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Abstract

This research introduces the simulation of PV array to track the peak point (MPPT) using fuzzy
logic control. Therefore, real time simulation is performed in MATLAB/Simulink based on a PV
model, boost converter and fuzzy logic based tracker. A comparative study is carried out against
perturb and observe (P&O) controller. The fuzzy logic technique based tracker can successfully track
the maximum power point very fast and has precise control when compared to the P&O. The overall
we conclude that the MPPT using the fuzzy logic technique takes a fast response and can improve

the performance of the PV system.

Key words: photovoltaic System, Maximum Power Point Tracking (MPPT),Fuzzy Logic Controller,
Buck Converter, Pulse Wide Modulation(PWM).
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Résume

Cette recherche introduit la simulation d'un générateur photovoltaique pour suivre le point de
créte (MPPT) a l'aide d'un contrdle de logique floue. Par conséquent, une simulation en temps réel
est effectuée dans MATLAB/Simulink sur la base d'un modéle PV, d'un convertisseur élévateur et
d'un tracker basé sur la logique floue. Une étude comparative est réalisée avec un contréleur
perturber et observer (P&O). Le tracker basé sur la technique de logique floue peut suivre avec
succes le point de puissance maximale trés rapidement et dispose d'un contréle précis par rapport au
P&O. Dans I’ensemble, nous concluons que le MPPT utilisant la technique de logique floue répond

rapidement et peut améliorer les performances du systéme photovoltaique.

Mots-clés : systeme photovoltaique, suivi du point de puissance maximale (MPPT), contréleur flou,
convertisseur abaisseur de tension DC-DC, modulation de largeur d'impulsion (PWM).
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General Introduction

This document provides a -ne, polycrystalline, and amorphous silicon are explained in terms of

their structure, operating principles, and efficiency ranges.

The modeling aspects of PV cells and systems are then covered in detail. Equivalent circuit
models are presented that can accurately represent the current-voltage characteristics of a single PV
cell as well as an entire PV generator composed of series/parallel connected cells. The influence of
various parameters like solar irradiance levels, cell temperature, series resistance, parallel resistance
and ideality factors on the I-V curve is methodically analyzed. Modeling equations are derived to
calculate these parameters from manufacturer datasheet values.

A critical aspect discussed is maximum power point tracking (MPPT) required to continuously
extract the maximum available power from a PV generator as environmental conditions change. The
document evaluates different options starting with a simple direct coupling between the PV generator
and load. However, this does not ensure maximum power transfer. DC-DC converters, specifically
the boost converter topology, are introduced as an interfacing stage between the PV generator and

load .

To control the duty cycle of these DC-DC converters and ensure operation at the maximum
power point, several MPPT algorithms are studied. These include the widely used perturb and
observe (P&QO) technique, variants using fuzzy logic to improve tracking performance, as well as a
fuzzy logic based MPPT controller designed completely using fuzzy reasoning concepts like

fuzzification, inference rules and defuzzification. The pros and cons of each algorithm are discussed.

Overall, this document presents a systematic approach to understanding, modeling and
controlling PV systems to enable efficient conversion of solar energy into electricity by continuously
operating at the maximum power point despite variations in solar irradiance, temperature and loading

conditions.
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Chapter I: Photovoltaic generalities

Photovoltaic generalities

I.1. Introduction:

The sun is an almost inexhaustible source of energy sent to the surface of the earth, the annual
radiation represents approximately 15,000 times the energy consumption of humanity. This
corresponds to an instantaneous power received of 1 kilowatt peak per square meter (kWc/m2)
distributed over the entire spectrum, from ultraviolet to infrared. The deserts of our planet receive

more energy from the sun in 6 hours than humanity consumes in a day [1].

For a very long time, man has sought to exploit the energy emitted by the sun. Most uses are
direct, such as in agriculture, through photosynthesis or in various drying and heating applications,
both artisanal and industrial. This energy is available in abundance across the entire earth's surface;
despite significant attenuation when passing through the atmosphere, a significant quantity still
reaches the surface of the earth. We can thus count on 1000 W/m2 in temperate zones and up to 1400
W/m?2 when the atmosphere is lightly polluted by dust or humidity. The solar flux received at ground

level therefore depends on several parameters such as:
e The orientation, nature and inclination of the earth's surface
e The latitude of the collection location, its degree of pollution as well as its altitude
e The time of year
e The moment considered during the day

e The nature of cloud layers

The most favorable areas are listed in the form of an atlas and highlight “solar deposits” on the
earth's surface [2].

1.2. The solar spectrum:

The spectrum of solar electromagnetic radiation covers a very wide range, from radio radiation to
X-rays. We generally distinguish the continuous spectrum, which is approximately that of a black

body at around 6000°K, and the real spectrum emission from the sun [3].
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Figure 1.1 shows the black body energy curve at 6000K, solar radiation outside the atmosphere
and solar radiation at sea level as a function of wavelength. These curves show that 9.2% of the

energy in this spectrum is found in the ultraviolet, 42.4% in the visible and 48.4% in the infrared.

Violet Rouge

Lumiére T
ultra-violette [Lumiére Lumiére infrarouge
[ visible ~
L v ] L R ] R L R R ) I G
= Eclairement solaire hors atmosphére (AMI)
1 Courbe de I'éclairement solaire
20+ / au niveau de la mer (AMI) —
(composantes spectrales : angle solaire
avec le zénith = 0°)
Courbe de I'éclairement solaire
hors atmosphére
15— Courbe relative au corps noir 8 5700 K —

10— =
Composante diffuse : légére brume
Composante diffuse : ciel clair,

05— H,0 altitude élevée =

Eclairement spectral (kWm2 pm)

n ' H & 3 ”‘ P o
0 U 2 0 4 U 6 0. 8 1.0 1.2 14 1.6 18 20 22 24 2.8 2.8 3.0 3.2
Longueur d’'onde (P,m)

Figure 1.1:Solar illumination [4].

From Figure 1-1 we see that solar radiation can be reflected, scattered or absorbed. Furthermore,

the spectra of reflected, scattered, and absorbed radiation are different.

On the earth's surface, the solar spectrum is not the same as in space, because it is reduced by the
absorption of molecules present in the atmosphere (03, CO3, H20). Weather conditions as well as

the presence of micro particles volatilized in the atmosphere.
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1.3. Duality of light:

Light can be considered in the form of electromagnetic waves of wavelength A or in the form of

photons, corpuscles having an energy E linked to A by the following relationship. [5]

E:h,v:% (I-1)

With: h: Planck’s constant (j)
c: speed of light in a vacuum (m)
v: frequency (s ')
A: wavelength (m)

The notion of wave/particle duality is important for understanding the phenomena of interaction
between radiation and a material.

The wavelengths of terrestrial solar radiation are between 0.2um (ultraviolet) and 4pum (infrared)
with a maximum energy at 0.5um. 97.5% of solar energy is between 0.2um and 2.5pum. From 0.4um
to 0.78um, the spectrum corresponds to the visible region. Solar energy sensors must therefore be

compatible with these wavelengths to be able to trap photons and release them in the form of heat or
electrons.

Table 1.1 gives the characteristic energy values of photons for various wavelengths, as well as the
corresponding areas of the light spectrum [6].

A (um) E(ev) Area
0.2 6.2 Ultraviolet
0.4 31 Visible blue
0.5 2.48 Visible yellow-green
0.78 1.59 Visible yellow-green
1 1.24 Infrared
2 0.62 Infrared
4 0.31 Infrared

Table 1.1:Energy values of photons from the solar spectrum.
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For solar radiation to produce an electric current in a given material, thus acting as a sensor, the
photons must first be absorbed by one or more materials sensitive to the wavelength of the photons.
Then, the energy of the photons excites electrons, which are then collected to form a global electric

current.
1.4. Solar radiation:

The radiation emitted by the sun is made up of electromagnetic waves, part of which constantly
reaches the upper limit of the Earth's atmosphere. Due to the surface temperature of the sun (around
5800 K), this electromagnetic radiation is in the wavelength range of visible light (between 0.4 and
0.75 um) and in the near infrared (at-beyond 0.75 and up to approximately 4 um). The energy carried
by this radiation, averaged over a year and over the entire upper limit of the atmosphere, corresponds
to an illumination of 340 Wm™ (Figure 1.5). An energy balance shows that, of this quantity of
illumination brought by the sun to the earth + atmosphere system, approximately 100 Wm™ are
reflected towards space, only the rest is absorbed, one third by the atmosphere and two thirds by the
earth's surface [5,18].

MEITEC
!' FRANCE

Réflexion Réfiexion Fournliture Réflexion

par Ia surface par le ages d'énergle solaire par I"'atmosphére
vers l'espace vers I’ P«M e a l'atmosphére vers I'espace

i5
Absorption
\ / par'atmosphere...
’ ' . e

%

Absorption différée Absorption directe

par la surface par la surface
Ac CONSUtUAMS At hérigue
Action des nuages o St o / Acticn de i surface
autres que les nuages A ; AN
#n W/m~) . s ‘ (en W/m=}
(en W/m<} ¥

Figure 1.2:Solar radiation transmitted to the earth.
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Figure 1.5, published by Météo France, shows that nearly a quarter of this incident lighting is
reflected in space by the atmosphere: such reflection is essentially due to clouds (65 Wm 2), the rest
(15 Wm™?) being due to other atmospheric constituents such as gases and aerosols. This leaves (180
Wm %) which reach the earth's surface at the end of a transmission, two-thirds of which (120 Wm )

takes place directly, the rest (60 Wm ™) taking place by downward diffusion. [7]

A complex process of interaction between downward diffusion and reflection then occurs. Of the
180 Wm 2 incidents, the earth's surface, which has a high average albedo, should return
approximately 50 Wm ™ to the atmosphere. In fact, most of the illumination it thus reflects returns to
it sooner or later and is partially added to the 180-50 =130 Wm of solar radiation not reflected in its
contact. Although the absorption of solar radiation is a continuous phenomenon, we can simplify the
understanding of the preceding process by assuming that the 50 Wm reflected by the surface of the
globe are distributed between 20 Wm 2 definitively returned towards the interplanetary space and 30
W. m—2 which return to the earth's surface after delayed diffusion downwards. This energy is added
to the 130 Wm 2 initially not reflected to constitute approximately the 160 Wm 2 absorbed by the

earth's surface [7].
1.5. Different types of radiation:

As it passes through the atmosphere, solar radiation is absorbed and scattered. On the ground, we

can distinguish several components.

h 3
'albe’i\:“'/l sol
s

Figure 1.3:Different radiation components.
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1.5.1. Direct radiation:
Direct radiation is radiation received directly from the Sun. It can be measured by a pyrheliometer.
The direct radiation received in the plane of the sensor is:
I(a.y) = I.cos(i) (I-2)
With: I: normal direct radiation

I: (Angle of incidence): it is the angle between the direction of the sun and the normal

to the plane [8].

1.5.2. Diffuse radiation:

Diffuse radiation results from the diffraction of light by atmospheric molecules, and from its

refraction by the ground, it reaches the entire sky [9].

Diffuse radiation (Dh) is the radiation emitted by obstacles (clouds, ground, buildings) and comes

from all directions. It can be measured by a pyranometer with a screen hiding the sun [10].

In the sensor plane the diffuse radiation is given by [11]:

Diayy = (F2X2) Dy, + Alb. (1‘%5(“)) G (I-3)

With : Alb: albedo (ground reflection coefficient)

h: sun height [degree]
Dy,: Diffuse on horizontal plane
Gh: Global horizontal

For a vertical plane = Dv=05.(Hh+a.Gh) (1-4)

1.5.3. Albedo or Reflected:
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It is the fraction of incident radiation scattered or reflected by an obstacle. This term being
generally reserved for the ground and clouds, it is an average value of their reflector for the radiation
considered, and for all possible angles of incidence. By definition, the black body has zero albedo.

Albedo (Alb) — reflected energy (|_5)

energy received

1.5.4. Global radiation:

The overall radiation on the ground therefore depends on the composition and thickness of the
atmosphere crossed by the light rays during the day. It is broken down into direct radiation and
diffuse radiation, and it is these two radiations which are exploited by solar generators [12].

In the case of a horizontal surface, the overall radiation is written:
G = I.sin(h) + Dy, (1-6)

For any plane, the global radiation is:

Gay) = In SC;S((:) + %. [1 + cos (g - y)] + %.Alb. [1—cos (g - y)] (1.7)

With: Iy, Direct horizontal
1.6. Solar potential in Algeria:

Solar potential is the total amount of solar energy irradiation received on a given region surface
over time in a specific location. In Algeria, the potential is the greatest in the entire Mediterranean

basin:
e 1169,440 TWh/year
e 5,000 times Algerian electricity consumption

e 60 times the consumption of the Europe of 15 (estimated at 3,000 TWh/year). Average energy

received in KWh/m?/year:
e Coastal regions 1700
e Highlands 1900

e Sahara 2650
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Figure 1.4:Solar potential in Algeria [13].

1.7. Photovoltaic solar energy:

The term "photovoltaic”, often abbreviated by the acronym "PV", was formed from two words
"photo”, a Greek word meaning light and "Volta", the name of the Italian physicist Alessandro Volta

who invented the electric battery in 1800 [ 14].

Photovoltaic solar energy comes from the direct conversion of energy from photons, included in
solar radiation, into electrical energy through sensors made with materials sensitive to visible

wavelengths [15].

1.7.1. The photovoltaic cell:

10
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The photovoltaic cell or solar cell is the smallest element of a photovoltaic installation. It is made
of semiconductor materials and directly transforms light energy into electrical energy.

Photovoltaic cells are made up of:

e A thin semiconductor layer (material with a band gap, which acts as an energy barrier that electrons
cannot cross without external excitation, and whose electrical properties can be varied) such as

silicon, which is a material with relatively good conductivity.
e An anti-reflective layer allowing maximum penetration of solar rays
e A conductive grid on the top or cathode and a conductive metal on the bottom or anode.

The most recent ones even have a new combination of reflective multilayer just below the

semiconductor, allowing light to bounce longer within it to improve efficiency.

1 verre ——— jonction P-N
[ revétement anti-reflexion

[ grille conductrice

1 couche semi-conductrice dopée N

Bl couche semi-conductrice dopée P

[ couche conductrice en metal

Figure 1.5:basic structure of a solar cell.

A photovoltaic cell is based on the physical phenomenon called photovoltaic effect which consists
of establishing an electromotive force when the surface of this cell is exposed to light. The voltage
generated can vary between 0.3V and 0.7V depending on the material used and its arrangement as

well as the temperature and aging of the Cell. [16]

1.7.2. Photovoltaic conversion:

11
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a) Semiconductor

Semiconductor materials are bodies whose electrical resistivity is intermediate between that of
conductors and that of insulators. The four valence electrons of silicon make it possible to form four
covalent bonds with a neighboring atom. In this case, all electrons are used and none are available to

create an electric current. [17]

" @
L@
o ,®
oo & oo
e ® o
&
@
& noyau
e éelectron

Cristal de silicium

Figure 1.6:Atomic presentation of the semiconductor (silicon).

b) Semiconductor doping

To increase the conductivity of semiconductors, impurities are introduced. This process is called

doping. i. N-type doping

We replace a silicon atom with a pentavalent atom (phosphorus p). Four of them provide
connections with neighboring silicon atoms and the fifth remains available; it will be excited towards

the conduction band very easily by thermal agitation.

Hence the number of free electrons will increase significantly: in this case the number of holes is

much lower than the number of free electrons. We thus obtain an N (negative) doped crystal. [17]

12
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Figure 1.7:n-type semiconductor doping. [17]
c) P-type doping

In the same way we introduce trivalent atoms, its three electrons will ensure covalent bonds with
three neighboring atoms but leave a hole in the fourth. This hole moves step by step in the crystal to

create a current.

Here the number of holes is much greater than the number of free electrons of the intrinsic crystal,

we therefore obtain a P-doped crystal (positive), the impurities used are often Boron B. [17]

atome accepteur atome accepteur
ionisé neégatif.
Figure 1.8: p-type semiconductor doping. [17]
d) The PN Junction

A PN junction is the joining of a P-doped region and an N-doped region. During this assembly the
free charge carriers attract each other and recombine in the junction zone where the free carriers

disappear: this is the transition zone. All that remains is the ions in this zone which will create an

13
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internal electric field at the junction and which prevents the free charges remaining in each zone

from crossing the junction to recombine. [17]

@ @D
® @ @ = ® > @ &
n @ @ n > @
@ @ _ ? @ @ @
B iras vy N s = e
- S - =) < s e
P (=) e © P = R
© e S e e S

a) Migration of charges b) Electric field E moving towards the junction plane. Resulting, due to fixed
charges.

Figure 1.9:The pn junction.

1.7.3. Photovoltaic effect:

The conversion of solar energy into electrical energy is based on the photovoltaic effect, that is to
say on the capacity of photons to create charge carriers (electrons and holes) in a material. When a
semiconductor is illuminated with radiation of appropriate wavelength (the photon energy must be at
least equal to that of the energy gap of the material), the absorbed photon energy allows electronic
transitions from the band valence towards the conduction band of the semiconductor, thus generating
electron-hole pairs, which can contribute to the transport of current (photoconductivity) by the

material when it is polarized.

If we now illuminate a PN junction shown in Figure 1.10, the electron-hole pairs which are created
in the space charge region of the junction are immediately separated by the electric field which
reigns in this region, and driven into the neutral zones on either side of the junction. If the device is
isolated, a potential difference appears across the junction (photo voltage), if it is connected to an
external electrical load, we observe the passage of a current even though no voltage is applied to the

device. This is the basic principle of a photovoltaic cell. [18]

14
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Figure 1.10:The photovoltaic effect.

Principle of operation

To create an electric current in a semiconductor, it must be supplied with energy which allows
electrons to be extracted from the valence band to transfer them to the conduction band, i.e. an
energy greater than the forbidden band gap. Light whose photons carry energy: E = hv makes it

possible to achieve this effect: it is the photovoltaic effect.

Light penetrating into a semiconductor therefore allows, if its energy is greater than the gap, to
cause the semiconductor to pass from the insulating state to the conducting state; this phenomenon
increases when the temperature of the semiconductor rises. When an electron is removed from the
valence band to pass into the conduction band, it leaves behind a vacancy or hole in its place, then
another electron close to the valence band can fill that hole and leave behind in turn a hole, we will
thus have established a current of holes. The two types of current will not be differentiated, we will

simply speak of current, whether it is electrons or holes.

Similarly, it is said that the absorption of photon energy by the semiconductor creates pairs of

electron-hole carriers. The photoelectric effect simply changes the electrical conductivity of certain

15
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semiconductors, this is used to make light-dependent resistors, components widely used in cameras
and anywhere light needs to be measured. To transform the photosensitive semiconductor from a
passive component into an active component, it is necessary to be able to generate a carrier current,
therefore providing a force which will force the electrons and holes to flow in two opposite
directions. This force will be produced by an internal electric field coming from the doping of the

semiconductor.[19]

i, - /
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@ @ Collecte
des porteurs
-
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des porteurs _\

Figure 1.11:The operating principle of a PV cell. [19]

1.7.4. Types of photovoltaic cells:
The different techniques used today have made it possible to develop various types of silicon cells:
monocrystalline, poly-crystalline, amorphous.

There are also other types of cells that use other types of materials. has. Monocrystalline silicon cell

When cooling, the molten silicon solidifies, forming only one large crystal. We then cut the

crystal into thin slices which will give rise to the cells.

These cells are generally a uniform blue. Monocrystalline cells are the most commercially
available, offering good electrical efficiency of between 10% and 17%, but require a more complex
and therefore expensive production method. Indeed, obtaining a pure crystal requires a large amount

of energy. [28]
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Figure 1.12:Monaocrystalline photovoltaic cell.

a) Poly-crystalline cell

As silicon cools in an ingot mold, several crystals form. The photovoltaic cell has a bluish
appearance, but not uniform, we can see patterns created by the different crystals. Poly-crystalline
cells have an electrical efficiency of between 11% and 15%. Their manufacturing process consumes

less energy. They thus have a lower production cost but a slightly lower efficiency than that of
monocrystalline cells [20].

Figure 1.13:Poly-crystalline photovoltaic cell.
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b) Amorphous cell
Silicon during its transformation produces a gas, which is projected onto a sheet of glass. The
cell is brown. This is the cell of calculators and so-called “solar” watches; their manufacturing

costs are the most attractive, but they have an efficiency of between 5 and 7%. [20]

Figure 1.14: Amorphous photovoltaic cell.

1.8. Conclusion

Meteorological data regarding radiation is essential for the design of a PV system. Because in the

energy domain, the source defines the nature of the energy and the method of the exploit.

In this chapter, we have defined the main concepts which summarize the behavior of emitted solar

radiation. Then, we carried out the modeling which links its different parameters.

Finally, we closed with a brief explanation of the principle of photovoltaic conversion in the

structure of a solar cell.
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Chapter 11 Modeling of photovoltaic system

11.1. Introduction

Solar cells or photovoltaic cells are components op to electronic which directly transform
sunlight into electricity. They are made using semiconductor materials, that is to say having
properties intermediate between conductors and insulators. The base material in most cases is silicon.
Depending on the manufacturing process, we will obtain more photocells or less efficient, in

amorphous form, polycrystalline, or mono crystalline [2].
Other materials can be used: Gallium Arsenide (AsGa), Cadmium Telluride (CdTe).

The operation of the photocell is based on the electronic properties acquired by silicon when small
numbers of foreign atoms (“impurities”) are substituted for silicon atoms in a crystal lattice: this is

what we call the doping [21].

If the impurity atom contains more electrons than silicon, the material will contain excess free

electrons: it will be called "N" type (e.g. phosphorus doping) [21].

If the impurity atom contains fewer electrons than silicon, the material will be electron deficient:

it will be called "P" type (e.g. boron doping) [21].

A solar cell will be obtained by constituting a junction of two opposite type zones (PN junction)
[16]. In the vicinity of the junction, an electric field appears caused by the imbalance of charges. It
will help to drain the electrons which will have been detached by the energy of the incident photons
(grains of light) [21].

Solar cells are generally combined in series and parallel, then encapsulated under glass to obtain a
PV module

11.2. Equivalent circuit of a solar cell

Presentation and modulation of PV module:

The model does not take into account the internal losses of the current. A diode is connected
in anti-parallel to the current generator light. The output current | is obtained by the Kirchhoff

law:

I = Iph - Id (”'1)
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Iohn: is the photocurrent,

Id:is the diode current which is proportional to the saturation current and it is given by the equation

I = Iy[exp (A*N‘:*VT) —1] (1-2)
V: is the voltage imposed on the diode
Vr =K=T./q (11-3)
I,: is the reverse saturation or leakage current of the diode (A).
Vre = 26mVat 300 K For silicon cell.
T,: is the actual temperature of the cell (K).
K: Boltzmann constant 1.381*10% J /K
q: is the electron charge (1.602*10™*° C).
Vr:is called thermal tension due to its exclusive temperature dependence[22].
Ns: is the number of PV cells connected in series.

A: is the Ideality Factor.

This depends on the photovoltaic cell technology and can be chosen from table 1. It should be

emphasized that A is a constant which depends on the photovoltaic cell technology.
All terms by which, V is divided into equation (11.2)

Under the exponential function are inversely proportional to the cell
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Table 1: Ideality factor (A) [18].

Technology ideality factor
Si-mono 1.2
Si-poly 1.3
a-Si-H 1.8
a-Si-H tandem 3.3

triple a-Si-H 5

cdTe 1.5
CTs 15
GaAs 1.3

The temperature and therefore, vary according to varying conditions. In this work, this term is
designed by 'a" and called thermal voltage (V), the ideality factor, is considered constant and chosen
in Table 1 according to the photovoltaic cell technology. The thermal tension "a" is presented by the

equation (11.4)

__ NgxA*K+T,

. =Ng*xAxVp (11-4)

In[19], 'a' is called "the modified ideality factor" and is considered a parameter to be determined,
while A is the ideality of the diode (see table 2).

e Inthe (Fig. 1b):

In reality, it is impossible to neglect the series resistance Rs and the parallel resistance, due to
their impact on the efficiency of the PV cell and the photovoltaic module. When is taken into

consideration, the equation (R, R11.2) should take the following form:

V+I*RS) _ 1] (“_5)

o=l

Of course, fig. 1b is a simplified form, easy to implement in simulators. But Fig. 1c is the most

representative of the cell.PV
e Inthe (Fig. 1c)
By applying Kirchhoff's law, the current will be obtained by the equation:

I = Iph_ld_lp (“'6)
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I, is the current leakage in parallel resistance.

According to the equation (11.7), the output current of a module containing N cells in series will be

o Y 0 v

a) Ideal single diode model b) Practical model with Rs  c¢) Practical model with Rs and Rp

Figure 11.1:The equivalent circuit of a solar cell and a photovoltaic device.

Table 2 PWX 500 PV module (49 W) characteristics
Settings Value
Pmp (W) 49
Imp (A) 2.88
Vmp (V) 17
Isc (A) 3.11
Voc (V) 21.8
RS (O) 0.55
Noct °C 45
Isc (K°) 134103
Kd (K°) — 72581073
N, 36
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I =1Ly, —1I [exp (%) - 1] - %;’ (1-7)

It is not easy to determine the parameters of this transcendental equation. But this model offers the

best match with experimental values.
11.3. Determination of parameters:

The number of parameters varies depending on the Model choices and the hypotheses adopted by
the researchers. For Example, In[20], [21],1t is considered that o, lo, Rs,R, and the ideal factor are
five parameters which depend on the incident solar radiation and the temperature of the cell. While

[22], [23] the unknown parameters are: Iy, lo ,Rs and y as well as:
y =Ng*xA
In this work, the four parameters to be evaluated are also Ipn, lo, Rs, Rp

11.3.1. Determination of I,;:

According to Fig. 1 a, the output current at standard test conditions (STC) is:

v ) 1 (11-8)

Aref

I = Iph,ref - IO,Tef [exp(

This equation makes it possible to quantify Iy, ref Which cannot be determined otherwise. When

the PV cell is short circuited:

- )- 1] = Lonrer (11-9)

Aref

Isc,ref = Iph,ref - IO.T@f [exP(

But this equation is only valid in an ideal case. So the equality is not correct. Then, equation (11.10)

should be written as follows:
Iph,ref = Isc,ref (11-10)

The photocurrent depends on both irradiance and temperature
G
Iph = m(lph,ref + W * AT) (11-11)

24



Chapter 11 Modeling of photovoltaic system

G: Irradiation (W/m?)

Gyep: Irradiation at STC = 1000 W/m?
AT= =T, — T¢ rer (Kelvin)
T rer: Cell temperature at STC = 25+ 273 = 298 K

I.: Short-circuit current temperature coefficient (A/K) provided by the manufacturer,

I

ph,ref: Photocurrent (A) at STC.

11.3.2. Determination lg:

The Rp shunt resistance is generally considered excellent, so the last term of the relation (Il 8)
should be eliminated for the next approximation. by applying equation (11.8) to the three most
notable points in the standard test state: the open circuit voltage (1=0, V = Vo rer ) the short circuit
current (V=0, | = Iser) and the voltage (Vmprer) and current (Impref ) At maximum power, the

following equations can be written:

Iscref*R
Isc,ref = Iph,ref - IO,ref[exp< aer S) - 1] (“-12)
Vi
0 = Ipnres = lorerlexp (ar2f> —1] (1-13)
Vomref+lpmref*Rs
Isc,ref = Iph,ref - IO,ref[exp( — efarj:l ot ) - 1] (||-14)

The term (-1) must be neglected because it is much smaller than the exponential term. According

to equation (11), and by replacing (Ipn, ref) With equation (11.14):

VDC,Te
0= Isc,ref - Io,ref exp <—areff) (||-15)
_Voc,re
Iorer = Iscref exp( 2 f) (11-16)
I, = DT3exp (j—?) ~1 (11-17)
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Imput T.G
Imput Ly, Vip, L Ve, Haes Ny
Initialisation R=0, R, by eq (21)

Calculate I, by eq (11)
and Io by eq (19)

No
Error > Tolerance

Newton Raphson solution of eq (21)
Err=|Pmax-Pmax.ex|

Figure 11.2: Iteration flow chart.

G L
u_sc »{ [lph]

T3

> + N
O O - Gref

Scope1
Gref
T 273 Tcref

k° Teref1 "

x

:

Iscref

Iscref

Figure 11.3: Detailed deployment.L,,

26



Chapter 11 Modeling of photovoltaic system

Ns -
Ms
K »
W s cref
y -
Aw Eoef! x ]
. ¢ [10_ref]
P—— ] S —
T 5¢ p 25—
o | =
Scope2
Voo 1
wo

Voo

Figure 11.4: Detailed deployment./y ..

h 4

Eg

h

hd

sxpiu(l])

Fenl

1 Tored

(o133

2]
v
|
5]

Toef

Fen2

[10_ref) o]

Figure 11.5: Detailed deployment./,

27




Chapter 11 Modeling of photovoltaic system

M = X
H : Transpart
Delay

l e e

@
v
i 0 Y
— i
o } ) ,{ Sz

Fend

Figure 11.6: Detailed deployment.I,,

]

1000

Y

¥
=
o

<

¥

100

¥
<

Rampi

Yy

Product P

Figure 11.7: presentation of PV module

I1.4. Constitution of a photovoltaic generator (GPV):

The combination of several photovoltaic cells in series/parallel gives rise to a photovoltaic
generator. If cells connect in series, the voltages of each cell add together, increasing the total
generator voltage. On the other hand, if the cells are connected in parallel, the amperage will increase

as shown in the following figures.



Chapter I1: Modeling of photovoltaic system

11.4.1. Association of parallel photovoltaic cells:

The properties of parallel grouping of cells are dual to those of series grouping. Thus, in a group
of cells connected in parallel, the cells are subjected to the same voltage and the resulting
characteristic of the group is obtained by adding the currents at a given voltage. Figures (1. (9; 10))

show the resulting characteristics (lrcc, Vpco) Obtained by associating in parallel (index p) Np

identical cells:

Figure 11.8: Diagram of 2 photovoltaic cells associated in parallel

latension (V)

latension (V)

Figure 11.9: PV characteristic of PV cells Figure 11.10: Characteristic IV of PV cells
connected in parallel. connected in parallel
11.4.2. Association of photovoltaic cells in series:

In a series arrangement, the cells carry the same current and the resulting characteristic of the
series arrangement is obtained by adding the voltages at a given current. The figures (1. (12; 13))

show the resulting characteristic (Iscc, Vsco) obtained by associating in series (index s) Ns identical
cells (ICC, Vco):

29



Chapter I1: Modeling of photovoltaic system

Igee = ¢ and Vsco = Ns * 1

Figure 11.11: 3 cell diagram photovoltaics associated in series

X

latension (V)

Figure 11.12: PV characteristic of cell Figure 11.13: 1V characteristic of cells
photovoltaic cells connected in series photovoltaic connected in serie

Most commercial photovoltaic panels are made up of sub-arrays of cells connected in series. Each
of these subnetworks is itself made up of a group of photovoltaic cells connected in series. The
number of cells per subnetwork is the result of an economic compromise between protection and

losses of a significant part of the photovoltaic generator in the event of a partial fault.

The demonstration site, CDER, is currently equipped with 3 panels, (figure A.1, in the appendix),
each of them is made up of several modules connected together in series and in parallel, referenced:
ISOFOTON 106 W MONOCRISTALLINE, ridges and structured as shown in figure (Il -14) Ipv
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Figure 11.14: Diagram of part of the electricity production plant of photovoltaic system installed at
CDER.

The maximum power delivered by the photovoltaic panel given by the product between the

voltage VVop and the current lop as represented by the following formula:

Brax = Vop * lop

le courant (A)

la tension (V)

Figure 11.15: Characteristic IV of a photovoltaic generator
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la puissance (W)

la tension (V)

Figure 11.16: PV characteristic of a photovoltaic generator.
11.5. Influence of Illumination:

By varying the illuminance between 200 w/m?2 and 1000 w/m?, the characteristic (Ipv=f(Vpv)) is
given by figures (Il. (17,18)). Note that the value of the short-circuit current is directly proportional
to the intensity of the radiation. On the other hand, the open circuit voltage does not vary in the same

proportions, it remains almost identical even at low illumination.

The standard irradiation internationally accepted for musere the response of photovoltaic panels is

a radiant intensity of 1000W/m?and a temperature 25.m?2C°

1000wim?

G=1000wim* 800wim?*

G=800vim?
500wim?

200wim*

latension (V)

Figure 11.17: PV characteristic of the Figure 11.18: Characteristic 1V of the PV

Module PV depending on lighting. module according to illuminance
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11.6. Influence of Température:

By varying the temperature from 0°C to 75°C, the characteristic (Iov=f(Vpv)) is given by figures (II.
(19,20)). We note that the temperature has a negligible influence on the value of the short-circuit
current. On the other hand, the open circuit voltage drops quite sharply when the temperature
increases, consequently the extractable power decreases. When sizing an installation, the variation in

site temperature must be taken into account.

T e | O
“ar e | AT 1 il
T8¢

) | | | ol I
0 5 1 3 2 % » 0 5 1 1 bl % »
latension (V) la tension (V)

Figure 11.19: PV characteristic of the module Figure 11.20: Characteristic IV of the PV

PV according to température module according to temperature

11.7. Influence of series resistance:

Figure (11 (21-22) shows the influence of the series resistance on the IV characteristic of the cell
which results in a decrease in the slope of the PV power curve in the area where the cell functions as
a voltage generator constant.

Figure 11.21: PV module characteristic Figure 11.22: Module Characteristic 1V

PV according to series resistance PV according to series resistance
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11.8. Influence of llluminatio and temperature:

18 T

= E=500wim’T=75°C

E=400wim T=50°C

E=200nim’T=25°C

|
0

le courant (A)

0 5 1 [ i
latension(V)

Figure 11.23: PV module characteristic

according to illuminance and PV temperature

11.9. Influence of ideality factor:

E=§00wim? T=T5°C

E=400w.T=50°C

E=200wint.T=25°C

latension (V)

Figure 11.24: Module Characteristic IVPV

according to llluminance and temperature

Theoretically, the idiolity factor A of poly-crystalline cells takes a value between 1 and 2, while

being close to the value of 1 compared to high currents, it increases to the value for low currents. for

normal operation it is generally equal to 1.3. the curve of the figure (Il -25) confirms the previous

notification.

3.5

25—

le courant (A)

— A=1.3

—A=12

——A=33

Figure 11.25: Characteristic IV of PV module according to Illuminance and temperature
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11.10. DC-DC converters (chopper):

Chopper are DC-DC type converters making it possible to control electrical power in circuits

operating in direct current with great flexibility and high efficiency [23].

The chopper consists of capacitors, inductor and switches. In the ideal case, all these devices do

not consume any active power, this is the reason why we have good efficiencies in the choppers [23].

The cutting technique, which appeared around the 1960s, provided a solution to the problem of

poor efficiency and bulkiness of series power supplies.

In a switching power supply (Figure 11.26), the input voltage is "chopped™ at a given frequency by

a transistor alternately on and off.

This results in a voltage square wave that simply needs to be smoothed to finally obtain a DC
voltage [23].

. ; v D
i I, K
— : }__.
A L 2] ] h
4 4
[ i — Cl L "'L :: ) I 0
A

Figure 11.26: Schematic diagram of a type of switching power supply

From a circuit point of view, the chopper appears as a quadrupole (Figure 11.27), playing the role
of a connecting element between two parts of a network. It can be considered as a transformer of

continuous electrical quantities [23].
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Figure 11.27: Diagram of an electric quadrupole

Regulation of the output voltage at a constant level is achieved by an action on the "duty cycle",
defined as the fraction of the switching period where the switch is conducting (Figure 11.28). The
switch is an on-off (off-saturated) semiconductor device, usually a MOSFET transistor. If the
semiconductor device is blocked, its current is zero and therefore its power dissipation is zero. If the
device is in the saturated state the voltage drop across its terminals will be almost zero and therefore

the power lost will be very small [23].

During operation of the chopper, the transistor will be switched at a constant frequency f with a

closing time = Tds and an opening time = (1-d) Ts. Or:
e Ts: is the switching period which is equal to 1/f

e d: the duty cycle of the switch (d € [0, 1]).

Vo 4 v,

< d.T M J' T

(o) Fermé d'T ouvert! T t

Figure 11.28: closing and opening periods of a switch.

There are several types of DC-DC converters. Among which, we present the principle of the three
types of switching converters (buckle, booster and mixed), frequently used in photovoltaic systems
to generate the desired voltages and currents as well as for the adaptation of solar panels with the
different loads [25 26 27 28].
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11.10.1. Step-down chopper:

The buck converter can often be found in the literature under the name of buck chopper or series
chopper. (Figure 11.29). presents the principle diagram of the buck converter. Its typical application is

to convert its input voltage into a lower output voltage, where the conversion ratio M=V/V; - changes

with the ratio cyclic of the switch.

K '
li 3 I L lp
YYD S—
; +— l I(-.7
Cl v -

Vi __cl Z\D _— | Ve

Figure 11.29: Schematic diagram of a buck converter.

Knowing the real behavior of this converter requires knowing its mathematical model in detail.

For this we must represent the equivalent circuit by the two states of the switch and subsequently
draw the mathematical model linking the input/output variables. (Figure 11.30) shows the diagrams of

the equivalent circuits of a buck converter in the two cases: the switch closed during dTs and the

switch open during (1-d) Ts [25 26 29 30].

I,L N fl L fO
.r Ldl ‘— .
’(‘f V I(’)
, L V]
i _‘J; TC} 7o

(@) Figure 11.30: Equivalent diagrams of the step-down chopper, (a) K closed, (b): open
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By applying Kirchhoff's laws to the two circuits in figure (11.32), we obtain the following systems
of equations:

For the first period d.Ts:
Iey (8) = € 2038 — iy (1)
I, (t) = Cz lL(t) —ip(t) (11-18)

Vi) = LZVi(0) = Vo(0)

For the second period (1-d)T :

avy(t .
I, (8) = €, 28 = 4;()

I, (8) = LSE = iy (£) — ig(t) (11-19)

dLl

Vi) = —Vo(8)

To find a dynamic representation valid for the entire period Ts, we generally use the following
expression [23]:

dx dx
(5T = qi AT+ (1-d)T, (11-20)

dt(1 -D)Ts

By applying the relation (I1.20) to the systems of equations (11.18) and (11.19), we obtain the
equations which govern the system over an entire period:
¢, T = dTy (i - i) + (1 - DTy

O T, = dTy (i, — o) + (1 — )Tyl — i) (11-21)

C

S = AT, (V; — Vo) + (1 = )Ty (—Vy)

After arrangement, we obtain:

. . dVp(t)
io(t) = i,(t) — G, %

i () = 2 (i(t) — ¢, 2Ly (11-22)
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y
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11.10.2. Booster chopper:

The latter is a boost converter, also known as a “boost” or parallel chopper; its basic schematic

diagram is that of (Figure 11.31). Its typical application is to convert its input voltage to a higher

output voltage [23].

D .
1 iL L N I~ 10‘
e B
r IC} Y IC;)
—L« K ——c2 Vo

Vi N -

Figure 11.31: Schematic diagram of a Boost converter

As for the buck converter, the application of Kirchhoff's laws on the equivalent circuits of the

boost converter (see Figure 11.32) of the two operating phases gives [23].

- fl‘[ L ia i1 F — »
AL ‘ _,__WW\ ) —
Y F'Q o Vel I
1 K ) , . - —(1 Vo
\1 _ (1 _‘7(‘- "'n W _ _
(a) (b)

Figure 11.32: Equivalent diagrams of the booster chopper

(a): K closed, (b): open
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11.10.3. Buck-boost chopper:

The buck-boost converter combines the properties of the previous two converters, it is used as an
ideal transformer from any input voltage to any desired output voltage; its basic diagram is illustrated
by (Figure 11.33) [23].

Vi

Figure 11.33: Buck-boost converter

(Figure 11.34) shows the two equivalent diagrams of the buck-boost converter for the two two-

cycle operations [23].

; '. iu
f(j I iO’ i[‘ l
f I ‘1-; (T, v 1 ' T: 7,

(@) (b)
Figure 11.34: Equivalent diagrams of the buck-boost chopper,

(a): K closed, (b): K open

For the first period d.Ts:
ey (8) = € 228 = iy(6) — iy (1)
Icz(t) — Cz dvy (t) — —io(t) (“_23)

L _ o,
V(o) = L = v(0)
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For the second period (1-d)Ts

dVi(t) .
I ® = 6,219 = (o)

Ie, (8) = G228 = i, (£) — ig(t) (11-24)

dL;

Vi(e) = L = vy ()

we find the approximate model of the boost converter [23].

avi(t)
dt )

. 1.,.

I =g(li_C1

io = (1 - d)iy, — C; 22 (11-25)
_ 1 1_ diy

Vi=2(-(1—d)V,+LE

11.11. conclusion:

This chapter is dedicated to presenting the different components of a photovoltaic system.

We studied the principle of the photovoltaic effect, the PV cell and its parameters. Then we do a
reminder of PV systems and their performances and it studies the adaptation stage between a PV
generator and a load which presents the DC-DC converter (chopper).

In the next chapter, we present the MPPT command to find the point where the power of the
photovoltaic generator is maximum.
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Chapter 111: Pursuit of the maximum power point

I11.1. Introduction:

We saw in the previous chapter that the characteristics of a photovoltaic generator depend on solar
irradiance and temperature. These climatic variations lead to fluctuations in the maximum power

point.

In order to extract, at any time, the maximum power available at the terminals of the GPV and
transfer it to the load, an adaptation stage is used. This stage plays the role of interface between the
load and the GPV. It ensures, through a control action, the transfer of the maximum power supplied

by the generator.

The adapter commonly used in PV is a static converter (DC/DC power converter). The conversion

structure is chosen according to the load to be supplied.

In this chapter we will study the direct connection between the photovoltaic generator and the load.
The DC-DC converter used in our photovoltaic system is of the Boost type. Thus, we describe the
MPPT control of DC-DC converters by the disturbance and observation (P&O) algorithm and the
P&O algorithm improved by fuzzy logic in addition to an MPPT algorithm based entirely on fuzzy

logic.
I11.2. Direct connection between photovoltaic generator and load:

The simplest system that can be designed consists of a GPV photovoltaic generator and a load that
directly uses the energy produced from the GPV. This energy is strongly dependent on illumination,

temperature and the nature of the load.

Direct connection is mainly used because of its simplicity of implementation, its low cost due
fundamentally to the absence of electronics [9]. But, it does not guarantee optimal transfer of energy

from the GPV to the load. This configuration is illustrated in figure (111.1).

Générateur ~

photoveltaique

la charge

Figure 111.1: Direct GPV-load coupling
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111.3. Power converter:

The power adaptation stage is carried out by means of a static power converter which are devices
which transform the available electrical energy into a form suitable for powering a load. [24]

The voltage supplied by the photovoltaic panels is a direct type voltage to adapt it to our needs

there are some DC-DC converters (the choppers).
111.3.1. DC/DC converter

Figure 111.2 shows the representation of a DC/DC converter [25].

P,
| |

L
——O—] | O———
— "
Py .
7] . | m[]| -
PV
Generator it Ren
O ——-

Figure 111.2:DC/DC converter

The role of the DC/DC converter (in the context of PV) is to make the adaptation between the
source (GPV) and the load for maximum power transfer. This is done by maintaining the operating
point at or close enough to the MPP for any operating conditions (radiation, temperature, load

characteristic, etc.).
In the following, the operating principle of a DC/DC converter of type Boost is described.

111.3.2. Boost converter:

A Boost converter, or parallel chopper, is a switching power supply which converts a DC voltage
into another DC voltage of higher value. This type of converter is used as a source-load adapter, to
extract the maximum power from GPV.
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Vv |:| s,/ == Ve []

¢

Figure 111.3: Electrical diagram of a Boost converter
When switch S; is activated, the load voltage immediately drops to zero if capacitor C1 is
discharged. The current IL flows through the inductance L following equation [26]:

diy, _ Vov -
L= (I-1)

When S; is deactivated, the inductance is in series with the generator and its f.e.m is added to that
of the generator (boost effect). The current i_ passing through the inductor then passes through the
diode D, the capacitor C1 and the load. This results in a transfer of the energy accumulated in the

inductor to the capacitor. The current then gradually decreases, because V¢n> Vpy:

ﬂ _ va_Vch (I”'2)

dt L

Diode D prevents capacitor C1 from discharging when the switch is activated. The capacitor is

assumed to be large enough to be able to smooth the voltage of the load.

The load voltage is given by:

T 1

Vch V;Jv ~ 1-p PV

-L (11-3)

With D = t"T": is the duty cycle (0O< D < 1).

In our work, we consider the behavior of the circuit in continuous conduction, in this case cited
above, the adaptation between the source and the load is carried out by choosing adequate values of

the duty cycle.
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[11.4. Pursuit of maximum power point:

Improving the efficiency of the PV system requires maximizing the power of the PV generator.
This is possible if the operating point is chosen well by adapting the impedance of the load to the
source. The DC-DC converter will play the role of an impedance adapter thus ensuring operation at
the optimal point which allows the maximum power of the PV generator to be produced [27].

Therefore, maximizing the power of a photovoltaic source amounts to seeking this optimal
operating point. This control is called maximum power point follower. These MPPT methods are
based on iterative search algorithms to find the operating point of the solar module so that the power
generated is maximum without interruption of system operation. They are based on the permanent

maximization of the power generated by photovoltaic PV modules.

The extracted power is calculated from the current and voltage measurements of the module and the
multiplication of these two quantities. These measurements are used by various algorithms that
pursue the actual MPP. There are several types of MPPT algorithms, among which we present the

principle of the disturbance and observation algorithm and the MPPT algorithm based on fuzzy logic.

I11.4.1. Perturbation and observation algorithm (P&O):

The perturb and observe algorithm is considered the most commonly used MPPT algorithm
among other techniques due to its simple structure and ease of implementation. It is based on the
concept that on change the PV generator power equals zero (APpv = 0) at the top of the PV curve, as
shown in (Figure 111.4). P&O works by periodically perturbing (incrementing or decrementing) the
PV generator voltage and comparing the corresponding generator output power P(K) to that of the
previous disturbance P(k-1). If the terminal voltage disturbance results in an increase in PV power
(APpv> 0), the disturbance must be kept in the same direction, otherwise the disturbance is moved in
the opposite direction. The disturbance cycle is repeated until reaching the maximum power at
(APpv=0). The P&O organization chart is shown in (Figure 111.5) [28].
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Figure 111.4: Search for PPM by the (P&QO) method
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Figure 111.5: Flowchart of the P&O algorithm
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111.4.2. MPPT algorithms based on fuzzy logic:

Fuzzy logic control has been used in MPPT maximum power point tracking systems; this control
offers the advantage of being a robust and relatively simple control to develop and it does not require

exact knowledge of the model to be regulated.

The implementation of a fuzzy controller is carried out in three stages, which are: fuzzification,

inference and defuzzification.
111.4.2.1. Principle of fuzzy logic:

The general principle and basic theory of fuzzy logic is the description of a phenomenon which
generally contains fuzzy expressions such as: Hot, cold. Fast, slow. Large, medium, small. Max, min.

Positive, zero, negative...etc.

The elements constituting the basic theory of fuzzy logic are: Linguistic variables, fuzzy sets and

membership functions [29].
111.4.2.2. Linguistic variables and fuzzy sets:

The imprecise description of a certain situation, a phenomenon or a physical quantity can only be
done by relative or vague expressions, namely; (large, small, positive, negative, etc.). These different
classes of fuzzy expressions called fuzzy sets form what we call linguistic variables. Each linguistic

variable is characterized by a set such that [30]:
{x, T(x), U, G, M}
Or:
X: is the name of the variable,
T(x): is the set of linguistic values that x can take,
U: is the universe of discourse associated with the basic value,
G: is the syntactic rule to generate the linguistic values of x,

M: is the semantic rule for associating a meaning with each linguistic value.
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111.4.2.3. Membership functions:

Each fuzzy subset can be represented by its membership function. In general the shape of

membership functions depends on the application, and can be triangular, trapezoidal or bell-
shaped as shown in (Figure 111.6) [30].

Figure 111.6: Different forms of membership functions

111.4.2.4. Linguistic rules:

The main idea of systems based on fuzzy logic is to express human knowledge in the form of
linguistic rules of the form If...then...Each rule has two parts [30]:

- Antecedent part (premise or condition), expressed by If...,

- Consequent part (conclusion) expressed by then.

The antecedent part is the description of the state of the system. The consequent part
expresses the action that the operator who controls the system must perform. Each fuzzy rule is
based on the fuzzy implication. There are several forms of If...then...the general form is:

If (a set of conditions is satisfied) then (a set of consequences can be executed).

111.4.2.5.General structure of a fuzzy system:

The fuzzy logic-based system is composed of four main blocks (Figure I11.7).

e Fuzzifier

49



Chapter 111: Pursuit of the maximum power point

e Fuzzy knowledge base,
e Engine difference blurred

e Defuzzicator.

Base of
Knowledge
blurry
v A 4
E””ance—»[ Fuzzifier ] [Defuzzifier }—> D
digital X

A
Machin
» inference

blurry

Blurry entry Blurred output

Figure 111.7: General structure of a system based on fuzzy logic

111.4.2.5.1. Fuzzification:

The objective of fuzzification is to define the membership functions for the different variables
which makes it possible to fuzzy the input variables. A preliminary step consists of defining a
maximum variation interval authorized for the input variables. The goal of fuzzification is to

transform input variables into linguistic variables or fuzzy variables [29].

Controls are selected depending on the satisfaction of two control variables in the proposed input;

they are the E error and the change in CE error in the k-test. We display the E and CE variants in the

following form:

() -P(k=1)
E(R) = o ras (111-4)
CE(K) = E(k) — E(k — 1) (111-5)
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111.4.2.5.2. Knowledge base:

The knowledge base is the heart of the fuzzy control system. This is the basis of inference for
fuzzy control. The knowledge base defines all relevant language control rules and settings. The
derivation of fuzzy control rules can be performed in four modes. These four modes are not mutually

exclusive, and it is necessary to combine them to obtain an efficient system [28].
111.4.2.5.3. Fuzzy inference:

It is mentioned that fuzzy inferences are based on generalized modus ponens fuzzy implication.
Inferences link the measured quantities and the output variables using linguistic rules. These rules
are combined using the connections and and or. Suppose that the fuzzy system has two inputs X, y

and an output z and that we have defined n linguistic rules as follows [31]:

If x=Al and y=B1 then z=C1
If Xx=A2 and y=B2 then z=C2

If x=An and y=Bn then z=Cn

Where X, y and z are linguistic variables that represent process state variables and control
variables; Ai, Bi and Ci (i=1, n) are the fuzzy subsets defined in the reference sets for X, y and z
respectively. In general, any combination of the operators or, and and not can appear in the condition
of a rule, depending on the conditions imposed by the system to be adjusted. There are several
methods to perform these operators. We therefore introduce the notion of inference methods.

The most used methods are:
e max-min inference method
e max-prod inference method

e sum-prod inference method

In our work, we use the 1% method (max-min inference method).
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111.4.2.5.3.1. Max-min inference method:

For this inference method the AND operator is carried out by the formation of the minimum, the
OR operator is carried out by the formation of the maximum, and THEN (the implication) is carried

out by the formation of the minimum [29].
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Figure 111.8: MAX-MIN composition

111.4.2.5.4. Defuzzification:

The result of a fuzzy inference is a membership function. It's a fuzzy subset. A control device
requires a precise control signal. The fuzzy transformation into determined information is
defuzzification (concretization). In addition, signal processing and digital/analogue conversion must
often be provided. There are several defuzzification methods proposed in the literature. There is no

systematic strategy for choosing among any of these methods [30].

There are several fuzzy regulator models such as:
e MAMDANI type fuzzy regulator
e SUGENO type fuzzy regulator

e Fuzzy LARCEN model
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e Blurred model of TSUKAMOT

We will explain the MAMDANI type fuzzy regulator

_ Xj—1n(AD}).AD;

AD = S RaD) (111-6)
the actual duty cycle ratio D is calculated as follows:
D(k) = D(k — 1) + SypAD(K) (11-7)

111.4.2.5.4.1. Mamdani method:

The Mamdani method is the most widely used fuzzy interface strategy. Since it was proposed in
1975, by Professor Ebrahim Mamdani of the University of London who built one of the fuzzy
systems to control a combination of steam engine and boiler. In Mamdani's method, a set of fuzzy if-

then rules was applied, and these were provided by experienced human operators [28].

Mamdani fuzzy logic uses linguistic variables to describe process states and uses these variables
as inputs to control the rules. The terms of linguistic variables are fuzzy sets with a certain shape.
Mamdani fuzzy logic usually uses the trapezoidal or triangular fuzzy set, but other shapes are

possible.
111.4.2.5.5. The Advantages of Fuzzy Logic:

The main advantages of fuzzy regulators are as follows:

The direct incorporation of fuzzy and linguistic information, coming from a human expert, into

the fuzzy system.

There is no need to make a mathematical model of the system to be adjusted.

The fuzzy system is a universal approximator, that is to say, it is general enough to generate any

action.

Fuzzy logic is easy to understand by non-experts because it mimics the strategy of human

reasoning.

We can master non-linear systems that are difficult to model [30].
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111.4.2.5.6. The disadvantages of fuzzy logic:

e Lack of precise guidelines for the design of a regulator,

e Adjustment precision generally low [30].

111.4.3. MPPT algorithm based on fuzzy logic:

To improve the previously proposed fuzzy logic-enhanced P&O MPPT algorithm, we will discuss
in the following part the use of MPPT based entirely on the theory of fuzzy logic. The advantage of
this method is that it can work with imprecise input values and does not need a high-precision

mathematical model. In addition, it can deal with nonlinearities.

In our case, the principle is based on two input variables which are the power Ppv and the current
Ipv and an output variable D which represents the duty cycle used to control the static converter to
seek the PPM.

This method is effective especially during changing climatic conditions. The following figure

shows the basic block diagram of the fuzzy logic based MPPT algorithm.

Base de

connaissances
- \'4
P _—— % v (g
i — Fuzzification > Tl Défuzzification —>

Figure 111.9: Block diagram of the MPPT algorithm based on fuzzy logic

In particular, this command is better suited to nonlinear systems. The operation of this algorithm

is done in three blocks: fuzzification, inference and defuzzification (Figure 111.9) [32].
Fuzzification allows the conversion of physical input variables into fuzzy sets.

The input quantities are assigned the linguistic variables: NG (Negative Large), NM (Negative
Medium), NP (Negative Small), Z (Zero), PP (Positive Small), PM (Positive Medium) and PG

(Positive Large ). The representation of our input variables is shown in the figure (Figure 111.10).
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Membership function plots =" 22"t 181
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Figure 111.10: The subsets for the inputs (a) Ppv, (b) Ipv and the output (c) D

55



Chapter 111: Pursuit of the maximum power point

In the inference stage, decisions are made. Indeed, we establish logical relationships between the
inputs and the output while defining the membership rules. Subsequently, we draw up the table of

inference rules (Table 11.2). Finally, in defuzzification, we convert the output fuzzy subsets into a

digital value
P/l N.G. N.M. NP ZE. PP PM PG
N.G. ZE. ZE. ZE. N.G. N.G. N.G. N.M.
N.M. ZE. ZE. ZE. NP N.M. N.M. N.M.
NP NP ZE. ZE. ZE. NP NP NP
ZE. N.M. NP ZE. ZE. ZE. PP PM
PP PP PM PM PP ZE. ZE. ZE.
PM PM PM PM ZE. ZE. ZE. ZE.
PG PG PG PG ZE. ZE. ZE. ZE.

Table (111 2): Rules of inference

111.5. Conclusion:

In this chapter, we have begun the most important and most delicate part of this study. This is the
description of the DC/DC converter which is a power converter (Boost type DC/DC controlled by an
MPPT algorithm.

In the first part of this chapter, we presented the principle of the direct connection between the
photovoltaic generator and the load. Then, we theoretically studied the operation of a Boost type
converter which is used very often. These converters are controlled by varying the duty cycle of the

switch control signal which is deduced from the MPPT algorithm.

The second part is devoted to the explanation of the MPP research principle after the study of the
different MPPT algorithms used in our work, the disturbance and observation method, the P&O
algorithm improved by fuzzy logic, and finally the algorithm MPPT based on fuzzy logic, we were
particularly interested in the algorithm based on fuzzy logic which is a robust and efficient algorithm.

However, the implementation of these types of algorithms is the objective of the next chapter.
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Chapter IV Results and simulation

IV.1. Introduction

This chapter present how the SIMULINK models of the proposed PV power systems are
implemented, to test and verify the functionality of the proposed MPPT controls. In this work, two
different MPPT controls implemented in MATLAB/SIMULINK environment. perturb and observe
(P&O) algorithm and fuzzy logic control (FLC) with DC-DC boost converter to demonstrate the
feasibility and performance of the proposed controller based on MPPT of PV system. Furthermore,

a comparison has been carried out between the proposed controllers by way of simulation results.

The presentation of the error, variation of the error and the change in duty cycle is shown in
(Figure 1V.1).
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Figure IV.1: Block diagram of fuzzy MPPT algorithm
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Figure 1V.2: 3D presentation of the error, variation of the error andthe change in duty cycle

To study the comparisons of the two algorithms and see the difference betweenvthem, we carried
out a test where the two controllers undergo the same standard operating conditions, that is to say
constant sunshine equal to 1000 W/m2and a temperature equal to 25°C (figure 111.23 and figure
111.24).
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Figure 1V.3: Output power of FLC and conventional P&O controller
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Figure 1V.5: Output voltage of the controlled techniques

Figures (111.23, 24) present the power of the photovoltaic generator (Ppv) for the two MPPT
control methods (disturbance and observation (P&O) and the fuzzy logic controller (FLC). It can be
seen that the method (P&O ) presents oscillations around the maximum power point in steady state
which induces significant power losses, on the other hand the fuzzy controller makes it possible to
reduce power fluctuations in steady state.
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1VV.2. Robustness test:

To carry out a study of the robustness of the two controllers with respect to the different
environmental conditions, we vary the sunshine in both directions of variation: either an increase or a
decrease with the maintenance of temperatures at 25°C. This case shows us the behavior of the fuzzy
MPPT controller and the fuzzy MPPT PI controller, for a fixed temperature of 25°C and a sudden
decrease in sunshine from 800 to 900 W/m2 then an increase from 900 to 1000 W/m2 .
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Figure 1V.6: Output power of the tested model
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Figure 1V.7: Output current of the simulations of the PV panels
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Figure 1V.8: voltages at different environmental

According to the robustness test, we see that in the case of a change in sunshine the two
commands follow the instructions. Also note that the P&O control takes longer to stabilize on a new
PPM, while the fuzzy control stabilizes very quickly This comparative study of the two proposed
controls showed that the controller based on fuzzy logic control better optimizes the operating power
of the system.

1VV.3. Conclusions:

In this chapter, we have started the most important part of this study. This involves presenting the
principle of searching for the maximum power point while giving the different classifications of
MPPT commands. We have detailed the MPPT disturbance and observation and fuzzy logic methods
and made a comparative study between the two we have recalled some notions relating to fuzzy logic
necessary to understand the operating principle of a fuzzy regulator. Ultimately, the fuzzy MPPT

control performance obtained very good results in terms of response time and efficiency.
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Général conclusion

In conclusion, this comprehensive document serves as a valuable resource for understanding,
modeling, and optimizing the performance of photovoltaic (PV) systems. It covers the fundamental
principles of solar radiation and the photovoltaic effect that enables the conversion of sunlight into

electrical energy using different solar cell technologies.

Accurate equivalent circuit models are presented to analyze the current-voltage behavior of PV
cells and generators, taking into account the influence of various parameters such as irradiance,
temperature, series resistance, and ideality factors. These modeling techniques provide a strong
theoretical foundation for predicting the performance of PV systems under varying environmental

conditions.

A significant emphasis is placed on maximum power point tracking (MPPT) algorithms, which
are crucial for ensuring that the PV system operates at its maximum power output despite
fluctuations in atmospheric conditions. The document evaluates different approaches, including the
classical perturb and observe (P&O) method, variants incorporating fuzzy logic for improved
tracking performance, and a completely fuzzy logic-based MPPT controller.

The analysis and modeling techniques, coupled with the MPPT algorithms studied in this
document, offer practical solutions for designing and optimizing photovoltaic systems. By
implementing the proposed methods, researchers, engineers, and practitioners can significantly
improve the energy conversion efficiency from solar radiation to electrical power output, ensuring

continuous operation at the maximum power point under all environmental conditions.
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