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Abstract

As the world increasingly turns to renewable energy to combat climate change and reduce dependence
on fossil fuels, photovoltaic (PV) systems have become a cornerstone of sustainable energy solutions.
Their performance, however, relies heavily on control strategies that maximize energy extraction and
ensure stability under varying environmental conditions. One of the most commonly used techniques for
maximum power point tracking (MPPT) is the Perturb and Observe (P&O) algorithm. While simple and
widely adopted, the P&O method suffers from drawbacks such as power oscillations, slow dynamic
response, and poor performance under rapidly changing irradiance. This thesis aims to overcome these
limitations by enhancing the classical P&O algorithm with a Proportional Resonant (PR) controller,
known for its accuracy and selective frequency amplification. By integrating the PR controller into the
voltage regulation loop, the proposed method improves dynamic response, reduces steady-state
oscillations, and ensures more stable and efficient power delivery. The work is structured into three
chapters: the first focuses on modeling PV modules; the second analyzes the classical P&O method in
both direct and indirect control configurations; and the third presents the implementation of the
improved P&O + PR control strategy. Simulation results confirm that the proposed approach
significantly outperforms the traditional P&O algorithm, making it a promising solution for real-world
PV applications.
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Abstract

Résumeé

A mesure que le monde se tourne de plus en plus vers les énergies renouvelables pour lutter contre le
changement climatique et réduire la dépendance aux combustibles fossiles, les systemes
photovoltaiques (PV) s’imposent comme une pierre angulaire des solutions énergétiques durables.
Toutefois, leurs performances dépendent fortement des stratégies de commande mises en ceuvre, qui
visent & maximiser 1’extraction de 1’énergie et a assurer une stabilité optimale sous des conditions
environnementales variables. Parmi les techniques les plus utilisées pour le suivi du point de
puissance maximale (MPPT), I’algorithme Perturb and Observe (P&O) se distingue par sa simplicité
et sa facilit¢ d’implémentation. Néanmoins, il présente des inconvénients notables, tels que des
oscillations autour du point de puissance maximale, une réponse dynamique lente et une faible
efficacité en cas de variations rapides de I’irradiance. Ce mémoire propose de surmonter ces
limitations en améliorant 1’algorithme classique P&O grace a I’intégration d’un régulateur résonant
proportionnel (PR), reconnu pour sa précision et sa capacité a amplifier sélectivement certaines
fréquences. En I’intégrant dans la boucle de régulation de tension, cette méthode permet d’améliorer
la réponse dynamique, de réduire les oscillations en régime permanent et de garantir une production
d’énergie plus stable et plus efficace. Le travail est structuré en trois chapitres : le premier est
consacré a la modélisation des modules photovoltaiques ; le second analyse 1’algorithme P&O
classique selon les approches de commande directe et indirecte ; enfin, le troisieme présente
I’implémentation de la stratégie de commande améliorée combinant P&O et PR. Les résultats de
simulation démontrent que la méthode proposée surpasse largement I’approche classique, ce qui en

fait une solution prometteuse pour les applications photovoltaiques en conditions réelles.
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General Introduction

General Introduction

The increasing global demand for renewable energy, driven by environmental concerns and the
depletion of fossil fuels, has placed photovoltaic (PV) energy at the forefront of sustainable energy
solutions. Photovoltaic systems, which directly convert solar energy into electricity, have become
essential components of smart energy grids, distributed generation systems, and standalone power
units. However, the efficiency and reliability of PV systems depend heavily on their control
strategies, which ensure optimal power extraction and stable operation under variable environmental

conditions.

One of the most common and widely used methods for extracting the maximum power from PV
modules is the Perturb and Observe (P&O) algorithm. Despite its simplicity and ease of
implementation, the P&O method suffers from oscillations around the Maximum Power Point
(MPP), slow dynamic response, and sensitivity to rapid irradiance variations. These limitations affect
both the efficiency and the long-term reliability of PV systems, especially in dynamic or partially

shaded environments.

To address these challenges, this thesis proposes an improved control strategy that enhances the
classical P&O method by integrating a Proportional Resonant (PR) controller into the voltage
regulation loop. The PR controller is well known for its ability to eliminate steady-state error for
sinusoidal signals and improve system robustness by selectively amplifying the fundamental
frequency component while attenuating high-frequency noise and disturbances. By embedding the
PR controller into the control structure, the PV system benefits from improved dynamic response,

reduced oscillations, and more stable power delivery.
This thesis is organized into three chapters:
o Chapter 1: Modeling of Photovoltaic Modules

This chapter presents the electrical modeling of PV cells and modules. It introduces the
single-diode and double-diode models and explains the relationship between irradiance,
temperature, voltage, and current. A detailed simulation of the PV module is developed to

serve as a test platform for evaluating the proposed control strategies.
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Chapter 2: Synthesis of Direct/Indirect MPPT Control Using the P&O Algorithm
In this chapter, the classical P&O MPPT technique is implemented and analyzed. Both direct
and indirect control approaches are discussed in the context of DC-DC converters. The
performance of the basic P&O algorithm is evaluated under various operating conditions,
highlighting its limitations in dynamic scenarios and justifying the need for improved control.
Chapter 3: Application of Proportional Resonant Control for Photovoltaic Module
Voltage Regulation
The core contribution of this thesis lies in this chapter, where a Proportional Resonant (PR)
controller is designed and integrated with the P&O algorithm. The PR controller regulates the
PV module voltage with high precision, enhancing the MPPT performance. Through
simulations, the combined approach (P&O + PR) is evaluated and compared with the
classical P&O method.

3|Page



- Chapter I : Modeling of Photovoltaic modules

Chaptre I:

Modeling of Photovoltaic
modules




Chapter I : Modeling of Photovoltaic modules

.1. INTRODUCTION

Energy is essential for human life and the economy, and with the industrial revolution, global energy
demand has significantly increased. In recent years, concerns about the energy crisis have grown. As
a result, Photovoltaic (PV) systems have gained attention as one of the most promising renewable
energy sources. PV solar generation is favored due to its advantages, such as no fuel costs,
environmental benefits, low maintenance, and silent operation. However, high installation costs and

low energy conversion efficiency are key challenges for PV systems [1].

To optimize energy output and improve efficiency, power electronics conversion circuits are needed.
DC-DC converters are crucial in enhancing the performance of renewable energy sources. Since
photovoltaic and fuel cells provide low voltage, which is insufficient for inverters, high-voltage gain,

high-efficiency DC-DC converters are preferred. These converters reduce both costs and system size
[2].

A key type of DC-DC converter is the Buck-Boost converter, which can either step up or step-down
voltage. This is particularly useful for PV systems, where input voltage fluctuates with changes in
sunlight. The Buck-Boost converter ensures efficient and stable operation by adjusting voltage to the

required level, making it a vital component in enhancing the performance of PV systems.

1.2. MATHEMATICAL MODEL OF PV CELL

The general mathematical description of the 1-V output characteristics for a photovoltaic
(PV) cell has been studied for over the past four decades. This equivalent circuit-based model

is primarily used in Maximum Power Point Tracking (MPPT) technologies [1].
The equivalent circuit of the general model Fig.2. which includes:

e Photocurrent (Iph): This is the current generated by the solar cell due to sunlight. It
is directly proportional to the intensity of the light incident on the cell.
e Diode (D): In the equivalent circuit, the diode represents the key component that

models the behavior of the P-N junction of the solar cell.
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v The diode blocks current when a small reverse voltage is applied, representing the

behavior of the solar cell in dark or low-light conditions.

v Under illumination, the diode allows the photocurrent to flow in the correct direction
and significantly influences the I-V relationship of the solar cell.

e Diode Saturation Current (Is): This is the current that flows through the diode in the dark
(i.e., without light). It is a key factor in determining the overall current- voltage behavior of the
cell.

e 1Ip (Diode Current)

v Ib represents the current passing through the diode when the solar cell is operating under both
light and dark conditions.

v The diode current (Ip) is calculated using the Shockley diode equation, which is a function of
the voltage across the diode and its reverse saturation current Is. The general form of this

equation is:

vV

Ip = I[exvr — 1] 1)

e Series Resistance (Rse): This represents the internal resistance of the solar cell, which arises
from factors like the resistance of the semiconductor material, contacts, and interconnections.
It leads to power loss when current flows through the cell.

e Shunt Resistance (Rsh): This represents leakage current paths that bypass the diode. It models
the effect of any leakage current that might flow across the solar cell, reducing the overall

efficiency.

The voltage-current characteristic equation of a solar cell is expressed as [1]:

_ rIpen—=Is V+I+Rse
I - V+I*Rse ] - Rsh (2)
exVT —1
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KT
VT = n__ (3)

Where:

e |:isthe output current (A).

V: isthe output voltage across the solar cell(V).

e Iph: isthe photocurrent (light-generated current) (A).
e Is:isthe diode saturation current (A).

e A:isthe ideality factor (typically between 1 and 2).
e Rse: isthe series resistance of the cell (Ohm).

e Rsh: isthe shunt resistance of the cell (Ohm).

e VT:isthe thermal voltage.

Thermal Voltage (VT): Given by the equation (3), where:

e n: isthe ideality factor (typically between 1 and 2).
e K: isthe Boltzmann constant (1.38 x 102 J/K).
e T:isthe temperature of the cell (in Kelvin).

e (:isthe charge of an electron (1.6 x 10™ C). The thermal voltage varies with temperature and
is typically around 0.025V at room temperature.

DC AC
bus bus
- Co?::?ter To eliminate
Solar - ) high frequency
Radiation PV Array F=———=1 switching
+ harmonics n Grid
) T | | > & 11kV
> | SHEHIE e
i B I
1 +
1

controlled in the rotating dq

frame to inject a controllable

three phase AC current into
the grid

Fig I.1. The configuration Of GCPV system.
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The system shown generates electricity from solar energy and feeds it into the power grid at 11 kV.
The process starts with the photovoltaic (PV) array, which converts sunlight into DC electricity based
on solar irradiance and temperature. The voltage is then increased by a boost converter using MPPT
technology to optimize power extraction. The DC electricity is sent to a three-phase inverter, which
converts it into AC, synchronized with the grid using dg- frame control. Harmonics from the inverter
are filtered out to ensure high-quality AC power. The clean AC is fed into the grid, with excess energy

exported or drawn from the grid as needed. This setup is part of a grid-connected PV system (GCPV).

Series Resistance

Solar R —l>

Radiation l /\/\/\,
In

Shunt Resistance
S E D Rsh Vv

Fig 1.2. PV module equivalent circuit

The image shows the equivalent circuit of a PV cell, which converts solar energy into electrical energy.
Photons from sunlight excite electrons in the semiconductor (e.g., silicon), generating a photocurrent
(Iph). The diode in the circuit represents the reverse current (ID) due to the semiconductor's properties,
which increases with temperature. The circuit includes series resistance (Rse), representing energy
losses, and shunt resistance (Rsh), indicating leakage currents. To maximize efficiency, Rse should be
minimized, and Rsh should be maximized. The generated DC current passes through the series

resistance and is collected from interconnected cells in the PV array to power the inverter.
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Parameter Value
Maximum power 60 W
Tension at Pmax 171V
Current at Pmax 3.5A
Open circuit voltage 21.1V
Short circuit current 38A

Table I.1: The PV module characteristics at (25 C° and 1000 W/ /m2)

Table 1 presents the electrical characteristics of the photovoltaic (PV) module at a temperature of 25°C
and a solar irradiance of 1000 W/m2. From the data, it can be observed that the maximum power output
of the module is 60 W, which occurs at a voltage of 17.1 V and a current of 3.5 A. The table also shows
that the open circuit voltage is 21.1 V, while the short circuit current is 3.8 A. These parameters are
essential for determining the optimal operating point of the PV module and achieving high efficiency

in solar energy utilization.
1.3. Current-voltage and power voltage characteristics

One way of studying the consistency of the model is developed to study the shape of the current-
voltage characteristics I(V), (Fig 1.3) and P(V), power-voltage, was obtained using the equations the
electrical model {eq. (02)}[1].

-V Curve

\ Pmax

Power Curve

Current, Power

Voltage Umpp  Uoc

Fig L.3.1-V and P-V characteristic curve of PV array simulation [31].
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The provided curves illustrate the current-voltage (I-V) and power-voltage (P-V) characteristics of the
photovoltaic (PV) array. These curves help us understand the behavior and performance of the PV

array in response to variations in voltage.

a) I-V Characteristic Curve

The 1-V curve shows how the output current of the PV array varies with the output voltage. At the
start, the current remains almost constant as the voltage increases, indicating that the PV array can
provide a steady current regardless of slight voltage changes. This region corresponds to the operation
under high irradiance conditions. However, as the voltage continues to rise and approaches the open-
circuit voltage (Voc), the current rapidly drops to zero. This behavior reflects the fundamental

characteristic of a PV cell: high current at low voltages and a sharp decline near Voc.

e Atverylow voltages, the current is very high because the solar cell is operating at its maximum
short-circuit current (Iph), and the current is mainly governed by the photocurrent.

e Asthe voltage increases, the current starts to drop due to the diode's exponential behavior and
the internal resistance.

e Athigh voltages, the current approaches zero, and the behavior of the curve is dominated by
the reverse saturation current (Is) of the diode.

b) P-V Characteristic Curve

The P-V curve represents the relationship between the power output and the voltage of the PV array.
As the voltage increases from zero, the power also increases, reaching its peak at a specific point
known as the Maximum Power Point (MPP). At this point, the PV array delivers its maximum possible
power, which is crucial for optimizing energy extraction. Beyond the MPP, if the voltage continues to
increase, the power output decreases sharply, eventually reaching zero at the open-circuit voltage. The
peak point on the P-V curve is where the MPPT (Maximum Power Point Tracking) controller operates

to ensure the system always works at the maximum power level.

The P-V curve typically has a peak at a certain voltage, which represents the maximum power point
(MPP). This point is crucial for the efficiency of the solar cell, as it is where the solar cell produces

the maximum possible power.
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1.4. Influence of Temperature on Photovoltaic Cells

When studying photovoltaic cells (PV), the one-diode model presented earlier is used to determine the
voltage (V), current (I), and generated power (P). Temperature has a significant effect on the
characteristics of the solar cell, including the current-voltage (I-V) curve and the power-voltage (P-V)
curve (Fig .4) and (Fig .5) [1].

4.1. Short-Circuit Current (Is,)

o As the temperature increases, the short-circuit current (Is.c) increases slightly. This
increase is limited (approximately 0.1 A at 25°C).

o This happens because the photocurrent (Iph), which depends on solar irradiance, is
affected by the increase in temperature. However, the increase in temperature leads to
opposite effects on the voltage (as seen in the next point).

4.2. Open-Circuit Voltage (V)

o The open-circuit voltage (V,¢) decreases as temperature increases.

o This decrease occurs because the reverse saturation current (Is) of the diode increases
with temperature. As a result, the voltage across the diode becomes lower at higher
temperatures.

4.3. Maximum Power Output (P_max)

o The increase in temperature also results in a reduction in the maximum power
output.

o As temperature increases, the voltage (V) decreases more than the increase in
current (1), leading to a decrease in maximum power output (P_max). This is due
to the effects of temperature on the internal resistance of the cell (series and shunt
resistances) and the impact on the diode's characteristics.
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Fig I.5. Simulated P-V curve of PV module influenced by Temperature [32].

The 1-V curve and P-V curve for the Msx60 panel under a solar irradiance of 1000 W/m2 are
shown in Fig 4 and Fig 5 for different temperature values.

From these curves, we can observe the changes that occur with increasing temperature
As the temperature rises, there is a slight increase in short-circuit current (Is;®).
o The open-circuit voltage (V.°) decreases significantly.
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o Maximum power output (P_max) decreases with an increase in temperature.

e Physical Explanation

As the temperature rises, the solar cell becomes less efficient in converting solar energy into electricity,
as the excess heat leads to an increase in reverse current within the diode, reducing the voltage
produced by the cell. The effect of the internal resistance of the cell (such as series resistance and shunt

resistance) exacerbates this effect.

1.5. Influence of Irradiation on Photovoltaic Cells

The irradiation or solar illumination plays a critical role in the performance of photovoltaic (PV) cells,
influencing both the current-voltage (I-V) and power-voltage (P-V) in Fig.6 characteristics [1].

e As solar irradiance increases (i.e., higher levels of sunlight), both the short-circuit
current (Is,*) and open-circuit voltage (V.°) increase to some extent, resulting in a
higher maximum power output (P_max).

e At higher irradiation levels, the photocurrent (Iph) generated by the solar cell
increases, which directly increases the short-circuit current.

e However, the open-circuit voltage (V,¢) doesn't increase as significantly, but it still
shows an increase in response to higher solar illumination, as more p hotons are

available to excite the electrons in the cell.
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Fig I.6. Simulated I-V and P-V curve of PV module influenced by solar illumination [33].

Fig.6 shows:

the 1-V curve for the Msx60 photovoltaic module at atemperature of T=25°C under various
levels of solar irradiance.

0 Asthe irradiation increases, the short-circuit current (Is,c) increases, resulting in a

higher current for the same voltage.

The open-circuit voltage (V,¢) also increases slightly but not as much as the short-
circuit current.

the corresponding P-V curve for the same module at the same temperature and different
illumination levels.

0 The maximum power (P_max) increases with higher solar illumination.
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0 At higher irradiance levels, the cell produces more power because of the increased

photocurrent generated by the greater number of incident photons.

1.6. DC-DC BOOST CONVERTER

The boost converter is a system that transmits the output voltage to a higher voltage level by increasing
the correct voltage at the input of the converter. Fig.9 shows the basic circuit form. As shown in Fig.9,
the semiconductor switch consists of diodes, inductors and capacity elements. It consists of a DC input
voltage source Vg, a boost inductor L, a controlled switch S, a diode D, a filter capacitor C, and a load
resistance R. When the switch is transmitted S, the source voltage completes the circuit via the inductor
and the switch. It stores some energy on the inductor. In this case, the diode is in reverse polarity and
load of output feeds to the capacitor. The current of the capacitor is high. the current through the boost

inductor increases linearly, and the diode D remains off during this time [2].

-] b
i 00 [
+
v " L
| L
i ) Switch| ™ § c— f\) v,
o D

Fig 1.7. Basic boost converter circuit diagram

« DC Input Voltage Source (Vg): This is the source that provides the initial voltage to the
converter.

« Boost Inductor (L): The inductor stores energy when the switch is closed and releases it when
the switch is open.

« Controlled Switch (S): Typically, a transistor or MOSFET, this switch controls the timing of

energy storage and release.
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« Diode (D): The diode prevents reverse current and ensures current flows in the proper direction
when the switch is open.

 Filter Capacitor (C): This capacitor smooths the output voltage to remove ripples.

» Load Resistance (R): This is the load connected to the output of the boost converter.

Once the switch is turned off S, the current that was passing through the inductor begins to flow
through the diode towards the capacitor and the load. The inductor releases its stored energy, and the
polarity of the voltage across the inductor matches the polarity of the voltage source, connecting to the
load through the diode. This results in an increase in the output voltage. At this point, the diode enters
cutoff, and the circuit splits into two distinct parts, as shown in Fig.01. The output voltage remains

stable as long as the time constant of the RC circuit is significantly greater than the switching period.

+ VI -
A L A
._>
L q

q
D o

Vs s P Ve R Vo
8] !
q q l 'C

A X v

Fig I.8. Transmission state of semiconductor switch.

6.1. Boost Converter and its Operation

a) Switch Opened (Off State):

. As soon as the switch (S) is turned off, the energy stored in the inductor begins to
release.
. The current flowing through the inductor now flows through the diode (D), charging

the capacitor and supplying energy to the load.

. The polarity of the inductor voltage is the same as the voltage source, and the energy
from the inductor increases the output voltage.

. The diode becomes forward biased and conducts current to the capacitor and the load.
. The energy stored in the inductor is released, and the output voltage is boosted.
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In the OFF state, the circuit becomes as shown in the Fig.9.[3].

Vi=E-V
Y Y Y\
— +
i l
E:F, CTV § R

OFF STATE

Fig 1.9. The OFF-state diagram of the boost Converter When the switch is off, the sum total of

inductor voltage and input voltage appear as the load voltage

b/ Switch Closed (On State)

« When the switch (S) is closed, the input voltage (\Vg) completes the circuit through the inductor
and the switch.

« Energy is stored in the inductor, and the current through the inductor increases linearly.
« During this time, the diode (D) is reverse biased (it does not conduct), and the output is fed to
the capacitor. The capacitor current is high, and energy is stored in the capacitor.

In the ON state, the circuit diagram is as shown below in the Fig.12.[3].
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Fig I.10. The ON state diagram of the boost converter.

¢) Constant Output Voltage

« As long as the time constant of the RC circuit (the filter capacitor and the load
resistance) is much greater than the switching period, the output voltage remains
constant and stable.

« The filter capacitor helps smooth out any voltage ripples, ensuring a steady output.

When the switch S is closed, the diode D is reverse biased and turns off. In this mode, the current
through the inductor increases linearly, and the capacitor supplies power to the load. In the second
mode, when the switch is turned off, the stored current in the inductor discharges through the diode to
the load. Therefore, in this mode, both the inductor current and the capacitor voltage provide power to
the load. The waveforms of the steady-state operation of the converter during one switching period are

shown in Fig 00 et 01. From Fig 00 et 01, the voltage across the inductor L during a switching period
Tis [4]:

E during DT

VL(t):{E—V durin 1—D } “)
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Due to the volt-second balance, the average voltage across the inductor in one switching period must
be zero then,

E.DT+(E-V)(1-D)T=0 (5)

( Vg‘ Vo)

DTs (1'D) Ts

Fig I.11. Inductor voltage waveform

Dr. -\ 1-D)T.

VQ e V()

Fig I.12. Inductor current waveform

When the switch is ON, the inductor is charged from the input voltage source Vg and the capacitor
discharges acrossl the load. The duty cycle [3].

_ Ton
D=0 ©)
) 1
Where: T = - 6)
Vg (DTs)+ (Vg—V,)(1-D)Ts=0 (7
Vg (DTs)—Vg(DTs) —VgTs+ V,DTs—V,Ts=0 (8)
_ Yy

Vo= D 9
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Vo _ 1 (10)
Vy 1-D

From Inductor current ripple analysis, change in inductor current,

AIL=( Imax — Imin) (11)
SAIL=(Vg/L * (DTs)) (12)
SAIL =(VgD)/sL (13)
L= VgD/f(AIL) (14)

The boost converter operates in CCM (continuous conducting mode) L>Lb where

Lb = % (15)

We have :

AVO _ DTs (16)

Vo ROC
Vo
RO = — 7)
D AVO

C:;*RO*(T) (18)
V0 1— Ls

(s) = - a-D%R (19)
11—V * T2 Ls

(1-D)2  (1-D)2+R

The transfer function of the boost converter used for the modeling is given by: Putting the values of
R, L, C, D, Vg inthe above equation.

1.7. BUCK-BOOST CONVERTER BASICS

The buck-boost DC-DC converter provides greater flexibility compared to the individual buck or boost

converters. As expected, additional components may be needed to achieve the required functionality
[1]

There are several configurations available for buck-boost converters:
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a. +Vin, -Vout (Negative Output) Configuration:

» Description
o In this configuration, the buck-boost converter produces a negative output
voltage (Vout) from a positive input voltage (Vin).
o ltusesthe same number of components as the simple buck or boost
converters.
» Operation
o When the switch is closed, the current builds up through the inductor.
o When the switch is opened, the inductor supplies current through the diode to the
load.
o The polarities (including the diode) within the converter can be reversed to
provide a positive output voltage from a negative input voltage.
» Application
o This configuration is used in specific cases where a negative voltage is required
from a positive input, but it is not the most commonly used configuration.

_ "
gin . ° L VOL!
2 il S
= * S
§ 0 L. cam | Load |3
= + z

e

Fig I.13. DC/DC Buck-Converter (negative type).

b. +Vin, +Vout (Positive Output) Configuration:

. Description
o In this configuration, both the input and output voltages have the same polarity
(positive), but it requires additional components compared to the first

configuration.
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« Operation

o This configuration allows both input and output voltages to be positive, but to
achieve this, the converter must incorporate more components.

o The circuit design for this type of buck-boost converter may include additional
switches, diodes, or other components to regulate the voltage and ensure proper
conversion.

« Application

o This type of converter is more commonly used when the application requires
positive input and output voltages, and it can provide more flexibility in
converting voltages.

»
=

D2

<
o
c
=

Negative <

—i|-1—
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+
C Load

5
>t

SW2

> >

Fig 1.14. DC/DC Buck-Converter (Positive type).

In this circuit, both switches operate simultaneously, meaning they are either both closed or both open.
When the switches are open, the current builds through the inductor. At the appropriate point, the
switches are closed. The inductor then supplies current to the load through a path that includes both
diodes, D1 and D2. a DC-DC buck-boost converter is shown. The switching period is TT, and the duty
cycle is D. Assuming continuous conduction mode of operation, when the switch is ON, the state-
space equations are given by [1]:

a1

dt L

(Vin) (20)

avo =1~ v

dt C R ) (21)

0<t<dT, Q: ON

and when the switch is OFF
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1
dl — _(0) (22)
dt L
dvo 1 |40
= _(=iL =) (23)
dt C R

1.8. CONCLUSION

In this chapter, we explored the role of DC-DC converters, particularly Boost and Buck- Boost
converters, in enhancing energy conversion efficiency in various electrical systems. The Boost
converter was explained as a device that increases the input voltage to a higher output voltage, playing
a crucial role in renewable energy systems like solar power. It relies on key components such as
inductors, switches, diodes, and capacitors to store and release energy. On the other hand, the Buck-
Boost converter was highlighted for its ability to both step up and step-down voltage, offering
versatility for systems with varying voltage needs. Additionally, the impact of temperature and solar
irradiance on solar cell performance was analysed, revealing that higher temperatures reduce the power
generation capacity of cells, while solar irradiance determines the current and voltage output. The
chapter concluded with a discussion on the ongoing challenges of improving conversion efficiency,
emphasizing the need for further research in optimization and loss reduction for better performance in

renewable energy systems.
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Chapter II: Synthesis of Direct/ (Indirect) MPPT Control Using P&O Algorithm

I11.1. Introduction

To overcome the efficiency issue of solar panels and achieve maximum performance, it is necessary
to optimize the design of all components within the photovoltaic (PV) system. In addition, the
DC/DC converters used as an interface between the PV generator and the load must be optimized to
continuously extract the maximum power, ensuring that the PV generator operates at its Maximum
Power Point (MPP) without energy loss, using an MPPT controller. Consequently, this allows the
system to deliver maximum power despite variations in load and environmental conditions (such as
irradiance and temperature). A significant number of MPPT control techniques have been developed
since the 1970s, starting from simple methods based on voltage and current feedback, to more
advanced controllers using algorithms to calculate the MPP of the PV generator. Among the most

commonly used methods is the Perturb and Observe (P&O) technique

11.2. direct connection between a PV generator and the charge

The principle of direct coupling between a PV generator (GPV) and the load is based on the transfer
of output power from the photovoltaic source to the powered equipment without any intermediate
system. This mode of operation is commonly referred to as "operation under the sun". The operating

point is particularly influenced by several factors:

e theload,
e the operating conditions: irradiance, temperature,

e the type of connections used for the photovoltaic modules (parallel, series, or mixed) [6].

Diode anti retour

Puissance GPV Charge

Fig I1.1: Principle of Direct Coupling [22].

25| Page



Chapter II: Synthesis of Direct/ (Indirect) MPPT Control Using P&O Algorithm

The main drawback of this type of connection is the direct dependency between the power supplied
by the generator and the load. In fact, the power delivered by the photovoltaic module results from
the intersection of the current-voltage (I-V) characteristic of the PV generator (GPV) and that of the
load. The electrical characteristics of a GPV can change rapidly depending on solar irradiance,
temperature, and, in the long term, cell aging. The aim of this study is to analyze the behavior of this
setup for various types of loads and to present the results obtained from a direct connection. When a
resistive load is directly connected to the PV generator, the operating point is determined by the
intersection of the electrical characteristic of the load with that of the GPV.To ensure that the cells
operate at their maximum power, the load must impose this optimal operating point. In the case of a
resistive load, the load impedance ensure efficient use of the photovoltaic cells. However, this is not
always the case. We assume that the nature of the load is direct current (DC). In fact, an alternating
current (AC) load is not at all compatible with direct connection, as the GPV provides direct current.
There are three types of DC loads: a purely resistive load, a voltage source-type load, and a current

source-type load.

In Figure 2, we have shown the current-voltage (I-V) characteristics of a PV generator (GPV), as

well as the |-V curves of the three types of DC loads [6].
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Fig IL.2. Types of Loads in Direct Connection

We can identify point M as the operating point where the power delivered by the generator is

maximum at an optimal current (lopt) and an optimal voltage (Vopt). Next, we can find the
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intersection point between the 1-V characteristics of the generator and those of the three types of
loads: -Point A for a resistive load, -Point B for a voltage source-type load, -Point C for a current

source-type load, corresponding to power values lower than the maximum available power (Popt)
[6].

To ensure that the generator operates as frequently as possible in its optimal regime, the commonly

adopted solution is to introduce a static converter that will act as an adapter.

I,
v £ +
; ETAGE )

Ya D’ADAPTATION V, CHARGE

Fig I1.3. PV Generator-Load Adaptation Stage [22].

o

II. 3. System Modeling

To ensure that the PV system operates at the maximum power points of its characteristics, there are
specific control laws designed to meet this need. This control is referred to in the literature as
Maximum Power Point Search or Maximum Power Point Tracking (MPPT) in English. The principle
of these controls is to search for the Maximum Power Point (MPP) while maintaining a good
adaptation between the generator and its load to ensure the transfer of maximum power [7]. The
circuit under study consists of a photovoltaic generator (PVG), which will be optimized through a
DC-DC converter controlled by an MPPT algorithm.

DC-DC Converter
—./A—
i
i A
I " + Load
>
w | LE
1
MPPT Control

Fig II.4. Diagram of a photovoltaic system with MPPT control [24]
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I1.4.Search for the Maximum Power Point

MPPT stands for Maximum Power Point Tracking. MPPT regulator scans voltage produced by the
photovoltaic panel several times a day. Its purpose is to Find the maximum output point of the

current supplied by the panel. Then to make sure always use this full power [8].
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Fig IL.5. The P-V, I-V characteristic [25].

11.5. Principle of MPPT control

In January 1968, A.F. Boehringer published the first MPPT control law adapted for a renewable
energy source of the photovoltaic type. The control, based on an adaptive control algorithm, allows
the system to operate at its maximum power point. Based on measurements of the current delivered
by the photovoltaic panel (Ipv) and the voltage (Vpv), the method involves calculating the power at
time ti and comparing it to the value stored at time ti-1. Subsequently, a new duty cycle is adjusted
[13].

By definition, an MPPT control system combined with an intermediate adaptation stage enables a
photovoltaic generator (PVG) to operate in such a way that it continuously produces its maximum
power output. Thus, regardless of weather conditions (temperature and irradiance), the converter
control places the system at its maximum operating point (Vmpp, Impp). The photovoltaic

conversion chain is therefore optimized using a static converter controlled by an MPPT algorithm

[9].

The MPPT control adjusts the duty cycle of the static converter using an appropriate electrical signal
in order to extract the maximum power that the photovoltaic generator (PVG) can provide. The
MPPT algorithm can be more or less complex depending on the method used to locate the Maximum
Power Point (MPP).
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In general, it is based on varying the duty cycle of the converter according to the evolution of its
input parameters (current and voltage, and consequently the power of the PVG), until it reaches and
locks onto the MPP [9].

v ~ Li C  Diode I,
+ W RS
MOSFET : !
VP‘ ""( m Ln ; Cn= REEV()
s 4 =
[
PV Module PWM
Iy MPPT

Controller

Fig IL.6. Solar Energy conversion chain [23].

11.6. Evaluation Criteria for an MPPT Controller

The quality of an MPPT (Maximum Power Point Tracking) controller can be defined as the position
of the system's operating point relative to the Maximum Power Point (MPP).The actual power
delivered by the photovoltaic generator (PVG) depends on the control strategies applied at the
converter level (MPPT, voltage control, direct connection, etc.).The efficiency of the resulting
operating point, noted as nmpp , serves to measure the effectiveness of the power converter's control
strategy.nmpp indicates the percentage of power loss of the PV module compared to the maximum

power it could produce [20].

MmppPT = p " (24)

Where:
nweer: Efficiency of the operating point

Pett: The actual power delivered by the PV generator
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Pmax: The maximum potential power available from a PV panel

The performance evaluation of an MPPT controller is not limited to the n<sub>MPPT</sub>
parameter alone. Other equally important criteria are also used to assess the quality of the control

strategy:
e Simplicity and Cost:

The MPPT controller should be simple in design, not energy-intensive, and have a reasonable

operating cost, so that its use justifies any additional investment made [20].
e Dynamic Response:

The MPPT controller must have good dynamic performance to control the adaptation stage and
ensure that, after changes in illumination or temperature, a new Maximum Power Point (MPP) is

found as quickly as possible [20].
e Flexibility:

Regardless of the operating conditions, the MPPT controller must be precise and stable. It should be
designed to operate accurately and robustly across different types of panels, without requiring

significant modifications [20].
e Competitiveness Across a Wide Power Rang:

The MPPT controller used must track the MPP generated by the photovoltaic module, regardless of
the level of sunlight. The controller is considered competitive if the MPP is reached with a low static
error, which corresponds to the operating point's position relative to the MPP, over a wide power

range [20].

I1.7. MPPT Classification

We can generally classify MPPT control methods according to the type of electronic
implementation: analog, digital, or hybrid. However, it is more relevant to classify them based on the
type of search they perform and the input parameters used by the MPPT controller. Although a large
number of scientific publications present MPPT control strategies with varying levels of complexity,

we will focus on a few that best represent each type of algorithm [10].
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7.1. Classification of MPPT Controls Based on Converter Parameters

7.1.1 MPPT Control Based on the Input Parameters of the Converter

This type of MPPT control searches for the Maximum Power Point (MPP) based on the evolution of
the power supplied by the PV generator (PVG). The control therefore requires measuring the current
and voltage at the input of the converter. Other types of MPPT control are based on regulating the
current of the PVG, assuming that the current is proportional to the power. This approach makes it
possible to get as close as possible to the optimal current (lopt). Since this type of control requires

only one sensor, it is easier to implement and low cost [11].
7.1.2 MPPT Control Based on the Output Parameters of the Converter

There are also algorithms based on the output parameters of DC-DC converters. For example, MPPT
controls based on the maximization of output current are mainly used when the load is a battery. In
all systems that use output parameters, an approximation of Pmax is made through the efficiency of
the converter. In summary, the better the conversion stage, the more accurate this approximation
becomes. However, in general, all systems using only one sensor are inherently not very precise.

Most of these systems were originally designed for space applications [12].
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Fig IL.7. Principle of Impedance Matching via MPPT
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a) Using Input Parameters

b) Using Output Parameters

7.2. Classification of MPPT Control Based on the Type of Search

7.2.1. Indirect Methods

This type of MPPT control determines the optimal operating point (MPP) from the currents,
voltages, or powers measured in the system. It can therefore react to unpredictable changes in the
operation of the PV generator (PVG). Generally, these procedures are based on a search algorithm,
through which the maximum of the power curve is determined without interrupting operation. To do
this, the operating point voltage is incremented at regular intervals. If the output power increases, the

search direction is maintained for the next step; otherwise, it is reversed [9].

The actual operating point then oscillates around the MPP. This basic principle can be preserved by
other algorithms to prevent misinterpretations. These errors can arise, for example, from a wrong
search direction, due to a power increase resulting from a sudden rise in irradiation. The
determination of the PV generator’s power value, essential for tracking the MPP, requires measuring
the generator’s voltage and current and multiplying these two variables. Other algorithms rely on
introducing small-signal sinusoidal variations into the switching frequency of the converter to
compare the AC and DC components of the PV voltage, and thus place the operating point of the PV

generator as close as possible to the MPP.

The advantage of this type of control is its accuracy and fast response.

7.2.2. direct Methods

The instantaneous values of the PV output voltage or current are generally used to generate the
control signals, and the algorithm is based on the variation of these measurements. The advantage of
these algorithms is that they do not require prior knowledge of the characteristics of the PV panels.
Therefore, they can respond to unpredictable changes in the PV's operation. For this reason, the
operating point voltage is incremented at regular intervals. If the output power increases, the search

direction is maintained for the next step; otherwise, it is reversed [13].
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11.8. Maximum power point search technique

Several techniques are mentioned to track the maximum power point:

o Perturb and Observe (P&O).

o Incremental conductance (CI).
o Fuzzy Logic Controller (FLC).
o Genetic algorithm (GA).

11.9. Perturb & Observe (P&O)

Typically, P&0O method is used for tracking the MPP. In this technique, a minor perturbation is
introduced to, cause the power variation of the PV module. The PV output power is periodically
measured and compared with the previous power. If the output power increases, the same process is
continued otherwise perturbation is reversed. In this algorithm perturbation is provided to the PV
module or the array voltage.

The PV module voltage is increased or decreased to check whether the power is increased or
decreased. When an increase in voltage leads to an increase in power, this means the operating point
of the PV module is on the left of the MPP.Conversely, if an increase in voltage leads to a decrease

in power, this means the operating point of the PV module is on the right of the MPP.

When the MPPT charge controller is connected between the PV module and battery, it measures the
PV and battery voltages. After measuring the battery voltage, it determines whether the battery is
fully charged or not. If the battery is fully charged (12.6 V at the battery terminal) it stops charging to
prevent battery over charging. If the battery is not fully charged, it starts charging by activating the
DC/DC converter.

The microcontroller will then calculate the existing power Pnew at the output by measuring the
voltage and current, and compare this calculated power to the previous measured power Pou. If
Pnew is greater than Poia, the MPPT duty cycle is increased to extract maximum power from the PV
panel. If Pnew is less than Poud, the duty cycle is reduced to ensure the system to move back to the
previous maximum power. This MPPT algorithm is simple, easy to implement, and low cost with

high accuracy.[16]
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Fig IL.8. Tracking the (MPP) using the Perturb and Observe (P&O) method [26].

Figure 11.8. shows the block diagram of the implementation of the P&O algorithm. First, the current
voltage and current of the PV system are measured. After that, the product of the voltage and current
gives the actual power of the PV module. Then, the state is checked to determine whether AP = 0 or

not. If this condition is met, then the operating point is at the MPP (Maximum Power Point) [21].

If this condition is not met, another condition is checked, namely whether AP > 0. If this condition is
met, it will then be checked whether AV > 0. If that is also satisfied, it indicates that the operating
point is to the left of the MPP. If the AV > 0 condition is not satisfied, it indicates that the operating
point is on the right side of the MPP [21].

This process is continuously repeated until the MPP is reached. Thus, at all times, there is a trade-off

between the step size and the sampling rate in the P&O algorithm [21].
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Fig I1.9. Flowchart of P&O method [27].

The P&O method is now widely used because of its ease of implementation; however, it presents
some issues related to the oscillations around the MPP that it causes in steady state, since the search
procedure for the MPP must be repeated periodically, forcing the system to oscillate continuously
around the MPP once it has been reached. These oscillations can be minimized by reducing the value
of the perturbation step. However, a small step value slows down the search for the MPP, so a
compromise must be found between accuracy and speed which makes this control difficult to
optimize [7].

The algorithm is developed in such a manner that it sets a reference voltage of the module

corresponding to the peak voltage of the module. A PI controller is used to move the operating point
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of the module to that particular voltage level. It is observed that there is some power loss due to this

perturbation and it also fails to track the power under fast varying atmospheric conditions. But still

this algorithm is very popular because of its simplicity [15].

Advantages

Simple to implement with low computational requirements.

Works effectively under steady atmospheric conditions.

Disadvantages

Oscillates around the maximum power point (MPP), leading to potential losses.
Struggles under rapidly changing conditions, causing delays in tracking the optimal
point.[17]

Performance Comparaison

Efficiency: Studies show that the INC algorithm is generally more efficient than P&O, as it
better maintains operation near the MPP throughout varying environmental conditions. This
efficiency translates to increased power output from PV systems in real-world installations,
especially during fluctuating weather

Tracking Speed: INC often demonstrates faster response times when atmospheric conditions
change. It can quickly ascertain whether the power output has peaked and halt unnecessary
adjustments, minimizing energy losses compared to P&O, which may continue to oscillate
around the MPP

Implementation Considerations: While P&O is favored for its simplicity and lower costs,
INC is preferred in applications where performance is critical and environmental conditions
are highly variable. Simulation studies in MATLAB/Simulink have shown that INC
outperforms P&O under defined conditions, affirming its effectiveness [17].
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Mppt Algorithm P&O
Complexity Base
Identification of PV
panel parameters Not necessary
Number of iterations 45
Convergence speed Average
Accuracy 95%

Table II.1: Comparison of P&O and INC MPPT Techniques

11.10. Conclusion

In this chapter, we have started the most important and delicate part of this thesis. It involves
presenting the principle of maximum power point tracking (MPPT) while providing the different
classifications of MPPT controllers. we implemented an MPPT control application on a PV system
consisting of a PV generator, a DC-DC converter, and a load. We then presented the results for
varying temperature and irradiance conditions. The simulation results demonstrate satisfactory
performance in terms of voltage, generated power, and load behavior. We have detailed the P&O
method, which we will develop in the next chapter. The advantages and disadvantages of the method
have been discussed. The simulation of a photovoltaic system under various conditions, with the

application of the studied MPPT control methods, is addressed in the following chapter.
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I11.1. Introduction
The integration of photovoltaic (PV) systems into modern energy infrastructures has grown
significantly in recent years, driven by the global push for cleaner, more sustainable energy sources.
As these systems become more widespread, the need for efficient and reliable control strategies
becomes increasingly critical—particularly in the regulation of voltage at the module or string level.
Maintaining a stable and precise output voltage is essential for maximizing energy conversion
efficiency, ensuring safe operation, and enabling effective interaction with downstream power
electronics and grid interfaces. Traditional control methods, such as Pl (Proportional-Integral)
controllers, have been widely used in PV systems due to their simplicity and ease of implementation.
However, their limitations become apparent when dealing with alternating components in the system
dynamics or when precise regulation is required under time-varying irradiance and temperature
conditions. This is where Proportional Resonant (PR) controllers offer a compelling alternative. PR
controllers are particularly effective in regulating sinusoidal signals and rejecting periodic
disturbances. While they are commonly employed in current control for grid-tied inverters, their
capabilities can also be extended to voltage regulation in PV modules, especially where the control
objective involves tracking or rejecting low-frequency oscillations. By introducing high gain at a
specific frequency without affecting the system's performance at other frequencies, PR controllers
enable more robust and precise control, even in challenging environmental conditions. This chapter
explores the application of Proportional Resonant control techniques in the context of photovoltaic
module voltage regulation. It begins with a brief overview of PV module behavior and control
challenges, followed by the theoretical background of PR control. The chapter then presents the
design methodology, simulation results, and practical considerations for implementing PR controllers
in PV systems. Through this exploration, we aim to demonstrate the advantages of PR control in

enhancing the stability and performance of PV voltage regulation

111.2. PROPORTIONAL RESONANT CONTROLLER
In this section, the structure of the PR controller is presented, justified by the classical Pl control.
A. PI Controller

A PI controller generates two control actions then combines them to form the signal to be applied
to the plant

U(s) = Ui(s) + Un(S) (25)
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In (25), Ui(s) is the integral control action and Uy(s) is the proportional action. These are defined

as

U(S)Z&E(S) U (s) =K E(s)
i S p p

Hence, the transfer function of a Pl controller is given by

s)="Y="F1g (26)
pi E(s) s p
= KiC(s) + KpCo(s) @7)

with seemingly obvious definitions for Ci (s) and Cp(s). The fundamental role of a PI controller
is to guarantee zero steady-state error when the reference and the disturbances acting on the plant
are piecewise constant. This is achieved by the integral action alone, and the proportional action
IS zero in steady state. Hence, the most fundamental control action is the integral action and it
could, at least in principle, be applied by itself to achieve this goal for a large class of processes.

Indeed, any stable minimum phase process can be controlled by a purely integral controller,
provided that sufficiently small integral gain is used. However, transient performance and
stability margins with purely integral control could, and usually would, be unacceptably poor.
Hence, an additional term is added to the control law to improve transient performance and
stability margins with purely integral control could, and usually would, be unacceptably poor.
Hence, an additional term is added to the control law to improve transient performance and
robustness, and to achieve closed-loop stability for a larger class of processes. This additional
control action is the proportional action, which can be seen as the derivative of the most

fundamental integral action, that is
C(s) = sCi(s) (28)
B. PR controller

For inverters, the controller deals with sinusoidal signals, which makes it difficult to design the
controller with the correct gain that is able to regulate the performance at the fundamental
frequency and also to reject harmonic disturbances. PI controllers, having a pole (with an infinite
gain) at the zero frequency, are not able to eliminate the steady-state error at the fundamental
frequency. While PI controllers have infinite gain at 0 Hz, PR controllers have infinite gain at

their resonant frequency wo [28].
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The transfer function of this controller with sinusoidal internal model is The PR current

controller GPR(s) is represented by:

S
c(8)=__ 29)

S2 4,2

where w- is the frequency that must be followed and/or rejected. The integral control action Ci

(s) is a particular case of the resonant control action (29), obtained by setting or = 0. In vibration
control, the fundamental control action is slightly more general [29].

According to IMP (international model), if the closed-loop stability is guaranteed, then the
resonant controller defined in (29) ensures zero steady state error for sinusoidal tracking
(disturbance rejection) at frequency w-.This PR controller described by is considered an ideal
controller and as shown from Bode diagram that it has a theoretically infinite gain at the
frequency wrwhich enables it to ensure zero steady-state error at this frequency only and

introduces no gain or phase shift at other frequencies. This infinite gain of the ideal controller

may lead to difficulty in the implementation with either analogue or digital system.

111.3. Characteristics of the PR controllers

Proportional Resonant (PR) Controllers are widely used in control systems, particularly in
applications involving sinusoidal reference tracking or disturbance rejection at specific

frequencies. Their main objectives are:

3.1. Perfect Tracking of Sinusoidal Signals (Zero Steady-State Error)

o The key objective of PR controllers is to eliminate steady-state error when tracking or
rejecting sinusoidal signals, especially at a specific frequency (often the fundamental
frequency in power systems, like 50/60 Hz).

« Unlike PI controllers, which are effective only for DC signals, PR controllers are designed to
have infinite gain at a given frequency (resonant frequency), ensuring perfect tracking or

rejection at that frequency.
3.2. Disturbance Rejection at Specific Frequencies

o« PR controllers are effective in rejecting sinusoidal disturbances (harmonics, grid

disturbances, etc.) that occur at known frequencies.

41|Page



- Chapter 3: Application of PR Control for PV Module Voltage Regulation

o This makes them especially useful in grid-connected converters, active filters, and

inverters.
3.3.  High Selectivity with Minimal Impact on Other Frequencies

o PR controllers provide high gain only at the resonant frequency, leaving the system
behavior largely unaffected at other frequencies.

o This selective behavior allows precise control without destabilizing the system.
3.4.  Suitability for AC Systems and Power Electronics

o In applications like AC current control, inverter control, and grid synchronization, PR
controllers are preferable over Pl controllers because they are designed for AC signal

regulation.

3.5.  Simple Implementation in Stationary Reference Frame

o PR controllers can be implemented in the af stationary frame, avoiding the need for
transformation to and from the rotating dq frame, which is common in Pl-based control.

Objective Description

Zero steady-state error for AC o ) o
nal Infinite gain at a specific frequency (resonance)
signals

_ ) ] o Effective  against  harmonics or  grid-related
Sinusoidal disturbance rejection _
disturbances

Frequency-selective control High gain at resonant frequency only

Stationary-frame implementation Useful in af-frame without coordinate transformation

) ] Widely wused in inverters, UPS, grid-connected
Common in power electronics
converters, etc.

Table III.1: PR Controller Objectives
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I11.4. Proposed Controller

A PI controller is a type of feedback controller that combines proportional and integral control
actions. Its transfer function in the Laplace domain is:

Kp+" (30)

A PI controller implemented in the positive-sequence synchronous frame is not equivalent to a PR

controller in the stationary frame

B 4o (31)

A PR controller comprises of two parts, i.e., the proportional and resonant parts, expressed by the
equation below:
S
C (s)=K +K( ) (32)
PR

P 242

Where, KP is the proportional gain term, KI is the integral gain term and wo is the resonant
frequency.

let us apply the same principle as in PI controllers, expressed in (27). Taking the derivative of the
fundamental (resonant) control action yields

Cr(s) = K+Cr(s) + KpCyp(s) (33)
C(s) = sCr(s) (34)
With:
(s)=_"
Cr %+ w3, (35)

which added to the resonant control action results in the PR controller
C (&)= K s 4K ¢ (36)

PR " s2+w? P s*+w?

where Kr, Kp € R are parameters to be tuned
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U

K)

K.,S
S +w;

Fig II1.1.PR controller [30]

With KP and kI being the controller’s gain constants, the combination of a Pl controller in the
positive-sequence synchronous frame and another PI controller in the negative-sequence

synchronous frame is, in fact, equivalent to a PR controller in the stationary frame [30].

2>
2 1 i Q

Wo ) 4 —_ —
S
SOGIscheme 1: _ ° SOGI scheme 2:
sz+a)02 S +w0

Fig I11.2. Resonant controller schemes [30]

PR controllers have narrow bandwidths around the resonant frequency. Some authors, such as
those in Refs, compare the performance of using Pl controllers versus PR controllers. Moreover,
for large values of wo, the delay introduced by the sampling time and modulation can negatively
affect system performance and stability. Adding a phase lead to the standard PR transfer function

can help compensate for this delay.
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The ideal resonant term on its own in the PR controller provides an infinite gain at the ac
frequency wo and no phase shift and gain at the other frequencies. The KP term determines the
dynamics of the system; bandwidth, phase and gain margins. Unfortunately, the ideal PR
controller acts like a network with an infinite quality factor, which is hard to implement the PR
controller in reality. Firstly, the infinite gain introduced by PR controller leads to an infinite
quality factor which cannot be achieved in either analog or digital system. Secondly, the gain of

PR controller is much reduced at other frequencies and it is no adequate

corrector can track the sinusoidal reference and mitigate the harmonics better than PI controller,
moreover, it allows us to have a unit power factor despite the addition of the reactive load and
especially without influencing the pace of the reactive power and without introducing any
instantaneous phase difference between the voltage and the current injected into grid.

I11.5. Criterion for Evaluating MPPT Performance in PVG

a) efficiency criterion
When evaluating a photovoltaic (PV) energy system, the primary efficiency to consider is the one
related to maximizing the power output of the PV generator. This efficiency, assessed at the PV
generator’s output, reflects how closely the system operates to the maximum power point (MPP).
It serves as an indicator of the effectiveness of the control strategy in steering the operating point
of the PV generator toward the MPP. This metric is commonly referred to as the MPPT

(Maximum Power Point Tracking) efficiency, and it is defined by the following equation:

M .
Zi=1 va(l)

Ef = X 100 (37)

Zizl Pmax (i)

b) Energy consumption criterion

Integral Absolute Control Signal (IACS) is a method for evaluating the energy consumption of a

control signal over time
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1AC@w = el®lde (39)
U(t) is the control signal (output of the controller)

Interpretation
e Lower IACS — the controller is using less energy or exerting less effort to control the

system.
e Higher IACS — possibly more responsive control, but at the cost of higher energy use or

actuator activity.

111.6. Simulation Results
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Fig II1.4. Block diagram of the P&O and PR controllers.
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111.7. Results Discussion

This section presents and analyzes the simulation results of a photovoltaic (PV) voltage regulation
system that integrates a Proportional Resonant (PR) controller with the classical Perturb and Observe
(P&O) algorithm. The objective is to evaluate the impact of the PR controller on improving dynamic
performance, output stability, and energy efficiency under realistic conditions.

7.1 Output Power and Energy Efficiency

Figure III (7,15,19) illustrate the output power of the PV system for both control strategies. When
using the classical P&O method alone, the power exhibits noticeable oscillations around the
Maximum Power Point (MPP), which are inherent to the perturbation-based nature of the algorithm.
In contrast, when the PR controller is integrated, these oscillations are significantly reduced. The

power output reaches the MPP more quickly and maintains a more stable profile over time.

Quantitatively, the efficiency criterion (Ef), defined as the ratio between the extracted power and
the theoretical maximum power, shows an improvement from Ef = 99.4778% (P&O alone) to Ef =
99.5547% (P&O + PR). This highlights the effectiveness of the PR controller in refining the
dynamic behavior of the voltage regulation loop and reducing energy losses due to poor voltage

tracking.
7.2 Duty Cycle Behavior

Figure III (5,13,17) compare the duty cycle control signal over time. Under the classical P&O
approach, the duty cycle exhibits continuous oscillations as the algorithm perturbs the operating
point. These fluctuations can lead to increased switching losses and stress on the power electronic

components.

With the addition of the PR controller, the duty cycle signal becomes smoother and more consistent.
This is due to the enhanced tracking capability of the PR control, which quickly aligns the PV
voltage with the desired reference value provided by the P&O. As a result, the converter operates

more efficiently, with less control effort and reduced high-frequency variation in the control signal.
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7.3 PV Voltage and Current Regulation

Figures I11.9 and III.11 present the PV module voltage and current waveforms, respectively. In the
case of the classical P&O, the voltage oscillates around the reference, especially under fast-changing

irradiance or load conditions. This leads to current fluctuations and suboptimal operation.

The integration of the PR controller leads to significantly improved voltage tracking, with the PV
voltage tightly following the reference. The current drawn from the module is also more stable,
improving the reliability and thermal behavior of the system. The resonant nature of the PR
controller helps in attenuating the low-frequency oscillations typically induced by P&O

perturbations.
7.4 Control Signal Energy Consumption

Beyond output performance, it is important to assess the energy consumption of the control signal,
which can affect the long-term efficiency and wear of the switching devices. We define this criterion
as the time integral of the squared control effort (e.g., Ju(t)2dt\int u(t)*2 dt) over a given time

window.

The results show a notable reduction in control energy when the PR controller is used. This is
attributed to the frequency-selective behavior of the PR controller, which applies high gain only at
the necessary frequency (e.g., 50 Hz), reducing unnecessary control action and avoiding broadband

amplification of noise or disturbances.

Comparative Performance

Criterion P&O Only P&O + PR Controller
Output Power Stability Moderate (oscillations) [High (stable near MPP)
Efficiency (Ef) 99.4778% 99.5547

Duty Cycle Signal Highly oscillatory Smooth and consistent
Voltage Tracking Delayed, oscillatory  [[Fast and accurate
Current Fluctuation Significant Reduced

Control Signal Energy Consumption|5828.4 5800.1

Table III.2: Comparative Performance
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The integration of a Proportional Resonant controller into the voltage regulation loop of a PV system
significantly enhances the performance of the conventional P&O MPPT algorithm. It improves
stability, increases efficiency, reduces control effort, and minimizes oscillations in both electrical and
control variables. These enhancements are particularly beneficial in real-world PV applications

where the operating conditions are dynamic and high performance is critical.

111.8. Conclusion

This chapter has presented the design, implementation, and evaluation of a Proportional Resonant
(PR) controller integrated with the classical Perturb and Observe (P&O) algorithm for improved
voltage regulation in photovoltaic (PV) systems. Through comprehensive simulation studies, the
proposed hybrid control strategy demonstrated clear advantages over the standalone P&O method,

especially in terms of dynamic response, stability, and energy efficiency.

The results revealed that integrating the PR controller significantly reduced oscillations in the
output power near the Maximum Power Point (MPP), leading to faster convergence and a more
stable operating point. This directly contributed to an improvement in energy extraction efficiency,
as confirmed by an increase in the efficiency criterion from 99.4778% (P&O only) to 99.5547 %
(P&O + PR).

Furthermore, the duty cycle signal became smoother and more consistent under the hybrid approach,
reducing switching losses and extending the lifespan of power electronic components. Voltage
tracking accuracy was also significantly improved, with the PV voltage closely following its
reference, resulting in reduced current fluctuations and enhanced system reliability under variable

environmental conditions.

Additionally, the energy consumed by the control signal-—quantified through the squared control
effort—was notably lower when using the PR-enhanced approach, demonstrating a more efficient

and selective control action.

Overall, this chapter confirms that the PR controller complements the P&O algorithm by
addressing its main shortcomings, notably the oscillatory behavior and delayed response. The
combined strategy delivers a robust, high-performance MPPT and voltage regulation solution,
making it particularly well-suited for real-world PV applications where environmental conditions are

dynamic and system efficiency is paramount.
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- General Conclusion

General Conclusion

In response to the growing global emphasis on renewable energy, this thesis has focused on
improving the efficiency and dynamic performance of photovoltaic (PV) systems, particularly in the
context of maximum power point tracking (MPPT) and voltage regulation. While the classical
Perturb and Observe (P&O) algorithm remains one of the most widely used MPPT techniques due to
its simplicity and ease of implementation, its performance is often hindered by persistent oscillations
around the Maximum Power Point (MPP), slow transient response, and sensitivity to environmental

disturbances.

To address these limitations, this research proposed the integration of a Proportional Resonant
(PR) controller into the voltage regulation loop of a PV system operating under a P&O-based MPPT
strategy. The proposed control architecture was thoroughly studied and validated through simulation,
aiming to enhance system stability, reduce energy losses, and minimize the control effort required for

accurate MPP tracking.

The thesis was structured into three main chapters. The first chapter presented a detailed
mathematical model of the PV module, accounting for the influence of temperature and irradiance on
the electrical characteristics of solar cells. This model served as a foundation for simulating real-

world PV behavior.

In the second chapter, the P&O MPPT algorithm was implemented in both its direct and indirect
control forms. The performance of the algorithm was evaluated under varying irradiance conditions,
and its limitations in terms of oscillatory behavior and power tracking efficiency were clearly

demonstrated.

The third and most significant chapter introduced the design and implementation of the PR
controller, which was integrated into the PV system’s voltage regulation loop. This novel approach

was compared with the classical P&O method through a comprehensive set of simulations.

The results discussion highlighted several key improvements achieved by the proposed PR-

enhanced system:

e Output power stability was greatly improved, with reduced oscillations and faster

convergence to the MPP.
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Energy efficiency (Ef) increased from 99.4778% using P&O alone to 99.5547% with the
integrated PR controller.

The duty cycle signal exhibited significantly smoother behavior, reducing converter stress
and switching losses.

Voltage and current waveforms were more stable and accurate, particularly under variable
irradiance, demonstrating improved tracking and thermal performance.

The energy consumption of the control signal, evaluated through the integral of squared
control effort, decreased from 5828.4 to 5800.1, confirming a more efficient use of control

resources.

Collectively, these outcomes affirm the effectiveness of integrating a Proportional Resonant

controller into PV systems to overcome the inherent limitations of the classical P&O method. This

control strategy not only enhances tracking accuracy and stability but also improves energy

efficiency and system longevity.

In conclusion, the approach presented in this thesis offers a viable and robust solution for real-world

photovoltaic applications where fast dynamics, low energy loss, and stable operation are critical. The

findings pave the way for future work involving experimental validation, adaptive PR tuning

techniques, and real-time embedded system implementation to further optimize PV energy systems.
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