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Abstract

Worldwide energy demand is growing fast because of the population explosion. Technological
advancement paved the way toward utilizing renewable energy sources instead of fossil fuels as
they cause harmful effects on the environment. Among all renewable sources, solar energy is a
promising source. Solar energy is captured by photovoltaic (PV) arrays that convert the sunlight
into electricity that powers the load. Since sunlight is not always available, a battery is utilized to
power the load as a backup power source. Both PV and battery are interfaced with the load using a
power converter. A Three-Port Converter (TPC) has recently gained interest in the literature. The
TPC interfaces the PV and the battery with the load. It is less expensive and more efficient than
using two separate power converters for the PV and the battery. However, a system with TPC
connecting a PV array and a battery to a load could be further enhanced by applying Maximum
Power Point Tracking (MPPT) techniques to the TPC. By applying MPPT, the PV arrays are
guaranteed to operate at the maximum power they can deliver. This thesis aims to simulate a
system with a TPC and apply different MPPT techniques (Perturb and Observe P&O and
Incremental Conductance (IC) to the TPC. Based on the resultant simulation, these techniques are
compared based on their response to the environmental changes (radiation and temperature) to
identify the most suitable MPPT technique for a TPC. The topological structure of the TPC is
identified based on a comparison with the available TPC topologies. The comparison is based on
topology complexity, efficiency, and control complexity. To achieve this aim, three steps are
followed. The first step is simulating a case study of an existing PV system is considered to
illustrate the importance of applying MPPT to PV systems. Namely, the PV system installed at
Effat library rooftop is simulated using MATLAB/SIMULINK with and without the MPPT. The
simulation shows that applying MPPT increases the system efficiency up to 99%. The second step
compares the PV power of a system of the two-port converters and a system of TPC when the
solar irradiance changes. In the last step, TPC is simulated in MATLAB/SIMULINK, and MPPT
methods (P&O and IC) are applied. Based on the simulation, both MPPT methods exhibit similar
results when the radiation and temperature change. However, the IC method performs slightly
better than P&O. Hence, IC has a better response to environmental changes than P&O. The
significance of this work relies on enhancing TPC used in PV applications by applying MPPT.
This field has not been much investigated in the literature.

Keywords—Three-Port  Converter, PV/Battery  Systems, @ Maximum  Power  Point
Tracking (MPPT), MATLAB/SIMULINK
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CHAPTER 1: INTRODUCTION

A. Overview

1) General Overview
The world is shifting toward renewable energy sources instead of fossil fuels which contributes

significantly to the carbon dioxide CO, emission [1]. The shift toward renewables is strengthened by
international policies and agreements such as the 26™ U.N. Climate Change Conference of the Parties
(COP26) in late 2021. One primary goal of COP26 is to reduce worldwide emissions to reach zero by the
middle of the century. Hence, renewable energy is a vital key player in achieving this critical goal [2].
According to the International Energy Agency (IEA), almost 290 gigawatts G.W. of power will be
generated from renewable sources in 2021, where solar Photovoltaic (PV) accounts for half of the

expansion of renewable energy [1]. Figure 1.1 shows installed solar energy capacity from 1996 to 2020

[3].

J00GW world
&00 GW
500 GW
400 GW
300 GW
China
200 GW ndiz
Spain
100 GW Brazil
Mexico
0 GW #—t—t—t— e . ——— Chile
1994 2000 2005 2010 2015 2020

Figurel.1 Solar PV Generation Growth 2000-2030 [3]

In 2022, solar photovoltaic (PV) is expected to increase by annual growth of 162 GW, almost 50%
higher than the recorded pre-pandemic level in 2019 [4]. The most significant advantage of solar PV is

zero air pollutant emission during the operation [5].

2) Solar PV Overview
Solar photovoltaic is one solar energy category as solar energy sources are classified as either passive

or active solar systems. An example of a passive solar system is the thermosiphon hot water shown in
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Figure 1.2, the lens in the solar collector concentrates the sunlight. It directs it to the water tubes, so its
temperature increases. Then, the warm water is delivered to the building (such as a house) when needed.

The tank is refilled again with cold water, and the process of warming the water continues [6].

New supply of cold water Warm

Sunrays

Figure 1.2. Schematic diagram of a thermosiphon hot water [6]

The main advantages of passive solar systems are the low cost and easy placement [7]. However, it
requires high sunlight density to operate [6].

In active solar systems, the sunlight is utilized and transferred to another form of energy; electricity
[8]. Solar PV is an active solar system that depends on the photovoltaic effect [6]. Edmond Becquerel first
discovered this effect; a nineteen-year-old man working in his father's laboratory in 1839 discovered the
photovoltaic effect while playing around with the voltaic cell. Becquerel reported in a French scientific
journal called: 'Les Comptes Rendus de I'Academie des Sciences' that an electric current is produced when
exposing two plates to solar radiation. These plates are either platinum or gold and have been diving in
acid, neutral, or alkaline solutions [9], [10], [11].

The term 'Photovoltaic’ is derived from the Greek word phos which means light, and the word volt was
named after the physicist Alessandro Volta [12]. Alfred Smee first proposed this term in 1849: "Upon
exposing the apparatus to intense light, the galvanometer was instantly deflected showing that the light
had set in motion a voltaic current which | propose to call a photovoltaic circuit,” a definition written by
Smee's book titled: "Elements of Electro-biology, Or the Voltaic Mechanism of Man of Electro-pathology,

Especially of the Nervous System and of Electro-therapeutics™ [9], [12], [13].
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Charles Fritts proposed the first solar cell in 1883. The solar cell was composed of selenium and coated
by a transparent gold layer [9]. This solar cell has a very low conversion efficiency (around 1%) [14].

The principle of the PV effect is based on the displacement of electrons which creates the electrical
current. This displacement is caused when the photons (the light particles) excite the outermost (valence)
electrons of a semiconductor material [15]. Semiconductor materials include several elements, such as
silicon Si, the most common semiconductor material used in solar PV cells [16]. The octet rule states that
an atomic shell is completed with eight electrons [17]. A Si atom has four electrons at the valence shell.
Hence, there is a space for four other electrons to achieve the octet rule. As a result, the Si atom bonds
with the other four Si atoms to achieve the octet rule by forming a crystal structure, as demonstrated in
Figure 1.3 [6].

Empty
space for
extra
electron

Electrons

Figure 1.3. Silicon atom and silicon crystal structure [6]

The crystal structure of the silicon is a good insulator since all the electrons are used in the bonding
[6]. Impurities (additives) atoms are added to Si to form a p-n junction in a process called Doping. These
additives are elements from either the I11 group (such as phosphorus P ) or the V group (such as boron B)
[18]. The phosphorus-silicon compound is classified as an n-type since a free electron is in the structure.
In contrast, the boron-silicon compound is classified as a p-type since there is a hole in the structure [19].

When the p-type and n-type structures are attached, a p-n junction or diode is created. This junction is
the main component of a PV cell. An electrical current flows when the sunlight irradiates the p-n junction.
The absorption of the photons generates an electron-hole pair at the p-n junction. The electrons are

accelerated toward the n-doped region, and the holes are accelerated toward the p-doped region. This
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working principle of the solar cell is shown in Figure 1.4, where hv represents the photon energy (h is

Planck’s constant and v is the light frequency [19], [20].

|

n p

——

%4

Figure 1.4. Photovoltaic effect on a p-n junction [19]

The representation of a p-n junction (diode) is demonstrated in Figure 1.5. [6]
Cathode (K) Cathode (K)

T ®

P Va ; ;

l l fd

Anode (A) Anode (A)

Figure 1.5. The representation of a p-n junction [6]
The IV curve demonstrates the output characteristics of PV cells, modules, strings, and arrays when all the
solar cells are tested under uniform conditions. Figure 1.6 shows the IV curve [21]. The graph shows four
values that represent PV output characteristics. These values are [22]:
e V... The open-circuit voltage is measured when there is no output current due to the output terminal
being open-circuited
e [..: The short-circuit current, measured when the PV generator terminal is short-circuited

e Iypp: The measured current at Maximum Power Point (MPP)

Vupp: The voltage at Maximum Power Point (MPP)

18



MPP

Current (A)

Ve

N

|
I
|
|
|
|
|
: A |
Voltage (V)
Figure 1.6. IV Curve of a solar PV [23]

\

As previously discussed, a solar cell could be viewed as a diode without a voltage source; instead,

light photons are the energy source. The characteristic of a diode and the equivalent circuit is shown in
Figure 1.7 [6].

Va . A
o

-~
-

—ip ' | Forward

= 'y biased

region

3!
-
T II.:I.
Reverse-biased

region

Figure 1.7. Diode characteristic [6]

The equations that describe the above graph are as shown below [6]:

Va

Iy = I,(evr — 1) 1.1[6]
kT

Vr = ” 1.2 [6]

Where I, is the reverse saturation current of the diode, V; is the voltage across the diode, V is the

thermal voltage, g is the charge of one electron, T is the absolute temperature, and k is Boltzmann's
constant [6].

As stated earlier, a solar cell is a diode, with the sun being the energy source. This fact is
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illustrated in Figure 1.8 [6].

“‘““-\'I
Load

AV

Figure 1.8. Representation of a solar cell connected to load [6]

Then, the current flows from the diode's n-junction to the p-junction into the load. This current flow
creates an interesting phenomenon; it makes the upper terminal of the load positive with respect to the
lower terminal. As a result, the diode now has a positive voltage on its anode with respect to the cathode.
This voltage is called forward-biased voltage, which causes a forward current to flow back into the diode.
Currently, there are two currents in the circuit. First: the current goes out of the diode due to the acquired
energy by the sun. Second: the current going into the diode due to the positive polarity across the load.
This confusion is resolved by creating a model where the two current sources are separated. This model
represents the PV's acquired energy by an electric current source whose magnitude depends on the solar

power density (irradiance), as shown in Figure 1.9 [6].
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Figure 1.9. Modeling of ideal cell with a current source [6]

The current that goes through the diode can now be expressed by the previously mentioned
equation. The load current is the remaining current which could be calculated as:
[=1—1,4 1.3 [6]
Where I is the solar current, I; is the current through the diode, and I is the load current (output
current). The load voltage V is equal to the forward voltage across the diode V,; [6].
V="V, 1.4[6]
Assuming solar current and load voltage are independent, the current-voltage (I-V) characteristics

could be drawn as shown in Figure 2.10 [6].
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Figure 1.10. Current—volt characteristics of the PV cell [6]

The PV cell operates in the first quadrant Q;. Q;; and Q; are not considered realistic operational
regions because the load would be sending power to the solar cell in these quadrants. Since the solar cell
can be viewed as a diode, the I-V characteristics are described by equations 1.1, 11.4, and 11.3 [6]

The electrical power could be calculated by using the formula P = IV. Hence, solar cells' power-

voltage characteristic is as follows [6]:

Va

P=VI=Vi,—Vyl,(eVt — 1) 1.5 [6]
Both characteristics are shown in Figure 1.11. When the load current is zero, the PV voltage is at its

maximum value, which is known as open-circuit voltage (V,.). At zero voltage, the output current of the PV

is called short circuit current ().
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Figure 1.11. Current-voltage and power—voltage characteristics of a PV cell [6]

The above graph shows the maximum power point B,,,, Which is the production of Vy,p, and I,p. Pyp

occurs when the differential power with respect to the voltage is zero, as shown in Figure 1.12 [24].
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Figure 1.12. Pmax in the IV & PV Curve [24]
A single solar cell generates a small quantity of electricity. Hence, solar cells are usually grouped by
connecting them in series or parallel to increase the voltage, current, and power. Figure 1.13 shows how a

group of cells is called a module. A group of modules is a panel. Finally, a group of panels forms an
array.[25]
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Figure 1.13. A PV cell, module, panel, and array [25]

Commercially, there are three main types of PV cells. Monocrystalline silicon, polycrystalline silicon,

and amorphous silicon [14].

Monocrystalline silicon: The first commercial solar cells were monocrystalline silicon cells formed
by a single silicon layer. Monocrystalline silicon cells are usually referred to as silicon cells which is
the most efficient technology. A typical monocrystalline silicon panel converts approximately 15%-
20% solar energy to electrical energy. Unfortunately, the production of such a panel is a complicated
procedure. Hence, the cost of these panels is slightly more than the other available technologies [26],
[27], [28], [29].

Polycrystalline silicon: This type of cell dominates the market. Around 70% of global PV production
in 2015 was polycrystalline silicon cells. The recorded efficiency is in the neighborhood of 15%, a
relative value to the monocrystalline PV efficiency. This type is cheaper since the construction process
is more straightforward than the previous one but slightly less efficient [30], [31], [28].

Thin-film: Besides crystalline PV cells, another category is thin-film PV cells. These cells are more
flexible, durable, and lightweight, so thin-film cells can fit easily on different surfaces to convert

sunlight into electricity [32]. However, the efficiency of this type is lower than the other two [29].

According to the International Renewable Energy Agency (IRENA), the Levelized cost of electricity

(LCOE) generated from PV was reduced by 85% from 2010 to 2020, from USD 0.381/kilowatt-hour
(kWh) to USD 0.057/kwh 2020. Cost reduction is driven by advancements in PV system technologies
[33].
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Despite these advancements, the PV industry still faces critical challenges. These challenges can be
summarized in the following points:

e PV module lifespan: typically, the lifespan of an installed PV module is around 20 years if it is
operating at 80% of the rated power. However, several studies have indicated the actual lifespan is
reduced by 0.2% per year from the reported lifespan by the manufacturers. This reduction is primarily
because the rapid weather conditions affect the PV module voltage [14].

e PV cell efficiency: the output of a PV cell is varied according to surrounding conditions. These
conditions include temperature and irradiance. The effect of these two conditions on the IV curve is
demonstrated in Figure 1.14 [34].

|
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Figure 1.14. Changes in the IV curve due to changes in the temperature and irradiance [34]

As the irradiance increases, both the open-circuit voltage V,. and the short-circuit current I, are
increasing, resulting in a higher output power since more photons are hitting the solar cell. However, V.
is decreased as the temperature increase, whereas I, is slightly increased. Hence, the overall effect is that
the power is reduced as the temperature increases [34], [14]. The varied weather condition shifts the
Maximum Power Point (MPP) B, Which is a unique point that shifts according to weather conditions
[14].

3) DC-DC Converter and Maximum Power Point Tracking (MPPT) Overview
As mentioned in the previous section, PV efficiency is a challenging aspect of a PV project. One way

to increase this efficiency is to operate at MPP by utilizing Maximum Power Point Tracking (MPPT)
techniques. These techniques are applied to a DC-DC converter connected to the PV array, as shown in
Figure 1.15 [35].
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Figure 1.15. Block diagram of a DC-DC converter with an MPPT controller [35]
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DC-DC converters are vital to power electronic components in solar PV projects [36], [37]. The

relation between the converter's input and output determines the converter type. Converter types are

summarized in Figure 1.16 [38].
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Figure 1.16. Converter types [38]

ADJUSTABLE MAGNITUDE AND/OR FREQUENCY
OUTPUT

Generally, a power converter consists of switches that go ON and OFF. The converter's duty ratio is

the period when the switch is ON with respect to a time interval [38], [37]. As the name suggests, a DC-

DC converter converts a D.C. to D.C. and can be simply named a D.C. converter [37].
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The main principle of an MPPT method is to vary the converter's duty ratio, so the ratio of the output
voltage to the input voltage varies accordingly [35].

The general scheme of a PV array connected to a DC-DC converter is shown in Figure 1.17 [36].
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(PV Output) (DC-DC Converter) (AC and DC Loads)

Figure 1.17. A PV array connected to a DC-DC converter [36]

There are many topologies for the DC-DC converters. These topologies could be classified into two
main categories: isolated and non-isolated. The first category, a high-frequency transformer, is used as an
electrical barrier between the input and output to protect sensitive loads and is generally used for high
voltage applications. Whereas in the latter category, a transformer is not used. Hence, non-isolated
converters are more straightforward in design and cost less. The DC-DC converter classifications are
summarized in Figure 1.18 [36].
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Figure 1.18. DC-DC converter classification

a) Non-isolated DC-DC Converters

BUCK CONVERTER
A buck converter has a lower voltage value than the input voltage. Hence, this type of converter

is called a step-down converter [39]. Buck converters are usually used to convert the higher PV voltage

to a lower load or charge a battery. The circuit diagram of the buck converter is illustrated in Figure

1.19 [36].
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Figure 1.19. Buck converter circuit diagram [36]
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BOOST CONVERTER
Usually, the load side requires more voltage than the voltage generated by the PV array. Hence, a boost

converter is used in an MPPT controller [35]. A circuit diagram of a boost converter is shown in Figure
1.20 [36].
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Figure 1.20. Boost converter circuit diagram [36]

BUCK-BOOST CONVERTER
This topology could be used in both stand-alone and grid-connected PV systems. Utilizing a buck-

boost converter in a PV-based application is still under research to increase the voltage gain. Many
topologies have been driven from the buck-boost converter. These topologies include Cuk, SEPIC, and

Luo converters [36], [40]. The circuit diagram of the buck-boost converter is shown in Figure 1.21 [36].
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Figure 1.21. Buck-Boost converter circuit diagram [36]
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SINGLE-ENDED PRIMARY INDUCTANCE CONVERTER (SEPIC)
This topology provides a solution to drawbacks of buck-boost converters, such as load current

pulsating time [35]. Unlike the buck-boost converter, the output polarity is not inverted. This converter
does not cause as much electrical stress as the other components that affect overheating the device [41].
The circuit diagram of SEPIC is demonstrated in Figure 1.22 [36].

= ol ||

Figure 1.22. SEPIC converter circuit diagram [36]

1. Non-isolated DC-DC Converters

FLYBACK CONVERTER
Flyback converters are used for high load voltages. The main advantage of flyback converters is their

filtered output [42]. Figure 1.23 demonstrates the circuit diagram for this type [34].
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Figure 1.23. Flyback converter circuit diagram [36]

BRIDGE CONVERTER
Bridge converters utilize two or four active switches across a transformer. There are many types of

bridge converters. One of these types is the Dual Active Bridge — Isolated Bidirectional DC-DC Converter
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(DAB-IBDC). The main feature of this type is that it has a high conversion efficiency. The circuit diagram
is shown in Figure 1.24 [36].
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Figure 1.24. Dual active bridge converter [36]
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PUSH-PULL CONVERTER
This converter is shown in Figure 1.25. The push-pull converter utilizes the transformer more

effectively than the flyback converter [36]. This circuit topology reduces the output current ripples [43].
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Figure 1.25. Push-pull converter circuit diagram [36]

4) MPPT Techniques
Many techniques are available to track the MPP, which differ in some criteria, such as efficiency, cost,

and energy loss. There are two main categories for MPPT methods. The first one is the conventional
method, such as Perturb and Observe (P&O), Fraction Open-Circuit Voltage (FOCV), and Incremental
Conductance (IC). The other category is Artificial Intelligence (Al) based MPPT, such as fuzzy logic
controller, artificial neural network, and particle swarm optimization [14]. A summary of the conventional

MPPT techniques is presented in Table 1.1.
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Table 1.1. Conventional MPPT methods

MPPT methods Short description

- Widely used due to its simplicity and low cost [14]
Perturb and Observe (P&O) - Reliable and easy to implement technique [44]

- It faces an issue of slow tracking speed [14]

- It overcomes the P&O issue [14]

Incremental Conductance (IC) - Depending on the slope of the PV curve [45]

Fraction Open-Circuit Voltage - Based on the fact that the ratio between the array voltage to
(FOCV) the open-circuit voltage is almost constant [46]

5) Three-Port Converter Overview
Since renewable energy is intermittent in energy availability, an energy storage device such as batteries

is needed. Traditionally, two power converters are used. One for the PV array, and the other for the battery,
as shown in Figure 1.26 (a) [47], [48].

.......

a) b)
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Figure 1.26. A PV panel and a battery interfaced with a load by (a) two two-port converters (b) a TPC
converter [47]

The drawbacks of the two-port converter topology are shown in Figure 1.26 (a) are low efficiency
caused by the increase of conversion stages, high cost due to the switches needed in each converter, and
complications in control systems. These challenges paved the road toward utilizing a Three-Port Converter
(TPC), as shown in Figure 1.26 (b), which does not face the mentioned drawbacks [47].

Unlike two-port converters, TPCs have different operating modes. In TPC, there are three output
power, the PV cell power P;,, the battery power P,,; and the load demand power P,,,;. The power balance
for a TPC is given by [49]:

Pin + Ppat = Pout (1)
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The operating modes are shown in Figure 1.27 and can be summarized in Table 2.2 [49], [50]:

(c)
Figure 1.27. Power Flow in a) SIDO, b) DISO, and c¢) SISO modes [49]

Table 1.2. TPC Operating Modes

Single Input Double Output

Double Input Single Output

Single Input Single Output

Mode Mode Mode
(SIDO) (DISO) (SISO)
e When there is e When there is a weak e When there is no
sufficient sunlight. sunlight sunlight.
* Pin>Pout * Pi<Pou * Pp=0
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e PV provides power to
both the battery and
the load

e PV continues to work
at MPP

PV and the battery
provide power to the
load

MPPT is achieved by
controlling the duty
cycle of the switches

in the converter

Only the battery
provides power to the

load

C. Research Aim and Objectives

Recently, utilizing TPCs in PV systems has gained interest. This thesis aims to increase the efficiency of a

PV system with a TPC. This aim will be reached by accomplishing the following objectives:

e Simulating a PV system consists of a TPC, a PV panel, a battery, and a load

e Applying different MPPT algorithms applied to the TPC

e Comparing the MPPT to find the best method based on their response to environmental changes

D. Significant of the Study and Contribution
Solar PV is a crucial player in the worldwide shift to renewables as an energy source. Saudi Arabia

announced an ambitious vision (Vision 2030) where renewable energy will contribute 50% to the overall

energy mix by 2030. The primary renewable sources are solar and wind, as there is an impressive potential

for both in Saudi Arabia [51]. Despite the advancement in this field, more efforts are needed to grow the

PV market, as reported by the International Energy Agency (IEA) [52]. The significance of this study is

that it touches upon a vital element of enhancing the PV system efficiency, which is operating at MPP.

Recently, TPC has been introduced in PV/Battery systems connected to the load. So far, however, little

attention has been paid to applying the MPPT controller methods to a TPC. This study's contribution is

applying MPPT controller methods to a TPC in a PV system.

E. Outline of the Thesis

This thesis is divided into five chapters. Chapter one presented the thesis introduction. Chapter 2

presents the literature review, which investigates different TPC topologies and reviews the most common

MPPT controllers used for PV applications. Chapter 3 illustrates the thesis methodology. The following
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chapter presents the research findings. Finally, this thesis ends with a conclusion that concludes the thesis

with thesis recommendation.
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CHAPTER 2: LITRATURE REVIEW

A. MPPT Techniques for PV Application: A Comparison

1) Perturb and Observation (P&O) Method
As the name suggests, it is based on adding a perturbation in the PV operating voltage and current,

and it observes the resultant power accordingly [53]. Then, the power value is compared with the previous

value to change the direction of the P&O algorithm by changing the duty cycle [14], [54]. A considerable

perturbation value leads to large fluctuations after the MPP value is reached. Conversely, a small

perturbation value leads to smooth fluctuations. Hence, the perturbation value selection is vital in this
method [14]. The principle of P&O on the PV curve is shown in Figure 2.1 [54]. The direction of the

algorithm based on P and V values is summarized in Table 2.1 [14].

Pwmrp
:?) ﬁ >0 APy, <0
% AVin y AVin
¥
i
Voltage
Figure 2.1. P&O principle in PV curve [54]
Table 2.1. The direction of the P&O algorithm
Direction of
AP AV .
Perturbation
+ + +
+ - -
- + -
- - +
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The P&O method has two significant drawbacks. The first is the power fluctuations around MPP. The
second is divergent MPP when there are rapid changes in the environment. These drawbacks are resolved by

using the Incremental conductance method [53].

2) Incremental Conductance
The Incremental Conductance (IC) is a widely used technique with higher efficiency than the P&O

method [54]. It is based on the fact that the derivative of the power with respect to the voltage at the MPP

is zero. Hence, the MPP can be expressed as [53]:

dp d(Iv) _ dI
V=dv = VW+I_{] (2.1)[53]

Which can be re-written as:

rodl_ Al 2.2)[53]

V dv 4V

Where AV and Al represent the increments of PV voltage and current, the working principle of IC is
illustrated on the PV curve shown in Figure 2.2 [53]. Despite this algorithm's features, it requires a complex
control circuit [23].

Vevy (V)
Figure 2.2. PV curve of the IC method [53]
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3) Fractional Open Circuit Voltage
Fractional Open-Circuit Voltage (FOCV) is a simple technique with high-speed MPP tracking. It is

based on the idea that 1, is obtained by multiplying V,. by a constant k,.. The constant value is calculated
from the datasheet. Usually, the value range is 0.7-0.85. The principle of this method is expressed
graphically, as shown in Figure 3.3 [55]. The constant value k, is shown in Figure 3.3 which is near the

actual maximum voltage with a minor difference.
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Figure 2.3. PV and IV curve of the FOCV method [55]

Even though this method is simple, it can not track the exact value of MPP since k,. is varied

according to the environmental conditions [55].

4) Particle Swarm Optimization
Particle Swarm Optimization (PSO) is one of the soft computing methods. techniques that are used to

optimize the non-linear behavior of Photovoltaic (PV) systems [56]. It is a population-based stochastic
algorithm. PSO is inspired by the movement dynamic of biological creatures like birds and fishes [57]. A
bird swarm has a graceful choreography and pattern as they fly synchronously and change direction to the
optimal locations. The term 'particle’ represents fish, bees, birds, or any creature with swarm behavior [58].
From this simple analogy, PSO was introduced in 1995. Since then, there has been sustained research
activity on applying the PSO technique [57]. The advantages of PSO are that it uses few algorithm
parameters and requires low memory and low CPU speed [59], [57].

An analogy of a swarm of bees is used to visualize PSO better. The swarm goal is to determine the
location in the field that has the highest density of flowers. This location is considered the optimal location.
The bees start their search by spreading out randomly as they do not have previous knowledge of the field.
Every bee transmits information to the rest of the swarm regarding the highest density location it has passed
by so far. Over time, every bee keeps going back and forth between the highest density location it has found

(personal best location) and the location reported by the swarm (global best location). The field is explored
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by the swarm using this method. Each bee updates the swarm by speed and direction whenever it
successfully passes by a higher density location. Finally, the swarm will explore all the field locations, and
the highest flower density location is identified. For MPPT, the particles have to identify the location of
MPP [58].

B. Two Port DC-DC Converters
Bibliometrix, a tool programmed in R language, was used to review the literature statistically. The data
were collected from the Scopus database [60]. Two thousand articles from 2011 to 2021 were extracted
from Scopus and uploaded to biblometrix to visualize the annual publication's growth, shown in Figure
2.4,

300-

200-

Articles

100-

2611 2613 2615 261? 2619 2621
Year
Figure 2.4. Annual article production of two-port converter 2011-2021

According to the bibliometrix tool, the annual growth rate is around 19.18%. There is an increase in
the publications, with the peak publication number being in 2019.

In terms of the most used words in these publications, the articles were filtered to include 2017 to
2021. The word cloud demonstrates the most frequent words/phrases with the bigger font, as shown in Figure
2.5. As it can be noticed, the most frequent MPPT method (the one in the bigger font) is Perturb & Observation
(P&O) method, followed by Particle Swarm Optimization (PSO) and Incremental Inductance (IC). The most
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frequent topology is the boost converter used in the converter topology. MATLAB software is the most

frequent software to apply these methods.
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Figure 2.5. Word-cloud for two-port converter
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Table 2.2 represents different MPPT techniques applied to different converter topologies for PV

applications.

Table 2.2. MPPT techniques applied to different converters

Converter

Authors and reference

MPPT method

Remarks

El mentally et al. [61]

Hill Climbing and
FOCV

They found out the hill-climbing method is
better than FOCV

Buck

Saidi et al. [62]

The authors studied IC in both direct and
indirect control. Indirect control includes a
Proportional Integral P.I. control loop

The method with the P.I. control

reduces the power oscillation

Boost

Sen et al. [63]

P&O

The authors used MATLAB/Simulink
software to implement the P&O MPPT

algorithm

Buck-

Boost

Kumar et al. [64]

P&O

They compare P&O performance for buck
and buck-boost converters. The Buck
converter had a minor power loss compared

to the buck-boost converter

Blange et al. [65]

P&O
Fuzzy Logic

The authors compared these two MPPT
algorithms. Based on their study, Fuzzy
Logic had a faster response than P&O

SEPIC

Necaibia et al. [66]

The authors modified the IC algorithm to
respond faster to environmental changes.
They proved the efficiency of their modified
version via MATLAB simulation and

hardware application

Tidke et al. [67]

P&O

The authors utilized P&O to SEPIC

converter. This topology has the advantage
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of a high voltage transformation ratio
(approximately 10.5 times higher output
voltage than the input voltage). Combining
SEPIC with P&O led to more efficient

energy conversion

- The authors used Proteus software
for modeling and simulation

- The authors found that the P&O
algorithm reaches the MPP faster

Flyback Saleh et al. [68] P&O but with higher fluctuations. Also,

IC was more accurate at identifying

the MPP. As a result, they

concluded that IC is more efficient

than P&0O

The authors used this method for integrating

Push-pull Barros et al. [69] IC the system with the grid. This method
succussed in finding the MPP

The authors used MATLAB/SIMULINK

Bridge Begum et al. [70] IC software as it is suitable software for such

projects

C. MPPT in Three Port Converters (TPC)
Applying MPPT techniques to TPC has not been much investigated in the literature. However, some studies

applied an MPPT technique to a TPC. One of which is a study accomplished in 2017 by Mahendran et al. in
[71]. Their study modified the conventional P&O algorithm by including the current drift variable. As a result,
the tracking time of the MPP improved by 80% using the modified P&O algorithm. The flowchart of the
modified P&O is shown in Figure 2.6[71].
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Figure 2.6. Modified P&O algorithm [71]
In 2018, Lagudua and his colleagues built an MPPT algorithm for a TPC [72]. The MPPT achieved

the MPP with less tracking time than the conventional P&O. However, their design is complex.

D. Three Port Converter (TPC)
The topologies of TPC can be classified based on isolation. There are isolated TPCs and non-isolated

TPCs. The non-isolated TPCs are smaller and have a lower cost. Thus, it is more advantageous to use non-
isolated TPCs when isolation is not critically required. The isolated TPCs utilize a transformer to isolate
between any two port in the circuit. This type has a higher cost and weight compared to the first one. This
topology is used when high voltage regulation is required [73].

Traditionally, TPC is formed by combining two two-port converters. However, this topology has low

efficiency and requires high cost. Hence, TPC is usually formed by integrating two two-port converters.
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The converters' control rule states that for a TPC, three power transmission lines and two control variables

are required, as shown in Figure 2.7 [50], [74].

Battery

B Prumary power transmission path
B Secondary power transmission path

Figure 2.7. Power transmission path [50]

As shown in Figure 2.8, the primary transmission path consists of only one path, whereas the secondary
path consists of two paths. Primary Single Stage, Secondary Two-Stage (P1S2) is the basic TPC topology

driven based on these paths, as shown in Figure .

Load

A J
Y

PV

— Power flow direction
Figure 2.8. P1S2 topology [50]

Another topological structure could be extracted from another power path, as shown in Figure 2.9
[50].
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Figure 2.9. P2S2 topology [50]

Two more topological structures could be extracted as shown in Figure 2.10 and Figure 2.11 [50].

| |
DC
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Figure 2.10. P1S3-1 topology [50]
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| DC |
Load PV > > Load
port l DC |
‘:3) | |
| |
[ DC :
Batte I J'F _____
Battery

Figure 2.11. P1S3-11 topology [50]

It should be noted that the converters are not separated in these topologies. Some components like
inductors and capacitors are shared by component sharing [50].
Three different criteria are used to compare these topologies. These criteria are topological complexity,
efficiency, and control complexity.
e Topological Complexity: P2S2 contains two unidirectional power paths. P1S3 contains a
unidirectional path and a two-directional path. P1S2 contains three unidirectional paths. Hence,
P2S2 is the simplest, followed by P1S3 and P1S2 [50].
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Efficiency: one main factor impacting efficiency is the number of power conversion stages.
Since the load takes power primarily from the PV, the highest efficiency is P1S2. Then, P1S3-
| and P1S3-11 [50].

Control Complexity: the more controllers needed, the higher the complexity. P1S2 is more
complex than other topologies. Studies have shown that converters with P2S2 are more
straightforward in control than P1S3 [50].

The comparison between the topological structure is summarized in Table 2.3 [50], [74].

Table 2.3. TPC Topology Comparison

P1S2 P2S2 P1S3-I P1S3-11
Topology . .
) Low Good Medium Medium
Complexity
Efficiency Low Medium Medium Low
Control Complexity Good Low Medium Medium

According to Table , P1S3-1 is the best topology that comprises the three criteria. Hence, the table

represents a comparison of TPC circuits with P1S3-1 topology.

Since a semi-isolated converter comprises the advantages of both the isolation in the isolated

converters and simplicity in non-isolated converters, a semi-isolated converter with P1S3-1 topology is

chosen to implement MPPT methods to it and compare the resultant simulations. The chosen TPC is

partially isolated where there is insolation between the load and the rest of the circuit [75].
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CHAPTER 3: METHODOLOGY
The research methodology followed in this thesis is summarized in Figure 3.1.

Applying MPPT
methods and
comparing the
MPPT simulations

Comparing

between .

Choosing two port Imple_lr_npecr:ltilrr]]g the
with MPPT the best converter » MAT

. LAB/SIMUL
and without TPC design an%(‘;frltree INK enviroment
MPPT

converter

Comparing
an ordinary
PV system

based on PV power
respond to changes
in irradiation and
temperature

Figure 3.1. Methodology process steps

A.Comparing an ordinary PV system with MPPT and without MPPT
The PV system at Effat university library is considered a case study to illustrate the importance of MPPT

in PV systems. The data was collected from this system for simulation using MATLAB/SIMULINK software.
The system comprises 60 solar panels with a total area of 200 m2 with rated power. MATLAB is a standard
programming software used by engineers to perform many functions, such as developing algorithms and
creating models. SIMULINK is a MATLAB-based graphical environment for simulating and analyzing
systems [76].

1) Boost Converter Specifications
The PV systems consist of a PV array, a DC-DC converter, and a resistive load. The used DC-DC

converter type is a boost converter that outputs a higher voltage than the input voltage. The topology of
this circuit is shown in Figure 3.2 [77]. The boost converter is designed based on the specifications shown
in Table 3.1.

47



/|

Figure 3.1. DC-DC boost converter topology [77]

Table 3.1. Boost converter

Vin 250V
Vop 652V
Rated Power 94kwW
Switching frequency, f 5000 Hz
Current ripple 5%
Voltage ripple 1%

Then, the following could be calculated [78]:

4,000
Input Current = —=-— = 3764 D
Current ripple = 5% of 376 = 18.8 4 2)
Voltage ripple = 1% of 652 = 6.52V 3)
94,000
Output current = s = 144.17A (4)

Vinput (Voutput - Vinput )
f*Al+ Voutput
Iautput * (Voutput - Vinput )
f*AV « Voutput

Inductance, L = = 1.64 mH (5)

Capacitance,C = = 2.73mF (6)

A Perturb and Observe (P&O) MPPT method was applied for the system. The output power,

voltage, and current harmonic distortion were compared before and after implementing the MPPT.

B. Choosing the best TPC design
The best suitable design for a TPC is shown in Figure 3.3 based on the literature review [75].
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Figure 3.3. The best suitable design
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The TPC selection is based on the presence of a partially isolated topology in which the load
is isolated using a transformer. This topology provides a more secure operation for the load, especially
if the load is sensitive [75].

C. Modeling the chosen TPC

1) TPC overview
The chosen topology is based on the full-bridge converter. The load is isolated from the rest of

the circuit using a transformer. Hence, this topology is considered as partially-isolated. The other
two ports are the PV, where MPPT is implemented to extract maximum power and a battery as a
storage system. The PV port is unidirectional, whereas the battery port is bidirectional to allow the
current to flow from or to the battery (changing and discharging process). There are four switches
in this circuit. SA1 and SA2 are for the PV, and SB1 and SB2 are for the battery. A rectifier of
four diodes connected to the load for the A.C. to D.C. conversion [75].

There are three operation modes for this TPC, depending on the solar irradiance availability.
e Mode 1: the PV panel powers the load and charges the battery at the end of each pulse by

turning SB1 on and SB2 off. This mode is illustrated in Figure 3.4.

MPPTH _L" j:ﬁ g __EQ i} Load
ﬂl"’ SIES @ T

"1 -—

[—
| S |

dJd

< —

Figure 3.4. Mode 1 circuit operation
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e Mode 2: the PV panel powers the load. When the PV power is higher than the load demand,

SB1 reaches the maximum value and allows the charging of the battery. This mode is illustrated

in Figure 3.5.
PV with — ——
mper | sas [FiTos Fid
- —

il
] rj "7 ) .:j

yiy Load

= 2
~ 2
=

e

!FS

I

Figure 3.5. Mode 2 circuit operation

e Mode 3: both the PV and the battery power the load. This mode happens when there is no

sufficient sunlight. If PV=0, only the battery powers the load, and SA1 reaches its maximum

value. This mode is illustrated in Figure 3.6 [75].

PV with

MPPT

I

iﬁQ‘WEﬁ

“’ﬁﬂ
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N Load

—

Jd

L

2) Controller design
Controlling the TPC and choosing an operation mode is accomplished by controlling the pulses

generated to the four switches SA1, SA2, SB1, and SB2. In all the modes, SA1 and SA2 are compliments of
each other, and SB1 and SB2 are compliments of each other. The controller is built-in MATLAB/SIMULINK

along with the other circuit components. The controller inputs are the PV power and load power. The

< load power (Mode 3).

3|IE_:@' ;

Figure 3.6. Mode 3 circuit operation

;

controller compares these two values to choose the operation mode and, as a result, outputs the four switch

pulses. There are three cases: PV power = load power (Mode 1), PV power > load power (Mode 2), PV power

50



D. Comparing two port converters and three-port converter
This step aims to compare the two-port and three-port converters against different weather

conditions using two MPPT techniques. Namely, Perturb and Observe (P&O) and Incremental
Conductance (IC). AIll the designs and simulations were accomplished by using
MATLAB/SIMULINK software

The first simulated system is the traditional system, where a boost converter interfaces the PV
and the load, and a bidirectional buck-boost converter interfaces the battery and the load. The PV
outputs 150W with 34V. The battery has a nominal voltage of 12V with a capacity of 10 Ah. The
system was built in MATLAB/SIMULINK, as illustrated in Figure 3.7.

Eogo
Figure 3.7. PV system with two two-port converters in MATLAB/SIMULINK

The second simulated system is the same TPC system chosen and explained in the previous step.

D. Implementing MPPT techniques using MATLAB/SIMULINK
MATLAB/SIMULINK software applies different MPPT techniques to a system consisting of a PV,

TPC, and load. MATLAB is a standard programming software used by engineers to perform many functions,
such as developing algorithms and creating models. SIMULINK is a MATLAB-based graphical environment
for simulating and analyzing systems [79].

Perturb and Observation method (P&O) was used. This method is to be modified to be suitable for a
TPC. As mentioned previously, this method is simple and does not require mathematical modeling of the

system [65], [68]. The explanation of P&O on the PV curve is shown in Figure 3.8 [80].
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Figure 3.8. P&O in a PV curve [80]

If a PV array operates at point 1 in Figure , then, to increase the power, the voltage must increase by

decreasing the duty cycle. If this PV array operates at point 2, the voltage must decrease by increasing the

duty cycle [80].

The flowchart of the P&O algorithm is shown in Figure 3.9 [81].
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Figure 3.9. P&O algorithm flowchart
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The other MPPT is Incremental Conductance (IC). In this method, the MPP is calculated using the relation

between dl/dV and 1/V [82].

The concept of IC is shown in Figure 3.10. The MPP is when dl/dV = -1/V [83].

250 , : ,
dil,, " =
200 Y g
~ 150
g POrdr, 1, aiz T
Kol A" v @V Vi
sof
0 : . .
0 10 20 30
\ l’\ (\' )

Figure 3.10. IC ina PV curve [83]

The flowchart of IC is shown in Figure 3.11 [82].
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Figure 3.11. IC algorithm flowchart [82]

F. Comparing the MPPT algorithms
Both P&O and IC applied the TPC using MATLAB/SIMULINK. The output PV power is being compared
based on its response to solar irradiation and temperature changes. The solar irradiation and temperature are
varied to simulate real PV systems when weather conditions keep changing. The solar radiation varied with
the sequence of 200,500,800,1000,800 W/m? with a change of 0.033,0.033,0.069,0.097s . The temperature
varied with the sequence of 10,15,25,15,10 C with the same time change as the temperature. The MPP
happens at the Standard Test Condition (STC). Namely, at 25C and 1000 W/m?.
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CHAPTER 4. RESULTS AND DISCUSSION

A. Comparing an ordinary PV system with MPPT and without MPPT

1) The PV system without MPPT
In the PV system without MPPT, the duty cycle of the boost converter is fixed and calculated as follows:

Vinput 250
D=1- =1-——=062
652 4.1

output

The developed circuit is shown in Figure 4.1.

!
) -1

-

- -

Figure 4.1. PV system without MPPT simulation

2) 2.2 The PV System with MPPT
As for the system with MPPT, the Perturb and Observe (P&QO) method was used. This simple method does

not require mathematical modeling [15], [16].
Both simulated systems are compared based on the output PV The comparison is illustrated in Table 4.1.

According to the datasheet, the nominal (maximum) power it could deliver is 9.4x10* W, as shown in Figure

4.2.

Table 4.1. Comparison between a PV system with and without MPPT

Comparison The system without MPPT The system with MPPT
Output power 1.993x10* W 9.39x10* W
Efficiency 21.21% 99.93%
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Figure 4.2. The maximum power from the PV
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The PV system's PV voltage and current waveforms without MPPT are shown in Figure 4.3 and Figure 4.4.

PV Voltage (V)

PV Current (l)

Output
Voltage (V)

Qutput
Current (1)

Time (s)

Figure 4.3. Voltage and currents waveform (the system without MPPT)
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Time (s)
Figure 4.4. PV power waveform (the system with MPPT)
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The PV system's PV voltage and current waveforms with MPPT are shown in Figures 4.5. and Figure 4.6. It
is noticeable that the waveforms are smoother with fewer ripples and harmonics.

PV Voltage (V)

PV Current (1)

Qutput
Voltage (V)

Qutput
Current ()

Time (s)
Figure 4.5. Voltage and current waveforms (the system with MPPT)
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Power (W)

Time (s)
Figure 4.6. Output PV power (the system with MPPT)
The above simulations indicate that MPPT techniques affect the PV system by increasing the output power
closer than the maximum power. And applying MPPT results in smoother waveforms for the voltages and
current. Hence, applying MPPT to the current PV system at the Effat library rooftop is recommended.

G. Comparing between two port converter and three port converter
Figure 4.7 shows the PV power output with the irradiance being changed and by using P&O MPPT

technique in the two-port converter system.

Power (W)

Time (s)

Figure 4.7. Two-port converter PV power output

Figure 4.8 shows the PV power output with the irradiance being changed using the P&0O MPPT technique.
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Power (W)

Time (s)

Figure 4.8. Three port converter PV power output

From the above figures. It could be concluded that the two-port converter handles the changes more
effectively than the three-port converter. However, the three-port converter has a more stable response
than the two-converter when the temperature is kept constant for a specific time. Hence, a two-port
converter is recommended if the PV system is installed in an area where the temperature is changing fast.

Otherwise, the three-port converter is recommended for its stability.

H. Implementing the TPC in MATLAB/SIMULINK environment
The chosen TPC is implemented using MATLAB/SIMULINK. The main components of this system are

the PV, the battery, the full-bridge converter, the rectifier, the load, and finally, the controlling system.
The developed system is shown in Figure 4.9. The section denoted by 1 is the PV array where MPPT
methods (P&O and IC) are implemented. The second section is the full-bridge converter with the battery.
The third section is the rectifier. The fourth signal is generated by the pulses of the four switches in the

full-bridge converter.
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Figure 4.9. TPC modeling in MATLAB/SIMULINK

1) 3.1 Radiation change effect
The MPP of a PV is affected by the radiation; higher radiations result in higher MPP. In real-life, the radiation

keeps changing, so the MPPT method needs to respond fast to these changes with higher efficiency. The
system's PV power when applying the P&O method and varying the radiation is shown in Figure 4.10. The

system's PV power when applying the IC method and varying the radiation is shown in Figure 4.11.

Time (s)

Figure 4.10. MPP changes when radiation changes (P&O)
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Power (W)

Time (s)
Figure 4.11. MPP changes when radiation changes (IC)

It could be observed that both MPPT methods led to MPP of 140W at the STC condition (1000 W/m? and
25C). However, they respond to changes in radiation different. Both methods have a very similar attitude, as
seen in Figure V.VIII and Figure V.IX. There is a minor difference before 0.15s. The IC method has a faster
response with less distortion than P&O. This is expected as IC was invented to handle P&O issues. However,
in TPC, the difference between P&O and IC performance is less significant than the difference when these
methods are applied to a standard two-port converter [84], [85], [86]. [87]. This indicates that TPC is more
stable regarding environmental changes than regular two-port converters.

2) 3.2 Temperature change effect
Regarding changing the temperature, there is no difference in the MPP graph generated by both the P&O and

IC method, as seen in Figures 4.12 and Figure 4.13. However, in standard converters, there is a difference

between the two methods when the temperature changes [84], [85], [86]. [87].
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Figure 4.12. MPP changes when temperature changes (P&O)

Power (W)

Time (s)
Figure 4.13. MPP changes when temperature changes (1C)
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CHAPTER 5: CONCLUSION

There are worldwide procedures and initiatives taken toward more utilization of renewable
energy sources as an alternative to fossil fuels which harm the environment. The sun, our planet's
star, is an excellent energy source. One way to utilize this source is by using Photovoltaic (PV)
arrays that convert sunlight into electricity. The PVs are interfaced with the load by employing a
power converter. Since sunlight is not continuously available, the battery stores (charges) power
from the PV and discharges this power to the load when there is no sufficient power provided by
the PV Traditionally, two power converters are needed; the first converter interfaces the PV array
to the load, and the other interfaces the battery to the load. This topology has several drawbacks,
such as control complexity because of the increased number of components. Recently, Three-Port
Converters (TPCs) have been studied in the literature. A TPC is a power converter with three
ports: the PV, the battery, and the third for the load. TPC overcomes the limitations faced by using

two separate two-port converters.

To further enhance the efficiency of a PV system with TPC, the PV array has to operate at the
Maximum Power Point (MPP). As a result, the load and the battery can receive the maximum
power from the PV This MPP varies with temperature and irradiance. Hence, MPP Tracking
(MPPT) techniques are developed to track this point. To highlight the importance of MPPT in PV
systems, The PV system at the Effat library rooftop is simulated in MATLAB/SIMULINK twice.
Once with applying MPPT and once without applying MPPT. The result shows that applying
MPPT is vital as it leads to an efficiency of approximately 99%. There are several MPPT
techniques investigated in the literature. However, these techniques are primarily applied to
traditional two-port converters. There is a need to apply these techniques to TPCs. This thesis aims
to apply different MPPT techniques to a TPC used in PV applications and compare them to choose
the most suitable one. Several steps are followed to achieve this aim.

e Comparing between an ordinary system with and without applying MPPT
e Choosing a TPC topology and simulating it.

e Comparing between a PV system with two-port converter and three-port

converter
e Applying different MPPT techniques to the chosen TPC.

e Comparing the resultant MPPT simulation and choosing the best technique.
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The chosen TPC is a semi-isolated converter where the load is isolated from the rest of the circuit.
The TPC was simulated in MATLAB/SIMULINK with two MPPT methods. Perturb and Observe
(P&O) and Incremental Conductance (IC). The temperature and irradiance are varied to simulate
environmental changes in a real-world environment. Both MPPT methods lead to a similar result.
The IC method slightly performs better than P&O. This indicates that TPC is more stable
regarding environmental changes than regular two-port converters. As for the recommendation, it

is recommended to apply more than two MPPT methods to expand the comparison further.

67



References

[1] ‘Renewable electricity growth is accelerating faster than ever worldwide, supporting the emergence of
the new global energy economy - News’, IEA. https://www.iea.org/news/renewable-electricity-growth-
is-accelerating-faster-than-ever-worldwide-supporting-the-emergence-of-the-new-global-energy-
economy (accessed Dec. 05, 2021).

[2] ‘UN Climate Change Conference (COP26) at the SEC — Glasgow 2021°, UN Climate Change
Conference (COP26) at the SEC — Glasgow 2021. https://ukcop26.org/ (accessed Dec. 05, 2021).

[3] ‘Installed solar energy capacity’, Our World in Data. https://ourworldindata.org/grapher/installed-solar-
PV-capacity (accessed Dec. 14, 2021).

[4] ‘Renewable Energy Market Update 2021 — Analysis’, IEA. https://www.iea.org/reports/renewable-
energy-market-update-2021 (accessed Nov. 09, 2021).

[5] D. Mulvaney, Solar Power: Innovation, Sustainability, and Environmental Justice. Univ of California
Press, 2019.

[6] M. A. EI-Sharkawi, Electric Energy: An Introduction. Boca Raton: CRC Press, 2004. doi:
10.1201/9781420057898.

[7] A. Martzopoulou, D. Vafiadis, and V. P. Fragos, ‘Energy Gain in Passive Solar Greenhouses Due to
CO2 Enrichment’, Energies, vol. 13, no. 5, Art. no. 5, Jan. 2020, doi: 10.3390/en13051242.

[8] ‘Solar Energy | EESI’. https://www.eesi.org/topics/solar/description (accessed Dec. 05, 2021).

[9] W. Palz, Solar Power for the World: What You Wanted to Know about Photovoltaics. CRC Press, 2013.

[10] Wolf, ‘Historical Development of Solar Cells’, 1976.

[11] D. Lincot, ‘The new paradigm of photovoltaics: From powering satellites to powering humanity’,
Comptes Rendus Physique, vol. 18, no. 7, pp. 381-390, Sep. 2017, doi: 10.1016/j.crhy.2017.09.003.

[12] ‘Modern manufacturing technology for modular photovoltaic panels: State-of-the-art and future
trends - IOPscience’. https://iopscience.iop.org/article/10.1088/1757-899X/1182/1/012062/meta
(accessed Dec. 05, 2021).

[13] P.F. Varadi, Sun Above the Horizon: Meteoric Rise of the Solar Industry. CRC Press, 2014.

[14] S.D. A. Al-Majidi, ‘Efficient Maximum Power Point Tracking Techniques for a Grid-connected
Photovoltaic System using Artificial Intelligence’, Thesis, Brunel University London, 2020. Accessed:
Dec. 05, 2021. [Online]. Available: http://bura.brunel.ac.uk/handle/2438/21643

[15] “3.17 Photonic Energy Production - ScienceDirect’.
https://www.sciencedirect.com/science/article/pii/B9780128095973003369 (accessed Dec. 05, 2021).

[16] “Solar Photovoltaic Cell Basics | Department of Energy’. https://www.energy.gov/eere/solar/solar-
photovoltaic-cell-basics (accessed Dec. 05, 2021).

[17] R.Israels, A. Maal, and J. Hamaekers, ‘The octet rule in chemical space: generating virtual
molecules’, Mol Divers, vol. 21, no. 4, pp. 769-778, Nov. 2017, doi: 10.1007/s11030-017-9775-2.

[18] J. Kimetal., ‘Doping of crystalline silicon solar cell by making use of atmospheric and sub-
atmospheric plasma jet’, in 2012 Abstracts IEEE International Conference on Plasma Science, Jul.
2012, pp. 7D-3-7D-3. doi: 10.1109/PLASMA.2012.6384087.

[19] R.P. Huebener, ‘Less Can Be More: Semiconductors’, in Conductors, Semiconductors,
Superconductors: An Introduction to Solid-State Physics, R. P. Huebener, Ed. Cham: Springer
International Publishing, 2019, pp. 73-96. doi: 10.1007/978-3-030-31420-0_6.

[20] T. Soga, ‘Chapter 1 - Fundamentals of Solar Cell’, in Nanostructured Materials for Solar Energy
Conversion, T. Soga, Ed. Amsterdam: Elsevier, 2006, pp. 3-43. doi: 10.1016/B978-044452844-
5/50002-0.

68



[21]  ‘Sustainability | Free Full-Text | Simplified I-V Characteristic Tester for Photovoltaic Modules
Using a DC-DC Boost Converter | HTML’. https://www.mdpi.com/2071-1050/9/4/657/htm (accessed
Dec. 06, 2021).

[22]  ‘Photovoltaic Power System: Modeling, Design, and Control | Wiley’, Wiley.com.
https://www.wiley.com/en-
ae/Photovoltaic+Power+System%3A+Modeling%2C+Design%2C+and+Control-p-9781119280347
(accessed Dec. 06, 2021).

[23] A comprehensive review and classified comparison of MPPT algorithms in PV systems |
SpringerLink’. https://link.springer.com/article/10.1007/s12667-021-00427-x (accessed Dec. 11, 2021).

[24] “Voltage at the maximum power point - Vmp | PVEducation’.
https://www.pveducation.org/pvcdrom/voltage-at-the-maximum-power-point-vmp (accessed Nov. 09,
2021).

[25] “Cells, Modules, Panels and Arrays’, FSEC Energy Research Center.
https://energyresearch.ucf.edu/consumer/solar-technologies/solar-electricity-basics/cells-modules-
panels-and-arrays/ (accessed Dec. 06, 2021).

[26] ‘Monocrystalline Silicon Cell - an overview | ScienceDirect Topics’.
https://www.sciencedirect.com/topics/engineering/monocrystalline-silicon-cell (accessed Feb. 27,
2021).

[27] G. F. Nemet, How Solar Energy Became Cheap: A Model for Low-Carbon Innovation. London:
Routledge, 2019. doi: 10.4324/9780367136604.

[28] S. Mughal and R. Jarial, A Review on Solar Photovoltaic Technology and Future Trends. 2018.

[29] ‘Mono vs Poly vs Thin film panels’, Exsolar. https://www.exsolar.co.za/mono-vs-poly-vs-thin-film-
panels.html (accessed Apr. 12, 2021).

[30] “Types of photovoltaic cells - Energy Education’.
https://energyeducation.ca/encyclopedia/Types_of photovoltaic_cells (accessed Feb. 27, 2021).

[31] R.C.Neville, ‘CHAPTER IX - POLYCRYSTALLINE AND AMORPHOUS SOLAR CELLS’, in
Solar Energy Conversion (Second Edition), R. C. Neville, Ed. Amsterdam: Elsevier Science, 1995, pp.
339-362. doi: 10.1016/B978-044489818-0/50009-0.

[32] Q. Luo, ‘8 - Applications in photovoltaics’, in Solution Processed Metal Oxide Thin Films for
Electronic Applications, Z. Cui and G. Korotcenkov, Eds. Elsevier, 2020, pp. 109-140. doi:
10.1016/B978-0-12-814930-0.00008-6.

[33] ‘Renewable Power Generation Costs in 2020°, /publications/2021/Jun/Renewable-Power-Costs-in-
2020. https://www.irena.org/publications/2021/Jun/Renewable-Power-Costs-in-2020 (accessed Dec. 06,
2021).

[34] L. Premalatha and N. A. Rahim, ‘The Effect of Dynamic Weather Conditions on Three Types of PV
Cell Technologies — A Comparative Analysis’, Energy Procedia, vol. 117, pp. 275-282, Jun. 2017, doi:
10.1016/j.egypro.2017.05.132.

[35] ‘Converter topologies in photovoltaic applications — A review - ScienceDirect’.
https://www.sciencedirect.com/science/article/abs/pii/S1364032118303903 (accessed Dec. 09, 2021).

[36] K. V.G. Raghavendra et al., ‘A Comprehensive Review of DC—DC Converter Topologies and
Modulation Strategies with Recent Advances in Solar Photovoltaic Systems’, Electronics, vol. 9, no. 1,
Art. no. 1, Jan. 2020, doi: 10.3390/electronics9010031.

[37] ‘Rashid, Power Electronics: Devices, Circuits, and Applications, International Edition, 4/¢, 4th
Edition | Pearson’. https://www.pearson.com/uk/educators/higher-education-educators/program/Rashid-
Power-Electronics-Devices-Circuits-and-Applications-International-Edition-4-e-4th-
Edition/PGM1045578.html (accessed Dec. 09, 2021).

[38] A. M. Trzynadlowski, Introduction to Modern Power Electronics. John Wiley and Sons, 2016.
Accessed: Dec. 09, 2021. [Online]. Available: https:/lib.hpu.edu.vn/handle/123456789/21323

69



[39] S. Ghosh, S. Satpathy, S. Das, S. Debbarma, and B. K. Bhattacharyya, ‘Different Controlling
Method of Closed Loop DC-DC Buck Converter: A review’, in 2018 International Conference on Smart
Systems and Inventive Technology (ICSSIT), Dec. 2018, pp. 29-33. doi: 10.1109/ICSSIT.2018.8748695.

[40] F. Mumtaz, N. Zaihar Yahaya, S. Tanzim Meraj, B. Singh, R. Kannan, and O. Ibrahim, ‘Review on
non-isolated DC-DC converters and their control techniques for renewable energy applications’, Ain
Shams Engineering Journal, vol. 12, no. 4, pp. 3747-3763, Dec. 2021, doi: 10.1016/j.asej.2021.03.022.

[41] P.P. Surya, D. Irawan, and M. Zuhri, ‘Review and comparison Of DC-DC converters for maximum
power point tracking system in standalone photovoltaic (PV) module’, in 2017 International Conference
on Advanced Mechatronics, Intelligent Manufacture, and Industrial Automation (ICAMIMIA), Oct.
2017, pp. 242-247. doi: 10.1109/ICAMIMIA.2017.8387595.

[42] R.Kanthimathi and J. Kamala, ‘Analysis of different flyback Converter topologies’, in 2015
International Conference on Industrial Instrumentation and Control (ICIC), May 2015, pp. 1248-1252.
doi: 10.1109/11C.2015.7150939.

[43] S. Musumeci and S. Di Mauro, ‘Low voltage single fuel cell interface by Push-Pull converter: A
case of study’, in 2017 6th International Conference on Clean Electrical Power (ICCEP), Jun. 2017, pp.
541-548. doi: 10.1109/ICCEP.2017.8004741.

[44] M. Mao, L. Cui, Q. Zhang, K. Guo, L. Zhou, and H. Huang, ‘Classification and summarization of
solar photovoltaic MPPT techniques: A review based on traditional and intelligent control strategies’,
Energy Reports, vol. 6, pp. 1312-1327, Nov. 2020, doi: 10.1016/j.egyr.2020.05.013.

[45] H. Shahid, M. Kamran, Z. Mehmood, M. Y. Saleem, M. Mudassar, and K. Haider, ‘Implementation
of the novel temperature controller and incremental conductance MPPT algorithm for indoor
photovoltaic system’, Solar Energy, vol. 163, pp. 235-242, Mar. 2018, doi:
10.1016/j.solener.2018.02.018.

[46] ‘Comparison of Different MPPT Control Strategies for Solar Charge Controller | IEEE Conference
Publication | IEEE Xplore’. https://0o10aalhm-y-https-ieeexplore-ieee-
org.kau.proxy.deepknowledge.io/document/9087178/ (accessed Dec. 11, 2021).

[47] G. Zhou, Q. Tian, and L. Wang, ‘Soft-Switching High Gain Three-Port Converter Based on Coupled
Inductor for Renewable Energy System Applications’, IEEE Transactions on Industrial Electronics, pp.
1-1, 2021, doi: 10.1109/T1E.2021.3060614.

[48] S.Rostami, V. Abbasi, N. Talebi, and T. Kerekes, ‘Three-port DC-DC converter based on quadratic
boost converter for stand-alone PV/battery systems’, IET Power Electronics, vol. 13, no. 10, pp. 2106—
2118, 2020, doi: 10.1049/iet-pel.2019.1025.

[49] P.Xuand H. Wen, ‘Topology Review of Three-Port DC-DC Converters for Photovoltaic
Applications’, in 2020 IEEE/IAS Industrial and Commercial Power System Asia (I CPS Asia), Jul. 2020,
pp. 1216-1221. doi: 10.1109/ICPSAsia48933.2020.9208398.

[50] ‘Topology Analysis and Review of Three-Port DC-DC Converters | IEEE Journals & Magazine |
IEEE Xplore’. https://ieeexplore.ieee.org/abstract/document/9057408 (accessed Dec. 01, 2021).

[51] A Sustainable Saudi Vision’, Vision 2030. https://www.vision2030.gov.sa/v2030/a-sustainable-
saudi-vision/ (accessed Nov. 11, 2021).

[52] “Solar PV — Analysis - IEA’. https://www.iea.org/reports/solar-pv (accessed Nov. 28, 2020).

[53] ‘The most used MPPT algorithms: Review and the suitable low-cost embedded board for each
algorithm - ScienceDirect’. https://www.sciencedirect.com/science/article/abs/pii/S0959652619338533
(accessed Dec. 12, 2021).

[54] ‘Energies | Free Full-Text | Maximum Power Point Tracking Techniques for Photovoltaic Panel: A
Review and Experimental Applications’. https://www.mdpi.com/1996-1073/14/22/7806 (accessed Dec.
12, 2021).

70



[55] A.Nadeem, H. A. Sher, and A. F. Murtaza, ‘Online fractional open-circuit voltage maximum output
power algorithm for photovoltaic modules’, IET Renewable Power Generation, vol. 14, no. 2, pp. 188—
198, 2020, doi: 10.1049/iet-rpg.2019.0171.

[56] C. H. Basha and C. Rani, ‘Different Conventional and Soft Computing MPPT Techniques for Solar
PV Systems with High Step-Up Boost Converters: A Comprehensive Analysis’, Energies, vol. 13, no. 2,
Art. no. 2, Jan. 2020, doi: 10.3390/en13020371.

[57] D. Wang, D. Tan, and L. Liu, ‘Particle swarm optimization algorithm: an overview’, Soft Compult,
vol. 22, no. 2, pp. 387-408, Jan. 2018, doi: 10.1007/s00500-016-2474-6.

[58] “(PDF) Particle Swarm Optimization from Theory to Applications’.
https://www.researchgate.net/publication/322529809 Particle_Swarm_Optimization_from_Theory to_
Applications?enrichld=rgreq-05f30eb829771bfac36d480aaela90df-
XXX&enrichSource=Y292ZXJQYWdIOzMyMjUyOTgwOTtBUzo3MDI40DMyODAONzAWMTIAM
TUONDUSMTgOMTc2Ng%3D%3D&el=1 x 3&_esc=publicationCoverPdf (accessed Oct. 27, 2021).

[59] J.F. Schutte, ‘The Particle Swarm Optimization Algorithm’, p. 33.

[60] M. Aria and C. Cuccurullo, ‘bibliometrix: An R-tool for comprehensive science mapping analysis’,
Journal of Informetrics, vol. 11, no. 4, pp. 959-975, Nov. 2017, doi: 10.1016/j.j0i.2017.08.007.

[61] L. El Mentaly, A. Amghar, and H. Sahsah, ‘Comparison between HC, FOCV and TG MPPT
algorithms for PV solar systems using buck converter’, in 2017 International Conference on Wireless
Technologies, Embedded and Intelligent Systems (WITS), Apr. 2017, pp. 1-5. doi:
10.1109/WITS.2017.7934609.

[62] K. Saidi, M. Maamoun, and M. Bounekhla, ‘Simulation and implementation of incremental
conductance MPPT algorithm with indirect control method using buck converter’, in 2017 6th
International Conference on Systems and Control (ICSC), May 2017, pp. 199-204. doi:
10.1109/1C0SC.2017.7958657.

[63] R. Sen, A. Garg, and A. Singh, ‘Modeling of PV array using P amp;O algorithm in boost converter’,
in 2017 International Conference on Computing and Communication Technologies for Smart Nation
(IC3TSN), Oct. 2017, pp. 231-236. doi: 10.1109/IC3TSN.2017.8284482.

[64] J.Lopez Seguel, S. 1. Jr, and L. M. F. Morais, ‘Comparison of the performance of MPPT methods
applied in converters Buck and Buck-Boost for autonomous photovoltaic systems’, Ingeniare. Revista
chilena de ingenieria, vol. 29, pp. 229-244, Jun. 2021, doi: 10.4067/S0718-33052021000200229.

[65] R. Blange, C. Mahanta, and A. K. Gogoi, ‘MPPT of solar photovoltaic cell using perturb amp;
observe and fuzzy logic controller algorithm for buck-boost DC-DC converter’, in 2015 International
Conference on Energy, Power and Environment: Towards Sustainable Growth (ICEPE), Jun. 2015, pp.
1-5. doi: 10.1109/EPETSG.2015.7510125.

[66] S.Necaibia, M. S. Kelaiaia, H. Labar, A. Necaibia, and E. D. Castronuovo, ‘Enhanced auto-scaling
incremental conductance MPPT method, implemented on low-cost microcontroller and SEPIC
converter’, Solar Energy, vol. 180, pp. 152-168, Mar. 2019, doi: 10.1016/j.solener.2019.01.028.

[67] ‘MPPT Based SEPIC Converter With Voltage Doubler Cell For PV Systems | IEEE Conference
Publication | IEEE Xplore’. https://0o10aaSyk-y-https-ieeexplore-ieee-
org.kau.proxy.deepknowledge.io/document/8574269/ (accessed Dec. 12, 2021).

[68] A.L.Saleh, A. A. Obed, Z. A. Hassoun, and S. J. Yaqoob, ‘Modeling and Simulation of A Low Cost
Perturb& Observe and Incremental Conductance MPPT Techniques In Proteus Software Based on
Flyback Converter’, IOP Conf. Ser.: Mater. Sci. Eng., vol. 881, no. 1, p. 012152, Jul. 2020, doi:
10.1088/1757-899X/881/1/012152.

[69] L.A.M. Barros, V. Monteiro, B. Exposto, A. A. N. Melendez, J. L. Afonso, and J. G. Pinto, ‘New
multifunctional push-pull converter operating with MPPT and integrated energy storage system for PV
micro-inverter applications’, in IECON 2017 - 43rd Annual Conference of the IEEE Industrial
Electronics Society, Beijing, Oct. 2017, pp. 7807—7812. doi: 10.1109/IECON.2017.8217368.

71



[70] B. A.Begum and J. A. Vasanth, ‘MPPT based photovoltaic boost half bridge converter for grid
connected system’, in 2014 International Conference on Green Computing Communication and
Electrical Engineering (ICGCCEE), Mar. 2014, pp. 1-6. doi: 10.1109/ICGCCEE.2014.6922394.

[71] ‘<b>Impact of modified perturb and observe control on MPPT of PV/battery fed three - port DC-DC
converter | Acta Scientiarum. Technology’.
https://periodicos.uem.br/ojs/index.php/ActaSciTechnol/article/view/29502 (accessed Nov. 06, 2021).

[72] J.V.Lagudu, G. Vulasala, and S. Sathy Narayana, ‘Maximum energy harvesting in solar
photovoltaic system using fuzzy logic technique’, International Journal of Ambient Energy, vol. 42, no.
2, pp. 131-139, Jan. 2021, doi: 10.1080/01430750.2018.1525589.

[73] ‘Anisolated three-port bidirectional DC-DC converter for photovoltaic systems with energy storage |
IEEE Conference Publication | IEEE Xplore’. https://ieeexplore.icee.org/abstract/document/6682520
(accessed Dec. 01, 2021).

[74] H. Aljarajreh, D. D.-C. Lu, Y. P. Siwakoti, C. K. Tse, and K. W. See, ‘Synthesis and Analysis of
Three-Port DC/DC Converters with Two Bidirectional Ports Based on Power Flow Graph Technique’,
Energies, vol. 14, no. 18, Art. no. 18, Jan. 2021, doi: 10.3390/en14185751.

[75] S.J. AL-Chlaihawi, A. Craciunescu, and A. G. Al-Gizi, ‘Power flow management in three port
converter using PV panel with maximum power point tracker’, in 2017 10th International Symposium
on Advanced Topics in Electrical Engineering (ATEE), Mar. 2017, pp. 585-590. doi:
10.1109/ATEE.2017.7905136.

[76] ‘Modeling and Simulation of A Low Cost Perturb& Observe and Incremental Conductance MPPT
Techniques In Proteus Software Based on Flyback Converter - IOPscience’.
https://iopscience.iop.org/article/10.1088/1757-899X/881/1/012152 (accessed Mar. 08, 2022).

[77]  Performance of closed loop SEPIC converter with DC-DC converter for solar energy system | IEEE
Conference Publication | IEEE Xplore’. https://ieeexplore.ieee.org/document/8117668 (accessed Apr.
14, 2022).

[78] ‘HE educators | Pearson UK’. https://www.pearson.com/uk/educators/higher-education-
educators.html (accessed Jun. 12, 2022).

[79] ‘MATLAB - MathWorks - MATLAB & Simulink’.
https://www.mathworks.com/products/matlab.html (accessed Apr. 13, 2021).

[80] ‘Methods, Algorithms and Circuits for Photovoltaic Systems Diagnosis and Control - Google
Books’.
https://books.google.com.sa/books/about/Methods_Algorithms_and_Circuits_for_Phot.html?id=6torEA
AAQBAJ&redir_esc=y (accessed Dec. 13, 2021).

[81] A.C. Subrata, T. Sutikno, S. Padmanaban, and H. S. Purnama, ‘Maximum Power Point Tracking in
PV Arrays with High Gain DC-DC Boost Converter’, in 2019 6th International Conference on
Electrical Engineering, Computer Science and Informatics (EECSI), Sep. 2019, pp. 358-362. doi:
10.23919/EECSI48112.2019.8977072.

[82] ‘Maximum Power Point Tracking for Photovoltaic Using Incremental Conductance Method -
ScienceDirect’. https://www.sciencedirect.com/science/article/pii/S1876610215005342 (accessed Apr.
16, 2022).

[83] “(PDF) New Structure for Photovoltaic Systems with Maximum Power Point Tracking Ability’.
https://www.researchgate.net/publication/268800021_New_Structure_for_Photovoltaic_Systems_with_
Maximum_Power_Point_Tracking_Ability (accessed Apr. 16, 2022).

[84] N. Selman, ‘Comparison Between Perturb & Observe, Incremental Conductance and Fuzzy Logic
MPPT Techniques at Different Weather Conditions’, International Journal of Innovative Research in
Science, Engineering and Technology, vol. 5, pp. 12556-12569, Jul. 2016, doi:
10.15680/1JIRSET.2016.0507069.

72



[85] “(PDF) Energy comparison of MPPT techniques for PV Systems’.
https://www.researchgate.net/publication/228961032_Energy_comparison_of MPPT _techniques_for_P
V_Systems (accessed Apr. 16, 2022).

[86] ‘(PDF) Comparative analysis of the perturb-and-observe and incremental conductance MPPT
methods’. https://www.researchgate.net/publication/261280450 Comparative analysis of the perturb-
and-observe_and_incremental_conductance_ MPPT_methods (accessed Apr. 16, 2022).

[87] M. H. Uddin, M. A. Baig, and M. Ali, ‘Comparision of “perturb amp; observe” and “incremental
conductance”, maximum power point tracking algorithms on real environmental conditions’, in 2016
International Conference on Computing, Electronic and Electrical Engineering (ICE Cube), Apr. 2016,
pp. 313-317. doi: 10.1109/ICECUBE.2016.7495244.

73



74



APPENDIX A
Publications

Paper 1
Part of this thesis was accepted by the 3 International Conference on Clean and Green Energy Engineering
(CGEE 2022), which will be sent to EI Compendex, Scopus, and some major databases for indexing.

®cGEE2022

2022 3rd International Conference on

Clean and Green Energy Engineering (CGEE 2022)
August 28-30, 2022 | Istanbul, Turkey

Website: hrtp:/ wwacpee.ong/; E-mail: cpeef@iacsitp.com

v

Acceptance Notification of Full Paper

f:x:--r.rn.:-rmmd 1::. .J.L'L'I‘I!Iiﬂa”:\. Hu.p]u:-ﬂrl] l'l:c Media Partrer
. —
KADIR HAS S Ta] 4
. ('. DATA DDGU TERNIK (MIVERSITES| @ UMIVERSITESI E_I
L niversity of Egreh WIOOLE EAST TECHHICAL UMIVERSITY e

Paper ID#: CEEM04
Paper Title:  Effect of MPPT Technigue in Solar Svstem Efficiency: a Case Study

Drear Avmam Aleahram, Azgea Hussein, Marwa Ahmed,

Congramlanons! Based on the recommendanons of the reviewers and the Techmical Program Conumirees, we'ne
pleased toy mfoem vou thar vour paper wennfied above has been accepred for both publicanon and oral presentaton.
You are cordhally mwvited 1o preseat the paper orally at 2022 3ed Internatonal Conference on Clean and CGireen Energy
Engneerng (CGEE 2022), Istanbul, Turkey dunng Awgust 28-340, 2022,

Your paper will be published m published @ Intemaronal Conference Proceedings, whach will be sent o L2 C o

1

Soopar and some major databases for mdexing.

75



Paper 2
A paper titled: Comparison Between Two-Port Converter and ThreePort Converter at Different

Weather Condition” is accepted in The 5th Asia Conference on Energy and Electrical Engineering
(ACEEE 2022). This conference is co-sponsored by IEEE, IEEE PES, Singapore Institute of Electronics,
and Beijing CAS Industrial Energy and Environment Technology Institute (BIEET) and supported by
Universiti Teknologi MARA (UiTM), Malaysia. This paper will be included in ACEEE Conference
Proceedings, included in IEEE Xplore, and submitted for Ei Compendex and Scopus.

2022 5th Asia Conference on Energy and Electrical Engineering
(ACEEE 2022)

Notification of Acceptance for Publication and Presentation

Kuala Lumpur, Malaysia
July 8-10, 2022

www.aceee.net

Dear Amani S. Alzahrani, Aziza I. Hussein, Marwa M. Ahmed and Mohamed A. Enany,
Paper 1D: EE1009

Paper Title: Comparison Between Two-Port Converter and Three Port Converter at Different

Weather Conditions

2022 5th Asia Conference on Energy and Electrical Engineering (ACEEE 2022) to be held in Kuala Lumpur,
Malaysia during July 8-10, 2022. which is co-sponsored by Singapore Institute of Electronics(Singapore) and
Beijing CAS Industrial Energy and Environment Technology Institute (BIEET) and supported by Universiti
Teknologi MARA [UITM], Malaysia. Based on recommendation of Technical Committees, your paper is accepted
for Publication and Oral Presentation.

Accepted and presented papers will be published in the volume of Conference Proceedings, which will be

submitted and reviewed by the IEEE Xplore as well as Ei Compendex and Scopus Index.

76



