility with the driving pneumatic actuator.
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Figure 4. 21 Output Data from ANFIS for azimuth Angle

4.7 Compare method simulation

The comparison method directly compares output readings from the LDR
sensors to move the pneumatic actuators to the corresponding angles. It takes the
difference between LDRnorth and LDRsouth and gives an output signal for the
valves to direct the solar panel to the optimum tilt angle. As for the azimuth angle,
the difference between LDReast and LDRwest readings indicates the presence of
a set of valves to adjust the solar panel's position to the optimum azimuth angle.

Table 4.4 lists the solar panel's movement and the LDRs' reading.

Table 4. 4 LDRs reading vs. double-acting cylinder movement

LDRs readings Corresponding Double acting cylinder
angle
LDRorth-LDRsouth > threshold Tilt angle Tilt double acting cylinder — retract
LDRsouth-LDRunorth > threshold Tilt angle Tilt double acting cylinder - extend

LDReast-LDRwest > threshold Azimuth angle Azimuth double acting cylinder —

extend

LDRyest-LDReast > threshold Azimuth angle Azimuth double acting cylinder -

retract
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Since the location of this sensor is relatively close, a threshold value
between the readings is needed for more accuracy. Putting the sensors inside a
tube will achieve this threshold. From the experiments, an inversely proportional
relationship between the tube length and the threshold value is observed. Putting
a light source 1 meter away from the LDR sensors on the solar panel used and
without using a tube for these LDRs, requires a threshold value of 1% of the
maximum sensor reading value. Inserting the tube of 2.5 cm gives us a 10%
maximum value; using a 4 cm tube gives an acceptable threshold value of 17%,
a good percentage for stable movement of the double-acting cylinder. Note that
the more distance between the sensors, the lower the threshold value needed for
an accurate tracking system.

Depending on the input signals coming from four LDR sensors and taking the
difference between those signals for tilt and azimuth angle into account the
threshold value, the position of the rod can be seen during the day. Figure 4.22
shows the rod position for tilt angle. The rod position starts from 6 A.M and
increases gradually till 12 P.M. of 13 cm and then gradually retracts back to its
original position. Figure 4.23 shows the rod movement during the day for azimuth
angle, where the rod begins to move at 7 A.M. and gradually extends until it
reaches the maximum stroke of 15 cm near 4 P.M and holds that position until 6

P.M.
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Figure 4. 22 Position of the rod using the tilt angle compare method.
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Figure 4. 23 Position of the rod using the azimuth angle compare method.

Using the comparison method, solar irradiance during the day and the total power
harvested from these displacements can be obtained from the tilt and azimuth
angles using the solar panel model. Figure 4.24 demonstrates the solar irradiance
for 12 hours using the data from tilt and azimuth angles obtained from the

comparison method under the simulation process.
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Figure 4. 24 Solar irradiance using the comparison method

4.8 Overall system simulation

After designing and simulating the pneumatic system, controllers, and solar
PV panel individually, the overall system can be simulated to see the best control
system to maximize the harvested solar energy.

First, solar irradiance data is needed for the specific location and time of the day.
The National Renewable Energy Laboratory (NREL) shown in Appendix 1 has
massive data on solar energy worldwide, as shown in the Appendix 1. It will help
gather more information about the site where a solar panel works and can simulate
the system using this data.

By entering the necessary information into their database, it is possible to obtain
the solar radiation of the site in which they work, which is the location in
Baghdad.

The website can deliver solar irradiance data for dual-, and single-axis tracking

systems and fixed roof or wall-mounted hourly each day of the year.
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These data will be processed in the simulation program to see the efficiency of
the dual-axis tracking system based on the pneumatic actuator data collected from
the earlier simulation.

By selecting the same data collected in the solar angle simulation in Figure 4.3,
the PV panel in Table 4.1, the pneumatic system in Figure 4.11, and the solar
radiation collected for the fixed panel and the 2-axis tracker from the NREL
database shown in Appendix 1, the efficiency of the pneumatic tracking device
can be calculated using FLC, ANFIS, and comparison of control system methods.
In the simulation of the overall system, solar power can be collected from the
solar panel, the PV panel efficiency under FLC, ANFIS, and comparison method
can be compared, and the method of dual-axis tracker with fixed panel system

can be compared as follows:

1. Solar angle subsystem: simulates the tilt and azimuth angles with input
parameters of latitude of the location where the solar panel is installed and
the day of the year. This modeling is according to the solar equations shown
in Figure 4.3.

2. Fuzzy subsystem: simulates the mapped input sensors using an FLC system
with seven triangular membership functions. If the input signal (LDRnorth
and LDRsouth), the output is the input signal to the pneumatic system for
tilt angle, and if the input signal (LDRwest and LDReast) the output is the
input signal to the pneumatic system for azimuth angle as shown in Figure
4.12.

3. ANFIS subsystem: simulates the mapped input sensors using the ANFIS
system with three triangular membership functions. If the input signal
(LDRnorth and LDRsouth), the output is the input signal to the pneumatic
system for tilt angle, and if the input signal (LDRwest and LDReast), the
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output is the input signal to the pneumatic system for azimuth angles as
shown in Figure 4.17.

4. Pneumatic actuator subsystem: simulates the rod position for tilt and
azimuth angle with input signals from the FLC, ANFIS, or compare
method subsystems as shown in Figures 4.13, 4.15, 4.18, 4.20, 4.22, and
4.23.

5. Rod position versus solar irradiance subsystem: takes solar irradiance data
from the NREL database and simulates the rod position controlled by FLC,
ANFIS, and comparison methods. Figure 4.25 shows the tracking
controller with the solar irradiance output during the day. This block's
output is displayed in Figure 4.26, which shows the tracking system in use
along with the associated solar irradiation for that system throughout the
day. Next step, the solar irradiance data will be input into the solar panel
model to investigate the output power harvested from each tracking

system.
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Figure 4. 25 Rod position for the specific controller and the corresponding solar
irradiance
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Figure 4. 26 Hourly distribution of solar irradiance under various tracking controllers

6. Solar panel subsystem: simulates the PV panel with input parameters of
solar irradiance and temperature as shown in Figure 4.27. The temperature
parameter for all simulated controllers will be fixed at 35° for simplicity,
and the readings of the output current and voltage from the PV panel with
specifications shown in Table 4.1. The output current and voltage will be
multiplied to get the output power of the solar panel.

7. Solar irradiance subsystem: simulates the solar irradiance output from the
previous subsystem with a solar panel model with specific parameters
giving an output power. The system is driven by ANFIS, and FLC, and
compares method with dual-axis tracking and fixed panel as shown in

Figure 4.28.
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The blocks above calculate the output power of the three cases of dual-tracking
systems and fixed-mounted panels.

Figure 4.29 shows the output power during the day for the dual-axis tracking
system under FLC, ANFIS, comparison method, and with a fixed PV panel.
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Figure 4. 29 Solar Power using Dual Axis FLC, ANFIS, Compare and Fixed Panel

4.9 Comparison between FLC, ANFIS, and Fixed Panel

From Figure 4.29, the power during the day can be calculated by calculating
the area under the curve of each of these systems.
The results of the average power of the moving PV panel in the case of the FLC
system were equal to 1791 W during the day, while in the ANFIS system, the
power was measured at 1982 W, and its value using the comparison method was
1894 W, while the power obtained in the case of the fixed panel was 1371 W.

From these results, the following conclusions are drawn:
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1. The highest power that could be obtained from the solar panels was from
the ANFIS controller, followed by the comparator method and then the
FLC system. In contrast, the fixed plate had the least power.

2. By comparing the effect of different control techniques for the tracking
system on the output power with a fixed PV system, the improvement of
the ANFIS system was 44.6%, and the improvement percentage of the
comparative method was equal to 38.15%, while, the FLC was about

30.6%.

4.10 Experimental Work

This section deals with the practical side of the thesis and includes the
construction of the dual-axis pneumatic solar tracking system, including all
components, execution of tests, collection of experimental data, and comparison
between real-time experimental performance data and results obtained from

simulation.

4.10.1System components

The solar tracking system proposed is constructed addition to the PV panel
and its structure frame from three main components: the control system,
pneumatic actuator, and input sensors. These components will help drive the solar
panel toward the required sun angles for maximum energy harvested during the

day.

1. Solar panel

A 25W Polycrystalline and 21.24 V solar PV panel was used in the
experimental system setup. The technical specification of the panel was
previously mentioned in Table 4.1. These specifications were close to the
simulation results. The solar panel was simulated at a constant temperature of

25°. Since the experimental result was taken at the same location and closed days
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of the year, it 1s expected that the results will be close to the simulation results,
especially in the early and late hours, because the temperature in those periods
was close to 25 oC, while the results differ somewhat at noon, because of the high

temperatures at that time.

2. Control system
The control system used in the proposed system was built in several stages,
each stage having a special character for controlling the operating system. The

control system mainly consists of:

A. Aduino Uno mirco-controller

Arduino UNO as shown in Figure 4.30 is a low-cost, flexible, and easy-to-use
programmable open-source microcontroller board that can be integrated into a
variety of electronic projects. This board was programmed by Arduino IDE
program with C++ code and that code was designed to read the input analog
signal and write with output digital signal from predefined pins. The output signal
will drive the following stage which is the relays that drive the actuator. The

specification of this micro-controller as follows:

1. IC: Microchip ATmega328P (8-bit AVR core)
2. Clock Speed: 16 MHz on Uno board, though IC 1s capable of 20 MHz
maximum at 5 Volts
. Flash memory: 32 KB, of which 0.5 KB used by the bootloader
. SRAM: 2 KB
. EEPROM: 1 KB

. Digital I/O Pins: 14

3

4

5

6. Operating Voltage: 5 Volts

7

8. Pulse Width Modulation (PWM) Pins: 6 (Pin# 3, 5,6, 9, 10 and 11)
9

. Analog Input Pins: 6
10.DC Current per I/O Pin: 20 mA
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11.DC Current for 3.3V Pin: 50 mA
12.Size: 68.6 mm x 53.4 mm
13.Weight: 25 g

8. )3
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Figure 4. 30 Arduino Uno micro-controller
B. 8-Channel relay
Since the actuating system works on 24V D.C and the output signal from the
Arduino gives only 5V D.C, the relay system is needed to give a D.C level voltage
to drive the pneumatic actuator. Figure 4.31 shows the pin diagram of the 8-
channel 5V relay module. The module is very important for the control circuit to
protect the microcontroller and to feed the actuator system the voltage it needs.

The relay has the following features:

1. Power Supply Voltage: 5V DC

2. Current: Greater than 100mA

3. Load: 250V 10A AC or 30V 10A DC

4. Size: 134.6 x 53.6 x 19.5mm

5. Equipped with mounting holes around, hole diameter 3.1 mm.
6

. When input is at low level, the relay is off, and the indicator light is on.
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Figure 4. 31 Pin Diagram of 8 Channel 5V Relay Module

The pin configuration for this module is as follows:

1. VCC: This is the positive power supply input from the main control.

2. GND: Ground connection.

3. IN1~INS8: The signal input pins for the relays. When a low-level signal is
input, the Normally Open (NO) contact of the relay connects with the
Common (COM) terminal.

4. NO (Normally Open): This is the load connection when the relay is
active (ON). In the off-state, NO is not connected to the COM (Common)
terminal.

5. COM (Common): This terminal serves as the common connection for
both NO and NC (Normally Closed) pins.

6. NC (Normally Closed): This is the default load connection, which is
connected to the COM terminal when the relay is OFF or in its default

state.
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C. Buffer circuit

By connecting the relay module directly to the microcontroller, it appears to be
a load problem which causes the relay to hang.

To override this problem a buffer circuit is needed with high output power to

drive the relay module, that because the 8-channel relay drains high current
that the microcontroller cannot provide
Introducing the TIP41C transistor as a buffer circuit between the relay module
and the Arduino Uno microcontroller will resolve the hanging issues.
The TIP41C can be used for any general purpose of switching and
amplification application. It can be used as a switch to drive many loads at the
same time, though the sum of all loads should not increase from 6A. It can
drive DC motors, high-power LEDs, high-power relays, bulbs, devices, etc.

TIP41C has the following features:

. Type: NPN Bipolar Junction Transistor (BJT)
. Collector-Emitter Voltage (VCEO): 100V

. Collector-Base Voltage (VCBO): 100V

. Emitter-Base Voltage (VEBO): 5V

. DC Current Gain (hFE): Typically around 15 to 75

1
2
3
4
5. Collector Current (IC): 6A continuous (maximum)
6
7. Transition Frequency (ft): Around 3 MHz.

8

. A built-in heatsink for maximum heat dissipation when operating at full

throttle.

Figure 4.32 shows the pin configuration of the buffer transistor TIP41C.
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1. Base
2. Collector
3. Emitter

Figure 4. 32 Pin Configuration of TIP41C

The base pin will be connected to the output pin of the Arduino Uno. The emitter
pin will be connected to the ground and the collector pin will be the output pin
that is connected to the relay module through a resistor. TIP41C will operate as a
switching device with high power through a small base current due to its

specification of low impedance.

D. PV Load

The load system used in the proposed tracking system was a pure resistive load
of 100W 15 Ohm power resistance. On its branch the voltage and the current
output from the PV panel was measured to calculate the output power. Figure

4.33 shows the resistor used in the proposed system.
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Figure 4. 33 Power resistor 100W 15 Ohm

3. Pneumatic actuating system

The proposed solar tracking system has a pneumatic actuator that drives the
solar panel to the desired solar angles to maximize energy absorption. This system
is built from: a double-acting cylinder, solenoid valves, a pressure control valve
and the pressure source or a reservoir. All these components are connected

through a PVC pipe.

A. Double-acting cylinder

A double-acting cylinder is a pneumatic device that has two chambers and a rod
piston. The left and right chambers are controlled via pneumatic valves to drive
the rod piston to the right and left positions. The rod piston is mechanically
connected to the solar panel’s structure and that is responsible for guiding the PV
panel to the desired solar angle.
Previously, in Figure 3.1 in the third chapter, the schematic diagram of the
double-acting cylinder used in the proposed tracking system was demonstrated,

and the mathematical modeling of the cylinder, its movement, and the parameters
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that affect the rod’s displacement and speed were explained. Figure 4.34 shows
the double-acting cylinder used in the experimental work. The cylinder has the

following specifications:

Model: Expflex 25x150
Diameter of the cylinder: 25 mm
Maximum stroke: 150 mm
Fluid: Air

Motion pattern: double action

Maximum pressure: 10 bar

NS kD=

Pipe size: 1/8"

Figure 4. 34 Double-acting pneumatic cylinder Expflex25x150 mm

B. On-Off Solenoid Valve

2V025-08 Solenoid valve was used to control the airflow into the double-
acting cylinder. This valve is an on-off valve, which means that the valve opens
and closes completely depending on the electrical signal coming from the

controller. The control signal will actuate the coil inside the valve to open the
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orifice between the inlet and outlet side and permit the air to flow. Figure 4.35

shows the on-off solenoid valve that is in the proposed solar tracking system.

Figure 4. 35 2-Way ON-OFF Solenoid Valve

Table 4.5 shows the specification of the solenoid valve, where the fluid is air gas,
the action of the valve is direct act normally closed depending on the signal that
enters the valve coil, the port size is 1/8" and the maximum working pressure of
the valve 1s 10 bar. The valve coil is working on 24V DC and the power

dissipation for opening the orifice between the inlet and the outlet is 4.8W.
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Table 4. 5 The Specification of the Solenoid Valve

Parameter specification
Model 2V025-08
Fluid Air
Acting Direct acting
Orifice size 2.5 mm
Port size 1/8 inch
Pressure range 0-10 bar
Material body Brass with nickel plated

C. Pressure control

Since the tank reservoir is filled with air at 40 bar pressure and the pneumatic
valve operates at a maximum pressure of 10 bar, a pressure control regulator was
included in the pneumatic system to control the input pressure to the system and
this in turn controls the rod displacement in the double acting cylinder.
Figure 4.36 shows the pneumatic pressure control which is established by one
inlet, one outlet, a regulator switch to control the pressure, and a pressure gauge
to read the output pressure from the device. To adjust the output pressure from
the control, it is needed to pull up the regulator switch and turn it to the desired
pressure reading and then pull down again to lock the pressure control to that
desired reading.
Table 4.6 demonstrates the specification of the pressure control. The model used
in the experimental work was AR2000. The fluid used was air gas, maximum
pressure was 10 bar, adjustable pressure control from 0.5-9 bar, and a working

temperature from -20° to 70°.
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Figure 4. 36 Pressure Control Valve

Table 4. 6 The Specification of the Pressure Control

Parameter Specification
Model AITAC AR-2000
Fluid Air
Temperature range -20-70°C
Port size 1/4 inch
Pressure range 0.5-9 bar
Maximum pressure 10 bar
Weight 200g
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4.10.2 Steps to build the system
The proposed solar tracking system shown in Figure 4.37 and 4.38 was built

according to the following steps:

1. The solar panel was connected to the steel structure that moves in two
directions according to the solar angles. The sensors were also installed on a
tube mounted on the steel structure and at four locations (north, south, east,
and west) of the solar panel as shown in Figure 4.38 (b). the output connection
from the PV panel is connected to the resistor via measuring equipments to
calculate the output power.

2. All components of the pneumatic system are installed in their designated

places The pneumatic components are connected to each other by special pipes

that can withstand the air pressure used (the highest pressure is 10 bar for the air
system) as shown in Figure 4.38 (a). The interconnection starts from the reservoir
tank to the pressure regulator and then to the solenoid valves (four valves for each
air cylinder). The air cylinder moves the solar panel either at a tilt angle or at

azimuth angle to match the required solar angle as shown in Figure 4.37(a).

3. Connecting each two solenoid valves for each chamber belonging to the

pneumatic cylinder, where one of the valves works to compress the air inside the

cylinder chamber and the other works to empty the chamber of compressed air.

4. The solenoid valves were fed by a power supply. This supply is a

rechargeable electric battery with a voltage corresponding to the valve operating

voltage of 24 V, via a relay system.

5. The relay system was connected to the microprocessor via a buffer circuit

to protect the microprocessor from the high current drawn from the relay as

shown in Figure 4.37(b).
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6.  The microprocessor was equipped with the buffer circuit. The buffer plays
a major role in amplifying the current as well as providing necessary protection
to the microprocessor.

7.  The signals that enter the microprocessor are comming from the LDR
sensors. Thes signals are processed by programming the microprocessor with one
of the various control methods such as artificial intelligence; FLC, ANFIS. The
ANFIS is a powerful processing method and has the ability to predict emergency
weather variables, compare the method, and then analyze the results of these three

methods.

Arduino Uno Controller

‘ | Laptop 4

e Double Acting Cylinder |~

| ——% i

(b)

Figure 4. 37 the proposed system (a) the overall system compenets (b) the control board
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Figure 4. 38 the proposed system (a) double acting cylinder for azimuth and tilt angle
(b) LDR distribution on PV steel structure

4.11 Exprimental results

Figure 4.39 shows the power harvested from the PV panel during the day when
applying the ANFIS method to control the pneumatic tracking system in the
simulation and experimental cases. From the results of the performance
comparison between the simulation model and the experimental system, it was
found that the power obtained experimentally from the solar panels is 38.1% more

than the fixed panel and about 6.51% lower compared to the simulation.
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Figure 4. 39 PV power under ANFIS control for simulation and experimental systems
Also, it was found that when using the FLC controller in the solar tracking system,
the power obtained from the PV panel experimentally is about 23%, which
decreases by approximately 7.6% compared to the simulation results, as shown

in Figure 4.40.

Solar Power FLC simulation Vs. experimental

25 T T i T T T T T
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——— FLC experimental

] 1 1 | | | I | | | |
6:00 7.00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time (Hrs)

Figure 4. 40 PV power under FLC control for simulation and experimental systems
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When applying the comparison method to control the tracking system, it was
found that the performance was better than the FLC system. It was found that the
improvement was 30.9% more than the fixed panel system, the practical system
decreased from the simulation results by 7.25%, as is clear from the PV power

curves in Figure 4.41.

Solar Power Compare method simulation V's. experimental
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Compare experimental
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6:00 7:00 800 9:00 10:00 11:00 12:00 13.00 14:00 15:00 16:00 17:00
Time (Hrs)

Figure 4. 41 PV power under compare method control method for simulation and
experimental

4.12 Average efficiency

From the data collected from the three methods for controlling the solar
tracking system: ANFIS, FL, and comparison method, the efficiency during the
day for the solar panel can be calculated given the data in figures 4.39, 4.40, and
4.41.

The average efficiency can be calculated to show which method will improve the
PV panel efficiency during the day, this can be achieved by simply taking the

average of these readings.

88



Chapter Four Simulation and Experimental Work of Solar Tracking System and

Discussion

The calculation revealed that the ANFIS controller gave an average boost to
the average efficiency of the PV panel by 10.4%, followed by the compare
method by 10.23%. meanwhile, the FL controller gives the solar panel an average
efficiency of 9.93%. figure 4.42 shows the average dynamic efficiency for the

three methods controlling the dual-axis tracking system.

PV panel Effeciency | |

Compare methad
FLC
ANFIS

Effeciency (%)

1 1 1 l 1 1 1 1 1 1 1 1
6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
Time (Hrs)

Figure 4. 42 The efficiency of PV panel

4.13 Results Discussion

From the above comparison results, it is concluded that the ANFIS control
system for the pneumatic actuator used for the solar tracking system is the most
efficient system for both the simulated and experimental system cases in terms of
the amount of power obtained from the PV panel due to its characteristics in
adapting to the input signal readings supported by a powerful neural network built
on trained data from the environment.

This is followed by a comparison method of control, and because of the real-time
factor represented in reading the sensor signals and sending them to the actuating

system to act accordingly, taking into account the threshold value that has a
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relationship value to the distance between the sensors and the tube that covers the
sensor to obtain more accurate readings.

Although the FLC system has an improvement rate of 30.6% compared to the
fixed panel system, the efficiency of this FL control system will have the lowest
values between the ANFIS system and the comparison method system. The FLC
system deals with input data with no adaptive process. It can be seen in Figures
4.14 and 4.16 that the output data from the FLC system is not as smooth as in the
ANFIS system shown in Figures 4.19 and 4.21 when dealing with tilt and azimuth
angle, respectively as shown in Figure 4.43.

The experimental results showed that the ANFIS system in the solar tracking
system using the pneumatic actuator system is less different from the simulation
results among the three control methods. The experimental work of the ANFIS
system differed from the simulation by about 6.51% due to the real readings of
solar data and the difference between the simulation results that were calculated
at 25°C and the experimental results in which the temperature ranged between
25-41°C. The solar data readings also differ from the simulation presented on
Dec. 16, 2024, and the results were taken on Dec. 20, 2024. Also, the ANFIS
system increased the average efficeincy of the PV panel 10.4%.

The performance results for harvesting power from solar panels under FLC
during the experimental work decreased from the simulation results by about
7.6% for the same reasons mentioned above, which are the temperature and the
date the simulation took place on Dec. 16, 2024, and the experiment was on
Dec.18, 2024. The difference between the experimental results and the simulation
results was in a comparative manner. About 7.25% and this difference is due to
the same reasons mentioned above, temperature and the day the data was taken,
for the simulation was Dec. 16, 2024, and for the experimental work Dec. 19,

2024. The calculation considering the average efficiency during the day, the FLC
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system increases the efficiency of the PV panel by about 9.93%, meanwhile, the
compare method increases more efficiency of the PV panel by about 10.23%.

From the above, it can be concluded that the ANFIS system used in the solar
tracking system driven by pneumatic actuators is superior to the rest of the
proposed control systems, the FLC, and the comparison method in both simulated
and experimental results. Several conclusions and future works will be presented

in Chapter Five.
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Figure 4. 43 Percentage power efficiency improvement
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Chapter Five: Conclusion and Future Work

5.1 Conclusion

In this thesis, the use of artificial intelligence techniques to regulate the moving
of a dual-axis solar tracking system driven by pneumatic actuators is examined.
Utilizing such techniques has the benefit of increasing system efficiency, which
allows for greater power harvesting from the solar panel. Several conclusions were
drawn after testing the proposed system in a simulation environment using

Matlab/Simulink and real-time experimental work, and collecting data:

1. Using the three proposed control methods (ANFIS, FLC, and comparison
method) to control the position of the pneumatic actuator in the simulation shows
an increase in solar PV panel efficiency of 44.6%, 30.6%, and 38.15%,
respectively compared to the fixed panel system.

2. From the experimental results, the solar energy harvest was 38.1% for the ANFIS
controller compared to the fixed panel, the improvement for the FLC control
system was 23% while the comparison method was 30.9% compared with the
fixed mounted panel system.

3. In the experimental work, the solar tracking system's solar energy harvest was
6.51% lower than the simulation model for ANFIS, around 7.6% lower for FLC,
and 7.25% lower utilizing the comparison method.

4. The average efficiency of the PV panel has been improved through the three
methods: ANFIS, FLC, and compare the method with the percentage of 10.4%,
9.93%, and 10.23% respectively, these closed results give the impression the
efficiency of the PV panel is independent of the controller used in dual axis

tracking system.
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5. The difference between the simulation and experimental part due to many factors
including the temperature used in simulation part was 25°C meanwhile in the
experimental part was changing during the day from 25 to 41°C. Addition to that
the environmental factor like humidity, dust and solar radiation. Also the
simulation occurs in 16 September 2024, however, the experimental part was
conducted through 18-22 September 2024 and this will give us a slight difference
in the azimuth and tilt angle. These differences can by minimized by taking the
results the same day and add a disturbance factor in the simulation part to emulate

the weather conditions.

5.2 Future work

This thesis developed a fundamental aspect of a dual-axis tracking system using a
pneumatic actuator system. However, the quest for a more sustainable and efficient
future demands further exploration. Here are some exciting avenues for future work,

based on the findings of this study:
1. Using a proportional valve in a pneumatic system

However, the cost of the propotional valve is more than the conventional on-off
valve, but its linearity characteristics can be considered an advantage if controlled

by a cost-effective controller.
2. Using a 3/2 on-off valve in a pneumatic system

The 2/2 on off valve is easy to control with a simple cotroller, however using an
3/3 on off valve will reduce the components the peumatic actuator system but will
complicate the control system, consierding the control of this type of valve and the
way that effect, the dual-axis tracking system can give a different results and shorten

the penuamtic actuator system.
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3. Using a Hybrid actuator system

Using a hybrid system that includes both pneumatic actuators and electric
actuators for driving the solar tracking system and controlling it through a cost-
effective controller may have a different result in some locations regardless of the

environment in which the solar system will operate.

4. Applying adaptive sensorless control based observer design for pneumatic

system in solar tracker.
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Appendices

1. NREL website

PVWatts® Calculator i:NREL

Get Started: Enter a Home or Business Address ’ GO » ‘ Espaiol HELP FEEDBACK

Yxpalhcbka

NREL's PVWatts Calculator

Estimates the energy production of grid-connected photovoltaic (PV) energy systems throughout
the world. It allows homeowners, small building owners, installers and manufacturers to easily
develop estimates of the performance of potential PV installations.

The blue rectangle on the map indicates the NREL National Solar Radiation Database (NSRDB) grid cell for your
location. If you want to use data for a different NSRDB grid cell, double-click the map to move the rectangle.
Dragging the rectangle will not move it.

If your location is outside the NSRDB area, the map shows pins for the nearest alternate data sites instead of a
rectangle: Click a pin to choose the site you want to use.

See Help for details.
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PVWatts” Calculator il

English

My Location | 229fdad Espaiol | HFIP | FEEDBACK

» Change Location YrpalHcbKa

w

RESOURCE DATA SYSTEM INFO RESULTS

SOLAR RESOURCE DATA

The latitude and longitude of the solar resource data site is shown below, along with the distance between your
location and the center of the site grid cell. Use this data unless you have a reason to change it.

Goto
system info
Solar resource Lat, Lng: 33.37, 44.42 2.5mi
data site
Resource Data Map
The blue rectangle on the map indicates the NREL National Solar Radiation Database (NSRDB) grid cell for your
Latitude and longitude of the proposed system (Baghdad)
2. C++ Code for compare method
void setup()
{
Serial.begin(45ee); //serial connection setup //opens serial port, sets data rate
Serial.println("CLEARDATA"); //clear all data that’s been place in already

Serial.println("LABEL,t,voltage,current,power,Mode"); //define the column headings (PLX-DAQ command)

pinMode(12, INPUT); //Mode switch Button

pinMode(1l, INPUT); //Bxis switch

pinMode(A4, INPUT);//Potentiometer for right-left movement and for up-down movement
pinMode(7, OUTPUT); //azi right

pinMode(8, OUTPUT); //azi left

pinMode(9, OUTPUT); //ele right

pinMode(1@, OUTPUT); //ele left

servo_updown.attach(5); //Servo motor up-down movement
servo_rightleft.attach(6); //Servo motor right-left movement

void loop()
{
//  pv_power();
char Mode;
| float volt = analogRead(A5)*5.8/1023;
float voltage = 2*volt; // Volt=(R1/R1+R2)*Voltage / R1=R2=1@0hms => voltage=2*volt)
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float current = voltage/20; // I=voltage/(R1+R2)
float power = voltage*current;

//Serial.print("DATA,TIME,"); // PLX-DAQ command
//Serial.print(voltage); //send the voltage to serial port
//Serial.print(",");

//Serial.print(current); //send the current to serial port
//Serial.print(",");

//Serial.print(power); //send the power to serial port
//Serial.print(",");

/7 Serial.println(Mode);
buttonStatel = digitalRead(12);
if (buttonStatel != prevButtonStatel) {
if (buttonStatel == HIGH) {
//Change mode and ligh up the correct indicator
if (mode == 1) {

| mode = @;
} else {
| mode = 1;

}
}

}
prevButtonStatel = buttonStatel;

delay(5@); // Wait for 56 millisecond(s)

if (mode == @) {
Mode="M";
Serial.println(Mode); //send Mode "Manual" to serial port
//manualsolartracker();

} else
{ // mode automatic
Mode = 'A';

Serial.println(Mode);
automaticsolartracker(); //send Mode "Automatic" to serial port

¥

¥

void automaticsolartracker()
{
top= analcgRead(ldrtop); //capturing analog value of top right LDR
bot= analogRead(ldrbot); //capturing analog value of top left LDR
right= analogRead(ldrright); //capturing analog value of bot right LDR
left= analogRead(ldrleft); //capturing analog value of bot left LDR

Serial.println(top);
delay (1ee);
Serial.println(bot);
delav (1@@):
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Serial.println(left);
delay (1ee);

// calculating average
//int avgtop = (topr + topl) / 2; //average of top LDRs
//int avgbot = (botr + botl) / 2; //average of bottom LDRs
//int avgleft = (topl + botl) / 2; //average of left LDRs
//int avgright = (topr + botr) / 2; //average of right LDRs

7/Get the different
int diffelev = top - bot; //Get the different average betwen LDRs top and LDRs bot

int diffazi = right - left; //Get the different average betwen LDRs right and LDRs left

)/left-right movement of solar tracker

| if (abs(diffazi) »= threshold_value)
{ //Change position only if light difference is bigger then the threshold_value
if (diffazi > @)
{
digitalWrite (7,HIGH);
digitalWrite (8,LOW);

k)

else
{
digitalWrite (8,HIGH);
digitalWrite (7,LOW);
}
|}
else
1{
digitalWrite (7,LOW);
| digitalWlrite (8,LO0W);
|}
if (abs(diffelev) »= threshold_value)
{ //Change position only if light difference is bigger then thethreshold_value
if (diffelev > @)
1{
digitalWrite (9,HIGH);
| digitalWrite (1@,LO0W);
|}
else
1{
digitalWrite (18,HIGH);
| digitalWrite (2,L0W);

e ¥
}
}
else
{
digitalWrite (9,LO0W);
digitalWrite (1,LOW);
}
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List of Publications:

1. A paper entitled " Comparison of Fuzzy Logic and Adaptive Neuro-
Fuzzy Inference System Techniques in Controlling Pneumatic Solar
Tracker" has been accepted for publication in the 5th International
Conference on Electromechanical Engineering and its Applications
(ICEMEA-2024), September 2024.

2.EVERGREEN Joint Journal of Novel Carbon Resource Sciences &
Green Asia Strategy, Vol. 11, Issue 03, pp1848-1855, September 2024
“ Simulation of Pneumatic Actuators under Fuzzy Logic Control for
Driving Solar Tracking System”.

3.A paper entitled “A Comprehensive Review of Solar Tracking
Technologies” has been accepted for publication in the Kerbala Journal
for Engineering Science.

4.A Patent has been submitted to the Central Organization for
Standardization and Quality Control — Industrial Property Department
- Iraq entitled " Using Artificial Intelligence with Pneumatic System
for Solar Tracking Systems" by Ali Altahir, Hussain M. Khalaf, and
Jamal Mohammed Abdul Kareem, 2024.
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1) First Paper

ICEMEA-2024

ACCEPTANCE LETTER

Dear, [Hussain M. Khalaf Jamal A.-K. Mohammed and Ali Abdul Razzaq Altahir]

We are pleased to inform you that your manuscript entitled (Comparison of Fuzzy Logic
and Adaptive Neuro-Fuzzy Inference System Techniques in Controlling Pneumatic Solar Tracker)
has been accepted for oral presentation at the 5% International Conference on
Electromechanical Engineering and its Applications (ICEMEA-2024) to be held on
September 24t - 25th 2024 at the University of Technology, Baghdad, Iraq. Decision was
made upon double-blind review process. The exact date, time and place of your
presentation will be posted at the conference website.

On behalf of the organizing committee of ICEMEA 2024, we are looking forward to

seeing you at the University of Technology, Baghdad, Iraq. If you have any further
questions, please do not hesitate to contact us.

Sincerely,

The Chairman of ICEMEA-2024
Asst. Prof. Dr. Ghassan A. Bilal

% +964-7736-833726

@ https://eme.uotechnology.edu.ig/icemea
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Thiscertificate is proudly awarded to

Hussain M. Khalafa, Jamal A.-K. Mohammedb
and Ali Abdul Razzaq Altahi

A for participating and attendance in event type on “Comparison of Fuzzy
‘.“f‘.(‘i*.'”}’l‘.f' Logic and Adaptive Neuro-Fuzzy Inference System Methods in
Controlling Pneumatic Solar Tracker” in the 5Th  International
Conference on Electromechanical Engineering & its Applications
(ICEMEA) held in Kocaeli Universitesi, Kocaeli, Turkiye on September 24~

[ 55

Asst. Prof Dr. Ghassan Abdul Hussein Bilal )

Dean of College of J SCAN FOR MORE
Electromechanical Engineering /
g ~Pa
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2) Second Paper

EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol 11, Issue 03, pp1848-1855, September, 2024

Simulation of Pneumatic Actuators under Fuzzy Logic Control
for Driving Solar Tracking System

Hussain M. Khalaf’:*, Jamal A.-K. Mohammed?, Ali Abdul Razzaq Altahir!
IDepartment of Electrical and Electronics Engineering, University of Kerbala, Karbala, Iraq.
2University of Technology, Electromechanical Engineering Department

*Author to whom correspondence should be addressed:
E-mail: hussain.khalaf{@)s.uokerbala.edu.iq

(Received April 1, 2024: Revised July 1, 2024: Accepted July 6, 2024).

Abstract: Photovoltaic (PV) systems need solar trackers to function as efficiently as possible.
These trackers may be driven by a variety of actuators; hydraulic, electric, or pneumatic. Initial
expenditures, leakage potential, high power consumption, high maintenance, complex design, and
slower movement are some drawbacks of hydraulic actuators. Also, electric actuators are
distinguished by elevated operational expenses, high maintenance prerequisites, and complexity of
design and control. Pneumatic actuators have been proposed as an alternative to solve most of these
problems due to their advantages over other actuators, including lower initial costs, longer operating
life, less maintenance, relative simplicity of operation, and less prone to failure. Since the response
of pneumatic actuators is rather poor, fuzzy logic techniques must be used to efficiently control the
actuators. This paper aims to build a Matlab/Simulink model of a dual-axis solar tracker driven by
pneumatic actuators, controlled by fuzzy logic. The azimuth and tilt angles of the PV panel are
controlled by two double-acting cylinders to rectify the position of the tracker at the maximum
irradiance position. Air pressure source, valve's input signal frequency, and solenoid valves' orifice
diameter are the main factors influencing the cylinders' rod position response. The simulation shows
that after changing the orifice diameter from 10 to 2.5 mm and the input pressure source from 0.7 to
0.1 MPa, the smoothest response of the rod position occurred at a pressure of 0.5 MPa and a diameter
of 2.5 mm. Also, it was found that at a signal frequency of 1 Hz, the piston rod speed will be 0.5
steps/sec, while using 10 Hz gives 10 steps/sec, resulting in a more accurate rod position. There is a
12.35% improvement with fuzzy logic in rod position accuracy and better handling of sudden
changes in input signals compared to no fuzzy logic use.

Keywords: Solar tracking system; pneumatic actuator; double-acting cylinder; fuzzy logic; LDR;
PV panel

devices?, tracking systems’-'9, lifting systems!!1?, and
the automotive industry 319, etc.

In the past two decades, solar tracking has gained
significant attention due to its role in enhancing solar
collector efficiency and the accessibility of tracking-
enabling equipment!®. Solar panels with a dual-axis sun
tracker can capture up to 40% more energy than those that

1. Introduction

Renewable energy methods including solar, wind,
geothermal, biomass, and hydroelectric power are
common sources of green energy. A variety of uses for
solar energy exist, such as water air/water heating
systems!?), crop drying systems®>), generating electric

energy®?, etc. Solar energy collection technology through
photovoltaic (PV) panels is one of the important and
popular methods of generating electricity. To optimize the
solar energy collected throughout the day, the PV panels
need to be positioned in a way that maximizes their
efficiency by making them perpendicular to the sun's rays.
Actuators are responsible for the task of solar tracking.
Pneumatic actuators are among the common devices
that have several unique features that make them very
suitable for many applications. They have numerous uses
in a variety of industries and applications, such as medical

are stationary'®. Many studies in the literature have
investigated different approaches to how to control the
actuators that drive the solar tracker. Some of them
focused on intelligent controllers in the optical sensor-
based sun tracker!8-17.

Aldair et al.!® developed a one-axis sun tracker
powered by a stepper motor and a Sugeno fuzzy logic
controller (FLC) to boost the energy generation efficiency
of solar cells. The FLLCs' input memberships, input gain,
and output gain have all been optimized using a genetic
algorithm (GA). Using the Matlab/Simulink program, the
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Abstract

Solar tracking systems offer significant benefits in solar energy applications, including increased
power and efficiency compared to fixed systems. They are classified according to their components and
drivers, into include active, passive, semi-passive, manual, and chronological system. Active trackers
are the most efficient among other categories, as they contribute to boosting harnessed solar energy by
28.8-43.6 %, depending on the season. Single-axis tracking improves efficiency by 13% while, passive
trackers can improve efficiency by 25%. Manual trackers improve efficiency by 15%, and chronological
tracking systems provide the same efficiency as active trackers under similar climatic conditions. This
paper presents a literature survey on solar tracking systems. It summarizes multiple comprehensive
reviews that studied different literature on solar tracking technologies aiming to provide guide to
researchers and practitioners relate their work to existing research. The review concludes with a
summary of future recommendations and insights on designing and building effective and reliable solar
tracking system.

Keywords: Solar tracking system; Time-based tracker; Semi-passive tracker; Passive tracker; Manual

tracker; Future directions.
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