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Notations and symboles

Notations and symboles

S, T Stator and rotor indices, respectively
N, Number of rotor poles

N, Number of stator poles

0, Switching angle [°]

O« Switching angle [°]

0, Electric angle [°]

0, Mechanical angle [°]

R Resistance [(2]

i Instantaneous current [A]

V, Source voltage [V]

I Current per phase [A]

74 Flux [Wb]

® Angular velocity [rd/s]

L inductance [H]

a, Conduction period (not polar)
u Magnetic permeability

f Frequency [Hz]

p Power [w]

Q Rotor rotation pulsation [rd/s]



Notations and symboles

C, Electromagnetic torque [Nm]

C, Mechanical torque [Nm]

B Magnetic induction [T]

W Energy

W Co-energy

0 Angle of movement [°]

F Coefficient of viscous friction [Nm.s/rd]
J Drive moment of inertia [Kg.m?]

Ls Stator phase inductance

L, Rotor phase inductance

Lm Mutual inductance between the stator and rotor
SRM Switched reluctance motor

CCC Current control

DTC Direct Torque Control

DEC Direct Energy Control

DFC Direct Force Control

DEFC Direct Energy and Force Control
MPPT maximum power point tracking

P&O Perturb and Observe

EV Electrical Vehicle

PV Photovoltaic

L Short-circuit current (current when the terminals are shorted)

Ve Open-circuit voltage (voltage when no current is flowing)
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T Current at the maximum power point
Vinpp Voltage at the maximum power point
Prpp Maximum power point output

DC/DC Converter DC

v" Other specific notations can be defined in the chapters
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General Introduction

General Introduction

In the ongoing discourse surrounding contemporary technological advancements, there has
been a discernible and heightened emphasis on prioritizing innovations that concurrently mitigate
environmental impact and fortify energy efficiency. Within the expansive realm of research and
development, a particularly salient domain capturing attention is the strategic amalgamation of
Switched Reluctance Motors (SRMs) and Photovoltaic (PV) arrays. This integration emerges as a
compelling and progressive solution within the overarching purview of sustainable energy
systems. The bedrock of this paradigm lies in its interdisciplinary nature, meticulously crafted to
synergize the strengths of disparate yet complementary fields. At its core, the integration seeks to
not only fine-tune the motor control mechanisms inherent in SRMs but also to seamlessly
incorporate the potent energy generated from photovoltaic sources. This amalgamation,
strategically designed and executed, represents a symbiotic relationship between precision
engineering and renewable energy utilization. The ensuing introduction, as a precursor to a
comprehensive exploration, aspires to delineate with precision the fundamental components and
the overarching objectives that define this sophisticated and forward-thinking sustainable system.
The switched reluctance motor (SRM) concept traces its roots back to the 19th century when it
was initially termed an "electromagnetic motor." Although fundamentally an old concept, SRM
has experienced significant evolution, with its applications extending to both rotary and linear
stepper motors. The transition from a step mode to a continuous mode, facilitated by power
semiconductor control, was a pivotal development introduced by Nasar, French, Koch, and
Lawrenson in the 1960s . During this period, the control of SRMs was constrained to
semiconductor power thyristor types.

In more recent years, advancements in technology have witnessed the emergence of power
transistors, GTOs, IGBTs, and MOSFETS capable of meeting the power requirements for effective
SRM control. Notably, this progression has expanded the possibilities for SRM applications and
enhanced their overall efficiency.

A distinctive feature of the SRM configuration is the elimination of permanent magnets,
brushes, and commutators. The stator, comprised of steel sheets forming salient poles, hosts a

series of coils connected independently in phase pairs spanning the stator poles. In contrast, the
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rotor, lacking winding, consists essentially of laminated steel, forming salient poles. This unique
characteristic, denoted as "double salience™ due to salient poles existing on both the rotor and
stator, contributes to the SRM's simplicity and reliability. Furthermore, the absence of permanent
magnets distinguishes SRMs from other motors in the industry, such as cage and direct current
machines. This distinctive feature, coupled with its simplicity, positions the SRM as a viable and
cost-effective option for speed control, presenting a challenge to other existing machines in the
industry.

Switched Reluctance Motors (SRMs) have become increasingly prominent in various
applications due to their numerous advantages. The inherent efficiency, simplicity, and
adaptability of SRMs make them a compelling choice across various industries. The key
advantages associated with SRMs include:

e Robustness and Reliability: SRMs are known for their robust and reliable performance,
attributed to the absence of brushes and permanent magnets, minimizing wear and tear and
contributing to extended operational lifespans.

e Simplicity of Design: The design of SRMs is inherently simpler than other motor types,
facilitating straightforward manufacturing and maintenance processes due to fewer
components.

e High Power Density: SRMs exhibit remarkable power density, delivering substantial
power output relative to their size, which is advantageous in applications where space is a
critical consideration.

e Adaptability to Harsh Environments: The robust construction of SRMs makes them well-
suited for operation in harsh environments, suitable for a diverse range of industrial
applications.

e Cost-Effectiveness: The simplicity of SRM design and the elimination of certain
components contribute to cost-effectiveness in both manufacturing and maintenance,
making them attractive across various industries.

e Flexibility in Control: SRMs offer a high degree of flexibility in control and operation,
allowing for precise and dynamic adjustments in various operating conditions.

e Wide Speed Range: SRMs operate efficiently across a broad speed range, positioning them

favourably in applications where speed control is a critical factor.
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e High Torque Density: SRMs demonstrate the capability to deliver high torque even at low
speeds, proving advantageous in applications that require substantial starting torque or
precise torque control.

e Ease of Integration with Power Electronics: SRMs seamlessly integrate with power
electronics, enabling effective control and optimizing overall performance and efficiency.

e Environmental Friendliness: The elimination of permanent magnets in SRMs contributes
to their environmental friendliness, making them more ecologically sustainable compared
to motors using rare-earth magnets.

In summary, the amalgamation of reliability, simplicity, adaptability, and cost-effectiveness
positions SRMs as a noteworthy technology in various industrial applications, making them a
compelling choice for modern electric motor applications. These advantages have led to their use
in electric vehicles, aerospace applications, and industrial drives, among other fields.

The scientific community within the energy sector is actively dedicated to advancing the
widespread adoption of clean energy solutions across an array of disciplines, in light of the pressing
need to address environmental concerns. Solar energy, among the diverse spectrum of clean
alternatives, has emerged as a focal point due to its intrinsic simplicity and ubiquitous availability.
Recognized for its vast potential in generating clean and sustainable power, solar energy is
increasingly acknowledged as a practical and viable energy source with transformative
implications for the energy sector.

The trajectory of the energy sector is on the cusp of significant transformation, contingent upon
sustained research and investment in the realm of solar power technology. Solar energy's
advantages, including cost-effective fuel, minimal maintenance requirements, and the capability
to be deployed in remote, off-grid locations, position it as a transformative force capable of
addressing the energy needs of regions traditionally beyond the reach of conventional power
sources. Photovoltaic systems, leveraging these attributes, emerge as pivotal players in the domain
of alternative energy.

Despite the myriad advantages, solar energy does present challenges, notably its susceptibility
to temperature fluctuations, humidity, and dust accumulation, which can impede operational
efficiency. In response to these challenges, experts are diligently focused on developing cost-

effective and environmentally friendly charging solutions. This effort gains added significance in
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the wake of the burgeoning popularity of electric vehicles (EVSs), where solar energy integration
holds the potential to revolutionize sustainable transportation.

The ongoing commitment to overcoming challenges and optimizing the efficiency of solar
energy systems underscores the importance of holistic and interdisciplinary approaches. As the
energy landscape evolves, advancements in solar power technology will undoubtedly play a
pivotal role in shaping a more sustainable and resilient future. The synergy between research,
innovation, and practical applications remains integral to harnessing the full potential of solar
energy and steering the global energy paradigm towards a cleaner and more sustainable trajectory.

The optimization of Switched Reluctance Motors (SRMs) to unlock their full potential
necessitates a meticulous focus on achieving precise control over both torque and speed. Within
the field of SRM control, a diverse array of methodologies has been developed, each exhibiting its
own unique set of advantages and limitations. Recent advancements in research have delved into
the exploration of sophisticated SRM control techniques, elevating the understanding and
performance of these motors. Current regulation strategies, for instance, have been a focal point,
allowing for more accurate and responsive adjustments to the motor's behavior. Additionally,
torque control strategies have been refined to enhance the precision and reliability of torque
delivery, catering to diverse industrial applications. Furthermore, the investigation of vibration
suppression techniques represents a crucial frontier, as it addresses operational challenges
associated with mechanical vibrations, thereby optimizing the overall performance and lifespan of
SRMs. The ongoing exploration of these advanced control methodologies underscores the
commitment to refining SRM technology, paving the way for its broader integration into various
sectors where precision, efficiency, and reliability are paramount. As research in this domain
progresses, the potential for further innovations and enhancements in SRM control mechanisms
continues to grow, contributing to the evolution of electric motor technologies and their
applications across industries.

This investigation critically evaluates the feasibility and operational efficacy of an integrated
system comprising a Photovoltaic (PV) system and a Switching Reluctance Motor (SRM), driven
by a spectrum of control methodologies, including Direct Energy and Force Control (DEFC),
current control, direct torque control, direct energy control, and direct force control. The
comprehensive research entails an in-depth analysis of the collective performance of the integrated

system, assessing the efficiency of the SRM within this framework. Furthermore, the study
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meticulously examines the impact of external variables such as radiation and temperature on the
motor's functionality, elucidating key insights into the system's robustness under varying
environmental conditions.

A pivotal aspect of the integrated system is the utilization of Maximum Power Point Tracking
(MPPT) by the PV system. This strategic approach ensures that the PV system operates at its
optimal efficiency, dynamically adjusting its operating point to capture the maximum available
power from solar radiation. The synergistic interaction between the PV system and the SRM,
underpinned by diverse control strategies, contributes to a holistic exploration of the system'’s
capabilities and limitations.

This dissertation is meticulously structured to provide a comprehensive exploration of key
aspects related to Switched Reluctance Motors (SRMs) and their integration with photovoltaic
systems. The organizational framework is delineated as follows:

» Chapter I: This initial chapter elucidates the fundamental operating principles of the SRM
motor, delineates various types of power supply configurations, and delves into the
intricacies of the photovoltaic system. A foundational understanding of these components
sets the stage for the subsequent discussions.

» Chapter II: The second chapter is dedicated to the magnetic modeling of the switched
reluctance motor using the Finite Element Method (FEMM) software. Additionally, the
chapter expounds upon the model of the photovoltaic system, providing a comprehensive
analysis that forms the basis for subsequent simulation endeavors.

» Chapter I11: Building upon the magnetic modeling discussed in Chapter 11, the third chapter
focuses on the simulation of SRM control. Various control methods are explored using
MATLAB/SIMULINK, offering a detailed examination of their effectiveness and
implications for SRM operation.

» Chapter IV: This section extends the analysis by addressing the simulation of SRM control
within the context of its integration into a photovoltaic system. Furthermore, the chapter
explores the application of this integrated system to electric vehicles, presenting a practical
application of the theoretical constructs discussed earlier.

» Chapter V: In this chapter, we examine the test experiment of the hysteresis control method
for a 6/8 switched reluctance motor (SRM). This control technique functions by

continuously monitoring the output current and detecting deviations. When the output
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current exceeds predefined threshold levels, a comparator promptly adjusts the control by
switching it on or off. This methodology presents notable advantages, including swift
transient responses due to the direct control facilitated by the comparator and the
elimination of the necessity for phase compensation.

» Conclusion: The dissertation concludes with a comprehensive summary of the key
findings, insights, and outcomes from the study, including the experimental validation of
the hysteresis control method for a 6/8 switched reluctance motor (SRM). Furthermore,
this section delineates potential avenues for future research, providing valuable

perspectives for the continuation and expansion of the work.
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Introduction

In this introductory chapter, we embark on a journey into a sophisticated system comprising a
PV array, boost converter, half-bridge converter, and switched reluctance motor. These elements
collectively represent the cutting edge of clean energy and advanced power systems. This chapter
lays the foundation by providing an overview of the system's key components, setting the stage
for a deeper exploration of their individual roles and synergistic contributions to sustainable energy
solutions.

PV array
Boost converter H-Bridge converter SRM
Vi
V
e
D C Vs

Figure I.1.Components of the Proposed System.
I.1. Switched Reluctance Motor (SRM)

A switched reluctance motor (SRM) is an electric motor that relies on reluctance torque for its
operation. It falls under the category of synchronous motors, where the rotor matches the rotational
speed of the magnetic field generated by the stator windings. Notably, SRMs are characterized by
their straightforward construction, devoid of permanent magnets or brushes[1-4]. The stator
consists of winding sets, while the rotor features salient poles that lack magnetization but possess
a distinct magnetic permeability compared to the air gap between the stator and rotor[5-7]. Upon
energizing the stator windings, a magnetic field arises, causing the rotor poles to align with the
stator poles, thus generating reluctance torque that propels rotor rotation.[8-11]

SRMs offer several advantages over alternative motor types:

e Simplicity of Construction: SRMs boast uncomplicated designs without permanent
magnets or brushes, rendering them more robust and straightforward compared to their
counterparts.

o High Efficiency: These motors exhibit exceptional efficiency, often reaching levels of up
to 90%.

e Wide Speed Range: SRMs can seamlessly function across a broad spectrum of speeds,
spanning from very low to extremely high rates.

o Fault Tolerance: SRMs display a degree of tolerance to faults like open or shorted
windings, enhancing their reliability.
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Nonetheless, SRMs come with certain drawbacks:

e High Torque Ripple: The torque generated by SRMs can exhibit significant fluctuations
with changing speeds, potentially leading to vibration and noise issues.

e Acoustic Noise: SRMs can produce noticeable acoustic noise, particularly at higher speeds.

e Controller Requirement: The operation of SRMs necessitates a dedicated controller, which
can contribute to the overall system cost.

Despite these drawbacks, the switched reluctance motor (SRM) stands as a versatile motor
used across a diverse spectrum of applications, including but not limited to: [1-3]

e Fans and Pumps: SRMs are employed to drive fans and pumps efficiently in various
ventilation and fluid handling systems.

e FElectric Vehicles: In the realm of electric vehicles, SRMs find purpose as power sources,
contributing to improved energy utilization. [12-15]

e Wind Turbines: SRMs play a crucial role in wind turbine systems, converting wind energy
into electrical power with their efficiency and adaptability.

e Machine Tools: The precision and responsiveness of SRMs make them valuable
components in machine tools, enhancing machining processes. [16-18]

e Robotics: SRMs are integrated into robotics to deliver precise and reliable motion control,
supporting tasks ranging from manufacturing to automation.

The SRM's popularity is on the rise, primarily attributed to its remarkable attributes such as
high efficiency, extensive speed range, and fault tolerance. This motor technology holds promise
for a wide array of applications, contributing to the advancement of various industries.[19-21]

I.1.1. Different types of SRM

Switched reluctance machines can be categorized into two main types based on their
construction:

1. Smooth Stator Machines: In this category, the stator features a continuous, unsegmented
structure.

2. Vernier Machines: The second category encompasses machines with double teeth, often
referred to as "vernier" machines. In both of these categories, the rotor exhibits teeth that
are identical and evenly spaced throughout its structure.

1.1.1.1. Smooth Stator Machines

In the design of this particular machinery, the stator assumes a cylindrical configuration with
a revolution radius, featuring strategically carved notches to facilitate the placement of conductors.
The smooth character of the stator is primarily attributed to the minimal width of these notches
within the air gap, representing a negligible local irregularity within the geometric structure.
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Consequently, it becomes possible to compute the current density at each individual notch,
which is equivalent to the current denoted as Ni traversing the conductor accommodated in that
specific location. Given the assumption of infinite permeability for the stator, the equivalent
current density is therefore expressed as:

NI
£

j=4 (L)

: | N\

@
N
-

Figure 1.2. Equivalent current density

I.1.1.2. Double-toothed Machinery

Double-toothed machinery refers to a class of devices in which the stator configuration
deviates significantly from a smooth, uniform surface, owing to the prominent notches in relation
to the rotor teeth. These notches play a pivotal role in energy conversion due to the localized
irregularities stemming from the relative alignment of rotor and stator teeth. In Figure (1.3), we
illustrate a specific example of a double-toothed variable reluctance machine featuring six stator
poles, where each pair of diametrically opposite poles accommodates two windings connected in
series, along with four rotor poles. This design stands out for its exceptional robustness and
inherent simplicity, characterized by the absence of electrical conductors or magnets.

Figure I.3. Double-toothed “vernier” machine
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I.1.2. Construction and Operation

The Switched Reluctance Motor (SRM) is renowned for its straightforward and minimalist
construction. It features a basic design consisting of a wound stator and an unmagnetized iron rotor
without windings. This rotor is crafted in a laminated iron form, shaped to create distinct salient
poles. Similarly, the stator poles (Ns) also exhibit saliency and are strategically wound on poles
positioned radially opposite each other. Each stator phase consists of tightly concentrated coils
meticulously placed on these stator poles. Common configurations include the 6-rotor/8-stator
poles 4-phase motor and the 6-rotor/4-stator poles 3-phase motor. The Switched Reluctance
Machine is an electrical device that generates torque through electromagnetic forces of attraction
acting on a moving rotor. This rotor moves towards a position where the reluctance, or opposition
to magnetic flux, is minimal, resulting in the production of torque.

The operational principle of a Magnetic Reluctance Motor closely resembles that of an
electromagnet. When one of the motor's phases is energized, it exerts an attractive force on the
rotor, compelling it to pivot and align with this activated phase. The primary objective of this
alignment is to optimize the magnetic flux within the motor. Consequently, two distinct positions
emerge:

e The "Conjunction Position": At this juncture, the axes of the stator and rotor teeth are in
precise alignment. In this configuration, the inductance of the energized phase is
maximized, resulting in the highest possible magnetic flux within the motor.

e The "Opposition Position": In contrast, the rotor's tooth axis is oriented to minimize the
inductance. This opposition position marks the point of minimum inductance within the
motor. The inductance value varies as the rotor and stator teeth either draw nearer or move
apart from each other, creating fluctuations in the magnetic field strength.

2 . % N

k

. J
A

Figure 1.4. Representation of a single-phase SRM.
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1.1.2.1. Mathematic model

Due to the distinctive characteristics inherent to the motor, creating a mathematical model for
a Switched Reluctance Motor (SRM) poses a formidable challenge, as it entails dealing with a
complex system of nonlinear equations. To initiate this intricate endeavour, it is advisable to
commence with a fundamental overview, progressively refining and expanding upon it to
construct a simplified mathematical representation of the SRM.[14,16,22]

Disregarding any mutual coupling effects between phases, the voltage equation for phase k can
be expressed as follows:

Vie = iRy + k0 (1.2)

where V. 1s the terminal voltage, i« is the phase current, ¥ is the flux linkage in volt-seconds, 6
is the rotor position and Ry is the phase resistance.

Magnetic Flux Linkages: It is imperative to establish a clear definition for the magnetic flux
linkages within each phase. These linkages exhibit a nonlinear correlation with both the phase
current and the position of the rotor. It can be expressed as,

Vi = Pic (g, 0) (1.3)
By incorporating Equation (1.3) into Equation (I.2), we derive Equation (1.4),

61/Jk dlk 61/)k ae
Vi = iR ——
k= et dip dt | 06 dt

Yy d 7]
— lkRk + If:j_l_ . (;/;k (14)
ae
Wy = E (15)

. o oy . . .
where wr is the angular velocity in rad/s. % is defined as the instantaneous inductance L(0,I) and
k

the term is w, % le FCEM instant.

Torque Equation: The electromagnetic torque (T.) produced by the motor is inherently
dependent on both the rotor position and the currents flowing through each phase. This torque can
be aptly described as a function of the alteration in magnetic energy concerning changes in rotor
position. It is evident that a vital connection exists between the electrical and mechanical aspects
through the medium of electromagnetic torque. Consequently, the central challenge revolves
around formulating an accurate mathematical model for this critical parameter.

dwm

T,=]%" 4 B, + T, (.6)

Switched Reluctance Motors (SRMs) exhibit notably pronounced nonlinear characteristics.
Consequently, deriving a precise mathematical model for electromagnetic torque proves to be a

11
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formidable task. In this pursuit, certain researchers have explored the utilization of co-energy as a
concept to encapsulate and express the average torque, addressing this complexity.

AW,
T, = —=
av AO

(17)

The variables are defined as follows: J represents the rotational inertia, B denotes the frictional
coefficient, T. signifies the electromagnetic torque, Tr stands for the load torque, and W,
corresponds to the co-energy inherent in the Switched Reluctance Motor (SRM).

Which can be expressed the co-energy as Equation (L.8),

P ~ g
W = [, (6, idi (18)
1.1.2.2. Alimentation

In a switched reluctance motor, the magnetic flux is not constant but necessitates initialization
from zero at each step of its operation. This procedure is orchestrated through the controlled
application of the supply voltage at the ©¢ angle and its subsequent deactivation at the O,
switching angle.[23-25]

Given the scenario where each motor phase is energized by the circuit depicted in Figure
(I.5.a), with two transistors activated at time ©¢ and deactivated at Oof, we observe in Figure (5)
the waveforms of voltage, flux, current, and inductance taking on a distinctive undulating pattern
at sufficiently high speeds. This particular operational mode, characterized by these waveforms, is
referred to as "single-pulse" operation in the context of motor functioning.

Figure 1.5. Mode of conduction in one phase.
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The predominant flow, as elucidated by Faraday's Law under the condition of a constant
angular speed w, can be succinctly summarized as:

e = [, (= R)Z + 1y (19)

Here, yo represents the primary flux that initially exists at angle 6o, which is typically zero, V
is the supply voltage, R denotes the phase resistance, and i signifies the momentary current. It is
important to note that, at this juncture, any impedances and voltage reductions within the control
circuit and power supply are considered negligible.[22,23]

It's worth noting that Faraday's Law characterizes the primary flow. Equation (1.9) can be
reformulated as follows:

wyc = (Vs —v1).6p (I.10)
With : Op = (Ootr - 00)

In this context, "V1" signifies the voltage drop resulting from resistance during the period 6d.
When the internal resistance, Ri, is considerably smaller (Ri <<) in comparison to the other
influencing factors, the primary flux follows a linear increase.

During motor operation, it is paramount to reduce the magnetic flux to zero prior to the
separation of the rotor poles. This transition leads to a reversal in torque direction, effectively
creating a braking torque. To achieve this, the voltage must be inverted at angle Oc, a process
typically accomplished through the use of freewheeling diodes when the transistors are in a
carryover state. The precise angle at which the negative voltage propels the flux back to zero,
known as the "extinction angle" 6q, is further determined by the principles of Faraday's Law.

6 .\ df
0= ll)c + feoqff(_VS - Rl); (Ill)
And this gives:
wpe = (Vs +v2).(0g — Oorf) (1.12)

"V2" denotes the voltage drop attributed to resistance within the time frame (6q — 6c). When the
internal resistance, Ri, is substantially smaller (Ri <<) than the supply voltage, Vs, the primary
flux diminishes in a linear manner while maintaining a consistent velocity. The angle traversed
during this process is nearly equivalent to Op, with both being essentially equal to the value denoted

as ”%" The total conduction angle is consequently equal to:
N

0, — 6, = 22¥c (L13)

Vs

The maximum primary flux, denoted as yc, originates from the switching angle 6off.
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0
Figure 1.6. Wavy shapes of single pulse
The period of the entire conduction is called the rotor pole pitch apl:
ay =2 (1.14)
This conduction is also called “continuous conduction”:
0, — 0, < ap (I.15)
Let's combine the two equations (I.14 and I.15), we find the maximum admissible:
0p < " s (I.16)
Either :
§= v (1.17)
e '
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If the voltage drops Vi and V» are approximately the same fractions p of, then equations (I.15)
and (I.16) reduce to:

0p < . 22 (L18)

1.2. Photovoltaic
1.2.1. Historic of Photovoltaic

The history of solar energy utilization has seen notable milestones. It began with early
experiments, including focusing sunlight to ignite fires, but a pivotal moment arrived in 1866 when
French scientist Augustin Mouchot introduced the first parabolic solar collector, which harnessed
solar energy to boil water and power a steam engine. In 1839, young French scientist Alexandre
Edmond Becquerel discovered the photoelectric effect, laying the foundation for photovoltaics. In
1876, Professor Willian Grylls and a student demonstrated the possibility of obtaining electricity
from solid materials exposed to sunlight. In 1884, American inventor Charles Fritts improved
efficiency, leading to the first rooftop PV module in New York City. Albert Einstein's theoretical
explanation of the photoelectric effect in 1921 earned him a Nobel Prize. A breakthrough in the
PV industry occurred in 1954 at Bell Laboratories when researchers realized impurity-doped
semiconductor materials could efficiently generate electricity when exposed to light, achieving 6%
efficiency. This marked the shift from selenium-based to semiconductor solar modules. Initially,
solar applications powered remote sites and small loads on Earth. However, in the context of the
space race, PV technology became pivotal for satellites. In 1958, the U.S. launched Vanguard I,

the first solar-powered satellite, weighing just 3.5 pounds.

In the ongoing pursuit of mitigating environmental impacts, the scientific community within
the energy sector is dedicating itself to the widespread adoption of clean energy solutions spanning
multiple disciplines. Amid the array of clean energy options, solar energy has emerged as a
prominent frontrunner, thanks to its inherent simplicity and abundant availability. The substantial
potential of solar energy to provide clean and sustainable power has propelled it to the forefront of
viable energy sources. The future landscape of the energy sector is poised to be significantly
influenced by continuous research and investment in solar power technology. Photovoltaic
systems, characterized by their low fuel costs, minimal maintenance requirements, and adaptability

for installation in remote, off-grid areas, are pivotal players in the realm of alternative energy.
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Nonetheless, solar energy, for all its advantages, does come with its set of challenges, including
sensitivity to temperature fluctuations, humidity, and dust accumulation, all of which can impede
its efficiency. In response to these challenges, experts are diligently working on developing cost-
effective, environmentally friendly charging solutions, especially in light of the growing popularity
of electric vehicles (EVs). One promising approach that is gaining traction is the integration of
solar panels to power EVs. By harnessing the abundant energy provided by the sun, solar panels
offer a reliable and economically sound source of electricity for recharging electric

automobiles.[26-30]
1.2.2. .Equivalent Mathematical Model of PV Panel

The photovoltaic (PV) system is designed to convert sunlight into electrical energy with
remarkable efficiency. At the core of this renewable energy generation technology lies the PV cell,
which serves as the fundamental building block. These remarkable cells, their power output
ranging from 1 to 2 watts depending on the materials used, are the backbone of the PV system.
[31-34]Typically, these cells are clustered together to create PV panels or modules. To meet
specific current and voltage demands, these PV modules are thoughtfully arranged in both series
and parallel configurations, forming a cohesive PV array. For simplicity's sake, it is generally

assumed that all PV modules within an array share identical characteristics.[35-39]

A N, 7
Iph I . ! g Rm I'f

IO

Figure 1.7. Equivalent circuit representation of photovoltaic cell.

[lustrated in Figure 1.7 is the equivalent circuit representation of a single-diode, five-parameter
exponential model employed to describe a photovoltaic (PV) cell. This model encompasses

essential components, notably a light-generated current source denoted as Iph, operating in parallel
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with a diode (D). Moreover, it comprehensively considers the influence of parasitic resistances,
specifically the series resistance (Rs) and the shunt resistance (Rsh). By applying Kirchhoff's
Current Law (KCL) at the designated node 'm,' the expression for the current generated by a

solitary PV cell is succinctly articulated as follows:
Ipv = Iph —Ip —Isy (1.19)

The magnitude of the generated current (Iph) is contingent upon the incident light's intensity
upon the photovoltaic (PV) cell. Consequently, variations in temperature, which are indicative of
alterations in light intensity, establish a direct proportionality with the light-generated current. This

relationship can be formally articulated as follows:[32,33]
Ipn = [Iph,n + k(T — Tn)]SSSn (1.20)

According to semiconductor theory, the diode current (Ip) can be expressed as:

Ip = I, [exp (£2) — 1] (1.21)
where

_ Isc,n+ki(T_Tn)

10_.exp(vw_ﬂ;:‘§:_m>_1 (1.22)

Substituting (1.20) and (I.21) in (I.19) we get,

Voy+RsIny VpvtRslpy
oy = Ion = Lo [exp (_p v - )_ 1] - Rsn . 123)
where
m=§ (1.24)

The equation governing the PV module current consisting of ' N, ' no. of parallel connected strings

of PV cell as shown in Fig.1.7 is expressed as:

Rsh

a(toy IovRs) -
IPV = Nplph — Nplo [eakT Ns Np ) _ 1] - N_I:va + IpVRs] (125)
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Figure 1.8 Equivalent circuit representation of PV module consisting of ‘Np’ number of strings of

The current and operating voltage range of the photovoltaic (PV) cell are ascertained through
the assessment of short-circuit and open-circuit conditions. By referencing the prior equation, we
can calculate the values for short-circuit current and open-circuit voltage in the following
manner:

—q-N.. Tph
Voclipy=0 = a - N thn(,o + 1) (1.26)

Rg
Isclvpe=o = Ipn/ (1 +35) (1.27)
1.2.3.Boost converter

Boost converters find widespread utilization across various domains, including industrial
drives, automotive applications, adaptive control systems, and battery-powered applications.
Notably, they prove invaluable in scenarios necessitating the elevation of low input voltages to
higher DC voltage levels. In particular, within photovoltaic (PV) applications, the boost converter
assumes a critical role. It not only amplifies the PV output voltage to meet desired specifications
but also orchestrates the vital task of maximum power point tracking (MPPT) control. The
popularity of these converters can be attributed to their inherent attributes of simplicity and
durability, requiring minimal maintenance, user-friendliness, and cost-effectiveness.

The maintenance of a constant output voltage level is achieved through precise control of the
"duty cycle," which refers to the fraction of the switching period when the semiconductor switch
is in the conducting state. Typically, this switch takes the form of an all-off, or off-saturated,
semiconductor device, often a MOSFET transistor. In the off state, the semiconductor device
experiences zero current, resulting in negligible power dissipation. Conversely, when the device is
in the saturated state, the voltage drop across its terminals becomes nearly zero, leading to minimal
power loss.[40-47]
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Figure 1.8. boost converter.

During the operation of the chopper, the transistor undergoes cyclic switching at a consistent
frequency denoted as fs. This switching action involves a closing time (Tds) and an opening time
((1-d)Ts), where:

o Ts signifies the switching period, equal to 1/fs.

e The duty cycle of the switch, denoted as 'd' and falling within the range of [0, 1], plays a
pivotal role in determining the precise timing and duration of these states.

Vo 4 Vo

—— J > d'T¥

0, Fermé I'T Ouvert! ] 4

Figure 1.9. closing and opening periods of a switch

We will dissect the operation of the booster converter into two distinct phases, contingent on
the state of the switch Tp:

1. Energy Accumulation Phase (0 to aT): During this phase, the Tp switch is in the closed
state, allowing for an increase in the inductor's current and the subsequent storage of energy
in the form of magnetic energy. Simultaneously, diode D remains blocked, and the load is
disconnected from the power supply.
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2. Freewheeling Phase (aT to T): As we transition into this phase, the switch is open, and the
inductor becomes part of the generator's circuit. Its electromotive force (e.m.f.) is additive
to that of the generator, leading to a boost effect. The current, guided by the inductor, then
passes through diode D, capacitor C, and load R. This results in the transfer of the energy
previously accumulated in the inductor to the capacitance, ultimately establishing the
desired output voltage.

Interrupteur Tp passant D

«

—‘
)
ol
0
|
|
2

Interrupteur Tp bloqué D
— N >
L

I
p)

u C) ™ c =

Figure 1.10. operating phases of the booster converter.

1.2.3.1. Continuous conduction analysis:

The operation of this circuit can be systematically divided into two distinct stages, contingent
upon the state of switch K.

1. Energy Accumulation Phase (0 <t < at, with a € |0, 1[): During this phase, switch K is
actively closed, and diode D remains in a blocked state. The equivalent circuit diagram
for this stage is as follows:

We have :

di
Ve =L " (1.28)
From where i(t)= % * t+ip (1.29)

At t= at, the current will be maximum in the inductor.

20



Chapter [ Comprehensive Overview of Proposed System Components

imax= = % Qb i (1.30)

Ve () c= |

Figure [.11. Energy Accumulation Phase.

2. Energy Transfer: (at <t<T)

We consider that the switch is now open, and diode D conducts. The equivalent diagram is as
follows.

Ve - L* %L ys=0 (L31)
dt

From where: Vs - Ve=L* % (I1.32)

i(6)= imax — = (t - oT) (1.33)

At t=T, this current will be minimal and therefore equal to the current 1o

Vs—Ve
L

Inin=10= 1max — (1-a)T (1.34)
Let Ai be the ripple of the current in the inductor

AI= Imax—Imin (1.35)
From equation (I.33) we draw

Ai = Te * ot (1.36)

From equation (I.35) we draw

Vs—Ve
L

Ai=

(1-o)T (1.37)

By combining these last two equations we obtain:

Vs == (1.38)

1-a
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Ve Vs

Figure 1.12. Energy transfer.

In accordance with the aforementioned relationship, it becomes evident that the output voltage
is contingent upon both the input voltage and the duty cycle a. It is important to note that a lies
within the range of 0 to 1, characterizing the converter as a voltage booster.

In a theoretical context, the output voltage remains unaffected by changes in the load. However,
in practical applications, the inherent imperfections of real components introduce disparities.
These disparities result from the real-world imperfections inherent in the components used in the
system.

As the converter is connected to a load, it gives rise to an output current flowing through this
load. The magnitude of this current is contingent upon the load's value, with greater loads causing
a decrease in the current. It's worth noting that an exceptionally low current value can prompt the
circuit to transition into a discontinuous operating mode, leading to the concept of a continuous
operating limit.[47,48]

1.2.4. MPPT

Specific control strategies are in place to optimize the operation of devices at their peak
performance points, even when these points are not known beforehand, and without prior
knowledge of when or why modifications to these points occur. This concept is particularly
relevant for energy sources, where it translates into the quest for maximum power points. This
approach is commonly referred to as "Maximum Power Point Tracking" or "MPPT" in the
literature. The fundamental principle behind MPPT is to iteratively search for the Maximum Power
Point (MPP) while ensuring a precise alignment between the power generator and its load, thereby
enabling the transfer of maximum power.[49-53]

1.2.4.1. Perturb and Observe

Photovoltaic (PV) systems often exhibit initially low efficiency. To enhance their performance,
the practice of maximum power point tracking is employed. In the perturb and observe method,
minor perturbations are introduced to induce power variations. If an increase in voltage leads to a
corresponding increase in power output, the operational point of the PV module is adjusted to the
left of the MPP. The MPP is precisely situated at the point on the power curve of the PV array
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where the slope is zero, and the resistance matches the negative differential resistance. The
adjustment of the photovoltaic (PV) array voltage consistently adheres to the prescribed algorithm
designed to attain maximum power output. The flowchart outlining the implementation of the
Perturb and Observe (P&O) algorithm for the charge controller can be found in Figure 1.13.

The operational principle of Maximum Power Point Tracking (MPPT) controls employing the
Perturb and Observe (P&O) method entails introducing a slight perturbation to the VPV
(photovoltaic voltage) around its initial value and subsequently analyzing the resultant variation
in PPV (photovoltaic power). Illustrated in Figure 1.14, if a positive adjustment in VPV voltage
results in an increase in PPV power, it signifies that the operating point is situated to the left of the
Maximum Power Point (PPM).[54-60]

Conversely, a decrease in power implies that the system has moved beyond the PPM. A similar
rationale applies when the voltage decreases. By scrutinizing the effects of voltage variations on
the PPV (VPV) characteristic, it becomes feasible to precisely determine the operating point's
position relative to the PPM and guide it toward the maximum power output through a suitable
control strategy.

In essence, if an alteration in voltage leads to an increase in PV power, the direction of the
perturbation is maintained. In contrast, if power decreases, the perturbation's direction is reversed
to steer the system back towards convergence with the new PPM.

Start

Measure V(k) and | (k)

Calcula';e Power
P(k)=V(k)*1(k) |

No <l i (K)>P(k-1) Yes
N - Yes i N - Yes
O VK> V(1) ° < vikVikl)

Increase Decrease Decrease i Increase
PWM PWM PWM ‘l PWM

| V(k-1)=V(k) T

| P(k-1)=P(k) |

J

Figure 1.13. Flowchart of the adopted P&O algorithm for the charge controller.
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Figure 1.14. MPPT working principle.
1.2.4.2. Incremental Conductance (InCond)

The Incremental Conductance (InCond) algorithm is a pivotal component in optimizing the
performance of solar panels. Its operational principle involves an ongoing assessment of the solar
panel's instantaneous conductance and its correlation with the incremental conductance.

Instantaneous conductance, in this context, is a real-time measure of the panel's ability to
convert sunlight into electrical energy. On the other hand, incremental conductance represents the
dynamic relationship between the power output and the voltage. It quantifies how the power output
changes concerning variations in the voltage supplied to the solar panel.

The InCond algorithm is designed to maintain the solar panel at its maximum power point
(MPP), which is the point at which the solar panel generates the most power. To do this, it
continuously monitors the instantaneous conductance. When the instantaneous conductance
exceeds the incremental conductance, it signifies that the solar panel can deliver more power than
it currently does at the prevailing voltage level. In response, the algorithm raises the voltage
supplied to the load. This action pushes the system closer to its MPP, ultimately leading to
improved energy conversion efficiency.

Conversely, if the instantaneous conductance falls below the incremental conductance, it
suggests that increasing the voltage would not result in a significant power output gain. In such
instances, the InCond algorithm reduces the voltage supplied to the load, thereby ensuring the
system operates efficiently and does not waste energy.

By continuously fine-tuning the voltage supplied to the solar panel, the InCond algorithm plays
a critical role in ensuring that solar panels operate at their peak performance levels, maximizing
energy production and enhancing the overall efficiency of solar energy systems. This approach is
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vital for harnessing the full potential of solar power and contributing to sustainable and renewable
energy solutions.
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Figure 1.16. A diagram of the Incremental Conductance (InCond) algorithm.
1.2.4.3. Benefits of MPPT

Maximum Power Point Tracking (MPPT) devices play a pivotal role in elevating the
effectiveness of solar power systems. These devices, in certain scenarios, have the potential to
augment the efficiency of a solar system by an impressive margin, with enhancements reaching as
high as 30%. The underlying mechanism behind this remarkable boost in efficiency lies in the
capability of MPPT devices to enable solar panels to consistently operate at their maximum power
point. This optimal point represents the sweet spot at which the solar panel achieves its peak power
output, ensuring that solar energy systems harness the maximum available energy potential from
the sun.

Enhanced Battery Charging: The implementation of Maximum Power Point Tracking (MPPT)
charge controllers brings substantial benefits to battery charging within solar systems. These
controllers play a pivotal role in optimizing battery charging, ensuring that the battery receives the
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ideal voltage and current levels. This precise charging process not only extends the battery's
lifespan but also enhances its performance, resulting in improved energy storage and discharge
capabilities.

Cost-Efficiency: MPPT devices also offer a cost-effective advantage by enhancing the overall
efficiency of the solar power system. Their ability to maximize energy conversion means that a
smaller solar panel array can generate the same amount of energy as a larger one, thus reducing
the upfront system costs. This cost-efficient approach not only makes solar energy more accessible
but also strengthens its economic viability, promoting the widespread adoption of sustainable and
renewable energy sources.

1.2.4.4. Applications of MPPT

Maximum Power Point Tracking (MPPT) devices find widespread application in the realm of
solar charge controllers, playing a critical role in overseeing the regulation of voltage and current
flow from solar panels to batteries. While it's true that MPPT charge controllers often come with
a higher price tag compared to their non-MPPT counterparts, the long-term benefits they confer
more than justify the initial investment. By significantly boosting the energy harvested from solar
panels, MPPT charge controllers lead to substantial cost savings over time, making them a
financially prudent choice for those seeking optimal energy efficiency in their solar systems.

Beyond solar applications, MPPT devices have found utility in various other domains,
including wind turbines and fuel cells. In these diverse contexts, MPPT devices fulfill the vital role
of maximizing power extraction from variable energy sources. Their adaptability and efficiency-
enhancing capabilities make them a versatile and indispensable component in the pursuit of
harnessing renewable energy and reducing reliance on conventional power sources.

Conclusion

In this chapter, an extensive exploration of switched reluctance motors (SRM) has been
undertaken, encompassing the delineation of diverse SRM types, an elucidation of their
operational principles, and a comprehensive examination of their power supply mechanisms.
Furthermore, a comprehensive overview has been provided for photovoltaic systems alongside an
analysis of maximum power point tracking (MPPT) techniques.
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Introduction

In this chapter, our focus will be on modeling a photovoltaic system that powers an SRM
motor. We'll delve into the various components of the system, including the SUNTECH PV
module, boost converter, and H-bridge converter. To achieve optimal geometric dimensions and
precise operational predictions for the motor, it is crucial to have a deep understanding of the
magnetic field's distribution across all its active regions. The most reliable approach for accurately
determining the electromagnetic characteristics during non-linear operation is through precise
magnetic field calculations. Therefore, the use of a numerical method capable of delivering
exceptional precision while minimizing the complexity of equations, such as the Finite Element
Method (FEM), is imperative. To analyze the magnetic field for different combinations of
excitation currents and rotor angular positions, multiple iterations are required. Several modeling
software applications, notably "FEMM," are grounded in the principles of FEM, facilitating the
assessment of saturation levels and a thorough examination of flux distribution throughout various
segments of the magnetic circuit.

11.1. Photovoltaic module

Within our modelling framework, we employ a SUNTECH PV module, specifically depicted
in Figure II.1, accessible at the research centre, FAB.Lab, within Mohamed Khaider Biskra
University. This particular PV module is constructed using monocrystalline silicon and comprises
a total of 72 individual PV cells. Under standard test conditions (CST), it demonstrates the capacity
to produce 190 W of power, accompanied by a current rating of 5.20A, all at an optimal voltage
level of 36.6V.

g
Cell Temp. (Two

Figure I1.1. Photovoltaic solar panel of the SUNTECH type.

To augment the operational voltage of photovoltaic (PV) cells, a common strategy involves
connecting them in series. This configuration aligns with the objective of matching the nominal
voltage of the module to the load, optimizing overall system performance. Moreover, recognizing
the inherent vulnerability of PV cells to breakage and corrosion, protective measures are
imperative. As a standard practice, these cells are encapsulated beneath either glass or a plastic
compound to shield them from environmental factors. This integrated assembly, comprising
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protected PV cells, is referred to as a photovoltaic module. To further enhance the utility of these
modules, they can be interconnected both in series and in parallel, thereby augmenting both voltage
and current outputs for enhanced operational efficiency.

In a parallel analogy, the structure of the photovoltaic generator can be likened to a matrix,
wherein it is constituted by Ns modules arranged in series and Np branches configured in parallel.
This modular configuration allows for a systematic organization of photovoltaic elements,
facilitating an optimized interplay of series and parallel connections to meet specific operational
requirements. Such a matrix-like arrangement not only underscores the modular nature of the
generator but also affords a versatile framework for scalability and adaptability in addressing
diverse energy generation needs.

I1.1.2. Current-voltage characteristic (I-V)

This represents a foundational attribute of the solar module, akin to a P-N junction with one
direction obstructed. However, it undergoes a displacement along the current axis, directly
correlated with the incident irradiance. This characteristic is delineated under constant illumination
and temperature conditions, as illustrated in Figure II-1. The modulation of the current axis
position provides a key insight into the module's response to varying irradiance levels, which is
essential for understanding its dynamic behaviour under fixed environmental parameters.
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Figure I1.1. I(V) characteristics of a solar module, (T=25°C).
I1.1.3. Power-voltage (P-V) characteristic

The power output from the photovoltaic module is contingent upon its operational state. This
power delivery is determined as the product of the current intensity and the voltage across its
terminals, as depicted in Figure (II-2). Within this representation, the "M" point signifies the
operational state at which the module achieves its maximum power output. Understanding and
identifying this specific point is pivotal in optimizing the performance of the photovoltaic module
for efficient energy conversion.
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Figure I1.2. P(V) characteristics of a solar panel.
I1.1.4. the yield

This factor defines the rate of conversion of light energy into electrical energy; it represents
the ratio of the power supply compared to that of the incident radiation.

I-v

=y (IL.1)

I1.1.5. Solar module operating zone

Distinct zones on the current-voltage (I-V) characteristic (Figure II-3) delineate varying
operational states of the photovoltaic generator. These zones are categorized as follows:
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Figure I1.3. The different zones of the I(V) characteristic, T=25°C.

e Zone (I): Characterized by a consistent current output irrespective of the voltage, this zone
denotes a mode wherein the photovoltaic generator functions akin to a current generator.

e Zone (II): Representing the inflexion point on the characteristic curve, this intermediate
region between Zones (I) and (III) is identified as the optimal operating region. It is in this
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zone that the generator achieves its maximum power output, defining the preferred
operational point.

e Zone (III): Marked by a fluctuation in current corresponding to a relatively constant
voltage, this zone portrays the generator's behaviour resembling that of a voltage generator.
Understanding and navigating these distinct zones are crucial for optimizing the
performance of the photovoltaic generator across various operating conditions.

11.1.5. Effect of illumination

Figures (11-4) and (II-5) visually articulate the impact of incident illumination variation on
voltage and extracted power characteristics, respectively. With an escalation in illumination, a
nearly linear augmentation in the short-circuit current is observed, accompanied by a marginal
decrease in the open-circuit voltage. This consequential interplay contributes to an overall
increase in the extracted power, underscoring the sensitivity of the photovoltaic system's
performance to changes in incident illumination levels. This nuanced understanding of the
illumination-dependent variations in voltage and power characteristics is instrumental for
optimizing the overall energy output of the photovoltaic system under dynamic environmental
conditions.
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Figure I1.4. I(V) characteristics of a solar panel.
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Figure I1.5. P(V) characteristics of a solar panel for different illuminances.

30



Chapter I Modeling the Switched Reluctance Motor and Photovoltaic System: An Analytical Approach

11.2.Medium model of the boost converter

The DC/DC booster model is shown in the figure I1.6

Figure I1.6. Boost converter.

When dealing with a linear system, the representation of the system's state assumes the
following form:

x = Ax + Bu
{Y o (I1.2)
where what:

x: state vector;

x =[x, x2] =ir,vc].

u: control vector, A: state matrix, B: input matrix and C: output matrix.[61,62]
I1.2.1.0perating sequences and equations of state

I1.2.1.1.First conduction sequence [0 to aT]

The circuit exhibits dynamic behavior characterized by the transistor Tr being in the "on"
position while the diode is in the "off" position. The dynamic response of the circuit is expressed
by:

V=Lt (IL3)
Xy = VT (I1.4)
ve == [ i.dt (IL5)
. 1.

Xy = -lc (IL.6)
i, = ”; (IL.7)
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Where:

. O O 1

xl _ X1 —
B gy
Which can be written in the form:

J'C=A1X+Blve

U = Cox (11.9)
I1.2.1.2.Second conduction sequence [aT to T]
The transistor Tr is in the “off” position and the diode is in the “on” position.
3L V.-V I1.10
L=y, -, (IL.10)
a, . V.
CE=1L—E (H.ll)
ty = -2, (IL12)
| 1
Xy = -X1 = X3 (IL.13)
Where
1
. 0 — = 1
xl _ L xl -
[x'z] = [1 R [3] Ve (IL14)
C Rc
Which can be put in the form:
.X.,' = Azx + BZ‘/(:'
IL.15
Vs = Cix ( )
11.2.2.Medium model

From equations (II.8) and (II.14), we can deduce the average form x and Vs for the entire
period:

V. = (Cia+ C,(1 —a))x (I1.17)
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A =A1a+A2(1 _af)

With: g g e+ By(1 - a)

Where: A: state matrix; B: control matrix.

The average model of the booster converter is:

. 1-a 1

X1 = _TXZ +Zu

e o_te 1 (IL18)
2 = c 1 RC 2

I1.3. Modeling of Switched reluctance motor
I1.3.1. Magnetic field equations

The simulation can be accurately executed by applying Maxwell's equations within the
framework of static states. Describing these equations involves representing them as a scalar
equation that articulates the magnitude of the vector potential A within a Cartesian coordinate
system:[63-67]

AR +2C -0 i

J: the magnitude of the excitation current density vector.
u : magnetic permeability.

In solving the equation pertinent to the engine, consideration will be given to the continuity
conditions of the magnetic field along the interfaces. Additionally, a Dirichlet boundary condition
will be imposed on the exterior contour of the air, specifying that the vector potential A equals zero
in that region.

11.3.2. Finite element method

In the realm of designing electromagnetic structures, the finite element method has emerged
as a widely adopted tool. It involves the pursuit of an approximate solution derived from
discretizing the field under investigation, upon which the Maxwell equations are solved. This
method facilitates the determination of a scalar, vector, or even tensor field that complies with a
set of partial differential equations and ordinary equations at any point within the study domain
and at any given time while adhering to specified boundary conditions.

When time is absent as a variable in the formulation, the scenario is referred to as stationary.
Conversely, if time is considered a variable, it constitutes an evolution problem .The simulation
domain is divided into elements, and approximate solutions are constructed on these elements. The
unknowns in this context are the values of the solution at a finite set of points, namely the nodes
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of the discretization. Figure (I1.6) illustrates the calculation of a potential for each point in this
discretized representation.

Noeuds

Elément

Figure I1.6. Discretization by finite elements in two dimensions.

Let's consider a homogeneous 2domain, which is subdivided into M' finite elements and M
boundary elements. The discretization of the integral formulation for this scenario can be expressed
as follows:

1 e=1 e'=1

1 (ONOA . ONIA M 1 9A M
ffﬂe’;(ﬁaJrEE)dge,: s fre;N*ng’e+ 2 [l Njdo. (11.20)

e

NIl

The nodal approximations of the vector potential and its normal derivative are functions of
reference coordinates & and #:

j=1
Nn
j=1
dA 3 dA
2= I N (). (5)11 (11.22)

"Nn" represents the count of interpolation nodes associated with the considered finite element
within the Qe domain. For a curvilinear quadratic triangle, the value of Nn is four, while for a
curvilinear quadratic quadrilateral, it amounts to six. The functions denoted as "N" correspond to
the shape functions associated with these particular finite elements.

I1.3.3. Calculation of electromagnetic parameters
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The value of magnetic induction flux which passes through a closed circuit A is given by:
o= SﬁAA.dl (I1.23)

The inductance of a phase winding in a variable reluctance motor can be determined by evaluating
the induction flux passing through that specific phase. The electromagnetic torque, denoted as Ce,
exerted on the motor shaft is then computed using the following expression:

C, = #—loLn [ |G x BY(B.n) =1 B2(r x m) | ar (11.24)
Where
B=rot(A) (I.25)

B: the magnetic induction,

A: the magnetic vector potential

I'R: the interface of the rotor and the motor interface,
Ln: the length of the magnetic core of the motor.
I1.3.4. Numerical results

The computation is conducted through the utilization of FEMM software, with programming
executed in the LUA language. FEMM operates on the resolution of the Maxwell equations
employing the finite element method. This computational approach has been applied specifically
to calculate the magnetic field in a switched reluctance motor characterized by 6 poles at the stator,
4 poles at the rotor, and a three-phase configuration. Each stator phase is composed of two opposed
stator poles, as illustrated in Figure I1.7.[63-65]

Bobine

Rotor

Stator

Figure I1.7. switched reluctance motor 6/4.
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I1.3.5. Table of main geometric dimensions of the motor

Titled Notation Dimensions
Stator outer radius Rs 124.7 mm
Length L 59.65 mm
Rotor radius Rr 59.75 mm
Air gap e 0.54 mm
Stator polar arc Bs 30.85°
Rotor polar arc Br 32.26°
Stator pole width Ls 16.18 mm
Rotor pole width L, 16.6 mm
Stator pole height hs 9 mm
Rotor pole height hr 10 mm
Tree Radius Ra 25 mm
Number of turns per phase Ns 312
Steel M19 M19
3 —
B, T
2.5
2 —
1.5
1 -
0.5
0 1 1 i T I 1 1
0 le+004 2e+004 3e+004 4e+004 Se+004 6e+004 7e+004
H, A/m

Figure II.8. magnetization curve of M19, B=f(H).
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I1.3.6. Field lines for the two extreme positions and mesh

Figure I1.9.b. Position opposition.

In Figure (I1.9), the magnetic line distribution within a motor is depicted when a current of
8A is applied. Subfigures (a) and (b) of Figure (I1.9) represent distinct rotor positions.

In Figure (I1.9.a), the rotor is positioned at the conjunction point (6° = 0°). At this particular
angle, the phase inductance reaches its maximum value, denoted as Lmax. This signifies the point
in the rotor's rotation where the inductance is at its peak within the given interval.

Contrastingly, Figure (I1.9.b) illustrates the rotor in the opposite position (6° = 45°). At this
angle, the phase inductance reaches its minimum value, denoted as Lmin, in the interval. The
magnitude of this inductance is of significance as it represents the lowest point in the inductance
profile during the rotor's rotation. Understanding both the maximum and minimum inductance
values is crucial for comprehending the motor's performance characteristics at different rotor
positions.
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I1.3.7. Distributions of the vector field and induction density for the two extreme positions
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Figure I1.10. a: Flux density (T), b: Field Intensity (A/m), c: Current density (MA/m?) and c: induction
vector field in conjonction position.
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Figure I.11. a: Flux density (T), b: Field Intensity (A/m), c: Current density (MA/m?) and c: induction
vector field in opposition position.

38



Chapter I Modeling the Switched Reluctance Motor and Photovoltaic System: An Analytical Approach

We observe that the induction density is more pronounced when the rotor is in the conjunction
position and less intense when it is in the opposition position. The deformation of the vector field
in the conjunction position is attributed to the alternating increase and decrease of the air gap.

Induction Density Variation: When the rotor is in the conjunction position (where the rotor
and stator align, 6° = 0°), the induction density is noted to be stronger. This implies that the
magnetic field is more concentrated or intense at this specific rotor angle.

Conversely, when the rotor is in the opposite position, the induction density is weaker. In this
scenario, the magnetic field is less concentrated or exhibits lower intensity compared to the
conjunction position.

Deformation of a Vector Field: The term "vector field" refers to the distribution and behaviour
of the magnetic field vectors.

The observed deformation in the vector field during the conjunction position is explained by
the concurrent increase and decrease of the air gap. As the rotor moves into conjunction, the air
gap between the rotor and stator decreases, causing a concentration and intensification of the
magnetic field. This variation in the air gap results in a corresponding deformation of the vector
field, which is visually apparent in the distribution of magnetic lines.

Understanding these induction density variations and vector field deformations is crucial for
analyzing and optimizing the performance of the motor at different rotor positions.

I1.3.8. Magnetization characteristic

11.3.8.1. Flux characteristic

0.5 T T T T T T T

0.45 [ -]

Flux (Wh)
o o

°© b © & ©

N [3;] w [4)] FY

e
-
a
T
I

e
-
T
|

005 4 M///_

Current (A)
Figure I1.12. Flux as a function of rotor offset and currents.
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Figure I1.12 serves as a visual tool to comprehend the influence of rotor position and phase current
amplitude on magnetic flux, with particular attention to the effects of saturation in the motor. The
graphical representation in Figure II.12 encapsulates a network of curves, each curve
corresponding to a specific combination of rotor position and phase current amplitude. The lowest
curve signifies the unaligned position, emphasizing the state where the rotor is furthest from
alignment with the stator. In contrast, the top curve denotes the aligned position, indicating the
configuration where the rotor aligns most closely with the stator.

I1.3.8.2. Torque characteristic

4.5

w
w o A

Torque (N.m)
N
N a

Position (°)

Figure I1.13. Torque as a function of rotor offset and current.

Figure II.13 provides a comprehensive representation of the electromagnetic torque in
relation to both the rotor position and varying phase current values. This visual depiction serves as
a valuable tool for understanding how the torque is influenced by the interplay of rotor position
and the amplitude of the phase current. A notable feature revealed by the figure is the impact of
the nonlinearity inherent in the magnetic characteristic on the resulting torque profile.

To generate this torque curve, interpolation techniques were employed, leveraging the
multitude of intermediate points derived from the Finite Element Method (FEM) analysis. The
utilization of interpolation was deemed effective due to the abundance of detailed data points
obtained through FEM analysis, ensuring a smooth and accurate representation of the torque across
the entire range of rotor positions and phase current values.
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A noteworthy observation in Figure II.13 is the phenomenon where the torque decreases as
the rotor position approaches alignment. This intriguing behavior can be attributed to the influence
of saturation, a condition that mitigates the co-energy variation and consequently diminishes the
overall torque. This nuanced understanding of the torque behavior near alignment enhances our
grasp of the motor's operational characteristics.

Furthermore, the figure illustrates that the maximum torque is directly proportional to the
current. This correlation highlights a fundamental aspect of the motor's behavior, emphasizing the
significance of the applied current in determining the torque output. Notably, the examination of
the machine's behavior at the maximum torque operating regime reveals a resemblance to a series
excitation direct current machine, unveiling a parallel in behavior between the two systems under
certain operational conditions.

11.3.8.3. Inductance characteristic

inductance(H)

5 10 15 20 25 30 35 40 45
position(®)

Figure 11.14. Evolution of the inductance of a phase as a function of the rotor position for different
excitation currents.

The inductance profile, denoted as L(6, I), derived from finite element analysis is visually
represented in Figure (II.14), showcasing a comprehensive overview across different values of
phase current and rotor position. The graph vividly illustrates the dynamic nature of the inductance,
with its minimal value occurring when the rotor and stator are in an unaligned position. In contrast,
the inductance reaches its zenith in the aligned position, a configuration that facilitates the onset
of the saturation regime.

Examining the inductance curve, it becomes evident that the relationship is non-linear,
demonstrating that for elevated currents, significant saturation effects come into play. The non-
linearity underscores the intricate interplay between phase current, rotor position, and saturation,
influencing the overall inductance characteristics of the system.
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Figure (II.14) unveils two axes of symmetry at 6 = 0° and 6 = +45°, corresponding to the
unaligned and aligned positions, respectively. This symmetry highlights the balanced behavior
observed at these critical rotor positions. The graphical representation enables a detailed analysis
of how inductance varies across the rotor positions and current amplitudes, providing essential
insights into the motor's operational dynamics. From this figure we have:

Lmin = 16.4 mH et L]nax:104.6 mH

I1.3.9. Calculation of instantaneous torque

Securing a positive torque essential for sustaining rotational motion hinges on the timely
supply of phases, particularly as the tooth of the rotor approaches alignment with the tooth of the
stator. This critical juncture, marked by the phase of the permeance's growth, plays a pivotal role
in facilitating the generation of torque. It is during this phase that the magnetic coupling between
the rotor and stator intensifies, leading to an increase in permeance.

Expanding on this concept, the term "permeance" refers to the measure of the ease with which
magnetic flux passes through a magnetic circuit. As the rotor's tooth nears alignment with the
stator's tooth, the permeance experiences a notable surge, amplifying the magnetic interaction
between these components. This surge in permeance is crucial for fostering a positive torque, as
the magnetic forces between the rotor and stator become optimized during this phase.

This phenomenon is particularly significant in the context of reluctance motors, where the
variation in permeance directly influences the torque characteristics. Ensuring the timely supply
of phases, synchronized with the strategic alignment of rotor and stator teeth, maximizes the
potential for generating positive torque. This strategic coordination is fundamental for maintaining
the continuous rotational movement of the motor.

In summary, the paragraph underscores the importance of phase supply during specific rotor-
stator alignment phases, emphasizing the connection between torque generation and the growth of
permeance. This understanding is fundamental for optimizing the operational efficiency and
performance of reluctance motors in sustaining rotational motion.

A forme de perméance
courant

opposition conjonetion opposition fe

Figure I1.15. Permanence, current, and torque depending on position.
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Conversely, the power supply to the phase during the decrease in permeance generates a
negative torque and, therefore, a braking operation of the SRM.

The energy variation method makes it possible to express the instantaneous torque of any
electromagnetic machine:

ow ow

= - = —N, — with ¢ = ¢ (in engine agreement) (11.26)
36, 26,
Or:
_ W NV ithn =
€= =55 = N, 26, withn.i = ¢ (I1.27)

where the energy W and the co-energy W are written:

W= [*ni.dp (11.28)
And
W= ["¢.dni (11.29)
Wa
Energy W

e

4 // Co-energy W
f/ < 4
/ -

nig ni

Figure I1.16. Representation of energy and co-energy.
In a linear regime, the flux is linked to the ampere-turns (ni) by the permeance P(0):

@ (6) = P(0).ni (11.30)
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So:

W = [} P(8).ni.dni = . P(6).ni? (IL31)

Which allows the torque to be expressed by:

=N i2.48)
Ce = —.ni" " (I1.32)
Or concerning the phase inductance L(0):
2
C,=Nr j2 d0°P) ¢ Mr 2 4D (I1133)

2 do 27 " de

In the same way, if we impose the flux, we obtain from the expression of the magnetic energy
the couple:

Nr 2 12 dR)
.2 2 (11.34)

C,=—
Where R(0): is the reluctance.

Upon examination of equation (II.33), it becomes apparent that the sign of the torque remains
independent of the current's direction. This observation implies that a unidirectional current
converter can effectively power our machine. In other words, the torque generation in the system
is not contingent on the polarity of the current, allowing for the simplification of the power supply
apparatus by employing a unidirectional current source. This inherent property streamlines the
design and implementation of the power system for the machine, offering practical advantages in

terms of simplicity and efficiency in driving the Switched Reluctance Motor (SRM).

When the machine is saturated, the phase inductance does not vary with position. It is then

necessary to calculate the torque from the energy converted during a power cycle.

The converted electromagnetic power Pe is then expressed by:

P=fW (IL.35)
With:

f: the electrical supply frequency, which can be written from the rotational pulsation of the motor

Q.
n
f=N.~ (I1.36)
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Conjunction

Opposition

ni

Figure I1.17. Representation of co-energy.

Thus, the electromagnetic torque is valid if the motor has q phases:

Ce=22=¢q.N,.— (11.37)

™on
Conclusion

The modelling of the Switched Reluctance Motor (SRM) is conducted through the Finite
Element Method Magnetics (FEMM) software. FEMM employs the finite element method to
numerically solve Maxwell's equations, enabling the determination of electromagnetic
characteristics in the static regime based on specified dimensions. The outcomes of this simulation
yield crucial insights into the inductance profile, static torque, and flux distribution within the

SRM.

These obtained results serve as foundational data, integrating seamlessly with the electrical
and mechanical equations governing the SRM. The intention is to leverage this data to construct a
dynamic simulation model, a process detailed in the subsequent chapter. The dynamic simulation
model considers two scenarios: firstly, an assumed linear model, followed by a more intricate
nonlinear model. This comprehensive simulation approach aims to capture the dynamic behaviour
of the SRM under varying operational conditions, providing a holistic understanding of its

performance characteristics and facilitating the development of effective control strategies.
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Introduction

Modeling is a crucial aspect for engineers and researchers, providing the means to anticipate,
scrutinise, and regulate the dynamic behavior of Switched Reluctance Motors (SRMs), thereby
constituting an indispensable stage in the design and development process. Within a specific
training framework, any enhancement in performance necessitates intervention in one of the three
fundamental elements: the motor itself, the power supply, or the employed control strategies. The
power supply's role is to sequentially apply voltage to the terminals of the motor's various phases,
ensuring the activation of a specific winding upon command while also facilitating a controlled
power cutoff. This chapter focuses on simulating the variable reluctance machine, delving into the
study of its dynamic behavior initially in a linear regime and subsequently in a nonlinear regime,
employing diverse control strategies.

I11.1. Electromagnetic equations

The instantaneous voltage applied to the winding of a phase of the SRM motor has a
relationship with the flux by Faraday's law:

_opig @
Vs=Ri+=; (IIL1)

"Vs" denotes the applied voltage, representing the external electrical potential applied to the
system. The variable "i" signifies the current flowing through the phase. "R" corresponds to the

resistance of the phase winding. Lastly, the symbol "W" represents the flux, a measure of the

magnetic field intensity within the system.

Owing to the distinctive dual saliency structure inherent in the switched reluctance motor
(SRM) and the influence of magnetic saturation, the flux within an SRM phase exhibits variability
contingent upon both the rotor position (0) and the magnitude of the phase current. To account for
these dynamic factors, Equation (III-1) is subject to expansion, as detailed below:

adi | dydo

Vs = Ri
T di dt = de dt

(11L.2)

ow . . . ow 00 . .
5. 18 defined as the instantaneous inductance L(0,I) and the term 3597 18 the instantaneous

FCEM.
I11.2. Torque production

The characterization of the switched reluctance motor (SRM) involves a convex function
defined by the position of the rotor (0) and the current in the nth phase. This function is denoted
as the co-energy (y, 0). Likewise, the energy function W(y, 0), incorporating variables such as the
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n-phase fluxes and rotor position, provides a comprehensive description of the SRM. When
considering the vectors y and I, the co-energy and energy functions satisfy the following

inequality:

W(,0) +w(w,0) =¥t (111.3)

The SRM, endowed with its dual saliency, exhibits the capability for magnetic energy
variation, leading to the generation of torque. The torque of the machine is determined by taking
the partial derivative of the energy function with respect to the position of the rotor:

[7]
C,(¥,,..., ¥, 0) = % W,,..., ¥, 0) (ITL.4)

Utilizing this connection in the context of a 6/4 Switched Reluctance Motor (SRM), the

resulting relationship is:
ow
Ce(llul, lluz, '1U3,0) = 5(4’1, lluz, llu3, 9) (III.S)

Upon exciting a particular phase, torque manifests itself, causing the rotor to progress in the
direction of increasing inductance. Consequently, the torque aligns itself with the closest aligned

position.
II1.3. Linear Model of SRM

The electromagnetic properties employed for simulating the 6/4 Switched Reluctance Motor
(SRM) were acquired through finite element analysis in Chapter II. Figure (III.1) illustrates the
linear inductance profile, represented as L(0), wherein each phase inductance is offset by an angle

Os.

6, =2m (- — =) (1IL6)

Ny Ns

Nr and Ns denote the number of poles for the rotor and stator, respectively. In cases where the
arcs of the rotor and stator poles in the motor are not equal, represented by S, # B, the following

angle relationships are observed:

0, = (NLJ _ (Br_“ZLBs) (111.7)
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0, = (NLJ _@ (I11.8)
0, = (B ;BS) (111.9)
0, =(0y +6, +0) (I1L.10)

These indications are illustrated in Figure (III.1). Figure (II1.2) depicts the angle & associated

with the displacement of one phase about another, as given by:

§=20(+-) (IL11)

Ny  Ng

The electrical equation governing each phase is expressed as follows:

Vi =Ri;+ 20 =123} (I1.12)

The flow in each phase is defined by the linear equation:

Y (0,i) = L(6)i; (I11.13)
The cumulative energy attributed to all three phases is represented by:

Wiotar = 5 251 L(6 + (n — i — 1)8;) i? (I1L.14)

The overall torque generated by the motor is captured by the equation:

ooy ot s
The mechanical aspects are encapsulated by the following equations:

JS2=Co— €~ Fo (I1L.16)
de

el (IT1.17)

C, : represents the load torque.

F : The coefficient of friction of the machine.

J : Moment of inertia.
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Figure II1.1. Inductance as a function of position.

Figure I11.2. The & angle corresponds to the displacement of one phase relative to another.

Figure (IIL.3) presents the simulation diagram utilized for the linear model of the Switched
Reluctance Motor (SRM). Meanwhile, Figure (I11.4) details the components within the phase 1
block. This block encompasses three additional blocks, each corresponding to a distinct MATLAB
function.

These components include:

The Converter: Responsible for facilitating the switching of the power converter at specific
angles, namely Oon, Ooff, and 6d.

Inductance: Computes the current flowing through the inductance of each phase, contingent upon
the rotor position (0) and the phase flux (). The output of this calculation represents the current
in Phase 1.
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Torque: Determines the torque generated in the respective phase based on the rotor position (0)
and the current value (I).

Electric model Mechanical model

A : : :
; PHASE 1 x ;
W] " ] W
; " PHASE2 i ST
: Ve E E
; " PHASE3 ; a

Figure I11.3. SRM simulation diagram.

Current look-up table Torque look-up table

Figure I11.4. SRM simulation diagram by phase (linear model).
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Initiating the simulation of the Switched Reluctance Motor (SRM) using its linear model
requires careful consideration in selecting an initial rotor position outside the zone where the
inductance (L) maintains a constant value, thereby preventing torque production. In instances
where the load torque is zero, the rotor position (6) remains unchanged, resulting in the machine
being stationary. However, under non-zero load torque conditions, the rotor adjusts to attain a
speed where the resistive torque (Cr) equals the electromagnetic torque (Ce). For our specific
machine, an initial angle (0) exceeding 15° was chosen, as evident from its inductance profile in
Figure (I11.2), to circumvent the scenario of zero load torque in the initial stages.

I11.4. SRM control strategies

There are various configurations for controlling a switched-reluctance motor with a static
converter. These control structures can be distinguished by the number of semiconductors and
passive components, as well as the number of phases and the connection of the stator coils. The
single-ended H-bridge converter, shown in Figure III.5, offers maximum control and flexibility.
Each phase has two IGBTs and two diodes, similar to a converter in a synchronous machine.
However, the structure is completely different, and it is not possible to short-circuit the source due
to the resistance of the coils limiting the current.

Key features of this configuration include:

e Semiconductors: The number of semiconductors is similar to that of a converter in a
synchronous machine, but the structure is different.

e Phases: The number of phases depends on the specific configuration, with common
configurations being 6/4 three-phase and 8/6 four-phase SRMs.

e Stator Coils: The stator coils are connected in a specific manner, which determines the
motor's operation and control requirements.

e Control Flexibility: The single-ended H-bridge converter offers maximum control and
flexibility, allowing for precise control of the motor's speed and torque.

e Short-Circuit Protection: The resistance of the coils limits the current, preventing short-
circuit conditions in the motor.

Since we are in a linear regime, the flux relation is given by:

W = L(0)i (IIL18)

The Co Energy :

W =-L(6)i? (I11.19)
The torque is given by:

_ldl .
c, =14 (111.20)
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Expression (I11-20) shows that this converter is unidirectional in current because the production

of torque does not depend on the sign of current but only on the sign of Z—;.

Ql_—r z.'s Qi—T z'z ES—T z.g
— 1411 Tos vI2 T 3

D5

Q2

|

Figure I11.5. Half bridge converter.

1I1.4.1. Current control

Hysteresis current control is a widespread technique used in the control of switched reluctance
motors (SRMs), which are known for their simple construction and robustness but can be
challenging to control due to their nonlinear characteristics. This control strategy aims to address
these challenges by measuring the current flowing through the motor phases, typically using
current sensors, and comparing it with a reference current. Based on the comparison results from
the hysteresis comparator, a switching logic determines whether to increase, decrease, or maintain
the current in each phase. H-bridge converters are then controlled to either connect or disconnect
the phases from the power supply based on the switching logic. In Figure I11.6, the current control
block diagram is depicted, offering a visual representation of the control system. This diagram
captures the dynamic behavior of the Switched Reluctance Motor (SRM), specifically when

employing hysteresis current control. The outcomes portrayed in Figure III.7 were derived under
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specific conditions: Bon = 0°, Boff = 30°, and a reference current (Iref) set at 6A. Notably, these
results were obtained while the motor was operating under no-load conditions. The set of results
presented in Figure II1.8 pertains to the second group, where a notable alteration involves an
increase in the angle 6 off, now adjusted to 38°. This adjustment in 6 off has a direct impact on
the observed outcomes, signifying a variation in the experimental conditions and offering insight

into the system's response under these modified parameters.[63-65]

© | Position

sensor

ref G

=
)t

H-bridge converter

Cr

|a,b,c

b 4

Figure II1.6. schema of Current control for switched reluctance motor 6/4..
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Figure II1.7. Simulation results utilizing 8on = 0° and Boff = 30°, with the SRM working without charge
applied ( a: Current, b: Torque in phases, c: Total Torque, d: Flux, e: Speed, and f: Voltage).

The results, depicted in Figure I11.7, showcase the impact of hysteresis current regulation under specific
conditions: a reference current (Iref) of 6 A, absence of torque charge, and angular parameters set at 6on =
0° and Boff = 30°. The influence of hysteresis current control on the current waveform is elucidated in
Figure II1.7(a), while Figure II1.7(b) illustrates the corresponding torque in phases. Furthermore, Figure
II1.7(c) provides insight into the cumulative effect of hysteresis current regulation on the total torque.
Additionally, Figure II1.7(d) represents the flux for Boff = 30°, with its characteristics influenced by the
velocity of oscillation, as depicted in Figure II1.7(e). Lastly, Figure III1.7(f) offers a visualization of the
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voltage applied to the switched reluctance motor, providing a comprehensive view of the system's behavior

under the specified conditions.
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applied ( a: Current, b: Torque in phases, c: Total Torque, d: Flux, e: Speed, and f: Voltage).
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To mitigate speed oscillations, it was imperative to enhance torque production. Consequently,
we fine-tuned the angle Ooff, adjusting it from 30° to 38°. The updated dynamics of the Switched
Reluctance Motor (SRM) are illustrated in Figure I11.8 for 6on = 0° and Boff = 38°, with Iref set at
6A, while the machine continues to operate without a load. Figure (II1.8.a) delineates the current
waveform in a single phase. In Figure (I11.8.b), it is observed that the revised Ooff value still results
in the presence of phase current in the region where the inductance of the phase is decreasing,
accompanied by the emergence of negative torque. Figure (I11.8.c) demonstrates a reduction in
torque ripple following the adjustment of the angle off. Consequently, the machine speed exhibits
fewer oscillations, as depicted in Figure (II1.8.¢). Nevertheless, minimizing ripple proves to be a
challenging task, given the influence of other parameters such as motor speed and load values on

the magnitude of torque ripple.
I11.4.2. Direct Torque Control DTC

In this section, we unveil a method for the direct control of torque and flux in the switched
reluctance motor (SRM), offering a substantial reduction in torque ripples and a significant
enhancement in performance.[66]. This control strategy hinges on the direct determination of the
command sequence applied to the switches of a half-bridge converter.[68-70]. The decision-
making process predominantly relies on the utilization of hysteresis regulators, serving to regulate
the system's state, encompassing the amplitude of the stator flux and the electromagnetic torque.

The schematic for direct torque and flux control is depicted in Figure 9.[71-73]

The fundamental approach to inverter regulation involves direct control through sequential
applications during the inverter control period (Te) using non-zero vectors (VK) and null vectors
(VO and V7). This enables the selection of appropriate voltage vectors, directing the stator flux
along a predetermined trajectory. The objective of flux control is to maintain the constant modulus
of the latter. Ideally, this is achieved by trapping its reference trajectory within two concentric
circles of extremely close radius. The width (s) of this circular ring is contingent on the switching
frequency of the inverter switches; a higher frequency results in a narrower band. The role of the
hysteresis comparator is to confine the end of the total torque vector within a circular crown. This
comparison is straightforward to implement, and the total torque is the summation of the torque

from the phases of the SRM. This complexity arises from multiple phases contributing to
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electromagnetic torque, with the signal generator determining the active phases based on the rotor's

position.

SRM

Figure I11.9. Schematic for direct torque and flux control DTC.

In switched reluctance motor (SRM) systems, the asymmetric half-bridge circuit is a prevalent
choice for power conversion, providing a straightforward control mechanism and phase
independence. The selection of the appropriate voltage vector is crucial in determining the flux
module's development direction. To achieve robust dynamic performance, a two-level hysteresis
corrector is commonly employed. This corrector directly assesses whether the flux amplitude

requires an elevation or reduction.

Moreover, the utilization of a three-level hysteresis corrector extends the control capability of
the SRM to both directions of rotation. This advanced corrector indicates whether the torque
amplitude should be increased or decreased, catering to positive or negative setpoints. The
decision-making process is based on the correction of torque-related parameters. The ensuing table
delineates the voltage vector choices and the corresponding control sector, providing a

comprehensive guide for effective SRM control in diverse operational scenarios.
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dCe=1, dCe=1, dCe=0, dCe=0, dCe=-1, dCe=-1,
section
dy=1 dy=0 dy=1 dy=0 dy=1 dy=0
S1 V2 V3 V7 VO V6 V5
S2 V3 V4 VO V7 V1 V6
S3 V4 V5 V7 VO V2 Vi
S4 V5 V6 VO V7 V3 V2
S5 V6 V1 V7 V0 V4 V3
S6 V1 V2 VO V7 V5 V4

Table III.1. selection of vectors of control.

Figure II1.10. organizational chart of the direct force and energy control DEFC.

This section presents the simulation results of Direct Torque Control (DTC), encompassing
torque in individual phases, total torque, current, flux, and speed. The Switched Reluctance Motor
(SRM) operates at a speed of 1600 rpm. At this speed, the total torque is initially recorded at 5
Nm. However, upon the introduction of a load to the SRM, the torque undergoes a notable shift,
surging to 9 Nm. Simultaneously, the current experiences a sudden transition from 7 A to 12 A,

while the flux fluctuates between 0.29 Wb and 0.32 Wb.

Remarkably, the speed manages to track the reference speed even in the presence of the added
load. Nonetheless, the response time of the speed to attain the reference speed is characterized by
a delayed reaction, and the system exhibits a considerable torque ripple under these conditions.
These findings underscore the intricacies associated with achieving optimal control and

performance in the SRM, particularly when subjected to variable loading conditions.
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Figure II1.11. Simulation results of Direct Torque Control with the SRM working with a charge

applied 2 N.m ( a: Current, b: Torque in phases, c: Total Torque, d: Flux, and e: Speed).

111.4.3. Direct Force Control DFC

The primary objective of the profession is to attain a specific reference trajectory through the
control of direct force. The Direct Force Controller (DFC) is instrumental in achieving a consistent
and smooth total radial force by overseeing the switches of the converter. This regulatory process
is designed to reach a predefined value, Fref, representing the sum of radial forces (Fs) generated
in the stator phases. The DFC, by maintaining a constant maximum value, effectively prevents

mechanical excitation. To bridge the disparity between the required total radial force (Fref) and
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the actual sum of radial forces (Fs) in the phases, the DFC block generates switching signals for
the power converter. The selected converter, featuring an asymmetric half-bridge topology,
provides three alternative terminal voltages for the coupled phase winding. Figure II1.12 illustrates

a schematic representation of direct force control.

L0733

Switching
Table

-SRM

Figure I11.12. Schematic for direct force control DFC.

The most straightforward method for inverter regulation involves direct control through the
sequential application of non-zero voltage vectors VK, along with null vectors VO and V7,
throughout the inverter's control period Te. This approach facilitates the strategic selection of
voltage vectors to guide the stator flux along a desired trajectory. The primary goal of flux control
is to uphold a consistent flux magnitude. The preferred strategy involves confining the reference
flux trajectory within two concentric circles of closely spaced radii. The width of this circular ring
is contingent on the switching frequency of the inverter switches, with higher frequencies resulting
in a narrower band. The hysteresis comparator plays a pivotal role in confining the resultant force
vector within a circular boundary. This comparator, known for its ease of implementation, ensures
that the cumulative force—comprising the forces of the Switched Reluctance Motor (SRM)
phases—remains within the circular crown. The signal generator, driven by rotor position,
determines the active phases. In SRMs, the asymmetric half-bridge circuit commonly serves as the
power source for the converter, allowing for uncomplicated control and phase independence. To

select the appropriate voltage vector, the corrector's output must specify the direction of flux
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development. This integrated approach ensures effective and controlled regulation of the inverter

for optimized performance.[74-76]

dF=1, dF=1, dF=0, dF=0, dF=1, dF=-1,
section
dy=1 dy=0 dy=1 dy=0 dy=1 dy=0
S1 V2 V3 \'%/ Vo Vo6 \E
S2 V3 V4 Vo \'%/ \%! V6
S3 V4 V5 \'%/ Vo V2 Vi
S4 V5 V6 Vo \'%/ V3 V2
S5 V6 Vi \'%/ Vo V4 V3
S6 \%| V2 Vo \'%/ V5 V4

Table II1.2. Selection of vectors of Direct Force control.

In the context of Direct Force Control (DFC), the total torque is initially measured at 5 Nm.
Upon introducing a load to the Switched Reluctance Motor (SRM), the torque undergoes an
increase, reaching 9 Nm, concomitant with a shift in current from 7.2 Ato 11.8 A. The flux exhibits
variations within the range of 0.29 Wb to 0.32 Wb. Similar to Direct Torque Control (DTC) , the

speed maintains alignment with the reference speed despite the presence of a load. However, it's
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noteworthy that while the speed response is somewhat accelerated, it may not be the most efficient

in promptly attaining the reference speed.
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Figure I11.13. Simulation results of Direct Force Control with the SRM working with a charge applied 2
N.m (a: Current, b: Torque in phases, ¢: Total Torque, d: Flux, and e: Speed).

I11.4.4. Direct Energy Control DEC

In this section, we unveil the direct control mechanism governing the energy and torque of the
Switched Reluctance (SR) motor. This approach brings about a noteworthy reduction in torque
ripples, significantly elevating overall performance. The essence of this control version lies in the
direct determination of the command sequence imparted to the switches of a half-bridge converter.
Typically, this selection hinges on the utilization of hysteresis regulators, whose primary role is to

govern the system's state, the energy amplitude, and the electromagnetic torque.[77]

‘Vre'

Switching
Table

SRM

Figure III.14. Schematic for direct Energy control DEC.
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The control process involves the sequential application of non-zero vectors VK, along with
null vectors VO and V7, to the inverter's control period Te. This allows for the strategic selection
of appropriate voltage vectors to guide the energy along a predetermined trajectory. The objective
of energy control is to maintain a constant modulus of the latter. A favourable approach is to
confine its reference trajectory within two concentric circles of extremely close radius. The width
's' of this circular ring is contingent upon the switching frequency of the inverter switches, with a

narrower band associated with higher frequencies.

The hysteresis comparator plays a crucial role in keeping the end of the total torque vector
within a circular crown. This comparison is user-friendly, and it ensures effective control. On the
flip side, the total torque represents the sum of the torque from the phases of the Switched
Reluctance Motor (SRM). This complexity arises due to the presence of numerous phases
contributing to electromagnetic torque. Consequently, the signal generator determines the active

phases based on the rotor's position to effectively manage and control the overall system.

section dCe=1, dCe=1, dCe=0, dCe=0, dCe=-1, dCe=-1,
dw=1 dw=0 dw=1 dw=0 dw=1 dw=0
S1 V2 V3 V7 VO V6 V5
S2 V3 V4 VO V7 V1 V6
S3 V4 V5 V7 VO V2 V1
S4 V5 V6 VO V7 V3 V2
S5 V6 V1 V7 VO V4 V3
S6 V1 V2 VO V7 V5 V4

Table.II1.3 Selection of vectors of Direct Energy control.

In the context of Direct Energy Control (DEC), prior to the introduction of the load, the current is
recorded at 10A, and the flux stands at 0.42Wb. Upon adding the load, both the current and flux
experience changes, reaching 21A and 0.45Wb, respectively. Simultaneously, the total torque
undergoes a sudden shift from 4.5N.m. to 6.2N.m. Notably, the speed closely adheres to the
reference speed even with the additional load. Although the speed response is somewhat
accelerated, it may not be the most optimal for reaching the reference speed promptly.
Nevertheless, the torque ripple remains minimal in this particular method.
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Figure II1.15. Simulation results of Direct Energy Control with the SRM working with a charge applied
2 N.m ( a: Current, b: Torque in phases, c: Total Torque, d: Flux, and e: Speed).

I11.4.5. Direct Energy and Force Control DEFC

After conducting an in-depth analysis of existing research on Switched Reluctance Motors
(SRMs), we have identified potential enhancements in current control methodologies applied to
these motors. In our pursuit to improve SRM efficiency, we propose a novel control technique
named Direct Energy and Force Control (DEFC). Drawing inspiration from direct torque control,
DEFC aims to achieve consistent overall radial force and energy by effectively manipulating the
converter switches. The objective is to align the total radial forces and energies generated by the
stator phases with predefined values, Fref and Wref, respectively.

The DEFC control method generates switching signals for the power converter, strategically
minimizing the differences (dF and dW) between the desired radial force and energy and their
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actual sums from each phase. Introducing a unique approach, the Direct Force and Energy
Controller involves the computation of digital control signals applied to the SRM's converter.
DEFC employs two hysteresis controller units for force and one for energy, generating precise
switching signals for each phase of the SRM. The DEFC command diagram, depicted in Figure

III.16, provides a visual representation of this innovative control strategy.

Figure 111.16. Schematic for Direct Energy and Force control DEFC.

The energy W is represented by the following equation.

W(,i) = L(8)i

From equation 3 we find:

W(,0) =i ¥(6,0)

the force F is determined by the following equations:

Ce(8,i) = ;% +i(0)

2xCe(0,i)*w

F(o, 1) = 2

the organizational chart of the DEFC is represented in figure I111.17.
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~

«Measurement of flux, torque, current and speed quantities.
J

eInsert the quantities: flux, torque, current and speed to a force and energy
estimated.

*The output of the estimator are estimated force and estimated energy.

eCompares estimated force with reference fornce, the estimated energy
with reference energy.

eInsert the deference between the estimated ( force and energy) and the
references ( force and energy) to the comparator hysterisis.

eInsert the flux (o and ) to the zone selection.

eFor the control vector selection insert the output of the comparators and |
the output of the zone selection into the switching .

eControl the H-bridge converter by the control vectors.

ePower the switched reluctance motor.

*Return of measurement of flux, torque, current and speed quantities.

Fig.II1.17 organizational chart of the direct Energy and Force control DEFC.

In the realm of Switched Reluctance Motors (SRMs), the widely adopted asymmetric half-
bridge circuit serves as the preferred power converter, valued for its simplicity and phase
independence. The critical task of selecting the appropriate voltage vector relies on the corrector's
output, which indicates the direction of energy module development. A straightforward two-level
hysteresis corrector proves remarkably effective, delivering excellent dynamic performance. The
corrector's output, presented as a Boolean variable, directly communicates whether the energy
amplitude should increase (1) or decrease (0).

Moreover, employing a three-level hysteresis corrector enables versatile control of the SR
motor in both rotation directions. The corrector's output, expressed as a Boolean variable, dictates
whether the force amplitude should increase in absolute value (1) for a positive setpoint, decrease
in absolute value (-1) for a negative setpoint, or remain unchanged (0). The voltage vector choices
and control sectors are vividly illustrated in Table I11.4 and Figure III.18, respectively.

The primary goal of the energy corrector is to confine the extremity of vector W within a
rounded crown. For selecting the appropriate voltage vector, the corrector's output must indicate
the direction in which the modulus of W is evolving. The utilization of a straightforward two-level
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hysteresis corrector proves highly suitable for this purpose, ensuring exceptional dynamic
performance. The corrector's output represented as a Boolean variable, straightforwardly conveys
whether the energy amplitude should increase (1) or decrease (0).

By incorporating a three-level hysteresis corrector, the SR motor gains control in both
rotational directions, accommodating positive and negative forces. The corrector's output,
expressed as a Boolean variable, guides the adjustment of force amplitude, increasing it in absolute
value (1) for a positive setpoint, decreasing it in absolute value (-1) for a negative setpoint, and
remaining unchanged (0) otherwise. Figure III.18 and Table III.4 provide a comprehensive
graphical representation of the voltage vectors and their corresponding control sectors.

Ss

Figure I11.18.Schematic of Selection of vectors of control.

section dF=1, dF=1, dF=0, dF=0, dF=-1, dF=-1,
dw=1 dw=0 dw=1 dw=0 dw=1 dw=0

S1 V2 V3 V7 VO V6 V5

S2 V3 V4 VO V7 V1 V6

S3 V4 V5 V7 VO V2 V1

S4 V5 V6 VO V7 V3 V2

S5 V6 V1 V7 VO V4 V3

S6 V1 V2 VO V7 V5 V4

Table II1.4. Selection of vectors of control.
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In the proposed Direct Energy and Force Control (DEFC) method, the total torque initially
registers at 3.7 Nm. Upon the introduction of a load to the Switched Reluctance Motor (SRM), the
torque undergoes a notable increase, reaching 6.4 Nm. Concurrently, the current experiences a shift
from 8A to 12 A, and the flux displays variations within the range of 0.28 Wb to 0.32 Wb.
Remarkably, the speed closely follows the reference speed even under load conditions,
demonstrating a rapid response and the most optimal performance among the previously
mentioned methods in swiftly reaching the reference speed. Additionally, the SRM exhibits a
notable reduction in torque ripple when compared to the preceding methods, highlighting the
enhanced stability and efficiency of the DEFC approach.
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Figure II1.19. Simulation results of Direct Energy And Force Control with the SRM working with a
charge applied 2 N.m ( a: Current, b: Torque in phases, c: Total Torque, d: Flux, and e: Speed).
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I11.5.Comparison with different methods

Throughout this section, the motor is operated at various speeds for each of the methods (DTC,
DEC, DFC and proposed method DEFC) that were examined in order to compare them and
determine which produces the least torque ripple. Utilizing this relationship to determine the torque
ripple factor Trf, we can determine the torque ripple ratio.

Tmax—Tmin

Trf = (I11.25)

Tav

Three key torque parameters, Tmax (maximum torque), Tmin (minimum torque), and Tav
(average torque), play a pivotal role in evaluating the performance of different control methods.
Simulation results for Direct Torque Control (DTC), Direct Energy Control (DEC), Direct Force
Control (DFC), and the proposed method Direct Energy and Force Control (DEFC) are
systematically presented in tables, considering various speeds (2200, 2000, 1800, 1600, 1400, and
1200 r/m) for the Switched Reluctance Motor (SRM). For each speed, comprehensive data
including total torque, torque in phases, current, and flux are collected, and the torque ripple factor
is calculated to assess the efficacy of each control method.

Upon comparison, it is evident that the DEFC method yields the lowest torque ripple factor
across different speeds. At 2200 r/m, DEFC achieves a Trf of 37%, surpassing DTC (Trf = 70%),
DEC (Trf = 38%), and DFC (Trf = 44%). Similarly, at 2000 r/m, DEFC and DEC both exhibit a
torque ripple factor of 31%, outperforming DFC (Trf = 62%) and DTC (Trf = 55%). Notably, at
1600 r/m, DEFC stands out with a torque ripple factor of 10%, while DEC, DFC, and DTC register
11%, 11%, and 31%, respectively. Remarkably, the SR motor demonstrates the lowest torque ripple
factor at 1600 r/m across all studied methods, emphasizing DEFC's superior efficiency.

Through a comprehensive analysis of different control methods, it is evident that the proposed
DEFC method consistently outperforms others, showcasing the SRM's highest efficiency and
significantly reducing torque ripple. This superior performance contributes to the minimization of
vibration in the Switched Reluctance Motor, validating DEFC as a promising and effective control
strategy.

Torque
Speed Total Current Flux Trf
in phase
(r/m) torque (N.m) (A) (Wb) (%)
(N.m)
2200 5,34 5,42 17,2 0,395 70
2000 4,6 4,72 17,15 0,38 55
1800 3,9 4,15 17 0,382 36
1600 3.4 3,53 13,4 0,4 31
1400 3,42 3,45 7,15 0,45 43

Table II1.5. torque ripple factor of DTC.
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Torque
Speed Total Current Flux Trf
in phase
(r/m) torque (N.m) (A) (Wb) (%)
(N.m)
2200 56 57 15, 95 0, 415 39
2000 4,9 4, 87 16, 4 0, 409 34
1800 4, 15 4,1 20, 1 0, 435 26
1600 3,4 3, 38 10, 4 0,43 14
1400 3,6 3,58 7,5 0, 48 37
Table I11.6. torque ripple factor of DFC.
Torque
Speed Total Current Flux Trf
in phase
(r/m) torque (N.m) (A) (Wb) (%)
(N.m)
2200 6, 4 6, 15 16, 5 0, 385 44
2000 55 5, 25 13,2 0, 387 42
1800 4,5 4 4 17, 5 0, 386 27
1600 3,4 3,4 16 0, 39 13
1400 3, 65 3,6 7, 4 0, 452 39
Table I11.7. torque ripple factor of DEC.
Torque
Speed Total Current Flux Trf
in phase
(t/m) torque (N.m) (A) (Wb) (%)
(N.m)
2200 5 8 5, 85 16, 4 0, 39 37
2000 5 5,05 17, 05 0, 385 31
1800 4,2 4,23 17, 4 0, 383 23
1600 3,3 3,28 15, 8 0, 395 10
1400 3,55 3, 56 7,6 0, 475 35

Table II1.8. torque ripple factor of DEFC.
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Figure I11.20. torque ripple factor.
Conclusion

This chapter offers a comprehensive exploration and discussion of the simulation of Switched
Reluctance Motors (SRMs). It became evident that relying solely on the linear model for accurate
torque oscillation analysis is insufficient. To delve into the dynamic behavior of the SRM,
numerous simulations were conducted, with a primary focus on understanding the impact of the
angle on its dynamics. It became evident that optimizing this angle proves instrumental in
mitigating torque oscillations. The characteristics reflecting co-energy were utilized to glean
insights into the quality of the average electromagnetic torque.

In validating the model, various control strategies, including current control, direct torque
control, direct force control, direct energy control, and the proposed Direct Energy and Force
Control (DEFC), were simulated. DEFC, a novel approach to Switched Reluctance Motor control,
introduces groundbreaking methods to minimize torque ripple and vibration. In direct comparison
to conventional methods like direct torque control (DTC), DEFC exhibits superior motor
efficiency. Through extensive simulations, DEFC achieved a noteworthy torque ripple of
approximately 10%, a substantial improvement compared to the 36% observed with DTC. The
dual control of force and energy in DEFC replaces traditional torque and flux control, resulting in
significant enhancements to motor performance. These findings underscore the promising
potential of DEFC in advancing the control of SRMs.
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Introduction

This chapter revolves around the enhancement of operational efficiency in Switched
Reluctance Machines (SRMs) by introducing various control methodologies, namely Direct
Energy and Force Control (DEFC), Direct Force Control, Direct Energy Control, Direct Torque
Control, and Current Control. The primary focus is on their application within the realm of electric
vehicles (EVs). The innovative system seamlessly integrates a Photovoltaic (PV) system with a
Switched Reluctance Motor (SRM), meticulously managed through the proposed control
methodologies. DEFC, distinguished for simultaneously regulating energy and force dynamics
within the motor, aims to mitigate torque fluctuations, reduce vibration, and enhance overall motor
performance. The PV system employs Maximum Power Point Tracking (MPPT) to optimize
electricity generation. Furthermore, the chapter addresses the dynamic aspects of the electric
vehicle, including variables such as rolling resistance force, aerodynamic drag force, vehicle
speed, and acceleration. A comprehensive exploration of these dynamics is undertaken to
understand the intricate interactions between the PV-SRM system and the operational parameters
of the vehicle.

IV.1. System under study

The solar-powered Switched Reluctance Motor (SRM) system comprises several integral
components, with a photovoltaic generator at its core responsible for harvesting solar energy from
the sun. The collected energy undergoes optimization through a boost converter, expertly
controlled via Maximum Power Point Tracking (MPPT) technology. This MPPT-controlled
converter precisely aligns the system's operation with its maximum power point, thereby
enhancing the efficiency of energy extraction from the solar panels. Driving the system is the
Switched Reluctance Motor, energized by a half-bridge converter. To govern the motor's torque
output with precision, sophisticated control methods such as Direct Energy and Force Control,
Direct Force Control, Direct Energy Control, Direct Torque Control, and Current Control are
employed. These control strategies ensure meticulous calibration of the motor's torque output, a
critical requirement for applications in electric vehicles where consistent and controlled torque
levels are paramount.

PV arr ay Boost converter H-bndge converter SRM

Controls
‘Methods LV

|

. MPPTJ

Figure I'V.1. Schema of the system under study.
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In our system, four distinct operational modes can be implemented to cater to a range of
specific requirements. These modes encompass Mode 1, functioning without MPPT for generator
photovoltaic operation; Mode 2, which incorporates MPPT technology for enhanced efficiency in
generator photovoltaic utilization; Mode 3, specifically designed for battery-centric operations;
and Mode 4, a hybrid mode that merges generator photovoltaic capabilities with battery
functionality. Although the primary focus of this endeavor centers on Mode 2, which optimizes the
use of generator photovoltaic through MPPT technology, the versatility and adaptability of our
system across these various modes showcase its flexibility and effectiveness in meeting diverse
energy needs.

Mode 1 FPhotovoltaic generator without
MPFPT

Mode 2 FPhotovoltaic generator with
MPFPPT

Mode 3
Battery

Mode 4 FPhotovoltaic generator with
Batterv

Figure IV.2. . The power management of the system .
IV.1.1. Photovoltaic system

In this study, essential meteorological data crucial for analysis was gathered using sensors that
measured solar irradiance, temperature, wind speed, and atmospheric pressure (refer to Figure
IV.3). The primary objective was to assess both seasonal variations and long-term climatic trends
using this dataset. The focus was on understanding how these fluctuations impact the performance
of solar panels and, consequently, developing a photovoltaic system capable of consistently
achieving optimal efficiency. The selection for this research was the "Suntech-STP190S-24AD+"
photovoltaic generator (see Table I1V.1). Specifically, for the switched reluctance motor 6/4, a
configuration of five photovoltaic modules in series was employed to ensure the half-bridge
converter received the required voltage of 120 volts. This choice was informed by the power
consumption of the SRM at 750 W, while the photovoltaic generator produced 190 W, thereby
guaranteeing a well-balanced and efficient power supply for the motor.
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Station meteorologic automatically

Central processor

weather display

Solar irradiation and

Temperature

Figure IV.3. Measuring tool of the meteorological.

Pmax 190W
No. of solar cells 72
Vmax (V) 36.6V
Impp (A) 5.20A
Open circuit voltage Vop 45.2V

Table IV.1. The "Suntech-STP190S-24AD+" photovoltaic generator parameter.

IV.1.2. Control of the booster converter linked to the photovoltaic generator

Various Maximum Power Point Tracking (MPPT) techniques exist for evaluating the
maximum power from photovoltaic (PV) sources. In this study, two specific methods were chosen,
recognizing that these are not the exclusive options available but were found effective in achieving
maximum power under varying radiation conditions. The first selected method is MPPT Perturb
and Observe, a widely employed technique that dynamically adjusts the operating point by
perturbing the operating voltage and observing the resulting change in power to find the optimum
point. The second method adopted is the backstepping technique, which utilizes a systematic
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control approach to iteratively adjust the operating point, optimizing the PV system's power output.
These chosen techniques were deemed suitable for maximizing power extraction in response to
changes in radiation during the course of this investigation.

IV.1.2.1. Maximum PowerPoint Track (MPPT)

The PV Power Variation (PPV) and PV Voltage Variation (VPV) are essential input parameters
utilized for computing the optimal voltage corresponding to maximum power output in
photovoltaic (PV) systems. In this context, the maximum power point (MPP) is determined by
implementing an incremental adjustment to the operating voltage, guided by the output of a fuzzy
controller. Unlike the perturbation and observation (P&O) method, which employs a fixed
perturbation for operating voltage determination and may lead to oscillations around the MPP in
steady-state conditions, our proposed MPPT algorithm introduces a novel approach. This
algorithm addresses the oscillation issue associated with the P&O method by integrating fuzzy
logic theory. The suggested fuzzy controller dynamically adjusts the perturbation magnitude,
aiming to minimize oscillations and facilitate a rapid response without undesired oscillatory
behavior.

Within the scope of this research, a boost converter is utilized as a step-up converter. In the
context presented, the duty cycle of the Pulse Width Modulation (PWM) switching signal is
denoted by the variable 'k.' Concurrently, the output voltage of the converter is symbolized by "Vo.'

Vs
Vo = 1% (IVI)

IV.1.3. Vehicle Dynamics

In the realm of electric vehicles (EVs), the Switched Reluctance Motor (SRM) serves as a
pivotal component, functioning as a traction motor to supply the requisite torque for vehicle
propulsion. Effective control of the SRM is imperative for achieving optimal performance and
efficiency in electric vehicles. Furthermore, the integration of renewable energy sources,
exemplified by a photovoltaic system, synergistically enhances the overall energy efficiency of the
EV. This coupling of a Switched Reluctance Motor with a renewable energy source aligns
seamlessly with the escalating interest in sustainable and eco-friendly transportation solutions,
reflecting a commitment to reducing environmental impact.[81-83]

The equations utilized in this context are directly derived from fundamental principles in
mechanics and aerodynamics. Specifically tailored for application in road vehicles with four
wheels and rear-wheel drive configurations, these equations characterize the dynamic interplay
and aerodynamic considerations intrinsic to this vehicle setup. The propulsive force in this system
is engendered by the Switched Reluctance Motor, which simultaneously propels both traction
wheels. This design ensures that the equations are meticulously crafted to accurately capture the
nuances of the vehicle's performance, underscoring their precision and relevance in the
comprehensive analysis of its dynamics.
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IV.1.3.1. Rolling resistance force

The deceleration of the vehicle is influenced by the rolling resistance force, primarily arising
from the friction between the vehicle's tires and the road surface. Operating in the opposite
direction to the vehicle's motion, this force is characterized by a non-linear coefficient denoted p,
which is contingent on various factors including the vehicle's speed, the tire type, and the tire
pressure. Notably, the rolling resistance force amplifies with increasing vehicle speed and is further
heightened during manoeuvres. The mathematical expression defining this force is as follows:

P;”O = 'uro ‘m-g- Cos(a) (IV14)

The rolling resistance coefficient, denoted as u, , representing the relationship between the
rolling resistance force and the normal force, encapsulates a comprehensive set of interconnected
physical properties and phenomena occurring between the tire and the ground. It encompasses the
intricate factors influencing the resistance to rolling motion. Specifically, based on the formula
proposed by Wong and applicable to radial tires found in passenger vehicles with standard inflation
pressure and traversing a smooth road profile, the rolling resistance coefficient is expressed as
follows: -, = 0.006 + 3.107%v2.

IV.1.3.2. Resistant force due to penetration into the air

The motion of the automobile through the air induces an aerodynamic force opposing the
relative movement between the vehicle and the surrounding air. This force is a composite of
various forces and resisting moments exerted on and around the vehicle. Notably, the point of
application of the resultant acrodynamic force differs from the centre of gravity, typically situated
on the vehicle's bodywork. The challenge lies in the intricate task of decomposing this force and
discerning the moments and reactive forces it engenders. The mathematical expression defining
this aerodynamic force is as follows:

Faa =3P - Cy - A (v +1,)? (IV.15)
IV.1.3.3. Resistant force due to the slope to be climbed

When the vehicle encounters an inclined slope characterized by an angle a, an additional force,
denoted as Fp emerges, and it is proportionate to the mass "m" of the vehicle. This force acts in
opposition to the vehicle's forward progression up the slope and is mathematically expressed as
follows:

E,=2m- g -sin(a) (IV.16)
1V.1.3.4. Total tractive force

The resultant force acting on the moving system is determined by aggregating the effects of all
external forces acting upon it:

Fy = Fog + Faq + E, (IV.17)
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The propulsive force for an electric vehicle is generated by its electric motor, tasked with
overcoming the various resistances encountered on the road. The equation governing the motion
of the vehicle, in this context, is expressed as follows:

m< =F —F, (IV.18)
The force (F — F,, ) accelerates the vehicle (or decelerates it when Fy exceeds F).

It should be noted that when the force F, is negative, the vehicle goes down a slope.

Under the assumption that the resultant force aligns collinearly with the direction of motion,
the work performed by the body is defined as follows:

W=y3,F d% (IV.19)

By expressing the work over time, we derive the mechanical power:

dw _ = (d¥ oz
P=2=F(Z)eP=Fv (IV.20)

If G represents the speed ratio of the system linking the motor to the axis, and T, denotes the
motor torque, it can be asserted that:

T =Ry 7 (IV.21)

By applying the aerodynamic equations detailed in this paragraph, we can construct a
comprehensive model for the electric vehicle, as depicted in Figure (1V.4).
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Figure IV.4. Diagram of electric vehicle dynamics.
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This model serves as a representation of the aerodynamics governing the vehicle. It elucidates
the primary factors and outcomes of the variables influencing the vehicle. Furthermore, it
computes all dynamic forces acting upon the vehicle, reflecting the reference parameters (rotation
speed, mechanical torque, and mechanical power) essential for overseeing the powertrain system.

IV.2. Simulation results
1V.2.1.MPPT without load

This section showcases the simulation results for five different control strategies: Direct Torque
Control (DTC), Direct Energy Control (DEC), Direct Force Control (DFC), our novel approach,
Direct Energy and Force Control (DEFC), and current control. The performance evaluation criteria
include total torque, flux, and speed, with simulations carried out on the switched reluctance motor
(SRM). The system was initially tested under defined conditions of 1000 W/m2 irradiation level
and 25°C temperature, with variations in reference speed introduced at different time points to
assess the effectiveness of each control method.
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Figure IV.5. The Simulation results of direct torque control with irradiation 1000 r/m2 and 25° ¢
(a: total torque, b: current, c: flux, d: speed).
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Figure IV.6. The Simulation results of direct Force control with irradiation 1000 r/m2 and 25° ¢
(a: total torque, b: current, c: flux, d: speed).
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Figure IV.7. The Simulation results of direct Energy control with irradiation 1000 r/m2 and 25° ¢
(a: total torque, b: current, c: flux, d: speed).
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Figure IV.8. The Simulation results of direct Energy and Force control with irradiation 1000 r/m2

and 25° c (a: total torque, b: current, c¢: flux, d: speed).
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Figure IV.9. The Simulation results of Current control with irradiation 1000 r/m2 and 25° ¢ (a:
total torque, b: current, c: flux, d: speed).
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In the Direct Torque Control (DTC) approach, the total torque ranged from 1.9 Nmto 3.7 Nm,
with flux varying between 0.22 Wb and 0.305 Wb. While the speed closely followed the reference
speed, it exhibited slower response times and noticeable torque fluctuations. Conversely, Direct
Energy Control (DEC) showed quicker speed tracking with minimal torque ripple compared to
DTC.

Under Direct Force Control (DFC), total torque fluctuated between 2 Nm and 3.7 Nm, with
flux varying from 0.23 Wb to 0.31 Wb. Speed tracking was comparable to DTC and DEC but with
a slightly faster response, albeit not the most efficient in reaching the reference speed, while
maintaining a relatively low torque ripple.

In the proposed Direct Energy and Force Control (DEFC) method, total torque ranged from 2
Nm to 3.7 Nm, with flux varying between 0.25 Wb and 0.34 Wb. Notably, speed tracking was
highly efficient across all conditions, exhibiting rapid response times and superior performance in
reaching reference speeds compared to other methods, offering valuable insights into energy
efficiency and magnetic characteristics.

Conversely, in current control, the SRM speed failed to meet reference speeds, dropping
significantly to 180 r/m with a noticeable torque ripple. DEFC simulations demonstrated
exceptional responsiveness with near-instantaneous response times in the microsecond range,
showcasing its adaptability to changing conditions effectively.

IV.2.2.MPPT with load (EV)

In this section, we showcase the simulation results for five distinct control methods: Direct
Torque Control (DTC), Direct Energy Control (DEC), Direct Force Control (DFC), our proposed
method, Direct Energy and Force Control (DEFC), and current control. The performance metrics
under scrutiny include total torque, flux, and speed. These simulations were carried out utilizing
the switched reluctance motor (SRM) tailored for application in electric vehicles (EVs). The initial
conditions imposed on the system involved an irradiation level of 1000 W/m2 and a temperature
of 25°C.

0.35

0.3 —
0.25 -

Flux(Wh)
°
N

°
-
0

|

91



Chapter IV Integrated Control and Simulation of a Switched Reluctance Motor Empowered by
Photovoltaic (PV) Array for Electric Vehicle Applications

b
4 T T T T T T T T T

Torque(N.m)
N

Load(N.m)
(=]
0

o 1 2 3 4 5 6 7 8 9 10

1800 T T T T T T T T T

1600

1400

Reference speed

Actual Speed
1200 |- -

1000 |- —

800 | —

Speed(m/s)

600 | -

400 1

200 —

o 1 2 3 a s = 7 8 s 10
. . . . Time (s) . . . .
Figure IV.10. The Simulation results of direct torque control applied for Electric vehicles with

1000 w/m2 and 25° ¢ (a: Flux, b: Torque, c: Load, d: speed).
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Figure 1V.14. The Simulation results of current control applied for Electric vehicles with 1000

w/m2 and 25° ¢ (a: Flux, b: Torque, c: Load, d: speed).

This section outlines the results of simulations conducted for four distinctive control
methodologies: Direct Torque Control (DTC), Direct Energy Control (DEC), Direct Force Control
(DFC), and our proposed approach, Direct Energy and Force Control (DEFC). The assessment
includes key performance metrics such as total torque, electric vehicle load dynamics, flux, and
speed. The simulations were executed using a switched reluctance motor (SRM) at a constant
reference speed of 1500 r/min for each control method. Initially, the system was subjected to
specific conditions, including a radiation level of 1000 W/m? and a temperature of 25°C.

Under the DTC approach, the total torque ranged between 1.9 and 3.7 Nm, with flux variations
from 0.22 Wb to 0.305 Wb. The speed tracked the reference speed, albeit with a slower response
and noticeable torque ripple. For the DEC method, the introduction of the electric vehicle load led
to flux variations between 0.17 Wb and 0.28 Wb, resulting in a sudden shift in total torque from
1.8 Nm to 4 Nm. The speed successfully tracked the reference speed, exhibiting a quicker response
compared to DTC, albeit without optimal performance in reaching the reference speed and
minimal torque ripple.

In the case of DFC, the total torque varied between 2 Nm and 3.7 Nm under load conditions,
and flux experienced variations between 0.23 Wb and 0.31 Wb, with speed successfully tracking
the reference speed despite the load. However, its response, while somewhat quicker, was not the
most efficient in reaching the reference speed. Additionally, the torque ripple for DFC was
relatively small, comparable to DTC and DEC.

For the proposed method, DEFC, the total torque initially measured 2 Nm and changed to 3.7
Nm with altered load conditions. The flux exhibited variations between 0.25 Wb and 0.34 Wb.
Crucially, the speed effectively tracked the reference speed under load conditions, displaying a fast
response and optimal performance in reaching the reference speed compared to other methods.
These parameters provide crucial insights for assessing the motor's energy efficiency and magnetic
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characteristics under DEFC. In the current control, ripple significantly increased in speed, with
notable ripple in torque.

The DEFC simulation demonstrated exceptional responsiveness, with near-instantaneous response
times in the microsecond range, enabling swift adaptation to changes in load conditions. These
findings hold significant implications for the implementation of DEFC in electric vehicle (EV)
systems, where its superior responsiveness and dynamic performance can contribute to enhanced
driving experiences, improved energy efficiency, and superior overall system performance. By
swiftly adapting to changes in torque and speed, DEFC can optimize motor performance, reduce
energy consumption, and provide precise control, thereby enhancing vehicle handling and stability.

Conclusion

In conclusion, this paper has introduced the innovative Direct Force and Energy Control
(DEFC) method, emphasizing its integration with photovoltaic (PV) systems in electric vehicles
(EVs). The study has provided valuable insights into the understanding and potential application
of DEFC within the realm of EV systems. The primary goal of DEFC is to address the challenges
of torque ripple and vibration in Switched Reluctance Motors (SRMs), as these factors
significantly impact the motor's efficiency and performance. In contrast to traditional Direct
Torque Control (DTC), DEFC employs a dual control strategy addressing both force and energy,
presenting a more effective approach to mitigating torque ripple and associated vibrations.

The simulations conducted throughout the study consistently demonstrated DEFC's capability
to achieve a remarkably low torque ripple of approximately 10%. This substantial reduction
underscores the robustness of DEFC in enhancing the motor's operational efficiency and mitigating
vibrations. The contributions of this research extend to a deeper understanding and prospective
implementation of DEFC in EV systems, ultimately benefiting the automotive industry and
advancing the cause of sustainable transportation.
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Introduction

Switched reluctance motors (SRMs) are increasingly recognized for their robustness and
simplicity, making them suitable for a wide range of applications. This study focuses on the
hysteresis control method, renowned for its straightforward implementation and effectiveness in
current regulation, to enhance the performance of SRMs. This chapter delineates the experimental
methods and procedures employed to investigate the application of hysteresis control in SRMs.
The primary objectives are to assess performance improvements in terms of torque ripple
reduction, efficiency, and dynamic response, and to validate the hypothesis that hysteresis control
can significantly enhance SRM performance under varying operational conditions.

The hysteresis control method operates by continuously monitoring the output current and
detecting fluctuations. When the output current deviates beyond predetermined threshold levels, a
comparator directly switches the control on or off. This approach offers significant advantages,
including rapid transient responses due to the direct control by the comparator and the elimination
of the need for phase compensation.

V.1. System under study

This chapter details the development of an experimental platform for Switched Reluctance
Motor (SRM) training, created at the Biskra Energy Systems Modelling Laboratory (LESM) (Fig.
V.1). The platform comprises a 450 W SRM powered by an H-bridge converter. Rotor position is
accurately measured using an encoder, while a grid-connected autotransformer supplies power.
Phase currents are monitored with Hall effect current sensors. The control algorithm is
implemented on the dSPACE DS1104 board, utilizing Control Desk and MATLAB Simulink
software for comprehensive control and analysis.

PC, software
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gure V.1. SRM bexperimental platform.
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V.2. Materials and Methods
V2.1. Switched Reluctance Motor (SRM):

The 6/8 Switched Reluctance Motor (SRM) is a specific type of SRM characterized by its
configuration of eight poles on the stator and sex poles on the rotor. This particular configuration
is widely adopted in various applications due to its advantageous performance characteristics. In
electric vehicles, the 6/8 SRM is valued for its ability to provide high torque at low speeds, which
is essential for acceleration and regenerative braking. Additionally, the motor's high efficiency
across a broad range of operating conditions contributes to extended driving range and energy
savings.

"\ ks

U/ 1]
‘Ill\(illl\\mu” l
A

Figure V.2. Switched Reluctance Motor 6/8.

Table V.1 illustrates the dimensions data of the 6/8 switched reluctance motor.

Number of stator poles / 8
Number of rotor poles / 6
Arc pole of stator ° 18.9
Arc pole of rotor ° 23.5
External rotor radius mm 30
Internal radius of rotor mm 16
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External radius of stator mm 60

Internal radius of stator mm 10
Speed RPM 40-10500

Current rated A 4

Torque N.m 2

V.2.2. Power Electronics:

An H-bridge inverter is a power electronic converter designed to convert DC power (a grid-
connected autotransformer) into AC power. It is widely utilized in diverse applications, such as
motor drives, power supplies, and renewable energy systems. The H-bridge inverter features eight
power electronic switches, typically MOSFETs or IGBTSs, arranged in a bridge configuration. This
setup enables the inverter to generate a high-frequency AC output, offering precise control over
the output voltage and current, which is essential for optimizing performance and efficiency in
various electronic systems.

H =2 NN S
Figure V.3. The power supply powered the H-bridge converter.

V.2.3. Control Hardware:

The DS1104 R&D Controller Board is a powerful and versatile tool designed for controller
development and rapid control prototyping. With its comprehensive set of I/O interfaces, high-
performance processing capabilities, and user-friendly design, it is an ideal solution for controlling
the switched reluctance motor (SRM).
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Figure V.4. the dASPACE DS1104 board.

Sensors:

effect current sensors, specifically the LANGLOIS DCA60 model, were employed for precise
measurement of phase currents. Additionally, optical encoders from LIKA were utilized for
accurate position sensing of the switched reluctance motor.

Flgure V.5.The optlcal encoders from LIKA and Current Sensors spec1ﬁcally the LAN GLOIS
DCA60 model.

V.3. Experimental results
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V.3.1 Overview

This section provides a detailed discussion on the experimental application of the hysteresis
control algorithm to the 6/8 Switched Reluctance Motor (SRM), tested under varying current
reference levels of2 A, 2.5 A, and 3 A. Real-time measurements of current, flux, torque, and speed
were conducted, with each test repeated three times to ensure consistency and repeatability. The
key performance metrics evaluated included torque ripple reduction, efficiency enhancement, and
dynamic response across different operational conditions. The findings underscore the efficacy of
hysteresis control in improving SRM performance.

V.3.1.1 Performance Metrics Evaluation
Current Reference of 2 A:

. Current Tracking: The hysteresis control algorithm successfully maintained the current at
the 2 A reference level, demonstrating its ability to accurately follow the desired current profile.

. Flux: The flux reached 0.0045 Wb.

. Torque: The torque achieved was 0.065 N-m.
. Speed: The speed attained was 150 RPM.
. Torque Ripple Reduction: Torque ripple was reduced by approximately 41.66%. This

significant reduction highlights the control's capability to maintain stable operation and minimize
torque fluctuations even at lower current settings, contributing to smoother motor performance and
reduced mechanical stress.

Current Reference of 2.5 A:

. Current Tracking: The control algorithm effectively tracked the 2.5 A reference current,
demonstrating consistent current regulation across a moderate power level.

. Flux: The flux reached 0.0058 Wb.

. Torque: The torque achieved was 0.08 N-m.
. Speed: The speed attained was 160 RPM.
. Torque Ripple Reduction: Torque ripple was reduced by approximately 38.46%. This

indicates that hysteresis control maintained its efficacy in reducing torque variations at
intermediate current levels, thereby enhancing the motor's operational stability and performance.

Current Reference of 3 A:

. Current Tracking: The control algorithm accurately followed the 3 A reference current,
showcasing its robustness in managing higher current levels.

. Flux: The flux reached 0.007 Wb.

. Torque: The torque achieved was 0.095 N-m.
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. Speed: The speed attained was 250 RPM.

. Torque Ripple Reduction: Torque ripple reduction was observed to be 28.57%. Although
the percentage reduction was slightly lower compared to lower current settings, the absolute
reduction in torque ripple at higher currents reflects the improved utilization of the SRM's torque-
producing capabilities, indicating that hysteresis control effectively enhances performance under
high-power conditions.

Conclusion

The experimental analysis of the hysteresis control algorithm on the 6/8 Switched Reluctance
Motor (SRM) has provided substantial evidence of its performance advantages across various
current reference levels (2 A, 2.5 A, and 3 A). Through detailed measurements of current tracking,
flux, torque, speed, and torque ripple reduction under diverse operational conditions, the efficacy
of the hysteresis control algorithm was rigorously assessed.

Key findings indicate that the hysteresis control algorithm markedly enhances the performance
of the 6/8 SRM. It achieves precise current regulation, effectively reduces torque ripple, and
improves both operational stability and efficiency across the tested current ranges. These
improvements underscore the algorithm's potential as a robust and effective solution for optimizing
SRM performance.

Future research should seek to expand these promising results by exploring a wider range of
current settings and different motor configurations. Additionally, integrating advanced control
strategies could further amplify the benefits of hysteresis control, offering a broader scope for its
application in various high-performance SRM systems.
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General conclusion

Before exploring the simulation and experimental analysis outcomes presented in this
dissertation, it was crucial to provide a preliminary discussion on the switched reluctance motor
(SRM). Although the operational principles of SRMs have long been understood, progress in their
development has been hindered by their inherent nonlinearities. However, advancements in
modern computational tools now facilitate rapid motor sizing, leading to a proliferation of diverse
applications. This dissertation primarily focuses on the systematic modeling and regulation of
SRMs through various control methodologies, aiming to establish a control paradigm that
optimizes SRM efficiency. The key motivation is to enhance SRM power delivery and mitigate
torque ripples through the careful selection of appropriate control techniques. Additionally, this
work investigates the feasibility of integrating a photovoltaic (PV) system with an SRM,
employing various control strategies for application in electric vehicles (EVs). The dissertation
also includes an experimental analysis of the hysteresis control algorithm on a 6/8 SRM.

In the inaugural chapter, a comprehensive overview of the Switched Reluctance Motor (SRM)
was provided, elucidating its operational principles, various typologies, and power supply
considerations. Additionally, the discussion extended to the photovoltaic (PV) system, covering
its control principles.

The succeeding chapter focused on the simulation aspect, utilizing the Finite Element Method
Magnetics (FEMM) software with the LUA programming language. Detailed specifications of the
SRM, including dimensions, material properties, and boundary conditions, were presented. Key
electromagnetic characteristics such as torque, flux, and inductance were analyzed, yielding
commendable results that form a pivotal foundation for enhancing the simulation of SRM in
conjunction with its power supply, thereby aligning with the second objective. This chapter also
addressed the modeling and simulation of the PV system.

Chapter three leveraged the electromagnetic data obtained previously to simulate the SRM and
its power supply using MATLAB/SIMULINK. The primary objective was to select an appropriate
control method for minimizing torque ripple, evaluating five distinct strategies, both traditional
and novel. The proposed Direct Force and Energy Control (DEFC) method, introduced in this

chapter, revolutionizes the control paradigm for SRMs. By significantly reducing torque ripple
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and vibration, DEFC surpasses conventional methods such as Direct Torque Control (DTC) and
Direct Force Control, achieving superior efficiency. Rigorous simulations demonstrated DEFC's
effectiveness, achieving a torque ripple reduction to approximately 10%, compared to 36% with
DTC. DEFC enhances motor performance by simultaneously managing force and energy, rather
than torque and flux.

Chapter four validated the integration of a PV system with an SRM, controlled by various
methods for Electric Vehicles (EVs). Integration with Maximum Power Point Tracking (MPPT)
provided substantial benefits, including reduced torque ripple, increased motor efficiency, and
overall system performance enhancement. The study examined the impact of radiation on system
operation, confirming the proposed PV system's resilience under low radiation conditions.
Comparative analysis highlighted DEFC's superior stability across varying radiation levels,
underscoring its efficacy in improving overall system performance and ensuring operational
steadiness. This investigation significantly contributes to the understanding and implementation
of DEFC in EV systems, promoting advancements in sustainable transportation within the
automotive industry.

Chapter five presents the experimental analysis of the hysteresis control algorithm on a 6/8
SRM, providing substantial evidence of its performance advantages across various current
reference levels. Through detailed measurements of current tracking, flux, torque, speed, and
torque ripple reduction under diverse operational conditions, the efficacy of the hysteresis control

algorithm was rigorously assessed.
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Résume

Cette theése présente une étude compleéte sur l'amélioration des stratégies de contrile
opérationnel pour les machines a réluctance commutée (SRM) grice a une approche
multidimensionnelle. La principale contribution est le développement d'une méthodologie
innovante visant a atténuer l'ondulation du couple, un probléeme répandu dans les applications
SRM, tout en optimisant simultanément les performances globales de la machine.

Un objectif secondaire de ce travail implique l'intégration d'un systéeme photovoltaique (PV)
avec le SRM, créant ainsi une unité cohérente et synergique. Cette intégration est congue non
seulement pour alimenter le SRM, mais également pour améliorer son efficacité opérationnelle
en tirant parti de l'énergie solaire, contribuant ainsi a une solution plus durable et plus économe
en énergie.

En plus d'optimiser les composants individuels, la recherche explore l'application du
systéme de moteur a réluctance a commutation photovoltaique (PV-SRM) dans les véhicules
électriques (VE). 1l s’agit d’une initiative pionniére visant a intégrer des sources d’énergie
durables dans le transport électrique, faisant ainsi progresser le domaine vers des solutions plus
vertes.

De plus, la thése comprend une évaluation expérimentale de l'algorithme de controle de
['hystérésis sur un SRM 6/8, fournissant des preuves empiriques de ses avantages en termes de
performances. Les résultats démontrent lefficacité de I’algorithme pour améliorer la précision
du controile et Uefficacité opérationnelle du SRM.

Dans ’ensemble, cette thése offre des avancées significatives dans les méthodologies de
contréle SRM, I’intégration photovoltaique et I’application pratique des systemes PV-SRM dans
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les véhicules électriques, soulignant le potentiel d’innovations durables dans les systéemes de
propulsion électrique.

Abstract

This thesis presents a comprehensive study on enhancing operational control strategies for
Switched Reluctance Machines (SRMs) through a multi-faceted approach. The primary
contribution is the development of an innovative methodology aimed at mitigating torque ripple,
a prevalent issue in SRM applications, while simultaneously optimizing overall machine
performance.

A secondary focus of this work involves the integration of a photovoltaic (PV) system with
the SRM, creating a cohesive and synergistic unit. This integration is designed to not only power
the SRM but also to improve its operational efficiency by leveraging solar energy, thereby
contributing to a more sustainable and energy-efficient solution.

In addition to optimizing individual components, the research explores the application of
the Photovoltaic-Switched Reluctance Motor (PV-SRM) system in Electric Vehicles (EVs). This
represents a pioneering initiative to incorporate sustainable energy sources into electric
transportation, advancing the field towards greener solutions.

Furthermore, the thesis includes an experimental evaluation of the hysteresis control
algorithm on a 6/8 SRM, providing empirical evidence of its performance benefits. The findings
demonstrate the algorithm’s efficacy in enhancing the control precision and operational
efficiency of the SRM.

Overall, this thesis offers significant advancements in SRM control methodologies, PV
integration, and the practical application of PV-SRM systems in EVs, underscoring the potential
for sustainable innovations in electric propulsion systems.
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