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Abstract:

This study aims to analyze the effect of partial shading on the power produced by photovoltaic
panels. Photovoltaic solar energy is an important clean and renewable source for electricity
generation. However, the performance of PV panels is affected by several external factors such as
temperature, irradiance, and shading. Therefore, this work focuses on partial shading as one of
the main causes of power reduction in photovoltaic systems First, the basic concepts of
photovoltaic energy and the main components of a PV system are presented. Then, the
photovoltaic cell model and its electrical characteristics are discussed. The study uses
MATLAB/Simulink simulation to investigate the behavior of the PV system under shading
conditions. The results show that partial shading creates multiple peaks in the power-voltage
characteristic, while bypass diodes protect shaded cells but modify the 1-V and P-V curves.
Therefore, advanced MPPT techniques are required to track the true global maximum power
point.

Keywords: Photovoltaic energy; Partial shading; Solar panels; Electrical power; MPPT;
MATLAB/Simulink.
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General Introduction

The increasing global demand for electrical energy, together with the environmental
problems caused by fossil fuels, has encouraged the development of renewable energy sources.
Among these sources, solar photovoltaic energy has become one of the most promising solutions
because it converts sunlight directly into electricity, offers clean energy production, and can be

used in both isolated and grid-connected systems.

Photovoltaic panels are widely used in domestic, industrial, and remote-area applications.
However, their performance depends strongly on external operating conditions, especially solar
irradiance, temperature, and shading. Under ideal conditions, a photovoltaic module produces its
maximum power when all cells receive uniform solar radiation. In real installations, this
condition is not always achieved. Buildings, trees, clouds, dust, chimneys, and other obstacles
may partially shade the photovoltaic surface, causing non-uniform irradiance across the cells or
modules. [1]

Partial shading is one of the most serious problems affecting photovoltaic systems. Since
photovoltaic cells are generally connected in series, the shaded cell or group of cells can limit the
current of the entire string. This leads to a reduction in the produced power, the activation of
bypass diodes, and the appearance of several local maximum power points on the power-voltage
curve. As a result, conventional maximum power point tracking algorithms may fail to locate the

true global maximum power point, which causes additional energy losses. [1]

The main objective of this work is to study the effect of partial shading on the power
produced by photovoltaic panels. To achieve this objective, the dissertation first presents the
general principles of photovoltaic energy, including the history, types of solar cells, operating
modes, solar radiation, and components of photovoltaic systems. It then focuses on the electrical
modelling of the photovoltaic cell and the influence of meteorological parameters such as
temperature and irradiance. After that, the principle of maximum power point tracking and DC-
DC converters is introduced. Finally, a simulation study is carried out in order to analyze the

behavior of photovoltaic panels under uniform and partially shaded conditions.

This dissertation is organized into four chapters. The first chapter presents the state of the
art of photovoltaic energy. The second chapter deals with the modelling of the photovoltaic cell

and the influence of temperature and irradiance on its electrical characteristics. The third chapter
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introduces maximum power point tracking techniques and DC-DC converters. The fourth chapter
Is devoted to simulation and analysis of partial shading effects on photovoltaic power production.
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1.1. Introduction

Solar energy is an energy source that depends on the sun. This energy makes it possible to
generate electricity by means of photovoltaic panels or solar thermal and photovoltaic power

plants.

Energy sources indirectly derived from solar energy include hydropower, which comes
from the kinetic energy of water whose cycle depends on the thermal energy of the sun; wind
energy, which comes from the kinetic energy of wind, itself linked to solar heating, evaporation
of water, the Earth’s rotation and the Coriolis force; marine and wave energy related to the
movement of oceans and rivers; biomass and wood energy; and very low-temperature geothermal

energy resulting from surface soil layers heated by the sun. [1]

Solar energy is therefore one of the main forms of renewable energy. Over longer time
scales, fossil fuels may also be considered indirectly linked to solar energy because they originate

from organic matter created through photosynthesis, such as coal, oil and natural gas.

Figure (1.1): Solar source illustration. [1]

1.2. Definition of Solar Photovoltaic Energy

The use of electricity generated by photovoltaic panels is not limited to buildings. Since
surplus production can be sent to the public grid, this energy may be consumed by any electrical

device. The global interest in solar photovoltaic energy continues to grow steadily. [2]
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Figure (1.2): Photovoltaic system.

1.3. Brief History of Solar Photovoltaic Energy

In 1838, photovoltaic solar energy entered the history of energy when the French scientist
Alexandre Edmond Becquerel discovered the photovoltaic effect for the first time. While
experimenting with an electrolytic battery equipped with platinum electrodes, he observed that
the electric current increased when the system was exposed to sunlight. This marked the starting

point of photovoltaic energy. [2]

Another important step was made in 1873 when the English electrical engineer Willoughby
Smith identified the photovoltaic effect in solids, especially selenium. A few years later, in 1877,
William Grylls Adams and his student Richard Evans Day showed that selenium could produce

electricity when exposed to light, thereby creating the first selenium photovoltaic cell.

In 1953, Calvin Fuller, Gerald Pearson and Daryl Chapin developed the silicon solar cell.
This cell generated enough electricity and offered sufficient efficiency to power small electrical
devices. Commercial solar cells appeared in 1956, although their cost remained very high until
around 1970, when the price of solar cells dropped considerably. Since the late 1950s, solar cells

have also been used in American and Soviet satellites. [2]
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1.4. Photovoltaic Solar Cell

1.4.1. Types of photovoltaic cells

Crystalline silicon solar cells are the most widespread. They are generally manufactured in
round, square or pseudo-square wafer shapes. They are called crystalline because silicon has the

properties of a crystal, with an ordered atomic arrangement. [3]

a) Monocrystalline b) Polycrystalline ¢) Amorphous

Figure (1.3): Types of solar cells.

1.4.1.1. Monocrystalline silicon photovoltaic cell

This type of photovoltaic cell is one of the most widely used. It is made from
monocrystalline silicon cut into a single wafer. It is used to compose solar panels that produce
electricity for houses or for the public grid. Monocrystalline silicon is obtained by cooling molten
silicon until it becomes a uniform crystal, which is then sliced into thin wafers. Its color is

generally dark blue and homogeneous, without visible crystal traces. [3]

Monocrystalline cells

Figure (1.4): Monocrystalline cells.
6
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1.4.1.2. Polycrystalline silicon photovoltaic cell

This photovoltaic cell is easily recognized by its blue crystal appearance. It is generally
square in shape and is commonly used in domestic, agricultural and industrial installations.
Polycrystalline silicon is obtained by melting silicon in a square metallic mold called an ingot

mold. Its surface is marked by visible crystal patterns, which make this technology easy to

identify. [2]

Figure (1.5): Polycrystalline cells.

1.4.1.3. Amorphous silicon cell

The amorphous silicon photovoltaic cell consists of a thin silicon layer, much thinner than
monocrystalline or polycrystalline cells. It is mainly used in low-power devices such as solar
watches, garden lighting and solar calculators. Amorphous silicon is obtained from silicon gas
deposited onto a support made of glass, flexible plastic or metal by means of vacuum deposition.

These cells are usually dark gray. [3]

Figure (1.6): Amorphous photovoltaic cell.
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1.4.2. Advantages and disadvantages of each cell type

1.4.2.1. Monocrystalline silicon photovoltaic cell

This type of cell offers one of the best efficiencies on the market, close to 25%. The service
life of solar panels made of monocrystalline silicon can reach around 30 years, which makes
them very profitable despite their high initial cost. Their main drawback is the drop in
performance when solar radiation is insufficient; therefore, they are more suitable for highly

sunny regions. [2]
1.4.2.2. Polycrystalline silicon photovoltaic cell

The manufacturing process of this technology is simpler than that of monocrystalline
silicon, which reduces its cost. Its efficiency is generally between 10% and 15%, lower than that
of monocrystalline cells. However, it has the advantage of operating relatively well under cloudy

weather due to its irradiation flexibility. [3]

1.4.2.3. Amorphous silicon cell

This solar cell presents several advantages. It is inexpensive to manufacture and may be
integrated on different rigid or flexible supports. Another positive point is its ability to capture
solar rays even in cloudy conditions. Its main disadvantage is its low efficiency, which is around
7% at most, meaning that a larger panel surface is needed to obtain useful output. Its performance

also decreases over time. [2]

1.5. Operating modes of a photovoltaic system

Three main modes of operation are generally distinguished for a photovoltaic panel:

autonomous mode, grid-connected mode and hybrid mode. [3]

1.5.1. Autonomous mode

In autonomous mode, the photovoltaic generator is the only electrical energy source used to
supply receivers such as houses, cottages or camps in remote regions, as well as applications such
as monitoring and water pumping. In this configuration, the PV field charges the battery during
sunshine periods, the battery supplies the load and stores electrical energy, the charge controller
protects the battery against overcharge and deep discharge, and a converter makes it possible to

use either direct current or alternating current equipment.
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PV Generator ‘ | Charge Controller Battery DC/AC Converter Loads

Figure (1.7): General layout of an autonomous photovoltaic system.

1.5.1.1. Autonomous system with storage (battery)

This is the most common photovoltaic system. The PV field acts as a charger for the
battery, and the electricity can then be used at any time. This solution is particularly suitable for
domestic lighting, since electricity is also needed when there is no daylight. [3]

Schematic Diagram of an Autonomous PV System with Energy Storage
>
== | DC Load Lighting
BOB0| Dpisconnect
pr—
4 Audio / Visual
=]
DC Bus
= . | ® |
Zz = -I 2 =
PV Array o Computer / IT
(Solar Panels) Autonomous |
Inverter -
—— 3 |
Refrigerator
. Direct Current (DC) Battery Bank -
w— Alternating Current (AC) (Energy Storage)

Figure (1.8): Autonomous system with storage (battery).

1.5.1.2. Autonomous system without storage

This type of system does not require electricity storage, either because the energy produced
by the cells is sufficient under low illumination, as in the case of calculators, or because the
operating time of the load is not critical, as for water pumping systems. [3]
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1.5.2. Grid-connected mode
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Figure (1.9): Autonomous system without storage.
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In this mode, the photovoltaic system is connected directly to the electrical grid and is

installed close to the demand. It may be mounted on an individual residence or a commercial
center so that it feeds the local load and injects surplus daytime production into the grid. At night,
the load draws the required energy from the grid. This solution avoids the cost of electricity

storage and reduces the need for batteries, which lowers the overall system cost. [4]
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Figure (1.10): Grid-connected photovoltaic system.
10



Chapter State of the Art of Photovoltaic Energy

1.5.3. Mode connected to a generator set

This system is mainly used in remote communities or villages. The PV generator operates
in parallel with diesel generators of the village network and provides electricity when solar

radiation allows it. This reduces expensive diesel fuel consumption in remote areas and decreases

the operating hours of the generators. [4]

Example of a Hybrid System (PV / Diesel Generator Coupling)

Poreareld E_ m

.9 AC Bus “‘I"

Ganerator 2 .7- | @
2 -

o (o] = _

Gererator N . oC -‘ "-“

e LT

PV Generator ‘
Solw ™V amay

Déeand geeeratons and $e P aray supply the same AL Bus Suoagh the imwerter

Figure (1.11): Photovoltaic system connected to a generator set.

1.5.4. Hybrid mode

A hybrid energy system includes more than one electricity source such as photovoltaic
panels, fuel cells, wind generators, storage batteries and generator sets. This type of installation is
often used for electrification far from the grid. Different configurations are possible, such as
PV/thermal, PV/battery, PV/fuel cells, PV/wind/battery, PV/wind and PV/generator set. The

choice mainly depends on the meteorological characteristics of the installation site. [3]
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Wind Turbine - Mixed 48 V Connection Diagram

Renewable Energy

48 V Wind Turbine

12 V Batteries Connected in Series

T 24V Solar Panel
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Wind Charge g =
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Figure (1.12): Hybrid autonomous photovoltaic supply system.

1.6. Solar radiation

Solar radiation is the raw material of solar energy. It is an electromagnetic wave
propagation with wavelengths ranging approximately from 0.2 to 4 x 107® m. It does not need a
physical medium to travel. When it reaches the ground, part of its intensity has already been lost
because part of the ultraviolet radiation is absorbed in the atmosphere. Three main types of solar

radiation are generally distinguished: direct radiation, diffuse radiation and albedo. [4]

1.6.1. Direct radiation
Direct radiation is the radiation received directly from the sun. It creates shadows and can

be concentrated by mirrors. It may be measured by means of a pyrheliometer. [4]

1.6.2. Diffuse radiation
Diffuse radiation is emitted by obstacles such as clouds, the ground and buildings, and it
reaches the receiver from all directions. It may be measured by a pyranometer equipped with a

sun-shading screen. [4]

1.6.3. Albedo

Ground albedo is the radiation reflected by the ground or by objects located on its surface. This

albedo can become significant when the surface is highly reflective, such as water or snow. [4]
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Sun
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Figure (1.13): Schematic view of the different types of radiation.
1.7. Components of a photovoltaic system

1.7.1. Photovoltaic modules
A photovoltaic module is a direct current electrical generator when exposed to light. It

generally consists of a rigid frame, often made of aluminum, which allows fixing, and a
transparent tempered glass cover on the upper side. Inside, several photovoltaic cells are
electrically connected together. These cells generate the current. They are assembled in series or

in parallel inside the module in order to increase power and improve resistance to the external

environment. [5]
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Figure (1.14): Structure of a photovoltaic module.
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1.7.2. Characteristics of a PV module

1.7.2.1. Open-circuit voltage
When a photovoltaic cell is placed under a constant light source without any load connected

to its terminals, it produces a continuous voltage of about 0.6 V. This voltage is called the open-

circuit voltage, and it varies slightly with temperature and illumination. [5]

1.7.2.2. Short-circuit current

Conversely, if the photovoltaic cell is short-circuited, it delivers a maximum current at zero
voltage. This is called the short-circuit current. The photocurrent provided by the cell is
proportional to light intensity and to the panel area involved; therefore, the greater these

parameters are, the larger the resulting current will be. [5]

1.7.2.3. Maximum power

The main objective for the user of a photovoltaic generator is to obtain the most optimal
energy production possible. The maximum electrical power that a module can provide is
associated with a maximum voltage Umax and a maximum current Imax. Under standard test
conditions (25°C and an irradiance of 1000 W/m?), this maximum power is called peak power

and is measured in watt-peak (Wp). [5]
Pmax = Vmax X IMaX.......ccoouiiiiiii e 1.1
1.7.2.4. Efficiency

Energy efficiency is defined as the ratio between the maximum produced power and the
solar radiation power reaching the module. If S is the module area and E is the irradiance in

W/mz, then the efficiency may be written as: [5]
NP/ (S XE) o 1.2

where 1 is efficiency, Pm is the peak power of the photovoltaic module, S is the module

area, and E is the irradiance under STC conditions. [5]

1.7.2.5. Fill factor

For a good-quality solar cell, the fill factor is generally greater than 0.7 and decreases when
temperature increases. The fill factor is a measure of the effectiveness of the real I-V

characteristic of solar cells.
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FF = (Vmax X Imax) / (Voc X ISC) ccccooiiiiiiiiiiiiiiiiiiiiiin, 1.3

1.8. Advantages and disadvantages of photovoltaic solar energy

Advantages:

v"Independent energy source, since the fuel - solar radiation - is renewable and free.

v Clean and non-polluting energy that does not emit greenhouse gases and does not
generate waste during operation.

v" Produces the required electrical energy and reduces vulnerability to power failures.

v' Easy system expansion; the installation size may be increased later to follow load
requirements.

v" Selling surplus production may help recover the investment cost or even generate
income.

v Minimal maintenance and no noise during operation.

Disadvantages:

v Manufacturing photovoltaic panels requires advanced technology, extensive research
and development, and costly investments.
v The efficiency of photovoltaic panels remains relatively limited.

v Domestic installations often require an auxiliary storage system such as batteries.

1.9. Conclusion

In this chapter, we reviewed the history of photovoltaic energy and followed its
development from the first observations of the photovoltaic effect to the emergence of modern
solar cells. We also highlighted the many advantages of this clean and renewable energy source,
including its ability to generate electricity without harmful emissions, its versatility in domestic
and industrial applications, and its potential to reduce dependence on fossil fuels. At the same
time, we pointed out the main drawbacks associated with this technology, especially cost and

efficiency limitations.
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I11.1 Introduction

Photovoltaic solar energy results from the direct transformation of part of light into electricity.
This conversion is carried out through a so-called photovoltaic (PV) cell, based on a physical
phenomenon called the photovoltaic effect, which consists of producing an electromotive force
when the cell is exposed to light. The generated voltage may vary depending on the material used
to manufacture the cell. The connection of several cells in series and/or in parallel gives rise to a
photovoltaic generator (PVG), whose current-voltage characteristic (I-V) is nonlinear and
presents a maximum power point. Today, depending on need, the electrical energy produced is
available either as direct electricity to supply a load or as energy stored in batteries. [6]

This chapter focuses on photovoltaic conversion. First, the structure and operating principle of
photovoltaic cells are briefly described. The chapter then studies the influence of meteorological
parameters, namely temperature and irradiance, on the electrical behavior of a solar cell. A PV
model is also presented, specifically the single-exponential model.

1.2 Photovoltaic Cells

The operation of solar panels depends on one main component: the photovoltaic cell. These
small square elements, which form photovoltaic modules, have the remarkable ability to convert
sunlight into electricity. They are the building blocks of solar panels. They are electronic
components that produce electricity from sunlight. They are very thin, approximately 200
micrometers, and only a small quantity of material is sufficient for their manufacture. Each solar

panel generally contains between 60 and 72 photovoltaic cells. [6]

Figure (11.1): Solar cells.
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11.2.1 Operating Principle of a Photovoltaic Cell

The operation of a photovoltaic cell is relatively simple. A semiconductor, such as silicon,
with a negative side and a positive side is exposed to light. When photons strike the silicon
atoms, they set electrons in motion; these electrons move in different directions according to their
charge. This movement of electrons generates an electric current. In order for electrons to be
attracted to one side or the other of the device, the photovoltaic cell must have a negative side and
a positive side. The silicon used on the surface is therefore previously charged, or “doped,”
negatively by adding phosphorus. Similarly, the silicon used on the back side of the photovoltaic
cell is positively charged with boron. This charge difference between the lower side and the

upper side causes electron movement, as shown in the figure below. [7]

Types of photovoltatic cells Solar light

. Anti-reflection
coating (ARC)

Photon excites
an electron

N-type silicon (phosphons)
PN junction (depletion reglon) ——
Paype silicon (boron) —

Rear L
(back comact)

Figure (11.2): Operating principle of a photovoltaic cell.

11.2.2 Silicon as the Basic Material

The most widely used material for manufacturing photovoltaic cells is silicon, obtained from
silica, which is abundantly present in sand or quartz. Produced in the form of an almost pure
ingot, silicon is then cut into thin slices called wafers. These wafers are treated to obtain a

positive side and a negative side in order to form photovoltaic cells. [7]
18
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Silica is widely available and inexpensive. It is the transformation of silica into silicon,
followed by wafer cutting and chemical treatment, that accounts for the high financial and
environmental cost of manufacturing silicon-based photovoltaic cells. Depending on the

processes used, different types of silicon can be obtained: [7]

« Amorphous silicon;
« Polycrystalline silicon;
» Monocrystalline silicon.

Recently, the use of other materials has been studied in order to respond to the rapid global
growth in demand for photovoltaic panels by finding less expensive and cleaner processes. The
use of copper or plastic materials, in particular, appears to offer interesting prospects; however,

their efficiencies remain too low to compete seriously with silicon. [7]

e

Monocrystalline Polycrystalline Amorphous silicon
silicon cell silicon cell (Thin-film) cell
(Single-crystal silicon) (Multi-crystal silicon) (Non-crystalline silicon)

Figure (11.3): Silicon photovoltaic cells.
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11.2.3 Different Types of Photovoltaic Cells

The table below summarizes the main types of photovoltaic cells, their maximum efficiencies,

and their principal advantages and disadvantages. [7]

Cells

Maximum efficiency

Advantages

Disadvantages

Amorphous

photovoltaic cells

silicon

la.

8 %

e Proven and affordable
technology.

* Can be used in flexible or
rigid form.

* Works even under low

light.

* Very low efficiency.
* Not suitable for high-

output production.

Polycrystalline silicon | 18 %
photovoltaic cells * Best efficiency/price | + Costly manufacturing
ratio on the market. process.
* Requires optimal light
conditions.
Monocrystalline  silicon | 25 %
photovoltaic cells * Excellent efficiency. . Very costly

* Uniform appearance
often considered more
aesthetic than

polycrystalline silicon.

manufacturing process.
* Requires optimal light

conditions.

Table (11.1): Different types of photovoltaic cells.

1.3 Mathematical Models of a Solar Cell

The simplest equivalent circuit of a solar cell is a current source connected in parallel with a

diode, as shown in Figure (I1.4). The output of the current source is directly proportional to the

light falling on the cell. In darkness, the solar cell is inactive and behaves like a diode: it produces

neither current nor voltage. However, when light falls on the solar cell, it generates a diode

current. The diode D determines the 1-V characteristics of the cell. A series resistance represents

the internal resistance of each cell, while the shunt resistance Rsh is often neglected because it

has a high resistance value. [9]
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11.3.1 Single-Diode Model

> +

1y ! D § R, v

Figure (11.4): Equivalent electrical circuit of a solar cell.

The current is given by the following relation:

Ly = Iy — Io [exp (%) 1] = Fyee e 1.1
Ipn = Hee + Ki(T = 298)] oo 1.2
1 1
Iy =L [#efr exp @ .................................................... 1.3
Is = e 1.4
exp s heser)-
Ion =2 ’fs ............................................................................ 1.5

Where:

Iph : photocurrent;

Icc : short-circuit current;

10 : saturation current;

Irs : reverse saturation current of the diode;

Ish : shunt current, i.e., current flowing through the shunt resistance;
\oc : open-circuit voltage;

Tref : reference temperature;

g: 1.6 x 1019 C, elementary electric charge;

n : diode ideality factor;

N : 36, number of cells;
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K :1.3805 x 10"-23 J/K, Boltzmann constant;
Eg: 1.12 eV, silicon band-gap energy;

Ki : 0.003, coefficient of Icc;

Rs : series resistance;

Rsh : shunt resistance.

11.3.2 Double-Diode Model

Figure (11.5): Equivalent electrical circuit of a solar cell (double-diode model).

The current is given by the following relation:

Where: n; and n, are the diode ideality factors; R; is the series resistance; Rg, is the shunt resistance; G is solar
irradiance; T is the cell temperature.

Ipy = Lp — Ix [exp (—1(;:;:;)) - 1] — Iy, [exp (—1(:1:1\']1:;)) - 1] Rl 5 1.6
Ipn = Usc + Ki(T = 298)] mo oo 1.7
ID1 = 11-51 (%)3 exp [Zlii (T;Lef — %):I ....................................................... “8
IDZ = ITSZ (%)3 exp Zzili (Trlef - %)] ...................................................... “9
Lo = e . = Isc 11.10
rsi — VvV ylyrg2 — Vi | ctrecrreterectnattttttttttteaaans
€ p(Mf,K}ET))_ eXp(M;V;C(T))_l
I = V;S"’fs ................................................................................ .11
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11.3.3 P-V and I-V Characteristics of Photovoltaic Modules at 1000 W/m2 and 25°C

The (V) and P(V) characteristics under standard conditions (T = 25°C, E = 1000 W/m?2) were
obtained by simulation using MATLAB. The current-voltage 1(V) and power-voltage P(V)
characteristics of the photovoltaic cell are shown in the following figures:

Current-Voltage (I-V) Characteristic of a Photovoltaic Cell

Open<ircult voltage |Vb:a;

X 00V

Current (A)
w
or—m 71—

M YOA

5 10 15 20 25 30 35 40 45
Voltage (V)

Figure (11.5): I-V characteristic of photovoltaic modules at 1000 W/m2 and 25°C.

The first figure represents the current-voltage characteristic of a solar cell under E = 1000
W/mzand T = 25°C. The short-circuit current is 5.06 A and the open-circuit voltage is 21.96 V.

Power-Volitage (P-V) Characteristic of a Photovoltaic Cell
T T T T T T
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Figure (11.6): P-V characteristic of photovoltaic modules at 1000 W/m? and 25°C.
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The second figure represents the power-voltage characteristic of a solar cell under E = 1000
W/m?2 and T = 25°C. The maximum power is Pmax = 80 W. It can be observed that as voltage

increases, power increases until it reaches the optimal value Pmax, and then it decreases.

The study is carried out on a photovoltaic panel composed of 36 multicrystalline cells
connected in series to form one branch. Two branches are then connected in parallel to produce a

maximum power of 80 W.

11.4.Grid-Connected Solar PV Systems: Parallel and Series Configurations

11.4.1. Series Connection of Photovoltaic Cells

In a series configuration, the same current flows through all the cells, and the resulting
characteristic of this arrangement is obtained by adding the voltages for a given current. Figure
I1.6 presents the resulting characteristic (ICS, VOC) obtained by connecting NS identical cells
(IC, VC) in series [16].

45

4

kX3
= \ \x
= 2 \ \
g <oa 1 Cellule _’\ 2 Cellules --i-\
b 2

\
1 \ \
| \
g
0 0.2 0.4 0.6 0.8 1 1.2 14
Tension V (V)

Figure (11.7): 1-V characteristic of two photovoltaic cells connected in series.
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11.4.2. Parallel Connection of Photovoltaic Cells

The properties of cells connected in parallel are the opposite of those of cells connected in series.
Thus, in a parallel configuration, the cells are subjected to the same voltage, and the resulting
characteristic is obtained by adding the currents for a given voltage. Figure 11.7 illustrates the
resulting characteristic (ICP, VCP) obtained by connecting NP identical cells (IC, VVC) in parallel
[16]:

; >
2 cellules \

Couwrant1(A)
w
1

! \
e oW

o 0.1 0.2 03 0.4 0.5 0.6 0.7
Tension V (V)

Figure (11.8): I-V characteristic of two photovoltaic cells connected in parallel.

11.5 Influence of Meteorological Parameters on the Operation of the PV

Generator

The following figures represent the current-voltage 1(V) and power-voltage P(V)
characteristics under the same irradiance condition (E = 1000 W/m?2) and for different
temperatures (T = 25°C, 60°C, and 85°C).

11.5.1 Influence of Temperature on the Cell

The open-circuit voltage decreases as temperature increases. By contrast, the short-circuit
current increases slightly with temperature, while the maximum power decreases. Therefore,

temperature has a negative influence on the open-circuit voltage.
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11.5.1.1 1-V Characteristic
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Figure (11.7): 1(V) characteristic for different temperatures (G = 1000 W/m?).

11.5.1.2 P-V Characteristic
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Figure (11.8): P(V) characteristic for different temperatures (G = 1000 W/m?2).

The following conclusion can therefore be drawn: PV cells perform better in a cold

environment with a clear sky.
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11.5.2 Influence of Irradiance on the Cell

The following figures represent the I-V and P-V characteristics of a cell as a function of
irradiance variation (E = 500, 750, and 1000 W/m?2) at a constant temperature (T = 25°C). The
short-circuit current is directly proportional to the incident radiation. Conversely, the open-circuit

voltage increases rapidly for low irradiance levels and then varies more slowly.

11.5.2.1 1-V Characteristic

Module PV |-V Curve

S00Wim2
FEOWIm2

1000Wm2!

Courant
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Tension

Figure (11.9): I(V) characteristic for different irradiance levels (T = 25°C).
11.5.2.2 P(V) Characteristic

Figure (11.10) illustrates the variation of the power delivered by the cell as a function of
voltage for different irradiance values. This makes it possible to deduce the influence of

irradiance on the P(V) characteristic. It can be observed that increasing irradiance causes an
increase in power.
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PV Module P-V Curve (Effect of Irradiance)
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Figure (11.10): P(V) characteristic for different irradiance levels (T = 25°C).
11.6 Shading

11.6.1 Definition of Shading

Photovoltaic modules are very sensitive to shading. Unlike solar thermal panels, which can
tolerate a certain amount of shade, photovoltaic modules should not be shaded, mainly because of

the electrical connections in series between cells and between modules.

Two types of shading are distinguished: total shading and partial shading. Complete shading
prevents all radiation, direct and indirect, from reaching part of the photovoltaic cell, for example
bird droppings, a tree branch on the panel, or a covering. Partial shading prevents only direct
radiation from reaching part of the photovoltaic cell, for example a chimney, a tree, or a cloud.
Often, the cells of a photovoltaic module are connected in series. Thus, the weakest cell
determines and limits the power of the other cells. Shading half of a cell or half of a row of cells
reduces the power in proportion to the percentage of shaded area of a cell; in this case, 50%.

Total shading of one row of cells can reduce the module power to zero. [10]

11.6.2 Shading Phenomenon on Photovoltaic Modules

Adding voltages in the case of a series assembly of PV cells is simple if all the cells are
identical and operate under the same irradiance and temperature conditions. However, as stated
previously, under real operating conditions, if the cells are slightly different or are not uniformly
illuminated, the electrical behavior is not easily predictable and depends on the characteristics of
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each cell and on the irradiance conditions. Several studies have presented mathematical models to
calculate the effects of non-identical cells in a module. Figure (11.11) shows the I-V characteristic
of a PV cell over its entire voltage range. It can be observed that, for a given solar irradiance and
ambient temperature, if the current passing through a cell is greater than its short-circuit current,
the cell operates in reverse-bias conditions with a negative voltage. In this case, excessive power
Is dissipated as heat in the shaded cell, and the cell or its encapsulation may be irreversibly
damaged. This effect is called a “hot spot.” [11]

A
1(A)
Short-circuit Voltage Power
current {isc) losses delivered
! vVi{Vv)
T v . 5 P
15 -10 5 0 a
Bvornd bias Forward bias
region region

Figure (11.11): 1-V characteristic of a PV cell.

In the forward-bias domain, which corresponds to normal operation, the open-circuit voltage
of a crystalline cell is about 0.6 V, whereas in reverse bias the voltage can reach more than -20 V
in the case of silicon. In a series assembly, the current is the same in all cells. If the string current
is greater than the photocurrent of the shaded cell, which occurs in most cases, the shaded cell
operates in reverse mode and dissipates power. This situation is illustrated in Figure (11.12) for

three cells connected in series. [11]
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Figure (11.12): Characteristics of PV cells for a given current in the presence of shading.

If the row of cells operates at a point corresponding to a current Im beyond the short-circuit
current of the shaded cell (cell 2), the module operating point corresponds to a negative voltage
across the shaded cell. This causes energy dissipation. To solve this problem, a bypass diode is
connected in parallel across each series connection of multiple PV cells. If a bypass diode were
connected to each cell, the problem caused by shading would be greatly reduced. However, this is

not a commercially practical solution. [11]

11.6.3 Solutions to Limit the Impact of Shadows on Photovoltaic Panels

A. Type of Panel

One might imagine that when a leaf remains stuck on a panel, only the area of photovoltaic
cells under the leaf stops producing electricity. This is not the case. In fact, a photovoltaic panel
is generally divided into three distinct electrical zones (1/3, 1/3, and 1/3). When a leaf remains
blocked on a solar panel, one third of the panel no longer produces electricity. The loss can even
reach 60% or 100% if the obstruction is located on the side of the panel, blocking the beginning
of the three lines.

Some panels are designed so that energy circulates in independent and parallel rows and also
includes a grid, namely six horizontal rows and three vertical columns. With these panels, there
are 18 distinct zones instead of 3. Consequently, the blocked leaf penalizes only 6% of
photovoltaic production, or one third if the obstruction is on the side of the panel and blocks the
beginning of the lines. [12]
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Polycrystalline

Monocrystalline

Figure (11.13): Some types of panels.

B. Microinverters

Inverters and microinverters are used to transform the direct current produced by photovoltaic
panels into alternating current that can be used by appliances inside the house. When the
photovoltaic installation is connected to a single central inverter, the malfunction of one panel

blocks the entire production.

Installing microinverters on each panel allows all the other panels to continue operating

normally if one panel malfunctions. Only the affected panel will have reduced production. [12]

Ganeral schamatic of a photovoltaic installation with microlmvertess
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Figure (11.14): Microinverter installation diagram.
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Figure (11.15): 1Q7 microinverter.

C. Positioning and Installation Orientation of Panels

It is very important to study the position of photovoltaic panels by examining the shadows
cast throughout the year, not only in summer, because in winter shadows are different and longer.

Neighboring houses, trees, and chimneys can create shade.

Landscape orientation can also optimize energy production, since leaves often accumulate at
the bottom of panels. Shadows can have very harmful consequences for electricity production. To
prevent a small shadow from penalizing all photovoltaic panels, microinverters should preferably
be used. They are more expensive to purchase but do not need to be replaced every ten years like
a central inverter. Specialized photovoltaic panels should also be chosen. Finally, photovoltaic
production should be checked regularly through a monitoring application and visually whenever
possible. [12]

ALTOMNE /
PRINTEMPS

Figure (11.16): Inclination of solar panels.
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I11.7. Conclusion

In this chapter, the modelling of a photovoltaic module using the single-diode model was
presented. The effect of meteorological variations, namely temperature and irradiance, on the
produced energy was also examined. Finally, the phenomenon of partial shading and its effect on

the PV panel were considered.
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I11.1 Introduction

The design of an adaptation stage makes it possible to connect a photovoltaic generator
(PVG) to a direct-current (DC) load with a very high conversion efficiency. In practice, this stage
represents the idealized basic functions of a DC-DC switching converter. It is called an
adaptation stage because it links the four electrical quantities at its input and output ports: input

voltage, input current, output voltage, and output current.

I11.2 Principle of Maximum Power Point Tracking (MPPT)

A photovoltaic generator has an operating point at which the delivered power is maximum.
Optimization consists of maintaining this point continuously by automatically acting on the load
seen by the generator. In principle, this load adaptation is generally achieved by means of a static
converter whose losses must be as low as possible. The converter may also perform the function
of shaping the output power. Different approaches can therefore be considered for controlling the
adapter. [13]

This type of control is commonly known as Maximum Power Point Tracking (MPPT).
Figure (I11.1) shows a basic photovoltaic conversion chain associated with an MPPT control. To
simplify the operating conditions of this control, a DC load is selected. In solar conversion, the
adapter can be implemented using a DC-DC converter so that the power supplied by the PVG
corresponds to the maximum power it can generate, before being transferred directly to the load
[13], [14], [15].

Dec-ne 5 3 bc
Converter 2 Load

Sun

I Duty cycle D

MPPT
Controt

Figure (111.1): Principle diagram of the MPPT converter.

The commonly used control technique consists of automatically acting on the duty cycle in
order to bring the generator to its optimal operating value, regardless of meteorological
instabilities or sudden load variations.
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111.3 MPPT Management
Figure (111.2) illustrates three disturbance cases. Depending on the type of disturbance, the
operating point moves from the first maximum power point MPP1 to a new operating point P1

that may be more or less far from the optimum.

In the case of a change in irradiance, it is sufficient to readjust the duty-cycle value in order to
converge toward the new maximum power point MPP2.

In the case of a change in the operating temperature of the PV generator, action is also required at
the control level.

In the case of a load variation, the operating point is modified, but it can recover a new optimal
position through the action of the control system.

In summary, MPP tracking is achieved by a specific control called MPPT. This control mainly

acts on the duty cycle of the static converter (SC) to search for and reach the MPP of the PV

generator. Several MPPT operating principles exist, with different performance levels depending

on the properties of the PV generator [16].
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Figure (111.2): Search and recovery of the maximum power point.
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111.4 MPPT Control

In order to obtain a better output voltage from a converter, it is necessary to control the
converter switches. This is achieved using one of the available control techniques. The choice of
the technique depends mainly on the intended application of the device. Several control types are
used for converters, including analog control, generally based on operational amplifiers, and
digital control, generally based on programmable integrated circuits such as microcontrollers.
The latter is the type of control used for the converter considered in this work. MPPT control
provides more reliable control signals and uses operating principles that are more or less efficient
depending on the properties of the PV generator [17].

111.4.1 Principle of MPPT Control

By definition, an MPPT control associated with an intermediate adaptation stage allows a
PV generator to operate so that it continuously produces its maximum power, whatever the
meteorological conditions such as temperature and irradiation. The converter control places the
system at the maximum operating point, defined by VMPP and IMPP. On the power curve shown
in Figure (111.3), the output power delivered by the module is the product of voltage and current.
At both ends of the I-V curve, the output power is zero because either the current or the voltage is
zero. The maximum power point is the point on the curve where the product of current and

voltage reaches its maximum [18].

A P=Poax A
Power
J/ Ise Current

=~ N A A ~
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£ = 3
3 : o
< :

P=0 :

\ e\
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Figure (111.3): I-V curves and output power curve for a photovoltaic module.
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The MPPT control varies the duty cycle of the static converter using an appropriate
electrical signal in order to extract the maximum power that the PV generator can deliver. This
duty-cycle variation depends on the evolution of the converter input parameters, namely current,

voltage, and therefore PV power, until the operating point is placed on the MPP [19].

I11.5 Classification of Maximum Power Point Tracking Algorithms
The classification of tracking algorithms may be based on the function of the techniques or
on the control strategies used. Accordingly, two categories can be identified: indirect methods

and direct methods.

111.5.1 Indirect Methods

Indirect methods use databases containing the characteristics of PV panels under different
climatic conditions, such as temperature and irradiance. They may also use empirical
mathematical equations to determine the maximum power point. These methods are often
specific to each panel type and are therefore difficult to generalize. Examples include the curve-
fitting method, the look-up table method, the open-circuit voltage method, and the short-circuit

current method.

111.5.1.1 Open-Circuit Voltage Method of the PV Generator

This algorithm is based on the fact that the voltage of the PV generator at the maximum
power point is approximately proportional to its open-circuit voltage. The proportionality
constant K1 depends on the photovoltaic cell technology, the fill factor, and the meteorological
conditions. The open-circuit voltage Voc is measured by periodically interrupting the normal
operation of the system. The data are stored and the MPP is then calculated using the following

relationship:

KU = YMPR o CONSEANE < Lo 1.1
Voc

The operating voltage is then adjusted to obtain the optimal voltage. This process is
repeated periodically. Although this method is simple, it is difficult to choose an optimal value of
K1 [20], [21]. Its advantage is that it does not directly account for the influence of irradiance,
temperature, or panel aging. For this reason, it suffers from inaccuracy, but it remains simple and

inexpensive [21].
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111.5.1.2 Short-Circuit Current Method
This method is similar to the previous one. It is based on the proportionality between the
short-circuit current and the current at the maximum power point, according to the following

equation:

K2 =II;“£ A CONSEANT < 1 oot e e 1.2
SC

This method has the same advantages and disadvantages as the open-circuit voltage method.

111.5.2 Direct Methods

Direct methods use measurements of panel voltage and current, and their algorithms are
based on the variation of these measured quantities. Their main advantage is that they do not
require prior knowledge of the PV panel characteristics. Among these techniques are the
differentiation method, Perturbation and Observation (P&O), and the Incremental Conductance
method [21].

111.5.2.1 Perturbation and Observation (P&O) Method

The Perturbation and Observation method is one of the most widely used MPPT
techniques. It is an iterative method for obtaining the MPP: the PV panel characteristics are
measured, and then a small perturbation is applied to the voltage in order to analyze the resulting
power variation. The principle of P&O MPPT control consists of perturbing the PV voltage Vpv
by a small amplitude around its initial value and analyzing the behavior of the resulting power

variation Ppv.

As shown in Figure (111.4), if a positive increment in VVpv produces an increase in Ppv, this means
that the operating point is located to the left of the MPP. Conversely, if the power decreases, the
system has already passed the MPP. The same reasoning can be applied when the voltage
decreases. From this analysis, it becomes possible to locate the operating point relative to the
MPP and to converge toward the maximum power point through an appropriate control
command. In short, after a voltage perturbation, if the PV power increases, the direction of
perturbation is maintained; otherwise, it is reversed in order to resume convergence toward the
new MPP [21].
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Figure (111.4): Convergence scheme toward the MPP using P&O.

Figure (111.5) shows the classical algorithm associated with P&O-type MPPT control,
where power evolution is analyzed after each voltage perturbation. This type of control requires
two sensors, one for PV current and one for PV voltage, in order to determine the PV power at

every instant.

The P&O method is widely used because it is easy to implement. However, it has some
drawbacks related to oscillations around the MPP in steady state, since the search procedure must
be repeated periodically. These oscillations can be minimized by reducing the perturbation step.
Nevertheless, a small step slows down the search for the MPP, which requires a compromise
between accuracy and speed. This makes the control difficult to optimize. P&O gives good
efficiency on relatively sunny days when the MPP evolves slowly and proportionally with solar
radiation, but it can produce more losses during days with frequent and sudden irradiance

changes because of the response time needed to reach the new MPP [21].
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Figure (111.5): Typical flowchart of the P&O method.

111.5.2.2 Incremental Conductance Method
This method is directly concerned with variations of power as a function of voltage. The

power produced by the PV generator can be expressed as:

The conductance and the increment of conductance can be identified by differentiating this

equation with respect to the PV voltage Vpv:

L 9Ppv _ lpv  dlpy 1.4

Vpy dvpy Vpy  dvpy

At the maximum power point, this relation is equal to zero. This leads to the following set of

conditions:

dppv dlpy _ Ipv

- .
dvy, dvy, Vow
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dp dl I

— B > 0 o = = III.6
dvp,, dvp,, Vpy

dp dal I

L 0 o =B = 1.7
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The principle consists of comparing the conductance G = Ipv / Vpv with its derivative AG = dIpv
/ dVpv, and then deciding whether to increase or decrease the PV voltage in order to reach the
maximum power point where dPpv / dVpv = 0. The incremental conductance method is often
considered effective for MPP tracking. However, the algorithm is more complex to implement
and requires more computation, which can reduce the control period of the system [20], [22],
[23].
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Figure (111.6): Flowchart of the incremental conductance method.

The operating point is on the MPP. The operating point is to the left of the MPP. The operating
point is to the right of the MPP.
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111.5.2.3 Classical MPPT Control
A simple method often used in the literature consists of reaching the maximum power point when
the slope dPpv / dVpv reaches the desired value, that is, zero. The control law that provides

continuous extraction of the maximum power point can be written as:

Vopt=k-f3z—z-dt=k-fiz—z ............................................... 1118

Where:

Vopt: optimal voltage corresponding to maximum power.
k: proportional gain.

dPpv / dVpv: variation of power with respect to voltage.
APpv: power variation between two operating points.
AVpv: voltage variation between two operating points.

The functional control diagram is shown in the following figure:

Classic MPPT Control

TR P ) : 15
| |
AP, : " ! - I
— AP, : >
s( AR )
_ 7 !
B
1
)

............................

Figure (111.7): Functional diagram of the classical MPPT control.

111.6 DC-DC Converter (Chopper)

To convert solar energy with better efficiency, it is necessary to operate at the maximum
power point. The photovoltaic generator delivers its full power at a well-defined operating point
on the | = f(V) characteristic. ldeally, the system should operate exactly at this point, but it
fluctuates widely because of temperature and irradiance variations. To overcome this problem
and increase the energy efficiency of the system, an electronic device based on a DC-DC
converter is inserted between the PV generator and the load. Maintaining the operating point at
the maximum power point is achieved by continuous control of the duty cycle of this power
converter. However, this device requires careful attention in terms of sizing, control, and

regulation in order to avoid system instability [24].
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111.6.1 Converter Types
There are three main types of static converters:

111.6.1.1 Step-Down Chopper, or Buck Converter

A step-down chopper is obtained when the switch is placed in series with the load. It is
used for low-voltage applications and converts a DC voltage into another DC voltage of lower
value. In photovoltaic applications, this converter can be used as a source-load adapter when the
direct-coupling operating point is far from the MPP. The Buck converter is usually used as a

battery charger. Its basic diagram is given in the following figure [25].

V., C) D 4 CT RS v,

Figure (111.8): Step-down chopper, or Buck converter.

111.6.1.2 Step-Up Chopper, or Boost Converter

A step-up chopper is obtained when the switch is placed in parallel with the load. Its role is
to convert a DC voltage into another DC voltage of higher value. This type of converter can be
used to supply the grid through an inverter. Its basic diagram is shown in the following figure
[25].
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Figure (111.9): Step-up chopper, or Boost converter.

111.6.1.3 Buck-Boost Converter
The Buck-Boost converter combines the properties of the two previous converters. Its basic

diagram is shown in the following figure [25].

VCCD L li CT RZ "

Figure (111.10): Buck-Boost converter.
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111.7 Equivalent Mathematical Model
In order to synthesize the functions of the boost converter at equilibrium, it is necessary to
present the equivalent circuit diagrams for each position of the switch K. Figure (111.12) presents

the equivalent circuit of the boost converter when K is closed, that is, during the interval t € [0,

L iy 0 i,

,‘C) K o= R |V,

(ON)

1}l

s

Figure (111.12): Equivalent diagram of the boost converter when t € /0, aTs].
As with the Buck circuit, applying Kirchhoff’s laws to the equivalent circuits of the two

operating phases gives:
dv;(t)

ey = Cp = = () = §g(8) oo 119
iCZ = CZ dv;ft) = _lo(t) ............................................................... IIIlO
v,(t) = z%” = 10E) e L.11

When the switch K is open, the equivalent boost circuit is as follows:

16 e e T

Figure (111.13): Equivalent diagram of the boost converter when t € [aTs, Ts].

i1 (6) = €3 P = G (0) = 11(E) o 112
ic2(8) = 6220 = iy (1) — ig(DV (D) = 15 = (1) = V(1) oo 11.13

The input inductance is chosen sufficiently high to smooth the input current.
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111.8 Conclusion
This chapter examined the principle of maximum power point tracking (MPP) for different

algorithms. It also reviewed several DC-DC converter types used as adaptation stages. Finally, it

recalled the operation of MPPT control and presented some existing algorithms used for tracking

the maximum power point.
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1V.1 Introduction

After reviewing the theoretical foundations of photovoltaic energy (Chapter 1), modeling of
the solar system with the influence of temperature and irradiance (Chapter 1), and the principle
of Maximum Power Point Tracking (MPPT) along with DC-DC converters used in the adaptation

stage (Chapter I11), this fourth chapter is dedicated to simulation and results discusion.

The main objective of this chapter is to study the effect of partial shading on the electrical
power produced by a photovoltaic module, using a suitable simulation environment
(MATLAB/Simulink,). The simulation will be based a photovoltaic module capable of producing
a maximum power of 83.28 Watts under standard test conditions (STC).

The simulation scenario will compare the performance of the PV module under two different

conditions:

1. Uniform illumination (no shading): The P-V curve presents a single peak, allowing
conventional MPPT algorithms (such as Perturb & Observe) to operate efficiently.

2. Partial shading condition: A portion of the PV module is shaded, which — as expected —
will lead to complex 1-V and P-V curves exhibiting multiple peaks. This situation reveals the
limitation of conventional MPPT algorithms, which cannot distinguish between local and global
maximum power points. This challenge will be discussed, and potential mitigation solutions will

be proposed.

At the end of this chapter, the simulation results will be presented and analyzed graphically,
demonstrating the impact of shading on energy production and highlighting the importance of
choosing an appropriate MPPT algorithm for partially shaded conditions.

1VV.2 Simulation Environment

The simulation was carried out using the MATLAB/Simulink environment in order to
analyze the effect of partial shading on the electrical performance of a photovoltaic array.

The studied PV system consists of six photovoltaic strings subjected to different irradiance

levels varying from 200 W/m2 to 900 W/m? while maintaining a constant temperature of 25°C.

Bypass diodes were included in the PV model to reproduce realistic operating conditions

and to protect shaded cells from reverse bias effects.
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The simulation mainly focuses on the analysis of the I-V and P-V characteristics under non-
uniform irradiance conditions in order to evaluate the impact of partial shading on power

generation and MPPT operation.

Module data Model parameters
Module: User-defined - Light-generated current IL (A)
Maximum Power (W) Cells per module (Ncell) 8.6307
: 20 Diode saturation current I0 (A)
Open drcuit voltage Voc (V) Short-circuit current Isc (A) e
Diode ideality factor
37.92*20/60 8.62 L

Voltage at maximum power point Vmp (V) Current at maximum pewer point Imp (A)
30.96%20/60 8.07

Shunt resistance Rsh (ohms)

Temperature coefficient of Voc (%/deg.C) Temperature coefficient of Isc (%/deg.C) Series resistance Rs (ohms)
-0.33969 0.063701 0.098625

Figure IV.1 : Electrical parameters of the photovoltaic module used in the simulation

IVV.2.1 Characteristics of the photovoltaic module

The technical characteristics of the photovoltaic module used in this simulation are presented in

the table above (Figure 1V.1). This module consists of 20 cells connected in series.
The nominal parameters under standard test conditions (STC: 1000 W/mz, 25°C) are as follows:

o Maximum power (Pmax) : 83.28 W

Open circuit voltage (Voc) : 12.64 V *(since 37.92 x 20/60 = 12.64 V)*

Short circuit current (Isc) : 8.62 A

Voltage at maximum power point (Vmp) : 10.32 V *(since 30.96 x 20/60 = 10.32
V)*

o Current at maximum power point (Imp) : 8.07 A

This module will be used as a PV generator in all simulations of Chapter IV. It will allow us to

study the effect of partial shading on its electrical production.
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Figure 1V.2 : Partial shading scenario applied to the PV array

*Configuration of irradiance levels across six sub-strings of 20 cells each*

String Cells Irradiance (W/m2) Temperature (°C)
1 1-20 900 25
2 21-40 300 25
3 41 -60 600 25
4 61 - 80 800 25
5 81-100 500 25
6 101 -120 200 25
Interpretation:

The PV array is subjected to non-uniform partial shading. The significant variation in
irradiance (from 200 to 900 W/m?) will lead to current mismatch between series-connected cells.
Consequently, the P-V characteristic is expected to exhibit multiple local peaks and one global
peak, which poses a serious challenge for conventional MPPT algorithms (P&O, IncCond) that
are designed for single-peak curves. This scenario allows us to evaluate and compare the

performance of different MPPT techniques under realistic shading conditions.
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Figure 1V.3 : I-V characteristics for three different partial shading patterns

A Current of String 1, B Current of String 2, C All currents
IV.3 I-V Characteristics Under Partial Shading Conditions

Figure V.3 presents the I-V characteristics of the photovoltaic strings under different
irradiance conditions caused by partial shading. It can be observed that the generated current
varies significantly according to the applied irradiance level on each PV string.

The strings exposed to higher irradiance levels maintain higher current values, whereas the
shaded strings produce lower currents due to the reduction in incident solar radiation. This

mismatch between the PV string currents creates discontinuities (steps) in the global I-V
characteristic.
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These steps are directly related to the activation of bypass diodes, which protect the shaded
cells from excessive reverse voltage and hot-spot phenomena. As the operating voltage increases,

some shaded groups become bypassed, producing multiple transitions in the I-V curve.

The obtained results clearly demonstrate that partial shading strongly affects the electrical

behavior of the photovoltaic array and significantly complicates the operation of conventional
MPPT algorithms.
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Figure 1V.4 : Power-Voltage (P-V) characteristics under partial shading conditions

A Generated Power of Stringl, B Generated Power of String2, C Total Generated Power
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IV.4 P-V Characteristics Under Partial Shading Conditions

Figure IV.4 illustrates the Power-Voltage (P-V) characteristic of the photovoltaic array

operating under partial shading conditions.

Unlike the case of uniform irradiance, where the P-V curve contains a single maximum
power point, the curve obtained under partial shading exhibits several local maxima and one
global maximum power point (GMPP). This phenomenon is mainly caused by the mismatch

between the currents generated by the shaded and unshaded PV strings.

The activation of bypass diodes creates several operating regions in the P-V characteristic.
Consequently, multiple peaks appear at different voltage levels. The first local peaks correspond
to partially active PV groups, whereas the global peak corresponds to the optimal operating

condition of the entire PV array.

The simulation results confirm that conventional MPPT algorithms such as Perturb and
Observe (P&O) and Incremental Conductance (IncCond) may fail under partial shading
conditions. Since these algorithms are designed for single-peak curves, they may become trapped

at a local maximum power point instead of tracking the true global maximum power point.

Therefore, partial shading considerably reduces the efficiency of classical MPPT techniques
and requires the use of more advanced optimization methods capable of distinguishing between

local and global maxima.
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Figure IV.5 : Comparison of PV string current and bypass diode current under partial shading
V.5 Effect of Bypass Diodes Under Partial Shading

Figure IV.5 illustrates the operation of bypass diodes in the photovoltaic array under partial
shading conditions.

Under uniform irradiance, all PV cells generate approximately the same current, and the
bypass diodes remain inactive. However, when some PV groups become shaded, their generated
current decreases significantly compared with the unshaded groups.

In this situation, the bypass diodes become conductive in order to provide an alternative path
for the current generated by the unshaded PV strings. This mechanism protects the shaded cells

against reverse bias operation and prevents the appearance of hot spots that could permanently
damage the photovoltaic module.

The activation of bypass diodes produces discontinuities in the I-V characteristic and
generates multiple local maxima in the P-V curve. Consequently, the electrical behavior of the
PV array becomes more complex under partial shading conditions.

The obtained results confirm that bypass diodes are essential for PV module protection, but

they are also one of the main causes of the multi-peak phenomenon observed in partially shaded
photovoltaic systems.
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Figure IV.6 : Activation of bypass diodes at specific voltage levels under partial shading

IV.6 Comparison Between PV Current and Bypass Diode Current

Figure V.6 compares the current generated by the photovoltaic strings with the current flowing

through the associated bypass diodes under partial shading conditions.

The results show that the shaded PV strings are unable to generate the same current level as the
unshaded strings. As a consequence, a portion of the total current flows through the bypass

diodes instead of passing through the shaded photovoltaic cells.

This current redistribution confirms the protective role of bypass diodes in partially shaded PV
systems. At the same time, it explains the appearance of multiple steps in the 1-V characteristic

and multiple peaks in the P-V characteristic.

The simulation demonstrates that the electrical behavior of the PV array under shading conditions
becomes highly nonlinear and strongly dependent on the irradiance distribution across the
different PV strings.

These results also explain why conventional MPPT techniques experience difficulties in locating

the true global maximum power point under partial shading conditions.
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Chapter IV Simulation and results discussion

1VV.7 Conclusion

In this chapter, the effect of partial shading on the electrical performance of a photovoltaic array
was investigated through simulation. Several shading scenarios were applied, and the resulting I-

V and P-V characteristics were analyzed.

The results clearly show that partial shading transforms the single-peak P-V curve into a multi-
peak curve containing one global maximum power point (GMPP) and several local peaks. This
phenomenon is caused by the activation of bypass diodes, which protect the shaded cells but also

create current steps in the 1-V characteristic.

The comparison of PV string currents and bypass diode currents confirmed that under shading
conditions, a significant portion of the total current flows through the bypass diodes rather than
through the shaded PV cells.

Consequently, conventional MPPT algorithms such as Perturb & Observe (P&O) and
Incremental Conductance (IncCond), which are designed for single-peak curves, are unable to
distinguish between local and global peaks. They often become trapped at a local peak, resulting

in a substantial loss of available power.

Therefore, for partially shaded PV systems, advanced MPPT techniques (e.g., global scan,
Particle Swarm Optimization, or Fuzzy Logic) are necessary to ensure operation at the true global

maximum power point. [26]
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General Conclusion

General Conclusion:

This work focused on the effect of partial shading on the electrical power produced by
photovoltaic panels. The study showed that photovoltaic energy is a clean and renewable source
of electricity, but its efficiency remains strongly dependent on environmental and operating
conditions. Among these conditions, partial shading has a particularly important impact because

it directly affects the current, voltage, and power characteristics of the photovoltaic generator.

The theoretical study first presented the basic concepts of photovoltaic energy, including
the operating principle of solar cells, the different types of photovoltaic technologies, and the
main configurations of photovoltaic systems. It was shown that photovoltaic modules are
sensitive to variations in irradiance and temperature, and that their output power decreases when

operating conditions move away from standard test conditions.

The modelling part allowed a better understanding of the electrical behavior of the
photovoltaic cell. The I-V and P-V characteristics showed that irradiance has a direct influence
on the generated current and power, while temperature mainly affects the open-circuit voltage
and reduces the maximum output power. These results confirm that the performance of
photovoltaic panels depends on both the intensity of solar radiation and the thermal operating

conditions.

The study of partial shading demonstrated that non-uniform irradiance causes a strong
distortion of the electrical characteristics. Instead of having a single maximum power point, the
P-V curve presents several peaks, including one global maximum power point and several local
maximum power points. This phenomenon is mainly due to the activation of bypass diodes,
which protect shaded cells from damage but also create steps in the I-V curve and multiple peaks

in the P-V curve.

The simulation results confirmed that partial shading reduces the available power of the
photovoltaic array and makes maximum power point tracking more difficult. Conventional
algorithms such as Perturb and Observe or Incremental Conductance may become trapped at a
local maximum point and fail to extract the maximum available energy. Therefore, more
advanced MPPT techniques, such as global scanning, fuzzy logic, or optimization-based

methods, are more suitable for photovoltaic systems operating under partial shading conditions.

59



General Conclusion

In conclusion, partial shading represents a major challenge for photovoltaic energy
production. Reducing its impact requires good installation design, appropriate panel orientation,
the use of bypass diodes and microinverters when necessary, and the selection of efficient MPPT
algorithms capable of detecting the true global maximum power point. Future work may focus on
comparing advanced MPPT algorithms under different shading scenarios and validating the

simulation results through experimental measurements on a real photovoltaic installation.
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