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Abstract

This study aims to enhance the performance and efficiency of photovoltaic (PV) systems by
addressing operational challenges caused by faults and environmental fluctuations. The
research focuses on analyzing and implementing advanced Maximum Power Point Tracking
(MPPT) algorithms, with their performance simulated in a MATLAB environment.

The results demonstrated the superiority of advanced algorithms such as the Kalman Filter
(KF) and Incremental Conductance (INC) in terms of dynamic response speed, tracking
accuracy, and stability under rapidly changing irradiance and temperature conditions. In
contrast, traditional algorithms like Perturb and Observe (P&OQO) and the intelligent
optimization technique Cuckoo Search (CS) exhibited slower convergence rates but
maintained effectiveness in approaching global optimal power points, particularly in complex
scenarios.

The study concludes that combining the precision of intelligent algorithms with the rapid
response of traditional ones represents a promising path for future development. It also
emphasizes the importance of supporting research into hybrid algorithms to achieve an optimal
balance between performance and efficiency, thereby contributing to the enhanced reliability
and productivity of solar energy systems as a cornerstone in the transition to clean and
sustainable energy sources.
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General Introduction



Introduction General

Solar energy technologies have witnessed rapid development worldwide, driven by
their distinctive environmental and operational advantages such as safety, zero harmful
emissions, and low noise levels. These features have contributed to the increased
reliance on photovoltaic (PV) systems as an effective and sustainable source of
renewable energy.

Despite the widespread adoption of solar energy technologies, operational
challenges caused by various faults in PV systems still pose obstacles to achieving
optimal efficiency. These faults lead to reduced power output, affect system reliability,
and may cause safety risks such as overheating or system shutdowns. Hence, there is a
pressing need for intelligent solutions to detect and analyze these faults accurately and
at an early stage.

In this context, a set of traditional algorithms has emerged that contribute to
improving the performance of PV systems, such as Maximum Power Point Tracking
(MPPT) algorithms including Perturb and Observe (P&O) and Incremental
Conductance (INC), which aim to enhance energy conversion efficiency. The Kalman
Filter (KF) algorithm has also shown effectiveness in processing field data and
predicting system behavior, alongside the use of Cuckoo Search (CS) as an intelligent
optimization technique to find optimal solutions in fault conditions and fluctuations.

This research aims to study and analyze the performance of maximum power point
tracking algorithms and improve the operation of photovoltaic systems using traditional
algorithms such as Perturb and Observe (P&O) and Incremental Conductance (INC),
in addition to filtering and prediction algorithms like the Kalman Filter (KF) and
intelligent optimization techniques such as Cuckoo Search (CS). These algorithms were
implemented and simulated using MATLAB to develop an effective system for fault

detection and enhancing the response of photovoltaic systems.
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Chapter 1 Introduction to Solar Photovoltaic System

I.1.Introduction

Solar energy is one of the most important sources of renewable energy because it is
inexhaustible and environmentally friendly, and it has been used to provide lighting, heating,
and electricity. The term "renewable energies" now encompasses various sectors whose
implementation does not in any way deplete the initial resource. These renewable energy

sources are mainly used to produce electricity.

Photovoltaic cells play an essential role in transforming solar energy into electricity without
requiring mechanical means or chemical processes. This technology is constantly evolving, as
are other components of photovoltaic systems. However, it is already a preferred option for

ensuring electricity supply in many situations.

I.2. Historical Background

The development of photovoltaic systems is the result of continuous work over many years and

contributions from various scientists throughout history.

1839: Edmond Becquerel discovered the photovoltaic effect, where he found that light can
generate an electric current in materials.

1883: Charles Fritts invented the first solar cell using selenium, but it was highly inefficient.

1905: Albert Einstein explained the photovoltaic effect in a scientific paper, contributing to a
better understanding of the phenomenon.

1940: The first efficient silicon solar cells were developed, and they were used in satellites.

1954: The first commercial silicon solar cell was developed, but it was very expensive.

1970: This period saw an increase in investment in the solar energy field, especially after the
1973 oil crisis.

2000: This decade saw a significant decrease in the cost of producing solar energy, making it
more competitive with traditional energy sources.

2010: Millions of solar panels were installed around the world, and many companies began
investing in solar energy projects.

2020: This decade has seen an increase in the use of solar energy in various sectors, including
residential, commercial, and industrial.

Today, solar photovoltaic energy is one of the fastest-growing energy sources in the world, with

ongoing research and development to improve its efficiency and reduce its cost.
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I.3. Solar energy in Algeria

Algeria has paid great attention to solar energy over the past decade, specifically since the
beginning of the second decade of the 21st century (around 2011), when the government began
adopting policies and strategies aimed at developing renewable energy sources, with solar
energy at the forefront. This is due to the country’s vast potential in this field, especially in the
southern regions where the sun shines for more than 3,000 hours annually. The map below

illustrates the solar radiation potential in Algeria.

Figure (I.1). Solar radiation potential in Algeria.

I.4. Instruction of Solar Energy
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Figure 1.2 Solar cell production by region in globe.
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Solar photovoltaic energy source has long been recognized as a sustainable one. By the end of
2011, a total of 67.4 GW had been installed. Following hydro and wind power, solar
photovoltaic energy source is now the third most important renewable one. As shown in Figure
1.2, the production of solar cell is increasing as a very high speed.

Figure 1.3 shows that the solar energy potential of the world. It is clear that most of the countries

can benefit from this kind of energy resources.

L e ——
0 SO 100 150 200 250 300 350 wW/m? Ze = 18 TWe

Figure 1.3: Average solar irradiance.
Photovoltaic (PV) conversion is a method of generating electrical power by converting solar
radiation into direct current electricity by using semiconductors that exhibit the photovoltaic
effect. Photovoltaic power generation employs solar panels composed of a number of solar cells

containing a photovoltaic material.

Photovoltaic power capacity is measured as maximum power output under standardized test
conditions (STC) in "Wp" (Watts peak). The actual power output at a particular point in time
may be less than or greater than this standardized, or "rated," value, depending on geographical
location, time of day, weather conditions, and other factors. Solar photovoltaic array capacity
factors are typically under 25%, which is lower than many other industrial sources of electricity.
L.5. Overview of Renewable Energies

Renewable energies are derived from unlimited resources and span various technological
sectors, depending on the source of the exploited energy and the resulting useful energy. Several
types of renewable energy sources exist, including hydroelectric energy, wind energy, biomass
energy, and photovoltaic energy. These renewable energy sources originate directly or

indirectly from the sun, ensuring their continuous availability as long as the sun shines.
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Photovoltaic energy is the most recent addition to the array of renewable energies, providing
notable advantages such as being non-polluting, flexible, and reliable. Photovoltaic systems
have been in use for 40 years, initially introduced through space programs for radio
transmission in satellites. Subsequently, their applications expanded to include sea beacons and
the powering of isolated sites worldwide, utilizing batteries to store electrical energy during

periods without sunlight, [01]. There are various types of renewable energies:

L.5.1. Hydraulic Energy
Hydraulic energy is a highly low-emission renewable energy source. This renewable energy
exploits the movements of water driven by the sun and gravity through the water cycle, tides,

and marine currents. (See Figure 1.4).

= Fistwary

Figure (I.4). Hydraulic Power Plant
L.5.2. Geothermal Energy

Derived from the Greek terms "geo" (earth) and "thermos" (heat), geothermal energy represents
both the scientific study of Earth’s subsurface thermal processes and the engineering methods
developed to harness this heat for practical use. As a renewable energy source, it exploits the
planet’s vast internal heat reservoirs—generated by ongoing radioactive decay and residual
planetary formation energy—converting them into usable thermal or electrical power. This dual
concept bridges fundamental geophysics with applied energy technology, enabling applications
ranging from direct heating to electricity generation. The term broadly encompasses both the
natural thermal phenomena occurring within Earth’s crust and the engineered systems that
extract this energy, as visually summarized in Figure L.5. Unlike intermittent renewables,
geothermal provides stable baseload power, making it a critical component of sustainable

energy portfolios worldwide.
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Figure (I.5). Geothermal Energy.
L.5.3. Biomass Energy
In the field of energy, specifically bioenergy, the term biomass refers to all organic matter of
plant, animal, or fungal origin that can serve as a source of energy. This can be achieved through
combustion (e.g., wood energy), methanization (biogas), or further chemical transformations
(agrofuel). The energy derived from biomass is considered renewable and sustainable as long

as there is no overexploitation of the resource. [01]
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Figure (I.6). Biomass Power Plant.

1.5.4. Wind Energy

Wind energy represents a sustainable power generation method that converts atmospheric air
currents into electricity. This renewable resource originates from solar-induced thermal
gradients across Earth's surface, where differential heating creates regional pressure variations
in the atmosphere. These pressure imbalances drive kinetic air movement—the phenomenon

we recognize as wind. Modern wind power systems capture this kinetic energy through
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aerodynamically optimized wind turbines, which transform the mechanical rotation of their

blades into electrical power via integrated generators. As illustrated in Figure 1.7 [01].

Y

Figure (I.7). Wind Turbine.

L.5.5. Solar Energy

Solar radiation is the most uniformly distributed and abundant energy resource on Earth. The
energy emitted by the sun and absorbed by the Earth in a single hour could potentially fulfill
the world's energy requirements for an entire year. The sun continuously emits an enormous
amount of radiant energy into the solar system, and the Earth captures only a small fraction of

this solar output, (Figure 1.8).

AC Breaker | ——> Electric

f Box — Meter
-/_, Inverter
Array

Disconnect

_ Power Grid
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Figure (I.8). A Solar Installation.
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1.6. Types of Photovoltaic Cell

There are different types of solar panels, the most commonly used are:

1.6.1. Monocrystalline Silicon Solar Cells: Monocrystalline solar cells are made from a single
crystal structure, typically silicon. They offer high efficiency, ranging from 15-20%, and are
known for their uniform appearance, often being colored, and have a cylindrical shape. This
type of cell lasts longer, with most manufacturers providing a 25-year warranty. They perform

better in low sunlight levels and are the most expensive solar cells.

Figure (1.9). Monocrystalline Figure (1.10). Polycrystalline. Figure (I.11). Amorphous

1.6.2. Polycrystalline Silicon Solar Cells: These solar cells are made from multiple crystals,
resulting in a less uniform appearance compared to monocrystalline cells. However, they are
more cost-effective, wider, and still offer good efficiency, around 13-16%.

1.6.3. Amorphous Silicon Solar Cells: Amorphous silicon solar cells have non crystalline or
disordered atomic structures and can be deposited on various substrates such as glass or plastic,

providing flexibility in design.

I.7. Association of Photovoltaic Modules

Modules can be connected in series and parallel to increase voltage and current intensity for
practical applications. However, it is important to take precautions, as the presence of less
efficient cells or the shading of one or more cells (due to shadows, dust, etc.) can permanently

damage the cells.
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L.7.1. Series Connection: Solar panels have positive and negative terminals. Connecting solar
panels in series means connecting the positive terminal of one unit to the negative terminal of
the next, and so on, along the string. This type of connection increases the output voltage, which

can be measured at the available terminals.

Figure (I.12). PV panels in Series.

1.7.2 Parallel Connection: Connecting solar panels in parallel increases the output current,
while maintaining a constant voltage. The output current is the sum of the currents generated
by the units in the string. Solar panels connected in parallel must meet NEC regulations,
including conductor sizing and overcurrent devices. This is calculated by increasing the short-

circuit current (Isc) by 125%, taking into account the number of units in the system.

Figure (I.13). PV panels in Parallel.
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1.7.3 Series-Parallel Connection: There are connections for solar panels that combine series
and parallel connections, known as series-parallel connections. This connection connects solar
panels in series by connecting the positive and negative terminals to increase the voltage, and
then connects these strings in parallel. All solar panel strings connected in parallel must have

the same voltage.

-

Figure (I.14). PV panels in Series-Parallel.

1.8. Different Photovoltaic Systems

There are basically three kinds of solar power systems through which electricity can be
generated. These include:

1.8.1 On-grid photovoltaic system

They are solar power systems used to generate electricity from solar energy and are directly

connected to the public electricity grid.

Solar photovoltaic
on-grid system

DC output

from panel Y
r
AIC supply
I:I - from grid
-
A 4
Grid-
connected
inverter [r— )

AJ/C supply
L to house

Fig (I.15.) On-Grid Photovoltaic System.
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1.8.2 Hybrid Photovoltaic System
They are systems that combine the components of on-grid and off-grid systems, allowing them

to operate with or without connection to the electricity grid.

Solar Panels

AT, !
& ,H#
)

%ﬁ Inverter =%

—

|
Charge l'e &
Controller |

sattery Bank

Fig 1.16: Hybrid Photovoltaic System.

1.8.3 Off-grid photovoltaic system
They are solar power systems that operate completely independently from the public electricity

grid and are typically used in remote areas where electrical services are not available.

Inverter

Fig I.17: Off-grid photovoltaic system.

1.9. Photovoltaic array

A photovoltaic (PV) array is a collection of solar panels interconnected to form a single unit
that generates electricity from sunlight. PV arrays can be configured in series, parallel, or a
combination of both to achieve the desired voltage and current output. The figure (I.18) shows

the constitution of a photovoltaic array.

11
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= = == = ==

Array

Figure (I.18). The constitution of a photovoltaic array.

An association of 7, cells in series increases the voltage, the cells will be crossed by the same
current. The output voltage is the addition of every PV cell voltage as can be noticed from the

next equation and figure (I.19).
Voc,, =1,-Voc

Iscns =l

25 . - v — . =1

np=3
— =

gy
)]
T

current (A)

-
Q

o 0.1 0=z 03 04 05 06 0.7
voltage (V)

Figure (I.19). I-V characteristic for ns PV cells.

ns=3
ns=1

current (A)

o 02 0.4 06 o8 1 12 14 1.6 18 bed
voltage (V)

Figure (1.20). I-V characteristic for n, PV cells.
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On the other side, a parallel association of np cells increases the current provided by the

generator. A number of cells connected in parallel are under the same voltage. The output

current is the addition of every PV cell current as presented in the equation and the figure (1.20).
Voc"p =Voc

IScnp =n,.I

The operating voltage depends on the configuration of the power supply system, and the surface

area of the module is variable depending on the constructor. The assembly of the modules in

series and/or in parallel will make it possible to adjust different voltages and powers.

1.10. Protection of the PVG

To guarantee uninterrupted power supply under diverse conditions and prevent solar cell
degradation, two fundamental protection methods are employed:

¢ Series Connection Protection

In series-connected solar cells, the current remains constant throughout the circuit while the
voltages accumulate. If a cell is subjected to uneven irradiance relative to other cells, it can
become a vulnerability point, receiving reverse voltage from other cells and potentially
absorbing excessive energy, which may lead to damage if the voltage surpasses a certain
threshold. To mitigate this risk, bypass diodes are utilized, connected in parallel with the cells.
These diodes enable current to circumvent the affected cell, thereby preventing damage. Due
to economic considerations, diodes are not typically installed for each individual cell. Instead,
two diodes are often used to protect each module comprising 36 cells, effectively minimizing

the risk of -hot spot- damage while maintaining adequate protection.

i fr—Faids
-
Blocki
acking P 2

I e O E .

@ |

Figure (I.21). Bypass diode and blocking diode.
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« Parallel Connection Protection

In parallel connections, solar cells maintain a constant voltage while their currents aggregate.

However, if a single cell experiences a fault or shading, it can lead to excessive current flow

from other cells into the affected cell, potentially causing overheating or damage. To mitigate

this risk, blocking diodes are employed, typically installed on each parallel string of cells. These

diodes effectively block reverse current flow between strings, safeguarding the system against

damage resulting from uneven solar irradiance or cell failures.

I.11. The characteristics of a photovoltaic cell

Photovoltaic cells (PV cells) possess several important characteristics that determine their

performance and efficiency. Here characteristics:

Efficiency: Efficiency is the ratio of electrical energy output to the solar energy input.
Efficiency depends on the quality of materials used and cell design.

Voltage and Current: Voltage and current are the two main parameters of a PV cell.
Voltage is the difference in electrical potential between the cell terminals, and current
is the flow of electrons through the cell.

Power: Power is the product of voltage and current, representing the electrical energy
output of the cell.

Temperature: Temperature affects the performance of a PV cell. Increased temperature
can reduce cell efficiency.

Angle of Incidence: Angle of incidence is the angle between the incident light and the
cell. Angle of incidence affects the amount of light reaching the cell.

Internal Resistance: Internal resistance of a PV cell affects its efficiency. Lower
internal resistance means higher efficiency.

Shading Effect: Shading effect can reduce the performance of a PV cell. Shading can

cause a decrease in current and voltage output of the cell.

Taking for example a cell from the Sun Power SPR-76R-BLK-U module, this module has the
following characteristics at 1000 (W/m?) and 25°C:

Table (I.1). Characteristics of the Sun Power SPR-76R-BLK-U module.

P (W) Voe(V) L. (A) Vimp (V) Imp (A)
235 36.96 8.48 29.42 7.99

The following figures represent the characteristics of the PV panel in operation for different

temperatures and solar irradiations.

14



Chapter 1 Introduction to Solar Photovoltaic System

1100 Wit T 10 T T T T T
250 + o 4 '
1000 Wim?* |
—g00 W/m* af
g 200 | | s—00 Wim? A
g 150 1 &9
£ - |
" 5
w -
o -
5100 18 4 r——
o — 1100 Wim®
50 1000 Wim*
21 | w—B00 Wim*
| =600 Wim*
o i L el
’ » 20 » ” 01; ; 1Ju 15 2ln zls 310 als 40
Tension [V] Tension [V]
9 . . : 300 —
al ] —0C
250 |{ ——25°C |
T 1 (=G|
6 1 200
T =
=5 8
g § 150
347 2
o =
3l 2 100
50 F
0 i
20 30 40 L1} 10 20 3o 40
Tension [V] Tension [V]

Figure (1.22). Characteristics of a PV for different temperatures and irradiations conditions.

1.12. Advantages and disadvantages of photovoltaic energy
I.12.1Advantages of Photovoltaic Energy

Photovoltaic energy has several advantages that make it an attractive option for generating

electricity. Here are some key benefits.

®
%

Renewable Energy Source: Photovoltaic energy relies on the sun as a source of energy,

making it a renewable and inexhaustible resource.

«  Environmentally Friendly: Photovoltaic energy does not produce any harmful emissions
of greenhouse gases, making it an environmentally friendly option.

«»  Low Operating Costs: After installation, the operating and maintenance costs are very
low.

+  Independence from the Electrical Grid: Photovoltaic energy can be used in remote areas
or places where there is no electrical grid.

«»  Diverse Applications: Photovoltaic energy can be used in a wide range of applications,

from residential homes to large industrial projects.
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1.12.2 Disadvantages of photovoltaic energy

Despite the many advantages of photovoltaic energy, there are some disadvantages that need to

be considered.

»  Weather Dependence: Photovoltaic energy production is affected by weather conditions,
where clouds and shading can reduce production.

»  High Initial Cost: Despite the decrease in cost in recent years, the initial cost of
photovoltaic cells is still high.

»  Land Area: Photovoltaic power plants require large areas of land, which can lead to
conflicts over land use.

»  Energy Storage: There is no effective solution for storing solar energy, which means that
the energy produced must be used in real-time or stored using expensive batteries.

»  Shading Effect: Shading can affect the performance of photovoltaic cells, reducing their
efficiency.

1.13. MPPT Techniques

The main challenge in solar power systems is the variable and dynamic nature of the energy

source, where voltage and power levels are affected by several environmental factors such as

solar radiation intensity and temperature. To ensure the operation of photovoltaic (PV) panels

at the highest possible efficiency, Maximum Power Point Tracking (MPPT) techniques are

applied. These techniques are among the most important areas of research currently, especially

in the fields of predicting solar productivity and analyzing the relationship between voltage and

current to reach the maximum power that can be obtained from the solar system.

[ MPPT Categories |
|

| 3
—[ Conventional ] -[Soft computing]
1 FOCV | FLC
'/ FSCC | SMC
—
1 HC  ANN
+| P&O 'r Meta heuristic-based
algorithm

Figure (I.23). Common types of MPPT methods for PV systems
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1.14. Conclusion
Solar photovoltaic systems play a crucial role in the transition to renewable and sustainable
energy globally. With their ability to provide clean energy at competitive prices, these systems

are poised to make a significant impact in the future.
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Chapter I11. P&O and INC MPPT algorithms for PV system

I1.1. Introduction

Photovoltaic (PV) systems are a vital source of renewable energy, but their efficiency heavily
depends on maximizing power extraction under varying environmental conditions such as solar
irradiance and temperature. Maximum Power Point Tracking (MPPT) algorithms are essential for
optimizing the power output of PV systems by continuously adjusting the operating point to the
maximum power point (MPP). Among various MPPT techniques, the Perturb and Observe
(P&O) and Incremental Conductance (INC) algorithms are widely used due to their
effectiveness and relative simplicity.

This chapter focuses on the modeling and simulation of a solar power system integrated with
different Maximum Power Point Tracking (MPPT) techniques, specifically the Perturb and
Observe (P&O) and Incremental Conductance (INC) algorithms. The performance of these MPPT
methods will be assessed in terms of efficiency, dynamic response, and load adaptability.

The mathematical model of the photovoltaic (PV) system is developed based on the fundamental
equations governing the PV equivalent circuit. To validate the design, simulations are conducted
using MATLAB/Simulink, providing a comprehensive analysis of system behavior under varying
operational conditions.

I1.2. PV cell equivalent circuit

An ideal PV cell can be presented by a current source with a diode connected in parallel. In the
ideal case, the series and shunt resistances are considered to be zero and infinite, respectively.
However, in real system, both the series and shunt resistances have finite values and must be
considered. In Fig.Il.1(a & b), both the ideal and practical equivalent circuits of a solar cell are

shown. The generated current (I) by the PV cell is given by:

I=1,,—-1,-1,
/ j K, I} /
— ] :
;,’r % IF'J i.\h
l.l“‘r" (T) D l'/;_’lfu’ (T) D R\h Vl
7 . < g

Figure (IL. 1): Equivalent circuit of Solar cell ideal (a) and (b) practical.
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I=1,- V +I1.R, 1 oY +1.Rs_1
i R, nv,

Where V7 is the thermal voltage, Ry and R, represent the internal series and parallel resistances

respectively. 7, is the short-circuit current, /, is the reverse saturation current, / is the current
output and # is the ideality factor of the diode.

A simplified model after neglecting the shunt resistance is shown in Fig. 1a, and accordingly the

following equation can be derived.

v+1 R
I=I,-1,|]e—F—-1
nv,
PV cell output voltage can be found with 7 = K7/g.

AKT (Lt )
q I,

V=-1,R +

I1.3. PV cell I-V curve

PV cells have a nonlinear (I-V) characteristic, which changes the (I-V) curve of a PV cell as shown
in Fig (I1.2), where the temperature is 25°C and the irradiation level is 1000 W/m?. The maximum
power point is always at the knee of the curve, and it varies with irradiation level and temperature,
as indicated for standard conditions.

——— Caractéristique |-V Caractéristique P-V

lee

MPP

[u]pp— —_— —_— —_— —_— — — —_— —_— —_— ™ — S — = Pmpp

Courant (A)
Puissance (W)

V
Tension (V) g

Figure (II. 2): General (I-V) curve of PV cell

19



Chapter I11. P&O and INC MPPT algorithms for PV system

I1.4. Power Stages

To ensure optimal power transfer between the PV array and the load, a power conditioning stage
is required. This typically involves a DC-DC converter, which regulates voltage and current levels
to maximize efficiency. The following section presents an analysis of different DC-DC converter
topologies and their suitability for photovoltaic applications.

I1.4.1. DC/DC Converter

A DC/DC converter is an essential power electronic device that regulates and converts direct
current (DC) voltage from one level to another. These converters play a critical role in various
applications, including electronic devices, power distribution systems, electric vehicles, and
renewable energy systems such as photovoltaic (PV) installations.

In solar energy systems, DC/DC converters serve as a key interface between the PV array and the
load, ensuring efficient power transfer and maximum energy extraction. The typical configuration,

illustrated in Figure I1.3.

DC-DC
Converter R,

L. |, T
o

—>»| MPPT
3 Controller

Figure (I1.3): PV -load connection via power stage.

11.4.2 Main types of DC/DC converters

A. Buck Converters.

It is used to reduce the input voltage to a lower output voltage level while maintaining the same
type of current (direct current). In terms of operation, the buck converter works by rapidly
switching an electronic switch (such as a transistor) on and off. It uses an inductor and a capacitor
to smooth and convert the output voltage. When the switch is on, the inductor stores energy, and

when the switch is off, the inductor releases the stored energy to the load.

20



Chapter I11.

P&O and INC MPPT algorithms for PV system

b mosrer LA ; ” «— Vi I .
s
I TN S P
i L D Ip
Al vic
L L
+ 1 + et +
Fon e Gate e 0 == == [ 0
W= forve| LV TV AV WE Drive _|H_ CTVe [afVe
) D 3 —
# power MOSFET 2
+Iu 5
¥+ v

Figure (I1.4): Buck converter.

B. Boost Converter

Figure (IL.5): Boost converter.

The boost converter is a power converter with a dc output voltage higher than its dc input voltage.

It contains two semiconductors (diode, switch) and at least one energy storage element. The output

capacity is added to reduce output voltage ripple. Also, the boost converter is called a step-up

converter. The figure (I.5) indicates the circuit of the boost converter.

The figure (I1.6) shows the switch’s state:

Vin 4
i i i i
i £ i i - T
0 S P :
Im:x : _____ i___ : _____ :r_t_,;I ——————
: ] : ] L L
Linin - I TSR
£ i 5 § > T
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Ton | Torr | Ton | Torr
- I
I : : : :
P b-——jez--—F———fezs-—---- Luu
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n L] | ] n : t
= S i3 :
i \i
T - L
ICI F 9 P i H
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Figure (I1.6):

Waveform of a DC-DC boost converter.

T
We define the duty cycle as: D = %
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[0, Ton]: The switch (S) is closed, the inductance current increasing progressively, the inductance

stores up energy. The figure (I1.7) presents the boost converter in the on time.

I «— Vi »
n
£ O
+ = +
L D + Ig
v Ic
L
o o
V, — power MOSFET C =V A Vo
= D
4-

Figure (I1.7): Boost converter during on time.
The voltage across the inductor is:

V.=N,

The mathematical equation characterizing the inductance current is given by:
da, V,

1l

dr L
[Ton, T]: The switch (S) is open, the inductance generates a voltage which is added to the source

voltage, which is applied to the load (R) through the diode (D). The figure (I1.8) presents the boost
Converter during off time.

«— Vi »
lin
: i E E i e &
L + D +I|'] +
I,— Y le n
__+ o v o v
Vin — power MOSFET CrVc |a]|'e
- D
$-

Figure (I1.8): Boost converter during Off time.

The voltage across the inductance is:
V,=V.+V,
The mathematical equation characterizing the inductance current is given by:

a, Vs
dt L
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The average value of the voltage V7 is zero:

V) =] V.dt=0

So:

V=V XD*T -0)+V, V)T -D*T)=0
Then,

V.

V.=—4—

> 1-D
With:

1,=1,(1-D)

The design of the boost converter inductance depends essentially in the current ripple which is
inversely proportional to the inductance value as shown in the next equation.
V.*D
L=—!
AI *fSW

On the other side, some types of loads require an alternative voltage source, but the PV panel

generates direct current, so, the direct connection is not possible in this case.

I1.5. MPPT Control Technique

I1.5.1 Definition

Maximum Power Point Tracking (MPPT) is an essential control technique employed in
photovoltaic systems to continuously optimize power output from solar panels. By dynamically
adjusting the electrical operating point, MPPT algorithms ensure the photovoltaic array operates at
its maximum power point (MPP) despite variations in environmental conditions such as solar
irradiance and temperature.

This advanced regulation method significantly improves system efficiency by typically increasing
energy harvest by 20-30% compared to non-MPPT systems. MPPT controllers achieve this
optimization by automatically varying the duty cycle of connected DC-DC converters, thereby

adjusting the impedance matching between the solar panels and the load.
I1.5.2 Operating Principle of MPPT

Maximum Power Point Tracking (MPPT) is an adaptive control technique that dynamically
adjusts the electrical operating point of a photovoltaic (PV) system to maintain optimal power

extraction. The fundamental operating principle involves continuously monitoring the PV array's
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current-voltage (I-V) characteristics and automatically regulating the system impedance to operate
at the maximum power point (MPP), where the product of voltage and current reaches its peak

value.

N

Power Response curve
current / voltage

Current MPP {/Maximum Power Point

impp u....... ___________ ,,..- ..-_.:-.‘..\...\*\

Response curve
Power = current x voltage

=
- -

0 Vmep Voltage

MPPT : Maximum Power Point Tracking

Figure (I1.9): Principle of MPPT control.

I1.6. MPPT Control Algorithms

The performance of photovoltaic panels is significantly affected by climatic variables, such as solar
irradiance intensity, temperature, air mass spectrum, and shading phenomena. To achieve
maximum electrical energy production, buck converters are typically used within the conversion
system. In this context, various control algorithms have been developed to track the Maximum
Power Point (MPPT). Hill-climbing techniques are among the most common methods, relying on
tracking the power-voltage curve to extract the maximum possible energy. Two prominent
techniques are the Perturb and Observe (P&O) algorithm and Incremental Conductance (INC)
algorithm, both widely used due to their simplicity and effectiveness under varying operating

conditions.
I1.6.1 Perturbation and observation (P&O)

The P&O method is the most popular MPPT algorithm due to its simplicity. It’s one of the Hill
climbing algorithms. The objective of this algorithm is to operate the system at its maximum power
by incrementing or decrementing the voltage at the operating point and observing the effect of this
perturbation on the power (figure 11.10). The table (II.1) shows the response of the control system

for each case [23]:
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Table (I1.1): The response of the control system for each case of P&O algorithm.

AP Direction of
Casen® | AV | AP | — Repones of the control
AV tracking
1 + + + Good Incrementing: me ZVVQ/- +V
2 - - + Bad Incrementing: me =Vref +V
3 + - - Bad Decrementing: V', . =V =V
4 - + - Good Decrementing: me =Vref -V

Power {w)
|
i
|
1

« AV

The system moves sway from MPP

Vare Voltaze (v)

Figure (I1.10): Different possible cases for the functioning of P&O Algorithm

11.6.2 Incremental conductance (INC)

In the incremental conductance method, the controller measures incremental changes in array

current and voltage to predict the effect of a voltage change. This method requires more

computation in its controller, but can track changing conditions more rapidly than the perturb and

observe method. With this method,

olpv Ipv

if >— , the slope of P-V curve is positive;

oVpv Vpv

i olpv <_Ipv

oVpv Vpv

olpv Ipv

, then it will be negative.

Unless =— , which means the operating point matches the maximum power point.

oVpv Vpv

For discrete system, ol , (k)=1 , (k)—=1 , (k=1),0V (k)=V , (k)-V , (k-1
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Calculte power P(n)

Yes

P(n)-P(n-1)=0

No
P(n)-P(n-1)=0 ;

v v h 4 y
[D=p-ap [p=D+ap] [D=D-aD] [D=D+AD)|
Y Y A 4 \L b 4
[ Retun ]

Figure (11.12): Flowchart of INC MPPT method
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I1.7. Simulation Results

In this work, the photovoltaic PV array a 960.69 W was constructed using four solar panels
connected in series (4ns) and one parallel string (1np). The PV array model was based on the schuco
USA MPE180MS05 model from the Matlab/Simulink library. Table (I1.2) presents the key

characteristics of both the single solar panel and array PV model.

Table (IL.2): PV model characteristics.

PV | PV Array

Maximum power (Pumpp) 240.1725W | 960.69 W

Maximum current (Inpp) 775 A 775 A

Maximum voltage (Vimpp) 30.99V 123.96 V
Open circuit voltage (Voc) 3892V 155.68 V
Short circuit current (Ic) 82 A 82 A

The figure (I1.13) presents the current-voltage (I-V) and power-voltage (P-V) curves obtained from
the PV panel Simulink model under various irradiance conditions. These curves illustrate the
impact of changing environmental factors on the electrical behavior of the PV array. By analyzing
the I-V and P-V curves, we can gain valuable insights into parameters like the maximum power
point (MPP) voltage (Vmpp) and current (Impp), which are crucial for optimizing the PV system's

performance.

— 10

Voltage (V)

e e i e A S A0\ sl e e

Voltage (V)

Figure (I1.13): I-V and P-V curves for PV array under various irradiance conditions

27



Chapter I11. P&O and INC MPPT algorithms for PV system

I1.7.1. Standard Conditions (E=1000W/m?, T=25C)
% P&O and INC Algorithm
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Figure (I1.14): Simulation results of the PV at (T=25°C, E=1000W/m?)
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& Interpretation of the Results:

Under standard test conditions (STC), which include a solar irradiance of 1000 W/m? and a
temperature of 25°C, the simulation results showed that Maximum Power Point Tracking (MPPT)
techniques using both Perturb and Observe (P&O) and Incremental Conductance (INC) were
effective. This was evident through the increase in output power until the Maximum Power Point
(MPP) was reached, after which the power stabilized during the simulation period.

The results also demonstrated the efficiency of the converter in boosting the voltage, as the output
voltage was consistently higher than that directly provided by the photovoltaic (PV) module. It is
worth noting that the INC method exhibited a faster response in reaching the MPP with less power
fluctuation compared to the P&O method.

I1.7.2. Influence of Irradiance with Constant Temperature
The following figures represent the results of the PV panel for the contrast in the case of variable

irradiance and constant temperature (T = 25°C):

1000 — Signal 3

]
1

24 I 1 I 1 I 1 I 1 I |
0 u 1 1.5 2 2.5 3 3.5 4 4.5

Time ':.I:'ez:f.':;:
Figure (I1.15): Signal builder for variable irradiance and constant temperature.

This section investigates the impact of varying irradiance levels on the performance of the PV panel
while maintaining a constant temperature of 25°C (Fig.II.15). The figure (II.16) and figure (I1.17)
illustrate the simulation results obtained for both P&O and INC MPPT methods.

A.P&O and INC Algorithm input
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Figure (I1.16): Simulation Results of the PV for Variable Irradiance and (T=25°C).
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B. P&O and INC Algorithm output
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Figure (I1.17): Simulation Results of the PV for variable irradiance and (T=25°C).
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A. Interpretation of the results (Input):

It is clear that both algorithms effectively track changes in power in response to variations in solar
irradiance. The INC algorithm shows more stability and smoothness, while the P&O algorithm
exhibits some oscillations around the maximum power point. During sudden changes in irradiance,
the INC algorithm responds faster and more accurately.

The INC algorithm performs better in terms of; Response speed, Stability, Minimizing oscillations
around the maximum power point. The P&O algorithm is simpler to implement but suffers from
oscillations, especially under rapidly changing conditions.

B. Interpretation of the results (Output):

It is clear that both algorithms effectively track changes in power in response to variations in solar
irradiance. The INC algorithm shows more stability and smoothness, while the P&O algorithm
exhibits some oscillations around the maximum power point. During sudden changes in irradiance,
the INC algorithm responds faster and more accurately.

The INC algorithm performs better in terms of; Response speed, Stability, Minimizing oscillations
around the maximum power point. The P&O algorithm is simpler to implement but suffers from

oscillations, especially under rapidly changing conditions.
I1.8. Conclusion

This chapter delves into the core of Maximum Power Point Tracking (MPPT) techniques, which
are essential for enhancing the efficiency of photovoltaic (PV) systems. MPPT algorithms, such as
Perturb and Observe (P&O) and Incremental Conductance (INC), enable the system to
continuously adapt to changing environmental conditions such as solar irradiance and temperature
by dynamically adjusting operating parameters. These algorithms aim to ensure that the solar
panels operate at their optimal point, where maximum power is extracted. Consequently, MPPT
techniques mitigate the impact of environmental fluctuations, significantly improving energy

conversion efficiency and maximizing the power output of the PV system.
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II1.1. Introduction

One of the fundamental challenges in controlling dynamic Systems particularly in
applications relying on renewable energy sources such as photovoltaic (PV) systems is dealing
with incomplete or constantly changing data. Information available about the system is often
imprecise due to fluctuations in solar irradiance, measurement noise, or the inherent difficulty
in constructing an accurate mathematical model that fully captures the system’s behavior.

In this context, advanced algorithms have emerged to handle such uncertainty, notably the
Kalman Filter (KF), which employs a dynamic statistical model to fuse measured data with
internal system predictions. This approach allows for optimal state estimation while minimizing
the effect of noise. The Kalman Filter is particularly effective in systems that can be accurately
modeled mathematically and where noise follows a known probabilistic distribution.

On the other hand, the Cuckoo Search (CS) algorithm represents an intelligent optimization
technique inspired by the brood parasitic behavior of certain cuckoo species. It relies on random
search mechanisms, particularly Lévy flights, to explore the solution space. In Maximum
Power Point Tracking (MPPT) applications, the CS algorithm is used to identify the optimal
operating voltage that maximizes power output from PV systems, without requiring a precise
mathematical model or prior assumptions about measurement noise.

This chapter presents a comparative study between the KF and CS algorithms in the context
of MPPT. It begins with a theoretical foundation for each algorithm, followed by an explanation
of their design and practical implementation in MPPT systems. The chapter concludes with a
performance evaluation under dynamic operating conditions, aiming to highlight the strengths
and limitations of each approach and to identify the scenarios in which each algorithm excels
in maximizing solar energy extraction.

I11.2. Kalman application domain
The Kalman Filter is widely used in systems that require accurate estimation of a state that
changes over time, especially when measurements are noisy or imprecise. Its main areas of
application include:
£ Automatic control and robotics: For accurate estimation of position and velocity of robots
or unmanned aerial vehicles.
+ Navigation and positioning (GPS/INS): To fuse GPS data with inertial navigation systems
(INS) for more accurate location tracking.
+ Communication systems: For signal filtering, noise prediction, and improved data

reception.
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+ FElectrical engineering and energy: in MPPT for photovoltaic system and smart grid
monitoring.

+ Computer vision and object tracking: To predict the motion of objects in videos or images.

II1.3 Kalman Filter

Formulated by Rudolph Kalman in 1960, the Kalman filter consists on equations that
recursively provide a solution for the least squares method. The Kalman Filter is very popular
because of the good results presented in various areas of knowledge.

The use of the Kalman Filter is due to the prediction of a future state, even in the absence of a
mathematical model, by means of present and past estimates. Estimates in the Kalman Filter
are performed by combining two steps: Prediction and Correction. Each step has its own sets

of equations.

x, =Ax,_, +Bu,_, (1IL.1)

Where: x, is the estimated state in the predicted iteration & from the previous iteration. x-; the

rectified state in the iteration k—/ found by the output measure zx-1. ux-; is the control process
of the k—1 iteration process. 4 is the transition state constant model used for the previous state.
B a constant that depends on the model that is used in the control process. The second equation
of the prediction step is used to project the next covariance error.
x, =x, +K, (Zk —C.xk) (IL2)
H, =(1—Hk.C)Hk’

Where: Q is the covariance process related to the noise state matrix. /, the covariance a priori

for the k iteration. Hi-; the covariance error a posteriori for iteration £-/. The second step
(correction) aims to correct the value predicted by the prediction step.

The first equation of this step calculates the K gain.

K, =H, C"(CH/.C"+R) (I1L.3)
Next, the estimate xk is updated via output zk.

X =x +K,(z,-Cx;) (I1L4)
And finally, the last equation that updates the covariance error.

H,=(I-H,C)H, (II1.5)

Where: x; is the corrected state at iteration k£ due to z; output. Hy the covariance of the error a
posteriori in the iteration k. K the Kalman gain. R covariance of noise. zx the measurement. C

a constant related to the Kalman Filter system and the observed space.
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I11.4 Kalman Filter MPPT

The diagram depicts a Boost converter-based MPPT system using a Kalman Filter for control.

l

PV '_ V I;Convers_or Boost | v, Load
MPPT D
(Kalman Filter)

Figure (ITI.1): MPPT Algorithm using the Kalman Filter

To determine the MPP using a Kalman Filter, the filter must be designed to estimate the

maximum power voltage. As evident from the Power-Voltage (P-V) curves in Fig I1I-2 and III-

3, power increases with a positive slope until reaching the optimum point, after which it

decreases with a negative slope. Based on this analysis, mathematical equations can be

formulated to predict the MPP voltage.
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Figure (I11.2): PV (P — V) curve for irradiation variable
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Figure (IIL.3): PV (P —V) curve for temperature variable
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As Kang and Park (2011) considers A = 1 and B = M, so the equations of the prediction step
are:

AP
Ve =V, +M — I1L.6
CVar M (IL6)

H =H, +0 (I1L.7)

Where: V', is the estimated voltage value by the MPPT using the Kalman filter in the k iteration
k-1

and corresponds to x, . M equivalent to B and is considered a scaling factor. NG the slope

of the curve (P-V) in the iteration k—/ and equivalent to the control u-1.

The correction step process is made it as follows. According to Kang and Park (2011), the K

gain can be calculated adopting C = I and by the covariance error as eq(I11.5):
K, =H,(H, +R) (I11.8)

The equations eq(IIl.6) and eq(II1.7) of the correction step corrects the predicted covariance

measurement with the PV panel voltage measurement Vyiowovoitaic k as follows:

I/k = V;c_ + KK * ( Vhotovoltaic,k - I/k_ ) (IH9)

p
H,=(1-K,).H, (1I1.10)
Where: V; is the value of the corrected voltage using the Kalman filter based MPPT in the k&

iteration provided by the Vpnowovoiaic.k PV voltage measurement (Kang and Park (2011)).
The flowchart of the Kalman Filter-based MPPT algorithm is presented in Fig.I11.4.
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=
Y

MeasureVpy (k), I, (k), Vg (k)
Y
Calculate Ppy, (k)
v

[ Start Compute Prediction State ]
v
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¥

Calculate duty cycle (a)
Parameter of the Boost
converter

Figure (I11.4): Flowchart of the KF MPPT method.
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II1.5. Cuckoo Search Methods

The Cuckoo Search algorithm is an optimization algorithm developed by Xin-She Yang and
Suyash Deb in 2009. It was later found to be a special case of the well-known (p + A) evolution
strategy. This algorithm is inspired by the obligate brood parasitism behavior exhibited by some
species of cuckoos, where they lay their eggs in the nests of other bird species, leaving the host
birds to raise their young. In some instances, host birds may directly confront the parasitic
cuckoos; if they detect that the eggs are not their own, they may throw the foreign eggs out or
abandon the nest altogether to build a new one elsewhere. Certain cuckoo species, such as the
taper a cuckoo in the new world, have evolved sophisticated parasitic strategies. The females

of these species can accurately mimic the color and pattern of the eggs of specific host birds.

I11.6. Application Domain CS

The Cuckoo Search Algorithm (CS) is widely used in various scientific and engineering fields
due to its efficiency in solving complex and nonlinear optimization problems. Below are the

main application areas:

¢ Renewable Energy: Maximum Power Point Tracking (MPPT) in solar panels and enhancing
the efficiency of wind and hybrid energy systems.

+¢ Communications: Optimizing packet routing in wireless networks, Resource allocation in
5G networks and MIMO system design.

¢ Engineering Design: Design optimization in mechanical and civil engineering.

II1.7 Cuckoo search (CS) uses the following representations

Each egg in a nest represents a solution, and a cuckoo egg represents a new solution. The aim
is to use the new and potentially better solutions (cuckoos) to replace a not-so-good solution in

the nests.

_)(( wokow

O Egg

The search path
af individwal €,

Woevd ot

Weorse mest

Hareh _)L;/

Nexr
guneralion
The search path

of individwal C,

Figure (ITL.5): Number of available host nests is fixed.
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In the simplest form, each nest has one egg. The algorithm can be extended to more complicated
cases in which each nest has multiple eggs representing a set of solutions. CS is based on three
idealized rules:

e Each cuckoo lays one egg at a time, and dumps its egg in a randomly chosen nest;

e FEach cuckoo lays one egg at a time, and dumps its egg in a randomly chosen nest;

e The number of available hosts nests is fixed, and the egg laid by a cuckoo is discovered by

the host bird with a probability P, € (0,1) In this case, the host bird can throw the egg

away/abandon the nest, and build a completely new nest.

I11.8. Steps of the Cuckoo Search Algorithm

The steps of the cuckoo search algorithm.

1) Initialization: Cuckoo birds prefer to lay their eggs in the nests of other birds.

2) Levy Flight: It is a random flight or walk. The steps are defined in terms of step lengths
that have a certain probability distribution with random directions. This type of flight is
observed in different animals and insects. The following movement is determined by the

current position.
X =X +alevy (1) (IIL.11)

3) Fitness Calculation: Calculation of fitness is achieved by using the fitness function to find
the best solution. Nest is chosen randomly. The fitness of the cuckoo egg (new solution) is
then compared to that of the host eggs (solutions) in the nest. If the value of the cuckoo
egg’s fitness function is less than or equal to the value of the randomly chosen nest’s fitness
function, the randomly chosen nest is replaced by the new solution.

4) Termination: The fitness function compares the solutions in the current iteration and only
the best solution is passed further. If the number of iterations is less than the maximum, the
best nest is retained. All cuckoo birds are ready for their next actions after completing the
initialization, levy flight, and fitness calculation processes. The cuckoo search algorithm
will be terminated once the maximum number of iterations has been reached. These steps
are applicable to any optimization problem. In such cases, each cuckoo egg and cuckoo nest

play an important role.

II1.9 Random Exploration and step size
One of the key aspects of the Cuckoo Search algorithm is the use of Lévy flights or random
walks to generate new solutions. The update rule is typically written as:

X =X +S*E, (1IL12)

where:
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X ,is the current solution.
E , represents the change, which is drawn either from a Gaussian distribution (in the case

of a random walk) or a Lévy distribution (in the case of Lévy flights).
S is the step size, which determines how far the algorithm moves from one solution to the
next.
Lévy flights allow for larger and more unpredictable jumps, which help the algorithm explore
the search space more effectively. However, choosing an appropriate step size (s) is crucial:
» If S is too large, the new solution might be too far from acceptable bounds or even
outside the feasible search space.
» If § is too small, the changes will be minimal and the search may get stuck in local
optima.
Therefore, tuning the step size is important to strike a balance between exploration (searching

widely) and exploitation (converging accurately to the best solution).

I11.10. MPPT Control Algorithms

MPPT algorithms are designed to find the optimal operating point (voltage and current) on the
power-voltage curve of a solar panel, ensuring the maximum power output. These algorithms
are crucial for maximizing the energy harvested from solar panels under varying conditions like
changing solar irradiance and temperature.

The CS method, short for Cuckoo Search, is a metaheuristic algorithm used for optimizing the
Maximum Power Point Tracking (MPPT) in photovoltaic (PV) systems, especially under partial
shading conditions. It helps find the maximum power point (MPP) by simulating the
reproductive behavior of cuckoo birds, where nests are randomly updated, and some nests are

replaced with new, potentially better solutions.

39



Chapter I11. Cuckoo Search and Kalman Filter MPPT algorithms for PV system

Initial population of n host nests Xi

¥
—=1 Get cuckoo with eggs randomliy by Lewy flights, §
T
I Evaluate its fitness, F
k3

Select nest among 17 randomily, §

Yes

I Let j as a solution

Replace j by the new solution
x
Abandon a fraction, P ecr of warst nests and build
new ones at new locations via Levy flights
T

I Keep the current best

Find the best objective (best nest)

Figure (I11.6): Flowchart of Variable step size CS MPPT method.

III.11. Simulation Results

II.11.1. Influence of Irradiance with Constant Temperature
The following figures represent the results of the PV panel for the contrast in the case of variable

irradiance and constant temperature (T = 25°C):

Time {sec)

Figure (IL.7): Signal Builder for Variable Illumination and Constant Temperature.
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This section investigates the impact of varying irradiance levels on the performance of the PV
panel while maintaining a constant temperature of 25°C (Fig.II1.7).

The fig. (II1.8) and fig. (I11.9) illustrate the simulation results obtained for both KF and CS
MPPT methods. The voltage, current, and power (output and input) of the PV system exhibits
gradual variations across different time intervals, reflecting dynamic changes in solar irradiance
or system conditions. While the Kalman Filter (KF) MPPT demonstrates superior tracking
speed and overall responsiveness, the Cuckoo Search (CS) MPPT achieves marginally better
performance under specific operating conditions, suggesting a trade-off between rapid

adaptation and steady-state efficiency.

I11.12. Comparison of the different technique MPPT

Various traditional and intelligent MPPT methods are used to determine the Maximum Power
Point (MPP) using algorithms such as PO (Perturb and Observe), KF (Kalman Filter), INC

(Incremental Conductance), and CS (Cuckoo Search).
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Figure (I11.10): Block diagram of a photovoltaic system by the MPPT (P&O- INC- KF- CS).
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Figure (I11.11): Comparison different MPPT techniques.

The response of the photovoltaic system in terms of power, voltage, and current (Fig. I1I.11 and
12), under the application of different MPPT algorithms (P&O, INC, CS, KF), reveals clear
performance variations under changing irradiance conditions. The Kalman Filter (KF)
algorithm demonstrated a high capability in tracking the Maximum Power Point (MPP),
achieving rapid convergence with stable and low-oscillation power profiles across all irradiance
levels, indicating excellent dynamic behavior and high tracking accuracy. It is followed by the
Incremental Conductance (INC) algorithm, which also achieved fast convergence, although
with slightly higher oscillations compared to KF.

In contrast, the Perturb and Observe (P&O) algorithm exhibited noticeable oscillations around
the operating point, particularly under steady-state conditions, leading to reduced tracking
accuracy and a decrease in the extracted current compared with more advanced methods. The
Cuckoo Search (CS) algorithm showed relatively weaker performance, especially at low
irradiance levels, where it displayed high sensitivity to sudden irradiance changes and required
frequent re-adjustment. This resulted in unstable tracking and lower-quality outcomes relative

to the other algorithms.
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Figure (I11.12): Comparison methods for the different condition.

I11.13 Conclusion

In this work, the Kalman Filter, Incremental Conductance (INC), Perturb and Observe (P&O),
and Cuckoo Search (CS) algorithms were designed and simulated to evaluate their performance
in estimation and optimization, particularly under noisy conditions and complex operating
scenarios. The Kalman Filter demonstrated superior capability in accurately estimating system
variables within dynamic environments, while the INC algorithm showed reliable tracking
performance with rapid convergence. Conversely, the P&O and CS algorithms exhibited
limitations—P&O due to its steady-state oscillations, and CS due to its sensitivity to irradiance
variations and the need for frequent re-tuning. Overall, the results emphasize the importance of
selecting the most suitable MPPT algorithm based on system characteristics and operational

requirements to ensure optimal performance and robustness.
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General Conclusion

This study highlights the importance of photovoltaic (PV) solar systems as one of the
promising and sustainable solutions to address modern environmental and energy challenges.
By tracing the development of this technology and examining its current state, it becomes clear
that there is significant potential for its utilization, especially with the notable advancements in

solar cell design and improvements in connection and operation methods.

Maximum Power Point Tracking (MPPT) techniques have proven to play a crucial role in
enhancing the efficiency of PV systems. Algorithms such as Incremental Conductance (INC)
and Kalman Filter (KF) demonstrated superiority in terms of accuracy and stability, making
them the preferred choice in environments with rapidly changing conditions. Although the
Cuckoo Search (CS) algorithm is relatively slower, it has shown high effectiveness in

approaching optimal solutions.

Simulation results and comparisons indicate that combining the precision of intelligent
algorithms with fast response times may represent the future of MPPT development,

encouraging further research into hybrid algorithms that balance performance and efficiency.

In light of these findings, it is essential to support research and development efforts and
adopt policies that promote the use of PV solar energy—not only for its environmental and
economic benefits but also as part of a national strategy for transitioning toward clean and

sustainable energy.
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