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Résumé- Les véhicules électriques (VEs) suscitent un intérét croissant en tant que solution prometteuse face a la crise
énergétique et aux enjeux environnementaux. Actuellement, les VE utilisent une grande variété de dispositifs
d’électronique de puissance pour fournir I’énergie nécessaire au moteur, tout en assurant un fonctionnement efficace a
des niveaux de tension élevés. Dans ce contexte, les onduleurs multi-niveaux ont ét¢ développés afin de surmonter les
limites des convertisseurs conventionnels. Cette thése a pour objectif de développer une nouvelle structure multi-
niveaux, visant a améliorer les performances des véhicules électriques alimentés par plusieurs sources d’énergie. Le
travail porte notamment sur I’étude d’une nouvelle topologie hybride asymétrique d’onduleur a 21-niveaux,
caractérisée par une commutation réduite, dans le but d’optimiser la qualité de la tension de sortie et, par conséquent,
les performances globales du VE. L’onduleur proposé est congu pour alimenter un moteur synchrone a aimants
permanents (MSAP). Le contrdle du moteur est d’abord assuré par une commande en mode glissant, la technique
(SMC) est trés prisée car elle permet de rejeter efficacement les variations internes des paramétres ainsi que les
perturbation extérieurs. Toutefois, en raison des limitations de cette méthode, notamment le phénoméne de
broutement (chattering), une technique améliorée a été développée : la commande en mode glissant flou hybride
(HFSMC), permettant de réduire significativement ce phénomeéne. Le systéme global du VE est alimenté par deux
sources d’énergie : une pile & combustible en tant que source principale, et un super-condensateur en tant que source
secondaire. Des simulations ont été réalisées pour évaluer les performances de la nouvelle topologie d’onduleur,
notamment en ce qui concerne 1’amélioration de la qualité de la tension de sortie et la réduction du taux de distorsion
harmonique total (THD). Une autre série de simulations a également été menée sur le systéme complet du VE. Les
résultats obtenus ont démontré la fiabilité et I’efficacité du systéme proposé.

Mots clés : Véhicule électrique multi sources, onduleur multi niveaux, commande avancée, moteur synchrone a
aimants permanents, pile & combustible, super-capacités.

Abstract- Electric Vehicles (EVs) are gaining increasing attention as a viable solution to the ongoing energy crisis
and environmental concerns. Modern EVs integrate a wide range of power electronic devices to deliver the required
energy to the motor while ensuring efficient operation at high voltage levels. In this context, Multilevel Inverters
have been developed to address the limitations of conventional power converters. This research aims to a novel
multilevel inverter architecture, with the objective of enhancing the performance of EVs powered by multiple
energy sources. The study specifically focuses on a new 21-level asymmetric hybrid inverter topology, which
features reduced switching frequency, with the goal of improving output voltage quality and thereby optimizing the
overall performance of the electric vehicle. The proposed inverter is designed to supply a Permanent Magnet
Synchronous Motor (PMSM). The motor is initially controlled using Sliding Mode Control (SMC), a widely
adopted technique because of its Robust performance against variations in internal parameters and external
disturbances. However, due to certain limitations of this method—particularly the chattering phenomenon—an
improved control strategy has been developed: the Hybrid Fuzzy Sliding Mode Control (HFSMC), which
significantly reduces chattering effects. The overall EV system is powered by two energy sources: a fuel cell as the
primary source, and a super-capacitor as the secondary source. Simulations were conducted to evaluate the
performance of the new inverter topology, particularly in terms of improving output voltage quality and reducing the
Total Harmonic Distortion (THD). An additional set of simulations was also carried out on the complete EV system.
The results demonstrated the reliability and effectiveness of the proposed system.

Keywords: Multi-source electric vehicle, multi-level inverter, advanced control, permanent magnet synchronous
motor (PMSM), fuel cell, super-capacitors.
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General introduction

The increasing challenge of global heating and air pollution from urban
transportation has driven the advancement of different approaches to mobility, including
electric vehicles (EVs), car sharing, and e-bikes [1]. EV presents multiple benefits:
electric energy is more affordable and environmentally friendly compared to oil, electric
motors are more efficient than internal combustion engines, EV operate more quietly,
and they can be charged at home [2]. Consequently, this remains essential for the
research community to prioritize clean, renewable, and environmentally friendly energy
sources and to encourage policy and economic leaders to take decisive action to tackle
this issue and facilitate the shift to renewable energy [3]. In this situation, the growing
presence of EV in a fiercely competitive market drives car manufacturers to create more
fuel-efficient automobiles at lower expenses. Key performance criteria for EV
encompass reliability, resilience, energy control, battery charging rate, and especially
the electric drive system [4].

EV typically utilize large electric engines that necessitate a significant quantity of
batteries and sophisticated power electronic converters to supply the necessary high-
level electrical power they require. The structure of multilevel inverters enables the
synthesis of high-quality, high-voltage waveforms, making them ideal for high-power
drive systems [5].

In electric vehicle (EV), traditional cascaded multilevel inverters are widely
utilized to drive permanent magnet synchronous motors (PMSM). However, these
inverters exhibit high total harmonic distortion (THD), failing to meet IEEE standards
while offering lower power conversion efficiency. Additionally, they cause higher
voltage stress across control devices, and every section must be separated from high
electromagnetic interference through appropriate isolation transformers [6]. PMSM-
based EVs currently use these inverters, which adversely affect the performance and
output quality of the PMSM, as identified by advanced sensors [7]. Key factors affecting
motor performance include: 1- Uneven torque generation caused by unbalanced voltage,
2- Magnetic saturation and unequal air gaps due to winding space harmonics, which
induce opposite voltage-circulating harmonic currents, 3- Significant power losses,
oscillations, increased temperature, and vibrations arising from higher-order harmonics,

4- Finally gradual deterioration in motor efficiency and lifespan [8].
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To address these issues, PMSMs should operate with nearly sinusoidal waveforms,
even when powered by a DC source. While filters can generate sinusoidal output from
DC sources, they increase in size and cost when power quality requirements are high. A
more effective solution is employing multilevel inverters, which convert DC to
sinusoidal AC with reduced THD [9]. Multilevel inverters represent state-of-the-art
technology during power conversion, and their utilization has grown significantly
compared to conventional inverters. They are widely applied in various domains,
including industrial systems, grid-connected systems, solar PV systems, and electric
vehicles [10]. Traditional multilevel inverters are categorized into three main types:
neutral-point clamped (NPC) inverters, flying capacitor (FC) inverters, and cascaded H-
bridge (CHB) inverters. The main disadvantage of NPC and FC inverters is their
dependence on a large number of clamping diodes and flying capacitors to boost the
number of output voltage levels. In contrast, Inverters with H-bridges are more widely
used and favored over other types. Multilevel cascaded inverters are categorized into
symmetric and asymmetric types. In the symmetric configuration, every DC-link values
are identical, whereas, in the asymmetric configuration, the DC-link values vary.
However, a significant drawback of cascaded multilevel inverters is the high number of
DC-links and power switches required. In recent decades, researchers have made
significant efforts to develop optimal topologies for both symmetric and asymmetric
cascaded multilevel inverters [11]. Each topology possesses unique characteristics,
making it appropriate for specific applications. Novel topologies are developed by
modifying the fundamental designs to serve specific objectives. Some aim on
minimizing the number of power switches, while others focus on minimizing the
number of DC-links or achieving other objectives [12]. Despite significant efforts by
researchers on multilevel inverters, there remains potential to introduce novel optimum
topologies to further expand the output voltage levels' number.

Asymmetric multilevel inverters are viewed as an effective solution for
overcoming the limitations of traditional multilevel inverters. These converters utilize
different input voltage levels for various components and modules, enabling the
combination and subtraction of these voltages to create multiple voltage levels while

minimizing the number of semiconductor switches needed.
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The development of batteries as an energy source remains constrained by inherent
limitations such as low energy density, extended charging durations, and high
production costs. To address these challenges, a viable alternative involves the
generation of clean energy in adequate quantities to meet the demands of electric vehicle
operation. This can be achieved through the integration of fuel cells, super-capacitors, or
a hybrid configuration of these technologies, an architecture particularly advantageous
for urban transportation applications.

Consequently, energy management is optimized to enable energy distribution among the
propulsion system components, along with the appropriate selection of the engine.

The Synchronous Motor with Permanent Magnets (PMSM) is widely used in EV
energy propulsion systems because of its numerous advantages, such as its efficient
compact structure, high air-gap flux density, high energy density, favorable torque-to-
inertia ratio, and excellent performance effectiveness. The PMSM necessitates an
effective management strategy, meaning it demands a rapid and precise response, swift
recovery from disturbances, and robustness against variations in parameters. As a result,
numerous contemporary control techniques, including sliding mode control (SMC), have
been advocated to enhance the performance of the PMSM [13]. SMC technique is a
popular technique because it effectively rejects internal parameter changes and outside
disruptions. SMC has discovered vast application in electrical power systems and
electrical devices for machines [14]. Consequently, it has been effectively utilized for
controlling the position and speed of PMSMs.

Nonetheless, Sliding Mode Control (SMC) presents a significant limitation: the
chattering effect, which arises from the coupling of parasitic system behavior with high-
frequency switching control [15]. To address this issue, various advanced control
strategies have been proposed with the aim of attenuating or entirely suppressing
chattering. Among these, Hybrid Fuzzy Sliding Mode Control (HFSMC) has emerged as
a promising solution. Fuzzy Sliding Mode Control [16] is considered one of the most
widely adopted approaches, as it integrates the robustness of sliding mode control with
the adaptability of fuzzy logic systems.

Thesis Objective

This work aims to contribute to the development of a new three phase 21-

asymmetric multilevel inverter with reduced number of electronic switching elements

that uses phase opposition disposition pulse width modulation (PD-PWM) for powering
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electric propulsion system of electric vehicle (EV). This system consists of three main
subsystems: power supply, auxiliary systems, and propulsion by electric motors
Synchronous Permanent Magnet Motor (PMSM) with a nominal power of
approximately 50 kW and a maximum torque of 255 Nm. Our traction system requires
control laws that are insensitive to disturbances, parameter changes, and nonlinearities.
This thesis is composed of four chapters presented as follows:

In the first chapter, we present a state-of-the-art overview on the evolution of
electric vehicles, focusing on emerging technical and technological challenges, and the
various powertrain technologies best suited for automotive applications.

Within chapter two, we develop a mathematical model for the forces acting on the
vehicle and then model the internal components of each subsystem (PMSM engine, fuel
cell, super-capacitor, and DC/AC converters), offering an approximate understanding of
the control strategies to be implemented.

In the third chapter, we present the modeling of DC/DC static converters used to
interface the various energy sources embedded in the hybrid system: the fuel cell and the
super-capacitor. These converters play a fundamental role in energy management by
ensuring proper voltage adaptation between the sources and the DC bus, as well as
effective control of power transfer. A new asymmetric hybrid multilevel inverter with a
reduced number of components is presented. This topology was evaluated through
simulation with the aim of reducing the Total Harmonic Distortion (THD) and thereby
assessing the quality of the generated output voltage.

Chapter four is dedicated to the control of the proposed traction system, which
consists of a (PMSM) powered by an asymmetric 21-level inverter. The motor control
strategy is based on Sliding Mode Control (SMC), which is presented in detail.

To address the chattering issue commonly associated with SMC, a hybrid control
approach combining Fuzzy Logic and Sliding Mode Control is then introduced. The
simulation test results of the overall system (MATLAB Simulink) will be conducted to
analyse the system’s dynamic performance and its efficiency, both in terms of tracking

and robustness.
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Chapter 1: State of Art of Electric Vehicles

1.1 Introduction

The majority of existing vehicles are conventional, depending solely on petroleum
as their energy source. The dwindling global supply of petroleum, a pressing
international concern, is leading to elevated fuel costs that severely impact operators of
traditional vehicles. Additionally, traditional vehicles emit greenhouse gases, making it
more difficult to adhere to strict environmental regulations.

The transportation sector is a cornerstone of the global economy and a
fundamental part of modern society, deeply influencing lifestyles, recreational pursuits,
and worldwide environmental conditions. Its evolution since the beginning of the 20th
century has profoundly reshaped the world. This sector is heavily dependent on
petroleum, accounting for more than one-fifth of global energy consumption and, since
the late 1990s, has been the largest consumer of oil compared to all other sectors. In
light of escalating worldwide energy needs, the urgent challenges of fossil fuel
depletion, and the pressing issue of climate change, advancing clean energy alternatives
has become an critical imperative [17].

In this context, automotive manufacturers and researchers are succeeding in
making conventional vehicles cleaner by equipping them with new, more
environmentally friendly components. The introduction of these novel technologies has
resulted in a notable decrease in emissions of pollutants like SO>, CO, total
hydrocarbons (HC), NOx, and particles, facilitating adherence to current standards [18].

While the electric vehicle (EV) is considered the pinnacle of automotive
advancement, its capabilities are currently limited by battery technology. As a result,
hybrid electric vehicles (HEVs) offer a more viable and immediate substitute for
traditional vehicle, and will likely remain a practical choice for the foreseeable future.

We are interested in this latter solution, which will enable a gradual transition
from conventional vehicles to cleaner ones. For this, the control of the powertrain, the
storage of electrical energy, and optimized energy management are key points [19]. This
chapter begins with a general overview of electric vehicles, covering their definition and
a broad description of the traction system, including electric motors, energy sources, and
static converters. Finally, we provide insights into mobility and the different driving

modes used.
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1.2 Problematic

These days, CO emissions from transportation represent 30% of total global
emissions [20]. Indeed, transportation is the main cause of greenhouse gas emissions
and the majority of urban pollution (whether atmospheric or noise-related). Currently,
over 80 percent of the world's energy needs are met by fossil fuels, namely , natural gas,
coal and oil, and there is currently no immediate alternative capable of completely
satisfying our requirements. As illustrated in Figurel.l, oil remains the foremost
primary energy source worldwide, comprising 36% of consumption in 2002,
approximately equivalent to 3.8 billion tonnes of oil (Gtep). The transportation sector
clearly emerges as the primary sector in terms of petroleum product consumption,
currently holding a share of 50% Figure 1.2, compared to 42% in 1973. Consequently,
CO; emissions continue to rise. Furthermore, the anticipated depletion of fossil fuels and
climate change represent major risks for centuries to come. These figures have alerted
automotive manufacturers to the necessity of creating new individual transportation
methods that integrate novel types of clean and energy-efficient propulsion systems. In
response, new technologies have emerged, while others remain in development and are
expected to be fully utilized only in the coming years.

The future of automotive progress extends beyond alternative fuels ( liquefied petroleum
gas (LPG), biofuels, and compressed natural gas) to prioritize electricity-driven

solutions, specifically EVs, battery electric, and fuel cell EVs.

m Transportation
Non Energy use

Other sectors
Electricity and heat
Transformation
Others

Industry

Figure 1.1. Worldwide petroleum product consumption [20].
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Figure 1.2. Worldwide primary energy consumption [20].

1.3 Definition of an electric vehicle

An EV operates exclusively on electric power, utilizing one or more electric
motors for propulsion. The motor's rotational force is transmitted directly to the wheels,
with the specific drivetrain configuration varying by design. Ongoing advancements in
power electronics and energy management systems are fostering continuous innovation
and novel engineering approaches to enhance this method of transportation [21]. All
these explorations are related to a common issue: the production, transportation, storage,
and utilization of electricity.
The electric propulsion system is the main component of the electric vehicle, it is
electrically powered by motors and includes a transmission system formed by one or

more electric motors driving a wheels.

1.4 History of electric vehicles

The inception of the EV traces its origins to the third decade of the 19th century.
Its inventor was Robert Anderson, a Scottish businessman. It resembled more of an
electric carriage [22]. Around 1835, Thomas Davenport, an American, constructed a
diminutive electric locomotive.
Around 1838, the Scottish inventor Robert Davidson introduced a similar model capable
of reaching speeds of up to 6 km/h. Neither of these inventors utilized rechargeable

batteries.
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The invention of the rechargeable lead-acid battery is attributed to Gaston Planté of
France in 1859, later refined by Camille Faure in 1881. Figure 1.3 illustrates Thomas
Parker seated in an electric vehicle, possibly the world's inaugural one, circa 1884. This
compact vehicle relied on a non-rechargeable battery and was capable of traveling a
brief distance on rails [23]. By 1891, American William Morrison had constructed the

first authentic electric vehicle.

Figure 1.3. First rechargeable Figure 1.4. First true electric
battery electric vehicle [24]. vehicle in 1891 [24].

In 1896, Andrew Riker's "Electric Riker" won an automobile race. By 1897, the first

electric taxis were spotted on the streets of New York.
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Figure 1.5. The riker electric [25]. Figure 1.6. Electric vehicle never

satisfied [25].
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In 1899, a Belgian company built "La Jamais Contente," marking the first electric
vehicle to surpass 100 km/h (reaching 105 km/h). Piloted by Belgian Camille Jenatzy,
the torpedo-shaped vehicle was outfitted with Michelin tires.

In 1900, VEs were more popular than ever, making up over a third of all road-going
vehicles and rivaling both steam and gasoline-powered automobiles. In 1902, "La
Phaeton de Wood" could cover 29 kilometers at a speed of 22.5 km/h, priced at $2000.
By 1912, electric vehicle production had reached its zenith. Nevertheless, the arrival of
the gasoline-powered "Ford Model T" in 1908 started to make an impact. "The

Anderson Electric Car Company" revealed its model in Detroit in 1918.

W
‘@ LECTRIC

Figure 1.7. 1902 Woos’s electric Figure 1.8. The detroit electric [24].
phaeton [24].

In the 1920s, several factors contributed to the decline of the EV. These included
their limited range, low speed, lack of power, the availability of petroleum, the challenge
of electric energy recharge, and their price [26], which was twice as high as gasoline
Fords.

A 1966 act of the U.S. Congress promoted the creation of electric cars as a
strategy to mitigate air pollution [27]. American public opinion was largely supportive,
and with the increase in gasoline prices in 1973 (the first oil shock: the embargo of the
OPEC against the United States), the timing was right. However, nothing really took off.

In 1972, Victor Wouk, considered the father of the hybrid vehicle, built the first
hybrid vehicle, General Motors' "Buick Skylark." In 1974, "The Vanguard-Sebring
CitiCar," resembling a golf cart, appeared at the Electric Vehicle Symposium in

Washington D.C. It could travel 64 kilometers at a speed of 48 km/h.
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Figure 1.9. First hybrid vehicle in 1972 Figure 1.10. Vanguard-sebring citicar [28]

To stimulate progress in alternative vehicle technology, the U.S. Congress passed
a 1976 act funding research and demonstration projects for advanced batteries, engines,
and hybrid powertrain systems. Starting in 1988, GM's President, Roger Smith, launched
a research fund aimed at developing a new electric vehicle, eventually named the

"EVL."

Figure 1.11. L’EV 1 [28].

During the 1990s, several major car manufacturers developed HEV prototypes as a
strategy to improve the poor fuel efficiency of their standard gasoline-powered cars.
Early concepts included models from Ford, General Motors, Renault, and Volkswagen.

The most significant developments are the Toyota Prius (Figure 1.12) and the
Honda Insight (Figure 1.13), which were the first commercially available HEVs in 1997,

thus holding historical value in the field of individual transportation.
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Figure 1.12. Toyota Prius XW10.
Source : http://malaysiapriusclub.webs.com/photos/Toyota-Prius-XW10-

IstGeneration/ui4KdhiEYv3u2EWVU8BvIc.jpg

Figure 1.13. Honda Insight I.

Source:http://upload.wikimedia.org/wikipedia/commons/thumb/9/9a/Honda_Insight .jp
g/280pxHonda Insight .jpg

1.5 Types of an electric vehicles

The most basic type of EV relies exclusively on batteries for its energy, but there
are other types that can utilize different energy sources. These are referred to as hybrid
EVs (HEVs). The International Electro technical Commission’s Technical Committee
69 (Electric Road Cars) recommended that vehicles using two or more types of energy
sources, storage systems, or converters be classified as HEVs, provided that at least one
source supplies electrical energy [29]. This definition covers a wide range of HEV

pairings, such as an internal combustion engine (ICE) with a battery, a battery with a
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flywheel, a battery with a capacitor, and a battery with a fuel cell. As a result, the public
and professionals started referring to cars with an ICE and an electric motor as HEVs,
those with a battery and a capacitor as ultra-capacitor-assisted EVs, and those with a
battery and a fuel cell as FCEVs. This terminology has become widely accepted, and
EVs are now classified as follows:

- Battery Electric Vehicle (BEV)

- Hybrid Electric Vehicle (HEV)

- Plug-in Hybrid Electric Vehicle (PHEV)

- Fuel Cell Electric Vehicle (FCEV)

1.5.1 Battery electric vehicle (BEV)

These vehicles use batteries as their primary energy source, which can be
recharged from the electrical grid or other renewable sources such as solar and wind
power. The range of these vehicles is directly dependent on the battery capacity.
Typically, they can travel 100 to 250 km on a single charge, with high-end models
capable of reaching distances between 300 and 500 km [30]. These ranges are
influenced by driving conditions and style, vehicle configuration, road conditions,
climate, battery type, and age. Once depleted, recharging the battery takes significantly
longer than refueling a conventional ICE vehicle. Some batteries can take up to 36 hours
to fully recharge [31]. While others require much less time, but none can match the
quick refueling time of a fuel tank.

Charging time depends on the configuration of the charger, its infrastructure, and
the operating power level. BEVs offer advantages such as simple construction, ease of
operation, and convenience. They do not emit greenhouse gases (GHGs) or produce
noise, making them environmentally friendly. Electric propulsion delivers immediate
and high torque, even at low speeds. These benefits, coupled with their limited range,
render them well-suited for urban use. The Nissan Leaf and Tesla, along with some
Chinese vehicles, are currently popular BEVs. Figure 1.14 illustrates the fundamental
setup of BEVs: the wheels are propelled by one or more electric motors, which draw

power from batteries through a power converter circuit.
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Figure 1.14. Types of electric vehicles.
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1.5.2 Hybrid electric vehicle (HEV)

HEVs employ both a conventional internal combustion engine and an electric
propulsion system. The internal combustion engine serves as the primary power source,
while the electric motor primarily aids in improving fuel efficiency. To recharge their
vehicle batteries for propulsion, HEVs depend on their internal combustion engines and
regenerative braking systems, as they cannot be directly connected to the grid for
recharging [32].

An HEV utilizes the electric drive system during periods of low power demand.
This is a great advantage in low-speed scenarios like urban areas, as it reduces fuel
consumption by keeping the engine completely off during idle periods, such as in traffic
jams, thus lowering greenhouse gas emissions. When higher speeds are necessary, the
HEV transitions to the internal combustion engine. The two powertrains can also work
together to improve performance by bridging shift gaps and boosting speed when
necessary, thereby also improving driving efficiency. To achieve these features, power
management strategies are implemented. For example, upon vehicle startup, the internal
combustion engine can operate as a generator to produce energy, which is then stored in
the battery. During overtaking maneuvers, which demand increased speed, both the
internal combustion engine and the electric motor drive the powertrain. When braking,
the powertrain functions by turning the engine akin to a generator, thus charging the

battery through regenerative braking. At cruising speed, the internal combustion engine
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operates the vehicle while also acting as a generator to charge the battery. The flow of

energy ceases when the vehicle comes to a stop [33].

1.5.3 Plug-in hybrid electric vehicle (PHEYV)

The concept of PHEVs emerged to enhance the all-electric range of HEVs [34].
Similar to HEVs, PHEVs employ both an internal combustion engine and an electric
powertrain. However, the significant difference is that PHEVs primarily depend on
electric propulsion as the primary driving force, requiring a larger capacity battery
compared to HEVs. PHEVs usually start in "all-electric" mode, operating exclusively on
electricity. As the battery charge depletes, they transition to using the internal
combustion engine to either provide a boost or recharge the battery pack. The internal
combustion engine is employed here to extend the range. Unlike HEVs, PHEVs have the
capability to recharge their batteries directly from the electrical grid; they also utilize
regenerative braking [35]. PHEVs' ability to predominantly operate on electricity
reduces their carbon footprint compared to HEVs. Additionally, they consume less fuel,
resulting in reduced associated costs. The automotive market is now abundant with these
vehicles, with sales of models like the Chevrolet Volt and Toyota Prius attesting to their

popularity.

1.5.4 Fuel cell electric vehicle (FCEV)

FCEVs, also known as fuel cell vehicles (FCVs), derive their name from the fact
that their core components are fuel cells, which generate power through chemical
reactions [36], Because hydrogen is the preferred fuel for these vehicles to catalyze this
reaction, they are often referred to as "hydrogen fuel cell vehicles." Hydrogen is
transported in specialized high-pressure tanks by fuel cell trucks. Another crucial
element in the power generation process is oxygen, sourced from the surrounding air.
The fuel cells produce energy, which then powers an electric motor responsible for
propelling the wheels. Any surplus energy is stored in devices such as batteries or super-
capacitors [37]. As a result of their power generation process, FCEVs only emit water as
a byproduct, which is released from the vehicle through the tailpipes. Figure 1.14
illustrates the configuration of an FCV. An advantage of these vehicles is their ability to
generate carbon-free power, minimizing their carbon footprint more effectively than any

other EV. Another noteworthy advantage, perhaps the most crucial at present, is that
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recharging these vehicles takes no longer than refueling a traditional vehicle at a gas
station. This factor enhances the likelihood of these vehicles being adopted in the near
future [38]. The limited availability of hydrogen fuel stations poses a significant current
challenge to the widespread adoption of this technology, although BEV or PHEV
charging facilities were not widely available until recent years. Another drawback,
highlighted by a study conducted by the United States Department of Energy (DOE), is
the high cost of fuel cells, which can exceed $200 per kW, significantly more expensive
than internal combustion engines (typically less than $50 per kW) [39]. Moreover,
safety concerns emerge in the event of potential explosive hydrogen leaks from the
tanks. If these obstacles were addressed, FCVs could indeed represent the future of
automobiles. Table 1.1 offers an overview of typical vehicles in the industry along with
their primary characteristics [39].

Table 1.1: Typical electric vehicles and their main characteristics [8].

Vehicle Model Peugeote Citroen Toyota Mitsubishi Toyota
208 Ami Prius outlander Mirai
Release Year 2022 2020 2018 2018 2018
Type BEV BEV HEV PHEV FCEV
Entry price (€) 33000 7000 32300 37000 78900
Battery size (kwh) 46 5.5 1.3 13.8 1.6
Fossil-fuel autonomy (km) 0 0 500 550 650
Electric autonomy (km) 450 75 0 55 0
CO2 emissions (g/kg) 0 0 106 46 0

1.6 Structure of an electric vehicle powertrain

The central element of electric vehicles that distinguishes them from conventional
vehicles is the electric drivetrain, which uses batteries for storing electrical energy, a
motor to convert the stored electrical energy into mechanical energy, and an electric
converter (inverter) to transform the direct current supplied by the batteries into

alternating current to power the motor.
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These converters rely on complex power electronics structures, particularly used in

controlling the variable speed of the motors.

Charger

Battery Pack

Controller

' " electric motor
—

Monitoring System s r‘h 4

Figure 1.15. Components of an electric vehicle.

The basic configuration of an electric drivetrain comprises a battery, an inverter
(power electronics), and an electric motor. The battery supplies direct current (DC),
which is passed to the inverter. The inverter converts the DC into alternating current
(AC) and delivers it to the electric motor. The electric motor then converts the electrical
energy into mechanical energy. This process can be reversed, allowing the electric motor
to serve as an electric brake. The electric motor then functions as a generator, converting
braking energy into electrical energy, which is stored in the battery via the inverter. This
process is called regeneration [40].

In the non-propulsion electrical system, there are distinct high-voltage and low-
voltage branches. The high-voltage branch connects to the heating and cooling
auxiliaries. The low-voltage branch is powered by a DC/DC converter, which ensures
the 12V battery is adequately charged and supplies power to all 12V auxiliaries, such as
lighting, radio, and navigation [28]. The components of an electric vehicle are illustrated
in Figure 1.15

Another component, far less familiar to the average person, is the battery
monitoring system. This system enables the determination of the battery pack's state of

charge, consequently facilitating the estimation of the vehicle's range.
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This monitoring system becomes more complex with battery technology advancements.
Lithium batteries require very specific monitoring to avoid exceeding certain voltage
thresholds in order to prevent battery degradation and hence extend its lifespan. These

monitoring systems utilize the « Battery Management System » (BMS) [41].

1.7 Electric engines
Electric motors usually consist of a rotor, the moving part, and a stator, the
stationary part. They produce motion by harnessing the interaction between a magnetic

field and conductors that carry current, making use of the Lorentz force [42].
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Figure 1.16. Torque/power-speed required for EV [43].

In electric vehicles, the electric motor functions as the primary propulsion source.
However, in hybrid electric vehicles, the electric motor and the internal combustion
engine operate either in series or in parallel, collectively supplying the propulsion
power. In an electric or hybrid vehicle, the electric traction motor transforms the
electrical energy stored in the energy storage unit into mechanical energy, propelling the
vehicle's wheels. The main advantages of an electric motor compared to an internal
combustion engine are its ability to deliver full torque at low speeds and its potential for
instantaneous rated power that can be two to three times greater than that of the
combustion engine.

The performance of an electric vehicle hinges on the propulsion motor it employs.
When it comes to an electric vehicle, once the driver releases the accelerator, the drive
wheels slowly feedback the vehicle's kinetic energy to the electric motor, which

transforms into a generator, recharging the batteries. Specifically, the choice of the
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propulsion electric motor and its power transmission is primarily dictated by the
following operational traits [43].

-Ensuring uphill starting capability of the EV (high torque).

-Reaching the highest speed possible

-A driving strategy that continuously optimizes energy consumption (efficiency aspect:
high efficiency across different speeds).

These typical characteristics required for machines used in electric propulsion systems
are well illustrated in Figure 1.16, showing the evolution of torque/power-speed. So far,
four types of propulsion have been applied to EVs. These are direct current motor drives
(DCMD), induction motor drives (IMD), permanent magnet synchronous motor drives
(PMSMD), and variable reluctance motor drives (VRMD). Table 1.2 summarizes the
most important characteristics of each engine, its drawbacks, and the type of vehicle
used in it [44].

Table 1.2: Types of electric engines used in EVS [8].

Motor type Advantage Disadvantage

direct current motor (DCMD)
-It benefits from a high level

of industrial maturity

€\ é -The brushes require
: /; '\ ; -Its control is very simple, regular maintenance.
D ¢ as is its power supply.
- It is limited in torque.
-Established manufacturing
technology.
Induction Motor (IMD)

- The most advanced commutator-

free motor drive system

-Can be operated similarly
to a separately excited DC
motor by utilizing field

orientation control.
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Permanent Magnet -Capable of operating at various
Synchronous Motor (PMSM) speed ranges without the need
for gear systems

- Significant iron loss

-Compact at high speeds during
in-wheel operation

-Efficient

-Produces high torque

even at very low speeds

1.8 Energy storage system in electric vehicles

Electric vehicles, encompassing hybrids and battery-electric models, are poised to
become the predominant choice in the clean vehicle market in the near future. It's
projected that by 2020, over half of all new vehicle sales will be electric [45]. Energy
storage technology stands as the pivotal factor enabling this transformative shift. Energy
storage is considered the heart of an electric vehicle. Several parameters of energy
storage are taken into consideration in an automotive application, such as specific
energy, specific power, efficiency, maintenance requirements, management, costs,
environmental adaptability, user-friendliness, and safety. For allocation in an electric
vehicle, specific energy is the primary consideration as it limits the vehicle's range.
Various forms of energy storage have been suggested and utilized for both electric and
hybrid vehicles. Currently, these storage solutions primarily consist of chemical
batteries, super-capacitors, and fuel cells. It's crucial for electrical engineers to grasp the
fundamental principles of these diverse energy sources and the unique demands they

impose on the power supply systems for EVs.

1.8.1 Batteries
The traction batteries are used to power the propulsion systems of EVs, so

advancements in traction battery technology greatly impact the EV industry. The

introduction of commercially available rechargeable lead-acid batteries marked a
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significant milestone in EV development. Over time, battery technology advancements
have led to a proliferation of different types of traction batteries within the industry.
Despite these advancements, the fundamental requirements for traction batteries have
seen little change. Unlike starter, lighting, and ignition batteries, EV batteries must
sustain continuous power delivery, necessitating increased energy capacity.
Furthermore, high specific power, specific energy, and energy density are critical factors
to consider [46].

Numerous battery technologies have emerged alongside the development of EVs,
encompassing lead-acid, nickel-cadmium (Ni-Cd), lithium-ion (Li-Ion), lithium iron
phosphate (Li-phosphate), lithium polymer (Li-Polymer), nickel-metal hydride (Ni-
MH), zebras, and zinc-air batteries [15]. Among these, the Li-Ion battery is the most
prevalent type used in EVs. Lithium-ion batteries offer various advantages, including a
high power-to-weight ratio, superior energy efficiency, and robust performance at high
temperatures. Furthermore, compared to other technologies, Li-lon batteries exhibit a
low "self-discharge" rate, allowing them to maintain a full charge over extended periods.
Moreover, most components of Li-lon batteries are recyclable, rendering this
technology environmentally friendly.

Table 1.3 illustrates the commonly used battery technologies in electric vehicles [48]. A

battery is characterized by the following three parameters:

\‘\:f\,
—
/‘\\"
p 73
- Bl
= \%/
S o
e -
~ad > N=—4
<) 2=—3
\7 .

Figure 1.17. Lithium-lon battery of the Nissan electric car.

— Useful power (P =V - I) in kW: The useful power is determined by multiplying the
battery voltage (V) by its maximum current output (I). This useful power should be at
least equal to the peak power requirement of the electric motor to ensure that it is

adequately powered across its entire operational spectrum.
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— Stored energy in kWh: This energy can be compared to the capacity of a vehicle's
fuel tank. The stored energy will dictate the range of an EV and the potential for energy
recovery in a hybrid car. The energy stored in an electric battery is determined by its
capacity in ampere-hours (Ah) and its voltage.

— C-Rate (charge rate): Initially, the size of the battery is mainly influenced by its
capacity (Ah) and charging current (A), which collectively define the battery's C-rate:
the rate at which the battery's capacity is charged or discharged [29].

Table 1.3: Commonly used battery types [8].

Battery Type Components Advantages Disadvantages
- Positive electrode: -Available in large- - Discharge level
Lead oxide scale production cannot exceed 20%
Lead-Acid - Negative electrode: - Low cost - Short lifespan
Spongy lead
- Electrolyte: Diluted - Proven technology - Limited energy and
sulfuric acid power density
- Positive electrode: - Twice the energy - Reduced lifespan of
Alkaline solution density of lead-acid 200-300 cycles if
Batteries rapidly discharged
- Negative electrode: - Safe operation at under high load
Nickel-Metal Nickel Hydroxide elevated voltages
Hydride (NiMH)
-Electrolyte: Alloy - Long life-cycle - Decreased usable
of Nickel, Titanium, power due to
Vanadium and other - Resistant to over- memory effect
Metals charging and deep discharge
-Positive electrode: -High energy density,
Oxidized Cobalt twice that of NiMH. - High cost
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material
-Negative electrode:

Lithium-Ion (Li-Ion) Carbon material

-Excellent high- - Lengthy charging

temperature performance. Time , yet still

Superior to other

-Electrolyte: -Extended battery life, batteries
Lithium salt solu- approximately 1000
tion in an organic cycles
solvent
-High specific power.
- Positive electrode: - Elevated energy
Nickel oxyhydroxide density - Rapid dendrite

- Negative electrode:
Nickel-Zinc (Ni-Zn) Zinc

growth, which
- Environmentally friendly  limits its use
in vehicles

- Suitable for use in

a wide temperature

range
- Positive electrode: - Extended lifespan - Cadmium has the
Nickel hydroxide potential to be
- Can be fully discharged a pollutant

Nickel-Cadmium

(Ni-Cd)

- Negative electrode:

Cadmium

- Recyclable

without damage

- Expensive for use

in vehicles

Battery prices vary widely because economies of scale can be triggered based on the

total number of cars manufactured. As a result, battery costs might vary depending on

the quantity of units manufactured Table 1.4.

Table 1.5 presents an overview on the existing EVs in the industry with their battery

technology [49].
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Table 1.4: Overview of battery costs at pack level for different BEVs [8].

Vehicle Model Year Assumed Units Per Year Pack Costs
(€/kWh)

BMW i3 2014 15,000 396
GM Bolt 2016 20,000 224
BMW i3 2017 25,000 254
Renault Zoe 2017 40,000 208
Tesla Model 3 2018 100,000 164
Audi e-tron 2019 100,000 157

Table 1.5: Overview on the existing EVs in the industry with their battery technology [8].

Manufacturer Model Autonomy (km) Battery technology
Citroén C-Zero 150 Lithium ion

Mia Electric Mia 130 Lithium iron
phosphate

Mitsubishi I-MiEV 150 Lithium ion
Nissan Leaf 160 Lithium ion
Peugeot iOn 130 Lithium ion
Piaggio Porter 100 Lead acid
Renault Fluence ZE 185 Lithium ion
Renault Kangoo 170 Lithium ion
Smart Fortwo 145 Lithium ion
Tesla Roadster 390 Lithium ion
Venturi Fétish 340 Lithium polymer

1.8.2 Super-capacitor

Super-capacitors (SCs), also referred to as ultra-capacitors, have a construction
similar to regular capacitors, yet they store energy in the form of an electrolyte solution
situated between two solid conductors. SCs possess a notably larger capacity compared
to conventional capacitors, allowing them to store up to 20 times more energy. SCs are

classified into three types: electric double layer capacitors (EDLCs), pseudo-capacitors,
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and hybrid capacitors. Despite variances in their energy storage methods and electrode
materials, they share characteristics such as power density, life cycle, and energy
efficiency. It's important to note that EDLCs have a lower specific energy density
compared to the other two types (10e15 Wh/kg). The impressively high life cycle (1,105
cycles over approximately 40 years) distinguishes SCs from other energy storage
devices. Additionally, SCs demonstrate high power density (10002000 kW/kg) and
energy efficiency (84¢97%). Consequently, they can be charged rapidly and discharge a
substantial amount of energy with minimal energy loss. The main disadvantages of SCs
include their short lifespan and high self-discharge rate, which is why they are not
suitable for standalone power sources in vehicles. Another concern is the high capital
costs (exceeding $6,000/kWh). Therefore, energy storage systems are best suited as
backup energy sources for short-term energy storage applications [46], [47], [48].
Electric vehicles (EVs) often encounter start-stop scenarios, especially during
urban driving, leading to significant variations in battery drain rates. While the typical
power demand of batteries is minimal, there are instances, such as acceleration or hill
climbing, where substantial power is required over short durations [50, 51]. In high-
performance electric vehicles, peak power may be as much as sixteen times that of
normal power [50]. Ultra-capacitors (UCs) are well-suited for such situations due to
their ability to provide high power output for short periods. Additionally, they can
rapidly capture energy from regenerative braking [51]. A combined battery/UC system,
addresses each other's shortcomings, resulting in an efficient and reliable energy system.
The low cost, load-leveling capabilities, temperature adaptability, and long lifespan of

UCs make them an attractive solution [50].

Figure 1.18. Super-capacitor.
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1.8.3 Fuel Cell

A fuel cell is an energy converter that directly and continuously transforms
chemical energy into electrical energy through the chemical reaction between oxygen
(O2) and hydrogen (H»), which is the reverse reaction of water electrolysis. A fuel cell
differs from other electrochemical cells (or batteries) in that the reactants are
continuously replenished and the products are continuously removed. In a traditional
battery, the materials that make up the electrodes are consumable. Over time and with
use, these materials degrade (the anode oxidizes and the cathode reduces), eventually
causing the battery to become inactive: it is depleted.

In a fuel cell, the structure (electrodes, electrolyte, and reactive sites) does not
react and remains unchanged over time, given certain precautions [52]. The energy flow
delivered by the fuel cell is controlled by the circulation of the fuel gas (H2) and the
oxidizing gas (0O;), with simultaneous production of electricity, water, and heat,
according to the universally known overall reaction [52].

H; +O2=HO> + electricity + heat
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Figure 1.19. Hydrogen fuel cell.

1.9 Power converters

The use of an electric drive system within a vehicle implies the presence on board
of a source of electrical energy, which is an accumulator with a capacity adequate for
the desired duration of use of the vehicle. In most electric cars, there is a need to address
compatibility between direct current (DC) and alternating current (AC) energy sources,
as well as between the voltages of the sources and the receivers. Since the electrical

energy generated by the sources is in the form of DC voltage, it is essential to have an
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interface between the production unit and the application (the load) to adapt the
characteristics of the energy sources to those of the load.

To ensure certain functions, such as supplying an adequate voltage level (within
suitable limits), protecting the super-capacitor, or managing energy between the battery
and other storage elements, a power interface must be implemented. Thus, three main
functions of the power interface can be identified:

-Adapt the voltage characteristics to acceptable levels for the intended applications;
-Optimize the system's performance
-Control the state of the energy produced, stored, or supplied.

In most electric vehicles, selecting the type of power interface structure depends
on various criteria specific to the application. In these applications, the structure is
divided into two parts with different roles, DC (Direct Current) and AC (Alternating
Current). DC/DC converters, DC/AC converters, or AC/DC converters must be used
[46].

1.9.1 DC-DC converters
Due of its simplicity and the requirement for voltage elevation, the conventional
parallel chopper (Boost) stands as the most prevalent topology. It serves as the interface

between the electric energy sources and the DC/AC converter on the motor side [53].

1.9.2 DC-AC converters
These converters are commonly used in electric vehicles. There are two basic
structures: the voltage inverter and the current switch, with the former being much more

widespread. Both can be single-phase or three-phase [53].

1.9.3 AC-DC converters

AC/DC converters, alternatively referred to as rectifiers, are energy conversion
devices that change an alternating current electrical source into a direct current electrical

source [53].

Page 28



Chapter 1: State of Art of Electric Vehicles

1.10 Mobility and driving patterns

To evaluate the necessary criteria for the mobility service, a vehicle movement
model is required for a fixed profile. During the study, different types of driving cycles
were analyzed. The European cycles highlighted in particular are:
ECE-15: (UDC: urbain drive cycle) it was created to simulate urban driving conditions.
Figure 1.20 (a).
EUDC: (extra urbain drive cycle): It was added after the fourth ECE cycle for driving
modes that require higher power, reaching higher speeds. Figure 1.20 (b).
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Figure 1.20. Driving cycles (a) ECE1S5, (b) EUDC.
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NEDC (new european driving cycle): It is a combined cycle of four ECE15 cycles
followed by a EUDC cycle. This cycle is the most commonly used by vehicle
manufacturers for calculating CO» emissions and fuel consumption. This cycle does not
require high power and is not accepted in some U.S. states; it will be replaced by the

WLTC in the future. Figure 1.21.
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Figure 1.21. Driving cycles NEDC.
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1.11 Conclusion

In this chapter, a state-of-the-art review of the electric drive system was presented.
Subsequently, we detailed the essential stages of its design, addressing the various
onboard energy sources (batteries, fuel cells, super-capacitors) as well as the motor
technologies most suitable for this application. The hybrid vehicle would represent an
optimal solution if it were not constrained by the excessive weight of the batteries and,
above all, by its limited driving range. While awaiting further technological advances
that will enable a wider deployment of these alternative solutions (battery electric
vehicles, hybrids, and fuel cell vehicles), driven by improvements in battery technology,
the mass introduction of hybrid vehicles, and the drastic reduction in the cost and size of
fuel cells, the hybrid vehicle market may finally experience the growth that has been
anticipated for over a century. On the motor side, given its advantages over other types
of rotating electric machines, including robustness, relatively low cost, and reduced
maintenance requirements, the Permanent Magnet Synchronous Motor (PMSM) appears
to be the most suitable choice for electric vehicle propulsion.
Before achieving optimal control of this propulsion system and defining a control
structure that ensures energy optimization, it is customary first to model the various
components of the propulsion chain. The following chapter will be dedicated to the

modeling of the various subsystems that make up the electric vehicle.
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2.1 Introduction

To devise a control strategy and accurately estimate the energy consumption of an
electric vehicle, having a suitable vehicle model is essential [53]. The complexity of the
electric vehicle model arises from the wide range of components it encompasses,
including vehicle dynamics, transmission systems, electric machines, power electronics,
and energy sources. Each of these components must be precisely modeled to ensure
reliable conclusions. The electric vehicle model was created using the
MATLAB/Simulink software environment. This chapter presents an analysis of the
forces acting on the vehicle. Following the development of the dynamic model, the next

step focuses on modeling the system components.

2.2 Description of the electric vehicle traction system

An electric vehicle (EV) powertrain consists of three main subsystems: electric
motor propulsion, power supply, and auxiliary systems. The electric propulsion
subsystem includes the vehicle controller, electronic power converter, electric motor,
mechanical transmission, and drive wheels. The power supply subsystem comprises the
power source, power management unit, and power supply unit. Lastly, the auxiliary
subsystem primarily consists of the power steering unit, the cabin air conditioning
system, and the auxiliary power supply unit.
The illustration in Figure 2.1 shows the components of the electric traction system in an
electric vehicle. The system consists of a super-capacitor powered DC voltage source, a
fuel cell, IGBT-based power converters, and a control system that manages the electric

motors located at the rear of the vehicle, which are connected to the two wheels [54].
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DC/DC CONVERTER

Figure 2.1. General structure of the chosen electric vehicle.

2.3 Vehicle dynamics modeling

The propulsion system produces mechanical energy, which can be stored in the
vehicle as kinetic energy during acceleration or as potential energy when the vehicle
ascends to higher altitudes. The amount of mechanical energy provided by a vehicle
while driving is mainly influenced by three factors:

- losses from aerodynamic drag.
- Losses from rolling resistance.
- Energy dissipated in the brakes.

The mechanical model described in this section calculates the torque and driving
force required for the vehicle's operation, as shown in Figure 2.2. The propulsion system
must generate a tractive effort at the wheel that equals the combined forces needed to
overcome aerodynamic drag, rolling resistance, and road inclination, as well as the force
required to accelerate the vehicle. The force needed to pull the vehicle at the wheels is
determined by the following equation [55]:

Fr = Fio + Faq + Fo + Fgt (2.1)

Where:

F,.q : Aerodynamic resistance.
Fy : Stokes or viscous drag force.
F., : Rolling resistance force.

F.. : climbing resistance force.
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—F" Moving direction

Figure 2.2. Fundamental forces exerted on an electric vehicle.

2.3.1 Force generated by rolling resistance

The resistive force generated by tire road interaction is associated with the mass of
the vehicle m, the acceleration due to gravity and the wheel rolling resistance
coefficient. In practice, with modern tires designed for minimal rolling resistance, the
factor of tire rolling drag C4 is approximately 0.01 (around 0.015 for conventional tires)
[56]. This specific factor is influenced by the width of the tires and the type of road
surface. Therefore, The force generated by rolling drag is given by [57]:
Fro = Cq.-m.g.cos(a) (2.2)

2.3.2 Air resistance force

The aerodynamic drag force is linearly related to the air density p, the square of
the vehicle's speed V, the wind speed V,,, the frontal surface area of the vehicle A¢, and
its coefficient of drag C¢, which ranges from 0.25 to 0.5 depending on the shape of the
vehicle's body.

1 1
Fad = E -p .Cf .Af(Vr)Z = E -p .Cf Af(V + VW)Z (23)

2.3.3 Climbing resistance force

The gravitational force exerted by gravity while driving on an inclined road
depends on the slope of the road. According to Figure 2.2. This force is positive when
the vehicle is ascending and negative when it is descending. It is represented as:

Foo = £m.g.sin(a) (2.4)

Page 35



Chapter 2: Modeling of the Traction Chain Elements

2.3.4 Stokes or viscous drag force

Fsr = KaVr (2.5)
K, :Stokes coefficient.

In the literature, researchers sometimes use the vehicle's acceleration force F, instead of
the viscous friction force Fg¢ , as referenced in [58].

Y —mty (2.6)

F, = mA m

Where the mass factor A which depends on the engaged speed, ranges from 1.06 to
1.34. ] is the moment of inertia at the circumference of the driving wheel, i is the
gearbox ratio, and r is the wheel radius.

The electric motor generates the traction force needed for an electric vehicle to

overcome the roadway load. The equation of motion is therefore defined by:

dv

E: FtI'_FT (=4 mIO(= Ftr_FT (2.7)

K,m

Fi+ : Tire traction force.

K., :Rotational coefficient of inertia (mass factor).

m; = K,,,m : Inertia mass of the vehicle.

a : Acceleration of the vehicle.

The net force (Fy. — F1) accelerates the vehicle, or decelerates it if Fp exceeds Fy, .

The work is defined by the following expression:

B =YL, Fdx (2.8)

When the work is differentiated with respect to time, the following expression is

obtained:

de = /dX =
p=d—?=F(d—f)@p=F.v (2.9
Where

p : is mechanical power.

2.4 Three-phase permanent magnet synchronous machine modeling
Modern control laws, with their increasing efficiency, enhance the management of

transient states and ensure precise speed regulation across a broad range of operations
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[59]. All these improvements require a good understanding of the machine and its

converter, especially in transient states.

2.4.1 Simplifying assumptions

The electrical and dynamic behavior of electric machines can only be studied if it
is defined by a mathematical model. To obtain this model, the following simplifying
assumptions are taken into account [60]:
-The absence of saturation in the magnetic circuit.
-The sinusoidal distribution of the magnetic flux created by the stator windings.
-Hysteresis, eddy currents, and skin effect are neglected.
-Negligible cogging effect.
-The resistance of the windings does not vary with temperature.
Given that the excitation is supplied by a permanent magnet, the excitation flux is
assumed to be constant. Additionally, the magnet is treated as a winding with no
inherent resistance or self and mutual inductance, functioning solely as a flux source
[61-63].
Under these conditions, the electrical equation for the stator can be formulated using the

receiver convention and assuming no damper windings, as follows:

2.4.2 Electrical equations

The three-phase stator voltage equations are expressed as:

Va ia d (pa

Vb| =Rg |ip +E Pp (2.10)
VC ic (pC

Where:

[Va Vb Vc]' are the stator phase voltages, Ry is the stator resistance, [ ip ic]*
are the stator phase currents and [®a @b @c]* are the total stator fluxes, which are

expressed as:

(pa ia (Paf
@b | = Lgg |ip | + [@oe (2.11)
('pC ic ('pCf
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Where:
0
Paf CZS 21
Pbe| = p |58 =) 2.12)
Pef cos(0 + 2?“

Where, @ is the amplitude of the flux produced by the permanent magnets.

0 : Absolute rotor position in electrical degrees

[Lgs] : The matrix of stator inductances.

In a salient pole machine, the matrix of stator self-inductances [L¢s] depends on the
position. It contains two terms: [Lgo] which is constant, and [L,, (8 )] which is a function
of the angle PO,, , O is the electrical angle and 0, is the mechanical position of the rotor

relative to the stator. It can be expressed as:

[Lss] = [Lso] + [Lm(e)] (2.13)
With:
Lss  Mss Mg
Les = |Mgs  Lss Mg (2.14)
Mgs Mgs  Lgs

The leakage inductance [Lgo] and the magnetizing inductance [Lyy,].

The [L,] term is expressed within the framework of the first harmonic theory

cos(20) cos 2(0 — %ﬂ) cos 2(0 + %ﬂ)
[Lm(8)] = Ly |cos2(6—2) cos2(0+=)  cos(26) (2.15)
cos 2(0 + %ﬂ) cos(298) cos2(0 — %ﬂ)

With Lgg and Mg representing the self-inductance and the mutual inductance between
the stator windings.

The substitution of (2.11) into (2.10) gives:

vl = [Rel.lis] + 5 ([Lss]- lis] + [oe]) (2.16)

We notice that equation (2.16) is nonlinear and coupled. To address this issue, we adopt

variable changes and transformations that reduce the complexity of the system. In this
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case, we apply the Park transformation, which converts the stationary windings (a, b, ¢)

into rotating windings (d, q) that move with the rotor.

2.4.3 Transformation of park
By applying the Park transformation, we transform the real stator quantities
(voltage, flux, current) into their fictitious components, known as the d and q

components. The Park transformation is defined as follows [64]:

[Xaqn] = [p (0)]- [Xabcl (2.17)

Where X can be a current, a voltage, or a flux and 0 represents the rotor position, the

terms X4 and X, represent the longitudinal and transverse components of the stator

variables (voltages, currents, fluxes, and inductances).

Figure 2.3. Representation of a synchronous machine [60].

In the system of equations (2.18), let us perform the following variable change [65]:

[p(e)] . [quhs] = [Vs]

[p(e)] . [idqhs] = [is] (2.18)
With :
\/% cos(8) —sin(0)
[p(6)] = \E % cos(0—2) —sin(6—) (2.19)
% cos(6 — 4?“) —sin(0 — %ﬂ)
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[p(0)] is the Park transformation matrix that converts the stator quantities [v] , [is] and
[s] into their corresponding components [quhs] and [idqhs].The motor is assumed to
be in a star configuration, forming a balanced system i, + i, + i, = 0. Thus, the zero-
sequence component represented by the first column of matrix (2.18) is zero.

By applying transformation (2.19) to system (2.10), we obtain:

[qus] = [p(e)] . [Vabcs] = [p(e)] . [Rs] . [iabcs] + [p(e)] % ([(pabcs]) (2.20)

If we premultiply all these terms by [p (8)]~! and knowing that

1 0 0
[RsJ=Rs|0 1 0
0 0 1

Then, based on (2.16), we obtain:

[Vag] = [p(®)].[Re]-[p (0)17" . [iaq] + [P(B)].

[p ()15 ([9aq]) + [P(®)] . ([P (©)]7Y). [@uq] (2.21)
with:

1 1 1

V2 V2 V2
[p(®)] = \E cos(0)  cos(B— 2?“) cos(0 — %ﬂ) (2.22)

—sin(B) —sin(0 — 2?“) —sin(0 — 4?“)
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2.4.3.1 Model of the permanent magnet synchronous machine in the park

reference frame

Reference Frame

d — -

o

Figure 2.4. Equivalent machine of park transformation [65].

By utilizing (2.21), we derive the stator equations of the machine expressed in the rotor-
linked Park reference frame:

_ . desq
Vg = Rs- 14 + T - (Dr(pfq

vq = Rgig+ % + WrPsq 229
According to equations (2.13), (2.17) and (2.22), we have:
[@0dq] = P(®)] - [Panc] + @t
[Paq] = [p(O)].[L].[p (®)]7" . [iaq] + ¢ (2.24)
Therefore:
®q = Lq.1g + @¢
Pq = Lq-iq (2.25)
Lq, Lq : Direct and quadrature axis inductances.
Considering the flux equations, we can express:

v = Ryig + La 52 — Laoyig
(2.26)

. di .
Vg = Rg.ig + qu—g + w(Lqig+@y)
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These equations allow us to draw the equivalent circuit of the Permanent Magnet

Synchronous Machine (PMSM) in the d-q axis system shown below [64-66]:

wrLqlq wrLg Iq
RS Ld— € RS Ld —
+ +o ——1
— —
I
I q

Figure 2.5. The equivalent circuit of the PMSM in the d-q axis system.

2.4.4 Expression of the power and electromagnetic torque

As Park states, the expression for power is given as follows:
P(t) = Vdid + tiq (227)

By replacing vq and v with their expressions, we get:

2 . . . d . d d . .
p(t) = E [Rs( 1d2 + qu) - (lda(pd + lqa(pq) + a ((pdlq - (qud) ] (2-28)

Therefore:

The first term represents the Ohmic voltage drop (Joule losses).

The second term represents the change in stored magnetic energy.

The third term represents the power transferred from the stator to the rotor through the
air gap (electromagnetic power).

Considering that :

P, = C..Q (2.29)
Therefore:

3 . .
Ce = By P(@aiq — @qia) (2.30)
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By replacing ¢4 and ¢4 with their expressions, we get:

3 .. .
Ce = 3 P[(La — Lq)ialq + @rig] (231
With:

P : Number of pole pairs.

2.4.4.1 Mechanical équation

Analyzing transient regimes requires considering both electrical and mechanical
quantities. Therefore, to complete the model, we must incorporate the mechanical
equation derived from the moment theorem Figure 2.6.
The crucial equation that finalizes the PMSM model is the fundamental mechanical

equation that describes the rotor dynamics of the machine:

. do
%G =j5; (2.32)

Ce
w&q
"‘/\\5{. |~ J

Figure 2.6. The different torques acting on the rotor.

The mechanical equation for the machine is expressed as:

Ce = fQ (2.33)

w, = PQ: mechanical rotational speed of the machine.
C,: Resistant couple.

Ce : Electromagnetic couple.

j :Moment of inertia.

P : Number of pole pairs.

Q : Electrical speed of the rotor.

f : Friction coefficient.
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By determining the final form of the PMSM equations in the d-q reference frame with

ig, iq w and C, as state variables:

% = —% iq +t—ijriq +ivd

Al —% iq + t—jpmrid - P Pw; + v (2.34)
= 3 (g + (L~ Loiaa) = G — o

Co = ; P [(La — Lq)iaiq + @riq

2.4.4.2 State equation formulation
Assume the voltages (vq, vq) and the excitation flux @¢ are control variables,
while the stator currents (iq , iq) are state variables. Using equations (2.34), the system

of equations can be expressed as follows [62], [63]:

i

B = [A)IX] + [BIU] 235)

Vd
(2.36)

(5

R L
. — =S P(*)r -q .
d [1d Lq Lq Iq 0 1 0
alia| = L Re | |ig| T Lq
dt [1q —Pw, 2 = q q
Lq Lq

With:

—— : System dynamics vector.

A] : State matrix.
X] : State vector.
: Input matrix.

: Control vector.
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2.5 PEM fuel cell modeling

The energy sources for our electric vehicle, including the fuel cell (FC) and super
capacitors (SC), have already been presented. This section focuses on the modeling of
these two sources. This modeling is crucial and beneficial for maximizing the

performance of these sources in electric vehicle applications.

Fuel Cell
Model » Ve

Figure 2.7. Schematic block diagram of the simulation model of the stack voltage.

2.5.1 Static characteristics of a fuel cell (PEM)

Several studies, including those in [67], suggest a static model that represents the
polarization curve of the PEM fuel cell Figure 2.8 as the sum of four components: The
Nerst tension Enerts, the activation over-voltage vact, the ohmic over-voltage vonm, and the

concentration over-voltage Veonc.

Ideal Voltage of 1.2 V

Region of Activation
— F’o-lorizo’ion
(Reaction Rate Loss)

Cell Voltage (V)

Total Loss

32

Region of Ohmic Polarization
(Resistance Loss)

Region of Concen*rorion/
Polarization
{(Gas Transport Loss)

>

Cell Current (A)

Figure 2.8. Static characteristics of a fuel cell (PEM) [67].

Vfc = Enerst - Vact - Vohm - Vconc (2-37)
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2.5.1.1 The open-circuit voltage of the fuel cell, Nernst equation

The fuel cell converts chemical energy directly into electrical energy. The
chemical energy released by the fuel cell is determined by the change in Gibbs free
energy (Agy), which is the difference between the Gibbs free energy of the products and
the Gibbs free energy of the reactants. Gibbs free energy is used to determine the
available energy necessary for external work.

The equation for calculating the change in Gibbs free energy is given [68] as follows:

Ag¢ = g¢ products — gereagents = (g¢)u,0 — (¢0)u, — (¢ro, (2.38)

The variation in Gibbs free energy is influenced by temperature and pressure:

1
Ags= Ag®, — RTgln [ﬂl (2.39)

Pu,o0
Where:

Ag° ¢+ variation of Gibbs free energy at standard pressure (1 bar), which depends on the

temperature Ty, expressed in Kelvin.

Py,, Po, €t Py, o hydrogen, oxygen, and water vapor pressures.

R : Universal gas constant (8:3145J= (kg:K)).

For each mole of hydrogen, two electrons pass through the external electric circuit, and
the electrical work done is calculated as follows:

L(electrical work performed) = —2FE (joules) (2.40)
Where:

F: is the Faraday constant (F = 96485 coulombs), which is the electric charge of one
mole of electrons.
E: Open-circuit voltage of the fuel cell.

if the system is lossless:

Ag¢ = —2FE (2.41)
— 1

E = 200 Z80% | RTee), [PHZPZOZI (2.42)
2F 2F 2F PH,0

The term —Z varies depending on the operating point; in practice, it is equal to 1.229

V under standard conditions (25°C and 1 bar).
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2.5.1.2 The activation over-voltage

The activation over-voltage are primarily due to the kinetics of the chemical
reactions, with the hydrogen reaction being fast, while the oxygen reaction is slower
[68].
V,ee = aln (i) (2.43)

where:

a : the constant to be determined empirically.

i : Current density delivered by the fuel cell.

ip : Exchange current density equivalent to the electron flux at the electrolyte/electrode
interface under open-circuit conditions.

Another similar function, valid for the entire range of i, is used in fuel cell models:

Vet = Vo + V(1 — e™c1h (2.44)

V, : The voltage drop at a current density equal to 0, V, (volts) and ¢ are constants.

2.5.1.3 The ohmic over-voltage

The ohmic over-voltage are due on one hand to the contact resistance of the
different layers of the cell and on the other hand to the resistance encountered by the
charged particles. H" ions in the electrolyte and e electrons in the electrodes, the bipolar
plates and the connections (The contact resistance is negligible compared to the ionic

resistance of the electrolyte and the resistances of the anode and the cathode) [68].

Vohm = 1 Rohm (245)
tm

Ropm = p— (2.46)

Where:

tm and oy, are respectively the thickness and the conductivity of the membrane.
The wvariation in membrane conductivity with different values of humidity and

temperature is given as follows:

Om = biexp (by(== — —)) (2.47)
303 Ty
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Where:
b, is a function of the membrane water content, A,. b2 is a constant.
b; = (b11Am —b12) (2.48)

The constants bi1, bi2, and b, are usually determined empirically.

2.5.1.4 The concentration over-voltage

At high current densities, the low transport rate of reactants or products to the
reaction site is the main cause of concentration drop. This voltage drop is expressed in
terms of a limiting current density called i., which is inversely proportional to

temperature, and a constant B, known as the transport or mass transfer constant [68].

Veone = —BIn|1 -] (2.49)

1L
Another, simpler empirical relationship:

Veone = i(CZ- 1 )CB (2.50)

Imax

2, ¢z et 1 : Constants that depend on temperature and pressure

imax: Maximum current density.

2.5.1.5 Output voltage of a fuel cell system
By combining all the voltage drops related to the losses in the previous sections,
the operating voltage of the fuel cell can be expressed as follows [68]:

Vfc = Enerst - Vact - Vohm - Vconc (2-51)

= Enerst - [VO + Va(1 - e_C1i)] - [iRohm] - [i (CZ ! )Csl

lmax

Where:

Vi : fuel cell voltage (V),

ELerst : Open-circuit voltage of the cell (Nernst potential),

Vohm, Veone, and Vet are the ohmic, concentration, and activation over voltages,

respectively, the voltage Vg, is the voltage of a single fuel cell.
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Multiple cells are stacked in series to form a stack. To calculate the voltage of the stack,
you need to multiply the voltage of a single cell by the number of cells, n, and the stack
current, Ly, is equal to the current of the cell.

The current density is then defined as the stack current per unit of the active cell area:
{Vst = N. VfC

Ist (2.52)
A

2.6 Modeling of super capacitors

A super capacitor can be quite simply modeled using the following model. We
have chosen that the super capacitors, added as high-power storage devices, must supply
the entire power Py, = Py for At = 10s. The energy supplied is estimated to be
approximately 4.8M1J [27].
The energy Eg. stored at the voltage U, of the SC pack can be expressed as follows:

_1 2 _ 1Npsc
Esc - EceqU sc T 5 Nssc

CscU?gc (2.53)

Where Ceq is the equivalent capacitance of the SC pack, Nyg. and N are the number
of parallel branches and the number of series connections of SCg, respectively, and Cg, is
the SC capacitance.

The super-capacitors considered in this thesis are of the Maxwell/ BCAP3000 type, rated
at 3000F, 2.7 V, with parameters given in Table D.1 (Appendix D)

It is generally allowed to use 75% of the energy stored in the SC pack by discharging the
pack from its nominal voltage U,, = 300V (approximately 80% of the DC bus voltage [28])
to half of this value, equal to U, = 150V

It is generally allowed to use 75% of the energy stored in the SC pack by discharging the
pack from its nominal voltage.

Each elementary SC is then discharged from an initial voltage Vg, = 2.7V to a final
voltage Vi = 1.35V, Additionally, internal losses in the SCg can be accounted for by
the efficiency coefficient k=0.9 [28].

The energy extracted from the SCg can then be expressed as:

1 1
PuAt = K(5 CeqU2y — 5 CeqU?m) (2.54)
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To optimize the combination of super capacitors with the battery in UPS
applications, we need to establish a model to describe the behavior of the super capacitor
during rapid charge and discharge cycles. We consider the equivalent electrical circuit

with two RC branches, as proposed by [30], as shown in Figure 2.9.

Losse Main Cell Slow Cell
r= =
| | Rl RZ
> L —
Iy g: ¥

|
I |
I
Vsc in[]: C1:C0+CV.V1?é v C;, —=| ¥,
|
|
I
|

Figure 2.9. Simplified circuit of the super-capacitor: two-branch model [69].

The main capacitance C; (differential capacitance [71]) depends on the voltage vi.
It consists of a constant capacitance Co (in F) and a constant parameter Cy (in F/V), and
it is expressed as C; = Cy + Cyvy. The R1C; branch determines the immediate behavior
of the super capacitor during rapid charge and discharge cycles over a few seconds.
The R2C; cell is the slow branch. It complements the first cell over a long time range of
a few minutes and describes the internal energy distribution at the end of charging (or
discharging).
The equivalent parallel resistance Rr represents the leakage current and can be neglected

during the rapid charge/discharge of the super capacitor.

2.7 Gearbox

At the output of the electric motor shaft, torque is available. This torque is
transmitted to the wheels through several mechanical components. The first is the
gearbox. The Hy Power Bora features a continuously variable transmission (CVT),
where the transmission ratio is controlled by a hydraulic system that changes the pulley
diameters. However, due to the complexity of the system, the modeled system is that of

a speed reducer with a fixed transmission ratio Figure 2.10.

Page 50



Chapter 2: Modeling of the Traction Chain Elements

(0
' Qgearbox
Gearhox
Coearhor
gearbox
Cem

Figure 2.10.Gearbox.

From the expression below, the resisting torque applied to the machine is deduced in the

case of a lossless reducer:

Q, =n. Qgearbox (2.55)
Copy = 28220 (2.56)
Qr- Cem = Qgearbox- . Cgearbox (2'57)

with n: reduction ratio

The angular velocity (), (rad/s) is related to the vehicle speed % (m/s) by the following

relation:
Q== (2.58)

» Speed Profile Over Time

Figure 2.11 shows the speed profile of the NEDC cycle used to perform the analysis.

120 — VA [~

-
o]
o]
|
~
T

The Vehicle speed (Km/h)
)
0
T~

o 20 a0 60 80 100 120 140 160 180 200
Time (sec)

Figure 2.11. The vehicle speed over time.
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Three distinct phases can be identified in this speed profile:

- The phase where the speed increases linearly, the acceleration phase
- The phase where the speed is constant, the steady phase;

- The phase where the speed decreases linearly, the deceleration phase.

In conclusion, the speed behavior over time always follows the following form (an

affine function):

v(t)=at+b (2.59)

Depending on the considered speed phase, a and the average speed during this phase are
calculated, and ultimately, the force that the vehicle must develop during this phase is
determined. Figure 2.12 shows the evolution of the traction force over time for a 10%
incline between 16s and 22s, based on the NEDC speed cycle.

» Calculation of the traction force over time:
According to the fundamental equation of dynamics:
ma = Fyr + Faq + Fer + Fro (2.60)
By projecting these forces along the direction of motion:

ma(t) = Fe(t) — Fag(t) — Fer(t) — Fro (£) (2.61)

1000 - — L
800 - +
600 - -
400 - S

200 - ~

Tractive force (N)

-200 - -

-400 - =

-600 ~

T T T T T T T T T
o 20 40 60 80 100 120 140 160 180 200
Time (sec)

Figure 2.12. Evolution of the traction force over time for a 10% incline.

The figure illustrates the time evolution of the vehicle’s traction force according to

the NEDC cycle. An alternation between positive and negative values can be observed,
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corresponding respectively to the acceleration and braking (or energy recovery) phases.
A significant increase in traction force is noted between 16 s and 22 s, reaching
approximately 1000 N, due to the presence of a 10% slope that requires greater motor
effort. These variations reflect the vehicle’s dynamic behavior and the response of the
propulsion system to the different demands of the driving cycle.

> Power Calculation:

By definition, power is:
P(t) = F(t).V(t) (2.62)

For the following, we do not consider power losses (in other words, we do not take
efficiency into account). Depending on the speed phase and the force developed during
this phase, the vehicle's power is determined. Figure 2.13 illustrates the evolution of
power over time for a 10% incline between 16s and 22s.

=104

Power (W)
[=] - N
1 l
pr—
M"'\-\.
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/o

-3 - 1 -
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Figure 2.13. Evolution de la puissance en fonction du temps pour une pente de 10%.

Variation of the vehicle’s power over time. The plot shows alternating motoring phases
(positive power) and regenerative braking phases (negative power). A noticeable rise in
power between 16 s and 22 s corresponds to a 10% uphill segment. The peak power
reaches approximately 4.8 X 10*  while the minimum value is about 2.9 x 10*
demonstrating the system’s ability to both supply and recover substantial power under

varying driving conditions.
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> Maximum current

The current is calculated by:

I(t) = —9 (2.63)

UDC_Bus

Figure 2.14 shows the current curve as a function of time for a 10% incline.
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Figure 2.14. Current as a function of time.

The peak current reaches about 83 A, whereas the minimum value is around —55 A,
demonstrating the system’s capability to both deliver and recuperate substantial
electrical current under varying driving conditions.

So in our work, we have chosen the traction motor power to be 50 kW. The
machine parameters must be specified in the electric drive model of the PMSM under

Matlab/Simulink, as shown in Table A.1 (Appendix A).

2.8 Overview of the fuel cell vehicle considered

At present, numerous automotive applications rely on fuel cells as the primary
energy source and super capacitors as supplementary power sources. The use of super
capacitors helps to reduce the power strain on the main energy source, namely the fuel
cell. Throughout this work, the characteristics of the studied vehicle are assumed to be
similar to those of the Volkswagen Bora HY Power, such as a maximum speed of 140
km/h and an acceleration from 0 to 120 km/h in 10 seconds [72]. The Volkswagen Bora

HY Power vehicle consists in part of:
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-A fuel cell consists of four blocks mounted in parallel. Each block includes three stacks
connected in series. A stack has a power output of approximately 8 kW and is composed
of 25 cells. During operation, a portion of the fuel cell's power is consumed by its
accessories (air compressor, motorized valves, etc.). The hydrogen supply is provided by
26 compressed hydrogen tanks at 350 bars.

-A super-capacitor module consists of two blocks mounted in parallel. Each block
contains 84 super-capacitor cells connected in series. A cell has a capacitance of 3000 F
and a nominal voltage of approximately 2.5V. It has a maximum specific energy of 5.3
Wh/kg and a maximum specific power of 4.8 kW/kg.

-Intermediate converters: a Boost converter connected to the fuel cell, a Buck/Boost
converter connected to the super-capacitors, and an inverter connected to the DC bus,
where the voltage must be regulated at 570 V; the switches used are 600 V IGBTs with
anti-parallel diodes.

-A synchronous motor with a nominal power of approximately 50 kW, peak power, and

a maximum torque of 255 Nm.

2.9 Sizing of the vehicle's energy sources

The objective of this section is to present a method for sizing the energy sources
(fuel cell and super-capacitor module) in a fuel cell vehicle, specifically to determine the
required number of fuel cell units and super-capacitor module. The specifications
considered are those of the Bora vehicle. We only consider the characteristics of the
energy sources (fuel cell and super-capacitors) used in the Bora vehicle [72] and [73].
The electrical system of the vehicle under study contains:
-Two DC-DC converters are used to adjust the voltage levels between the two sources
and the DC bus. The converter associated with the fuel cell operates in Boost mode,
raising the fuel cell voltage to 570V. It is unidirectional. The other converter, placed
between the super capacitors and the DC bus, is bidirectional. It operates in Boost mode
when the super capacitors supply electrical energy to the DC bus and in Buck mode
when electrical energy is directed to the super capacitors to charge them.
-An inverter connected to the DC bus
-A synchronous machine that drives the vehicle's wheels
The mass of the vehicle under study is assumed to be around one ton (the mass of the

Bora vehicle body is 1000 kg). It has a frontal area of approximately 2.5 m? a drag
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coefficient of about 0.3, and a rolling resistance coefficient of around 0.01. The
maximum speed is 120 km/h, with an acceleration from 0 to 100 km/h in 12.5 seconds.
To size the vehicle's energy sources, it is important to estimate the power required by the

vehicle. Assuming that the road is flat, it is expressed by [73]:

P, = E P,ir Vi °SCy + MgC, + Mg sin a + Mddlth] Vi, (2.64)
with:

M : The mass of the vehicle (in kg)

V;,: The speed of the vehicle (in m/s)

SCy: The master torque coefficient (frontal area x drag coefficient) (in m?)
P,ir : The air density (kg/m?)

C; : The vehicle's rolling resistance coefficient

g: The acceleration due to gravity (9.81 m/s?).

2.9.1 Fuel cell sizing

The fuel cell is the primary energy source in the vehicle. Therefore, it must be able
to provide sufficient power for the vehicle to reach a maximum speed of 120 km/h as
specified in the requirements. Using equation (2.64) and assuming the vehicle's speed is
stabilized at 120 km/h, the power of the fuel cell is calculated to be 47.2 KW. Adding
5% for the power consumed by the fuel cell auxiliaries, we obtain a maximum power of
approximately P, = 49.56 KW
The voltage limit E.,; of a single cell in a PEM fuel cell is 8 V. This voltage
corresponds to the maximum power provided by the cell. The fuel cell must power a DC
bus Upc = 570 via a multi-level Boost converter. The Boost converter’s efficiency
decreases as the transformation ratio increases [74], so the duty cycle should be around
0.29 for optimal operation [74]. Therefore, the fuel cell voltage Ug. = Ngc . . Ecen
must be at least equal to Upc (1 — D)/2 where N¢.__ . is the number of cells connected

in series. It is given by:

= Ut _ 55 (2.65)

fCseries E
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The fuel cell used in the Bora vehicle has a power of N, = 500W. The number of

series branches connected in parallel is given by:

Tlemax g (2.66)

Nfcseries Nfccell

Nfcparallele

In summary, the fuel cell onboard the vehicle consists of four blocks connected in
parallel, with each block containing three stacks connected in series. Each stack is an

assembly of 25 cells.

2.9.2 Sizing of Super capacitors
Super capacitors serve as an auxiliary energy source, operating during acceleration
and braking of the vehicle. The maximum power that the super capacitors must supply

to the vehicle for it to accelerate from 0 to Vi = 100km/h in t,= 36.5 s is given by [74]:

\%
Pscmax = Mt_:fvtf (2.67)

We have determined a maximum power of Pscpax. This power corresponds well to that
of the super capacitor module used in the Bora vehicle. According to the specifications
of the HY. Power Bora vehicle, a super capacitor module is sized based on the required
power and the duration for which it must supply this power.

The sizing methodology consists of determining:

-The operating voltage range.

-The maximum transferred energy Enay, .

-The number of elements to be connected in series Ns and in parallel Np
The following parameters are defined:
Nge: The total number of super capacitors

Ve : The maximum allowable voltage of a super capacitor

1émax

U : The maximum voltage of the super capacitor module

SCmax

U : The minimum voltage of the super capacitor module

SCmin
_ Uscmax
SCmin

Generally, U because when the super capacitor module discharges

USCmax

759 of the stored electrical energy is consumed.
. (1]

between Ugc . and

The maximum transferred energy (corresponding to 20 kW for 36.5 s) is given by:

V2

_ _1 2 élé
Emaxiranst = PsCmaxta = 3 NeteCete (Vsio e =4 ) (2.68)
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Using equation (2.68), the number of elementary super capacitors required to meet the

energy demand is expressed as:

Emax 2 Emax 2
Nélé — NpNS — 2trzmsf ~ — 2transf ~ (269)
Ca1eV2elemax 17K Ca1eV2elemax 1—(0.55)

Sizing assumption: To ensure a safety margin relative to the minimum voltage of the
super capacitor pack, the calculation of the number of elements is performed with a
discharge depth of k=55% with:

k : Depth of discharge

Cei¢ : Capacitance of a super capacitor element (F). For a super capacitor cell used in the
vehicle, we have Ngg¢ = 300F with Vg (the maximum voltage is set to this value to
ensure better longevity). Hence:

E =730 K] and Né]é =95

MmaXtransf

The maximum voltage of the super capacitor module is set to Ugc, . = 240V to ensure

acceptable converter efficiency, hence:

Usc Nas
Ng = 2% ~ 84 < N = -

Velémax s

= 1.31, Thus N, ~ 2 (2.70)

To summarize, the super capacitor module installed in the vehicle consists of two blocks
connected in parallel. Each block contains 84 super capacitor cells connected in series.

Each cell has a capacitance of 3000 F.

2.10 Power supply system

The use of an electric powertrain in electric vehicles implies the presence on board
of an electric energy source, which can be:
-A fuel cell with a capacity appropriate for the vehicle's desired range.
-The super-capacitor stacks onboard.
In the majority of electric vehicles, there is a challenge regarding the compatibility
between the voltages of the sources and the receivers. This compatibility challenge
requires the presence of electronic converters onboard electric vehicles, which are
responsible for eliminating operational incompatibilities.
Therefore, vehicles may be equipped with:
- DC-DC converters
- AC-DC converters
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- DC-AC converters
This section explains the role of (DC-AC) converters onboard an electric vehicle in
powering an PMSM [66].

Figure 2.15 depicts the schematic diagram of the converter-machine connection

Inverter

T_| <3

==

Inverter Control —

Figure 2.15. Global diagram of a variable-speed PMSM and its power supply.

There are several types of inverters:
e Voltage inverters.
e Current inverters.
e According to the number of phases (single-phase, three-phase).

e According to the number of levels (2, 3, etc.).

2.10.1 Modeling of the two-level three-phase voltage inverter

The inverter is a static converter that transforms a direct current signal into an
alternating current signal with adjustable frequency and amplitude [62]. It plays a crucial
role in machine control, especially for synchronous machines.
The inverter circuit consists of six bidirectional switches, each composed of a transistor
and a flyback diode connected in anti-parallel, as shown in Figure 2.16. The pairs of
switches (k11, k12), (k21, k22), and (k31, k32) are controlled in a complementary
manner to ensure the continuity of currents in the stator phases of the machine and to

prevent short-circuiting the source [62], [63].
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Transistor
Control

Udf] K4 Kzq Kzq
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U;:f I Kio T K I Ka» T
T

3 VbsT3 %T%

Figure 2.16. Representation of a two-level three-phase voltage inverter.

Considering an ideal converter [63], hence the following hypotheses:

- The switching of the components is instantaneous.

- The voltage drops at their terminals are negligible.

- The load is three-phase balanced and star-connected with isolated neutral point.
The single-phase voltages applied to the three phases of a three-phase load can be

represented as follows:
VA = Vao t Von
VB = Vgo t Von (2.71)
Ve = Vco + Von

By addition, we obtain:

vVa + Vg + Ve = Vao + VBo + Vco + 3VON (272)

As the three-phase voltage system is symmetrical, it can be represented as:

VA + VB + VC = VAO + VBO + VCO + 3VON = O (273)
Therefore:
1
Von = —3 (Vao +VBo + Vco) (2.74)

By substituting (2.74) into (2.71), the resulting system is:
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_2 1 1
Va =3Vao ~3VBo ~3Vco

1 2 1
Vg = _EVAO + EVBO - EVCO (275)
Ve = 1V 1V 2V
C — 3 AO 3 BO+3 CcO

The system (2.75) can be written in the following matrix form:

Va 2 -1 —1][Vao
H [_1 . _1] H 76
Ve -1 -1

2 1lVco
System (2.76) defines the mathematical model of the three-phase inverter, with the

Wl

output line-to-line voltages expressed as:

VeBc = VB ~ V¢ (2.77)

{VAB =Va—Vp
Vca = Ve—Va

2.10. 2 Pulse width modulation (PWM) control

The PWM. is realized by comparing a low frequency modulating wave (reference
voltage) to a high frequency carrier wave of triangular shape. The switching times of the
switches are determined by the intersection points between the carrier and the
modulating wave. The schematic diagram of this technique is given in Figure 2.17.
Figure 2.18 shows the commutation instants of the switches, This technique is

characterized by the following two parameters:

f
=2 (2.78)
fr
With
+ 1 |— S,
Vzm > 0 ——
A
- 0
F 3

Carrier ﬁ‘equeucy

Figure 2.17. Principle diagram of the PWM.
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Source signal

Figure 2.18. PWM technique.

m: The modulation index, defined as the ratio of the carrier frequency to the reference
frequency.

_ Vi

r=gt (2.79)

Where:

r: The modulation rate (or adjustment coefficient) which gives the amplitude ratio

of the modulator to the peak value of the carrier.
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2.11 Conclusion

The primary objective of this chapter was to present the dynamic behavior of the
electric vehicle based on the forces acting on the vehicle during uphill driving. The
design of the vehicle depends on the characteristics of the traction motor, which are
determined by the traction forces, the wvehicle’s acceleration, and the energy

consumption of the electric vehicle.

Then, the modeling of the permanent magnet synchronous drivetrain, powered by
a pulse-width modulation voltage inverter, was developed. Since the inverter can be
considered as the connection element between the machine and the power source, and
based on the variable topology modeling method, the semiconductors were considered
as ideal switches. As a result, the inverter was modeled by a connection matrix whose
elements are logical variables. After that, we presented the modeling of the energy
sources (fuel cell and super-capacitor) as well as their sizing. This modeling will allow

us to predict the performance of the traction chain.
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3.1 Introduction

The electric traction system typically consists of energy sources, such as super-
capacitors and fuel cells, along with receivers, including the traction motor. Efficient
energy management between these components necessitates the use of power electronic
converters to regulate and condition the energy flow. Initially, we will examine the
mathematical modeling of DC/DC converters linked to these sources, along with their
control strategies. Subsequently, we will introduce a novel DC/AC converter design
aimed at enhancing the performance of the traction system. To demonstrate the

effectiveness of this converter, simulation results will be analyzed.

3.2 Energy source combination

Different electrical topologies are possible for combining these energy sources
(fuel Cell and super-capacitor) [75] and managing the power of both sources:
They can have a single degree of freedom or two degrees of freedom. The degree of
freedom represents an electrical quantity to be controlled (current and/or voltage). The
choice of architecture is primarily justified by the simplicity of system implementation
and the overall cost it entails [76].
At the energy source level, one of the roles of power converters is to control the power

distribution between the fuel cell system and the super-capacitor.

Fuel cell system T Vbe

Secondary energy
source —

Figure 3.1. Architecture with a single reversible converter connected to the secondary source.
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Fuel cell system J T Vpe

Secondary energy
source

Figure 3.2. Architecture with a single non-reversible converter connected to the primary source.

Fuel cell system J T Vbe

Secondary energy J

source

Figure 3.3. Dual-converter parallel architecture.

Furthermore, its local control typically regulates the current, voltage, and/or transmitted
power to ensure the safety of the connected components. Three main hybrid
architectures are considered [77]:

1. The fuel cell is directly connected to the DC bus and imposes its voltage. A
bidirectional DC/DC converter is placed between the secondary source and the bus in

Figure 3.1.

2. The secondary source is placed directly and imposes its voltage on the DC bus. A

non-reversible DC/DC converter is used between the PAC and the bus in Figure 3.2.

3. The PAC and the super-capacitor are both connected via DC/DC converters in Figure

3.3. In this case, the bus voltage can be freely chosen (which is the case in this work).
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3.3 DC/DC converter

3.3.1 DC/DC converter associated with the fuel cell

To use the fuel cell in the electric vehicle as an energy source, it must be
connected to a fixed-voltage DC bus. In this case, the fuel cell voltage needs to be
increased, as it is often lower than the DC bus voltage. Therefore, a boost converter is
used to adapt the fuel cell voltage to that of the DC bus. The fuel cell system imposes

specific constraints due to its design and operating principles.

3.3.1.1 Constraints imposed by the fuel cell (FC)

e High current and low voltage

To increase the power of the fuel cell (FC), multiple cells must be connected in series to
achieve a higher voltage, or larger surface areas must be used to increase the current. For
design reasons, the number of cells in series within a stack is limited to 100, resulting in
a nominal voltage of around 60 V and an open-circuit voltage of 100 V. Improving the
unit power of a stack requires increasing the surface area of the cells. For example, the
company axane has presented two power ranges corresponding to two different fuel cell
plate surface areas.

-The first one has a surface area of 80 cm? and provides a power output of 2.5 kW.

-The second one has a surface area of 550 cm? and provides a power output of 20 kW
The voltage of these two ranges remains within the same range, between 60 V and 100
V. Under these conditions, it is clear that we are in the high-current, low-voltage domain
[78].

e Low ripple in the output current

To avoid reducing the fuel cell's performance and to improve its lifespan, the current
ripple demanded by the converter connected to the fuel cell must be kept low, as it
degrades the cell's efficiency [78]. These additional losses are negligible when the
current ripple provided by the fuel cell is below 10%.

e Response to load variations

The time constant of the fuel cell during step load changes is limited by the mechanical

dynamics of the compressor. We observe a time constant on the order of a few tens of
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milliseconds. For each system, the duration of this regime mainly depends on the
operating point and the amplitude of the steps. It can last up to several seconds, or even
longer.
To summarize, three main criteria determine the type and architecture of the converter
associated with the fuel cell:
1- Increase the fuel cell voltage to a level that allows it to be connected to the DC bus.
2- Handle the high current due to the nature of the fuel cell.
3- Reduce the current ripple delivered by the fuel cell
To meet these three criteria, a parallel architecture can be used. This architecture
involves connecting multiple boost converters in parallel and staggering their control

signals. This converter is called an “Interleaved Boost Converter”.

3.3.1.2 Two-phase interleaved boost converter

The interleaving technique is used to solve the problem associated with the high
input current of the parallel converter in several applications (which is our case).
Connecting the converters in parallel is an architecture that allows the current to be
divided among several elementary cells. The current passing through each cell is then
lower. This reduces the current stress on the components. This architecture also helps
reduce the size of the magnetic elements by benefiting from the attenuation of the
current ripple at the input of the interleaved converter, as well as reducing conduction
losses in the converter [79]. Figure 3.4 shows the interleaved boost converter made up of
N identical branches connected in parallel.

e Sizing voltage
VK = VD = VS

e Sizing current
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Among the advantages of this architecture:

-Reduction of current stress on semiconductors.

-Reduction of the amplitude of input and output current ripples, as the equivalent
switching frequency is multiplied by the number of branches.

-Reduction of power losses.

-Architecture better suited for fuel cells.

However, the drawbacks of this structure include a high number of components,
higher cost, complex control, and the voltage constraints on the semiconductors remain
the same as in a conventional Boost converter. The minimum number of branches
results from a techno-economic trade-off, primarily analyzing the economic cost of

components and power losses.

ZS Dy Dy D. ;l\ Dy,

Ly ZS 2 (Y
= NN :
> |
L2 oy '

L: (YY) — Vs
L bl ] I 5
Ve — 1
4
if
_l K, 'l K -l Ks v K

Figure 3.4. Interleaved boost converter architecture with n branches.

In our work, we used two branches of the fuel cell converter to avoid complicating the

control scheme.

(R C

e it

Figure 3.5. Interleaved boost converter with 2 branches associated with a fuel cell [81].
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In the converter shown in Figure 3.5, each elementary boost converter is
controlled with the same duty cycle D, with control signals phase-shifted by half a
period. The average current flowing through each cell represents half of the input
current, assuming both branches are identical. The output voltage remains the same as

that of a conventional Boost converter for a given duty cycle [81].

3.3.1.3 Mathematical model of the interleaved DC/DC Boost converter
Based on the electrical schematic of the two-branch interleaved Boost converter

shown in Figure 3.5, applying Kirchhoff's laws, we obtain the following model:

dI
( Ly stl = Vic — Vpc(1 — uy)

dI

L, dtz = Vic — Vpc(1 —uy)
\ Ife =11 (1 —uy) +1,(1 —uy) 3.1)
[fe = Ipg + 112
av

L Coc—p = I — Ien

Where:

u; and u, are two binary control variables for switches K; and K, delayed by half a
period relative to each other. They can take values of 1 or 0: 1 when the switch is closed,
0 when it is open.

ltc_pc current from FC injected into the DC bus, it is discontinuous, and its average

value is related to the current from FC by the following relation:

Ife-pc = (1 = D)lg_pc

Where D is the duty cycle of this chopper

3.3.1.4 Sizing of the Interleaved DC/DC Boost Converter

e Inductance Calculation

Generally, the inductances are identical L; = L, = L for both branches to achieve
optimal ripple. In our thesis work, the fuel cell is connected to a DC bus via the
converter, where the bus voltage remains constant. The ripple of the fuel cell current as a

function of the bus is given by the following relation:

% si D<0.5

_ f

Alg = (2D-1).(1-D)Vpc si D=>0.5 -
L¢ .
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For a duty cycle D=0.25 and D=0.75, the maximum ripple is given by:

\%
Alfe max = 8LL;: (3.3)

The minimum inductance is:

Ve (3.4)

- BAIfc_maxf
We take Vpc = 570V, and Alg; nax= 3A, £=10KHZ, therefore L=2mH

e Capacitor capacitance calculation

It is the same as the classic boost, the capacitance value is calculated using the following

equation:

_ O(ICH
= v (3.5

a: The duty cycle (around 2.5)

Icy: Charging current (max value = 80A from the charging cycle)
f: Switching frequency (10 kHz)

AV: Maximum voltage ripple (5V)

We find:

C=0.004F

3.3.1.5 Control of the interleaved boost converter associated with the fuel cell
Due to the low-voltage nature of the fuel cell (FC), it is necessary to increase its
voltage. The Boost converter and its various types are current-voltage converters well
suited to the fuel cell for two main reasons:
-They naturally provide voltage step-up.
-They have an inductive nature at the input, which helps reduce current ripple
The converter used is of the interleaved type, where the current supplied by the fuel cell
is divided among the different branches of the converter to minimize the total current
ripple.
Two control techniques are proposed. The first technique consists of using two
cascaded loops: The outer voltage loop compares the reference voltage value with the

measured value and sets a current reference in the inductors. The inner current loop
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compares the reference with the actual current in the inductors, and the error is corrected
to determine the duty cycle. A PWM modulator converts the duty cycle into a pulse
control signal for the converter’s transistors Figure 3.6. In this technique, all elementary
transistors switch with the same duty cycle, and only one point is used for current
measurement. The presence of parasitic resistances is considered in the circuit. If these
resistances are identical, the elementary currents will automatically balance. In the case
of a high number of interleaved branches, the number of current sensors can be reduced
by measuring at a single point instead of m points in m elementary branches [78]. In the
second technique, the reference current is calculated by the voltage loop and compared
with the two elementary currents Figure 3.7. This solution ensures absolute balance
accuracy. However, it requires using as many sensors as the number of interleaved
branches. The circuit becomes more complex, not only due to the number of sensors but

also because of the number of regulators [78].
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Figure 3.6. Interleaved converter control without elementary current balancing [81].
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Figure 3.7. Interleaved converter control with elementary current balancing [81].
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3.3.2 Converter associated with super-capacitor

To ensure the connection between the DC bus and the storage element (super-
capacitor), a DC/DC converter is necessary. This converter also controls the power
supplied and absorbed. The super-capacitor can be charged or discharged, which
requires the use of a bidirectional current converter.

In our work, we have chosen a two-quadrant bidirectional converter Figure 3.8.
This converter consists of a switching cell with two switches (Ki, K»>) that is
bidirectional in current. Each switch is a controllable transistor that can be opened and

closed, with diodes mounted in antiparallel [80].

syl
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Figure 3.8. Two-quadrant chopper connected to super-capacitor [81].

3.3.2.1 Mathematical model of the DC/DC buck-boost converter

This converter has two operating modes: a buck mode when the super-capacitor
receives energy from the DC bus and a boost mode when the super-capacitor supplies
energy. Let u: and uz be the binary variables representing the states of the switches (Ki
and K-), where state 1 corresponds to a closed switch and state 0 corresponds to an open
switch. The analysis of the converter's operation allows us to establish the following
differential equations [81].

Boost Operating Mode (I, > 0)

dlsc
{ Lsc? = Vsc — VDC(1 - ul) (3.6)
I

sc—-DC = Isc(1 - ul)
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Buck Operating Mode (I, < 0)

dlgc
{Lsc? = V¢ — VDC(uZ) (3.7)

Isc-pc = Isc(uz)

Vst Voltage at the terminals of the super-capacitor
It Super-capacitor current
Isc_pc: Super-capacitor current injected into the DC bus.
Lsc: Smoothing inductance.
u4: Control signal of switch K
u, : Control signal of switch K>
To avoid a short circuit of the voltage source, the signals ui and u. must be
complementary (u, = u; = 1 — u;) Thus, we can write a single system of equations by
setting u; = u
{ Lee 22 = Voo — Vpe(1 — )
dt (3-8)

Isepc = Isc(1 - u)

3.3.2.2 Control of the buck-boost converter associated with the super-
capacitor
Unlike the interleaved boost converter of the fuel cell, the super-capacitor's buck-

boost converter is current-controlled using a conventional PI regulator Figure 3.9.

Iy a .ﬂ_ﬂ.
—)®—’ PI A PWM régulator f——>
Coming from the power management unit

I To the buck-boost converter

™

Coming from the current sensor

Figure 3.9. Super-capacitor current regulation diagram [81].
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3.4 Multi-level inverter

The classic inverters have a lot of constraints so the electronic field started to need
an inverter that can produce high performance and an almost sinusoidal output. As a
solution, the evolution of the multi-level inverter has started [82].

The multi-level inverter is a power circuit that generates high-power outputs with
at least three states (three levels) the more levels that can be generated, the closer the
output is to the sinusoidal waveform. The number of levels in multi-level inverters is
improved by increasing the number of switches and other components, depending on
their topologies [83]. There are several topologies for the multi-level inverter. The
neutral point clamp NPC, flying capacitor FC, and cascaded H-bridge CHB are the most
often used in the field Figure 3.10.

Multilevel
Inverter topologies

Single DC source Multiple DC source

Neutral Point
Clamped (NPC)

Flying Capacitot Cascaded H-Bridge
(FO) (CHB)

Figure 3.10: Multi-level inverter topologies according to their source type.

3.4.1 Multi-level inverter topologies

3.4.1.1 Diode clamped topology

The neutral point clamped multi-level inverter topology known also by the name
of diode clamped, this topology contains one DC source and multiple semiconductor
switches and diodes, the function of clamped diodes is a level shifter. The NPC can

generate outputs that have more than three levels. To increase the number of levels we
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need to increase the number of specific components such as the switches and the diodes.

Figure 3.11 shows the three-level structure of the NPC topology [84].

Vi —b—

==

Figure 3.11. NPC multilevel inverter topology circuits.

While the diode-clamped configuration offers extendibility, The three-level
configuration represents the widely favored configuration within the industry, owing to
the challenges of capacitor voltage balancing as the total number of voltage levels
increases 53, 75 and 76. In practice, the NPC topology is chiefly applied to motor drive
systems, but it has also been applied in photovoltaic systems [85] and grid applications

[86].

3.4.1.2 Flying capacitor topology

This topology was originally proposed in 1992 by T.A. MEYNARD, H. FOCH in
[87]. It is regarded as a suitable alternative to the diode-clamped topology. The converter
consists of several switching devices arranged in series, with one or more capacitors
connected to each leg of the converter, as illustrated in the figures. In this topology, the
capacitors are isolated from the DC bus, hence the term flying capacitor converter.
The primary drawback of this topology lies in the huge quantity of capacitors required,
particularly in higher-level structures, as well as the need for additional circuits to pre-
charge them. It has been implemented in high-power domains, with active power
filtering being a key example [88]. Figure 3.12 shows the structure of three-level flying

capacitor topology.

Page 76



Chapter 3: A New Multilevel Inverter Topology with Less Switching Devices for
Electric Vehicle Applications

A B C

Figure 3.12. Three level flying capacitor topology.

3.4.1.3 Cascaded H-bridge topology

The cascade H-bridge (CHB) configuration was originally suggested in 1975 by
Baker Richard H. and Bannister Lawrence H. [89]. This configuration is realized by
series connection of multiple H-bridge cells, each supplied by an independent isolated
DC source. Owing to its inherently modular structure, the CHB inverter enables
decentralized implementation of control and protection schemes at the cell level, thereby
ensuring scalability while substantially reducing both design complexity and overall

manufacturing cost. Figure 3.13 illustrates the structure of CHB converter topology.

)R+
Vaca

Vicb:

Vacaz Vaens]
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Figure 3.13. Three-phase generalized cascaded h-bridge converter topology.
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The cascade H-bridge topology has been used in multiple applications such as

photovoltaic systems [90], motor drive systems [91], electric vehicles [92].

3.4.2 Symmetric configurations of multilevel topologies

The flying-capacitor, diode-clamped, and cascaded H-bridge structures are

categorized as symmetrical multilevel inverters, characterized by equalized DC-link

capacitor voltages and uniform voltage blocking requirements across all semiconductor

devices. Their primary limitation is the exponential increase in the number of switching

devices with higher voltage levels. A comparative evaluation of the device count for

each topology is summarized in Table 3.1, assuming identical power ratings for all

switches.

Table 3.1: Comparative analysis of fundamental multilevel inverter topologies [89].

Topology T D m

Diode clamped 4 6 2

3 Level Flying capacitor 4 4 2
Cascaded h bridge 4 4 2

Diode clamped 8 20 4

5 Level Flying capacitor 8 8 4
Cascaded h bridge 8 8 4

Diode clamped 12 42 6

7 Level Flying capacitor 12 12 6
Cascaded h bridge 12 12 6

Diode clamped 2m m’*+m m

m+1 Level Flying capacitor 2m 2m m
Cascaded h bridge 2m 2m m

The data table demonstrates that the cascaded H-bridge inverter exhibits superior

performance, especially for higher voltage-level implementations.
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3.4.3 Asymmetric configurations of multilevel topologies

In recent times, increasing attention has been directed toward asymmetric
multilevel inverter topologies, primarily to minimize the number of switching devices.
Structurally, most asymmetric configurations resemble their symmetric counterparts; the
distinction lies in the unequal DC input voltages assigned for each module and the
corresponding voltage/current ratings of the semiconductor devices. Nevertheless, these
topologies exhibit different operational characteristics, particularly in terms of the
number of achievable voltage levels.

Possible voltages Possible voltages
(p.2e.) &
a4

Figure 3.14. Possible voltage levels using 9-level symmetric and asymmetric topologies.

3.4.4 SPWM Technique

Sinusoidal pulse width modulation (SPWM) represents the most widely employed
modulation technique for multilevel inverter control due to its simplicity and ability to
achieve high power quality. Its principal drawback, however, lies in the elevated
switching frequency, which adversely impacts the lifespan of the semiconductor devices
in multilevel converters. The underlying principle of SPWM involves the use of multiple
carrier signals, phase-shifted across several levels, which are compared with a sinusoidal
reference signal. As illustrated in Figure 3.15, the comparison between the carriers and
the reference defines the gating signals applied to the switching devices of the multilevel

inverter.
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Figure 3.15. Sinusoidal pulse width modulation for N level inverter.

3.4.4.1 Level shifted PWM

A. Phase disposition PWM (PD-PWM)

The phase disposition PWM (PD-PWM) technique employs multiple triangular

carrier signals along with a single sinusoidal reference per phase. To synthesize an

output with m potential levels, the method requires m—1 carriers of identical amplitude

and frequency. Figure 3.16 illustrates the carrier disposition corresponding to a five-

level inverter.
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Figure 3.16. Carrier arrangement for PD-SPWM.
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B. Phase opposition disposition PWM (POD-PWM)

Figure 3.17 illustrates the carrier arrangement of the phase-opposition disposition

(POD-PWM) technique, in which the carriers above the zero reference are phase-shifted

by 180° relative to those below it.
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Figure 3.17. Carrier arrangement for POD-SPWM.

C. Alternate phase opposition disposition PWM (APOD-PWM)

The alternate phase-opposition disposition (APOD-PWM) technique is realized by

introducing a 180° phase shift between adjacent carrier signals, as shown in Figure 3.18.
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Figure 3.18. Carrier arrangement for APOD-SPWM.
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3.4.4.2 Phase shifted PWM (PS-PWM)
Phase-shifted PWM is a multi-carrier modulation method usually used for flying

capacitor and cascaded H-bridge inverter topologies mainly due to their modularity.

3.5 The proposed cascaded topology

The cascade H-bridge multilevel configuration has many advantages over clamped
diode and ying capacitor configurations, but it has a significant drawback for higher
voltage levels. It raises production costs by requiring a lot of heat sinks, protection
circuits, and switching devices. This work proposes a new topology that uses non-equal
DC input sources to solve this issue (also known as asymmetric topology.) and making
use of a hybrid configuration that combines bidirectional switches with a basic H-bridge
topology to provide greater voltage levels than traditional topologies while using fewer

switching devices. The structure of the suggested 21-level inverter is depicted in Figure
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Figure 3.19. The suggested 21- level inverter configuration.

The proposed 21- level inverter consists of two cells with H bridges. The upper
cell consists of a basic H-bridge made up of four power switches (Si, Sz, S3, S4), two
bidirectional switches (Ss, Se¢) along with three DC power sources, each having the same
voltage value, the bidirectional switches Ss and S¢ function to control the connection of

the DC sources, enabling the construction of the required waveform of the staircase
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output voltage, this inverter cell may produce 7 different voltage outputs + 3Vdc, +
2Vdc, = Vdc and 0. The lower cell is implemented as a basic H-bridge composed of
four power switches that are linked to a separate DC source, this cell may produce three
different voltage output +Vdc, 0 and —Vdc. The output voltage levels are defined by

N=2S+1 (3.9)

Where N represents the inverter level, while S denotes the number of DC voltage
sources. The inverter output voltage V;, is the total sum of the individual inverter
outputs

Vin = Veen1 + Veenz (3.10)

Table 3.2 presents the allowed switching configurations for every possible
combinations.

It is important to note that these combinations are only applicable under the conditions

listed below:
Vacr = Vaez = Vaes (3-1 1)
Vaca =7 X Vg1 (3.12)

This implies that the voltage source for the second cell must be seven times that of
the first cell, to achieve 21 voltage levels. From the proposed topology and equation
(3.12), it is evident that the switching devices in the second cell experience higher
voltage stress compared to those applied in the upper bridge. Hence, switching devices
with high voltage ratings are required for lower bridges.

Table 3.2: Output voltage levels (p.u.) with their respective conducting switches for the

suggested 21-level inverter.

Switches Switches
Voltage, p.u. Voltage, p.u.
in ON state in ON state
10 S1, S4, Sp1, Spa -10 S3, S2, Sp2, Sp3
9 S4, Ss, Sp1, Spa -9 S3, Se, Sp2, Sp3
8 S4, Se, Sp1, Spa -8 Ss, S3, Sp2, Sp3
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7 S2, S, Spt, Sps —7 S2, Sa, Sp2, Sy
6 S5, Ss, Spl, Sps -6 S6, S4, Sp2, Sp3
5 S5, S, Spl, Sps -5 Ss, Sa, Sp2, Sp3
4 S2, S3, Spl, Sps 4 S1, S4, Sp2, Sp3
3 S1, S4, Sp2, Sps -3 S2, S3, Sp2, Spa
2 S4, Ss, Sp2, Spa 2 S3, S, Sp2, Spa
1 S4, S, Sp2, Spa i S3, S5, Sp2, Spa
0 S2, Sa, Sp2, Spa 0 S2, S, Sp2, Spa

In this work, we use the PD-SPWM modulation technique. Figure 3.20 illustrates the
principle of sinusoidal PWM (21-level inverter).
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Figure 3.20. Principle of Sinusoidal PWM 21-Level Inverter.

3.6 General schematic of the converter employed

The presence of two energy sources with different characteristics on board the
vehicle requires the use of static converters to condition the energy from these sources
[93]. The primary objective of this energy conditioner is to provide a variable DC bus

voltage level. The minimum voltage to be supplied corresponds to the voltage of the

Page 84



Chapter 3: A New Multilevel Inverter Topology with Less Switching Devices for
Electric Vehicle Applications

sources, which is in turn closely related to the starting voltage required by the traction
motor [94]. This minimum voltage level must ensure the vehicle’s operation at low
speed, i.e., in urban driving mode. The maximum voltage level, on the other hand, is
defined by the maximum speed of the motor, which corresponds to the vehicle’s
maximum speed in highway or road mode [95].

Figure 3.21 illustrates the overall structure of the converter used.

DC-Bus lioaa

_J_ | K= 5,

b
Cbus__ .z
Upus T = :l ]
DC =i .

i

Figure 3.21. The complete architecture of the employed converter.

3.7 The concept of energy management within the system

In the proposed hybrid power system (fuel cell and super-capacitor), both energy
sources are interfaced with a Direct Current (DC) bus via dedicated power converters.
The primary objective is to maintain a stable and adequate DC bus voltage to supply the
inverter, utilizing both the fuel cell and the super-capacitor as energy sources [96]. The
resulting DC bus voltage (Vpc_ inverter) serves as the input voltage to the inverter.
In our case, a strategy will be tested and simulated to verify certain criteria, such as
minimizing fuel consumption and maintaining a good state of charge of the super-

capacitor. This strategy is: Energy management through frequency separation.
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3.7.1 Energy management through frequency separation
In this strategy, the approach is based on the constraints imposed by the hybrid
power system, including power and response time limitations in the dynamic operation

of the fuel cell, as well as state-of-charge limits for the super capacitor pack [24].

A
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Low passe bas 1 Fuel cell power limited
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Figure 3.22. Energy management by frequency separation.

-The power of the fuel cell must be limited between a maximum power Pre_pmqy and a
minimum power Pre_mn

-The fuel cell has a slow dynamic response compared to super-capacitor due to the large
mechanical time constant of the air compressor.

To limit the dynamics of the fuel cell reference current, the DC bus reference power is
passed through a low-pass filter to generate the fuel cell reference. The difference
between these two references is used to determine the super-capacitor reference power
Figure 3.22.

According to this strategy, power demands are divided into two categories: those with
fast dynamics are supplied by the super-capacitor pack, while those with slow dynamics

are handled by the fuel cell.

3.8 Simulation results

Figure 3.23 illustrates the evolution of three voltage levels in a hybrid fuel
cell/super-capacitor architecture, with energy management based on frequency control.
The DC bus voltage remains nearly constant around 570 V, which is critical for ensuring

reliable power delivery to the load. This indicates that the energy management system
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effectively regulates and stabilizes the bus voltage despite fluctuations in the power

sources.
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Figure 3.23. DC voltage in a hybrid Fuel Cell/ super-capacitor architecture using frequency-

based energy management

To highlight the function of the boost and buck-boost DC/DC converters in ensuring
voltage level adaptation between the two energy sources and the DC bus.
Figures 3.24 and 3.25 illustrate that the output voltage of the two converters reaches and

maintains the reference level of 570 V
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Figure 3.24. Dynamic response of the boost converter output voltage.
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Figure 3.25. buck-Boost Converter Output Voltage.

To confirm the efficiency of the recommended topology. A comparative study has
been done in this section to demonstrate the merits of the proposed topology over of
tow-level inverter topology. Total Harmonic Distortion (THD) was selected as a quality
measure to evaluate the quality of the generated output voltage and is calculated using

the following equation.

/23& Hp?H
THD% =¥—"———100 (3.13)

Figure 3.26 (a) shows the voltage wave forms generated by tow-level inverter topology.
Figure3.26 (b) displays the spectra of the output voltage waveforms, showing a total
harmonic distortion (THD) of 73.39%.

Fundamental (50Hz) = 212.3 , THD= 73.39%
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Figure 3.26. (a)Voltage waveform produced by two-level inverter, (b) The spectra of the output

voltage.
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Figure 3.27 a, b show the output voltage wave form of a 21-levels inverter,
respectively. The upper cell produce the magnitudes of voltage +£36.5, £73, £109.5 and
0, lower cell produce the magnitudes of voltage +255.5, 0 and -255.5. Figure 3.27 (c)
shows total output voltage is sum of 2 cells inverter with the peak of 365. Figure 3.27
(d) displays the spectra of the output voltage waveforms, showing a total harmonic

distortion (THD) of 6.13 %.
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Fundamental (50Hz) = 363.8 , THD= 6.13%
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Figure 3.27. The output voltage wave form of a 21-levels inverter; (a) upper cell output voltage;

(b) lower cell output voltage; (c) total output voltage; (d) harmonic spectrum for output voltage.

Table 3.3 clearly demonstrates and gives an overview of the actual waveform quality
along with its fundamental component. The THD emphasizes the benefit of the level. It
is also noted that increasing the inverter level enhances the inverter’s output signal.

Table 3.3: Distortion factors of each type of inverter.

Inverter level Output voltage (THD%)
2-levels 73.39
21-levels 6.13

3.9 Conclusion

This chapter is divided into two sections. The first focuses on the modeling of the
DC/DC converters linked to the energy sources (fuel cell and super-capacitor), along
with their control strategies. The second part presents the new proposed topology of a
multilevel DC/AC converter. At the end, a simulation is conducted to evaluate the

performance of these converters.
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4.1 Introduction

Classical control laws can be insufficient because they are not robust, especially
when the requirements for accuracy and other dynamic characteristics of the system are
strict. It is necessary to use control laws that are insensitive to disturbances, parameter
variations, and nonlinearities. When the controlled system is subject to disturbances and
parameter variations, a self-adaptive solution can be used. By readjusting the controller
parameters, it maintains predefined performance levels despite these disturbances and
variations. However, this approach has the drawback of often requiring a complex
implementation.

In this first part of the chapter, we present the concepts of the new variable
structure control technique known as sliding mode control. We describe the
methodological aspects necessary for understanding this technique by providing a
review of the general foundations and sliding mode control. Finally, we conclude with
the application of this technique to the PMSM. However, the chattering phenomenon
represents its main drawback. To address this issue, another control technique is used,
which combines the advantages of both types of controllers while eliminating the
chattering effect. This technique is called fuzzy sliding mode control and will be the
focus of the second part of this chapter. Finally, we present the simulation results of the

powertrain.

4.2 General Concepts of Sliding Mode Control Theory

The switchings of the variable structure control are performed based on the state
variables, which are used to create a 'manifold' or 'surface' known as the sliding surface.
Sliding Mode Control (SMC) consists of driving the state trajectory toward the sliding
surface and making it evolve with a certain dynamic until reaching the equilibrium point
[97]. A sliding surface is a surface S on which the system follows the desired evolution
(where the error evolves). When the state is maintained on this surface, the system is
said to be in the sliding regime. Thus, as long as the sliding conditions are met, the
system's dynamics remain insensitive to parameter variations of the process, modeling
errors (within a broader range compared to classical control approaches), and certain

disturbances [98].
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4.3 The objective of sliding mode control

The objective of Sliding Mode Control is to:

-Design a surface S(x) = 0 such that all system trajectories follow a desired behavior of
tracking, regulation, and stability.

-Determine a control law capable of driving all state trajectories toward the sliding

surface S(x) = 0 and keeping them on this surface.

4.4 Sliding mode control of the PMSM

Permanent magnet synchronous motors (PMSMs) are increasingly attracting
attention in electric drive applications due to their high power density, high torque-to-
inertia ratio, and higher efficiency compared to other types of motors. In an electric
vehicle drive system, the motor speed must closely follow a specified reference
trajectory, regardless of load disturbances, parameter variations, and model
uncertainties. Moreover, a wide speed range covering both the constant torque and
constant power regions is desirable. In electric vehicles, there are unavoidable
interferences such as current coupling, friction force, parameter variations, and load
disturbances during operation. Due to the presence of these interferences, accurately
describing a mathematical model of the PMSM is challenging, and rapidly mitigating
these disturbances with a linear control method is difficult. Substantial research has been
reported detailing control and performance challenges. The classical proportional-
integral (PI) controller, due to its implementation simplicity, remains the dominant
choice in most applications. However, due to load disturbances, un modeled state
variations, parameter changes, and friction forces, PI controllers are unable to provide
effective solutions to many practical problems [99].

Variable structure sliding mode control is a type of nonlinear control method that
can automatically adjust based on the system's current state. It does not require a precise
mathematical model and can force the system to follow a predefined trajectory in sliding
mode. The sliding mode trajectory can be artificially defined in advance and remains
unaffected by the system's parameters and disturbances [100]. This control approach
involves defining a so-called sliding surface and a Sliding Mode Control (SMC) law to
guide and constrain the system to remain in the vicinity of this so-called 'switching'

surface. SMC falls within the framework of variable structure system theory, which
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aims to achieve a closed-loop dynamic that is largely independent of the process itself

and, most importantly, of any potential parameter variations.

4.4.1Variable Structure Systems

A Variable Structure System (VSS) is a system whose structure changes during
operation. It is characterized by the selection of a function and a switching logic. In
variable structure systems with sliding mode, the state trajectory is brought to a surface
(hyperplane) and, using the switching law, is forced to remain in the vicinity of this
surface.
In general, the system dynamics can follow multiple surfaces. The trajectory in the

phase plane consists of three distinct parts Figure 4.1 [101].

MRP \

Figure 4.1. Different modes for the trajectory in the phase plane.

-The Convergence Mode (MC): in which the regular variable moves from the initial
equilibrium point.

-The Sliding Mode (MG): during which the state variable has reached the sliding
surface.

-The Permanent Regime Mode (MRP): The system's behavior is around the
equilibrium point.

Variable structure systems are characterized by the selection of a function and a
switching logic.

Consider the system described by the following differential equation:

x(t) = f(x,t,u) 4.1)
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Where: X = [x1, X3, .....X,] € R™ is the state vector; u € R™ is the control input; t is
time; and f'is the function describing the system's evolution over time.

The sliding surface associated with the variable structure system is defined by:
S={x€R™S(x)=0} (4.2)

To keep the representative state of the system's evolution on a manifold, the control
vector u is defined to switch between two values (u*, u™) depending on the sign of the
switching surface S(x)

ut(x,t) si S(x)>0

u(xt) si S(x) <0 (4.3)

u(x, t) = {

ut(xt), u”(x,t) are continuous functions.

S ={x € R™:S(x) = 0} is a sliding surface manifold that divides the state space into
two regions: S(x) < 0 and S(x) > 0

This switching logic aims to constrain the trajectory to follow the switching surface. It is
then said that the system's trajectory slides along the switching surface S(x)=0, a
phenomenon known as sliding motion [102]. The trajectory in the phase plane consists
of two parts Figure 4.2

- The Reaching Mode.

- The Sliding Mode

n X2
Reaching phase S0
Convergence to N SEF Sliding mode —
s(x)=0 o based convergence
o X(t) to the desired state

L A » X1

Figure 4.2. State trajectory in the phase plane.

In the first phase, the system state, starting from an arbitrary initial condition x1(0)=0,

tends toward the switching surface S(x)=0.
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The second phase is characterized by the sliding mode, during which the state variable
evolves on the sliding surface and converges toward the desired state x4 (t)
The variable system (4.1) with the control law (4.3) can be rewritten as follows:

ff(x,t) si S(x,t) >0

x(0) =fxtu) = {f—(x, ) siS(xt)<0

(4.4)

S(x, t) is a surface in R" that divides the space into two disjoint regions: S(x,t) > 0 and
S(x,t) < 0.

Outside the discontinuity surface, the functions f* and f~ can exhibit different
behaviors:

-The functions f* and f~ cross the surface from one side to the other.

- The functions f* and f~ are each attracted toward the surface.

The case of interest is when both functions f* and f~ are directed toward the surface; in
this case, the surface is said to be attractive.

In a two-dimensional space, the principle of control discontinuity Equations (4.3) and

(4.4) can be illustrated by Figure 4.3.

S(x, t)=0

Sliding mode

S(x., t)<0

Figure 4.3. Convergence of the state trajectory to the switching surface prior to sliding mode.

Thus, the problem of the existence of the sliding regime comes down to analyzing
the system's trajectory, which must not deviate from the surface S. We aim to verify that
the distance and the derivative of the distance between the trajectory and the switching

surface have opposite signs. This can be demonstrated by the following equation:

lim S$>0

s—->0 . (4.5)
lim S<O0

s—0t

Hence, the attractiveness condition for achieving the sliding regime:
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s(x).85(x) <0 (4.6)

This is the principle of attractiveness. Additional mathematical justifications can be

found in books dealing with nonlinear systems.

4.4.2 Design of sliding mode control

The design of sliding mode control mainly consists of determining three steps [103]
1. The selection of the surface.
2. The establishment of the existence conditions for convergence.

3. The determination of the control law.

4.4.2.1 Selection of the sliding surface
The selection of the sliding surface concerns the required number of these surfaces
and their shape, depending on the application and the intended objective. In general, for

a system defined by the following state equation [101]:
X () = f(xt) + gx Hu(t) (4.7)

It is necessary to choose “m” sliding surfaces for a vector y of dimension “m”.
Regarding the shape of the surface, two possibilities arise: either in the phase plane or in
the state space. In the latter case, there is the so-called “switching law method by state
feedback”, this method uses the concepts of state feedback control to synthesize the
switching law. Its major drawback lies in its slow transient response and highly complex
design.

In the case of processing in the phase space, the switching function is a scalar function,
such that the variable to be controlled slides on this surface to reach the origin of the
phase plane.

Thus, the surface S(x) represents the desired dynamic behavior of the system. J.J.
Slotine proposes a general equation to determine the sliding surface that ensures the

convergence of a variable to its desired value. This equation is given in the following

form [101]:

s() = (2 + Ax)H e(x) 4.8)

e(x): The deviation of the variable to be controlled, e(x) = X e — X

Ax: A positive constant that represents the bandwidth of the desired control.
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r: Relative degree, equal to the number of times the output must be differentiated to
make the control appear.

For:

r=1= s(x) =e(x)

r=2 =sx) =Aex) +eéex)

r=3 =s(x) = 1, %e(x) + 21,6(x) + é(x)

S(x) = 0 is a linear differential equation whose unique solution is e(x) = 0

The difficulty of this control lies in a trajectory tracking problem, where the
objective is to keep S(x) at zero. This is equivalent to an exact linearization of the error
while satisfying the convergence condition. The purpose of the exact linearization of the
error is to enforce the error dynamics (reference — output) to follow the dynamics of an

autonomous linear system of order “r”’ [103]

+ e’ (%) e’ 1(x) e(x)
S(x) 4>®—> f ) f R
Input -1 \ Output
2-7'—1 <

Figure 4.4. Exact linearization of the error.

4.4.2.2 Conditions for the existence of convergence

The convergence conditions ensure that the system dynamics converge towards
the sliding surfaces. From the literature, we identify two conditions, which correspond to
the convergence mode of the system state [101].

e Direct switching function

This is the first convergence condition, proposed by Emelyanov and Utkin. It is given in
the following form:

s(x).5(x) <0 (4.9)
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This means that the trajectory of the operating point, after reaching the sliding surface
during a transient regime that satisfies condition (4.9), oscillates on either side of the
surface with a high frequency and low amplitude, and quickly tends toward the desired

operating point e(x) = 0 [101].

e Lyapunov function
The Lyapunov function is a positive scalar function V(x) > 0 for the state variables of
the system. It is used to assess control performance, study robustness, and ensure the
stability of nonlinear systems.

By defining the Lyapunov function as:
V(x) = %Sz(x) (4.10)

For the Lyapunov function to decrease, it is sufficient to ensure that its derivative is
negative. This is verified by the following relation:

V) <0=s(x).5(x)<0 4.11)
This can be expressed by the following relations:

lim S$>0 and lim, $<0 (4.12)
S—

s—-0~

Equation (4.10) explains that the square of the distance to the surface, measured by
S2(x), decreases continuously, forcing the system trajectory to move toward the surface
from both sides. This condition assumes an ideal sliding regime where the switching

frequency is infinite.

4.4.3 Determination of the control law

One of the essential assumptions in the design of variable structure systems
controlled by sliding modes is that the control must switch instantaneously (infinite
frequency) between U4, and Upy,in, depending on the sign of the sliding surface. In this
case, very high-frequency oscillations appear in the sliding mode.
In sliding mode, the goal is to force the system dynamics to match the sliding surface
s(x) using a control law defined by the following equation:

u(t) = ueq(t) + uy (4.13)
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With:

u: control input.
Ueq: corresponds to the equivalent component.
uy: Corresponds to the nonlinear component (discontinuous control input).

When the switching surface is reached, we can write:

U=Uegq and uy =0 (4.14)

The control ueq can be interpreted as the average value that the control u takes during

rapid switching between up,,x and Up;y.

WUmax

A\
]
\

Figure 4.5. The equivalent continuous control ueq applied during the switching between

Umax and Umin-

The control vector u thus allows adjusting the dynamics of the two operating

modes: U,: Enables influence over the sliding mode. It is computed based on the fact

that the system's behavior during the sliding mode is described by $(x) = 0, meaning in
the case of a system without uncertainties.

It is obtained using the invariance conditions of the surface S(x,t) = 0 and S(x,t) = 0
uy: Enables influence over the reaching mode. It is determined to ensure the attraction
of the controlled variable toward the sliding surface and to satisfy the convergence
condition. It guarantees the system's insensitivity to parameter variations.

We are interested in computing the equivalent control and subsequently the attractive

control of the system defined in the state space by equation (4.7).
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x(t) = f(x, ) + g(x, Hu(t) (4.15)
The vector u is composed of two components:
u(t) = ueq(t) + uy (4.16)

. d s 0 os .
St =S=0B%_ 5

oo o (4.17)

aS N
= & [f(X, t) + g(X, t)ueq] + & [g(X, t)uN]

In sliding mode, the trajectory will remain on the switching surface S(x) = 0, meaning

its derivative will be zero $(x) = 0 and uy = 0 as given by equation (4.14).

Ueq = — [21Cx,0)]. [Z 8, t)]_l Juy = 0 (4.18)

During the convergence mode, by replacing the term ugq with its value from equation
(4.18) in equation (4.17).
Let us define: L = % Hence: ueq = —[Lf] [Lg]~! Thus, we obtain a new expression for

the derivative of the surface:

as

$60 = 53 [8(x Hun] (4.19)

The problem reduces to finding uy such that:

S8 = 5(x) = 2. [g(x, uy] <0 (4.20)

The simplest solution is to choose uy in the form of a relay, as shown in Figure 4.6. In
this case, the control is written as follows:

uy = K.sign(S(x)) 4.21)

By substituting expression (4.20) into (4.19), we obtain:
. as
S(xX)S(x) = |SE)| ot Kg(x,t) <0 (4.22)

as . . .
The factor Pt g(x, t) is always negative for the class of systems we consider.

The gain K is chosen to be positive to satisfy condition (4.22). The choice of this gain is

very influential because if it is too small, the response time will be very long, and if it is
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too large, we will have a very short response time with strong oscillations in the control
system. These very high-frequency oscillations, known as “Chattering”, can excite

neglected dynamics or even degrade the control system or damage the actuators.

Uy
+K

S(x)

Figure 4.6. Definition of the control law.

4.4.4 Advantages and disadvantages of sliding mode control

There are many advantages to sliding mode control: precision, simplicity, fast
response time, and robustness. This makes it particularly suitable for handling systems
with poorly known models, either due to parameter identification issues or due to model
simplifications.

An ideal sliding regime requires a control that can switch at an infinite frequency.
Obviously, for practical applications, only switching at a finite frequency is possible.
Thus, during the sliding regime, the discontinuities applied to the control can lead to a
phenomenon known as chattering. This phenomenon is characterized by strong
oscillations of the system's trajectories around the sliding surface. The main cause of this
phenomenon is the discontinuous nature of the control, which corresponds to the
discontinuous component of the form K.sign(S(x)) causing the operating point to
oscillate around the sliding surface at a high frequency.

The chattering phenomenon is considered a real obstacle to the application of sliding

mode control. To address this issue, several solutions have been proposed.

4.5 Sliding mode control tuning strategy for the PMSM
After presenting the theory of sliding mode control, we will analyze in this section

the behavior of the traction system controlled by sliding mode.
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The model of the permanent magnet synchronous machine is recalled as follows:

o R . Lq . 1
ld——i d+GPwrlq+Gud (a)
_ R . Lq f 1
ig=-— Elq + —Pw;ig — Ly Pw, + . Ug (b) (4.23)

W= % (@riq + (Lg — Lg)igiq ) — licr - ]fwr ()
With:

R: Stator resistance, Lq , Lg: d and q inductances of the stator along the axes, @ : Flux
linkage of the permanent magnet, ig, iq: Currents in the stator, ug, uq: Voltages of the

stator w,: Mechanical speed, j:Inertial moment, f: Viscous friction coefficient, P: Pole

pair count, C.:Torque due to the load.

4.5.1 Three-surface adjustment strategy
Figure 4.7 shows the diagram of sliding mode tuning by applying the cascade
tuning method principle. The system consists of a speed regulation loop that produces

the current reference igrer which in turn determines the control ugyref, the control ugrer is

determined by the current regulation igpef-

) 7]
La
iq Park |+
Lares =0 S
+ v dref
> —
Park? :: inverter [T\ PMSM
W, ref + + h 4 v
S(w,) _,8_. S (i, —l qref 4

W, 0
calculate speed

Figure 4.7 General schematic of the SMC strategy using three surfaces.
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ig Current Adjustment

The expression for current iy is expressed by Equation 4.23(a): It can be observed from
Equation 4.23(a) that the relative level of the current iy with respect to the control vy is
equal to one. Therefore, the error variable eq is given by:

€q = lgrer — g (4.24)

The resulting error will be adjusted by a regulator functioning in sliding plane, with the

control surface described as:

s(iq) = idrer — ia (4.25)
Thus, the derivative of the surface is:
5(iq) = ldref — 1 (4.26)

Taking into account the current equation ig derived in the system of equations Equation

4.23(a), the surface's derivative becomes:

L : R . L . 1
$(iq) = igref + o la— ﬁ Pwyig — I Ud (4.27)
In sliding mode, we have: $(ig) =0 , ugyn =0
H R . Lq .
Vdeq = (igref + E g — G Perlq)]-‘d (4.28)

UgN = Kd' sign(s(id)) (429)
Where: K4 represents the positive amplification factor of the direct current regulator.

iq Current Adjustment

The expression for current iy is given by Equation 4.23(b): The output value igrer from
the speed controller is assessed against the observed value. The error that results will be
corrected by a regulator functioning in sliding mode. Subsequently, using the same
method as previously, we are able to determine ugrer and ugy the control surface is

described by the equation below:

s(iq) = igref — iq (4.30)
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The derivative can be written as:

5(iq) = lgref — 4.31)

By substituting the value iq from equation 4.23(b) into equation 4.32, we get:

i Lq . _ Por 1
s(lq) 1qref » —iq L—qurld I wy + o Ug) (4.32)
While in the sliding mode, we have  $(iq) =0 , s(iq) =0, ugn =0

: R i
Ugeq = (lgref + 71 — dPerd + 2 Wr)L (4.33)

ugn = Kq. sign(s(iq)) (4.34)
With: K represents the positive amplification factor of the quadratic current regulator.
Speed Adjustment

From equation 4.23(c), it is observed that the relative order of the speed is unity. In this
scenario, the sliding surface is defined by the tracking error.

S(Wr) = Wryrer — Wy (4.35)
Accordingly, the derivative of it

S(Wp) = Wyper — Wy (4.36)
Substituting equation 4.23(c) into equation 4.28, gives us:

§ = Wyper — w s L+ 1 wr (4.37)

In the sliding mode, we get s(w,) =0, $(w;) =0,igy =0

. v."rrel’*']fWr'*']icr

lgeq = PLaLy), 9 (4.38)
; .

ign = Ky, sign(s(wy)) (4.39)

With: K,y represents the positive amplification factor of the speed controller.
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4.6 Fuzzy sliding mode control of PMSM

With the significant advancements in electric machine control, new techniques and
approaches have been developed. Among them, fuzzy sliding mode control stands out as
a widely used robust control method. By integrating fuzzy logic with sliding mode
control, this approach harnesses the strengths of both techniques. It effectively addresses
the limitations of traditional tuning algorithms while improving the system’s
performance in terms of stability, precision, speed, and robustness. In this section, we
detail the principle of fuzzy control (FLC) to address this drawback. What we aim to
demonstrate is that fuzzy sliding mode control (FSMC) can effectively mitigate the

chattering phenomenon.

4.6.1 Description of Fuzzy Logic

Fuzzy logic emerged as an alternative to strict logic, mimicking the empirical
behavior of the human brain. Its formal introduction was pioneered by the renowned
researcher L. Zadeh, who contributed to the modeling of physical phenomena using
fuzzy formalism based on the fuzzy set theory developed in 1965 [104]. Later, M.
Mamdani experimented with it in 1974 by applying it to industrial process control,
specifically in the regulation of a steam engine [105].
Without delving too deeply into the mathematical formalism of fuzzy logic, we will

briefly present general definitions of this method and its key properties.

4.6.1.1 Fuzzy Sets and Membership Function

Fuzzy set theory [104] allows expressing the concept of partial membership of an
element in a set, or more precisely, its degree of membership. In classical set theory, an
element either belongs to a set or does not. However, in reality, it is rare to encounter
situations where things are distinctly defined.
A fuzzy set A is defined by a membership function p, (x) that takes values in the range

[0, 1] and quantifies the degree to which an element x of X belongs to A.

A ={(xpax) €X)} (4.40)

Multiple fuzzy sets (sometimes called subsets) can be defined on the same variable, each

with its own membership function. The set is called the “Universe of Discourse X

Page 107



Chapter 4: Nonlinear Control for Electric Vehicle Traction

4.6.1.2 Representations of membership functions
Various nonlinear shapes can represent membership functions. The trapezoidal,

triangular in Figure 4.8, and bell-shaped forms are the most commonly used [106].

1\ Triangular function 1\ Trapézoidal function

v

v

a b C

Figure 4.8. Types of membership functions.

4.6.1.3 Structure of a fuzzy controller

The basic structure of a fuzzy controller consists of three main parts, as shown in Figure
4.9 [107].

Crisp input

b

[ Fuzzification ]
@ Fuzzy input

Fuzzy rule base and
Fuzzy inference
@ Fuzzy output

[ défuzzification ]

Crisp output

Figure 4.9. The structure of fuzzy logic controller.
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e Fuzzification

Fuzzification involves defining membership functions for the different input physical
variables. It consists of assigning the input variable (which is a strict 'crisp' variable in
English) degrees of membership to its fuzzy sets. The number of fuzzy sets, the shape of
the membership functions, and their distribution over the universe of discourse are
determined by the expert operator.

e Rule Base

The expert's knowledge of a given process is transformed into a set of linguistic rules in
the following form:
If premise Then conclusion

The rules can be represented in a matrix known as the inference matrix. The
premise consists of a set of conditions connected by fuzzy operators applied to
membership functions. The most commonly used operators are the intersection operator
'AND,' the union operator 'OR,' and the negation or complement operator 'NOT".
For example, considering two fuzzy sets A and B, with their respective membership
functions pu (x) and pg(x) , belonging to a universe of discourse X, the aforementioned
operators are defined as follows [107]:

e OR operator
It corresponds to the union (C) of two fuzzy sets (A, B), mathematically expressed as:
C=AUB (4.41)

In fuzzy logic, the union is generally achieved by formulating the maximum of the

membership functions as follows:

e(x) = max(pa (x), up(x)) (4.42)
e AND operator

The intersection (C = A) is often achieved using the following minimum formulation:

He(x) = min(ps (%), pp(x)) (4.43)
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e NOT operator

The complement of a fuzzy set A is defined by the membership function as follows

z (x):
() =1 —pa(x) (4.44)
e Inference mechanism

Now, it is necessary to define the membership degrees of the output variable to its fuzzy
sets. This is referred to as the inference mechanism or fuzzy implication methods. For
systems regulated by fuzzy logic, one of the following methods is generally used:
-Max-min inference method, also known as the Mamdani method.

-Max-prod inference method, also known as the Larsen method.

-Sum-prod inference method.

-Sugeno inference method.

Due to its simplicity, the Mamdani method is the most widely used [108]. It implements
the 'AND' operator using the 'min' function, the "THEN' conclusion of each rule using
the 'min' function, and the connection between all rules (the 'OR' operator) using the

'max’ function.

Ha(x) = min(pa (%), up(x)) (4.45)

Finally, the aggregation of rules is the last step of inference. It allows synthesizing the
obtained results by considering the influence of all the values proposed by the fuzzy
decision.

e Defuzzification

The result obtained from inference using one of the implication methods is formally a
fuzzy value. This value cannot be directly used to control the process. Therefore, a
transformation must be applied at the output of the inference mechanism to convert it
into a precise quantity. This action is referred to as defuzzification. In the literature,
several solutions exist to perform this operation, including the maximum value method,
the mean of maxima, the center of gravity (centroid), and weighted heights.

The defuzzification method using the center of gravity is by far the most widely used
method in fuzzy control [107, 108]. In the literature, several strategies exist to perform

this operation, such as the mean of maxima, the center of areas, and the center of
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maxima. The center of gravity defuzzification method is the most commonly used in
fuzzy control because it intuitively provides the most representative value of the fuzzy
set resulting from rule aggregation. This method involves calculating the center of
gravity of the surface formed by the resulting membership function.

The maximum technique: This is the simplest method, which consists of considering
only the rule with the highest validity for each output. This technique is rarely used
because it presents disadvantages when multiple values make the resulting membership
function reach its maximum.

The weighted average technique: The defuzzifier examines the fuzzy set that
determines the values for which the membership function is maximal, then calculates the
average of these values as the defuzzification result.

The center of gravity technique: This method is more effective and provides the best
results. It consists of determining the center of gravity of the output membership

function using the following equation:

f_ll XIJ*B(X)dX

X =
f_ll IJ.B(X)dX

(4.406)
The integral in the denominator gives the surface area, while the integral in the

numerator corresponds to the moment of the surface.

4.6.1.4 Different approaches for rule determination

There are two main approaches for determining the rules of a fuzzy controller. The
first is a purely heuristic method, where the rules are designed to correct the deviation
between the setpoint and the output. This approach relies on qualitative knowledge of
the process behavior [109]. The second approach is a systematic method that determines
the linguistic structure and/or parameters that meet the control objectives and
constraints.

Another method was introduced [110] for rule determination by referring to the
trajectory of the closed-loop system. The intuitive search for the closed-loop system
behavior, for rule determination in the time domain, frequently uses the error e
(observation), the error variation Ae (process dynamics), and the control variation AU

(input of the process to be regulated)
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The procedure to follow for determining the rules of the fuzzy controller is explained by
considering the points indicated in Figure 4.10. For each of these points, the expertise is
expressed as follows:

Rule 1: If e = PG and Ae = EZ , then AU = PG . Start.

Rule 2: If e = PG and Ae = NP , then AU = PM. Increase the order to maintain
balance.

Rule 3: I[f e = PM and Ae = NP , then AU = PP . Very slight increase in the order to
avoid exceeding the limit value.

Rule 4: If e = PP and Ae = NP , then AU = EZ . Convergence towards equilibrium.
Rule 5: If e = EZ and Ae = NP ,then AU = NP . Process deceleration.

Rule 6: If e = NP and Ae = PP , then AU = NM . Deceleration and reversal of the
command variation.

Rule 7: If e = NM and Ae = EZ , then AU = NM Process recall towards equilibrium.
Rule 8: If e = NP and Ae = EZ , then AU = EZ . Convergence towards equilibrium.
Rule 9: If e = EZ and Ae = EZ , then AU = EZ . Equilibrium.

4 output

T?s)

Figure 4.10. Formulation of the rule set using temporal analysis.

4.7 Hybrid tuning strategy by fuzzy sliding mode control (HFSMC) of

the machine

The main drawback of sliding mode controllers is the chattering induced by their
discontinuous control signals. To overcome this limitation, Sliding Mode Control
(SMC) is integrated with Fuzzy Logic Control (FLC) to enhance robustness and
improve the dynamic response of nonlinear systems [111]. The resulting hybrid
approach, termed fuzzy sliding mode control, effectively suppresses chattering while
ensuring precise tracking of the PMSM reference speed. In the fuzzy sliding mode

control, it is sufficient to replace the k.sign(S(x)) function with a fuzzy controller.
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In this section, a fuzzy controller (FLC) is introduced to replace the
Ky, -sign(s(w,)) function, so that the state trajectory can reach and move along the
switching surface. A good steady-state dynamic performance can be achieved through
the combination of SMC and FLC. Fuzzy-PI controllers have two inputs and one output.
The fuzzy PI controller is developed using membership functions for the inputs error "e"
and error change "de" as well as the output membership function for w,., the measured
speed of the PMSM.

€ = Wyref — Wy (4.47)
de = ey — ex_4 (4.48)

with wy...r defined as the reference or the ideal output velocity, and w;. is the real speed
of output. The basic schematic of the fuzzy sliding mode control of the PMSM is
identical to that shown in Figure 4.7, by replacing the K, .sign(s(w;)) function with a
fuzzy controller, as illustrated in Figure 4.11.

These numerical variables are transformed into language variables using the seven levels

or fuzzy sets listed below:

NG: Negative Large, NM: Negative Medium, NP: Negative Small, ZE: Around Zero,
PP: Positive Small, PM: Positive Medium, PG: Positive Large, as shown in Table 4.1.

The chattering problem is one of SMC's well-known disadvantages.

To enable the state trajectory to reach and follow the changing surface, a Fuzzy Logic
Control (FLC) is added in this section in place of the speed surface. Combining SMC
and FLC can result in a favorable dynamic equilibrium state [112]. Through simulation

results, the benefits of the suggested fuzzy sliding mode control are confirmed.
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Table 4.1: The rule base for controlling the speed.

e NB NM NS ZE PS PM PB
de
NB NB NB NB NB NM NS ZE
NM NB NB NB NM NS ZE PS
NS NB NB NM NS ZE PS PM
ZE NB NM NS ZE PS PM PB
PS NM NS ZE PS PM PB PB
PM NS ZE PS PM PB PB PB
PB ZE PS PM PB PB PB PB
. leq
> Equivalent
control
1p_sMC
Wrref,@ Sliding —
surface
e 'S
Wy uzzy
> controller |
ip

Figure 4.11. Block diagram of the speed control using a fuzzy sliding mode controller.

The same procedure used in designing the speed controller is applied to the current
controller, with the only difference being that we have:

The input error e: rather than being equivalent to e = Wyof — Wy, 1t Will be defined as
e = id; . — ids to the primary fuzzy regulator on the current idg, similarly for the
second fuzzy regulator of currentiqs, e =iqs — iqs, The output of the fuzzy
controller corresponds to vd, for the idg current regulator and v qg, for the igg current
regulator. This ensures that the inner loop operates faster than the outer one, satisfying
the subordination condition. Table 4.2 displays the rule basis for the output variable, it
comprises nine linguistic rules that define the variation of the fuzzy logic controller’s
output based on the two input variables e and de for each current controller (id; and

iqs).
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Additionally, three fuzzy sets are assigned to each membership function:

P: Positive, N: Negative and ZE: Zero.

Table 4.2: The rule base for controlling the currents.

e N ZE P
de
N N N ZE
ZE N ZE
P ZE P

4.8 Presentation of the studied traction system

The traction system analyzed in this study corresponds to the one illustrated in
Figure 4.12. The vehicle is assumed to be driven by a single permanent magnet
synchronous motor (PMSM), powered by a 21-level multilevel voltage inverter. The
parameters of both PMSM and the electric vehicle (EV) are provided in appendices A

and B respectively.

—r Proposed 21-Level Inverter

g —
A Tr T
. /
Inverter Control PMSM f Wheel
T T T i w ib -.L ic ,"'
— : vd
[ HEEE) ﬁcl::d —> Park o /f
Sliding Mode v Park Inverse Position Sensor
wrref ALY
wr fq‘f id Te
didt

Vehicle Dynamics

Figure 4.12. Description of the traction system block diagram.
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4.9 Simulation results

The numerical simulations were carried out on an electric vehicle powered by a
50 kw permanent magnet synchronous motor (PMSM), supplied by a new 21-level
voltage inverter topology. The inverter plays a key role in the system, as it optimizes the
output voltage quality to supply the motor (by reducing the Total Harmonic Distortion,
THD), while minimizing the number of control devices. This makes the system more
cost-effective, simpler, and easier to maintain compared to conventional designs. The
control strategies applied to the traction chain are of the following types: Sliding Mode
Control and a hybrid approach combining Sliding Mode and Fuzzy Logic. The objective
of the simulations performed is to evaluate the dynamic performance of the proposed

control strategy under the standardized urban driving cycle ECE-15.

4.9.1 Reference tracking test

4.9.1.1 Performance validation by SMC

The following simulation results demonstrate the control of the vehicle’s speed
using a Sliding Mode Controller (SMC). It should be mentioned that the European
Urban Driving Cycle ECE-15 was used to conduct the simulation. In the course of this
cycle, three speed demands in a trapezoidal form were applied (36 Km/h, 76 Km/h, 120
Km/h). In addition, a 10% slope was introduced between 16 and 23 seconds. The
objective of this simulation is to verify whether our control method can be implemented
in real-time and to observe the vehicle’s behavior through various studied modes. This
helps improve the vehicle’s energy performance.

The ability to perform robust speed transitions is a critical factor for drivers, as the
vehicle’s response in such scenarios is a key indicator of driving quality under real
traffic conditions. Accordingly, speed change tests are essential for evaluating the
performance of our electric vehicle, particularly in terms of energy management,
overtaking capability, deceleration, and other dynamic responses. The simulation has

been conducted using the Matlab-Simulink environment.
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Figure 4.13. The vehicle's linear speed (SMC).

Figure 4.13 illustrates the vehicle speed response using the SMC technique. We
observe that the vehicle's linear speed can rapidly track the reference speed, a good
tracking dynamics are observed. This command switches very quickly within its limits

which impacts the overall command of the vehicle
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Figure 4.14. (a) Electromagnetic and load torque, (b) Quadratic and direct currents (SMC).

Figure 4.14(a) shows the variation of electromagnetic torque as load torque
changes, Figure 4.14 (b) shows the results for the direct and quadrature currents. As
mentioned in the description of the control strategy, it is clearly observed that this
method maintains the direct current at zero and allows only the quadrature component to

respond to the torque disturbance. This demonstrates the controller's good tracking
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performance (igref = 0). The iq current and the electromagnetic torque have the same
profile, which indicates that decoupling has been perfectly achieved.

It can also be seen in Figure 4.14 that the electric motor generates more
electromagnetic torque to reach the different stages of the speed reference, reaching 200
N-m between 16 and 23 seconds to overcome the inertia torque. The oscillations are
even more noticeable in the torque response curve shown in Figure 4.14. This
phenomenon affects the operation of the control system as well as the currents absorbed
by the machine. From these curves, it is evident that the decoupling is seriously affected
by the chattering phenomenon.

These simulation results demonstrate the advantages of sliding mode control,
which reflects the robustness it offers against disturbances. However, it can be noted that
the system’s performance may be degraded due to a phenomenon known as chattering.

This issue is the subject of intensive research efforts aimed at mitigation.

4.9.1.2 Performance validation by HFSMC

The robustness of the Hybrid Fuzzy Sliding Mode Control (HFSMC) with respect
to variations in load and rotational speed is evaluated. The standard ECE-15 driving
cycle, representing the driver’s requested speed, was employed, covering a time interval
of 0 <t < 200 s. Additionally, a 10% gradient was introduced between 16 and 23

seconds to simulate a more challenging driving condition.
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Figure 4.15. The vehicle's linear speed (HFSMC).

Figures 4.15 show that the implemented control strategy offers advantages

compared to the strategy using only the sliding mode Figures 4.13, where a more robust
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response to speed and load disturbances applied during the period 16 <t < 23s can be
observed. Thus, there is a significant reduction in the chattering phenomenon. This
confirms the advantage of the proposed control strategy in terms of robustness against

load and rotational speed disturbances.
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Figure 4.16. (a) Electromagnetic and load torque, (b) Quadratic and direct currents (HFSMC).

Figure 4.16 (b) illustrates the stator current profiles along the d and q axes. The
two currents are independently regulated and exhibit distinct dynamic behaviors
depending on the control strategy employed, both during transient and steady-state
operation, with a particular emphasis on the i component. Regarding the sliding mode
control strategy, the effect of the chattering phenomenon on the iq current is clearly
noticeable. In contrast, with the fuzzy sliding mode control strategy, a significant
reduction of this phenomenon is observed. This improvement is due to the contribution
of fuzzy logic, which effectively mitigates the undesirable chattering while maintaining
strong robustness against disturbances.

Figure 4.16 (a) illustrates the behavior of the electromagnetic torque and the resistant
torque. As the flux is kept constant, the electromagnetic torque remains steady and
closely matches the profile of the iq current.

In this section, we have studied a controller that can be applied to a wide class of
nonlinear systems. It combines the advantages of two control techniques widely
recognized for their robustness: fuzzy control whose undeniable performance has made

it increasingly attractive to researchers and sliding mode control, which is well known
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for its stability properties and robustness against external disturbances. The application
of this hybrid control strategy to our traction system has yielded highly satisfactory
results in terms of stabilization and trajectory tracking, while effectively overcoming the
chattering issues typically associated with sliding mode control and the lack of

analytical tools inherent to fuzzy logic control.
4.9.2 Evaluating robustness to parametric variations

4.9.2.1 Validation of robustness using SMC control
To highlight the importance of the sliding mode control technique, we will carry
out robustness tests on our machine. To verify this robustness, we assume that the values
of R and J are increased by up to 50%. The influence of the variations of these

parameters on the vehicle speed and torque is illustrated in Figure 4.17 and Figure 4.18
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Figure 4.17. Simulation results of the vehicle speed with variations in inertia (j)

and resistance (R)- (SMC)
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Figure 4.18. Simulation results of the torque with variations in inertia (j)
and resistance (R)- (SMC)

It is observed that the speed remains unaffected by variations and follows its
setpoint with a very short response time and no overshoot. Which highlights the high

robustness of the control against parametric variations.

4.9.2.2 Validation of robustness using HFSMC control
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Figure 4.19. Simulation results of the vehicle speed with variations in inertia (j)

and resistance (R)- (HFSMC)
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Figure 4.20. Simulation results of the torque with variations in inertia (j)
and resistance (R)- (HFSMC)

These results confirm that the hybrid control approach (HFSMC) provides enhanced
robustness and improved dynamic performance compared to the classical SMC strategy,

even in the presence of significant parameter variations.
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4.10 Conclusion

The work presented in this chapter focuses on nonlinear control, specifically
sliding mode control and fuzzy sliding mode control, to regulate the speed of a

permanent magnet synchronous traction motor.

First, the theoretical foundations of sliding mode controllers are introduced, followed by
their application to the vector decoupling of the PMSM (Permanent Magnet
Synchronous Motor) using the principle of cascade control applied to the traction
system. Next, the fuzzy sliding mode control approach is presented. The goal of this
hybrid control method is to build a bridge between fuzzy control—whose undeniable
performance makes it increasingly attractive to researchers—and sliding mode control,
which demonstrates stability and robustness against parametric and external

disturbances. Therefore, it combines the advantages of both techniques.

The application of this control strategy to the PMSM has yielded good results,
overcoming the chattering issues associated with sliding mode control and the lack of
analytical tools in fuzzy logic control, while also reducing the number of fuzzy rules.
The robustness of this control approach is demonstrated through the obtained simulation

results.
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General conclusion

The depletion and rising costs of fossil fuels, combined with increasing global
awareness of climate change, have driven the development of electric vehicles in recent
years. These vehicles now represent a viable industrial solution for reducing fuel
consumption, thereby lowering CO: emissions and other harmful pollutants. This trend
is further evidenced by the fact that a majority of automotive manufacturers have
already implemented, or are in the process of implementing, electrification strategies,
primarily through electric traction systems and hybrid powertrains. These technologies
contribute to a substantial reduction in fuel consumption and overall environmental
impact. In this context, automotive manufacturers are expected to contribute to this
strategy by investing in research and development of new hybrid or fully electric
traction vehicle prototypes. To ensure that the performance of these vehicles is
comparable to that of internal combustion engine vehicles, significant technological
advancements are required. The deployment of fully electric traction vehicles would not
be feasible without the use of static power converters.

The study of multilevel converters represents a major research focus in the field of
improving power supply signals for electric machines. Numerous current works are
oriented toward advanced control methods based on the use of artificial intelligence,
aiming for efficient and robust control of multilevel converters. The objective of this
thesis is to develop specific control methods for a new multilevel converter topology
that enhance the performance of multi-source electric vehicles. In this work, a modeling
and optimization study is conducted on the traction chain of an electric vehicle
composed of a permanent magnet synchronous motor (PMSM) powered by a new
multilevel inverter topology, itself supplied by a hybrid energy source (fuel cell and
supercapacitor). The traction system requires control strategies that are robust against
disturbances, parameter variations, and nonlinearities. In this context, a technical review
of the evolution of hybrid vehicles is provided, highlighting key developments in system
architecture and component configurations. Several hybrid vehicle (HV) architectures
are discussed, along with a detailed description of the primary components of the
electric traction system, including electric machines, power converters, and energy

sources.
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Subsequently, following the mathematical formulation of the dynamic forces acting on
the vehicle, detailed models of the internal components of each subsystem—including
the permanent magnet synchronous motor (PMSM), fuel cell, and super-capacitor—
were developed. These models provided the necessary framework for the design and
implementation of the proposed control strategies.

In the subsequent section, we present an analysis of a hybrid power supply for
electric-vehicle traction, comprising two energy sources and two DC-DC converters.
The primary source is a fuel cell, while the secondary source is a super-capacitor. The
core objective is to implement a robust control scheme that ensures a constant DC-bus
voltage under abrupt load disturbances. Both energy sources interface with the DC bus
via a boost converter and a buck—boost converter. These converters facilitate regulation
of the DC-bus voltage and orchestrate power flow to the traction load. First, after
modeling the sources and with the aim of regulating the voltage at the DC bus, the fuel
cell was simulated with an interleaved Boost converter. The results obtained were
satisfactory. Second, the supercapacitor was simulated with a Buck-Boost converter
using a simple PI controller. The results obtained were satisfactory. Next, we introduced
a new hybrid asymmetric multilevel inverter with a reduced component count. The main
advantage of the proposed topology lies in its ability to generate a high number of
voltage levels with fewer switching elements compared to conventional converters. This
topology promises significant improvements in voltage waveform quality, cost, and
efficiency. A (PD-SPWM) modulation technique was applied to the proposed inverter
topology.

To control the traction system, we focused on modeling nonlinear Sliding Mode
Control (SMC) applied to the permanent-magnet synchronous motor (PMSM) driven by
a 21-level asymmetric inverter. This technique delivers rapid speed and electromagnetic-
torque responses, thereby ensuring effective decoupling between these two variables for
precise speed tracking and satisfactory dynamic performance. However, SMC suffers
from the chattering phenomenon. To mitigate this, a hybrid fuzzy sliding-mode control
(HFSMC) scheme was proposed to reduce chattering. The simulation tests of the
complete system (MATLAB Simulink) will be performed to evaluate its dynamic

performance and efficiency, focusing on both tracking accuracy and robustness.
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The results of this thesis provide a foundation for several promising avenues of future
research:

e Experimental validation of the proposed topology on an electric vehicle (EV) to
assess the accuracy and practical feasibility of the developed simulation model.

e Integration of advanced control strategies based on artificial intelligence (AI)
techniques to further enhance the performance, adaptability, and robustness of
the control system.

e Implementation of real-time control using embedded systems or FPGA platforms

to evaluate the system’s performance under realistic operating conditions.
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Appendix
Appendix A

The machine parameters must be specified in the electric drive model of the PMSM in

Matlab/Simulink. The electric motor of the Hy Power Bora has the following

characteristics:

-Constant torque of 255 Nm between 0 and 1200 tr/min

-Constant power of 50 kW between 1200 and 1540 tr/min

-DC bus voltage: 570 V

Table A.1 represents the PMSM parameters used in this work.

Table A.1: Electric motor parameters PMSM [65].

Stator resistance 0.005 Q
Stator inductance 0.3 mH
Inertia 0.25 Kg.m?
Friction coefficient 0.005 Nm.s
Pole pairs 4
Magnets' induced flux 0.192 Wb

Appendix B

Several parameters such as the vehicle mass, kinematics, and geometry. The parameters

to be specified are those of the Volkswagen Bora HY Power (Table B.1).

Table B.1: EV parameters [65].

M : The vehicle's mass (Kg) 1000 Kg

V : Vehicle speed 140 Km/h
SCx: Coefficient of master torque (m?) 0.46
Pair : The air density(Kg/m?) 0.23
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C: : The vehicle's rolling coefficient 0.008

g : Gravitational acceleration (m/s?) 9.81
r : Radius of the wheel 0.25
1 : Gearbox transition ratio 3
Appendix C

Fuel cell parameters:

Table C.1: FC parameters [65].

E=27.1V (55°C)

Io=6.54 mA

A=135V

B=129V

Rmn=0.045 Q

in=230 mA

i.=100 A
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Super-capacitor parametres:

Appendix D

Table D.1: Parameters of the BCAP 3000 super-capacitors [65].

ELECTRICAL Bcar3000 | TEMPERATURE

Rated Capacitance’

Minimum Capacitance, initial’
Maximum ESR _ initial'
Rated Voltage

Absolute Maximum Voltage™

Maximum Continuous Current
(AT = 15°C)?

Maximum Continuous Current
(AT = 40°C)*

Maximum Peak Current, 1 second *
Leakage Current, maximum *

3,000 F
3,000 F

0.29 mQ2
270V
285V

130 Ay,

210A

RMS

2,200A
5.2mA

Operating temperature range
(Cell case temperature)

Minimum
Maximum

Storage temperature range
(Stored uncharged)

Minimum
Maximum

-40°C
65°C

-40°C
70°C

PHYSICAL

Mass, typical
Terminals

Vibration
Shock

5109

Threaded or
Weldable

IEC 16750
SAE J2464
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