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Abstract

Among the different renewable energy resources, photovoltaic energy has found
increased attention and wide attraction from researchers in many applications, for its
capabilities of direct electric energy conversion without any environmental damage, ease of
implementation, flexibility in size and low operation cost. The performance of the PV system
is mainly depended to temperature, irradiation, dirt and shadows during its operation. Thus,
we should extract the maximum power available by the photovoltaic generator (PVG) and
transfer it to the load to enhance the PV system’s efficiency at any moment although PV units
are exposed to non-uniform climate changes. Competent maximum power point tracking
(MPPT) technique is needed to track the MPP and maintain the operating point of the PV
system at the MPP under any cases. The main purpose of this thesis work is to develop and
implement new nonlinear MPPT strategies based on Synergetic Control (SC) and Fast
Terminal Synergetic Control (FTSC) able to track the MPP for stand-alone PV system under
different conditions and therefore increase the PV system efficiency. The obtained results
under different conditions have validated the developed strategies and highlighted their good

performance and high robustness compared to other MPPT controllers.
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General introduction

General introduction

Due to the ever-increasing energy demand in all areas and the inability to cover all
needs, scientists over the world have resorted to searching for alternative energies that would
relieve the pressure on fossil fuels and reduce the environmental problems caused by the
latter. Renewable energy is one of the most prominent solutions in the past few decades to
produce sustainable and inexhaustible energy that helps in human development and without
any environmental damage. Among the various renewable energy sources, solar energy or
more known as photovoltaic energy has found great attention and wide attraction from
researchers in different applications. This energy is produced from the conversion of solar
radiation by capturing sun rays and directly converting them into electricity through

photovoltaic solar panels.

Many people probably wonder: if solar energy is so beneficial as an alternative or
complement to the conventional energies, why don’t we consume it more? The answer to this
question is the unbalance between the high installation cost and the low energy conversion of
PV array, where many photovoltaic units must be gathered in series and/or in parallel to cover
the problem of low electric energy conversion which is mainly undergo to cell temperature,
irradiation level, dirt and shadows during its operation. Thus, because of these limitations, we
should extract the maximum power available by the photovoltaic generator (PVG) and
transfer it to the load to enhance the PV system’s efficiency at any moment although PV units
are exposed to non-uniform climate changes. The most usual technique consists in using an
adaptation stage between the PVG and the load. This stage acts as an interface between the
two elements by ensuring, through a control strategy, the transfer of the power delivered by
the PV generator to the load so that it is as close as possible to the maximum power available.
This challenge can be accomplished by the wise choice of Maximum Power Point Tracker

(MPPT) which determines the best functioning of the PV systems.

A large number of MPPT control algorithms have been developed for years, which
drive the PV array to operate at the peak of the power against environment changes. Each
MPPT technique has its own advantages and disadvantages. These control techniques could

be classified into two categories namely the conventional methods and intelligent methods.
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Among the various conventional MPPT control algorithms mentioned in literature,
perturbation and observation (P&O), hill climbing (HC) and incremental conductance (IC) are
the most used for their simplicity and ease of implementation. The P&O algorithm consists of
disturbing the PV output voltage and observing the PV output power to determine the peak
power direction. The IC method compares between the instantaneous conductance (1/V) of
PV array and the incremental conductance (dl/dV) to track MPP. The HC technique locates
the MPP by relating changes in the power output to changes in duty ratio of the converter.
However, the main drawbacks of these MPPT are the power oscillation around the MPP and
the confusion in the tracking direction that occur because of the rapid change in atmospheric

conditions. Moreover, these algorithms differ in speed of convergence, cost and efficiency.

In order to overcome the above-mentioned drawbacks, a large number of intelligent and
advanced control techniques have attracted a lot of interest over the past few years such as
fuzzy logic controller, artificial neural-network, sliding mode control and meta-heuristic
techniques like Genetic Algorithm (GA), Particle Swarm Optimization (PSO), Artificial Bee
Colony (ABC) and Ant Colony Optimization (ACO). Despite of their effectiveness, right
tracking and fast response compared to the conventional techniques, these MPPT techniques
are more complex and require large knowledge in the design of the control system otherwise

they will lead the system to instability.

Recently, sliding mode control (SMC) is considered to be a powerful technique because
of its fast convergence and high robustness. On the other hand, its major flaw is a chattering
phenomenon caused by the switching in the control law which induces many undesirable

oscillations in control signal and that may lead the system into instability.

From all difficulties inspired from the above study in particular, oscillation behavior,
robustness and speed of the MPPT in tracking the optimal power, have guided to improve the
performance of the PV system. To achieve this objective, two of the most robust control
strategies named Synergetic Control (SC) and Fast Terminal Synergetic Control (FTSC) are
adopted.

In this context, the main purpose of this thesis work is to develop and implement new
nonlinear MPPT strategies based on Synergetic Control (SC) and Fast Terminal Synergetic
Control (FTSC) able to track the maximum power point (MPP) for stand-alone PV system
under different atmospheric conditions and therefore increase the PV system efficiency. Both

algorithms were simulated via Matlab/Simulink™", obtained results have confirmed the
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excellent performances compared to other techniques. The Synergetic based MPPT technique

was also validated experimentally using dSPACE RTI 1104 real-time platform.
The thesis is presented in four chapters.

In the first chapter, the principle of converting solar energy into electrical energy is
presented without forgetting to present its equivalent electrical circuit and the main
parameters that are used to characterize her performance. The effect of temperature and solar
radiation on the 1-V and P-V characteristics of a PV array is also discussed in this chapter to
show the importance of using an adaptation stage to ensuring, through a control strategy, the
transfer of the power delivered by the PV generator to the load so that it is as close as possible
to the maximum power available. As the PV system proposed in this work is a stand-alone
system, the focus was on the DC-DC boost converter by presenting the electrical circuit and

explaining its operating concept.

In the second chapter, the maximum power point tracking (MPPT) issue is presented
and explained in order to extract the maximum power from the PV array and thus increase the
efficiency of the PV system. Besides that, this chapter reviewed the operating principle of the
most commonly MPPT techniques (conventional or intelligent) that are discussed in the
literature along with their advantages and disadvantages through a substantial bibliographic

investigation.

In the third chapter, a nonlinear Maximum Power Point Tracking (MPPT) controller
based on Synergetic Control theory applied to a stand-alone PV system is presented. The

kMT tool and

developed controller was tested both in simulation using Matlab/Simulin
experimentally using dSPACE RTI 1104 real-time platform. Furthermore, the EN 50530
standard test with different ramp gradients values is used to calculate the MPPT efficiency

under irradiance changes from the slow to the very fast.

Chapter four presents, a new controller to track the MPP based on Fast Terminal
Synergetic theory for a standalone PV system which includes PV generator, DC—-DC boost
converter and a resistive load. The effectiveness and the robustness of the proposed MPPT

kMT

controller were confirmed by simulation using Matlab/Simulin tools not only under

atmospheric conditions change but also under load resistance change.

Finally, thesis general conclusion, the author's contribution and suggestions for future
researches are presented.
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Chapter 1 Introduction to Photovoltaic Systems.

1.1. Introduction

The huge restriction of fossil fuels on human development and the ever-increasing
energy demand in every sphere have resulted to her depletion without forget the serious
problems at the environment. To break these drawbacks, research and development of new
energy has sparked wide interest in the worldwide.

Over the past few decades, renewable energy sources are considered to be a perfect
choice to generating sustainable, abundant, inexhaustible energy and even more of that
environmentally friendly. Among the various types of renewable energy sources, solar energy
or more popularly known as photovoltaic energy (PV energy) has attracted a lot of interest
with many important applications expanding continuously from lighting systems to pumping

systems.
1.2. Renewable energies

The development of renewable energies not only responds to an environmental issue,
but also corresponds to the need to diversify our energy sources. Renewable energies are an
alternative solution to be explored to replace and/or complement other traditional energy
sources that provide electrical energy. In the following, the 5 types of renewable energy

available are mentioned.
1.2.1. Geothermal energy

Geothermal means in Greek “heat of the earth”. Geothermal energy is therefore the
energy that is produced by the heat stored below the earth's surface. The advantage of this
energy is that it does not depend on climatic conditions or seasons. Geothermal energy comes
in two forms:

v' Low temperature to heat private homes.

v High temperature, in this case, it is a means of producing electricity.
1.2.2. Biomass energy

Biomass energy is the oldest form of energy used by man since the discovery of fire in
prehistoric times. The energy from biomass is a renewable energy source which depends on
the cycle of living plant and animal matter, this energy is used to produce electricity from the
heat released by the combustion of these materials (wood, plants, agricultural waste, organic

household waste) or biogas from the fermentation of these materials in biomass power plants.

6
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1.2.3. Hydraulic energy

Water is also a renewable source since it regenerates through the cycle of evaporation
and precipitation. Its strength has been known and exploited for thousands of years through
dams, water mills and irrigation systems. Hydraulic energy makes it possible to generate
electricity, in hydroelectric power stations, using the force of water. This force depends either

on the height of the waterfall or on the flow of rivers.
1.2.4. Wind energy

Wind energy is a source of energy that depends on the wind. The sun heats the earth
unevenly, which creates zones of different temperatures and atmospheric pressure all around
the globe. From these pressure differences arise movements of air, called the wind. This
energy is used to produce electricity in wind turbines, also called wind generators, using the
force of the wind. It is an energy that does not emit any greenhouse gases and its raw material,
wind, is available all over the world and is completely free.

1.2.5. Solar energy

Solar energy is one of the most important renewable resources on earth, widely
distributed and increasingly used. This energy is produced from the conversion of solar
radiation and exploited using two techniques:

v' Photovoltaic solar energy: Capturing sun rays and directly converting them
into electricity through photovoltaic solar panels.
v Solar thermal energy: Capturing, collecting and turning the sunlight into heat

that warms up water or air.

In this thesis, photovoltaic solar energy is explained in more detail in the next
paragraphs.
1.3. Photovoltaic cells

1.3.1. PV cell history

The history of the PV system goes back to 1839, when a French experimental physicist,
Edmund Becquerel discovered the photovoltaic effect. This process occurs when light is
absorbed by a material and creates electrical voltage [1]. In 1873, English electrical

engineer, Willoughby Smith identified the photoconductive ability of selenium [2]. Three

7
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years later, in 1876 William Grylls Adams and Richard Evans Day conducted an
experiment on the photoconductivity of selenium that successfully demonstrated the
possibility of generating current with the effect of light in solid selenium [3]. This experiment
was the starting point for the current PV cell.

In 1883, American inventor Charles Fritts developed the first PV cell by coating the
semiconductor material selenium with a thin layer of gold at an efficiency of less than 2% [2].
The first usable PV cell, using crystalline silicon with efficiency of 6%, was invented by
Chapin, Fuller and Pearson in 1954 at the Bell laboratories [4]. The first practical application
of PV solar technology took place in 1959, the invention was adopted by the aerospace
industry for use in the Vanguard 1 Satellite [5]. Despite the exorbitant cost at that time, PV
technology was widely adopted and is now the main source of power for many satellites [6].
Moreover, the telecommunication technology would never have developed if not for PV
powered satellites.

Improving solar PV efficiency over the last years, have more encouraged
researchers and investors to use this technology as an alternative to generating
electricity from fossil fuel, as well as being a good environmental option because it is

free from any harmful emissions, polluting gases or any noise.
1.3.2. PV cell technologies

In general, the semiconductor material used in the PV cell is silicon. The latter comes in
different forms and offers many advantages, it is present in abundance in the earth’s crust and
it is a non-toxic material. In addition to its semiconductor properties, it is easy to modify the
electrical properties of silicon by introducing doping atoms such as Boron (inducing P-type
doping) or Phosphorus (inducing N-type doping) [7].

There are different types of PV cells. However, the most commonly and commercially
available types are: monocrystalline, polycrystalline, and amorphous [8, 9, 10, 11]. The
advantages and disadvantages vary from one type to another depending on efficient, cost and

the intended application.
1.3.2.1. Monocrystalline solar cells

First generation cells, Monocrystalline solar cells are manufactured from near pure
silicon in which the structure of the crystal is homogeneous throughout the material. This type

of solar cell has higher efficiency (24% in research laboratories and over 17% in industrial
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production [9]). The manufacturing process required to produce monocrystalline silicon is

complicated, resulting in slightly higher costs than other technologies.
1.3.2.2. Polycrystalline solar cells

Also sometimes known as multicrystalline cells, unlike the monocrystalline solar cells,
polycrystalline silicon cells are constructed from an ingot of melted and recrystallised silicon.
The ingots are then saw-cut into very thin wafers and assembled into complete cells.
Therefore, their production is generally cheaper than monocrystalline cells due to the simpler
manufacturing process, but they tend to be slightly less efficient with average efficiencies of
12% to 15% [10, 11].

1.3.2.3. Amorphous solar cells

As second generation solar cells technology, amorphous silicon cells are manufactured
by depositing a thin layer of silicon on a base material such as glass or metal. As amorphous
silicon absorbs light more effectively than crystalline silicon [11], the cells can be thinner,
hence its alternative name of 'thin film cells'. This technology is, however, less efficient than
crystalline silicon, with typical efficiencies of around 5% to 7% [10, 11, 12], but it tends to be
easier and cheaper to produce. Amorphous solar cells are commonly used for low power

applications such as calculators, watches and garden lights.
1.3.3. PV cell structure

The solar cell, which is the basic building block of the PV system, made of various
semiconductor materials, most commonly silicon. A typical PV cell is formed with two
layers; positive charge is located on one layer (P-type silicon) and negative charge on the
other layer (N-type silicon). The P-type silicon layer is produced by adding atoms such as
boron that have one less electron in their outer energy level than does silicon. While the N-
type silicon layer is made by including atoms that have one more electron in their outer level
than does silicon, such as phosphorus. In between the two layers, a P-N junction is created,
and so the free electrons in the N-layer diffuse into P-layer causing a depletion zone to be
created [7].

When the PV cell is exposed to light, some photons are reflected or pass through the
cell without being absorbed. The others are absorbed and hole-electron pairs are then

generated. The holes and electrons are then separated by the electric field produced by the P-
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N junction [8]. This results in a potential difference and a current flow if the PV cell is
connected to a load. Figure 1.1 shows the principle of converting solar energy into electrical

energy by photovoltaic cells.

Irradiation

Front Electrical Contact

N-Type —»
H H + + + + + + + + + + + ++++ Load
P-N Junctlon—b{ ___________________
P-Type —;
Current
Back Electrical Contact
Electron
"\/ /Hole
< > Silicon Atom (Si) {3 Phosphorus atom (P) \‘ /‘ Boron atom (B)

Fig. 1.1 Structure and working mechanism of a PV cell.
1.3.4. PV cell modeling

Many mathematical models of PV cells have been developed to represent their very
strongly non-linear behavior due to the semiconductor junction. These models differ from
each other by mathematical procedures and the number of parameters involved in calculating
the voltage and the current of the photovoltaic module. In the literature two equivalent circuit
models of PV cell have been discussed and analyzed [9, 13, 14]: single diode model and
double diode model, both are based on the well known Shockley diode equation.

For simplicity, the PV single diode model, shown in Figure 1.2, is studied and used in
this work. This model offers a good compromise between simplicity and accuracy. The
equivalent circuit consists of a photocurrent source in parallel with one diode. The solar cell
losses are represented by two resistances, the series resistance R to represents the ohmic
resistance losses (such as the resistance of the semiconductor, metal contacts, and contacts
between them) and the shunt resistance Rqp, to describe the leakage currents through the edges

of the solar cell as well as the P-N junction (due to material defects).

10



Chapter 1 Introduction to Photovoltaic Systems.

. KD o égsh

Fig. 1.2. Single diode based-equivalent circuit of solar cell.

According to this scheme, the mathematical model of the generated current in a PV

system is represented by:

_ B q(Vpy +lpy RS)) _ ] _ Vpy +lpvRs
Iy =Ipn — 1o [exp (—ATKb 1 T (1.2)
lg

Where:

| is the PV output current.

Vv is the PV output voltage.

is the diode ideality factor.

k, is Boltzmann’s constant (1,3854*10% [J/K]).

q is the electron charge (1.6*10™° [C)).

T is the PV cell temperature [°K].

Ln is the photogenerated current, depends on temperature and solar irradiance G
[W/m?], often given by:

G

Ln = r— [Ion stc + Ki(T — Tsre)] (1.2)
Where:

Tere  isthe reference temperature at standard test conditions (298 [°K]).

Gsre is the reference irradiance at standard test conditions (1000 [W/m?]).

L,n_stc s the photo-current generated at standard test conditions [A].

K; is the is the short-circuit current coefficient, normally supplied by the
manufacturer.

Iy is the saturation current of the diode given as follows:

11
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Iph stc +Ki(T—Tstc)

[, = 1.3
O ™ exp (q[Voc—stc +Ky (T=Tstc )/ATK},)—1 (13)
Where:
VocsTc 18 the is the open circuit voltage at standard test conditions [V].
K, is the is the open circuit voltage coefficient, supplied by the manufacturer.

1.3.5. PV cell characteristic

Equation (1.1) shows that a PV cell has a non-linear 1-V characteristics curve as shown
in Figure 1.3. This curve depends on the internal characteristics of the solar cell (Rs, Rsh) and
on the external influences, such as the cell temperature level and the sun irradiance. The PV
cell I-V curve is divided into three important parts, as follows:

v" In the region left of the MPP, the PV current is almost constant and the PV cell
can be approximated as a constant current source.

v" In the region right of the MPP, the PV current begins a sharp decline and the
PV cell can be approximated as a constant voltage source.

v In the region around of the MPP, at which the current is Iy, and the voltage is
Vimpp. The resulting power Pnop=lmpp*Vimpp, is the maximum PV power that can be delivered

for the given environmental conditions.

For each point of the previous PV cell I-V curve, we can calculate the power and draw
the PV cell P-V curve, as shown in Figure 1.4.

(0,lsc)

——_MPP

(Vmpp, Impp)

Current(A)

Current source S

Voltage
source

(Voc,0)

Voltage(V)

Fig. 1.3. PV cell I-V characteristic curve.
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Fig. 1.4. P-V characteristic curve of PV cell.
1.3.6. PV cell parameters
The main parameters that are used to characterise the performance of solar cells can be

determined from the 1-V and P-V curves, or from the characteristic equation. The most
common parameters are the following [10, 11, 12, 15]:

v' Short-circuit current Is: It is the value of the current which imposes a zero
voltage across the terminals of the PV solar cell. It can be obtained by canceling the voltage V
in equation (1.1), we obtain:

kc=1m-—%[am(%%f)—1]—%ﬁi (L.4)

For most PV cells, whose series resistance is low, the term below is negligible

compared to lp.

I [exp (qlsc RS) 1]
0 —
ATK,,

The approximate expression of the short circuit current is then:

(1.5)
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v Open circuit voltage V: It is the voltage for which the current delivered by
the cell is zero. It represents the maximum voltage of a photovoltaic cell under given climatic
conditions; it decreases with temperature and varies little with light intensity. Its expression is

deduced as follows:

0 =TI —Io [exp (:;’—Kb) - 1] - ‘R’; (1.6)
So:
Vv, = (ATqK") In (I;;;‘ - RVSh—IO + 1) (1.7)

In the ideal case, Rg, — oo, which simplifies this expression:

Vv, = (ATqu) In (%‘ + 1) (L8)

v' Maximum power point Ppypp: It is the operating point Pmgpy (Vmpp, Impp) N
Figure 1.3, for which the power generated by the solar cell is maximum under given climatic
conditions. The power is zero in short circuit, it increases until Py, at the maximum power
point (MPP) then decreases to zero again in open circuit. Professionals characterize a PV
module by its maximal power at Standard Test Conditions STC (generally: irradiance of 1000
W/mz2 and temperature of 298 K).

v  Fill factor FF: It is an important parameter to qualify the quality of a
photovoltaic cell compared to an ideal cell (FF = 1). It is the ratio between the maximum
power delivered by the PV cell on the product of the short circuit current (lsc) and the open

circuit voltage (Vo).

FF = —mee_ _ Impp “Vimpp (1.9)

Isc #*Voc Isc *Voc

v' Efficiency n: It is the ratio of conversion of light energy into electrical energy,
which is defined as the ratio between the maximum power delivered by the PV cell Py, and
the incident light power Pj,. The value of Pj, is equal to the product of the illumination E
(W/m2) by the surface of the module S (m?).

— Pmpp _ FFxlge #V ¢

n= P SeC (1.10)
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1.4. Photovoltaic configuration

A photovoltaic system consists of a solar array which is a group of series/parallel
connected modules, where the basic component within the module is the solar cells [8, 16].
Arrays are a way to increase the potential of a solar electricity system, to provide a greater
output of electricity. Figure 1.5 represents a photovoltaic system configuration.

PV array

PV module

OO
MEOMD
L L
PV cell HEHMDE

Froma PV cell to a PV array

Fig. 1.5. Photovoltaic system configuration.
1.4.1. Photovoltaic modules

The photovoltaic module is a set of solar cells assembled to generate an exploitable
electric power during its exposure to solar irradiation. Indeed, a PV solar cell produces only a
very low electrical power, typically from 1 to 3 W with a voltage of 0.5 to 1.5 Volts
depending on their technology [15, 17]. To generate more power, solar cells are generally
grouped in series and / or in parallel to form a PV module. In addition, the fragility of cells
makes them vulnerable to breakage and corrosion, which requires protection from their
environment, so they are usually encapsulated under glass [10, 15].

The 1-V characteristic of any group of cells will be compatible with the 1-V curve of a
basic cell. Consequently, everything that has been said for an individual cell will remain valid

for a grouping of cells.
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1.4.1.1. Serial association

In a grouping of Ns identical cells in series (figure 1.6), the current of the branch
remains the same but the voltage increases in proportion to the number of cells connected in
series. The characteristic of the grouping is obtained by multiplying point by point and for the
same current the individual voltage by N [18]. The optimal impedance of the grouping will be

N; greater than that of the basic cell.

ISC
= I
A
Isc|
Cell 1
Characteristic Characteristic
ofone cel ¥ ofNseell
Cell 2
y Ns
- N "
Cell Ns .
Ve Ns#voe v

Fig. 1.6. Serial association of Ng identical cells.

1.4.1.2. Parallel association

Np*lcr

Characteristic
of Ns cell

.

Cell Np. Cell Z.Cell 1. Voo )

()

Characteristic

/ of ong cell

Voo v

Fig. 1.7. Parallel association of N, identical cells.
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A parallel association of N, cells is possible and makes it possible to increase the output
current. In a group of identical cells connected in parallel, the cells have the same voltage
and the new curve is obtained by multiplying point by point and for each voltage value, the
current of the elementary cell by N, [18]. The optimal impedance of the grouping will be N,
lower than that of the basic cell. Figure 1.7 shows the resulting characteristic obtained from a

parallel association of Np cells.
1.4.1.3. Serial/Parallel association

A hybrid association of N; cells in series and N, cells in parallel has a general curve
comparable to that of an elementary cell, provided that there is no imbalance between the
characteristics of each cell (uniform irradiation and temperature). Figure 1-8 shows the

resulting characteristic obtained by associating, N; in series and N, in parallel, identical cells.

I¥
11¢

yy >
Np*lcr
Characteristic
/ of (Ns+Np) cell

Characteristic

of one cell
Isc| /

v

Voo Nstvor v

Fig. 1.8. Hybrid association of identical cells.
1.4.2. Photovoltaic array

A PV array consists of a group of series-parallel connected PV modules as shown in
Figure 1.5, to generate the required voltage and current values for the system. The size of the
PV array varies from a single PV module to any number of modules, where the number of PV
modules in each string should the same to get equal parallel voltages [8, 19]. Depending on
equationl.1, the nonlinear current-voltage characteristic of the PV array is modeled by the

following equation where all cells are identical [16, 20]:
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_ _ Q(Nsvpv +(Ns/Np)Ipv RS) _ _ NsVpy +(Ns/Np)Ipv Rs
Ty = Nplpn = Nplo [exp (£ )-1] YA (1.11)
Where N; is the number of series PV modules in one PV string and N, is the number of

the parallel strings in the PV array.

The PV panel considered for this thesis is Kyocera KC85T consists of 36 solar cells
connected in series to give a maximum output power of 87 W. Its electrical characteristics at
standard test conditions (1000 W/m? and T=25°C) are given in Table 1.1 and its characteristic

curves are plotted for different environmental conditions.

Table 1.1. Electrical characteristics of Kyocera KC85T PV module.

Description Kyocera KC85T
Maximum power (Pmax) 87 W
Open-circuit voltage (Voc) 21.7V
Short-circuit current (Isc) 5.34 A
Optimum operating voltage (Vmpp) 17.4V
Optimum operating current (Impp) 5.02 A
Temperature coefficient of I 2.12e-3 A/°C
Temperature coefficient of Vo -8.21e-2 V/°C

1.4.2.1. Influence of external parameters on the PV array characteristics

In order to highlight the strong dependence of PV array performance and efficiency on
temperature and irradiance level, the Kyocera KC85T PV module characteristics curves are
plotted for different atmospheric conditions. There is a single MPP for a certain irradiance
level and cell temperature. As the PV module characteristics curves shift with changing
irradiance or cell temperature, this MPP moves.

The figure 1.9 shows the I-V and P-V curves of the PV module under different solar
irradiance level at fixed temperature T=25 C°. It is obvious that the irradiance has a
significant effect on the short circuit current value (lsc). On the contrary, the irradiance level
has a slight effect on the open circuit voltage value (Vo). The increase of the solar irradiance

also results in an increase of the available maximum power.
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Fig. 1.9. I-V characteristics (a) and P-V characteristics (b) under different solar irradiation
levels at 25°C.

On the other hand, the figure 1.10 shows the I-V and P-V curves of the PV module
under different cell temperature at fixed irradiance G=1000 W/mz. The cell temperature has a
negligible effect on the short circuit current value (lsc), whereas it has an important effect on
the open circuit voltage value (Vo). The increase of the temperature also results in a decrease
of the available maximum power as shown in figure 1.11(b). It is worth noting that once
thermal stability occurs, the cell temperature usually changes quite slowly and almost fixed

with respect to the variation in the irradiation level during the day [8, 21].
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Fig. 1.10. -V characteristics (a) and P-V characteristics (b) under different cell temperature
at 1000 W/mz,
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1.4.2.2. Partial shading impacts

Fig. 1.11. Effects of partial shading on PV array.

Since PV systems generate electricity based on the amount of sunlight they receive, it
stands to reason that when a shadow is cast on a panel for example by a dust, bird dung or
nearby trees (Figure 1.11), its power output decreases. However, the decrease in power could
be a lot worse than it initially seems.

Intuition indicates that power output of the PV array will be reduced proportionally to
the area that is shaded. But, this is not the case in actually. In his book Renewable Energy and
Efficient Electric Power Systems, Stanford University, Gil Masters demonstrates how shading
just one out of 36 cells in a small solar module can reduce power output by over 75% [22].

Because of the serial connection of the photovoltaic cells or module, shading of one cell
in the string leads to the cell acting as a load rather than a generator, which causes a
significant increase in the cell temperature. If the temperature reaches too high values and if
the system is not appropriately protected, hot spot problem can arise [12, 19, 23, 24]. The hot
spots phenomenon can be also occur when the photovoltaic modules are connected in parallel
with different open circuit voltages. For example, if one of the parallel PV modules has lowest
voltage due to the shadow effect, the PV array can behave as a load and consume the power
generated by the other modules. In severe cases, the cell or module can be irreversibly

damaged and affects the whole PV array.

Fortunately, there are a number of different approaches that can be applied in PV
system design to reduce shading losses. These include the use of bypass diodes and blocking

diodes.
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1.4.2.3. PV array protection

To reduce the PV power losses that caused by partial shading and prevent hot-spots
occurring in underperforming PV cells, the reverse voltage is usually limited through the use
of so-called "bypass"” and "blocking" diodes. These diodes are easy to implement since they

can be encapsulated in the PV module during manufacturing.

v' Bypass diodes: have the role of protecting the cells which become passive.
These diodes have been connected in parallel but with opposite polarity to a solar cell .When
bypass diode starts to work, short-circuits part of the panel as shown in figure 1.12, thus
avoiding the circulation of reverse currents within the defective cells. So the degradation of a
single cell condemns the group of cells associated with the defective cell and protected by the
bypass diode not to produce power. The ideal is to place one bypass diode for each solar cell
[25] but for reason of cost, usually just one bypass diode for each group of cells should be
applied. Several configurations are presented but the most adopted is to place 2 to 5 diodes

depending on the number of cell [12, 26].

Blocking diode

:é} i Defective cell !" i

. Bypass diode
I %

Fig. 1.12. Protection diodes for PV array.

v Blocking diodes: When strings of modules are wired in parallel, the hot spots
phenomenon can be also occur when one of the strings is not performing well. Instead of
supplying current to the PV array, a malfunctioning or shaded string can withdraw current
from the rest of the array. To avoid this phenomenon and prevent the reverse current drawn by
a shaded string, blocking diodes or what also called by isolation diodes are connected in series
at the top of each string as shown in figure. 1.12.
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1.5. Types of photovoltaic systems

Photovoltaic systems are generally classified according to their operational
requirements and how the equipment is connected to other power sources and electrical loads.
The two principal classifications are stand-alone systems and grid-connected systems, the
former supplies power directly to electrical equipment while the latter feeds energy into the
public electricity grid.

1.5.1. Stand-alone PV systems

The stand-alone PV systems are generally used in isolated locations and operated
independently of the utility grid. They are particularly suitable for applications as a pump in
the garden, lighting in isolated areas, Lighthouses at sea, etc.

Stand-alone PV systems are designed to supply either DC or AC electrical loads [8, 22].
For DC load application, PV systems utilize single-stage DC/DC power converters (boost,
buck or buck-boost). As for AC load application, a two-stage topology is used. In the first
stage, the DC/DC converter is utilized. In the second stage, the DC/AC inverter is used to
convert the DC power to AC power.

In some PV applications, battery banks are essential for stand-alone PV systems [26,
27] as electricity generation is neither constant nor controllable, it depends on atmospheric
conditions ( solar irradiance and temperature). With batteries banks, the electricity generated
by PV panels can be stored and used to supply the required load power when the sunshine is
insufficient (at night or on cloudy days). Figure 1.13 shows the stand-alone PV system with

battery bank.

DC Loads

f
|=:> =>| "> | => (AC Loags
§

Batteries

Fig. 1.13. Stand-alone PV system with battery bank.
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1.5.2. Grid-connected PV systems

In these systems, the PV installations are connected to the public electricity network
into which they inject the electricity they produce for best utilization without the need of
battery back-up. This type of systems offers a lot of ease for the producer / consumer since it
is the network that takes care of the balance between the production and consumption of
electricity.

The PV panels generate DC power. Therefore, to inject the PV power into the grid, the
photovoltaic DC power must be converted to AC power. In order to convert electricity from
direct current (DC) as produced by the PV panels to alternating current (AC), a power
electronics inverter is employed (DC/AC) as shown in Figure 1.14. The typical efficiency of
an inverter is about 95%, there are different power inverters and are designed specifically for

photovoltaic applications [20].

AC Loads

Fig. 1.14. Grid-connected PV system.
1.6. Interfacing PV generator to load
1.6.1. Direct connection (PV generator-load)

When connecting directly a load with a PV generator (PVG) without passing through
another electrical device, it is the case of direct connection. This choice is mainly related to
the simplicity and the cheap of the operation. Figure 1.15 shows the principle of a direct
connection between a PVG and a load.
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Fig. 1.15. Direct connection between a PVG and a load.

In this case, the operating point of the PVG depends on the impedance of the load to
which it is connected and it is determined by the intersection of the I-V characteristic of the
PVG and the load curve. For a resistive load, the 1-V characteristic is a straight line with a
slope of 1/R as shows in figure 1.16.

Therefore, if the resistance R is small, the operating point is located in the AB region of
the curve and so the PVG behaves like a current source. On the other hand, if R is large, the
PVG operates in the CD region of the curve. In this zone, the PVG behaves like a voltage
source. In the BC region on the curve, the PVG can be characterized neither by a current
source nor by a voltage source. It is in this area that the Maximum Power Point (MPP) is
located for fixed atmospheric conditions. The value of the resistance corresponding to this
point is noted R [28, 30].
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Fig. 1.16. Operating points of a PVG in direct connection depending on the load.
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The disadvantage of this configuration is that the PVG is badly exploited, the power
extracted from PVG is often very far from the maximum power that the PVG can delivered
[29]. On the other hand, certain types of loads need alternative currents. Direct connection is
therefore not possible because the PVG provides direct current. Through these examples, we
can show the limits of the direct connection. To remedy this problem, an adaptation stage
between the load and PVG must be added.

1.6.2. Indirect connection (PV generator-load) through an adaptation stage

As we saw earlier, a PVG has non-linear 1(V) characteristics with maximum power
points (MPP). These characteristics depend on irradiance level and cell temperature. In
addition, depending on the characteristics of the load, we can find a very large difference
between the output power of the PVG and that actually transferred to the load in the direct
connection mode.

In order to extract every moment the maximum power available by the PVG and
transfer it to the load, the most usual technique consists in using an adaptation stage between
the PVG and the load as shown in figure 1.17 [10, 31]. This stage acts as an interface between
the two elements by ensuring, through a control strategy, the transfer of the power delivered
by the PV generator to the load so that it is as close as possible to the maximum power
available [32].

Adaptation
Stage

Fig. 1.17. Adaptation stage between PVG and load.

The adaptation stage usually consists of a static power converter, which is located
between the PVG and the load. Depending on the application and the degree of production
optimization desired, the adaptation stage can consist of one or more static converters.

A static converter is composed of a set of electrical components building a meshed
network of electrical components that acts as a linking, adapting or transforming stage

between two sources aims at improving the efficiency. The principle of the converter is based
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on the automatic variation of the duty cycle of the converter to approach t the optimum value
S0 as to maximize the power at the output of the PV generator [33].

Today, two distinct types of adaptation stages which are more present on the market.
The first type is DC-DC converter (chopper), used to connect the PVG to a continuous load.
This type is mostly used for isolated site operation (off-grid). In some cases, there is no choice
because the characteristics of the load are not compatible with the form of electricity
produced by the PVG. This is the case for all loads requiring AC voltages. In this case, a DC-

AC converter (inverter) is used which makes it possible to perform a DC-AC conversion.

In the content of this thesis we are just interested in DC-DC converter topology as an

interface between the PVG and the load because it is best appropriate to our work.
1.7. DC-DC converter topology

The DC-DC converter plays a major part in the PV system configuration. The use of
DC-DC converter makes it possible to convert the voltage of a DC source from one level to
another with very great flexibility and a high efficiency which in our case will allow us to
track the optimum operating point and ensuring at the same time a good performance coping
with power changes introduced by the change in the environmental conditions [35].
Depending on the relationship between the input and the output voltages, a DC-DC converter
can be designed to step the voltage up or down by controlling the converter duty ratio (D)
with maximum power point tracking algorithms (MPPT) [37]. In addition, this control can be
conducted at a normal or high frequency (generally in the range of 1 kHz to 1 MHz,
depending on the switching speed of semiconductor devices) [6, 15].

A DC-DC converter consists of capacitors, inductors, and switches [34]. All these
devices in the ideal case consume no energy; this is the reason why this type of converters is
characterized by a high efficiency. The switch is realized with a semiconductor device in
switched mode, generally a MOSFET or IGBT transistor [36, 38]. If the semiconductor
device is in the open state, its current is zero and therefore there is no power dissipation. If it
is in the closed state (saturated), the voltage drop is almost zero and therefore the power
dissipated will be very low.

During the operation of the converter, the transistor will be switched at a constant
frequency (fs) with a closing time equal to DT and an opening time equal to (1-D) Ts[15]. D
is the duty cycle of the switch (D € [0 1]) and Ts is the switching time which is equal to (1/f;)

as shown in figure 1.18.
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Fig. 1.18. DC-DC Converter output voltage waveform.

Generally speaking, three different types of DC-DC power converters are most
frequently used within a given PV system depending on the conversion ratio M, which is the
ratio between the output voltage V, and the input voltage Vi (M =V, / V;). When M is greater
than 1, the converter is called step up or boost converter. When M is less than 1, the converter
is called step down or buck converter. When M can be greater or less than 1, the converter is

called step up & step down or buck-boost converter [15, 36].

Among the DC-DC topologies existed, the boost converter has seen widespread
adoption in PV systems. It is difficult to identify all studies that have used boost converters in
PV grid-connected or stand-alone applications for reasons of simplicity, high efficiency and
the presence of the input inductor which guarantees the compatibility with the primary source
and improves the global performance. In the content of this thesis, a DC-DC boost converter
is adopted as interface between the PV array and the load, for this we will discuss in detail the

operating principle of boost converter in the next section.

1.7.1. Operating principle of DC-DC boost converter

Tva —— Cin D Co ::T Vo

Fig. 1.19. DC-DC boost converter circuit.
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A boost converter is a device which step-up the input voltage and gains a higher output
voltage. The input and output of the boost are DCs and the output keeps its polarity [6]. This
converter is very simple in structure, design and control. It can be implemented with an
inductor, a power electronic switch (usually MOSFET or IGBT), a diode and a capacitor [26,
11, 16, 38]. Figure 1.19 shows the basic construction of a boost converter circuit.

To understand the operating principal of the boost converter, the circuit must be
critically analyzed and mathematically modeled whether the status of the switch is on or off.
The equivalent boost circuits during switch-on and switch-off intervals for ideal switch are
shown in Figure 1.20 and Figure 1.21 respectively. If we assume that Ts is the switching
period, DT will be the time when the switch is ON and (1-D) Ts will be the time when the
switch is OFF.

During the time DTs, the switch is closed (Figure 1.20), the diode operates on a reverse-
bias so the current will go through the inductor and to the source. In this case the inductor L

stores the energy of the power source while the capacitor C, discharges to supply the load.

lpy i [TV io
_ﬂj o,
Icin

TVPV —— Cin Co ::T Vo

Fig. 1.20. Equivalent boost circuits during switch-on.

In this case, the DC-DC boost converter operation can be described by the well-known

system of equations as follows:

v,
icin () = Gy %(t) = ipy () — 1L (D)
v =18 =y © (1.12)
iCO (t) = Co dVdOt(t) = _io (t)

On the other hand and during the time (1-D) T, the converter switch is off. The diode in

this case acts in a forward-biased scenario, which offers a path for the energy stored in the
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inductor L and that of the source to be transferred to the output capacitor C,and the load. The

equivalent circuit of boost converter in this phase is given in Figure 1.21.

lpv _E;PJ“FYWW io_
|dn]

TVPV —— Cin Co ::T Vo

Fig. 1.21. Equivalent boost circuit during switch-off.

The DC-DC boost converter operation during t € [DTs, Ts] can be described by the
following equations as.

| dVey (8) |

icin () = Cin — 3 = Ipy (0 = i1.(0)

VL) = LB = v, () = Vo (1) (113)
dvo () _

iCo (t) = C0 Tdat iL(t) - io (t)

1.7.2. Approximate model of DC-DC boost converter

The basic equations (1.12) and (1.13) represent the DC-DC Boost converter for a period
DTs and (1-D)Ts respectively. The converter oscillating between these two states with a high
frequency, we must find an approximate dynamic representation valid for the two time
intervals.

The following approach allows us to decompose the expression of the average value of
the derivative of the dynamic variable y over the two time periods DT and (1-D)T[39]:

dy dy dy

<=>T, == DTs + — .(1-D)T 1.14
= ory DTt Wy, (1 DT (114

Where < ‘;—Z > is the average value of the derivative of y over a period Ts.
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This relation is valid if dy
dt(Ty) dt ((1-D)Ts)

are constant over the periods DT and
(1-D) T, respectively.

By applying the relation (1.14) on the systems of equations (1.12) and (1.13) and by
considering that the variation of the dynamic variables ic, V| is of linear form, we find the

approximate model of the Boost converter over a whole period as:

Cin 2Ty = DTy (ipy — i) + (1 = D)Ty (igy — it

N
ﬁTS = DTV, + (1 - D)T,(V,y — V) (1.15)
dv, Vo Y
Coge ™ = P + (1= DT (i~ )

Simplifying the previous equations, gives the dynamic modeling of the DC-DC Boost
converter represented by equations (1.16).

dVpy 1 /. .
dt - a (lpV - IL)
div _ 1 _pyYe 4 Vo
= (1-D) =+ (1.16)
dv, e Vo
. (1-D) C, RC,
If we set Vyy, i and V, as system state variables, we obtain:
X1 va
X =1[X2| = i, (1.17)
X3 \'A
The system of equations (1.16) can be written as equation (1.18):
- dX
X = <= f(x,t) + g(x,t)D (1.18)
Where:
_ 1 . -
—\lyy — X
dev /dt Cin ( pv 2) 10
. _ 1 -X
X=|di/dt | f60=| {Ga—x2) | gG0=| 1
dv,/dt L( _x_g) — =X
L ¢, \"2 R/ °
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The detailed parameters of the DC-DC boost converter used in the suggested study in this

thesis are given in Table 1.2.

Table 1.2. DC-DC boost converter parameters.

Description Boost parameters
Capacitor Cjj, 200 pF
Capacitor C, 20 pF
Indictor L 15e* mH
Resistive load R 20Q
Switching frequency 10 KHz

1.8. Summary

In this chapter, a study on the principle of converting solar energy into electrical energy
is presented. The chapter providing a general view on photovoltaic cell, starting by a brief
historical about her foundation and development to the main parameters that are used to
characterize her performance, without forgetting to present its equivalent electrical circuit
based on a mathematical analysis. Furthermore, the low output power of the single PV cell is
discussed to pointing a necessity to connect number of cells in series and in parallel with
protection diodes to form a PV module and array to meet the desired load power either in
standalone or grid connected PV applications.

The effect of temperature and solar radiation on the 1-V and P-V characteristics of PV
array is also discussed in this chapter to show the importance of using an adaptation stage to
ensuring, through a control strategy, the transfer of the power delivered by the PV generator
to the load so that it is as close as possible to the maximum power available. As the PV
system is proposed in this work is a stand-alone system, the focus was on the DC-DC boost
converter. The electrical circuit of this converter was presented and operating concept was
thoroughly explained.

The various techniques for tracking the maximum power point, which aim to keep the
maximum power available continuously despite changes in weather conditions, will be the

subject of the following chapter.
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2.1. Introduction

Under uniform irradiance level and constant cell temperature, a PV module has a non-
linear 1-V and P-V characteristic curve on which there is a single optimal operating point,
called the maximum power point (MPP).

To confirm that the PV system operates at the MPP, a maximum power point tracking
(MPPT) control technique has been implemented which enables the maximum power to be
delivered during the operation of the PV array and which tracks the variations in maximum
power caused by the changes in the atmospheric conditions, thereby we guarantee an increase
in the overall efficiency of the system.

In fact, determining the MPP is not always easy, since it depends on fluctuations in
climatic conditions. A review and analysis of several MPPT technigues have been carried out
in [2.1, 2.2, 2.3, 2.4, 2.5] to quantify the performance of each control algorithm compared to
the others, some of these MPPT are very simple while other approaches are more complicated

and more difficult to implement.
2.2. Maximum power point tracking issue

In the case of direct connection to the load, the operating point of a solar panel is the
intersection of the two characteristic curves of the panel and the load. This point does not
correspond to that of maximum power in most cases. As the characteristic of the solar panel is
non-linear, the location of the MPP on the P-V curve varies in an unpredictable manner it

cannot be defined beforehand due to changes in irradiation and temperature (figure 2.1).
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Fig. 2.1. Influence of the climatic conditions on the MPP.
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In order to control the operating point, an adaptation stage is added between the
photovoltaic generator and the load. This stage which aims to minimize the difference
between the maximum available power and the power actually recovered, is only a DC-DC
power converter controlled by a maximum power point tracking technique (MPPT) as figure
2.2 show. It is generally based on the adjustment of the duty cycle of the converter until it is

placed on the MPP in all climatic conditions.

—T1—0— —O—
Irradiance DC/DC Laan

Temperature TYC Vv Converter Vs (R)
e

1 D_ —{ }—l

Iy, D
V—"_ MPPT -
£ p Controller

Fig. 2.2. Block diagram of the photovoltaic system.

To evaluating the performance of a new or modified MPPT control techniques, several

criteria should be considered, the most important of them are:

v' Dynamic response: To be efficient, the response of a MPPT control
technique needs to be fast to track the MPP during the rapid changes in the atmospheric
conditions (solar irradiation and temperature). The higher the tracking speed of the MPPT

algorithm, the lower the loss in solar energy in the system.

v/ Steady state error: The MPPT controller should stop tracking, once the MPP
is located and should force the system to maintain operation at this optimal operating point as
long as possible. In most MPPT controllers and in steady state, the operating point appears
fluctuations around the MPP. These fluctuations cause losses, this is why an MPPT controller
must minimize these fluctuations as much as possible to allow the system to operate as close

as possible to the MPP and subsequently, increase the overall PV system efficiency.

v' Tracking efficiency: Defining the tracking efficiency is a very important
step, to quantify how successfully an MPPT control algorithm tracks the MPP and to what
extent it contributes to increase the overall performance of the PV system compared to other

methods. The atmospheric conditions are able to change in a large proportion during a day.
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Hence, each MPPT technique must be evaluated over a range of different operating conditions
when comparing MPPT algorithm performance. A well-designed MPPT control system

should provide good performance in different atmospheric conditions.

v/ Stability: Since the characteristics of the solar panel as well as the static
converters used in photovoltaic systems are non-linear, the stability is a very important factor

for the evaluation of the MPPT techniques.

v" Robustness: Change in irradiance and/ or temperature can lead to an error in
tracking the MPP and therefore the instability of the photovoltaic system. An MPPT
controller must take these disturbances into account to be robust.

2.3. Literature review on Maximum Power Point Tracking (MPPT)

Numerous MPPT Algorithms with different levels of complexity, accuracy, efficiency,
time response, cost, and implementation difficulty have been proposed for maximizing the
energy utilization efficiency of the PV arrays in the literature [2.6, 2.7, 2.8]. In this chapter,
different MPPT strategies are analyzed before introducing the principles of our new strategy.
The aim of our approach is to list the existing and identify the limits of each method as well
as the possible improvement perspectives.

According to the originality and the limitations associated to these strategies, we
propose a classification into two families. The first group includes the conventional MPPT
techniques in which we introduce some of the most used algorithms, while the second family

groups the intelligent MPPT techniques in which we suggest some possible improvements.
2.3.1. Conventional MPPT techniques

Among the conventional MPPT techniques mentioned in the literature to reach MPP,
perturbation and observation (P&O), incremental conductance (IncCond) and hill climbing
(HC), are the most widely used because of simplicity, ease of implementation, and low cost.

For a better understanding of the performance of these techniques, we explain in the

following paragraphs their different principles.
2.3.1.1. Perturbation and observation algorithm (P&O)

The perturbation and observation algorithm is considered to be the most commonly
used MPPT algorithm among the other techniques because of its simplicity, low cost and ease

of implementation [2.2, 2.9, 2.10, 2.11]. It is based on the concept that on the P-V curve, the
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change in the PV array output power is equal to zero (AP, = 0) on the top of the curve as
illustrated in figure 2.3. From its name, the P&O algorithm operates by continuously
perturbing PV system either by incrementing or decrementing the operating PV output
voltage and observing its effect on the output power of the PV array. According to this
observation, the algorithm decides on the act to do during the next iteration. Four situation
cases for P&O are considered in figure 2.3 and summarized in Table 2.1.

As illustrated in P-V curve of figure 2.3, we can see that when there is a same variation
positive or negative in both of the PV output power and voltage (AP, > 0 and AV, > 0) or
(APpy < 0 and AV, < 0), the operation point of the system is located at the left side of the
MPP, in this case the increasing in the PV output voltage is required to track the MPP.
Otherwise, when the variation in Ppy output power and Vpy output voltage is different (APyy, <
0 and AV, > 0) or (AP, > 0 and AV, < 0), the operation point of the system is located at the
right side, in this case the decreasing in the PV output voltage is required to track the MPP.
From these various analyses, it is easy to locate the position of the operation point of the PV
system compared to the MPP on the P-V curve. Thereafter, through an appropriate control,

the operating point can move towards the maximum power point.
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Fig. 2.3. Operating principle of the P&O algorithm based MPPT controller.
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Table 2.1. P&O operating principle.

Case N° | AV AP % Tracking direction | Control act

1 + + + good V=V+ AV

2 - - + bad V=V+ AV

3 + - - bad V=V- AV

4 - + - good V=V- AV

Start
Vo1d=0
loig=0
Poia=0

v

Measure
VpVa Ipv
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Pov=Vpv* oy
AV:va- Void
A|:|pv- loid
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Fig. 2.4. Flowchart of P&O algorithm.
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The flowchart of the conventional P&O algorithm is presented in figure 2.4. For this
type of control, both of current and voltage of the PV panel are required to determine the PV

output power every moment.

Conventional P&O algorithm based on the fixed step size perturbation have two
primary demerits. The first is the oscillation around the MPP at steady state, which gives rise
to the waste of some amount of available energy [2.12, 2.13, 2.14]. Where the small step size
helps causes a low oscillations, but significantly slows the tracking progressions. Unlike the
large step size leads to faster response but with higher oscillations at steady-state conditions.
Improved versions of P&O algorithms exist to overcome this oscillation problem. For
example, one study suggested a variable step size perturbation that starts high and decreases
as it converges to the MPP [2.15]. Other studies suggested variable values for the perturbation
introduced with the P&O method [2.16, 2.17].

The second disadvantage of the P&O algorithm is the low quality tracking during
rapidly changing weather conditions. The MPPT algorithm moves away from the real MPP
due to the quick change in the weather conditions. To summarise this problem, the algorithm
is not intelligent enough to distinguish if the new output power value is higher because of the
new irradiation amount or because of the value of the new duty cycle. So improvements have
been made to overcome these issues. Authors in Ref. [2.13] correct the trajectory of the P&O
algorithm to trend close to the real MPP by separating the effect of irradiation change from
the effect of the tracker perturbation. References [2.10, 2.18, 2.19] propose modified P&O
algorithm called dP-P&O by inserting an additional power measurement in the middle of
MPPT sampling period, in order to prevent deviation from the MPP as well as to enhance the
tracking. A pair of other studies proposed an improved MPPT based on Mamdani fuzzy logic
technique in order to separate the effect between the irradiation and perturbation changes
[2.20, 2.21].

2.3.1.2. Incremental Conductance algorithm (IncCond)

The incremental conductance algorithm was introduced in 1995 by Hussein [2.24], in
order to improve the tracking accuracy and dynamic performance in rapidly changing
atmospheric conditions of the P&O algorithm [2.8, 2.22, 2.23, 2.24]. Even though the
improvements are limited [2.25], it is one of the most widely used MPPT algorithm.

As the P&O method, the IncCond algorithm is also based on the fact that, the derivative

of PV array output power with respect to its output voltage is zero (dPpy / dVyy = 0) at the
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MPP and at any irradiation and temperature level. The derivative is negative on the right of

MPP and positive on the left of the MPP as explained by the following equations:

dpP
Y =0 At the MPP
dPPV .
<0 At the right of the MPP (2.1)
dPpy
>0 At the left of the MPP
dVpy
Since:
dPpy _ d(lpyVpy) _ dlpy _ Alpy
7 Ipy + Vpy Wy Ipy + Vpy Aoy (2.2)
Equation (2.1) can be written as:
Alpy Ipy
2 =B Atthe MPP
AVpy Vpv
Al I .
R At the right of MPP (2.3)
AVpy Vpy
Alpy Ipy
—_— > —— At the left of the MPP
AVpy Vpy
Right of MPP
> MPP
dlpv Ipv
dvpv Vov dipv ] Ipv
dVvpv Vpv
@ Left of MPP
c
g
8 dlpv . Ipv
dVpv Vpv

Voltage(V)

Fig. 2.5. Operating principle of the IncCond algorithm.
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Fig. 2.6. Flowchart of IncCond algorithm.

The last equation makes it possible to locate the MPP by only comparing the
instantaneous conductance (Ipy/Vpy) to the incremental conductance (dIpy/dVpy) (figure
2.5). The flowchart in figure 2.6 illustrates how this method works. Theoretically, there is no
steady stat oscillation around the MPP. The verification of the Eq. 2.3 with the verification of
dl,y = 0 eliminates the oscillations around the MPP and also maintains the PV output voltage

constant once the MPP is reached. However, in practical implementation, the Eq. 2.3 is rarely
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equal to zero at the MPP. Therefore, this non-zero value can be detected by accepting a small
error, where the value of the error depends on the required sensitivity of the MPPT [2.22],

which allows modify the relation (2.3) in the following equation:

Alpy Ipy

—t—= At the MPP

AVpy  Vpy Z;

Alpv Ipv _ .

—+—=£<0 At the right of MPP (2.4)
AVpy  Vpy

Al I

4+ =£>0 At the left of the MPP

AVpy ~ Vpy

In this case, the operating point is fixed close to the MPP, and this method falls back on
the same disadvantages of the P&O algorithm. In addition, the execution time of the
algorithm is longer because the latter is more complex which generates a delay in the
detection of climate change. In some research paper, an improvements have been made to
overcome the drawbacks of IncCond algorithm, such modified IncCond algorithm by
proposed a new variable step-size which only depends on the PV power change (AP), thus
eliminating its division by the PV voltage change (AV) [2.32, 2.33, 2.34], or using a fuzzy
logic estimator to estimate the optimal size of the duty cycle change from the irradiance
change by minimizing the error between the instantaneous conductance and the incremental
conductance [2.26, 2.27].

2.3.1.3. Hill Climbing algorithm (HC)

dPpv
dD =0
g MPP
(]
2
S
iy dPpv dPpv
=)
= dD >0 i ¢
=]
o
>
a
0 1

Duty cycle (D)

Fig. 2.7. Operating principle of HC algorithm.

45



Chapter 2 Literature Review on Maximum Power Point Tracking Techniques

Most MPPT algorithms presented before are based on the adjustment of the output
voltage of the solar panel even though the real controlled variable for the converter is the duty
cycle D. The hill climbing method is based on the relationship between the power delivered
by the PV panel and the duty cycle applied to the static converter [2.2, 2.28, 2.29, 2.30].
Mathematically, the MPP is achieved when dP,/dD is forced to be zero, as shown in figure

2.7. The flowchart of this method is depicted in figure 2.8.

Start
Poia=0
Doig=0

v

Measure
va, Ipv

v

\ 4
A

Calculate
PpV:VpV* I pv
AP:va'Pokj

Complement the
sign of slope

D=Dgqt+a*slope

A
Doig=D
Poia=Ppv

Fig. 2.8. Flowchart of HC algorithm.

Depending on the direction that must given to the tracking process to achieve the MPP,
the slope variable takes two values +1 or -1, where a is the perturbation step of the duty cycle.
Periodically, the power Ppy(n) is compared to the value determined previously Ppy(n-1), based

on the result of the comparison, the sign of the slope value changes or remains the same. This
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has the effect of increasing or decreasing the value of the duty cycle. However, once the MPP
is reached, the same drawbacks as P&O and IncCond methods are appeared regarding to the
oscillations around the MPP at the steady state condition and power loss during the fast
variation of the weather conditions. Several techniques in the literature have addressed
improving hill climbing algorithm. In [2.31], a technique has been developed to overcome
oscillation around the MPP based on the estimation of the boost converter duty cycle
associated with the conventional hill climbing. Another technique was implemented in [2.30]
by fuzzifying the rules of the hill climbing search method to reduce its disadvantages, with a
relatively simple approach.

2.3.2. Intelligent MPPT techniques

The use of intelligent techniques is experiencing a great boom today whether for
modeling or systems control, this thanks to their adaptability to changes in system parameters
and their robustness to disturbances and modeling errors.

The non-linear characteristic of photovoltaic systems, in addition to their affected by
climatic conditions that are very random, are the subject of much researches interest that
works to improve the performance of these systems using intelligent techniques. Below we

review the most important of these techniques.

2.3.2.1. Fuzzy Logic based MPPT controller (FLC)

Rules base

l AD

AE Fuzzification jmsmp] Inference [mmmp|Defuzzification [

lm

Fig. 2.9. Fuzzy controller structure.

Recently, fuzzy logic-based control has received a lot of attention from a number of
researchers in MPPT applications for PV systems either independently or along with other
methods [2.20, 2.35, 2.36, 2.37, 2.38]. This technique has the advantage of being does not

require an accurate mathematical model to implement and able to operate with little imprecise
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inputs. Moreover, the ability to deal with the nonlinearity of the system. However, a good
knowledge of the behavior of the system is required for the development of such regulator.

Generally, the fuzzy logic controller is consists of three stages (shown in figure 2.9) that
can be described as: fuzzification, inference engine (rule-based table lookup) and
defuzzification [2.39].

v Fuzzification stage: In this stage, the inputs are converted from numerical to
linguistic variables based on a membership function similar to figure 2.10. Several
membership functions can be defined for the same variable such as: negative big (NB),
negative small (NS), zero (Z), positive small (PS) and positive big (PB) [2.40]. In practice the
membership functions can have a number of different shapes depending on the application.
They can be triangular, trapezoidal, Gaussian, bell-shaped or sigmoidal. Trapezoidal or
triangular membership functions are usually used in systems that require significant dynamic
variation in a short period of time, a Gaussian or other membership function is always
selected if the system requires very high control accuracy [2.39]. The accuracy of the fuzzy
logic depends on the number of the fuzzy subset; whenever the fuzzy subset has increased the

accuracy has increased.

4 E, AE, AD
PB PB PB PS PB
-a -b 0 b a

Fig. 2.10. Membership function for inputs and output of fuzzy logic controller.

Based on the fact that at MPP AP/AV = 0, and this whatever the weather conditions.
Therefore, the first input will be the variation of the power compared to the voltage (the slope
of the P-V characteristic) called the error (E), which shows whether the operating point at
time k is on the left or on the right of the MPP in the P-V characteristic of the PV generator.
As a second input, information on the direction and speed of convergence would be
necessary, so as a second input the variation of the error (AE) is used (the slope change).
These variables can be calculated as follow:
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__ P(K)-P(k-1)
B0 = Yaovan @3)
AE(k) =E(k) —E(k—1) (2.6)

At the output, the control is carried out by adjusting the duty cycle (AD) to drive the

DC-DC converter in order to bring the operating point to the maximum point.

v Inference stage (rule-based table lookup): It is a step that involves defining
a logical relationship between the inputs and the output. In fact, systems’ using fuzzy logic
use rules that the designer writes based on experience and system knowledge, which they

have the following form:
IF « E condition » AND « AE condition » THEN « AD conclusion »

The number of base rules can be defined based on the number of membership in the
fuzzy set and the inputs. For example if the system contains two inputs and each of them
contains five memberships then the total base rules will be 5*5 = 25 base rule. The higher the
number of memberships, the better the system efficiency will be, but the system
implementation will become more complex [2.10].

Thanks to these fuzzy rules and by responding to the specifications of the system, an
inference matrix giving a linguistic variable assigned to the output AD can be drawn up
depends on different combinations of E and AE (Table 2.2).

There are several techniques for performing the fuzzy interface process, such as, the
Mamdani method, Takagi-Sugeno Kang (TSK) method, Tsukamot method and Larsen
method. The Mamdani method is usually more popular for most control engineering
applications because this method is computationally more efficient and has better

interpolative properties than the other interface methods [2.39].

Table 2.2. Example of the inference table.

AD AE
NB | NS z PS | PB
NB | Z Z NB | NB | NB
NS | Z z NS | NS | NS
E Z | NS | Z z Z PS
PS | PS | PS | PS Z Z
PB | PB | PB | PB Z Z
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v' Defuzzification stage: the last step in the process of the fuzzy inference is
the defuzzification, and it is reverse of the fuzzification process. The output of the fuzzy
inference process result from the combination of the control inputs is still linguistic variable.
Hence the defuzzification process is needed to convert the fuzzy output from a linguistic
variable to a numerical variable [2.10], and offers an analog signal that will drive the power
converter to operate at the MPP. There are several defuzzification techniques which are used:
Mean of maximum method (MOM), Height method (HM) and the most commonly used
technique is Centre of gravity method (COG) [2.42].

Compared to conventional algorithms, the fuzzy logic based MPPT controller exhibits
generally a better performance, good stability and fast response especially under different
atmospheric conditions [2.43, 2.44, 2.45]. However, successful implementation of the FLC is
heavily relied on the amount of designer’s knowledge of the system who sets up the
membership function and the rule-base table. In [2.46], an adaptive FLC was proposed to
regularly change the membership function and the rule base table for improving the control
system. Another improvement was suggested and validated experimentally in [2.47, 2.48] by

using an asymmetrical FLC based MPPT algorithm for PV systems.
2.3.2.2. Artificial Neural Network (ANN) based MPPT controller

Another type of artificial intelligence technologies that have become popular and
expanded in MPP tracking for PV systems to achieve high efficiency is the artificial neural
network (ANN). The architecture of an ANN commonly have three stages or layers: input,
output, and hidden layers between these layers where the processing takes place as shown in
figure 2.11. The user or control engineer has the flexibility to choose the number of nodes in

each layer.

Hidden Lyer

Input Lyer Output Lyer

Inputs » Outputs

W,
(""I&St)
Fig. 2.11. Artificial neural network representation.
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For the input variables, it can be the PV array parameters like open-circuit voltage V.
and short-circuit current ls,, atmospheric data like the temperature and irradiance, or any
combination of these variables. After these inputs are processed in the hidden layer, the output
most likely is a duty cycle signal that drives the power converter to operate at or close to the
MPP as possible based on the algorithm used in the hidden layer and how well the neural
network has been trained. The neural network technique needs to be well trained to perform at
a high quality and to accurately identify the MPP. The training process happens on a long run,
where all the PV data is recorded continuously over months or even years into the neural
network database. The result of this training is an algorithm in the hidden layer to make
relationships between the inputs and the outputs, where every link between nodes is weighted
precisely [2.8, 2.49].

Artificial neural network technique shows a fast and accurate convergence to the MPP
and a high effectiveness under varying atmospheric conditions especially instantaneous
climate changes and partial shading [2.2, 2.50]. However, the major drawback of this method
is that each PV array has its unique characteristics, so the neural network controller must be
trained for the PV array in use separately depending on the knowledge of the user in choosing
the right algorithm parameters, without generalized to work on several types at the same time
unless trained to. Moreover, the characteristics of a PV array change with time therefore,
neural networks should be trained periodically to maintain high quality tracking. These entire
drawbacks make this technique features by high complexity and requires a costly

microprocessor to implement.

To overcome these limitations, an ANN-based MPPT technique is proposed in [2.51]
which utilize two cascaded ANNs to minimize the number of training sets. Some other
researches use an adaptive neuro-fuzzy inference system (ANFIS) which combines neural

network and fuzzy logic to achieve a suitable MPP tracker [2.52, 2.53, 2.54].
2.3.2.3. Sliding Mode based MPPT controller (SMC)

Starting from late 1970s and continuing today [2.41], sliding mode control (SMC)
considered as one of the most well-known nonlinear control techniques because of its fast
convergence and high robustness. Moreover, it is insensitive to system parameter changes,
disturbance and load variations [2.55]. SMC is a variable structure control strategy; its design
involves two basic stages. The first stage is to determine the sliding surface that ensures the

convergence property towards the desired surface. The second stage aims to establish an
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optimum design of the control law that forces the system trajectory to reach and stay in the
vicinity of a predetermined sliding surface in finite time [2.56, 2.57]. The state trajectory

consists of two distinct parts: Convergence mode and Sliding mode as shown in figure 2.12.

A X?

CM
S(x)=0

\—.

X

v

SM

Fig. 2.12. The state trajectory modes.

v' Convergence mode (CM): this is the mode during which the variable to be
adjusted moves from any point on the phase plane to the sliding surface S(x) =0. The

attractiveness to the sliding surface is ensured by the discrete control law Dg.

v" Sliding mode (SM): this is the mode during which the operation point is
maintained on the sliding surface and displaces it towards the origin. This mode is ensured by

the equivalent control low Deg.

The design of the SMC can be carried out in three main stages which are very

dependent on each other. These steps concern:

v Choice of surface: As agreed, the MPP of the PV system is achieved when
the following equality is satisfied:
dPpy  dlpy Vpy

= =V, +1
dlpy dlpy pv

dVpy
PV dipy,

=0 2.7)

Accordingly, the sliding surface can be chosen as:

dV

pv dlpy (2.8)

S=V,, +]1

If S>0,s0 (dPy/dlp)>0 which means that the operating point is to the right of the MPP.
If S<0,s0 (dPy/dlp) <0 which means that the operating point is to the left of the MPP.
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v' Control law design: The general control law D consists of two parts, the

discrete control Dq and the equivalent control Deg.
D =Dy + Deq (2.9)

The discrete control Dy, determined to ensure the attractiveness to the sliding surface
and defined as follows:

Dgq = K*sgn(S) (2.10)

Where: Kis a positive constant.
The equivalent control Deg, serves to maintain the operation point on the sliding surface

and displace it towards the origin, it defined as follows:

Vv
Vo

Deg = 1— (2.11)

So, the overall control law D has the expression mentioned in the following equation
(2.12), where the corresponding block diagram using Matlab/Simulink ™7 tool is shown in
figure 2.13.

Vv
Vo

I (o Y
E

D=K=xsgn(S)+1—

(2.12)

Vout

v
S

1, s A
X —
'j Sign

Dd
K

dVpv

S
5 (7] [

Fig. 2.13. Block diagram of sliding mode controller.

v' Checking for the existence of sliding mode: Let be the positive definite

quadratic Lyapunov function V; = %SZ.
In order to ensure the attractiveness of the surface S=0 over the entire operating range;

it’s enough that the time derivative of V| must be negative.
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V., =S*S$<0 (2.13)

Where the surface derivative is given by:

=5 =[a] = (2] [ 219

From equation (2.8) we have:

d_S pv 2V pv
[dx] = 2 T + Iy i (2.15)

And from equation (1.1), we can deduce the output PV voltage V,y as follows:

NAKT Toh —loy +1
Voy = Sq log (%) (2.16)

From equation (2.16) we have:

dv,, N AKT 1
Wi _ (_ s )( ) <0 2.17)
dly, q Iph—Ipy+l,
d*Vp, ( NSAKT) ( 1 )

=|- <0 2.18
dlpy® q Uph—Ipy+1,)? ( )

T
From Eq. (2.17) and (2.18) we conclude that [j—i] is always negative, which means the sign of

S depends on the sign of % = d;‘;” .

. dI v
=2 =_TO(1_

dt
_V_O(
L

=VT°* K * sgn(S) >0

(2.19)

)+

: as1T . - .
So, S=[d—x] X <0 andfromit, Vy, =S*S<0

We conclude that the sliding mode exists and the system is asymptotically stable,
whatever the location of the operating point. The control law applied obliges the system
trajectory to move from any initial state of the sliding surface in a finite time and thereafter
keep it on it.
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As the control law generated by the SMC combines two terms, it’s not continuous. This
sudden change or switching in the control law leads to the chattering phenomenon which
induces many undesirable oscillations which may lead the system into instability [2.58, 2.59,
2.60]. Therefore, to maintain the amplitude of oscillation at low level, chattering must be
decreased or eliminated. To achieve this objective, many chattering suppression methods have
been suggested in the literature. In [2.59] sliding mode based layer concept and Lyapunov
function approach is used. Other researches propose double integral sliding mode [2.61],
second order sliding mode control [2.62], terminal sliding mode control (TSMC) [2.63] and
fast terminal sliding mode control (FTSMC) as solution to break this drawback [2.64].

2.4. Summary

In this chapter, the maximum power point tracking issue is presented and explained in
order to extract the maximum power from the PV panel and thus increase the efficiency of the
PV system. Besides that, this chapter reviewed the operating principle of the most commonly
MPPT techniques that are discussed in the literature along with their advantages and
disadvantages through a substantial bibliographic investigation. The MPPT techniques can be
classified into two categories: conventional techniques (P&O, IncCond, HC and...) and
intelligent techniques (FLC, ANN, SMC and...). It's true that intelligent techniques are more
effective and they have a quick response especially during the changes in atmospheric
conditions, but they are more complex compared to conventional techniques which are

generally simple, cheap and less effective.

The search for an efficient MPPT technique (faster, easy to implement and more stable)
remains the objective of researchers and is the subject of a large number of studies. In the next
chapter, a new efficient and strong tracking technique is proposed and implemented based on
the synergistic approach in order to eliminate or minimize the effect of the chattering
phenomenon resulting from the switching in the control law generated by sliding mode

control technique.
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3.1. Introduction

All MPPT's difficulties and drawbacks, whether conventional or intelligent technique,
inspired from the depth study in previous chapter in particular, speed of the MPPT in tracking
the optimal power, oscillation behavior, stability and robustness against environment changes,
have guided to move to improve the performance of the PV system by introducing more
advanced control approches. To achieve this objective, one of the most promising robust
control strategies named Synergetic Control (SC) is adopted.

In this chapter, we propose a new nonlinear strategy based on Synergetic Control theory
to track the maximum power point (MPP) for stand-alone PV system under different
atmospheric conditions. The control strategy consists a solution developed to eliminate or
reduce the chattering drawback provided by sliding mode controller (SMC), where it allows
generating continuous control law instead of a switching term. A DC/DC boost converter
(whose specifications are illustrated in Tablel.1) is introduced in the content of this work as
an interface between a PV array (whose specifications are illustrated in Table 1.2) and a
resistive load.

The design of the synergetic MPPT controller is explained and mathematically
described in the content of this chapter. The developed MPPT controller was tested both in
simulations using Matlab/Simulink™" tool, and experimentally, using a dSPACE based
experimental test bench, and compared with the sliding mode-based MPPT controller. The
MPPT efficiency is calculated using the EN 50530 standard test with different ramp gradients
values from the slow to the very fast. The main goal of the proposed MPPT controller is to
ensure the system stability at the maximum power, good robustness and fast dynamic

response simultaneously.
3.2. Synergetic control overview

Synergetic control theory was first developed and introduced in general terms by Prof.
Anatoly Klesnikov and his team [3.1]. This approach does not require linearization of the
model and employs a nonlinear model for synthesizing the command (control law).

The design of Synergetic Control is very similar to that of the sliding mode control
(SMC). It depends on the same invariance property of systems found in SMC, but without its
chattering drawback because it provides a continuous control law unlike the conventional
SMC which combine two terms, one ensures the attractiveness of the system states to the

sliding surface while the other one maintains the operating point on sliding surface and
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displace it to the origin. This sudden change or switching in the control law leads to the
chattering phenomena as it mentioned in many researches [3.2, 3.3, 3.4].

Synergetic Control theory has been successfully applied initially in power electronics
control [3.5, 3.6], in battery charging system [3.7], then recently in control of the epidemic
system [3.8, 3.9] and in the control of wind turbine system [3.10]. The synthesis of synergistic

control in the general case is reviewed in the next section.
3.3. Synthesis of Synergetic control

To detail the general principle, mechanism and working of synergetic strategy and then
demonstrate how they are to be operationalised through empirical modeling, let us first
consider the system to be controlled is described by a non linear differential equation of this

form:

. _dx _
X=—= f(x, D, t) (3.1)

Where X represents the system state vector, D the control vector and f a continuous

differentiable nonlinear function.

Synergetic controller design starts by selecting a macro-variable (MV) given in the

following equation:
Y =Y(xt) (3.2)

Where W is the macro-variable and W(x, t) is a user defined function of system state
variables. The characteristics of the macro-variable can be chosen by the designer according
to the desired performance and the control specifications such as the control objective, the
settling time, limitations in the control output, and so on. In the trivial case, the macro-
variable can be a simple linear combination of the state variables. The same process can be

repeated, defining as many macro-variables as control channels [3.1, 3.11].

The objective of the synergetic controller is to direct the system trajectory to operate on

a designer chosen manifold (attractor):

Y=y (3.3)

Once the trajectory reaches the desired manifold, the synergetic controller will keep it there.
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The macro-variable is evolved in a desired manner by introducing a constraint that is

expressed in the following equation:
T ($)+¥w=0 Ty>0 (3.4)
Mathematically, the solution of equation (3.4) gives the following function:

P(t) = ‘Poe_% (3.5)

According to equation (3.5), the macro-variable W(t) converges towards the attractor
=0 for different initial conditions of ¥,. Where Ts is a positive value which will affect

smoothly at the system convergence speed to the desired equilibrium point.

Differentiating the macro-variable along equation (3.1) leads to equation (3.6):

d¥ d¥ /dx
=) @) (3.6)
By combining equations (3.1), (3.4), and (3.6) we get:
dvy
Ts (5) f(x,D,0) + ¥ = 0 3.7)
Finally, when solving equation (3.7), we can describe the output control law as flow:
D =g(xt¥(x1t),Ts) (3.8)

It is obvious from Eqg. (3.8), that the control law is continuous and depends not only on
the system state variables (X, t), but also on the adequate selection of the MV and time
constant Ts to ensure the overall system stability and the good transient and steady state

performances.
In what follows, we applied the concept of the SC explained above for the MPPT
controller design in PV system.

3.4. Synergetic MPPT controller design

The configuration of the proposed standalone PV system used in this study consists of
PV array, DC-DC boost converter, resistive load and a non-linear controller allows maximum

power tracking as shown in figure 3.1. The dynamic model of the DC-DC boost converter
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used and shown in figure 3.1 can be described by the differential equations developed in the

section (1.7) of the first chapter given as:

7 T L
I e N > Lo
Synergetic
W -+ Czntriller _l,d 1 £ I
T [ w
PV array DC-DC Boost Converter Load

Fig. 3.1. Photovoltaic system structure.

dv 1

pv — — (; .

dt Cin (lpV IL)
dl V V

bV — __ — Yo 4 bV
dt (1-D) L + L
dv, I Vo
=(1-D)———

dt ( )CO RC,

(3.9)

(3.10)

(3.11)

Where: Cj, is the input capacity, C, is the output capacity, L is the inductance, R is the

resistive load, D € [0 1] is the duty ratio, which is also the control output law and V, is the

output voltage.

The objective of using MPPT controller is to reach the MPP under different weather

conditions, with high efficiency. To apply the Synergetic Control strategy as MPPT technique

on the selected system, we start by selecting a macro-variable. This selection is based on the

output power of the PV array as follows:

dp,
Y(xt) = dl_p

pv

Hence, the manifold is defined as:

W= dPpy  dlpy Vpy v
dlpy dlp,y pv

dVpy
PV dIpy

+ 1 =0

By applying equation (3.6) we find:
v _ (4¥ (‘“&)
dt — \dly/ \ dt

Compensating equation (3.14) in equation (3.4) give us:

(3.12)

(3.13)

(3.14)
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dw '\ (dlpy
T [(mPV)( ; )] +WP=0 (3.15)
Where:
dw . dVp, d?Vpy
T 2 a, + 1, ar, (3.16)

The output PV voltage V,y, can be deduced from the equation (1.1) of the first chapter, as
follows (by considering Rg, >> and Rg <<):

N AKT Ipp —Ipy +I
Voy = ; In ("I—p") (3.17)

From (3.17) we can conclude:

dV,y N AKT 1

== (— ) (3.18)
dlp, q Iph —Ipy +1o
d?v,, N AKT 1

= (-8 2) (3.19)
dlpy q (Iph —Tpv +1o)

The substitution of equations (3.10) and (3.16) into the equation (3.15) gives the control

law equation described in equation (3.20):

D(t) =1- hdt —

(3.20)

dVpy d2Vpy \Y
v Ts<2 —Hlpy W%T) °

+
+

Vpv/Voj

L

Fig.3.2. Simulink block diagram of synergetic controller.

+
+
—
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From equation (3.20), we see that the Synergetic controller will force the controlled
variable trajectory approaching directly and with no sudden change to the desired manifold
¥=0 and serves to keep it there. For that we say that the control law generated by the
synergetic approach is continuous instead of a switching term like SMC, by thus the
chattering phenomenon can be either reduced or eliminated. The block diagram of the

proposed synergetic strategy is given in figure 3.2.

Stability Proof

The system stability is ensured using the Lyapunov's theory. Let the Lyapunov's

function be defined positive as follows:
w2
V. = E‘P >0 (3.21)

We say that the system is stable if the derivative of the Lyapunov's function is less than

zero. The derivative of V is given by:

a=v(w) (-5

- (— Ti) W2 <0 (3.22)

According to equation (3.22), the derivative of the Lyapunov's function is always

negative, which ensures system stability.
3.5. Results and discussion

In order to validate and evaluate the effectiveness of the proposed synergetic based
MPPT controller, the model of the PV system, shown in figure 3.1, has been first
implemented in Matlab/Simulink environment for simulation. Next, the proposed MPPT
controller is implemented in dSPACE RTI 1104 real-time platform and several tests were

performed on an experimental test bench to obtained simulation results.
3.5.1. Simulation results

To verify the performance of the proposed MPPT controller, the PV model system has

been designed in Matlab/Simulink as shown in figure 3.3. It includes the PV array, the DC-
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DC boost converter controlled by the proposed MPPT controller and a resistive load. The PV
modules specifications and the system specifications used in the simulation are shown in table

1.1 and table 1.2 respectively.

The simulation results obtained by the developed controller are compared to that
obtained by sliding mode controller at Standard Climatic Conditions STC (Irradiance =
1000W/m2 and temperature = 298 K).

P_panneau Ppv - ﬁ
\in_panneau _.J'm'\_,_. _r-]ﬁh-‘__‘” i
-— -

& f%[}aj% Lo
’@_L.

Vv

il

Temperature

=
=

J

= -

Iradiance

qusfge-tueé s D—){E—o lov ﬁ
DA I A G
>@_,—b dVov/dipy
T

Synergetic control based MPPT controller

Fig.3.3. Implementation of PV system in Matlab/Simulink.

Figure. 3.4 (a) shows the output power of all above mentioned methods, these results
have confirmed the good performance and the high effectiveness of the proposed controller in
transient and steady state. We can note clearly, in a transient state, that the synergetic
approach ensures the convergence to the MPP more rapidly compared to sliding mode
controller and in the right direction. At the same time, the duty cycle of the proposed
technique converges to the optimal value in limited time as shown in figure 3.4 (b) and the
macro-variable is maintained very close to zero as shown in figure 3.4 (c), by this we
guarantee the ability to reach the optimum point (dP,, /dl,, =0). Moreover, in a steady state,
once the output power of the PV system is maintained at the maximum, a significant reduce
of the oscillation around the MPP is appeared and as result, the power extracted using
synergetic approach is much larger compared to the power extracted using SMC technique as

shown obviously in attached zoom in figure 3.4 (a).
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In order to evaluate the robustness of the proposed MPPT controller under variable
atmospheric conditions, the sun insolation 700 W/m?2 is applied to the PV system. Then, it is
stepped up to 1000 W/m2 and finally it is stepped down to 500 W/m? as shown in figure 3.5
(). The tracking result of this step change of both techniques is shown in figure 3.5 (b).
While figure 3.5 (c) and (d) illustrate the duty cycle, the output voltage (Vout), the PV voltage

(Vo) and the PV current (I,y) of the proposed synergetic controller at the same step change.

In the first step change introduced at 0.1s we stepped up the irradiance from 700 W/m2
to 1000 W/mz in short time equal to 0.05s. On the obtained results we can make a detailed
analysis. In transient state, the SMC takes a relatively long time to reach the MPP without an
overshoot. The settling time in this case is equal to 0.08 s. While the SC reaches the MPP at
the same time that the irradiance settled at 1000 W/m?2 as it is shown in zoomlof figure 3.5
(b). In steady state, once the power extracted by SMC will be stable, the oscillations around
the MPP introduce a power with an average value equal to 86.95 W which creates a static
error equal to 0.33 W. On the other hand, the average value of the power extracted by SC is
estimated to 87.28 W which provides almost neglected static error. The second step change is
distinguished by a stepped down of irradiance at 0.25 s from 1000 W/m?2 to 500 W/m?2 in
relatively long time, compared to the time of the first step change which equals 0.15 s. In this
case, SMC shows a fast tracking where the settling time is estimated by 0.003 s (Zoom3 of
figure 3.5 (b)) and this is caused by the slow change in the irradiance but it is still not able to
extract the maximum power estimated by 43.8 W under 500 W/m? which creates a static error
equal to 0.2 W. On the other hand, the proposed strategy managed to reach the MPP at 0.4 s,
which is the same time that the irradiance is stable at 500 W/m?2. The average value of the

power extracted in steady state is 43.79 W which creates a static error around 0.01W.

To examine the performance of the proposed MPPT controller under temperature
variations, we suddenly change the temperature from 303 K to 288 K, then to 323 K as shown
in figure 3.6 (a). The tracking result of these changes is shown in figure 3.6 (b). While figure
3.6 (c) and (d) illustrate the duty cycle, the output voltage (Vou), the PV voltage (V) and the

PV current (l,y) of the proposed controller at the same step change.
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Fig.3.5. Simulation with step change of irradiance (T=298 K).
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In both cases of temperature change, the SMC shows a fast tracking to the M-PP but not
with the same accuracy given by Synergetic controller as it is shown in attached zoom of
figure 3.6 (b). In steady state and by using SMC, sizeable oscillations were appeared around
the MPP to give a power with an average value equal to 90.75 W, in the first step change,
which provides a static error equal to 0.75 W. A power with an average value equal to 75.78
W is obtained in the second step change which provides a static error equal to 0.92 W. On the
other hand, the use of the proposed MPPT controller based on synergetic approach makes the
extraction of the maximum power possible and with highly reduced oscillations, which
achieves almost neglected static error, where the average power value equals 91.5 W in the

first step change and 76.7 W in the second step change.

Thus, all the obtained simulation results have confirmed the strong robustness, in
transient and steady state conditions, of the proposed synergetic MPPT controller against the
SMC technique. The SC ensures the convergence to the MPP quickly under different tests

and towards the environment changes without affecting inversely at the output power.

3.5.2. Validation and experimental results

25%&05 RTI

1104 PV emulator

Fig.3.7. Experimental test bench of PV system with the developed MPPT controller.

An experimental test bench, figure 3.7, has been developed in LIAS-ENSIP-laboratory,
France, to confirm the validity of the proposed synergetic-based MPPT controller. It consists
of the following equipment’s: a programmable DC power supply with solar array simulation:
62020H-150S manufactured by the company Chroma to simulate two Kyocera KC85T panels
(whose specifications are illustrated in Table 1.1) connected in series to generate 177W at PV
peak power, a DC-DC boost converter with a switching frequency of 10 kHz (Table 1.2) and
a linear resistive load. The synergetic-based MPPT algorithm is digitally implemented on a

dSPACE RTI 1104 system real-time platform through a Matlab/Simulink environment.
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Fig.3.8. Experimental results at STC (Irradiance = 1000 W/m2 and Temperature = 298 K).
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(b) Experimental results of Pyy, lpy, Vpy and V.
(c) Experimental results of the duty cycle.

(d) Experimental results of the macro variable.
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The experimental results under standard test conditions (Irradiance = 1000 W/m? and
Temperature = 298 K) are presented in figure 3.8 (b). The proposed synergetic MPPT
controller is able to maintain the output power Ppv, current Ipv, voltage Vpv and the output

voltage Vout constant. Figs. 3.8 (c) and (d) show the experimental results of the duty cycle
and the macro-variable respectively.
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Fig. 3.9. Experimental results under a step change of irradiation (T=298 K).
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Fig. 3.10. Experimental results under a step change of temperature (S=1000 W/m?2).
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In order to examine the performance of the proposed MPPT controller, the dynamic
behavior under a step change of irradiance and temperature, in the experimental test, is

presented in figure 3.9 and figure 3.10 respectively.

In figure 3.9, the irradiance is increased from 200 W/m? to 500 W/m? at 3.5 s and
increased from 500 W/m?2 to 1000 W/m2 at 7 s. After a very short transient, the output power
Ppv, current Ipv, voltage Vpv and the output voltage Vout are maintained constant with good

stability.

Figure 3.10 shows experimental results under a step change of temperature using the
proposed synergetic MPPT controller. In this experimental test, the temperature is increased
from 298 K to 313 K and decreased from 313 K to 283 K at constant irradiance of 1000
W/mz2. From this figure, it can be observed that the stability of the system is successfully
achieved by maintaining the output power Ppv, current Ipv, voltage Vpv and the output
voltage Vout constant after a very short transient.

All experimental results are in concordance and very close to the previous simulation
results. Thus, confirm the validity and the feasibility of the proposed synergetic-based MPPT
controller. This approach provides high efficiency 99.97% at standard test conditions, as
shown in figure 3.8 (a), with correct and fast tracking as shown in figure 3.8 (b). Oscillations
around the MPP are approximately eliminated and the macro variable is maintained very
close to zero (see figure 3.8 (d)). At the same time, the duty cycle converges to the optimal
value to reach the MPP as shown in figure 3.8 (c). Moreover, the experimental results show
the effectiveness and the good robustness of the PV system with the proposed MPPT against

the variation of external conditions, irradiance (figure 3.9) and temperature (figure 3.10).
3.5.3. The EN 50530 MPPT efficiency test

To further evaluate the developed strategy, the EN 50530 European standard test for
measuring the dynamic MPPT efficiency is used [3.12]. It's implemented by providing
triangular irradiance waveforms sequentially but with different ramp gradients values from
0.5 W/m2/s to 100W/m?/s, so thus covered a comprehensive set of irradiance changes from the
slow to the very fast.

In this work, we use the EN50530 standard test with two different irradiance levels from
300 to 1000 W/m? (medium to high irradiance), but without repeating the same triangular
waveforms as mentioned in the original document [3.12], because MPPT techniques as

agreed keep the same responds during the same ramp (up and down). We applied three
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sequences with different ramp gradients: 10, 35 and 70 W/m?/s (slow, fast, and very fast)
respectively, the irradiation remains constant for a certain period of time at the high level as
well as the low as shown in figure 3.11.The power tracking result of the proposed strategy and
the sliding mode controller is presented in figure 3.12, certain parts are zoomed in to be
clearer.

During a slow solar irradiance change (10 W/m?/s); the tracking power obtained by the
proposed strategy is almost perfect and the ability to extract the maximum power is very high
compared to sliding mode controller as shown in Zoom 1. The SMC also provides a good
performance when the irradiance changes slowly as shown in Zoom 2, it’s true that the
tracking power deviate from the right direction compared to synergetic controller but after
each relatively large period which makes the disturbances along the tracking smaller. In the
second sequence, the solar irradiance changes faster: 35 W/m2/s (increase and decrease), the
synergetic controller is still able to maintain the good and the accurate tracking while the
deviations of the tracking power from the correct direction provided by SMC become more
(each 0.75 s) as illustrated in Zoom 3, which make more oscillations. During the third
sequence, the increasing and the decreasing of irradiance is very fast (70 W/m?/s), the
deviations of SMC become much more than the previous sequence (each 0.45 s) and as a
result the oscillations along the tracking increase more and more while the proposed

controller still copes with the very fast change with high performance as shown in Zoom 4.
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Fig. 3.11. Triangular irradiance waveforms for the EN 50530 standard test of dynamic MPPT

efficiency.
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The MPPT efficiency is measured using the following formula [3.13]:

Pout (1)
N.MpPT = m (3.23)

So the average efficiency is calculated according to equation (3.24):

J Pout (D)dt
N MPPT avg = m (3.24)

Where Py, is the output power extracted from the PV array and Ppax is the theoretical
maximum power. Although the efficiency is volatile in certain parts of the approved profile in
the EN 50530 standard test especially in low irradiance and fast changes, the proposed
strategy achieves an average tracking efficiency of 99.93 % under all stages of changing

weather whereas the SMC achieves 99.12 % as shown in figure 3.13.
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Fig. 3.13. The efficiency of the synergetic controller and the SMC under the EN50530

standard test.
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3.6. Summary

In this chapter, a new nonlinear Maximum Power Point Tracking (MPPT) controller
based on the synergetic control theory applied to a stand-alone PV system is presented. A DC-
DC boost converter is used as an interface between the PV array and the load. The proposed
controller was tested both in simulation and experimentally. The EN 50530 standard test was
used with different gradients values to calculate the MPPT efficiency under irradiance

changes.

The simulation results, obtained using Matlab/Simulink™" tools, prove the good
performance in transient and steady state of the proposed synergetic-based MPPT controller,
under different temperature and solar irradiance. Moreover, it is much better than sliding
mode-based MPPT controller. The synergetic MPPT controller overcomes the problems that
exist in the conventional and intelligent algorithms, not only regarding to the fast and accurate
tracking but also regarding to the oscillations around the MPP. These features are confirmed
by experimental results obtained using dSPACE RTI 1104 real-time platform. In fact, various
atmospheric conditions are tested to prove the high efficiency of the proposed synergetic
MPPT controller.
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4.1. Introduction

Recently, the synergetic approach has attracted many researchers where it was classified
as one of the most promising robust control technique due to the satisfactory results that have
been proven theoretically and experimentally in various fields [3.1]. This strategy has been
successfully applied in DC-DC power converters [3.1, 3.2, 3.3], in battery charging system
[3.4], in control of the epidemic system [3.5] and also in photovoltaic system to track the MPP
under different temperatures and solar irradiances [3.6, 3.7]. In most of the above mentioned
applications, the synergetic control law in its classical version offers an asymptotic
convergence, which means that the system errors converge theoretically to zero in an infinite

time.

In order to reach the equilibrium point in a finite time and reduce the steady state error
as much as possible, Fast Terminal Synergetic (FTS) approach has been introduced in several
recently research works to overcome the problem of asymptotic stability and thus improve the

robustness of the system [3.1].

According to this study, we present in this chapter a new non-linear control strategy
based on Fast Terminal Synergetic Control (FTSC) to track the MPP of a stand-alone PV
system. The first control objective of the developed MPPT strategy is to reach the MPP in
limited time and without any fluctuations once the output power of the PV system is
maintained at the maximum, by that we ensure the finite time stability. The second objective
is to confirm the high effectiveness and the strong robustness of the proposed controller under
non uniform atmospheric conditions or load changes. To evaluate the improvements provided
by FTS-based MPPT controller, a comparative study with synergetic controller and

conventional P&O algorithm is presented.
4.2. Fast Terminal Synergetic based MPPT controller

The configuration of the proposed standalone PV system used in this study consists of
PV array, DC-DC boost converter, resistive load and a non-linear controller allows maximum
power tracking as shown in figure 3.1 of the third chapter. The electrical characteristics of the
PV array used for the suggested simulation at Standard Test Condition (1000 W/m2 and
T=298 K) are given in Table 1.1.

The dynamic model of the DC-DC boost converter used can be described by the

differential equations developed in the section (1.7) of the first chapter given as:
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dVPV _ 1 . .
PP a(lpv — i)
dis _ 1 _pyYe 4 Ve
= (1-D) =+ (4.1)
Vo _ 1 _pydr _ Vo
dt (1-D) C, RC,
If we set Vyy, i and V, as system state variables, we obtain:
X1 VpV
X=|X2]= iL (42)
X3 \'A
The system of equations (4.1) can be rewritten as equation (4.3):
- dX
X = - = f(x,t) + g(x,t)D 4.3)
Where:
_ 1 . -
— 1y — X
deV /dt Cin ( by 2) 10
. _ 1 -X
X=[di/dt | f&x) = E(Xl —x3) | gx) =] L3
dv,/dt L(Xz _x_3) — X2
L ¢, R/

The detailed parameters of the DC-DC boost converter used are given in Table 1.2.

I |
Irradiance DC-DC
Temperature| PVG Boost Load
—_——
Converter
I ]

A
1-F-=-=-=-==-l/ === == === ==
|
I I Terminal D

MPPT I v MPP Vi
Controller | V, | Seeking »| Synergetic
: Controller

Fig. 4.1. Configuration of the proposed MPPT controller.
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To extract the total energy from the PV module regardless weather changes or load
variations, a nonlinear MPPT based on FTS strategy is used. The structure of the control

system is illustrated in figure 4.1. The MPPT controller consists of two blocks:

The first block (MPP seeking) calculates the reference voltage Ve by following
explanation below:

Depending on many previous studies, the maximum power point of the PV system is
reached when:
pv _ dpyVpy) dVpy

dp
= =V, Ly —
dlpy dly pv + lpv dlpy

=0 (4.4)

The output PV voltage V, can be deduced from the equation (1.1) as follows:

N AKT Ipp —Ipy +1
Vyy = ; ln(p 1: °) (4.5)

Consequently, the derivative of V, gives the following expression:

dv N AKT 1
— = ( ) (4.6)
dlpy q Iph =Ly +lo

By substituting equations (4.5) and (4.6) in equation (4.4) we get:

I =Ty +1 1
In ( = ) = (4.7)
I, Iph —Ipy +1o

Solve equation (4.7) gives a linear dependence between the short circuit current (Ipn)
and the PV current corresponding to the MPP (l.ef) [22]:

Iref = 0909Iph (4-8)

Finely substituting I by its value in equation (4.5) gives the reference voltage
corresponding to the MPP Vs as follows:

N AKT Ioh —lrer +1o
Vier = 2o In (21 (4.9

The second block (Fast Terminal Synergetic Controller) takes the reference voltage
Vet @S Input to adjust the duty cycle of the boost converter to achieve the MPP. In the next
section we provide a detailed study on how to formulate the problem to design the new Fast

Terminal Synergetic Controller.
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4.2.1. Problem formulation

The objective of this formulation is to obtain a control law which provides the desired

values of PV output voltage (X1=X1rer) and inductance current (Xo=Xarer).

Let us first defining the tracking error as follows:

€ = Xj — Xiref ; i=12 (4.10)
Where:

Xiref = Vref (4.11)

Xoref = lpy — Cin Xqref (4.12)

The derivation of equation (4.10) and substituting equations (4.11) and (4.12) in it gives:

& =—> (4.13)
& =2(d—1) + 7~ Xorer (4.14)

If we put:
Z1 =€ (415)
Zy=—c* (4.16)

Zy

I
N
)

(4.17)
7, =—-% (4.18)
Once the problem is formulated, choosing an appropriate control law is the next step so

that each of Z; and Z, converge to zero. In the next section, we applied the fast terminal

synergetic theory to provide continuous control law Dgrsc able to guarantee a finite-time

convergence and ensure required robustness.
4.2.2. Fast Terminal Synergetic controller design

The concept of FTSC needs to determine a nonlinear macro variable. In what follows,

we applied this concept in the MPPT controller design in order to define a control law able to
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guarantee an accurate tracking to the MPP in a finite-time. The selection of an appropriate
macro variable is based on the problem formulation explained above and expressed as
follows:

p

: )
Y =17 +aZy +PZ}° (4.19)

Where: a.> 0, p >0, p and g are positive constants in which q > p. This controller will force
the system trajectory approaching to the manifold W=0 in finite time (t;) determined by the
following expression [12, 22]:

Q| az, @0 4.20
5= B (4.20)
Differentiating the macro-variable of equation (4.19) leads to Eq. (4.21):
. D\ s (%—1)
¥ =7, +0Z, + B(E) 7.7, (4.21)

By using the same procedure as in the synergetic approach, substituting equations (4.19) and
(4.21) into equation (4.22) give the fast terminal synergetic control law (Dgrsc) expressed in
equation (4.23).

T.W + ¥ = 0; T, >0 (4.22)

L ¥ DY\ v, .
DFTSC =1+ E [Cin (E + OLZZ + :8 (s) ZZZ1q ) - E + XZref] (4.23)

Under the control law determined in equation (4.23) with a nonlinear macro-variable
(equation 4.19), the state variables Z; and Z, will reach zero and therefore the errors trajectory
of the PV system will converge to the manifold ¥=0 in a finite time (equation 4.20) and so

ensures the convergence to the MPP quickly in right direction.
4.2.3. Stability and robustness analysis

The control law must be designed to satisfy the stability condition. The stability and

robustness issue of the controller are evaluated using the following Lyapunov function:
L w2
V= ELP (4.24)
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Differentiating (4.24) leads to:

V=yy (4.25)

Using (4.22) gives:
T —w(—Lly)=_Ly2
v_w( Tsw)_ P <0 (4.26)

From equation (4.26), we make sure that V < 0, which means the system’s stability is

guaranteed in all cases.

4.3. Simulation results and discussion

The PV system has been implemented in Matlab/Simulink™" environment which
includes a PV array, DC-DC boost converter controlled by the proposed FTS controller and a
resistive load. To verify the effectiveness and the robustness of the proposed MPPT controller
we studied the influence of atmospheric conditions on the one hand and the electric

parameters on the other hand on the PV output power.
4.3.1. Influence of atmospheric conditions

Figure 4.2 shows the simulation results obtained by the developed FTSC against to that
obtained by SC and the conventional P&O algorithm at STC (1000W/m?, 298 K).

In a transient state, we can note from figure 4.2 (a) that the output power of all above
mentioned methods converge to the MPP in the right direction but not at the same time. The
developed controller ensures the finite time convergence and reaches the equilibrium point
more quickly than the SC while the P&O algorithm requires more time before it stabilizes at
the optimum. This is illustrated more by the fast convergence of the duty cycle to stabilize at
the optimal value of the proposed technique compared to other techniques as shown in figure
4.2 (b). Moreover, the attached zoom in figure 4.2 (a) illustrates the output power of the PV
system in a steady state for the three techniques. It’s obvious that the oscillations appeared
around the MPP using the P&O algorithm are almost eliminated using SC but without
extracting the maximum energy and this is resulting from the asymptotic stability. While, the
FTS controller is able to maintain the PV output power at the maximum and without
oscillations around the MPP and this is due to the limited time convergence towards zero of
the MV as shown in figure 4.3. All the obtained results have confirmed the good performance

and the high effectiveness of the developed FTS controller in transient and steady states.
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In what follow, we will evaluate the strength of the proposed MPPT controller under a

step change of irradiance and temperature.

As a first step, at a constant temperature equal to 298 K we applied irradiance equal to
500 W/m2, Then, it is stepped up smoothly to 1000 W/m? after 0.2 s and finally it is stepped
down to 650 W/m? at 0.35 s. The tracking results of this step change of the PV output power
(Pyv), the output voltage Vo), the PV voltage (V) and the PV current (I,,) are shown in
figure 4.4. We can observe at different stages the fast convergence in the right direction to the
maximum power without any disturbances of the developed controller under irradiance

changes.
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Fig. 4.4. Simulation results of FTS based MPPT controller during a trapezoidal irradiance

profile at constant temperature (T=298 K).
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Figure 4.5 shows simulation results of the PV output power (Py,), the output voltage
(Vou), the PV voltage (Vyy) and the PV current (I,y) during a trapezoidal temperature profile
using the proposed FTS controller. In this test, the temperature is suddenly decreased from
298 K to 288 K, and then increased from 288 K to 323 K at a constant irradiance equal to
1000 W/mz,
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Fig. 4.5. Simulation results during a trapezoidal temperature profile at constant irradiance
(G=1000 W/m?2).

All these results prove that the system’s stability is successfully achieved after a very
short transient and with no oscillations around the MPP what indicate the good robustness and

the excellent efficiency of the FTS controller under atmospheric changes.
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MPPT trajectory

In order to evaluate the tracking result, we plot the (Pp-Vpy) curve obtained by the
proposed FTS controller against that obtained by P&O algorithm on one side and synergetic
controller on the other side under fast irradiance changing from 700 W/m? to 1000 W/m? then
go back to 700 W/m2 at a constant temperature equal to 298 K. From figure 4.6, we can see
distinctly that the proposed technique follows the exact position of the MPP and therefore
showcases a good performance by reducing the time convergence and eliminating the power
perturbation compared to synergetic controller which takes relatively longer time before
reaching the equilibrium point. Whereas the P&O technique tracks the MPP in the wrong

direction before adjusting it and this results in important fluctuations.

1100

< 1000
£
2 900
5 / N
3 800 / AN
E 700
6000 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time(S)
. | 1000 Wiy
, m _0po
— P40 Algortm N T=i5%
8O*—Synergetic Controller 4
—FTS Controllr VLA S

2 /]

0 ; 0 ; 0 5
Vpu{Y)

Fig. 4.6. MPPT trajectory under fast irradiance changing.
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4.3.2. Influence of electric parameter

To further emphasize the good effectiveness of the proposed FTS controller we study
the influence of the load variations on the PV output power at STC (1000W/mz2, 298 K).
Figure 4.7 shows the simulation results of the PV output power and the duty cycle
respectively under sudden resistance change from 25 Q to 50 Q, while figure 4.8 presents the

same curves but under resistance change from 40 Q to 20 Q.

According to these results, we can say without slight doubt that the developed strategy
based on the fast terminal synergetic theory is not very affected by the load variation. Indeed,
we can see clearly that the controller is able to keep the PV output power at the optimum

point despite the load variation, while the duty cycle convergence to the optimum value in

record time.
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Fig. 4.7. Simulation results during a step increasing of resistance load from 25 Q to 50 Q.
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Fig. 4.8. Simulation results during a step decresing of resistance load from 40 Q to 20 Q.

4.3.3. Effect of errors on the control performance

The fast terminal synergetic-based MPPT control law of equation (4.23) depends on the
selected values of parameters Ci, and L of the circuit. In order to examine the effect of error in
the value of both parameters, on the robustness and the performance of the proposed MPPT
controller, simulation tests under standard conditions (Irradiance = 1000W/m?, Temperature =
298 K) have proved that the developed MPPT controller keeps the same control performance

in steady state even in case of error of £10% (for C;,) and £20% (for L).

As a first applied, the proposed strategy still maintaining strength and keep her
performance until the estimation error on the input Capacity Ci, reach to (+10%) and (-10%).
Starting from this interval, we note that the FTSC technique features beginning to retreat
which is mainly represented in moving away little bit on the MPP, which causes a loss of

energy as shown in Fig. 4.9.
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In the second application, we applied an estimation error reach to (x20%) on the
inductance L. The simulation results obtained using Matlab/Simulink™™ confirm the good
performance and the high robustness until this rang. From (20%), loss of energy appeared in

transient state with delay in response time but the FTSC strategy was able to maintain the

maximum power in steady state as shown in Fig. 4.10.

4.4. Summary

This work presents a new controller to track the MPP based on fast terminal synergetic
theory for a standalone PV system which includes PV generator, DC-DC boost converter and

a resistive load. The effectiveness and the robustness of the proposed MPPT controller were
k MT tools not only under atmospheric
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conditions change but also under load resistance change. The good performance is proved in
both transient and steady states. The proposed controller has successfully guaranteed the finite
time convergence to reach the MPP in the right direction and almost with no oscillations
compared to the conventional P&O algorithm that caused a significant energy loss. At the
same time, the synergetic controller succeeded in recovering a part of the energy lost but not
as the same quality and power provided by the FTS controller. Moreover, the developed
controller has confirmed the high efficiency and the strong robustness under non uniform

weather conditions or under resistance change as illustrated by simulation results obtained.
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General conclusion

Among different renewable energy resources, photovoltaic energy has found increased
attention and wide attraction from researchers in many applications, for its capabilities of
direct electric energy conversion without any environmental damage, ease of implementation,

flexibility in size and low operation cost.

However, the non-linear behavior of the PV arrays and their dependency on weather
changes show the importance of using an adaptation stage to ensuring the transfer of the
power available delivered by the PV generator to the load. Generating the converter duty ratio
directly considered the simplest and the cheapest control scheme however the PVG in this
case is badly exploited, the power extracted from PVG is often very far from the maximum
power that the PVG can delivered. In order to control the operating point and minimize the
difference between the maximum available power and the power actually recovered under
atmospheric conditions changes or load variation, PV maximum power point tracking
(MPPT) is mandatory to enhance PV system efficiency. The MPPT technique's performance
and implementation complexity differs from one to another.

The aim of this thesis is to design a high efficiency PV system configuration. This
configuration includes PV generator, DC-DC boost converter controlled by a maximum
power point tracking technique (MPPT) and a resistive load. To achieve this objective, two

new robust control strategies have been developed.

In the first strategy, a nonlinear tracking technique based on Synergetic Control theory
to track the maximum power point (MPP) of a stand-alone PV system under different
atmospheric conditions is proposed and implemented in order to eliminate the effect of the
chattering drawback provided by sliding mode controller, The developed MPPT controller

was tested both in simulations using Matlab/Simulink™"

tool, and experimentally, using a
dSPACE based experimental test bench. The obtained simulation results prove the good
performance and the high robustness in transient and steady state of the proposed controller
under different temperature and solar irradiance, not only regarding to the fast and accurate
tracking but also regarding to the oscillations around the MPP. These features are confirmed
by experimental results obtained using dSPACE RTI 1104 real-time platform. In fact, various

atmospheric conditions are tested to prove the high efficiency of the proposed synergetic
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MPPT controller. The EN 50530 standard test was used with different ramp gradients values
from the slow to the very fast to calculate the MPPT efficiency under irradiance changes. The

simulation results ensure the system stability at the maximum power.

In the second strategy, a new non-linear controller to track the MPP based on Fast
Terminal Synergetic (FTS) approach for a standalone PV system is proposed. The
effectiveness and the robustness of the proposed MPPT controller were confirmed by

simulation using Matlab/Simulink™"

tools not only under atmospheric conditions changes but
also under load resistance changes. The good performance is proved in both transient and
steady states, the proposed controller has successfully guaranteed the finite time convergence
to reach the MPP in the right direction and reduce the steady state error as much as possible.
Moreover, the developed controller has confirmed the high efficiency and the strong

robustness under non uniform weather conditions or under resistance change.

The work performed in this thesis addresses some challenges related to maximum
power point tracking for stand-alone PV system under atmospheric conditions changes.
Regarding the continuation of this work, Suggestions for future research as follows:

v The MPPT technique based on Fast Terminal Synergetic theory was

kMT

confirmed only by simulation using Matlab/Simulin tools, we seek in

future to the practical validation on an experimental test bench.

v' The proposed system was tested as a stand-alone connection. Therefore, there

is a possibility to investigate the configuration for a grid-connected system.

v' Applied the proposed MPPT techniques to the wind power system or hybrid

system.

v' During partial shading case, there is possibility to have multiple local
maxima, but overall there is still only one global MPP. The suggested MPPT

techniques should be tested under these conditions.
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Abstract

A novel nonlinear maximum power point tracking (MPPT) controller for autonomous
photovoltaic systems based on synergetic control theory is presented in this paper as a
solution to eliminate the chattering drawback provided by sliding mode controller, where
the proposed strategy allows to generate continuous control law instead of a switching
term. A DC/DC boost converter is introduced in the content of this work as an interface
between a photovoltaic array and a resistive load. The developed MPPT controller was
tested both in simulations using Matlab/Simulink tool and experimentally using dSPACE
RTT 1104 real-time platform and compared with the sliding mode-based MPPT controller.
Furthermore, the EN 50530 standard test with different ramp gradients values is used to
calculate the MPPT efficiency under irradiance changes from the slow to the very fast.
Tllustrative results that prove the effectiveness and the robustness of the proposed MPPT
controller even the non-uniform conditions (temperatures and solar irradiances) are pre-
sented here. The fast response and the accurate tracking to the maximum power point
(MPP) with considerable reduction in the oscillations are successfully reached with the

1 | INTRODUCTION

The huge restriction of fossil fuels on human development and
the ever-increasing energy demand in every sphere have resulted
to its depletion without forgetting the serious problems on the
environment. To break these drawbacks, research and develop-
ment of new energy has sparked wide interest worldwide.

Over the past few decades, renewable energy sources are
considered to be a petfect choice to generating sustainable,
abundant, inexhaustible energy and even more envitonmentally
friendly. Among the various types of renewable energy sources
is solar energy, or more popularly known as photovoltaic (PV)
energy which has attracted a lot of interest with many impor-
tant applications expanding continuously from lighting systems
[1] to pumping systems [2].

Many people probably wondert: if solar energy is so beneficial,
why do not we consume it more? The answer to this question
is the unbalance between the high installation cost and the low
energy conversion of PV array which varies according to irra-
diation and temperature during its operation. Thus, because of

developed controller which is much better than sliding mode controller.

these limitations, we should extract the maximum power and
enhance the PV system’s efficiency despite all these climatic
variations. This challenge can be achieved by the wise choice of
maximum power point tracker (MPPT) which determines the
optimal functioning of the PV systems.

A large number of MPPT control algorithms have been
developed for several years which drive the PV array to the peak
of the power against environment changes. Each MPPT tech-
nique has its own advantages and disadvantages. These control
techniques could be classified into two categories namely the
conventional methods and intelligent methods.

Among conventional MPPT mentioned in the literature, per-
turbation and observation (P&O), incremental conductance
(IC) and the hill climbing (HC), are the most widely used since
they are simple and easy to implement. The P&O algorithm
consists of disturbing the PV output voltage and observing
the PV output power to determine the peak power direction
[3-5]. The IC method compares between the instantaneous
conductance (/1) of PV array and the incremental conduc-
tance (d//d1) to track MPP [4,6,7]. The HC technique locates
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the MPP by relating changes in the power output to changes in
duty ratio of the converter. Mathematically, the MPP is achieved
when dP/dD is forced to be zero, where D represent the duty
ratio [6,8].

However, these techniques have some disadvantages. The
major of them is the power oscillation around MPP and the con-
fusion in the direction of tracking caused by rapidly changing in
atmospheric conditions [3,9]. Moreover, these commands vary
in speed of convergence, cost and efficiency.

In order to overcome the above-mentioned drawbacks, a
large number of intelligent control techniques have attracted a
lot of interest over the past years such as fuzzy logic controller
[10], artificial neural-network [11] and meta-heuristic techniques
which are used for the global search under partial shading condi-
tions like genetic algorithm (GA) [12], particle swarm optimiza-
tion (PSO) [13], artificial bee colony (ABC) [14] and ant colony
optimization (ACO) [15]. Despite of their effectiveness, these
techniques ate more complex and requite huge knowledge in
the design of the control system.

Recently, sliding mode control (SMC) is considered to be a
powerful technique because of its fast convergence and high
robustness [16,17]. On the other hand, its major flaw is a chat-
tering phenomenon which induces many undesirable oscilla-
tions in control signal which may lead the system into instability
[18-20].

All these difficulties inspired from the above study in partic-
ular, oscillation behaviour, robustness and speed of the MPPT
in tracking the optimal power, have guided to move to improve
the performance of the PV system. To achieve this objective,
one of the most promising robust control strategy named syn-
ergetic control (SC) is suggested [21,22]. The synergetic control
depends on the same invariance property of systems found in
SMC, but without its chattering drawback because it provides
a continuous control law unlike the conventional SMC which
combines two terms, one ensures the attractiveness of the sys-
tem states to the sliding surface while the other one maintains
the operating point on sliding surface and displace it to the ori-
gin, this sudden change leads to the chatteting phenomena. This
theory has initially been successfully applied in power electron-
ics control [23,24], in battery charging system [25], then recently
in control of the epidemic system [26,27] and in the control of
wind turbine system [28].

This paper proposes a new strategy based on synergetic con-
trol theory to track the MPP for stand-alone photovoltaic sys-
tem under different atmospheric conditions. The main goal of
the proposed MPPT controller is to ensutre the system stabil-
ity at the maximum power, good robustness and fast dynamic
response simultaneously. The design of the synergetic MPPT
controller is explained and mathematically described in the
papet. The developed MPPT controller was tested both in sim-
ulations using Matlab/Simulink tool and experimentally using a
dSPACE based experimental test bench, the MPPT efficiency
is calculated using the EN 50530 standard test and illustrative
results are presented here. It is shown via simulation and exper-
imental results that the developed MPPT controller ensures an
excellent transient and steady state performance without oscil-
lations around the MPP, reduces greatly the tracking time in the
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right direction and moreover the high efficiency under atmo-
spheric changes unlike other techniques.

2 | PHOTOVOLTAIC SYSTEM
DESCRIPTION

The configuration of the proposed system consists of PV array,
a DC-DC boost converter, a resistive load and a nonlinear
MPPT controller as shown in Figure 1.

In order to extract the maximum power from the PV module
regardless weather changes, a MPPT algorithm is used to adjust
the duty cycle of the boost converter by continuously opening
and closing the switch. This topology can be extended to a grid
connected system through an inverter.

2.1 | Photovoltaic panel modelling

When the surface of the PV cell (the basic units in the structute
of a PV module) is exposed to light it absorbs light energy and
converts it into electrical energy [29]. Since the power generated
by a solar cell is very small, they have to be compiled in series or
parallel to produce enough amount of electrical power whether
for industry or domestic use [30].

In this paper we use the single diode model proposed in refer-
ences [30,31]. Its equivalent circuit consists of a current source
in parallel with one diode, and two resistances, one in series and
other in parallel as shown in Figure 2. According to this scheme,
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the mathematical model for the I-V characteristic is given by:

P q (Ve + £ Rs) 1 Vi + I Ry
;= lpy — Ly | €X R m— — _—_
pv = ‘ph 70 | XP AKT R,
Iy
@
where £, is the PV output current, I}, is the PV output volt-

age, Ry, is the shunt resistance and R; is the series resistance.
1y is the saturation current of the diode which depends on tem-
perature 7 (in Kelvin) given as follows:

o (3 () ) =

A is the diode ideality factor, 4y, is Boltzmann’s constant, Eg
is the band gap energy, /,, is the saturation current at the refer-
ence temperature (77), /., is the short-circuit current of PV cell
under standard conditions and £/, is the photogenerated cut-
rent, depends on solar irradiance Z (W/m?), often given by:

E

bh =7 e + K (T = 1) ©)

5 10 15 20 25
Voltage(V)

This equation show cleatly that the generated power of the
PV module is strongly influenced by irradiance and tempera-
ture. So, it is necessary to study how these two climatic param-
eters will affect at the characteristics of the cell by drawing the
curve of power (P) versus voltage (1) for various irradiations at
constant temperature (Figure 3), and for different temperatures
at constant irradiance (Figure 4). It is obvious that the maxi-
mum power increases with irradiance increasing or temperature
decreasing.

The PV panel used for simulations is Kyocera KC85T con-
sists of 36 solar cells connected in series to give a maximum
output power of 87 W. Its electrical characteristics at standard
test conditions (1000 W/m? and 7'= 25°C) are given in Table 1.

TABLE 1  Electrical characteristics of Kyocera KC85T PV module
Description Kyocera KC85T
Maximum power (P, ) 87 W
Open-circuit voltage (17,.) 217V
Short-circuit current (/) 534 A
Optimum operating voltage (1) 17.4V
Optimum operating current (/) 5.02 A




AYAT ET AL.

V4

Tvl)v —— Cin D Co ——

FIGURE 5 DC-DC boost converter circuit

2.2 | DC-DC boost converter modelling

The most usual technique to extract the maximum power at any
time is to use an adaptation stage between the PV array and
the load. The use of DC-DC boost converter as an interface
between the two elements enables the step up of the input volt-
age 1, to the desired output voltage 1, [32]. The circuit of the
DC-DC boost converter is shown in Figute 5.

The dynamic model of the DC-DC boost converter used in
this paper can be described by the Equations (4). Where D € [0
1] is the duty ratio, which is also the control law.

di, |

— = —(1-= -9

i (1-D) —+ (42)
dr _ (1—D) i Vo 4b
dr C RC (4b)

3 | SLIDING MODE BASED MPPT
CONTROLLER

SMC is considered as one of the most well-known nonlinear
control techniques where its design involves two basic steps.
Firstly, determine the sliding surface that ensures the conver-
gence property towards the desired values. Secondly, establish
the control law that forces the system trajectory to reach and
stay within the chosen sliding surface [33].

The MPP of the PV system is achieved when the following
equality is satisfied:

dp,,  dL.1, dr;
p\' p\ p\ pV

= =1, +1, =0 5

d,, ~ " di, AT ©)

Accordingly, the sliding surface can be chosen as:

vy,
S =14, HI"”TPV ©6)

If §> 0, so (d7,,/d/p,) > 0 which means that the operating
point is to the right of the MPP.

If §<0, so (d7,,/d/,,) < 0 which means that the operating
point is to the left of the MPP.

Vpv

Voul

<

Ipv

dVpv

©

FIGURE 6

Simulink block diagram of sliding mode controller

Let be the positive definite quadratic Lyapunov function
1 .
I = - 52, In order to ensure the attractiveness of the surface

S = 0 over the entire operating range; it is enough that the time
derivative of 1] must be negative.

= 5§ <0 @)

Where the surface derivative is given by:

®)

T

g 48 _ At

T T

The general control law D consists of two parts, the discrete
control Dy and the equivalent control D

D =Dy + Dy )

The discrete control Dy, is determined to ensure the attrac-
tiveness to the sliding surface and is defined as follows:

Dy = K sgn (5) (10)

where Kis a positive constant.
The equivalent control D,
point on the sliding surface and displace it towards the origin, it

is defined as follows:

serves to maintain the operation

1n

So, the overall control law D has the expression mentioned
in the following Equation ( (12), where the corresponding block
diagram is shown in Figure 0.

Y
[

(e}

D = Kxsgn(S)+1— (12)

As the control law generated by the SMC combines two
terms, it is not continuous. This sudden change or switching
in the control law leads to the chattering phenomena [34-37].
To break this drawback, we propose in the next section the
adoption of a new strategy to track the MPP depends on the
same invariance property of systems found in SMC but provides
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a continuous control law instead of a switching term in order to
either reduce or eliminate the chattering phenomenon.

4 | SYNERGETIC BASED MPPT
CONTROLLER

Synergetic control theory was first developed and introduced in
general terms by Prof. Anatoly Klesnikov and his team [21]. The
design of SC is very similar to that of the SMC; the main advan-
tage of this command is the elimination of chattering problem.

4.1 | Synergetic control theory
Let us consider the system to be controlled is described by a
non-linear differential equation of this form:

& = D) ®

where x represents the system state vector, D the control
input vector and fa continuous differentiable nonlinear func-
tion.

Synergetic controller design starts by selecting a macro-
variable (MV): W(x, /) as function of the system state vari-
ables according to performance and control specifications [19,
21]. This controller will force the system trajectory approaching
exponentially to the manifold.

¥ =0 (14)

Once the trajectory reaches the desired manifold, the syner-
getic controller will keep it there. The desired dynamic evolution
of the MV is chosen such as Equation (15):

4w
7g<z>+w=o;zg>o (15)

where 7; is a positive value which will affect smoothly at
the convergence speed of the system to the desired equilibrium

point. Differentiating the macro-variable along Equation (13)
leads to Equation (10):

d¥ d¥ dx
@~ (a> (5) 1o
By combining Equations (13), (15), and (16) we get:
d¥
75<5>f<x,af>+\v =0 amn

Finally, when solving Equation (17), we can describe the con-
trol law as follows:

D = gt W), ) (18)

It is obvious from Equation ( (18), that the control output
depends not only on the system state variables (x, 7), but also
on the adequate selection of the MV and time constant 7 to
ensure the system stability and the good transient and steady
state performances.

4.2 | Synergetic MPPT controller design

In what follows, we applied the concept of the SC explained
above for the MPPT controller design. To apply this strategy
we start by selecting a MV. This selection is based on the output
power of the cell as follows:

dn,,

Y(xt) =—
50 =g 19)

Hence, the manifold is defined as:
dr, dz .V, dl
PV pv " pv pv
v = = = N . = 2

d]p‘ dlpv T/}v')V + ]P\ d]pV 0 ( 0)

By applying Equation (106) we find:

dz,,
Q = d¥ P 1)
dz dZ,y dz

Compensating Equation (21) in Equation (15) give us:

dv dfyy 3
(7)) (T e e

Where:
d¥ dly, &1,
= 2 [p +1,— (23)
pv pv d]pV
d/ 1% V.
pv o pv
= —(1-p=+-= 2
P ( ) 7 vt 24

The substitution of Equations (23) and (24) into the Equa-
tion (22) gives the control law equation described in (25):

wr, |2

av,, 217, |28
VoTs | 25 + Ly —>-
d/py dlsy

D @#)=1-

From Equation (25), we see that the control law generated
by the synergetic approach is continuous instead of a switching
term by thus the chattering phenomenon can be either reduced
or eliminated.

The block diagram of the proposed synergetic strategy is
given in Figure 7.
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FIGURE 7 Simulink block diagram of synergetic controller
4.3 | Stability proof

The system stability is ensured using the Lyapunov’s theory. Let
the Lyapunov’s function be defined positive as follows:

1
VL=§‘P2>O (26)

We say that the system is stable if the derivative of the Lya-
punov’s function is less than zero. The derivative of 1] is given
by:

= = | —_— | = —_—— 2

According to Equation (27), the derivative of the Lyapunov’s
function is always negative, which ensures system stability.

5 | RESULTS AND DISCUSSION

In order to evaluate the effectiveness of the proposed syner-
getic controller, the model of the PV system, shown in Figure 1,
has been first implemented in Matlab/Simulink environment
for simulation. Next, the proposed MPPT controller is imple-
mented in dASPACE RTT 1104 real-time platform and several
tests were performed on an experimental test bench to confirm
the simulation results obtained.

5.1 | Simulation results

To verify the performance of the proposed MPPT controller,
the PV model system has been designed in Matlab/Simulink as
shown in Figure 8. It includes the PV array, the DC-DC boost
converter controlled by the proposed MPPT controller and a
resistive load. The PV modules specifications and the system
specifications used in the simulation are shown in Table 1 and
Table 2 respectively.

TABLE 2  System specifications

DC-DC

boost
Description converter
Capacity Ci, 200 uF
Capacity C,, 20 uF
Inductance L. 15e-3 mH
Resistive load R 25Q
Switching frequency 10 kHz

The simulation results obtained by the developed controller
are compared to that obtained by sliding mode controller at
Standard Climatic Conditions SCC (irradiance = 1000W/m?
and temperature = 298 K).

Figure 9(a) shows the output power of all above mentioned
methods, these results have confirmed the good performance
and the high effectiveness of the proposed controller in tran-
sient and steady state. We can note cleatly, in a transient state,
that the synergetic approach ensures the convergence to the
MPP more rapidly compared to sliding mode controller and in
the right direction. At the same time, the duty cycle of the pro-
posed technique converges to the optimal value in limited time
as shown in Figure 9(b) and the macro-variable is maintained
very close to zero as shown in Figure 9(c), by this we guarantee
the ability to reach the optimum point (d7,,/dZ,, = 0). More-
over, in a steady state, once the output power of the PV sys-
tem is maintained at the maximum, a significant reduce of the
oscillation around the MPP is appeared and as result, the power
extracted using synergetic approach is much larger compared to
the power extracted using SMC technique as shown obviously
in attached zoom in Figure 9(a).

In order to evaluate the robustness of the proposed MPPT
controller under variable atmospheric conditions, the sun
insolation 700 W/m? is applied to the PV system. Then, it is
stepped up to 1000 W/m? and finally it is stepped down to
500 W/m? as shown in Figure 10(a). The tracking result of this
step change of both techniques is shown in Figure 10(b). While
Figure 10(c) and (d) illustrate the duty cycle, the output voltage
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FIGURE 8 Implementation of PV system in Matlab/Simulink

(Vou)» the PV voltage (17,,) and the PV current (Z,,) of the
proposed synergetic controller at the same step change.

In the first step change introduced at 0.1 s we stepped up
the irradiance from 700 to 1000 W/m? in short time equal to
0.05 s. On the obtained results we can make a detailed analysis.
In transient state, the SMC takes a relatively long time to reach
the MPP without an overshoot. The settling time in this case is
equal to 0.08 s. While the SC reaches the MPP at the same time
that the irradiance settled at 1000 W/m? as it is shown in zoom
1 of Figure 10(b). In steady state, once the power extracted by
SMC will be stable, the oscillations around the MPP introduce
a power with an average value equal to 86.95 W which creates
a static error equal to 0.33 W. On the other hand, the average
value of the power extracted by SC is estimated to 87.28 W
which provides almost neglected static error. The second step
change is distinguished by a stepped down of irradiance at 0.25 s
from 1000 to 500 W/m? in relatively long time, compared to the
time of the first step change which equals 0.15 s. In this case,
SMC shows a fast tracking where the settling time is estimated
by 0.003 s (Zoom 3 of Figure 10(b)) and this is caused by the
slow change in the irradiance but it is still not able to extract the
maximum power estimated by 43.8 W under 500 W/m? which
creates a static error equal to 0.2 W. On the other hand, the pro-
posed strategy managed to reach the MPP at 0.4 s, which is the
same time that the irradiance is stable at 500 W/m?. The avet-
age value of the power extracted in steady state is 43.79 W which
creates a static error around 0.01W.

To examine the performance of the proposed MPPT con-
troller under temperature vatiations, we suddenly change the
temperature from 303 to 288 K, then to 323 K as shown in
Figure 11(a). The tracking result of these changes is shown
in Figure 11(b). While Figure 11(c) and (d) illustrate the duty

cycle, the output voltage (17,,), the PV voltage (17,,) and the
PV current (Z,,) of the proposed controller at the same step
change.

In both cases of temperature change, the SMC shows a fast
tracking to the MPP but not with the same accuracy given by
Synergetic controller as it is shown in attached zoom of Fig-
ure 11(b). In steady state and by using SMC, sizeable oscillations
were appeated around the MPP to give a power with an average
value equal to 90.75 W] in the first step change, which provides
a static error equal to 0.75 W. A power with an average value
equal to 75.78 W is obtained in the second step change which
provides a static error equal to 0.92 W. On the other hand,
the use of the proposed MPPT controller based on synergetic
approach makes the extraction of the maximum power possible
and with highly reduced oscillations, which achieves almost
neglected static error, where the average power value equals
91.5 W in the first step change and 76.7 W in the second step
change.

Thus, all the obtained simulation tesults have confirmed the
strong robustness, in transient and steady state conditions, of
the proposed synergetic MPPT controller against the SMC tech-
nique. The synergetic control ensures the convergence to the
MPP quickly under different tests and towards the environment
changes without affecting inversely at the output power.

5.2 | Experimental results

An experimental test bench, Figure 12, has been developed in
LIAS-ENSIP-laboratory, France, to confirm the validity of the
proposed synergetic-based MPPT controller. It consists of the
following equipment’s: a programmable DC power supply with



8 | AYAT ET AL.
% 1100
7 —
80
/ 1000
=70
£/ N -
$ / 875 £ /
@ sofy & EI
E [
2 SAAAAAAAA o
5 SYYVVVVY § 70
& T
& | | Proposed stategy 008 009] 01 011 01 o
— Sliding mode controller
10 i i 500
| |
% oe o00f o006 006 _01 0z 0@ 0l 018 02 -
Time(s) 0 005 oi 015 02 02 03 0% 04 04 05
Time (s)
(@)
08 (a)
07 9% } }
06 ) 0 u
7 i va N ER
9 0.5 N H
s =S a7 N
3 J‘f 61 g = B( EEI
Q 04 — 5 60 o ya” N H
Z |J O AT A T A T A g / } / \0.31 037 033
A 03 0% - S i/ 5l
S
0.2l — Proposed strategy 0.% i 40 e // P J)
Z
— Sliding node controller 05 5 0.14 0.16 46
o ‘ ‘ ‘ o8 609 o1 o1 Jote 2w N
| | | > 45
o | | | Q. 20| —proposed strategy \\\
0 002 004 006 008 _ 01  0f2 014 016 01 02 Sl mode contioler 44 —
Time (s) 10 T "9 T 43 \/_
(b) | | " 0395] 04 045
%o o1 o 02 o0& 03 0% 04 045 05
0 Time (s)
(b)
2 500
K 0.7,
]
3
[<] 0.6
G -1000
=
05
o ( \
-1500 0 04
)
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 ‘; 0.3
Time (s) a
(c) 02
o1
FIGURE 9 Simulation results of the studied methods at SCC (§'= 1000
W/m?, 7'= 298 K, (a) output power (£,,), (b) duty cycle (D), (c) o
. 0 0065 01 o0f5 02 025 038 03 04 04 05
macro-variable (¥) Time (s)
(©
solar array simulation: 62020H-150S manufactured by the com- 50 =
) —Vout
pany Chroma to simulate two Kyocera KC85T panels (whose 45 —
specifications are illustrated in Table 1) connected in seties to - —
3 NN
generate 177W at PV peak power, a DC-DC boost converter ' ~
with a switching frequency of 10 kHz (whose specifications are S [ ~
illustrated in Table 2) and a linear resistive load. The synergetic- 3%
based MPPT algorithm is digitally implemented on a dSPACE ; 2
RTT 1104 system real-time platform through a Matlab/Simulink £ 1
environment. 2 10
The expetimental results under standard test conditions (Irra- 5 oo
: — 2 —
filanFe = 1000 W/m? and Temperature = 298 K) are presente.d S T T T TN T YR
in Figure 13(b). The proposed synergetic MPPT controller is Time (s)
able to maintain the output power 7, current /,,, voltage 1, (d)
and the output voltage 17, constant. Figures 13(c) and (d)
show the experimental results of the duty cycle and the macro- FIGURE 10 Simulation with step irradiance change (7= 298 K)

variable respectively.




AYAT ET AL.

Temperature (K)

n N
© ©
S &

/

\
285
0 0.05 0.1 0.15 02 025 03 035 04 045 05
Time (s)
(a)
100,
~ 80 f j Sﬁ et )
E V= ¥y
o 90 72 92
g 60 AN a
g / Al R\
: 85/ \\ g? N
0.1 12 0.14
2w 88l N N —
3 024 025 026 027 7o
>
.36 0. .4 0.42/0.44
o 20— —Proposed Strategy 036039 04 0420
— Sliding Mode Controller’
T T
o | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (s)
(b)
0.7,
0.6 ——
0.5
°
0 04
g
2
£ 03
=]
02
0.1
C0 0.05 0.1 0.15 02 0.25 0.3 0.35 0.4 045 0.5
Time (s)
(c)
55 I
50} — Vout
45 — Vpv
=7 — Ipv
s 40
>
2 .
7 35
)
>
2 o
S
< 20
< —
S 15
o
> 10
GO 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5
Time (s)
(d)
FIGURE 11 Simulation with step temperature change (5= 1000W/m?)

o8

dSBAiI‘E RTI

1104

DC-DC boost PV emulator

converter

FIGURE 12
MPPT controller

Experimental test bench of PV system with the developed

In order to examine the performance of the proposed MPPT
controller, the dynamic behaviour under a step change of irra-
diance and temperature, in the experimental test, is presented in
Figures 14 and 15 respectively.

In Figure 14, the irradiance is increased from 200 to
500 W/m? at 3.5 s and increased from 500 to 1000 W/m? at
7 s. After a very short transient, the output power P, current
Ly, voltage 1, and the output voltage 17, are maintained
constant with good stability.

Figure 15 shows experimental results under a step change of
temperature using the proposed synergetic MPPT controller. In
this experimental test, the temperature is increased from 298 to
313 K and decreased from 313 to 283 K at constant irradiance
of 1000 W/m? From this figure, it can be observed that the
stability of the system is successfully achieved by maintaining
the output power 7, current /,, voltage I/, and the output
voltage 17, constant after a very short transient.

All experimental results are in concordance and very close
to the previous simulation results. Thus, confirm the validity
and the feasibility of the proposed synergetic-based MPPT con-
troller. This approach provides high efficiency 99.97% at stan-
dard test conditions, as shown in Figure 13(a), with correct and
fast tracking as shown in Figure 13b). Oscillations around the
MPP are approximately eliminated and the variable is main-
tained very close to zero (see Figure 13(d)). At the same time,
the duty cycle converges to the optimal value to reach the MPP
as shown in Figure 13(c). Moreover, the experimental results
show the effectiveness and the good robustness of the PV sys-
tem with the proposed MPPT against the variation of external
conditions, irradiance (Figure 14) and temperature (Figure 15).

5.3 | The EN 50530 MPPT efficiency test

To further evaluate the developed strategy, the EN 50530 stan-
dard test of dynamic MPPT efficiency is used [38]. It is imple-
mented by providing triangular irradiance waveforms sequen-
tially but with different ramp gradients values from 0.5 W/m?/s
to 100W/m?/s, so thus covered a comprehensive set of irradi-
ance changes from the slow to the very fast.
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Experimental results under a step change of temperature

In this work, we use the EN50530 standard test with two
different irradiance levels from 300 to 1000 W/m? (medium
to high irradiance), but without repeating the same triangular
waveforms as mentioned in the original document [38], because
MPPT techniques as agreed keep the same responds during the
same ramp (up and down). We applied three sequences with dif-
ferent ramp gradients: 10, 35 and 70 W/m?/s (slow, fast, and
very fast) respectively, the irradiation remains constant for a cet-
tain period of time at the high level as well as the low as shown
in Figure 16. The power tracking result of the proposed strat-
egy and the sliding mode controller is presented in Figure 17,
certain parts are zoomed in to be clearer.

During a slow solar irradiance change (10 W/m?/s); the
tracking power obtained by the proposed strategy is almost
perfect and the ability to extract the maximum power is very
high compared to sliding mode controller as shown in Zoom
1. The SMC also provides a good performance when the
irradiance changes slowly as shown in zoom 2, it is true that
the tracking power deviate from the right direction compared
to synergetic controller but after each relatively large period
which makes the disturbances along the tracking smaller. In
the second sequence, the solar irradiance changes faster: 35
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W,/m?/s (increase and decrease), the synergetic controller is
still able to maintain the good and the accurate tracking while
the deviations of the tracking power from the correct direction
provided by SMC become more (each 0.75 s) as illustrated
in Zoom 3, which make more oscillations. During the third
sequence, the increasing and the decreasing of irradiance is very
fast (70 W/m?/s), the deviations of SMC become much more
than the previous sequence (each 0.45 s) and as a result the
oscillations along the tracking increase more and more while
the proposed controller still copes with the very fast change
with high performance as shown in Zoom 4.

The MPPT efficiency is measured using the following for-
mula [39]:

7 ooy = 2@
MPPT P 0

(28)
So the average efficiency is calculated according to equa-
tion (29):

J P ¢)
PPTave = e ——— 29
) MPPT,avg f P ) dr 29)

where P, is the output power extracted from the PV array
and P, is the theoretical maximum power. Although the effi-
ciency is volatile in certain parts of the approved profile in the
EN 50530 standard test especially in low irradiance and fast
changes, the proposed strategy achieves an average tracking effi-
ciency of 99.93 % under all stages of changing weather whereas

the SMC achieves 99.12 % as shown in Figure 18.

6 | CONCLUSION

This paper presents a new nonlinear MPPT controller based on
the synergetic control theory applied to a stand-alone PV sys-
tem. A DC-DC boost converter is used as an interface between
the PV array and the load. The proposed controller was tested
both in simulation and experimentally. The EN 50530 standard
test was used with different gradients values to calculate the
MPPT efficiency under irradiance changes.

The simulation results, obtained using Matlab/Simulink
tools, prove the good performance in transient and steady
state of the proposed synergetic-based MPPT controller, under
different temperature and solar irradiance. Moreover, it is
much better than sliding mode-based MPPT controller. The
synergetic MPPT controller overcomes the problems that
exist in the conventional and intelligent algorithms, not only
regarding to the fast and accurate tracking but also regarding to
the oscillations around the MPP. These features are confirmed
by experimental results obtained using dSPACE RTI 1104
real-time platform. In fact, various atmospheric conditions are
tested to prove the high efficiency of the proposed synergetic
MPPT controller.
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Abstract

Among the different renewable energy resources, photovoltaic energy has found increased attention and
wide attraction from researchers in many applications, for its capabilities of direct electric energy conversion
without any environmental damage, ease of implementation, flexibility in size and low operation cost. The
performance of the PV system is mainly depended to temperature, irradiation, dirt and shadows during its
operation. Thus, we should extract the maximum power available by the photovoltaic generator (PVG) and
transfer it to the load to enhance the PV system’s efficiency at any moment although PV units are exposed to
non-uniform climate changes. Competent maximum power point tracking (MPPT) technique is needed to track
the MPP and maintain the operating point of the PV system at the MPP under any cases. The main purpose of
this thesis work is to develop and implement new nonlinear MPPT strategies based on Synergetic Control (SC)
and Fast Terminal Synergetic Control (FTSC) able to track the MPP for stand-alone PV system under different
conditions and therefore increase the PV system efficiency. The obtained results under different conditions have
validated the developed strategies and highlighted their good performance and high robustness compared to
other MPPT controllers.

Key words: PV system, DC-DC boost converter, MPPT, Sliding mode control, Synergetic control, Fast
Terminal Synergetic control.

Résumé

Parmi les différentes ressources d'énergie renouvelable, 1'énergie photovoltaique a suscité une attention
accrue et une grande attraction de la part des chercheurs dans de nombreuses applications, pour ses capacités de
conversion directe d'énergie électrique sans aucun risque environnemental, sa facilité de mise en ceuvre, sa
flexibilité et son faible colt d'exploitation. Les performances du systétme PV dépendent principalement de la
température, irradiation, de la saleté et des ombres pendant son fonctionnement. Ainsi, nous devons extraire la
puissance maximale disponible par le générateur photovoltaique (GPV) et la transférer a la charge pour
améliorer 1'efficacité du systéme PV a tout moment, méme si les unités PV sont exposées a des changements
climatiques non uniformes. Une technique compétente de suivi du point de puissance maximale (MPPT) est
nécessaire pour suivre le MPP et maintenir le point de fonctionnement du systéme PV au MPP dans tous les cas.
L'objectif principal de ce travail de thése est de développer et de mettre en ceuvre de nouvelles stratégies MPPT
non linéaires basées sur la commande Synergétique et la commande Synergétique Terminale Rapide capables de
suivre le MPP pour un systéme PV autonome dans différentes conditions et donc d'augmenter l'efficacité du
systéme PV. Les résultats obtenus sous différentes conditions ont validé les stratégies développées et mis en
évidence leurs bonnes performances et leur grande robustesse par rapport a d’autres techniques MPPT.

Mots clés : Systemes PV, convertisseur DC-DC Boost, MPPT, Commande par mode glissant, Commande
synergétique, Commande synergétique terminale rapide.
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