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Y Abstract ¥k

This thesis presents the development, implementation, and experimental validation of ad-
vanced sensorless control strategies for induction motor—based electric vehicle (Ev) drive sys-
tems. To address the growing demand for efficient, reliable, and cost-effective electric propul-
sion, the proposed approaches eliminate mechanical speed sensors, thereby reducing system cost
and complexity while enhancing robustness in harsh operating environments.

The first contribution of this work is a low-cost sensorless scalar control strategy based on a
Second-Order Generalized Integrator Frequency-Locked Loop (SoGI-FLL), in which rotor speed
and stator frequency are estimated in real time using only a single stator current sensor. This
configuration significantly reduces hardware requirements and computational burden, making it
particularly suitable for high-speed operating regions and applications where simplicity and en-
ergy efficiency are prioritized. Experimental results demonstrate stable operation and satisfactory
speed regulation at medium and high speeds, although performance degrades at reduced speeds
due to inherent limitations associated with fixed-slip operation.

To overcome these limitations and enhance the dynamic performance of the drive system,
an improved sensorless Direct Torque Control (SDTC) strategy is subsequently developed us-
ing a Multiple-Enhanced SoGI-FLL (MESOGI-FLL) estimator. In this scheme, two stator cur-
rent sensors are employed to enable more accurate estimation of torque and stator flux. The
MEesocGi-FLLimproves harmonic and DC-offset rejection as well as frequency estimation accu-
racy, resulting in faster torque response and superior flux regulation under dynamic operating
conditions. While the proposed sensorless DTc approach significantly enhances overall drive
performance, its effectiveness remains constrained in very low-speed regions, where estimation
sensitivity increases.

Comprehensive simulation studies are conducted using MATLAB/SIMULINK, followed by real-
time experimental validation on a dSPACE MicroLabBox control platform using ControlDesk.
The experimental test bench, comprising an induction motor, a power electronic inverter, and
real-time control hardware, enables thorough evaluation of the proposed strategies under real-
istic operating scenarios. Overall, the results confirm that the sensorless scalar control offers a
simple and economical solution for high-speed applications, whereas the sensorless DTc scheme
provides superior torque and flux control for demanding dynamic conditions, highlighting the
complementary nature of the proposed approaches for electric vehicle drive systems.

Keywords--- Induction Motor (Im), Direct Torque Control (Dtc), Speed Sensorless Control (Ssc), dASPACE
MicroLabBox, Multiple enhanced second-order generalized integrator-frequency locked-loop (MESOGI-FLL).




Y Résumé %

Cette these présente le développement, la mise en ceuvre et la validation expérimentale de
stratégies avancées de commande sans capteur pour les systemes d’entrainement des véhicules
¢lectriques (Ev) a moteur asynchrone. Afin de répondre a la demande croissante en solutions
de propulsion ¢électrique efficaces, fiables et économiquement viables, les approches proposées
¢liminent les capteurs mécaniques de vitesse, ce qui permet de réduire les cofits et la complexité
du systéme tout en améliorant sa robustesse dans des environnements de fonctionnement séveres.

La premiére contribution de ce travail consiste en une stratégie de commande scalaire sans
capteur a faible colit, basée sur un intégrateur généralisé¢ du second ordre associé¢ a une boucle
de verrouillage de fréquence (SoGI-FLL). Dans cette approche, la vitesse du rotor et la fréquence
statorique sont estimées en temps réel a partir d’un seul capteur de courant statorique. Cette
configuration réduit significativement les exigences matérielles et la charge de calcul, ce qui la
rend particuliérement adaptée aux régimes de fonctionnement a vitesse ¢levée et aux applications
privilégiant la simplicité et 1’efficacité énergétique. Les résultats expérimentaux montrent un
fonctionnement stable et une régulation de vitesse satisfaisante aux vitesses moyennes et €levées,
bien que les performances se dégradent a vitesse réduite en raison des limitations inhérentes a
I’utilisation d’un glissement fixe.

Afin de dépasser ces limitations et d’améliorer les performances dynamiques du systéme d’en-
trainement, une stratégie avancée de commande directe du couple sans capteur (SDTC) est ensuite
développée en s’appuyant sur un estimateur SOGI-FLL a améliorations multiples (MESOGI-FLL).
Dans cette configuration, deux capteurs de courant statorique sont utilisés pour permettre une es-
timation plus précise du couple électromagnétique et du flux statorique. Le MESoGI-FLLaméliore
le rejet des harmoniques et des composantes continues, ainsi que la précision de I’estimation
fréquentielle, ce qui se traduit par une réponse rapide du couple et une meilleure régulation du
flux en régime dynamique. Bien que la commande DTC sans capteur proposée améliore signi-
ficativement les performances globales de I’entrainement, son efficacité demeure limitée dans les
régimes de trés basse vitesse, ou la sensibilité de 1’estimation augmente.

Des études de simulation approfondies sont réalisées sous MATLAB/SIMULINK, suivies d’une
validation expérimentale en temps réel a 1’aide d’une plateforme de controle dSPACE Micro-
LabBox et du logiciel ControlDesk. Le banc d’essais expérimental, comprenant un moteur asyn-
chrone, un onduleur de puissance et un systéme de commande en temps réel, permet une éval-
uation compléte des stratégies proposées dans des conditions de fonctionnement réalistes. Dans
I’ensemble, les résultats confirment que la commande scalaire sans capteur constitue une solu-
tion simple et économique pour les applications a vitesse élevée, tandis que la commande DTC
sans capteur offre un contrdéle supérieur du couple et du flux pour des conditions dynamiques
exigeantes, mettant ainsi en évidence le caractére complémentaire des approches proposées pour
les systémes d’entrainement des véhicules électriques.

Mots clés---Moteur Asynchrone, Commande Directe du Couple, Commande Sans Capteur de Vitesse, dSPACE
MicroLabBox, Intégrateur Généralisé Multi-Amélioré du Second Ordre avec Boucle de Verrouillage de Fréquence
(MESOGI-FLL).
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General Introduction

HE rapid depletion of fossil fuels and the growing global concern over environmental
degradation have accelerated the transition toward sustainable transportation tech-
nologies. Among the emerging solutions, electric vehicles (Evs) have gained considerable
attention as a viable alternative to conventional internal combustion engine (ICE) vehicles.
Evs offer remarkable environmental and economic benefits, including zero tailpipe emis-
sions, enhanced energy efficiency, and reduced dependency on petroleum-based fuels [1].
Furthermore, continuous advances in power electronics, battery energy density, and in-
telligent control systems have significantly improved the performance and affordability of
modern Evs, thereby promoting their large-scale adoption [2].

At the heart of every electric vehicle lies the electric traction drive, which determines
its dynamic performance, efficiency, and overall reliability. Induction motors (IMs) remain
one of the most preferred choices for Ev propulsion due to their ruggedness, low cost,
and maintenance-free operation [3]. However, achieving optimal performance from an
IM requires precise control of its electromagnetic torque and stator flux, motivating the
development of various control strategies.

The scalar control (also known as V/f control) represents the earliest and simplest
method used in IM drives. It maintains a constant ratio between the stator voltage and
frequency to control motor speed. The main advantage of scalar control lies in its simplicity,
low cost, and ease of implementation using open-loop schemes [4]. Nevertheless, it suffers
from a slow dynamic response and poor torque control accuracy, making it less suitable
for high-performance applications such as traction systems in Evs [5]. To overcome these
limitations, the Field-Oriented Control (FocC) technique was introduced. FocC decouples
the torque- and flux-producing components of the stator current, allowing the induction
motor to behave similarly to a separately excited DC motor [6]. This decoupling enables
precise control of torque and flux, leading to improved dynamic performance and high

efficiency. However, the FOC approach requires accurate knowledge of motor parameters
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and complex coordinate transformations, which can increase system cost and sensitivity to
parameter variations [7]. A further advancement, known as Direct Torque Control (DTC),
was later developed to enhance dynamic response and reduce computational complexity.
Drc directly regulates the electromagnetic torque and stator flux by selecting optimal
voltage vectors through hysteresis controllers [8]. The method is celebrated for its simplic-
ity, robustness, and ultra-fast torque response. Yet, it is also characterized by torque and
flux ripples, as well as variable switching frequency, which can degrade performance and
complicate inverter design [9].

In high-performance Ev drives, the use of mechanical sensors for speed measurement
introduces additional cost, reduced reliability, and maintenance challenges. To address
these issues, sensorless control techniques have emerged as a promising alternative by es-
timating rotor speed and position from measurable electrical quantities. Several observer
and estimation-based methods have been developed for this purpose. The Model Reference
Adaptive System (MRAS) is one of the most widely adopted approaches due to its simple
structure, low computational burden, and good steady-state accuracy [10]. However, its
performance deteriorates at very low speeds, where parameter sensitivity becomes signifi-
cant [11]. The Extended Kalman Filter (EKF) technique offers improved noise immunity
and estimation precision by statistically processing system uncertainties [12]; despite its
high accuracy, the EKF is computationally intensive and requires precise system modeling,
limiting its suitability for low-cost embedded platforms [13]. The Sliding Mode Observer
(SMO), on the other hand, provides strong robustness against parameter variations and
external disturbances [14], yet it often suffers from chattering effects that may cause un-
desirable oscillations and torque ripples in the drive system [15].

More recently, Artificial Intelligence (AI)-based estimators have been proposed to over-
come some of the limitations of classical observers. Artificial Neural Networks (ANNs) can
learn the complex nonlinear mapping between measurable stator quantities (voltages and
currents) and mechanical states (rotor speed and flux), enabling direct data-driven estima-
tion without explicit reliance on analytical motor models; ANNs have shown good accuracy
and adaptability to parameter variations, but they require representative training data and
careful training/validation to avoid overfitting and ensure generalization across operating
conditions [16]. Adaptive Neuro-Fuzzy Inference Systems (ANFIS) and other neuro-fuzzy
approaches merge the learning capability of neural networks with the interpretable rule-
based structure of fuzzy systems; these hybrid estimators handle nonlinearities and uncer-
tainty effectively and often improve low-speed and transient performance compared with

plain MRAS schemes, albeit at the cost of increased design complexity and the need for
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training/tuning [17]. Data-driven and learning-based control approaches such as reinforce-
ment learning (RL) or self-tuning fuzzy controllers (often combined with simplified FLC
structures) offer promising avenues for online adaptation and reduced computational load
through tailored rule sets; these methods can reduce the need for explicit model identi-
fication but typically require careful reward shaping, safety constraints during learning,
and validation to avoid unsafe exploration in real hardware [18]. Finally, hybrid schemes
that combine classical observers (MRAS, EKF, SMO) with Al modules-for example, ANN-
based parameter adaptation or neuro-fuzzy speed estimators have demonstrated improved
robustness and faster transient response by exploiting the complementary strengths of
model-based and data-driven approaches; nevertheless, they inherit both the complexity of
hybrid architectures and the need for dataset collection, algorithm tuning, and validation
across the full operating envelope of the Ev traction drive [19]. Collectively, these Al-
enhanced estimators extend the capability of sensorless control to challenging conditions
(very low speed, parameter variation, noisy measurements), but successful deployment
demands careful design, training, and real-time implementation strategies.

Recent research efforts have increasingly focused on improving the reliability, accuracy,
and dynamic response of sensorless control schemes through advanced signal estimation
and adaptive filtering techniques. Among these, the Second-Order Generalized Integrator
with Frequency-Locked Loop (SOGI-FLL) has gained significant attention due to its out-
standing capability in precisely extracting fundamental components of voltage and current
signals, even under conditions of harmonic distortion and noise [20]. Originally developed
for grid synchronization in single-phase and three-phase power systems, the SOGI-FLL pro-
vides accurate estimation of amplitude, phase, and frequency-attributes that make it highly
suitable for applications involving dynamic signal tracking and phase-locked control [21].
Recognizing its robustness and fast dynamic performance, this study extends the use of
the SOGI-FLL framework to the sensorless speed estimation of induction motors in elec-
tric vehicle drive systems. The estimator’s inherent ability to isolate fundamental signal
components allows for reliable flux and speed estimation without relying on mechanical
sensors, thereby enhancing overall system robustness and reducing cost.

To further enhance estimation precision and dynamic adaptability, an improved
structure known as the Multiple Enhanced Second-Order Generalized Integrator with
Frequency-Locked Loop (MESOGI-FLL) is introduced. This enhanced approach incorpo-
rates multiple adaptive estimation loops and variable gain tuning mechanisms, enabling
faster convergence, better noise rejection, and improved performance under varying load

and speed conditions. By integrating the MESOGI-FLL into the sensorless control frame-
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work, the proposed method achieves an optimal trade-off between computational simplicity
and estimation accuracy, making it highly suitable for real-time implementation in high-
performance Ev traction drives.

This thesis aims to develop and evaluate advanced sensorless control strategies for the
IM used in Ev applications. The research focuses on improving the performance of SC and
DTc under sensorless operation by exploiting advanced frequency estimation techniques,
namely the SOGI-FLL and MESOGI-FLL estimators. In this context, the work provides a
comprehensive study of Ev systems and their motor drive requirements, including power-
train modeling and the dynamic behavior of IMS. Furthermore, a sensorless speed control
(Ssc) strategy based on the SOGI-FLL estimator is developed as a simple and cost-effective
solution for low-performance or energy-efficient applications. In parallel, a robust sensorless
Direct Torque Control (SDTC) strategy using the MESOGI-FLL estimator is proposed to
achieve fast torque response, without relying on mechanical sensors. Finally, the effective-
ness of the proposed control strategies is validated and compared through simulation and
experimental results using MATLAB/SIMULINK and real-time implementation on dSPACE
MicroLabBox hardware.

To achieve the objectives of this research, the thesis is organized into four chapters.
Chapter 1 provides an overview of Evs, including their architecture, components, and en-
ergy systems, and discusses motor selection and key challenges in Ev drive design. Chapter
2 presents a comprehensive modeling of the Ev powertrain, covering the Dc-AcC inverter,
IM, and vehicle dynamics, and derives the dynamic behavior and control requirements of
the motor mathematically. Chapter 3 details the sensorless scalar control (SsSc) strategy
using the SOGI-FLL estimator, including the estimation process, control algorithm, and
both simulation and experimental results with thorough analysis. Chapter 4 proposes a
sensorless DTC method based on the MESOGI-FLL estimator to estimate rotor speed and
flux, and validates the algorithm through simulations and real-time experiments under var-
ious operating conditions. Through this research, a high-performance, cost-effective, and

fully sensorless IM drive solution for modern Evs is anticipated.




Chapter

Overview of Electric Vehicle
Technology

1.1 Introduction

HE rapid depletion of fossil fuel reserves and the increasing concerns about environmen-
tal pollution have driven a significant shift toward sustainable transportation solutions.
Among these solutions, electric vehicles (Evs) have emerged as a promising alternative to
conventional internal combustion engine (ICE) vehicles. Evs offer several advantages, in-
cluding reduced greenhouse gas emissions, higher energy efficiency, and lower operating
costs [22]. The growing adoption of Evs is further supported by advancements in battery
technology, power electronics, and motor control strategies [23]. However, despite these ad-
vantages, challenges related to performance, cost, and infrastructure development remain
critical areas of research [24].

To understand the complexities of electric vehicle technology and its drive systems,
it is essential to explore the fundamental aspects of Evs, including their architecture,
configurations, key components, and motor selection criteria. This chapter provides an
overview of these elements to establish a strong foundation for the subsequent chapters,
which focus on improving electric drive systems for Ev applications.

The architecture of electric vehicles forms the basis of their design and operation. It
consists of several crucial subsystems, including the powertrain, energy storage, power
conversion, and charging infrastructure [25]. Each of these subsystems plays a vital role
in defining the efficiency, performance, and reliability of the vehicle. A well-structured
architecture ensures optimal energy utilization and seamless interaction between the com-
ponents.

Given the diversity in electric vehicle designs, multiple Ev configurations have been

developed to meet different application needs [26]. These configurations include Battery
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Electric Vehicles (BEvVS), which rely entirely on battery power; Hybrid Electric Vehicles
(HEvs), which combine an internal combustion engine with an electric motor; Plug-in
Hybrid Electric Vehicles (PHEvVS), which offer extended electric driving capabilities with
external charging options; and Fuel Cell Electric Vehicles (FCEvVS), which utilize hydrogen
fuel cells to generate electricity [27]. Each configuration presents unique advantages and
limitations, influencing their adoption in different market segments [28].

The performance and efficiency of an electric vehicle are largely determined by its main
components, which include the battery, power electronics, electric motor, transmission sys-
tem, and control unit. Battery technology is a key factor in determining the vehicle’s range,
charging time, and energy density [29]. Advances in lithium-ion batteries, solid-state bat-
teries, and alternative energy storage methods continue to shape the future of Evs [30].
Power electronics and inverters are essential for converting and managing electrical energy
efficiently, while electric motors serve as the primary propulsion system, directly impacting
vehicle performance, efficiency, and control complexity [31]. The transmission system en-
sures effective power delivery to the wheels, and control and energy management systems
optimize the interaction between different components to enhance efficiency and driving
experience [32].

A critical aspect of Ev design is the selection of the appropriate electric motor. The
choice of motor significantly affects the vehicle’s efficiency, power output, torque char-
acteristics, and overall driving experience. The most commonly used electric motors in
Evs applications include Induction Motors (IMs), Permanent Magnet Synchronous Motors
(PmsMs), and Switched Reluctance Motors (SkRMs) [33]. Each motor type has distinct
characteristics, influencing factors such as efficiency, cost, control complexity, and per-
formance under various operating conditions [34]. This section provides a comparative
analysis of these motor technologies and their suitability for different Ev applications [35].

In summary, this chapter establishes the foundational knowledge required to understand
the operation and design considerations of Evs. By exploring the architecture, configu-
rations, key components, and motor selection criteria, this chapter provides the necessary
background for the discussion in the following chapters, which focus on improving the

control and performance of electric drive systems dedicated to Evs.

1.2 Electric Vehicle Architecture

Electric vehicle architecture plays a crucial role in defining the overall performance,
efficiency, and reliability of the vehicle. The architecture includes key subsystems such
as the powertrain, energy storage, power conversion, and charging systems, which work

together to ensure optimal operation. The design of these components determines the
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driving range, charging time, energy efficiency, and environmental impact of the vehicle.
Recent advancements in power electronics, battery technology, and control systems have
significantly improved Ev architecture, making electric vehicles more competitive with
ICE vehicles. This section explores the primary elements of Ev architecture, providing
an in-depth analysis of the powertrain structure, energy storage and management, power

conversion system, and charging infrastructure.

1.2.1 Powertrain Structure

The powertrain of an Ev comprises all components responsible for converting electrical
energy stored in the vehicle’s battery into mechanical energy at the wheels, thereby enabling
vehicle motion. Unlike conventional vehicles, which rely on internal combustion engines,
Evs use electric motors as their primary source of propulsion. The configuration and design
of the powertrain significantly influence vehicle efficiency, performance, weight distribution,
cost, and overall driving dynamics.

A typical electric vehicle powertrain is illustrated in Fig 1.1. As shown, the powertrain
can be broadly divided into three main parts: the energy source, the power converter,
and the electro-mechanical actuator. The energy source, represented by the battery pack,
provides the electrical energy required for vehicle operation. The power converter, which
includes the DC-DC converter, DC-AcC inverter, energy management unit, and vehicle
controller, regulates and conditions this energy, ensuring that the voltage, current, and
frequency supplied to the motor are optimized for efficient operation. Finally, the electro-
mechanical actuator, comprising the electric machine and mechanical transmission, trans-
forms the electrical energy into mechanical torque and delivers it to the wheels, enabling

controlled vehicle motion.
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Fig 1.1. Powertrain structure of an electric vehicle.
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Recent advances in motor technologies, such as PMsMand IM, have greatly improved
the efficiency, reliability, and power density of electric powertrains [24]. These technological
improvements, combined with optimized power electronics and energy management strate-
gies, enable Evs to achieve high performance while maintaining low energy consumption.
Therefore, the powertrain represents a central aspect of electric vehicle design, directly

affecting operational capabilities and energy efficiency.

1.2.2 Energy Storage and Management

Energy storage and management are critical elements in Evs, directly influencing driv-
ing range, charging time, efficiency, and overall vehicle performance. The selection and
integration of an energy storage system affect the vehicle’s weight, cost, and sustainability,
making it a central consideration in Ev design.

The primary energy storage technology in modern Evs is the lithium-ion (Li-ion) bat-
tery, which offers high energy density, long cycle life, and relatively fast charging capabil-
ities [36]. Lithium-ion batteries have become the standard choice due to their favorable
balance between energy capacity, durability, and cost. Emerging technologies, such as solid-
state batteries (SSB), promise even higher energy density and improved safety by replacing
the liquid electrolyte with a solid one. Hydrogen fuel cells, employed in Fuel Cell Electric
Vehicles (FCEvVs), generate electricity through a chemical reaction between hydrogen and
oxygen, providing an alternative approach for long-range applications. Ultra-capacitors are
also utilized in conjunction with batteries to deliver high power density for applications
such as regenerative braking and rapid acceleration.

A Battery Management System (BMS) is an integral component of the energy storage
system. It continuously monitors battery voltage, current, temperature, and state-of-charge
to ensure safe operation, optimize performance, and prolong battery life. In addition, the
energy management unit of an Ev coordinates the interaction between the energy storage
system and the powertrain, controlling the flow of energy to meet the vehicle’s dynamic
demands efficiently.

Figure 1.2 illustrates the various energy sources employed in Evs and their integration
through an intelligent energy management system. As depicted, modern Evs can utilize
multiple types of energy storage technologies, including batteries (electrochemical storage),
fuel cells (chemical storage), ultracapacitors or supercapacitors (electrical storage), and
flywheels (mechanical storage). Each of these technologies serves a distinct function within
the system: the battery provides steady and long-term energy supply; the fuel cell generates
electricity through chemical reactions to extend vehicle range; the ultracapacitor delivers

high power density for transient operations such as acceleration and regenerative braking;
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Fig 1.2. Schematic of energy storage and management in an electric vehicle.

and the flywheel contributes mechanical energy storage for rapid energy exchange. The
energy management system coordinates these diverse sources to ensure optimal power
sharing, efficiency, and reliability according to driving conditions. Such a hybrid energy
storage configuration improves dynamic performance, extends component lifespan, and

enhances the overall energy efficiency and sustainability of electric vehicles.

1.2.3 Power Conversion System

The power conversion system in an EvV is a key subsystem responsible for managing
and regulating the flow of electrical energy between multiple energy sources, the traction
motor, and auxiliary components. It ensures efficient power conversion and distribution un-
der varying operating conditions, contributing to improved performance, extended driving
range, and overall energy efficiency of the vehicle.

As illustrated in Fig 1.3, a typical EvV power conversion system integrates multiple
energy sources-such as a fuel cell, supercapacitors, and a battery-through individual Dc-
Dc converters connected to a common Dc-link. The Dc-link acts as a central energy

bus that stabilizes the voltage and enables bidirectional power exchange among the vari-
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Fig 1.3. Typical configuration of a multi-source power conversion system in EVS.

ous sources. The combined electrical power is then supplied to a Dc/Ac inverter, which
converts the direct voltage into alternating voltage to drive the electric motor. The mechan-
ical torque generated by the motor is transmitted to the wheels through the transmission
system.

In this configuration, each energy source plays a complementary role in the overall power
management strategy. The fuel cell typically provides continuous base power, the battery
delivers sustained energy during normal operation, and the supercapacitors handle tran-
sient high-power demands such as acceleration or regenerative braking. The coordinated
control of these subsystems ensures optimal utilization of each energy source, enhances dy-
namic performance, and improves system reliability. Continuous advancements in power
electronics, particularly with the adoption of wide bandgap semiconductor materials such
as Silicon Carbide and Gallium Nitride, have further increased the efficiency, power density,

and thermal stability of modern Ev power conversion systems [37].

1.2.4 Charging System

The charging system is a fundamental part of electric vehicle infrastructure, directly
influencing convenience, user acceptance, and the widespread adoption of Evs. It governs
the process of transferring energy from the electrical grid to the vehicle battery while
ensuring safety, efficiency, and battery longevity.

Figure 1.4 presents a general types of Ev charging systems according to power level and
mode of energy transfer. Ac charging utilizes standard household or dedicated charging
points, typically providing power between 3 kW and 22 kW. This method is suitable for
overnight or workplace charging. In contrast, Dc fast charging supplies high-power direct
current-ranging from 50 kW up to 350 EW directly to the battery, substantially reducing

charging time and enabling long-distance travel.

10
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Fig 1.4. Types of general charging methods for electric vehicles.

Emerging technologies such as wireless charging transfer energy via inductive or
resonant magnetic coupling without physical connectors, enhancing user convenience and
enabling potential integration with autonomous vehicle systems. The continuous develop-
ment of fast-charging infrastructure, supported by government initiatives and industrial
partnerships, remains a critical factor for large-scale Ev adoption. Moreover, standardiza-
tion efforts in communication protocols and safety requirements are further improving the

interoperability and reliability of global charging networks. [38].

1.3 Configurations of Electric Vehicles

Electric vehicles are designed in a variety of configurations, determined by how they
source, store, and utilize electrical energy for propulsion. These configurations influence
vehicle performance, energy efficiency, infrastructure requirements, and environmental im-
pact. The four principal types of Evs are Battery Electric Vehicles (BEvs), Hybrid Electric
Vehicles (HEvs), Plug-in Hybrid Electric Vehicles (PHEVs), and Fuel Cell Electric Vehicles
(FCEvs). Each configuration embodies a distinct approach to electrification, ranging from
fully electric powertrains to hybrid systems integrating conventional internal combustion

engines (ICEs) with electric motors.

11
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1.3.1 Battery Electric Vehicles (BEVs)

Battery Electric Vehicles operate solely on electrical energy stored in onboard batteries,
typically lithium-ion packs. Evs produce zero tailpipe emissions and are recharged through
the electrical grid. Technological advances in battery energy density, cost reduction, and
fast-charging infrastructure have contributed to the widespread adoption of BEvs in the

current automotive market [39)].

(Stage 2)

Fig 1.5. Schematic representation of a Battery Electric Vehicle (BEvV) configuration.

Key Characteristics:
e Absence of an internal combustion engine.
e Regenerative braking to recover energy.

e Long-term cost efficiency and environmental benefits.

1.3.2 Hybrid Electric Vehicles (HEVs)

Hybrid Electric Vehicles combine a conventional internal combustion engine with an
electric motor. The electric motor assists the ICE during acceleration and captures energy
through regenerative braking, improving fuel economy and reducing emissions. Unlike
BEvs or PHEvVS, HEvVs cannot be recharged externally; their batteries are charged solely
by the ICEand regenerative braking [40].

Key Characteristics:
e Smaller battery capacity compared to BEvs and PHEVs.
e Improved fuel efficiency relative to conventional vehicles.

e Independent of external charging infrastructure.

12
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Fig 1.6. Schematic representation of a Hybrid Electric Vehicle (HEV) configuration.

1.3.3 Plug-in Hybrid Electric Vehicles (PHEVSs)

Plug-in Hybrid Electric Vehicles combine an ICE with a larger battery than that of
HEvs, allowing external charging. PHEVs enable electric-only operation for limited dis-
tances while using the ICE for extended range, providing a transitional option for users
hesitant to adopt full electrification [41].
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Fig 1.7. Schematic representation of a Plug-in Hybrid Electric Vehicle (PHEV) configura-
tion.

Key Characteristics:

e Dual power sources: battery and ICE.
e Electric-only driving range typically between 20 and 80 km.

e Ability to recharge from the electrical grid.

13
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1.3.4 Fuel Cell Electric Vehicles (FCEVs)

Fuel Cell Electric Vehicles utilize hydrogen stored onboard to generate electricity
through a fuel cell, which then powers the electric motor. FCEvs provide long driving
ranges and rapid refueling, making them suitable for long-distance and heavy-duty appli-
cations. Nevertheless, hydrogen refueling infrastructure is currently limited compared to

battery charging networks [42].
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Fig 1.8. Schematic representation of a Fuel Cell Electric Vehicle (FCEV) configuration.

Key Characteristics:
e Zero tailpipe emissions (only water vapor is produced).
e High energy efficiency with rapid refueling capability.

e Deployment limited by hydrogen infrastructure and production challenges.

14



1 » Overview of Electric Vehicle Technology

1.4 Electric Motor Selection for Electric Vehicles

The choice of an electric motor is one of the most critical decisions in the design of Evs.
It directly influences the vehicle’s efficiency, performance, cost, and reliability. Different
motor technologies offer varying advantages in terms of torque characteristics, efficiency,
cost, and control complexity. The optimal selection depends on vehicle type, intended
use, and energy management strategies. This section explores the essential criteria for
motor selection and compares the most commonly used motors in Evs: Induction Motors
(IMs), Permanent Magnet Synchronous Motors (PMSMs), and Switched Reluctance Motors
(SRMs).

Choosing the right motor involves evaluating several technical and economic factors.

The most important selection parameters include [48]:
e Power density: Influences weight and space requirements.

e Torque-speed characteristics: Determines performance across different driving con-

ditions.
e Efficiency: Affects driving range and energy consumption.
e Thermal performance: Impacts cooling requirements and reliability.
e Cost and availability of materials: Especially for rare earth magnets.

e Control complexity: Influences the design of the electronic control system.

1.4.1 Induction Motors (IMs)

Induction Motors are widely used due to their ruggedness, reliability, and absence of
permanent magnets, which reduces material costs. They use electromagnetic induction to
generate torque and are known for good thermal performance and cost-effectiveness [49].

Advantages:
e Robust and durable.
e Lower cost due to absence of magnets.
e Proven industrial reliability.
Limitations:
e Lower efficiency compared to PMsMs at low loads.

e Larger and heavier for the same power output.

15
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1.4.2 Permanent Magnet Synchronous Motors (PMSMs)

PMsMs are the most widely adopted motors in modern Evs due to their high efficiency,
power density, and excellent torque control. These motors use rare earth magnets to
maintain constant magnetic fields [50].

Advantages:
e High efficiency over a wide speed range.
e Compact design with high torque-to-weight ratio.
e Superior dynamic performance and control.
Limitations:
e High cost due to rare earth materials.

e Demagnetization risk at high temperatures.

1.4.3 Switched Reluctance Motors (SRMs)

SRMs are gaining interest for Ev applications due to their simple construction, absence
of magnets, and high-temperature tolerance. Torque is produced by the reluctance differ-
ence between rotor and stator poles [51].

Advantages:
e Simple and robust construction.
e No permanent magnets required.
e High-speed operation and fault tolerance.

Limitations:

The main limitations of SRMs arise from their operating principle. High torque ripple
occurs because torque is generated by the nonlinear reluctance variation between stator
and rotor poles, leading to pulsations. These pulsations produce vibrations and acoustic
noise, particularly at high speeds. Furthermore, the nonlinear and position-dependent
characteristics of the motor require more complex control algorithms to achieve smooth

and precise torque and speed regulation.
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1.4.4 Comparison and Suitability for EV Applications

The selection of an appropriate electric motor for an Ev largely depends on the intended
application, such as passenger vehicles, commercial vehicles, or high-performance electric
vehicles. Different motor types exhibit significant variations in torque density, efficiency,
cost, reliability, and maintenance requirements, which directly influence the vehicle’s over-
all performance, energy consumption, and operational lifespan. Table 1.1 summarizes key
performance parameters for four commonly used motor types: Permanent Magnet Syn-
chronous Motors (PmsMs), Switched Reluctance Motors (SRMs), Induction Motors (Ims),
and D¢ motors [52].

Table 1.1. Comparison of electric motor types for Ev applications

Parameter PMmsm SRM IMm Dc Motor
Power Density High Moderate Moderate Low to Moderate
Torque Density High Moderate Moderate Moderate
Efficiency >90% >90% >90% 75-85%
Cost High Low Moderate Low
Reliability High Very High High Moderate
Fault Tolerance Low High Moderate Low
Cooling Requirements High Moderate Moderate Low to Moderate
Maintenance Low Very Low Low High
Typical Applications Passenger Evs | Commercial Evs | Passenger/Commercial Evs | Low-power or specialized Evs

Based on Table 1.1 PMmsMs offer high power and torque density, excellent efficiency,
and low maintenance, making them ideal for passenger Evs and high-performance applica-
tions where compactness and responsiveness are critical. However, reliance on permanent
magnets increases cost and reduces fault tolerance.

SRMs provide moderate power and torque density but excel in reliability and robustness.
Their simple, low-cost design suits commercial or industrial Evs, though torque ripple and
noise can affect passenger comfort.

Induction motors balance performance, cost, and reliability, and are widely used in
both passenger and commercial Evs. They are robust, do not require permanent magnets,
and have slightly lower efficiency than PMsMs at partial loads.

Dc motors, though less common, are used in low-power or specialized Evs. They are
simple and low-cost but less efficient, require more maintenance, and are unsuitable for
high-performance applications.

Overall, PMsMs dominate performance-critical applications, while SRMs and IMs are

suitable for cost-sensitive or ruggedEvs, and DC motors remain niche for low-power uses.
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1.5 Conclusion

In this introductory chapter, we have explored the foundational concepts and compo-
nents that define Evs, establishing a solid base for the technical analyses that follow in this
thesis. The transition from internal combustion engine vehicles to electric mobility rep-
resents a significant shift in the transportation sector, driven by environmental concerns,
technological innovation, and evolving consumer preferences.

We began by examining the architecture of electric vehicles, emphasizing the integration
and interaction of key systems including the powertrain, energy storage, power conversion,
and charging infrastructure. Each subsystem plays a critical role in determining the per-
formance, range, and efficiency of the vehicle.

Next, we analyzed the various configurations of Evs, such as Battery Electric Vehi-
cles (BEvs), Hybrid Electric Vehicles (HEvs), Plug-in Hybrid Electric Vehicles (PHEVs),
and Fuel Cell Electric Vehicles (FCEvs). These configurations differ not only in their
energy sources and drivetrain complexity but also in their operational characteristics and
suitability for different use cases.

The discussion then moved to the main components of Evs, where we outlined the
essential role of the battery system, power electronics, electric motors, control systems, and
transmission mechanisms. These components are continually evolving thanks to advances
in materials, thermal management, and digital control strategies.

Finally, we addressed the selection of electric motors, comparing Induction Motors,
Permanent Magnet Synchronous Motors, Switched Reluctance Motors, and Dc Motors .
The choice of motor depends heavily on the desired balance between performance, efficiency;,
cost, and reliability, making motor selection a crucial step in Ev design.

In summary, a comprehensive understanding of Ev architecture, configurations, and
component functions is indispensable for developing and optimizing electric drive systems.
This chapter serves as a foundation for the subsequent chapters, which will delve deeper into
innovative strategies for improving the performance, efficiency, and integration of electric

drive systems in modern electric vehicles.
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Chapter

Comprehensive Modelling of EV
Powertrain Components

2.1 Introduction

HE accurate modeling of electric vehicle (Ev) powertrain components constitutes a fun-
damental step toward the design, analysis, and implementation of advanced control
strategies. A reliable model not only reflects the physical behavior of the system but also
provides a platform for validating control algorithms prior to experimental deployment.
In the context of Evs, the powertrain is a complex multi-domain system that integrates
electrical, mechanical, and vehicular dynamics. Thus, a comprehensive modeling frame-
work must capture the interactions between motor dynamics, parameter characteristics,
and vehicle motion under diverse operating conditions.

This chapter focuses on the development and formulation of detailed models for the
main components of the EV powertrain, with an emphasis on the traction motor and the
vehicle dynamics. First, mathematical models of the induction motor are presented in both
the dg and af reference frames. These representations provide complementary perspec-
tives that are widely used in control design and analysis, offering insights into steady-state
and transient behavior. Second, attention is given to the identification of motor param-
eters, which play a crucial role in ensuring the accuracy of the model. Two approaches
are considered: classical identification methods based on experimental measurements and
analytical derivations, and direct computation using motor datasheet values and calcula-
tors. The comparison of these techniques highlights both their advantages and limitations
in practical applications.

In addition to the motor subsystem, the vehicle dynamics are modeled to capture
the interaction between the generated torque and the external forces acting on the Ev.

This includes the longitudinal dynamics of the vehicle, as well as the resistive forces such
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as aerodynamic drag, rolling resistance, gradient force, and inertial effects. Integrating
these dynamics with the motor model provides a holistic view of the powertrain behavior,
enabling realistic performance assessment under various driving conditions.

Overall, the comprehensive modeling presented in this chapter forms the foundation for
subsequent control design and experimental validation. It establishes a coherent framework
that links the motor’s electrical and mechanical characteristics with the external dynamics

of the vehicle, thereby supporting the development of robust and efficient Ev drive systems.

2.2 Description of the IM

The implementation of efficient control strategies for the induction machine requires
an accurate mathematical model that faithfully represents its dynamic behavior. Modern
control techniques for induction motors, such as field-oriented control and direct torque
control, rely on the continuous estimation of the rotor flux magnitude and phase, which
are obtained through the machine’s dynamic model. Maintaining a constant rotor flux is
essential to achieve high energy efficiency while ensuring precise torque and speed control.

In this section, different mathematical models of the induction motor are developed to
serve as the foundation for advanced control algorithm design. These models are primarily
derived from Park’s theory, which simplifies the analysis by transforming the three-phase
system into an equivalent two-phase system through the Concordia transformation. More-
over, the application of Park’s transformation converts sinusoidal time-varying quantities
into continuous signals in the rotating reference frame, thereby facilitating both control

design and numerical simulation [53,54].

2.2.1 Simplifying Assumptions

The mathematical modeling of the induction motor is generally established under a set
of simplifying assumptions that are widely accepted in the literature. These assumptions
reduce the complexity of the system while retaining sufficient accuracy for control design
and performance analysis. Following the approaches presented in [53-55], the principal

assumptions can be summarized as follows:

e The air gap is considered uniform and constant, neglecting any spatial variations.
e The effects of stator and rotor slotting are disregarded.

e The supply voltage is assumed to be a perfectly balanced three-phase sinusoidal

source.

20



2 » Comprehensive Modelling of EV Powertrain Components

e Core losses are neglected in order to simplify the equivalent circuit representation.

e Magnetic saturation in the core materials is ignored, assuming a linear magnetic

circuit, since the motor is operated within its nominal flux range.
e Hysteresis losses, eddy currents, and skin effects are not taken into account.
e The leakage inductances of the stator and rotor are assumed to be constant.

e Stator and rotor resistances are considered constant, independent of temperature or

frequency.

e The zero-sequence (homopolar) component is assumed to be zero, corresponding to

a balanced three-phase system with no neutral current.

e The system is assumed to operate under steady thermal conditions, thus neglecting

thermal transients.

These assumptions provide a simplified yet sufficiently accurate model of the induction
motor, which is suitable for control strategy development, simulation studies, and perfor-
mance evaluation. While they facilitate analytical tractability, it is important to note that
deviations from these idealizations may arise in practical applications, particularly under

conditions of high loading, deep saturation, or thermal variations [53-55].

2.2.2 Natural Model of the Induction Motor

The three-phase squirrel-cage induction motor is widely used in electric drive systems
due to its robust construction, low cost, and minimal maintenance requirements. Struc-
turally, the machine is composed of two main parts: the stator and the rotor. A symbolic
representation is shown in Fig 2.1.

The stator is the stationary part of the machine and, in classical three-phase induction
motors, consists of three distributed windings spatially displaced by 120 electrical degrees,
although other winding configurations may be used in modern machines. When supplied by
a balanced three-phase sinusoidal source, these windings establish a rotating magnetic field
in the air gap. The stator windings are usually connected in star or delta configuration,
and their primary function is to generate a magnetomotive force (MMF) produced by the
stator currents, which establishes the magnetic flux in the air gap and induces currents in
the rotor conductors. [53,54].

The rotor in the squirrel-cage configuration is composed of conductive bars, typically

aluminum or copper, embedded in a laminated iron core and short-circuited at both ends
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by end rings. Unlike wound-rotor designs, the squirrel-cage rotor does not require external
electrical connections. When the rotating magnetic field produced by the stator sweeps
across the rotor, a time-varying magnetic flux induces an electromotive force (EMF) in
the rotor bars in accordance with Faradaya€™s law, resulting in circulating currents due
to the short-circuited structure. These induced currents interact with the stator magnetic
field and experience electromagnetic (Lorentz) forces, whose resultant moment about the
rotor axis produces the electromagnetic torque responsible for rotor rotation. [55].

This interaction between the stator’s rotating field and the rotor’s induced currents
forms the physical basis of the induction motor’s operation. From this physical structure,
the natural model of the machine is derived in the abc-phase variables, which accurately
represents the electrical and electromagnetic coupling in its most fundamental form. This
natural model serves as the foundation for deriving simplified reference-frame models (e.g.,

dq and af3) that are more suitable for control and simulation studies.

/
vre

Fig 2.1. Symbolic representation of the squirrel-cage induction motor.

2.2.2.1 Electrical Equations

The electrical behavior of the induction motor in the three-phase (abc) reference system
is described by the relationships between voltages, currents, and flux linkages in both the
stator and rotor circuits. These equations account for the resistive and inductive effects
under dynamic operating conditions and form the foundation of the natural model of the

machine [53,54]. The model is expressed as:

Vi) = [R[L] + £

Vi) = [R[L] + %[®/] (2.1)
(@) = [LJJ[1] + [M.)[L,] |
[(Dr] = [Lr][Ir] + [MS*T]T [5]
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[‘/5] - ['Usa Vsh USC]T [V;"] - [Ura Urp U’I’C]T Rs 0 0
with: [[s] = [Z.sa Z-sb isc]T ; [Ir] = [ira Z.rb irc]T ; [Rs] - 0 Rs 0
[(I)s] = [¢sa ¢sb ¢SC]T [(I)r] = [‘bru ¢rb (brc]T 0 0 Rs
R, 0 O L, M, M, L, M, M,
[Rr] =(0 R, O ) [Ls] = |Ms Ls M; ) [Lr] = (M, L, M,
0 0 R, M, M, L, M, M, L,
where:
® Uy, Ugpy, Use: Stator phase voltages (V). e R,: rotor resistance (2).
® U.q, Unp, Upe: TOtOT phase voltages (V). e L, stator self-inductance (H).
® iya, s, ise: Stator phase currents (A). e L,: rotor self-inductance (H).
® ira,ip,ire: TOtOr phase currents (A). e M, ,: magnetizing inductance (H).
o o, bops doe: stator flux linkages (Wb). o M,: mutual inductance of stator
phases (H).
® Oray Orb, Ore: rotor flux linkages (Wb).
e M,: mutual inductance of rotor phases
e R,: stator resistance (2). (H).

2.2.2.2 Mechanical Dynamics of the IM

The mechanical behavior of an induction motor is governed by Newton’s second law of
rotational motion, which relates the net torque acting on the rotor to its angular acceler-
ation. This relationship accounts for the electromagnetic torque produced by the motor,
the opposing load torque, and frictional losses. Accordingly, the mechanical equation de-
scribing the rotor acceleration can be expressed as [53, 54]:

a,. P
at — J

(Tom — T, — C4Q,) (2.2)

with:
2, Rotor angular speed (rad/s).
P: Number of pole pairs.
J: Moment of inertia of the motor and load (kg.m?).
Tem: Electromagnetic torque produced by the motor (N-m).
T,: Load torque (N-m).
Cy: Friction coefficient (N-m-s/rad).
In the theory of electromagnetic fields applied to electrical machines, the electromag-
netic torque (7,) is fundamentally derived from the concept of energy conversion. Specifi-

cally, it can be expressed as the partial derivative of the stored electromagnetic energy with
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respect to the geometric angle. This formulation reflects the principle that torque arises
from the interaction between magnetic fields and the mechanical structure of the machine,
tending to minimize the stored energy by aligning magnetic forces. In addition to this
energy-based expression, the electromagnetic torque can also be related to the instanta-
neous electromagnetic power and the mechanical angular velocity. The following equation
provides the expression of T, as a function of the electromagnetic power [53,54]:
aw aw
=, ~ .,

T, (2.3)

with:

W: represent the storage energy.
04 the geometry angle.

f.: the electric angle.

In the analysis of electrical machines, it is also essential to consider the absorbed power
(P,), which represents the total electrical power drawn by the machine from the electrical
supply. This power includes both the useful electromagnetic power converted into mechan-
ical form and the losses due to resistances, core effects, and other parasitic elements. The
absorbed power is a crucial parameter for evaluating the efficiency and performance of the
machine. It can be calculated based on the instantaneous voltages and currents at the

machine terminals. The general expression for the absorbed power is given below:
Pa = [‘/s]T [[s] (24)

By substituting the expressions of voltage and current from (2.1) into the equation of

absorbed power (2.4), we can derive a more detailed formulation of the absorbed power as:

d d d
Py = (LT [R(L) + — [LJ[L] + — (M (L] (L) + — (L] (M) (1] (2.5)

dt dt dt
The obtained expression is quite complex, and it becomes increasingly difficult to continue
modeling the IM in this three-phase reference frame. Due to the complexity of the equation,

it is not practical to proceed with further analysis without simplifying the model.

2.2.3 Modeling of the Induction Motor in the dg Reference Frame

To facilitate the analysis and control of the induction motor, the three-phase (abc)
quantities can be transformed into a two-phase rotating reference frame known as the dg-
axis frame, as illustrated in Fig 2.2. This transformation, commonly referred to as the Park
transformation, maps the time-varying sinusoidal stator and rotor quantities into constant
or slowly varying components in the dg-frame, which rotates synchronously with a chosen

reference (stator flux, rotor flux, or rotor speed) [53-55].
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By performing this transformation, the induction motor model can be expressed in
terms of d-axis and ¢-axis components, decoupling the flux-producing and torque-producing
components. This approach greatly simplifies the dynamic equations, making them more
suitable for the design of advanced control strategies, such as field-oriented control (Foc)
and direct torque control (DTC). Mathematically, the transformation from the three-phase

system defined in (2.1) to the dg-axis can be expressed as follows:

Vds Vas
Ugs Ups (2.6)
Vo ()

Fig 2.2. Park transformation of IM in the dg reference frame.

The dq transformation enables the stator and rotor voltage and flux equations to be
represented in a form where steady-state AC quantities appear as DC quantities, facilitating

control and simulation [53].

2.2.3.1 Choice of Reference Frame

To analyze the transient behavior of the three-phase induction motor, three coordinate

reference frames in the (d, ¢) plane can be considered [56].

Stator Reference Frame In this reference frame, the (d, q) axes are fixed with respect
to the stator, such that w = 0. In this case, the axis of phase S, coincides with the d-
axis. This reference frame is particularly suitable for studying instantaneous quantities,

as it does not require any transformation back to the real three-phase system. Its use
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is advantageous for analyzing the starting and braking conditions of alternating-current

machines.

Rotor Reference Frame In this reference frame, the (d, q) axes are fixed with respect
to the rotor, which rotates at the mechanical angular speed w,; thus, w = w,. This frame
is commonly used to study the transient behavior of both synchronous and asynchronous

machines, especially when the rotor circuits are asymmetrically connected.

Synchronously Rotating (Field-Oriented) Reference Frame In this reference
frame, the (d,q) axes rotate synchronously with the rotating magnetic field produced by
the stator windings, such that w = w,. This reference frame is generally used for imple-
menting control strategies such as torque or speed control, since the variables in this frame
become constant (steady-state) in steady operation.

In the present work, the synchronously rotating (field-oriented) reference frame is
adopted for the modeling and control of the induction motor. Under this condition, the

mathematical model of the machine can be expressed as follows:

2.2.3.2 Voltages equations

The voltage equations in the dg-axis are given by:

vgs = Rgigs + %des - Ws¢qs
Vgs = Rsiqs + %¢qs + w8¢d8 (2 7)
Var rldr + dt ¢dr wsl¢qr
Vgr = Rriqr + %gbqr + wsl¢dr

2.2.3.3 Flux Equations
The flux linkages in the dg-axis for both the stator and rotor are given by:

¢ds = Lgigs + Mig,
gbqs = Lsiqs + Miqr
¢d7’ = Migs + Lyigr
¢qr = Miqs + LriqT

(2.8)

Now, we can summarize both the flux and voltage equations in matrix form as follows:

Vs R, —wyLy 0 —wsM Tds L, 0 M 0 Ids
Ugs | | wsLs R, we M 0 igs n 0 L, 0 M i igs (2.9)
Var N 0 —Wsgl M Rr —Wsi L’I’ Z‘dr M 0 Lr 0 dt idr .
Vgr wagM 0 wg L, R, lgr 0O M 0 L, Lgr

Where:
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Gas, Pgs are stator fluxes in dg frame. R, R, are stator and rotor resistances.

Gdr, Qgr are rotor fluxes in dg frame.

L,, L, are stator and rotor induc-

Vgs, Ugs are stator voltages in dg frame. tances.

Vgr, Ugr are rotor voltages in dq frame. M 1is the mutual inductance.

ids, 1gs are stator currents in dg frame.
® w,, w,, and wg are synchronous, rotor

idr, iqr are rotor currents in dq frame. angular speeds, and slip angular speed.

Based on (2.7), the absorbed power of the induction motor can be expressed in terms
of the variables transformed into the dq reference frame. This formulation simplifies
the mathematical representation of the power by eliminating time-varying components
associated with the three-phase system. It provides a clearer understanding of how
electrical quantities contribute to power consumption in the rotating reference frame. The

absorbed power can thus be written as:

2 (2.10)

-~

P; P‘f:ﬂ Pem

. . o d o d . .
Pa - Rs (Z?{S + ng) + st%¢ds + qu%%s + ws(gbdrlqs - gbquds)
S———— N

The electromechanical power P.,, can be expressed in terms of the electromagnetic torque
(Tem), the synchronous angular speed (wy), the rotor inductance (L), and the mutual

inductance (M )as follows:
TemwS LT
P M

By comparing the electromechanical power terms in (2.10) and (2.11), the electromagnetic

P = (2.11)

torque can be expressed as:

3 M . .
Tem = §PL_(¢dTZqS — Qéquds) (212)

2.2.4 Modeling of the Induction Motor in the af Axis

To analyze the behavior of the induction motor in a stationary reference frame, the
three-phase system can be transformed into a two-phase orthogonal system using the Clarke
transformation, as illustrated in Fig 2.3. This transformation maps the three-phase volt-
ages, currents, and flux linkages into the stationary o/ frame, which is particularly useful
for control strategies such as DTC or for the preliminary stages of vector control [53-55].

The af model allows the motor’s electrical quantities to be expressed in a fixed co-

ordinate system, eliminating the need to consider a rotating reference frame and thereby
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simplifying the analysis under certain conditions [53,55]. The corresponding mathematical

model is given by:

1 =1 _1 v
Vo 9 2 2 as
FEE Rk 213
1 1 1 v
2 2 2 s
A B
R Sb

Stator

Fig 2.3. Clarke transformation of IM in the af reference frame.

2.2.4.1 Voltage equations

In the af reference frame, the stator and rotor voltage equations of the induction motor

can be expressed as follows:

. d
Vas = Rszas + Ibae

ade,

Vgs = Rs’iﬁs + m
2.14
Var = Rriar + dd?T - wr(bﬂr ( )
Vpr = Rriﬁr + d(Zfr + wrgbcm“
2.2.4.2 Flux Equations
The flux linkages are related to the currents via the following expressions:
¢as = Lsias + Miar

¢O¢7‘ = Lriar + Mias
¢ﬁr = Lriﬂr + MZ,BS
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Substituting the flux expressions into the voltage equations leads to the compact matrix

form of the model:

Vas R 0 0 0 Tas Ls, 0 M 0 Tas
Ugs| 0 RS 0 0 iﬁs 0 LS 0 M i iﬁs
| "1 0 —oM R —wLy| i | T M 0 Lo 0| i %19
Vgr wrM 0 CL)TLT» RT ig,« 0 M 0 LT 18y

2.3 Induction Motor Parameter Identification

Accurate identification of induction motor parameters is essential for precise model-
ing, performance analysis, and implementation of advanced control strategies in electric
drive systems. The parameters of the motor, such as stator and rotor resistances, leak-
age and magnetizing inductances, play a fundamental role in predicting the machine’s
electromagnetic and mechanical behavior. In this section, two complementary identifi-
cation approaches are considered. The first is based on classical experimental methods,
where parameters are derived from standard tests such as the no-load and locked-rotor
tests, followed by analytical computation. The second utilizes the automatic identification
functions available in ABB variable-speed drives, which estimate the machine parameters
through dynamic self-commissioning procedures. Recent studies have demonstrated signif-
icant progress in improving the accuracy of parameter estimation using both classical and
data-driven optimization-based approaches [57-60]. The combination of these methods
ensures a comprehensive and reliable parameter set for subsequent simulation and control

applications.

2.3.1 Classical Induction Motor Parameter Identification

Classical experimental methods for induction motor parameter identification have been
widely employed owing to their simplicity, reliability, and direct physical interpretation.
These tests are based on standard electrical measurements that provide fundamental infor-
mation about the motor’s electrical and magnetic characteristics, such as stator and rotor
resistances, leakage and magnetizing inductances, and core losses. By applying controlled
voltages and recording the resulting currents, voltages, and power, the parameters can be
determined with reasonable accuracy. Despite the emergence of advanced computational
and drive-based identification techniques, classical methods remain essential for valida-
tion, bench-marking, and preliminary parameter estimation in both academic research and

industrial practice [57-59].
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2.3.1.1 Two-Phase DC Method for Stator Resistance Measurement

The two-phase DC method is a classical experimental approach used to determine the
stator resistance of an induction motor. In this technique, a direct current is applied
simultaneously to two stator phases, while the third phase remains open-circuited. This
configuration ensures that only the resistive components of the stator windings are excited,
effectively eliminating the influence of mutual inductance and core losses. Consequently,
this method provides an accurate estimation of the stator resistance, which is a fundamental
parameter for precise motor modeling and control [57,58].

In the present work, a Programmable DC Power Source was connected to two stator
phases of the induction motor, as illustrated in Fig 2.4. The supply voltage was gradually
increased until indicates the nominal phase current of the motor. Once the nominal current
was reached, the adjustment of the DC source was stopped, and both the applied voltage
E and the corresponding current I,, were recorded. These measured values were then used

to compute the stator resistance according to Ohm’s law:

E 62
Re= 50 = 55ams — [R=125Q] (2.17)

Programmable
DC Power Source

i CIRRE
W

i=lh=2,48A
c ﬁ E=62V | Induction Motor

T~

(a) (b)
Fig 2.4. Two phase DC test: (a) schematic diagram, and (b) experimental setup.

Here, Ry denotes the stator resistance, E is the applied D¢ voltage across two stator
phases, and I, represents the nominal phase current. This straightforward yet effective
method provides reliable results for parameter identification and forms the basis for sub-

sequent modeling and control strategies of the induction motor.
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2.3.1.2 No-Load Test for Stator Inductance Calculation

In this test, the induction motor is supplied with its nominal line-to-line voltage U =V,
while the rotor is allowed to rotate freely without any mechanical load. The objective of the
no-load test is to determine the magnetizing characteristics of the machine and calculate
the stator inductance L.

The experimental setup for the no-load test is shown in Fig 2.5. The three-phase power
supply is connected to the stator terminals, and a Power & Harmonics Analyzer is employed
to measure the input electrical quantities-namely the phase current Iy, the active power P,
and the reactive power )y under steady-state conditions at rated voltage and frequency.

Since the motor operates without a mechanical load, the total input power P, mainly
consists of core (iron) losses (P, ), mechanical losses (P..) (friction and windage), and
a small portion of stator copper losses (Pjs). The reactive power @, in contrast, is pre-
dominantly associated with the magnetizing current and is directly related to the stator

inductance L.

Results
isa=1.=2,48A ; f=50Hz
U=Vn=230V ; Qo=662VAR

Schematic isb,
Diagram iscy,

L e
isa k
Vol Verl

Three- Phase Isb
AC source

Fig 2.5. Schematic diagram and experimental setup of the no-load test.

The measured quantities are used to determine the stator inductance as follows:

Qo = 3U° (2.18)

sts .

Rearranging for L,:

3U? 3 x 2302
L, = - — L, =0.70 H|. 2.19
Qows 662 x 21 x 50 ( )

To validate this result, the stator inductance was also measured directly using an LCR
meter, which yielded Ly = 0.71 H. This close agreement between the two methods confirms
the accuracy of the experimental procedure and validates the reliability of the calculated

stator inductance.
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2.3.1.3 Short-Circuit Test for Rotor and Mutual Inductance Estimation

The short-circuit (or blocked-rotor) test is a standard procedure used to determine the
rotor resistance (R,), and mutual inductance (M) of an induction motor. In this test, the
rotor is mechanically locked to prevent rotation, and a reduced three-phase AC voltage
is applied to the stator windings. The supply voltage is gradually increased until the
stator current reaches its rated value. During the experiment, the line voltage (V,.), line
current (I..), active power (P..), and reactive power (Q..) are recorded using the Power &
Harmonics Analyzer.

In this test, the same experimental setup as that used for the no-load test (shown in

Fig 2.5) was employed. The measured quantities are as follows:
Vee =570V Ie.=1,=248 A; P..=14233 W ; Q.. = 1855 VAR ; f=50 Hz

The total active power absorbed by the induction machine under short-circuit conditions

is expressed as:

7 \2
P =3Req | —= | , 2.20
! (\/5) (220
which can be simplified to obtain the equivalent resistance:
P, 142.33
Req= =" = ——— = | Req = 23.14 Q| 2.21
12 (2.48)2 4 (2:21)

The rotor resistance referred to the stator side is thus:

R, = Req — Ry = 2314 — 125 — [ R, = 10.64 Q. (2.22)

The equivalent leakage inductance per phase can be determined from the reactive power

component:

I Qce 185.5
T Bw 2, 2.8 >
57cc 3><27T><50<%)

— L., = 0.096 H| (2.23)

where wy = 27 f is the synchronous angular frequency.

In the equivalent two-winding model of the induction motor, the voltage equations are

e M L
= jws [M Lr] [[] . (2.24)

When the rotor is short-circuited (V, = 0), eliminating the rotor current yields the

expressed as:
Vs
174

equivalent inductance seen from the stator terminals:

M2
L,

Leg=L,— (2.25)
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Assuming approximately equal stator and rotor leakage inductances (Ls ~ L,), the

mutual inductance can be obtained as:

M = /L2 — (LeyLs) = 1/0.712 — (0.096 x 0.71) = | M = 0.66 H|. (2.26)

The magnetic coupling coefficient between the stator and rotor circuits is calculated as:
M 0.66 B
- VL, L, J071x0.712

The obtained inductance values are consistent with the expected electromagnetic be-

k 0.93. (2.27)

havior of an induction machine. The magnetizing inductance (M = 0.66 H) is significantly
higher than both the stator and rotor leakage inductances (L;s = 0.05 H and L;, = 0.05 H),
confirming a strong magnetic coupling between the stator and rotor circuits. The coupling
coefficient (k = 0.93) further supports this observation, indicating efficient magnetic energy
transfer. Moreover, the condition M? < L,L, is satisfied, ensuring the physical validity
of the identified parameters. The equivalent inductance (L., = 0.096 H) is lower than
the magnetizing inductance, as expected under short-circuit conditions, where leakage flux
predominates. Overall, these results are physically reasonable and validate the accuracy of
the parameter identification process, confirming that the adopted experimental methodol-
ogy and computational approach yield reliable and consistent inductance estimations for

the studied induction motor model.

2.3.1.4 Determination of Motor Inertia J and Friction Coefficient C}

The mechanical parameters of the induction motor, namely the moment of inertia
(J) and the viscous friction coefficient (Cy), play a crucial role in accurately modeling
and simulating the dynamic behavior of electrical machines. These parameters directly
influence the transient response, torque development, and overall efficiency of the motor.
In this work, both parameters were experimentally determined using a combination of a
no-load test and a deceleration test, which are widely recognized and reliable experimental

methods for mechanical parameter identification of induction motors [66-68].

No-Load Test: In this test, the same experimental setup as that used for the no-load
test (shown in Fig 2.5) was employed. Unlike the previous test, where only a single voltage
value was applied, several voltage levels were used in this case. For each applied voltage,
the corresponding active power Fy, no-load current [y, and voltage V were measured. The
obtained results are presented in Table 2.1.

In addition, the stator copper losses P;s and the mechanical losses at each voltage were

calculated for each measurement using:

P.=R,I;, (2.28)
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and the sum of iron and mechanical losses Py at each voltage were obtained as:
Py = Py — Pj. (2.29)
The squared applied voltage Vi was also calculated and included in the table.

Table 2.1. Results of the no-load test, including measured and calculated values.

Vo io Py | P Py Vi

30 0.29 24 1.05 22.95 900

50 0.31 36 1.2 34.8 2500
80 | 0.433 51 2.34 48.66 6400
120 | 0.67 72 5.61 66.39 14400
160 | 0.953 94 11.35 82.65 25600
200 | 1.387 | 122 | 24.04 | 97.96 | 40000
220 1.71 145 | 36.55 | 108.45 | 48400

Table 2.1 summarizes the results of the no-load test for various applied voltage levels.
It includes the measured no-load current 7y, absorbed active power Fy, the stator Joule
losses Pjs,
data illustrate the dependence of the motor’s no-load behavior and losses on the applied

the iron and mechanical losses Pf, and the square of the applied voltage ViZ. The

voltage.

Determination of Mechanical Losses P,,..: During the no-load operation, the induc-
tion motor absorbs a power (Fy), which corresponds to the sum of the mechanical losses
P, iron (core) losses Py, and stator copper losses Pj;. By plotting the curve of Py as
a function of the square of the supply voltage Vi, as illustrated in Fig 2.6, a straight line
is generally obtained. The extrapolation of this line to zero voltage gives the mechanical
losses.

Using MATLAB, the total losses excluding the stator copper losses, denoted as Py, were
plotted as a function of the squared supply voltage, Vi, i.e., Py = f(V). The resulting
plot exhibited an approximately linear relationship between Py and V2. A linear regression
line was then fitted to the experimental data, as illustrated in Fig 2.6, and expressed by

the equation:
y = 0.0019 V2 + 21. (2.30)
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From this linear representation, the intercept at V; = 0 corresponds to the mechanical

losses at nominal speed, denoted as P,,. As observed in the figure, this value was found
to be P, = 21 W. The slope of the line, on the other hand, reflects the iron (core) losses,
which vary proportionally with the square of the supply voltage.

120

100

3 4

u? (V)

5
x10%

Fig 2.6. Variation of losses P; with squared supply voltage V{.

Deceleration Test: Subsequently, a deceleration test was performed. The motor was

supplied with its nominal voltage and allowed to reach its synchronous speed. The supply
was then cut off, and the rotor speed was recorded using the dSPACE MicroLabBox and

an encoder. The recorded speed curve is shown in Fig 2.7.
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Fig 2.7. Deceleration test of the induction motor used to determine J and CY.

dw

A tangent line was drawn along the deceleration curve to determine the slope % at

nominal speed. The moment of inertia J was then calculated using:

P 21
J= -

w157 -57.12

— | J = 0.0023 kg-m?

dt

(2.31)
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where P, =21 W, w = 157 rad/s, and % = 57.12 rad/s>.

Finally, the viscous friction coefficient C; was determined from:

J0.0023

Cr=RXN~ o7

= | Cy = 0.0008 N-m-s/rad (2.32)

where At = 14.95 — 12.2 = 2.75 s is the characteristic time interval of deceleration.
This combined approach, using both no-load and deceleration tests, allows accurate de-
termination of the motor’s mechanical parameters, which are essential for modeling its

dynamic behavior.

2.3.2 IM Parameter Identification Using the ABB-VSD

In addition to the classical experimental tests, the induction motor parameters were
also identified using an ABB variable-speed drive (VsD). This modern approach provides a
practical and automated means of determining the electrical and magnetic characteristics
of the motor, including stator and rotor resistances (R, and R,.), leakage inductances, and
magnetizing inductance [61,62]. The parameter estimation process is performed directly by
the drive through a dedicated identification routine, ensuring high precision and consistency
under controlled operating conditions [63] .

The experimental setup employed for this procedure is illustrated in Fig 2.8. It consists
of the tested induction motor coupled to an ABB variable-speed drive, which is connected
to a personal computer (PC) for real-time control, measurement, and data acquisition.
The drive operates under the Direct Torque Control (DTC) mode, allowing precise regu-
lation of the electromagnetic torque and stator flux, which enhances the reliability of the
identification results [64].

Two distinct parameter identification methods available in the ABB drive software were
utilized in this study [63,65]:

e Full Identification Run: Called Full ID Run (FIRr) is a complete dynamic test

performed while the motor is allowed to rotate freely.

e Identification Run at Standstill: called ID Run at Standstill (IrS) is a static

identification procedure conducted with the rotor locked.

Both methods were executed sequentially, and the obtained parameters were compared
with the values derived from classical tests to validate the consistency and accuracy of the

drive-based estimation process.

36



2 » Comprehensive Modelling of EV Powertrain Components

Tty .

e
acquisition

PC __

Induction
Motor

Fig 2.8. Experimental setup for IM parameter identification using the ABB VsD.

2.3.2.1 Full Identification Run

The Full ID Run (FIR) method is an automatic identification routine carried out with
the motor shaft free to rotate. During this test, the ABB drive applies a sequence of
controlled voltage and frequency variations, allowing the motor to operate under no-load
conditions. The drive measures and analyzes the resulting electrical and mechanical re-
sponses to estimate the stator resistance, rotor resistance, magnetizing inductance, and
leakage inductances.

This method provides highly accurate parameter estimation by capturing both steady-
state and transient responses while the motor is rotating, accounting for magnetization,
saturation, and rotor dynamics. The resulting values are suitable for dynamic control
applications such as DTC and Field-Oriented Control (Foc) [63]. However, the motor
must be mechanically uncoupled from any load and safely mounted to allow free rotation.

The parameters identified through the FIr procedure are presented in Table 2.2.

Table 2.2. Identified induction motor parameters using the FIR method.

Parameter Symbol | Unit | Value
Stator Resistance Rs Q 11.95
Rotor Resistance R, Q 10.45
Magnetizing Inductance M H 0.64
Equivalent Inductance Leg H 0.098
Stator Inductance L H 0.69
Rotor Inductance L, H 0.69
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2.3.2.2 Identification Run at Standstill

The ID Run at Standstill (IRS) method is an alternative identification routine that can
be performed without allowing the motor shaft to rotate. In this approach, the ABB drive
injects low-frequency test signals into the stator windings while the rotor remains mechan-
ically locked. The resulting voltage and current responses are used to estimate the main
motor parameters under static conditions [62,65].

This test offers the advantage of being faster and safer, especially in cases where the
motor cannot be decoupled from its mechanical load or where rotation must be avoided for
safety reasons. However, since the rotor is stationary, the identification of certain dynamic
parameters-such as the rotor resistance (R,) and magnetizing inductance (M) may be
less accurate compared to the FIRr test [62]. Consequently, the results obtained from the
IRS test are typically used for preliminary setup or verification rather than precise control

tuning. The parameters identified through the IRS procedure are listed in Table 2.3.

Table 2.3. Identified induction motor parameters using IRS method.

Parameter Symbol | Unit | Value
Stator Resistance Rs Q 11.89
Rotor Resistance R, Q 7.66
Magnetizing Inductance M H 0.578
Equivalent Inductance Leg H 0.098
Stator Inductance L H 0.629
Rotor Inductance L, H 0.629

A comparison of the results in Table A.1 shows that the Full ID Run (Fir) produces
parameters very close to those from classical experimental tests. The stator and rotor
resistances, magnetizing inductance, and phase inductances exhibit only minor deviations,
demonstrating that the ABB variable-speed drive accurately replicates the motor’s char-
acteristics under dynamic conditions. In contrast, the ID Run at Standstill (IRS) shows
larger discrepancies, particularly in the rotor resistance (R,) and magnetizing inductance
(M), deviating more from the classical values. This confirms that while both routines
are useful, the Full ID Run provides results highly consistent with classical measurements,
whereas the Standstill Run is less accurate due to limitations of testing the motor without
rotation. Based on this analysis, the parameters from the classical tests were selected for

subsequent modeling and control of the induction motor.
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Table 2.4. Summary of induction motor parameters obtained from different methods.

Parameters Symbol Unit Classic FIR IRS

Stator Resistance Rs Q 12.5 11.95 11.89
Rotor Resistance R, Q 10.64 10.45 7.66
Magnetizing Inductance M H 0.66 0.64 | 0.578
Equivalent Inductance Leg H 0.098 0.098 0.098
Stator Inductance Ls H 0.7/0.71 0.69 0.629
Rotor Inductance L, H 0.7/0.71 0.69 0.629
Moment of Inertia J kg.m? 0.0023 / /

Friction Coefficient Cy N-m-s/rad 0.0008 / /

2.3.3 Validation of the Induction Motor Model

To ensure the accuracy of the developed IM model and the identified parameters, a

validation study was carried out using MATLAB/SIMULINK. The purpose of this step is to

verify that the simulated dynamic behavior of the IM is consistent in both frames (dq and

af3), and that it reflects the expected physical characteristics under load variations.

Two simulation models were implemented: one based on the Park transformation (in

the dq reference frame) and the other using the Clarke transformation (in the a3 reference

frame), as illustrated in Fig 2.9. Both models were supplied with the same nominal stator

voltage of V,, = 230 V. To assess the dynamic response, a load torque of T, = 4 N - m was

applied at t = 2.5 s. The simulation results of the two models are presented in Fig 2.10
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Fig 2.10. Simulation results of the IM model in the dg and a3 reference frames.

Fig 2.10 summarizes the main results obtained from the simulations. Figures 2.10(a)
and 2.10(b) show the evolution of the rotor speed for the dg and a5 models, respectively. In
both cases, the motor speed increases smoothly during the transient phase before reaching
steady state, confirming the consistency of the mechanical model. When the load torque
of 4 N -m is applied at ¢t = 2.5 s, the motor speed decreases slightly before stabilizing at

the rated operating point, as expected.

Figures 2.10(c) and 2.10(d) illustrate the stator phase currents obtained from the two
models. The current waveforms are nearly identical in amplitude and frequency, demon-
strating that the electrical model behaves equivalently in both reference frames. A small
transient oscillation is observed immediately after load application, which is typical of the

torque disturbance response in induction motors.
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Finally, Figures 2.10(e) and 2.10(f) present the electromagnetic torque (7%.) and the
applied load torque (7)) in both reference frames. The electromagnetic torque tracks the
load torque with high fidelity, confirming that the model and the identified parameters

accurately reproduce the motor’s electromagnetic dynamics.

Overall, the results indicate a very good agreement between the dg and af reference
frame simulations. This consistency validates both the developed mathematical model and
the parameters obtained through the identification procedures. Therefore, the implemented
model can be confidently used in the subsequent control system design and performance

evaluation stages.

2.4 Vehicle Dynamic Model

The dynamic behavior of an electric vehicle (Ev) is governed by the interaction be-
tween the traction force generated by its powertrain and the various resistive forces that
oppose motion. Developing an accurate vehicle dynamic model is therefore essential for
control design, performance analysis, and energy optimization. This model establishes the
relationship between the forces acting on the vehicle, its motion, and the corresponding

mechanical power and torque requirements at the motor shaft.

Fig 2.11. Types of forces applied to the vehicle.

As illustrated in Fig 2.11, the motion of the vehicle is primarily influenced by four forces:
the rolling resistance force (F,.), the hill climbing (grade) force (Fj.), the aerodynamic
drag force (F,q), and the acceleration (inertial) force (£,). The combination of these forces
determines the total tractive effort required for propulsion (F}.). Each of these forces can

be described mathematically as follows [69].
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2.4.1 Rolling Resistance Force

The rolling resistance force F,, accounts for the losses caused by tire deformation and

the friction between the tire and the road surface. It can be expressed as:
F,. = K,mg (2.33)

where K, is the tire rolling resistance coefficient, m is the total mass of the vehicle, and ¢
is the gravitational acceleration. Typical values of K, range between 0.008 and 0.015 for
passenger cars on paved roads. Although small, rolling resistance significantly affects the

vehicle’s energy consumption during low-speed driving and urban operation.

2.4.2 Hill Climbing Force

When the vehicle moves on an inclined surface, a component of its weight acts along
the direction of motion, opposing or assisting the vehicle depending on the slope angle.

The hill climbing (or gradient) force is given by:
Fhe = mgsin(a) (2.34)

where « is the slope angle. This force increases linearly with the road gradient and becomes

dominant in mountainous terrain or steep roads.

2.4.3 Aerodynamic Drag Force

The aerodynamic drag F,4 represents the resistance due to air friction and pressure

differentials acting on the vehicle body. It is expressed as:
1
Fo= 5pchsv2 (2.35)

where p is the air density, Cy is the aerodynamic drag coefficient, Ay is the frontal (pro-
jected) surface area, and V is the vehicle velocity. The drag coefficient typically ranges from
0.25 for modern EVs to 0.35 for conventional vehicles. Since F,; increases quadratically

with velocity, it becomes the dominant resistive force at high speeds.

2.4.4 Acceleration Force

The acceleration or inertial force F, corresponds to the effort required to increase the
vehicle speed. It is related to the equivalent mass M., which accounts for both translational
and rotational inertias of the moving components (such as wheels, shafts, and the motor

rotor):
F,= M.,

M, = 1.04 + 0.00254> (2.36)
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where «a is the vehicle acceleration and g, is the gear ratio. The factor M, slightly increases

the apparent mass of the vehicle to include the effect of rotating elements.

2.4.5 Total Tractive Effort and Vehicle Motion

The total tractive effort Fj. required at the wheels to maintain or change the vehicle

speed is obtained by summing all resistive and acceleration forces:
Fte: ad+Frr+ic+Fa (237)

Applying Newton’s second law along the longitudinal axis of the vehicle, the motion

equation can be expressed as:

dv
mE = Fte — (Fad + Frr + ic) (238)

At steady-state operation (dV/dt = 0), the traction force equals the sum of resistive forces,

representing the equilibrium driving condition.

2.4.6 Powertrain Torque and Power Relations

The mechanical power developed by the traction motor P, and the torque transmitted

to the motor shaft 7, can be determined from the total tractive effort:

1
Pm - —FteV
n

. (2.39)
Tr: (Fad+Frr+ic)_

T

where R is the wheel radius and 7 represents the overall drivetrain efficiency. These expres-
sions establish the direct link between vehicle-level longitudinal dynamics and motor-level
mechanical quantities, forming the foundation for powertrain control and energy manage-

ment strategies.

2.4.7 Vehicle Parameters

The vehicle parameters listed in Table 2.5 were initially taken from [69], which were
developed for a 1.1 kW electric motor. Since the motor used in this work has a lower rated
power of 0.55 kW, some of the vehicle parameters were carefully adjusted to ensure com-
patibility with the reduced motor capacity. These adjustments include modifications to the
vehicle mass, aerodynamic coefficients, and rolling resistance to ensure that the resulting
motor speed, torque, and power remain within the operational limits of the selected motor.

As a result, the vehicle model provides a realistic representation of the dynamic behavior
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of the vehicle under typical driving conditions, including acceleration, deceleration, and

steady cruising. This carefully adapted model serves as a reliable foundation for subse-

quent simulation studies, allowing accurate evaluation of the electric drive performance

and the design of effective motor control strategies.

Table 2.5. Vehicle parameters used in the dynamic model.

Parameter Symbol Unit Value
Vehicle mass m 80 kg
Wheel radius R 0.23 m
Rolling resistance coefficient K, 0.015 /
Drag coefficient Cyq 0.2 /
Frontal surface area As 0.6 m2
Air density p 1.2 | kg/m3
Gear ratio Jgr 2 /
Drivetrain efficiency n 0.95 /

2.4.8 Vehicle Model Validation

To validate the accuracy of the proposed vehicle model, a simulation was performed

using MATLAB/SIMULINK. The simulation block diagram of the vehicle model is shown in

Fig 2.12. This setup allows the analysis of the vehicle’s dynamic response under various

driving conditions.
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Fig 2.12. Simulink implementation of the vehicle model.
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Fig 2.13. Simulation results of the vehicle model.

The simulation results, presented in Fig 2.13, show the vehicle speed V', motor speed
Nr, torque applied to the motor 7T'r, and mechanical power required from the motor Pt.
These results confirm that the vehicle model is properly aligned with the selected motor
parameters: the maximum motor power is limited to 0.55 kW, the maximum motor speed
reaches 1390 rpm, and the peak torque is 3.77 N-m, while the vehicle achieves a maximum
speed of 60 km/h. This demonstrates that the model provides a realistic representation of
the vehicle’s dynamic behavior within the operational limits of the motor, ensuring accurate

evaluation of the electric drive performance under the intended driving conditions.

Conclusion

This chapter presented the complete modeling and validation of the main components
of the electric vehicle powertrain. It began with the detailed modeling of the induction
motor in both the stationary («f) and rotating (dq) reference frames. The mathematical
equations were derived using the Clarke and Park transformations, providing a clear de-
scription of the electromagnetic and mechanical dynamics of the machine. These models
constitute the analytical foundation for the control strategies developed in the subsequent
chapters.

The parameters of the induction motor were then identified using two complementary
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methods: the classical approach based on standard experimental tests and the identifica-
tion process integrated in the ABB variable-speed drive. The results obtained from both
methods showed close agreement, confirming the accuracy and consistency of the identified
parameters.

To validate the modeling and identification results, a simulation study was conducted
using MATLAB/SIMULINK. The two models (dg and o) were supplied with the same nom-
inal voltage and subjected to a load torque variation. The results demonstrated excellent
correspondence between both reference frames in terms of speed, current, and torque evo-
lution, which validates the developed mathematical models and the identified parameters.

Finally, the vehicle dynamic model was established to describe the longitudinal motion
of the electric vehicle. The model takes into account the main resistive forces acting on
the vehicle, including rolling resistance, aerodynamic drag, and the slope component of
gravitational force. The dynamic equations were implemented and validated by simulation
in MATLAB/SIMULINK, confirming that the vehicle’s acceleration and speed responses are
consistent with theoretical expectations.

In conclusion, this chapter provided a validated representation of both the electrical
and mechanical subsystems of the electric vehicle. The developed models form a solid basis
for the design and implementation of advanced control strategies, which will be addressed

in the next chapter.
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Chapter

Sensorless Scalar Control Using
SOGI-FLL Estimator

3.1 Introduction

HIS chapter introduces the basic Second-Order Generalized Integrator (Soci) and
Frequency-Locked Loop (FLL), along with integration for speed estimation of the
induction motor. This estimation techniques is widely used in various power and con-
trol systems, particularly in applications involving synchronization, signal extraction, and
frequency tracking.

the classical Phase-Locked Loop (PLL) is a fundamental tool in control systems, de-
signed to synchronize with the phase and frequency of a periodic input signal. It has been
extensively used in grid-connected converters and communication systems due to its sim-
plicity and effectiveness [70,71]. However, PLLs can suffer from performance issues under
conditions such as DC offset, harmonics, or unbalanced voltages [72].

To overcome these limitations, the SOGI-FLL structure has emerged as a robust alter-
native. The SOGI acts as a resonant filter that separates the input signal into in-phase and
quadrature components, while the FLL dynamically estimates the signal frequency [73,74].
Unlike PLLs, the SOGI-FLL can maintain stable and accurate tracking even under distorted
grid conditions or frequency variations [75].

SOGI-FLL has proven especially useful in grid-connected systems and microgrids, where
precise phase and frequency detection are critical. For instance, in photovoltaic (PV) or
wind systems, it is used to extract the grid voltage phase for inverter synchronization
[76,77]. Tt also enables accurate signal reconstruction in single-phase systems, supporting
power quality monitoring and fault detection [74,78|.

Most of the existing literature focuses on the use of SOGI-FLL in these power electronics
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and grid-related applications. However, its application to induction motor control, partic-
ularly under scalar (V/f) control, remains largely unexplored. Scalar control is widely
adopted for its simplicity and cost-effectiveness, but lacks the dynamic performance and
accuracy found in vector control methods [79].

This chapter proposes a novel contribution by integrating the basic SOGI-FLL struc-
ture into a scalar-controlled induction motor system, with the aim of estimating rotor
speed sensorlessly using only one current sensor. This approach leverages the simplicity of
scalar control while adding the robustness and signal processing capabilities of SOGI-FLL.
The technique is validated through simulation and experimental results, demonstrating its

feasibility in real-time motor drive systems.

3.2 Scalar Control of IM

Scalar control is one of the earliest and most commonly used methods for controlling
induction motors. It is based on the control of scalar quantities such as voltage, frequency,
and current, rather than vector quantities like flux and torque. This approach does not re-
quire complex coordinate transformations or real-time feedback of rotor position, making
it a straightforward and easy-to-implement solution for many applications [80,81]. Al-
though it does not offer the high dynamic performance of more advanced methods like
vector control, scalar control remains effective for a wide range of systems where simplicity
and reliability are preferred [82]. The most widely adopted form of scalar control is the
voltage-to-frequency (V/f) method, which maintains an appropriate relationship between

the stator voltage and supply frequency to achieve acceptable motor performance [83].

3.2.1 Principle of V/f Control

The principle of scalar control is based on maintaining a constant ratio between the
stator voltage and the supply frequency (V/f), which ensures that the magnetic flux in the
motor remains approximately constant. This control method adjusts the supply frequency
and voltage simultaneously to regulate the motor speed without requiring rotor position
feedback. It is generally implemented using an open-loop or closed-loop configuration,
where frequency is determined based on the desired speed and voltage is adjusted accord-
ingly [80]. The block diagram typically includes a speed reference, a frequency generator,
a voltage generator using the V/f law, and a pulse-width modulation (PwM) inverter for
supplying the motor [81,84].

The scalar control method regulates the magnitude and frequency of the supply voltage
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(vs) to maintain a constant V/f ratio, ensuring constant magnetic flux in the motor. The

basic principle can be expressed as:
Vs
lp| = 7 = constant (3.1)

This ensures that the magnetic flux |¢| remains constant, preventing saturation and
torque instability. on the other hand, the electromagnetic torque and speed can be ex-

pressed as follows:

3 M, . .
T. = iPL—T(zdrzqs — lgrlds) (3.2)
1
Q =T, -T,)——— 3.3
( >Js +Cy (33)

such as:

T, is the electromagnetic torque, P is the number of pole pairs, €2, is the rotor speed,
T, is the load torque, J is the moment of inertia, C' is the coefficient of friction, and s is
the Laplace operator.

The regulator is of type PI makes it possible to estimate the value of the reference slip
speed wy;. Also, we can get the stator speed pulsation w} by adding the estimated rotor

speed pulsation w,,, to w}, us follow:
w: = w"’est + w:l (34)

In the following equation we note that the voltage V is the same whatever is the reference
considered.
‘75 = RSZ; + jwsés (35)

where i, represent the stator current, R, is the phase stator resistance. To keep the flux
constant, the voltage Vi efficiency must be proportional to the supply frequency of the

stator f, , at high speed R,i, is too small compared to ws, so we can write as follows:

Vs Vs
o, == = 3.6
ws 27 fs (3.6)

However, this relation is not valid for low value of the pulsation wy, because the voltage
drop Ris due to the resistance of the stator windings is no longer negligible compared to

the term w;®,. the diagram block of scalar control is presented in Fig. 3.1.
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Fig 3.1. Scalar control block

3.3 SOGI-FLL Estimator

The Second-Order Generalized Integrator with Frequency-Locked Loop (SOGI-FLL)
is a widely recognized signal processing structure initially developed for applications in
grid synchronization and power system monitoring [85,86]. In such systems, the accurate
estimation of signal frequency, amplitude, and phase is essential for tasks like phase-locked
control, fault detection, and grid-tied inverter synchronization [87]. The SOGI component
serves as a resonant filter that can extract the fundamental component of an input signal
and generate its orthogonal counterpart in real time. This allows for the decomposition of
grid voltages or currents into in-phase and quadrature signals, which are crucial for phase
and frequency tracking [86, 88].

The Frequency-Locked Loop (FLL) complements the SOGI by providing a dynamic
adjustment mechanism that continuously tracks the frequency of the input signal. Unlike
the traditional Phase-Locked Loop (PLL), the FLL is particularly robust in the presence
of frequency variations and harmonics, making it suitable for distorted or unbalanced grid
conditions [89]. The combination of SOGI and FLL results in a system that is both fast
and accurate, with relatively low computational requirements. Due to these advantages,
the SOGI-FLL has become a popular choice in control and measurement systems within
the field of electrical power engineering [90].

In this work, the SOGI-FLL estimator is applied for the purpose of estimating the ro-
tor speed of an induction motor within a scalar control framework. Unlike conventional
approaches that rely on mechanical sensors or multiple electrical measurements, the pro-
posed method utilizes only a single-phase stator current measurement. The SOGI-FLL is
employed to extract the fundamental frequency component of the measured current signal,
from which the motor’s synchronous frequency can be inferred. This estimated frequency

is then used to indirectly determine the rotor speed, enabling a sensorless control scheme
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that maintains the simplicity of scalar control while eliminating the need for physical speed
sensors. The overall objective is to develop a cost-effective and reliable solution for speed
estimation that preserves ease of implementation and remains suitable for applications with
moderate performance requirements.

Fig. 3.2 represent the SOGI-FLL method, where the closed loop transfer functions of

the output signals is given by [91]:

kws,,,s

Fa(s> - 82 + kaestS + wgest (37)
kw?
Fy(s) = (3.8)

s? + kws,,, s + w?

Sest

I WSest

Fig 3.2. SoGI-FLL diagram

The principle of SOGI diagram described in Fig. 3.2 on green, is to generate two output
signals; the in-phase (i,) and the in-quadrature (ig), where ig is always 90° lagged from
in. However, this method can’t estimate the frequency directly [92]. So we need the
FLL approach, which is described in Fig. 3.2 on yellow, where his principle is to estimate
the frequency (ws,,,) of the current ¢ by multiplying the error (¢;) between the input signal
(¢) and the in-phase (i,) by the in-quadrature signal (i), and then amplified the resulting
by the factor (—v), where ~y it’s a constant gain given by [93,94]:

kwsest
v=——-T (3.9)
ZOéﬁ

where, k and I' are constants; k=0.4, I'=40, .4 is the amplitude of current given by:

iag = /12 + 2 (3.10)
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3.4 Integration of SOGI-FLL into Scalar Control

To enhance the performance of conventional scalar control, particularly in variable-
frequency applications and sensorless scenarios, the integration of the SOGI-FLL estimator
becomes essential. Having previously detailed the principles of scalar control and the op-
eration of the SOGI-FLL, this section presents the methodology adopted to combine both
techniques in a unified control scheme. The SOGI-FLL is employed here to provide a real-
time and accurate estimation of the supply frequency, which replaces the fixed reference
frequency typically used in open-loop scalar control. This dynamic estimation allows for
better adaptation to input variations, improving both the robustness and dynamic re-
sponse of the drive system. In the following, we detail the integration strategy through the
mathematical formulations and present the corresponding global block diagram.

The control strategie is shown in Fig. 3.3. as shown the estimated frequency from the
SOGI-FLL replaces the sensor-based speed feedback. The control loop is closed using this

estimated value to regulate the V/f ratio.

V/f Profile S
a

Acceleration * 7y * »

INVERTER
Vehicle
Model

N rest = F (fSest)

Vdc

SOGI-FLL
Estimator

Fig 3.3. Schematic diagram of the IM system with the controller-based SOGI-FLL method

Equation (3.11) illustrates the method used to estimate the rotor speed of the induction
motor based on the output of the SOGI-FLL estimator. By extracting the fundamental
frequency component from the stator current, the synchronous frequency is determined.
This value is then used to calculate the motor’s estimated speed, enabling a sensorless
control approach. This method offers a simple yet effective alternative to mechanical

speed sensors. the estimated speed N,y is given by:

(1 = 5)(60fs.0)
p

Nrest =

(3.11)
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Where f;_ ., is the estimated frequency of the current, s represents the motor slip, and
p is a number of pole pairs.

In scalar control, the induction motor typically operates at high speeds where the dif-
ference between the synchronous speed and the rotor speed becomes minimal. As a result,
the slip s, which represents the relative difference between these two speeds, approaches
zeros. To simplify the control strategy and avoid the need for real-time slip computation,
a fixed slip value is assumed. In this work, a constant slip of s = 0.98 is used as an ap-
proximation, which reflects a typical operating condition for high-speed induction motor
applications under scalar control.

The estimated rotor speed is obtained using (3.11). It is important to note that the
SoGI-FLL algorithm provides frequency estimation only for the positive direction of motor
rotation. To enable operation in the reverse direction, an effective solution is implemented
by incorporating a SIGN block in MATLAB. This block determines the sign of the reference

speed, allowing the control system to correctly handle bidirectional motor operation.

3.5 Stability Analysis and Robustness Assessment

This section presents the stability evaluation of the proposed system, which serves as
the basis for selecting appropriate gains for the PI speed controller. Additionally, the

controller’s robustness is analyzed under variations in key system parameters.

3.5.1 Stability Analysis

As illustrated in Fig 3.4, the block diagram represents the simplified closed-loop config-
uration, comprising the induction motor (IM) model, the transfer function of the FLL es-
timator, and the PI controller. Using this structure, the closed-loop transfer function
governing the speed control loop is formulated as follows:
Ny Gy, -Gy,

(; - - 1 _F (;p ‘(;n@' (;f

Scl N

Test

(3.12)

Here, G}, denotes the IM transfer function, G, is the PI controller, and G represents the
simplified dynamic model of the FLL estimator used for frequency detection. These are
expressed as:

_ _1 . _ T . — ki
Gm_Js—i—C'f ’ Gf_s—i—f‘ ’ Gp_kp+s

By combining (3.12) and (3.5.1), the complete closed-loop transfer function is given by:

- (ks + ki)(s + T)
ot = T 5 Cr) (5 + 1) + (hys + FJT (3.13)
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The location of the poles for this closed-loop system, derived from (3.13), was analyzed
using MATLAB across varying values of the PI gains k, and k;. The plots in Fig. 3.5 confirm
system stability under the following conditions:

e For k; = 0.0001, the system remains stable across 0.001 < &, < 10.

e For k, = 0.0024, stability is guaranteed when k; < 0.162.

Therefore, the controller parameters were selected as k, = 0.0024 and k; = 0.0001 to

ensure stability.

Fig 3.4. Simplified closed-loop configuration of the IM drive.
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Fig 3.5. Pole trajectories for variations in k, and k;.

3.5.2 Robustness Assessment

To evaluate the robustness of the selected controller, the system’s closed-loop behav-
ior described by (3.13) was examined under different values of the inertia J and friction
coefficient C'y. The analysis, performed using MATLAB, utilized the selected parameters
k, = 0.0024, k; = 0.0001, and I" = 50. The simulation results are shown in Fig. 3.6.
The analysis reveals that for all tested values of J and Cy, the system maintains stability
when the controller gains are fixed at &k, = 0.0024 and k; = 0.0001, demonstrating robust

performance despite parameter uncertainties.
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Fig 3.6. Pole behavior under varying J and C} values.

3.6 Results and Discussion

This section presents the results obtained from both simulation and experimental eval-
uations of the proposed sensorless scalar control strategy for the induction motor using the
SOGI-FLL estimator. The primary objective is to assess the performance of the control
scheme in estimating motor speed and maintaining stable operation using only a single
stator current sensor.

The simulation results were carried out using MATLAB/SIMULINK to validate the the-
oretical framework and verify the effectiveness of the control algorithm under various op-
erating conditions. These results provide initial insights into the behavior of the system in
a controlled, noise-free environment.

Following the simulations, experimental results obtained from a laboratory test bench
are presented. These tests were conducted to validate the practical applicability of the pro-
posed method in a real-time environment, where non-idealities such as measurement noise,
switching effects, and hardware limitations are present. A comparative discussion high-
lights the consistency and differences observed between the simulation and experimental

outcomes.

3.6.1 Simulation Results

This part presents the simulation results generated using MATLAB/SIMULINK. The
simulation model incorporates the induction motor, scalar control loop, and the SOGI-
FLL estimator for frequency and speed estimation. The system was tested under different

operating conditions, including three tests as shown below:
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3.6.1.1 the first test (reverse the speed direction)

Fig. 3.7 Shows the simulation results of this test which is for reversing the motor
direction, where the reference speed scenario is as bellow:

e if t €[0,3]s = N; = 1000 rpm.

e if t € [3,6]s = N} = —1000 rpm.

From Fig. 3.7(a), we observe that the motor speed accurately follows its reference
signal, indicating good dynamic behavior. Similarly, in Fig. 3.7(b), the stator current (i,)
shows a high value during the reversal process, with a longer rise time due to the extended
transitional regime. This behavior is expected when the motor undergoes a directional
change. As shown in Fig. 3.7(c), the electromagnetic torque (7,) follows the same pattern
as the current, which confirms that the torque is proportional to a phase stator current

(i,) in this operating mode.

1000 i i P = =] — -
o —————— — fll — — — — — —
500 M — —— — = — — — — -
= Nr
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2000 b — —|— — 4 — —
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(a) Motor speed N, (b) Current i,
ofp — T — 1T L ]
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\
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(¢c) Electromagnetic torque T,

Fig 3.7. Reverse speed direction test

3.6.1.2 the second test (variable speed )

In this test, the motor’s response is evaluated by applying a sequence of varying refer-
ence speed values. This scenario is designed to assess the system’s ability to follow dynamic
speed changes. The reference profile includes multiple levels to simulate realistic operating

conditions. The corresponding simulation results are presented in Fig. 3.8, illustrating the
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motor’s tracking performance.

o if t €]0,2]s = N = 1200 rpm.
o if t € [2,4]s = N} = 1400 rpm.
o if t € [4,6]s = N} = 1000 rpm.

In Fig. 3.8(a), the motor speed precisely tracks the reference across varying conditions,

demonstrating effective control under speed profiling. The estimated frequency (fs..,),

shown in Fig. 3.8(b), also follows its reference accurately, validating the performance of

the SOGI-FLL estimator in this scenario. As illustrated in Fig. 3.8(d), the current i, reaches

approximately twice the rated value during start-up (ia ~ 2In), and transient peaks are

observed each time the reference speed changes. The electromagnetic torque (7%), presented

in Fig. 3.8(e), follows these current variations accordingly.
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(d) Current i, (e) Electromagnetic torque T,

Fig 3.8. Experimental results of the IM under variable-speed operation
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3.6.1.3 the third test (Vehicle dynamics application)

In this test, we applied vehicle dynamics to the motor; by using the cycle drive shown
in Fig. 3.9(a), and the load torque applied by the vehicle to the motor, which is represented
in Fig3.9(c). The simulation results of this test are shown in Fig. 3.9.

Fig. 3.9(e) and 3.9(d) present the electromagnetic torque T, and the stator current i,
respectively. Both variables exhibit variations over time, responding to changes in the load
torque. This dynamic behavior aligns with the expected response since the electromagnetic
torque is directly proportional to the motor current.

The load torque (T'r) applied in this test is illustrated in Fig. 3.9(c), where its changes
correlate with the variations in T, and 7,. This confirms that the control system responds

appropriately to load disturbances by adapting the current and torque accordingly.
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(e) Electromagnetic torque T,

Fig 3.9. Vehicle dynamics application test

58



3 » Sensorless Scalar Control Using SOGI-FLL Estimator

3.6.2 Experimental Results

In this part, the experimental validation of the proposed control strategy is presented.
The experimental results were obtained based on dASPACE MicroLabBox, by using the test
bench shown in Fig. 3.10, which consists of:

e three-phase induction motor.

e dSPACE MicroLabBox, DS1202 with control desk software.

e Powder brake with torque control unit.

e Semikron inverter composed of IGBT, and a rectifier.

e Incremental encoder speed sensor, DC 5V-24V 4096 P/R.

e adaptation and isolation card (5V-15V).

e current sensors based on LA 55-P.

e DC power supply 15V.

“ - " o
LRy
4 ) ’ & -
‘2“/ adaptation

dSPACE
MicroLabBOX

Fig 3.10. Experiment prototype for laboratory

The experiment results data have been registered using Control Desk software, and
plotted using MATLAB. Where the effectiveness, robustness, and quality study of the
proposed control are based on fort tests applied to the induction motor as follows:

e variable speeds test.

e reverse speed direction test.

e EV cycle test.

e Reduced-speed operation test.
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3.6.2.1 Variable Speeds Test

In this test, the rotor speed N, shown in Fig. 3.11(a) closely tracks the reference speed
trajectory, which includes multiple variations, demonstrating the ability of the scalar con-
trol combined with the SOGI-FLL estimator to manage dynamic conditions effectively. As
observed in Fig. 3.11(b), the estimated stator frequency f;,,, follows the changes without
introducing oscillations or steady-state errors, confirming the robustness of the FLL. The
estimated angle 6;_,, presented in Fig. 3.11(c), evolves smoothly and continuously, even
during rapid speed transitions, indicating accurate phase estimation. Fig. 3.11(d) displays
the stator phase current i,, which remains sinusoidal and stable throughout the test. A
detailed view in Fig. 3.11(e) confirms that the current waveform retains a clean and reg-
ular profile, free of high-frequency noise or distortions. Overall, the results validate the

reliability and dynamic response of the proposed control under variable speed conditions.
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Fig 3.11. Variable Speeds Test
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3.6.2.2 reverse Speed Test

The reverse speed test evaluates the system’s performance during direction change.
As illustrated in Fig. 3.12(a), the motor speed N, transitions through zero and achieves
the negative speed setpoint without oscillations or instability, showcasing the system’s ro-
bustness during reversal. The estimated frequency f;,., in Fig. 3.12(b) properly reflects
the change in direction, maintaining a continuous and symmetrical behavior. Fig. 3.12(c)
shows the angle 6;_, evolving steadily in the opposite direction after reversal, which con-
firms that the SOGI-FLL maintains synchronization even during sign changes. The stator
current i, in Fig. 3.12(d) remains stable and symmetrical throughout the process, and
the zoomed-in waveform in Fig. 3.12(e) indicates a smooth and noise-free reversal. These
results demonstrate that the proposed control scheme can effectively handle bidirectional

operation with consistent performance.
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Fig 3.12. reverse Speed Test
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3.6.2.3 EV Cycle Drive Test

This test simulates a real electric vehicle driving profile. In Fig. 3.13(a), the rotor speed
N, follows a complex time-varying reference, typical of acceleration and deceleration phases
seen in Ev operation. The estimated frequency f;,.,, depicted in Fig. 3.13(b), adapts well
to the changing speed, maintaining accurate tracking without instability. The angle 6;_,, in
Fig. 3.13(c) remains smooth and continuous, confirming precise phase tracking even under
frequent dynamic changes. Fig. 3.13(d) shows that the stator current i, remains sinusoidal
throughout the driving cycle, while the zoomed-in view in Fig. 3.13(e) highlights the quality
of the current waveform under variable load conditions. Furthermore, Fig. 3.13(f) presents
the load torque (7) illustrates a realistic torque variation, which is well-managed by the
control system without degradation in performance. These results validate the proposed

method’s suitability for high speeds Ev that require rapid speed and torque changes.
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Fig 3.13. EV cycle drive Test
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3.6.2.4 Reduced-speed operation test

The reduced-speed test evaluates the system behavior as the speed is decreased from
1000 rpm, a condition under which sensorless control typically faces increased challenges.
As shown in Fig. 3.14(a), the rotor speed closely tracks the reference, indicating good speed
regulation. Similarly, the estimated frequency in Fig. 3.14(b) remains stable, confirming
the robustness of the SOGI-FLL estimator under reduced-speed operation. The estimated
rotor angle in Fig. 3.14(c) evolves smoothly, thereby preserving synchronization. However,
Fig. 3.14(d) shows a noticeable increase in stator current as the speed decreases. At 700
rpm, the current reaches approximately 5 A, which is nearly twice the rated value. This
increase is mainly attributed to the fixed slip value s=0.02. Overall, the system operates
stably under reduced-speed conditions, although with an increased current demand as the

speed decreases.
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Fig 3.14. Reduced-speed operation test
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3.7 Conclusion

This chapter presented the scalar control method for induction motor drives, along with
a sensorless extension based on the Second-Order Generalized Integrator with Frequency-
Locked Loop (SOGI-FLL) estimator. The proposed approach effectively eliminates the need
for a mechanical speed sensor, contributing to a simpler and more cost-efficient drive system
architecture. The method was validated through both simulation and experimental results,
which demonstrated reliable performance in medium to high-speed operating regions.

The SocGI-FLL estimator proved to be accurate and robust in estimating rotor speed and
frequency components, allowing the sensorless control system to operate effectively without
direct speed measurement. However, a key limitation of the scalar control approach was
identified at low speeds, where the drive system exhibited reduced performance and control
precision. This behavior is mainly attributed to the fixed slip value selected for the control
strategy, which is not optimal over the entire speed range. As the operating speed decreases,
maintaining a constant slip leads to an increased stator current demand. Adapting the slip
value according to the speed operating region would allow improved current regulation and
overall performance.

To address this limitation, the next chapter will introduce an advanced control strategy
that provides better control characteristics at low speeds. The upcoming work will focus
on implementing a more sophisticated vector control scheme, capable of improving the
dynamic response and ensuring accurate torque production, thereby extending the drive’s

performance across the full speed range.
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Chapter

Sensorless DTC based on
MESOGI-FLL Estimator

4.1 Introduction

HIS chapter presents the design, implementation, and validation of a sensorless Di-
rect Torque Control (DTcC) strategy for induction motors using a Multiple Enhanced
Second-Order Generalized Integrator Frequency-Locked Loop (MESOGI-FLL) estimator.
Following the scalar control approach developed in the previous chapter, this section transi-
tions to a more dynamic and precise method that ensures fast torque response and accurate
flux regulation-key requirements for advanced motor drive systems [95,96].

The classical DTC technique is known for its simple structure and excellent dynamic
performance, as it directly controls electromagnetic torque and stator flux using a switch-
ing table and hysteresis controllers [97,98]. However, traditional implementations typi-
cally rely on mechanical sensors to acquire rotor speed or position, which can introduce
cost, complexity, and reliability issues [99,100]. To overcome these limitations, sensorless
DTc strategies have been extensively investigated, where the estimation of rotor speed and
flux plays a critical role in the overall system performance [101,102].

In this work, a sensorless DTC scheme is developed by embedding the MESOGI-FLL es-
timator within the control loop. The MESOGI-FLL structure is a robust and enhanced
observer based on multiple decoupled second-order generalized integrators, designed to
extract clean frequency and amplitude estimates from distorted or noisy current sig-
nals [103,104]. By leveraging multiple adaptive filters operating in parallel, this estimator
enhances dynamic response and resilience to harmonics, improving the reliability of flux
and speed estimation under rapidly changing conditions [105, 106].

The integration of MESOGI-FLL in the DTC scheme allows accurate estimation of rotor

angular frequency and stator flux components without using any mechanical sensors. Com-
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pared to conventional observers or single SOGI-FLL approaches, the MESOGI-FLL improves
convergence speed, minimizes steady-state error, and maintains robust operation across a
wider range of operating conditions [104,105]. These features are essential for achieving
high-performance sensorless DTc [100,101].

To assess the dynamic performance of the Direct Torque Control (DTC ) strategy
independently of the sensorless estimation framework, the system is experimentally tested
under the New European Driving Cycle (NEDC) using a speed sensor. This standardized
profile reproduces realistic driving conditions, including acceleration, deceleration, cruising,
and idling phases, allowing for a comprehensive evaluation of the control algorithm under
time-varying load and speed conditions [107]. The results obtained with the speed sensor
serve as a performance benchmark for the DTC scheme and help establish a reference for
future integration of the MESOGI-FLL estimator into real driving scenarios.

The proposed sensorless DTC strategy based on the MESOGI-FLL estimator is experi-
mentally evaluated in this chapter to demonstrate its real-time performance and practical
applicability in electric drive systems. The MESOGI-FLL is employed to estimate the rotor
speed without the use of mechanical sensors, enabling a fully sensorless control structure
that enhances reliability and reduces system complexity. The chapter first presents the
mathematical formulation and control architecture of the DTC scheme, followed by a de-
tailed description of the design and operating principles of the MESOGI-FLL estimator,
with particular emphasis on its filtering characteristics and frequency estimation mech-
anism. Subsequently, experimental results obtained under the NEDC driving profile are
analyzed to evaluate the dynamic response, estimation accuracy, and robustness of the
proposed control strategy under realistic operating conditions. The experimental setup
and real-time measurements are also discussed, providing further validation of the effec-

tiveness and feasibility of the developed sensorless control approach [102,106].

4.2 Fundamentals of Direct Torque Control (DTC)

Direct Torque Control (DTC) enables independent regulation of the stator flux and
electromagnetic torque within the stationary reference frame («, /3). It relies on a predefined
switching table to determine the suitable voltage vector to apply [108-110]. The selection
process is closely linked to the instantaneous variations in stator flux and torque. To
maintain these quantities within acceptable limits, DTC employs hysteresis controllers that
constrain both flux and torque within specific tolerance bands. These controllers operate
separately, each ensuring precise control of its respective variable. Based on the calculated
flux and torque errors, the hysteresis outputs dictate the optimal switching state to be

applied during each control cycle [111,112].
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4.2.1 Torque and Flux Controllers
4.2.1.1 Flux Controller

The evolution of the stator flux vector in DTC is a direct result of the applied voltage
vector selected by the inverter [110,111]. In the stationary reference frame, the stator flux
trajectory is influenced by the direction and magnitude of this voltage vector. When an
active voltage vector is applied, the stator flux moves along a specific path, typically forming
a circular or hexagonal trajectory. The rate of change and orientation of the flux vector
depend on both the selected switching state and the operating conditions of the motor.
By strategically selecting the appropriate voltage vector through the control algorithm, the
DTc method ensures that the stator flux remains within the desired amplitude range while
also maintaining the required phase angle, which is essential for efficient torque production
and dynamic response [113,114].

Based on the induction motor model expressed in the stationary reference frame, the

stator flux can be defined by the following differential equation [111]:

do .
s — 4.1
o V,— Rt (4.1)

Integrating this expression over time gives the general solution for the stator flux vector:

@@=@@+AY%—&@& (4.2)

where ¢4(0) represents the initial stator flux at t = 0. In high-speed operating conditions,
the voltage drop across the stator resistance Rsis becomes negligible compared to the

applied stator voltage. Thus, the flux equation simplifies to:

é,(t) = ¢,(0) + VT, (4.3)

Consequently, the variation in stator flux over a sampling period T, can be approximated
by:

This relation indicates that the stator flux vector can be modulated by the application of
a voltage vector over the sampling interval. As a result, the tip of the stator flux vector
shifts in the direction of the applied voltage, tracing a path that approximates a circular

or polygonal trajectory depending on the switching pattern.
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Fig 4.1. Stator flux vector evolution driven by voltage vector selection

The flux controller plays a critical role in DTC strategy by regulating the magnitude
of the stator flux vector. Its main objective is to maintain the flux within a predefined
hysteresis band around its reference value, ensuring a fast dynamic response and robust
performance under various operating conditions.

In a standard DTcC scheme, the stator flux is estimated in the stationary reference frame,
and its magnitude is compared with the reference flux. The resulting error is processed by
a two-level hysteresis controller. This controller produces a binary output depending on
whether the actual flux is above, below, or within the hysteresis band. The logic governing
this decision-making process is illustrated in Fig 4.2, which shows the structure of the
two-level flux controller. The controller’s output, denoted as S¢s, delivers a high or low

signal based on the flux error, as defined by the following conditions:
Zf Aqf)s < —h¢s — S¢s =0

Zf A¢S > h¢s — S¢S =1
Note that hy, represents the hysteresis band of the stator flux, while A¢, denotes the

(4.5)

stator flux error, defined as the difference between the reference flux magnitude and the

estimated actual flux value as shown below:

A¢s - |¢:| - |¢s| (46)

Fig 4.2. Two-level hysteresis flux controller.
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4.2.1.2 Torque Controller

The electromagnetic torque is directly regulated using a hysteresis controller, in a man-
ner similar to the flux control loop [113,114]. The primary objective of the torque con-
troller is to maintain the developed electromagnetic torque within a specified hysteresis
band around the reference torque command. This ensures a fast dynamic response and
high-performance torque regulation without the need for complex current regulators or
coordinate transformations [111,112,115].

The electromagnetic torque is first estimated using the stator flux and the stator current
components in the stationary reference frame. The torque error is then computed as the
difference between the reference torque (77) and the actual estimated torque (7.) as shown
in Fig 4.3.

\——— -1

Fig 4.3. Three-level hysteresis torque controller.

The error (AT,) is evaluated using a three-level hysteresis controller defined by a hys-
teresis band hr,. The output signal S, of the controller can take one of three possible

values based on the following logic:

+1 if AT, > hg

Sr, = 0 if |AT,| < hg, (4.7)

-1 if ATE < _hTe
This three-level control output enables more precise torque regulation by selecting the
appropriate voltage vector from the DTC switching table, in coordination with both the
flux controller and the stator flux vector position. Here, hz, denotes the hysteresis band
of the torque, while AT, represents the torque error, defined as the difference between the

reference torque and the actual estimated torque value, as expressed below:
AT, =T T, (4.8)
4.2.2 Estimation of Torque and Stator Flux

4.2.2.1 Stator Flux Estimation

In DTC, accurate estimation of the stator flux is essential for effective torque and flux

regulation, particularly in sensorless control schemes. The stator flux is typically estimated
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using the voltage model approach, which relies on the integration of the difference between
the stator voltage and the voltage drop across the stator resistance. In the stationary

reference frame (a, 3), the stator flux components can be expressed as:
¢so¢ = f(vsa - Rsisa)dt
Osp = [ (vsp — Ryisp)dt

where v,, vg are the stator voltage components, i,, ig are the stator current components,

(4.9)

and R; is the stator resistance. The magnitude of the stator flux vector (|¢s|), and the

stator angle () is then calculated as:

— [/ H2 2
’¢3’ s + ¢sﬂ (410)

0s = tanil(%)

The stator voltage components v,, and vs3 are derived by performing the Concordia trans-

formation on the three-phase inverter output voltages, as given below:
1 1 VUsa
Usay 211 ) )
=— v 4.11

LSJ 3 [0 2 =2l )
Similarly, the stator current components ¢, and ¢,3 in the stationary reference frame are
obtained by applying the Concordia transformation to the three-phase stator currents, as
expressed below:

i 21 =L —17 [%a
sl =2 22|y, 4.12
LSJ 3{0 L ‘/74 o (4.12)

4.2.2.2 Electromagnetic Torque Estimation

In DTC, accurate estimation of the electromagnetic torque is essential for ensuring
precise control and dynamic performance of the IM. The torque is typically calculated
based on the cross-product of the stator flux and the stator current vectors in the sta-
tionary reference frame. This method relies on the flux components obtained from the
voltage model and the current components derived from the Concordia transformation.
The electromagnetic torque expression used in DTC is given by the following equation:

3 ) )
Te = EP <¢salsﬁ - gbsﬁlsa) (413)

4.2.3 Sectors divisions

In the DTC scheme, the stator flux vector plays a central role in determining the

appropriate inverter switching states. To facilitate voltage vector selection, the stationary
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reference frame is divided into six equal sectors, each spanning 60°, as shown in Fig 4.4.
This method was first introduced by Takahashi and Depenbrock [108,109] and remains
foundational in DTC research [110-112]. The angular position of the stator flux vector
with respect to the a-axis is continuously tracked to determine its current sector. This
classification enables the controller to select the optimal voltage vector from the predefined
switching table, ensuring effective torque and flux control. The identification of the sector

is based on the angle §,, which is calculated from the estimated flux components in (4.10).

V2 (110) Viez i Via
Vi

Vi2 ; Vi1

0 ,vi(100)

Vo (000)
V7 (111)

Vs (001) % Vs (101)

Fig 4.4. Sectors selection and stator flux vector evolution

While the stator flux vector is located in sector ii, the effects of applying different
voltage vectors on the stator flux magnitude (|¢s|) and electromagnetic torque (7,) are

summarized as follows:

If V;1, is applied — ¢ increases and 7T, increases.
If V;,_, is applied — ¢, increases and T, decreases.
If V; 5 is applied — ¢, decreases and T, increases.

If V;_5 is applied — ¢, decreases and T, decreases.

In each sector, the voltage vectors V; and V;,3 are typically not utilized, as they can
either increase or decrease the torque depending on the exact position of the stator flux
vector within the sector. When zero voltage vectors V and V7 are applied, the stator flux
vector ceases to rotate, resulting in a constant flux magnitude. Under this condition, the
electromagnetic torque decreases, although the reduction is less significant compared to
when active voltage vectors are used.

Table 4.1 presents the classical DTC switching table, widely adopted in the literature
[110,112], which is constructed by discretizing the stator flux and electromagnetic torque

into defined levels. Each entry in the table corresponds to a specific combination of flux

71



4 » Sensorless DTC based on MESOGI-FLL Estimator

and torque conditions, indicating the appropriate voltage vector to be applied for that

state.

Table 4.1. Switching table

Se. | St | Z1 | Z2 | Z3 | Z4 | Z5 | Z6
0 1 Vs | Vi | V5 | V6 | Vi | Ve
0 0 Vo |l Ve | Vo | Vo | Vo | Vs
0 -1 Vs | Ve | Vi | Vo | V3| V4
1 1 Vo | Vs | V| Vs | V6 | W
1 0 Ve |l Vo | Ve | Vo | Vo | W
1 A | Ve |l V| Vo | VB3| V| Vs

4.3 Rotor Speed Estimation based on MESOGI-FLL

The schematic representation of the proposed rotor speed estimation approach using
the MESOGI-FLL is illustrated in Fig 4.5. This configuration comprises two main functional
components. First, the MESOGI-FLL unit is responsible for extracting the stator electrical
frequency, denoted as w,, from the measured single-phase current signal i.. Second, a slip
estimation module is employed to determine the slip value, s, based on the estimated stator
frequency and the calculated electromagnetic torque, T..

Using these two estimated parameters, rotor speed w, is then derived. This is accom-

plished by computing the product of the stator frequency w,s and the slip speed, followed

60
2pT

tions per minute (rpm). The proposed approach ensures that rotor speed estimation is

by scaling with the appropriate conversion factor, ( ), to express the result in revolu-
both fast and robust, providing high accuracy even in the presence of current signal noise
and parameter variations. Furthermore, its implementation is computationally efficient,
making it suitable for real-time applications in SC of induction motors.

It is important to highlight that the MESOGI-FLL estimator inherently provides fre-
quency estimation only for positive rotational direction. To address this limitation and
enable bidirectional motor operation, a SIGN block is incorporated in the SIMULINK im-
plementation. This block determines the sign of the reference speed, thus allowing the
control system to infer and adapt to motor rotation in the reverse direction when needed.
Consequently, the proposed estimation strategy is fully compatible with dynamic operat-
ing conditions, including rapid acceleration, deceleration, and sudden load changes, while

maintaining reliable speed tracking performance throughout all operating ranges.
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Fig 4.5. Induction motor drive system with SSDTC scheme.

4.3.1 MESOGI-FLL Estimator

The MESOGI-FLL structure represents an advanced adaptive filtering technique de-
signed for the precise estimation of both fundamental and harmonic components within a
single-phase sinusoidal signal. Its main advantage lies in its ability to suppress DcC dis-
turbances and reject harmonic interferences, enabling robust extraction of key signal char-
acteristics such as amplitude, frequency, and orthogonal components of the input cur-
rent. As illustrated in Fig 4.7(a), the system is architecturally divided into two principal
modules: the MEsoG1 (Multiple Enhanced Second-Order Generalized Integrator) and the
FLL (Frequency-Locked Loop).

The MEsocGI module serves to extract the in-phase (i.,) and quadrature (i.3) com-
ponents of the measured current signal 7.. It operates at the fundamental frequency and
selectively targeted harmonic frequencies. In this implementation, harmonics of orders
1st, 5th, 7th, and 11th are specifically considered. Internally, the MESOGI consists of a
combination of multiple SOGI units working in parallel: a single Esoct (Enhanced Socr)
for the fundamental component, and conventional SOGIs for the higher-order harmonics.
The input to each SOGI is preconditioned by removing the contributions of the remaining
harmonic components, ensuring that each unit processes a harmonics-cleaned version of

the signal. This approach enhances the accuracy of individual component extraction.
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The Esoct, which is detailed in Fig 4.7(b), introduces an in-loop filter into the classical
Soai framework, as shown in Fig 4.7(c), enabling it to effectively estimate and eliminate the
Dc offset from the S-axis component of the signal. The a-axis output of each conventional
SOGI is retained for further processing, while the [-axis output is only utilized in the
EsocGI. This design ensures that the D¢ disturbance is effectively rejected in the (-axis
component, thereby preventing it from influencing the frequency estimation process.

A key element of the MESOGI design is the dynamic tuning of each SOGI unit. The cen-
ter frequency of each SOGI is derived by multiplying the estimated fundamental frequency
by a constant factor corresponding to the harmonic order under consideration, as indicated
in reference [116]. This adaptive tuning mechanism ensures that each SOGI tracks its target
frequency component accurately over time.

Following the MESOGI module, the FLL estimator shown in Fig 4.7(d) is responsible for
estimating the real-time fundamental frequency, denoted as wy. It takes as input the error
signal e, which is computed by subtracting both the a-axis output and the estimated DC
component (from ES0GI) from the actual input signal. In addition, the $-axis output from
the Esoci, now free of DcC disturbances, is also used in the frequency calculation. The
combination of these inputs allows the FLL to deliver an accurate, ripple-free estimation
of the system’s operating frequency. As a result, the FLL output remains stable even in
the presence of noise or distortion in the input signal.

The mathematical formulation for the FLL frequency estimation, as depicted in

Fig 4.7(d), is presented in [117], and will be further detailed in the following subsection.
o = Llicls) = feals) = iae(s)ica(s) (4.14)

where 7 is the FLL gain and can be determined as follows:

kw,
being V' the estimated amplitude and I' is a positive gain that depends on the settling time
of the FLL .

While i, i, and ig. introduced in (4.14) are the ESOGI's current fundamental and

g r (4.15)

D¢ components, which can be expressed as follows [117]:
'L.coz(s) = %ZC<S)

. k w?—w s s .
icp(s) = (S+wff )52+kwss+w§ ice(s) (4.16)

'idc<3) = S_L:i)f (%(S) - ica(s))

where wy defines the cut-off frequency of the LPF, and k is the positive gain of the Es-

0GTI adjusted as a trade-off between the speed of dynamic response and filtering features.
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4.3.2 Slip Estimation

The following describes the process used to compute the estimated slip, ges:, based
on the frequency obtained from the FLL. This estimation is derived through a detailed
mathematical analysis [118]. The approach begins with the equivalent electrical model of
the IM, as shown in Fig 4.8, where the parameters are defined as follows:

N' =oL.(£)* ; R, =R.(&)
<L;>: L (&) o
r LA
where o is the dispersion coefficient, N’ is the total leakage inductance brought back to the
stator, I is the rotor current returned to the stator, and R, is the rotor resistance brought
back to the stator.

The electromagnetic torque, 7., can be derived as:

3PR!. 1%

: (4.18)

R/2
gWws ngIQ + g_g

T, =

where g defines the slip, and the stator voltage V; is given by:
Vi = ¢sws (4.19)

Considering (4.18) and (4.19), and after some mathematical simplifications, the following

second-order equation is obtained:
T..w?N"?.g* —3.PR. .w,¢>g+T..R*>=0 (4.20)
By putting: a = T.w?N" ; b= —3.P.Rlws¢? ; ¢ =T,R? (4.20) yields:
a.g? +b.g+c=0 (4.21)

This equation, (4.21), has two solutions, g; and gs, expressed as follows:

g =B gy — /s (4.22)
with:
A=b—4a.c (4.23)
IS RS N ’ I ’r
e VAVAY
A lsm
Vv, Rr L R’
g

Fig 4.8. IM equivalent circuit.
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To determine the valid solution, g; or g, for (4.21), a simulation test using a system
similar to that of Fig 4.5, is carried out in MATLAB/SIMULINK software. The simulation
results are obtained by applying a variable resistance torque, 7)., to the IM. The plots of
the two solutions, g; and gs, are depicted in Fig 4.9, which highlight that g; is the valid
solution for (4.21), as it exhibits proper values and varies proportionally to 7, change.

As a result, The slip speed, g, equals gl given in (4.22), and hence, rotor speed estima-

tion is achieved as follows:

60
2 -
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Fig 4.9. Load scenario, and plots of the obtained solutions, g; and g¢s.

4.3.3 Performance Assessment of the MESOGI-FLL

In this subsection, the performance of the MESOGI-FLL in comparison with the conven-
tional SOGI-FLL is investigated in MATLAB. Table 4.2 summarizes the MESOGI-FLL and
SOGI-FLL parameters taken from [116]. The MESOGI-FLL and the SOGI-FLL estimation
accuracy are examined considering three different cases. In case 1, a distorted input current
with low-order harmonics, 5th, 7th, and 11th, with magnitudes V5 = 0.2 p.u, V7 = 0.15
p-u, Vi3 = 0.1 p.u, and without DC component is considered. Case 2 tests the MESOGI-
FLL and SoGI-FLL for a shifted input current with a 0.1 p.u DC component. For case
3, a highly distorted input current containing a DC component of 0.1 p.u and harmonics

with the same magnitudes as case 1. The obtained results presenting the responses of
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the MESOGI-FLL and SOGI-FLL for each case under a sudden frequency variation from
50 Hz to 55 Hz at t = 1s are given in Fig 4.10(a) and Fig 4.10(b). These figures depict
the waveforms of the input, 4., and the output currents, ¢., and i.s, on the right side,
and the estimated frequency response with the input frequency, on the left side, for cases
1, 2, and 3, respectively. These figures illustrate that the MESOGI-FLL ensures accurate
estimation of the f-axis free form DC component and harmonics, while the one estimated,
ic3, by the SOGI-FLL is shifted by a Dc-offset for cases 2 and 3, for the case of the input
contains DC component. In addition, the figures on the left side demonstrate an accurate
estimation of the operating frequency with good transient response, without any ripples at
steady-state for case 2 and with tinny ripples for cases 1 and 3 due to inherent harmonics
by using the MESOGI-FLL. Meanwhile, the SOGI-FLL exhibits poor frequency estimation
with significant ripples for all cases, with a bigger amplitude for the cases of DcC distur-
bance involved. For more clarity, Table 4.3 summarizes each case’s numerical findings,
reporting the DC component and THD in the (-axis current and the ripples’ maximum
magnitude in the estimated frequency for both MESOGI-FLL and SOGI-FLL. These findings
confirm the high accuracy of the MESOGI-FLL estimates, in which the 7., currents with
no DC component for all cases and maximum THD about 0.42% and 0.23%, respectively,
and an estimated frequency with negligible ripples of a magnitude around 0.084 Hz are
achieved. The estimated icg by the SOGI-FLL contains a DC component of around 7% for
the cases of inducing D¢ disturbance. The maximum THDs of the estimated ic, and icg
are obtained around 3.4% and 1.1% for cases 2 and 3. In addition, the estimated frequency
by the SOGI-FLL has significant ripples with a maximum amplitude of about 0.4% for case
1 and 0.56% for cases 2 and 3.

Therefore, it can be concluded that the MESOGI-FLL is immune to the D¢ disturbance and
harmonics effect and guarantees an accurate frequency estimation; hence, it is beneficial to
implement for estimating the angular frequency (angular speed) of an Im correctly, even

in the case of a highly distorted current.

Table 4.2. MESOGI-FLL and SOGI-FLL parameters

Parameter Symbol | Unit | Value
MESOGI/ SOGI Gain k - 0.8

FLL Gain r s~ 1 50
LPF cut-off frequency | w/2m Hz 30
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Table 4.3. MESOGI-FLL and SOGI-FLL performance.

Case 01 Case 02 Case 03
Methods Input THD DC Frequency THD DC Frequency THD DC Frequency
output [%] component| ripples [%] component| ripples [%] component| ripples
signals [%] [Hz] [%] [Hz] [%] [Hz]
ic 26.93 0 0.14 10 26.93 10
SOGI-
FLL ca 3.33 0 0.4 0.66 0 0.565 3.4 0 0.56
g 0.72 0 0.83 7 1.1 7
- i 0.42 0 0.14 0 0.42 0
MESOGL | fea 0.048 0 0.048
icB 0.23 0 0.12 0 0.23 0
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Fig 4.10. SOGI-FLL and MESOGI-FLL performance for cases 1, 2, and 3.

4.4 Experimental Results

The experimental validation of the proposed control strategies has been carried out
using a dedicated test bench, as shown in Fig 4.11. The setup consists of a computer
running MATLAB/SIMULINK, which interfaces with a dSPACE MicroLabBox (DS1202) for
real-time implementation. The control algorithm is compiled and deployed through the
Control Desk software. Six PWM pulses are generated and passed through an adaptation
and isolation card (5V-15V) to drive a Semikron three-phase inverter, which in turn supplies
an M.

The induction motor is coupled to a Powder brake equipped with a torque control
unit to emulate various loading conditions. The system is instrumented with LA 55-P
current sensors and an incremental encoder (Dc 5V-24V, 4096 P/R) to capture motor
measurements. Experimental data are acquired using Control Desk and post-processed in

MATLAB for visualization and analysis.
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To comprehensively evaluate the proposed methods, the experimental results are di-
vided into two parts:

e Dynamic performance of the drive system in a vehicle application scenario.

e SSDTC based on the MESOGI-FLL estimator.
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(b) An actual photograph.

Fig 4.11. Experimental test bench.
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4.4.1 Evaluation of EV Performance Using the NEDC Cycle

In this subsection, the performance of the DTC strategy is experimentally validated
using a realistic vehicle dynamic profile. The New European Driving Cycle (NEDC) is
employed as a reference speed profile to simulate standard vehicle operation, providing a
comprehensive evaluation of the drive system’s dynamic response. rotor speed is directly
measured via an incremental encoder to ensure precise feedback control.

The reference speed from the NEDC profile is introduced into the DTC control loop
via MATLAB/SIMULINK, and the corresponding control algorithm is deployed in real time
using dSPACE MicroLabBox (DS1202). The six PwM signals generated are sent through
an isolation card to the Semikron inverter, which drives the induction motor. The system’s
ability to track the complex speed trajectory of the NEDC profile with high accuracy
is demonstrated, reflecting the DTC strategy’s robustness and dynamic capability. The
resulting speed and torque responses are captured and plotted to illustrate the effectiveness

of the system in real-world driving scenarios.

Fig 4.12 illustrates the experimental validation of the DTC strategy under the NEDC cy-
cle. The motor speed (Fig 4.12(b)) closely tracks the reference profile. During acceleration,
the measured speed increases smoothly with minimal delay, while during deceleration it
decreases in synchronization with the reference. In steady-speed segments, rotor speed
remains aligned with the commanded values, demonstrating the accuracy and robustness
of the control system.

The phase currents i,, i, and i. (Fig 4.12(c)) are balanced and exhibit the expected
120° displacement. Their amplitudes increase during acceleration to meet higher torque
demand and decrease during cruising and deceleration, remaining within safe limits. Small
switching-induced ripples appear, consistent with DTC operation.

The electromagnetic torque 7T, (Fig 4.12(d)) responds rapidly to speed changes, increas-
ing during acceleration and decreasing during deceleration or cruising. A minor torque rip-
ple is visible, characteristic of DTc. The stator flux magnitude ¢, (Fig. 4.12(e)) remains
near its reference with small oscillations inside the hysteresis band, confirming accurate
flux estimation and regulation.

The stator flux components ¢, and ¢, during the NEDC cycle are illustrated in (g),
showing sinusoidal waveforms indicative of balanced and stable flux. Fig 4.12(f) shows the
reference angle 07, accurately followed by the control system. The flux trajectory in the
af plane (Fig. 4.12(h)) plots ¢p versus ¢s,, forming a nearly circular locus centered at
the origin. This demonstrates that the stator flux vector rotates smoothly and remains
balanced, with magnitude and orientation well regulated, returning to zero whenever the

reference speed reaches zero.
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Overall, these results demonstrate that the proposed DTC strategy provides accurate

speed tracking, balanced current waveforms, fast and robust torque response, and sta-

ble flux regulation under realistic driving conditions, confirming its suitability for electric

vehicle applications.
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Fig 4.12. Experimental validation during NEDC cycle drive
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4.4.2 SSDTC Based on MESOGI-FLL Estimator Resutls

This part presents the experimental validation of the proposed sensorless speed and
torque control strategy, namely the MESOGI-FLL-based SSDTC. In this configuration,
rotor speed is estimated in real time using the MESOGI-FLL algorithm integrated into the
DTc scheme, eliminating the need for a physical speed sensor.

The control algorithm, including the MESOGI-FLL estimator, is deployed through the
dSPACE MicroLabBox and executed using Control Desk software. The estimated speed
is used as feedback in the DTC control loop, and the inverter drives the induction motor
accordingly. The test scenarios include variable speed commands, sudden load changes,
and reverse rotation, which are intended to assess the robustness and adaptability of the
proposed estimator.

Experimental results, including estimated versus actual speed (from encoder), torque
performance, and system behavior under load perturbations, are collected and analyzed.
These results confirm the effectiveness of the MESOGI-FLL estimator in delivering stable
and accurate rotor speed estimation, even under challenging operating conditions, demon-

strating its suitability for sensorless DTC applications in electric drive systems.

4.4.2.1 Variable Speeds Test

This test evaluates the performance of the proposed MESOGI-FLL-based SSDTC under
variable rotor speed conditions. The reference speed, N, is varied from 1200 rpm down
to 800, 400, 200 rpm, and back to 1200 rpm, with results shown in Fig 4.13.

As seen in Fig 4.13(a), both the measured rotor speed N7,,.s and the estimated speed
N, closely follow the reference throughout all transitions, with the estimated speed ex-
hibiting less noise, highlighting the accuracy and robustness of the MESOGI-FLLestimator.
The estimated stator frequency f;,., (Fig 4.13(b)) adapts smoothly to speed changes with
minimal delay, demonstrating reliable dynamic response.

The estimated slip ges: (Fig 4.13(c)) and torque T, (Fig 4.13(e)) respond consistently
to speed variations, with torque closely tracking its reference 7). The flux components
¢sa and ¢gp (Fig 4.13(g)) remain well-estimated, confirming correct flux regulation. The
three-phase currents i,, i, 7. (Fig 4.13(d)) and the measured and the components i.,,__,
Geas egy |ic] (Fig 4.13(h)) indicate accurate current tracking under all speed transitions.

Additionally, the estimated rotor flux angle 6.4 (Fig 4.13(i)) varies smoothly, validating
proper flux position tracking essential for SSDTC. These results collectively confirm that
the proposed SSDTC achieves precise motor control, fast dynamic response, and high
estimation accuracy, even under significant speed variations, highlighting its suitability for

practical electric drive applications.
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Fig 4.13. Experimental results under variable speed conditions.
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4.4.2.2 Load variation Test

In this test, the performance of the proposed MESOGI-FLL-based SSDTC is evaluated
under different load conditions at a fixed reference rotor speed of 1200 rpm. The load
torque is gradually increased from 0.5 N.m to 1 N.m, 1.5 N.m, and finally 2 N.m, while
the responses of the system are recorded, as shown in Fig 4.14.

Fig 4.14(a) indicates that the estimated speed follows the reference more smoothly
and accurately than the measured, with less noise and no overshoot during disturbances.
The estimated stator frequency (Fig 4.14(b)) adapts consistently to load changes, while
the slip (Fig 4.14(c)) increases proportionally, reflecting expected machine behavior. The
torque response (Fig 4.14(e)) tracks its reference precisely and rises with the applied load,
confirming the controller’s capability to meet torque demands. The flux components ¢,
and ¢sp (Fig 4.14(g)) remain well-estimated and balanced, ensuring correct flux regulation.

The actual three-phase currents (Fig 4.14(d)) exhibit distortion under load, but the
estimated signals i, g, and |i.| (Fig 4.14(h)) remain well-filtered and free from signifi-
cant offsets or harmonics. Finally, the estimated rotor flux angle 0., (Fig 4.14(i)) varies
smoothly, ensuring correct flux orientation for stable sensorless DTC operation.

Overall, the results confirm that the proposed SSDTC achieves accurate estimation and
robust control of speed, slip, torque, flux, and currents under load variations, validating

its suitability for practical applications.

4.4.2.3 Reverse Speed Direction Test

This test evaluates the capability of the proposed controller to operate when the ref-
erence speed is reversed. The IM was initially set to operate at a fixed reference speed of
1200 rpm. At t = 22 s, the reference speed was switched to —1200 rpm, before returning
to 1200 rpm at ¢ = 52 s. The corresponding experimental results are presented in Fig 4.15,
which reports the same variables as in the previous tests.

As shown in Fig 4.15(a), both the estimated and measured speeds accurately follow the
applied reference, even during the reversal, demonstrating the robustness of the proposed
method in bidirectional speed tracking. Rotor speed estimation also exhibits high accuracy
throughout the test. The electromagnetic torque, presented in Fig 4.15(e), changes sign
consistently with the negative reference speed while maintaining proper tracking perfor-
mance. The estimated slip, illustrated in Fig 4.15(c), remains constant despite the reversal
in rotation direction.

Similar observations to those reported in Test 1 apply to Fig 4.15(d), Fig 4.15(g), and
Fig 4.15(h), except that the wave-forms are phase-shifted by 7 when the IM operates in

the reverse direction.
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4.5 CONCLUSION

In this chapter, the sensorless Direct Torque Control (DTC) strategy of the induction
motor based on the MESOGI-FLL estimator was developed and thoroughly evaluated. The
New European Driving Cycle (NEDC) was successfully applied to the traction system, and
the induction motor demonstrated stable performance across the cycle. The MESOGI-
FLL estimator was integrated into the control framework and validated through detailed
simulations and experimental analysis, confirming its ability to accurately estimate rotor
speed and flux while ensuring fast dynamic response and reliable torque control. The results
showed very good agreement between the reference and estimated values, thereby validating
the robustness of the proposed estimator under different load and speed variations.

Nevertheless, a limitation was observed at low-speed operation, where the estimator
could not maintain accurate performance due to the inherent challenges of weak back-EMF
signals in this region. Despite this, the overall performance across medium- and high-speed
ranges was excellent, and the approach proved highly effective for Ev traction applications.
The work presented in this chapter builds upon the modeling, estimator design, and im-
plementation subsections, and it highlights both the strengths and the boundaries of the
proposed method. These findings not only confirm the feasibility of the MESOGI-FLL-based
sensorless DTC scheme but also provide valuable insights that can guide future research
toward improving low-speed estimation accuracy and further enhancing the reliability of

induction motor drives in electric vehicle applications.
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(General Conclusion

HIS thesis presented a comprehensive investigation into the modeling and control of
T electric drive systems, with a particular focus on induction motor control for electric
vehicle (Ev) applications. The research addressed both theoretical and practical challenges
in achieving efficient, reliable, and sensorless motor control.

Initially, the thesis established a solid foundation by reviewing the role and evolution
of electric vehicles, underlining the importance of energy efficiency and advanced drive
systems in modern Ev design. A detailed modeling of the EvV traction system was then
developed, integrating the electric motor and inverter as the main components of propul-
sion. The motor model was designed to represent its dynamic behavior accurately, and
particular effort was devoted to the identification of induction motor parameters to ensure
reliable performance under varying operating conditions. This modeling stage laid the
groundwork for precise simulation and controller design.

The core contribution of the thesis lies in the development and evaluation of two sen-
sorless control strategies for the induction motor. The scalar control approach, enhanced
by the Second-Order Generalized Integrator Frequency-Locked Loop (SOGI-FLL) estima-
tor, demonstrated improved performance in speed and flux estimation, making it suit-
able for low-complexity applications. Furthermore, a more advanced control technique,
the Direct Torque Control (DTcC) strategy integrated with a Multiplied Enhanced SOGI-
FLL (MESOGI-FLL) estimator, was proposed and validated. This technique achieved high
dynamic performance, accurate torque control, and robustness against parameter varia-
tions, all without relying on physical speed sensors.

The theoretical developments were supported by extensive simulations and experimen-
tal validations, confirming the effectiveness of the proposed estimators and control strate-
gies. The results showed that both control schemes enable precise and stable operation of
induction motors under various operating conditions, thereby contributing to the develop-
ment of reliable and cost-effective Ev drive systems.

Despite these achievements, several limitations were observed. The sensorless scalar
control approach exhibits reduced accuracy at very low speeds due to fixed-slip operation

and shows some sensitivity to torque fluctuations. The sensorless DTC strategy, although
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providing enhanced torque and flux control, is affected by torque ripples, especially under
dynamic load conditions, and is limited at very low speeds. Additionally, the experimental
validation was conducted on a laboratory-scale test bench, which may not fully capture
real-world driving scenarios and extreme operating conditions.

Future work could focus on mitigating these limitations by developing enhanced estima-
tion and control methods. In particular, the use of a three-phase MESOGI-FLL estimator
could be explored to provide more accurate speed estimation and to filter torque ripples
effectively, while also improving flux estimation under very low-speed conditions. Further
research could include adaptive or hybrid control strategies to maintain high performance
across the full speed range, testing on real vehicle platforms, and optimization of hardware
implementation to reduce cost and computational complexity.

In summary, this work advances the state of sensorless motor control in EvS by pro-
viding novel estimation techniques and robust control schemes, contributing to the overall

efficiency and feasibility of next-generation electric vehicle powertrains.
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Appendix A

Powertrain Parameters

A.1 Induction Motor Parameters

Table A.1. Induction Motor Parameters.

Parameters Symbol Unit Value
Rated Power P, kw 0.55
Rated Voltage Va \% 230/400
Rated current I, A 2.48/1.43
Rated Speed Nnp, rpm 1390
Pole Paire P / 2
Stator Resistance R Q 12.5
Rotor Resistance R, Q 10.64
Magnetizing Inductance M H 0.66
Equivalent Inductance Leg H 0.098
Stator Inductance L H 0.71
Rotor Inductance L, H 0.71
Moment of Inertia J kg.m? 0.0023
Friction Coefficient Cy N-m-s/rad 0.0008
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A.2 Electric Vehicle Parameters

Table A.2. Electric Vehicle parameters

Parameter Symbol Unit Value
Vehicle mass m 80 kg
Wheel radius R 0.23 m
Rolling resistance coefficient K, 0.015 /
Drag coefficient Cyq 0.2 /
Frontal surface area Ag 0.6 m?
Air density p 1.2 kg/m3
Gear ratio gr 2 /
Drivetrain efficiency n 0.95 /
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Appendix
Experimental Setup

B.1 dSPACE MicroLabBox

The experimental setup is based on the Micro-
LabBox (DS1202) from dSPACE, a versatile real-
time system for rapid prototyping and control algorithm
implementation. It integrates seamlessly with MAT-
LAB/SIMULINK via dSPACE RTI and ControlDesk, al-

lowing automatic code generation and real-time parame-

ter tuning.
The MicroLabBox provides multiple analog and dig- Fig B.1. DS51202

ital I/O channels, encoder interfaces, and communication ports such as CAN, Ethernet,

and serial, enabling direct connection to sensors, actuators, and power converters. Its high

computational capability and low-latency operation make it ideal for electric drive appli-

cations, including scalar control, Foc, and DTcC, and it serves as the central controller,

acquiring motor feedback, executing real-time algorithms, and generating PWM signals to

drive the inverter.

B.2 Control Desk

ControlDesk is a versatile software platform by dSPACE for real-time experiment con-
e T e rewa - trol, monitoring, and data acquisition. It allows users

to interactively configure experiments, visualize signals,

tune parameters, and log data in real time. ControlD-

esk integrates seamlessly with the MicroLabBox and

—— - SIMULINK-generated code, enabling rapid testing of con-

trol algorithms and system performance monitoring.

Fig B.2. Control Desk
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B.3 Isolation and Adaptation Card

The isolation and adaptation card interfaces the
dSPACE controller with the power inverter. It con-
verts low-voltage PwWM signals (5V) from the controller
to high-voltage signals (15V) for driving the inverter
switches, while providing isolation between the control
circuit and the high-power stage to protect against volt-

age spikes and noise. This ensures reliable operation of

control algorithms, maintains signal integrity, and safe-

Fig B.3. Isolation and Adapta-
guards sensitive components in the setup. tion Card 5-15V

B.4 Three-Phase Semikron IGBT Inverter

The experimental setup employs a three-phase IGBT educational inverter
(SEMITEACH 08753450CA) from Semikron, which serves as the power conversion stage

for the induction motor drive. The inverter is based on
a conventional three-phase voltage-source topology and con-
verts the DC-link voltage into a controlled AC supply for the
motor. Switching commands are generated by the dSPACE
MicroLLabBox and applied via an isolation and adaptation
board using PWM techniques. Its fast switching and reli-

able operation make it suitable for experimental validation of

) . ) control strategies.
Fig B.4. Semikron inverter

B.5 Incremental Encoder (Speed Sensor)

The experimental setup uses an incremental encoder
as the speed sensor, operating at DC 5-24 V with a res-
olution of 4096 pulses per revolution (P/R). This high-
resolution encoder provides accurate rotor position and
speed feedback to the MicroLabBox, which is essential for

implementing real-time control algorithms. The encoder

output is interfaced directly with the controller, and its
signals are processed to calculate rotor speed, enabling Fig B.5. Incremental Encoder

precise execution of control strategies of the Im.
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B.6 Current & Voltage Sensors with Adaptation Card

The experimental setup employs both current and voltage sensors, which were custom-
fabricated in the laboratory using a CNC circuit printer. The design schematics of the
sensors were created using the Proteus software, and the sensors provide feedback signals
to the MicroLabBox for real-time control. Each sensor is connected to an adaptation card

that processes the signals in three stages:

e Gain multiplication: Amplifies the low-level sensor signal to a voltage suitable for

the controller.

e DC-offset regulation: Centers the signal within the MicroLabBox ADC input

range to prevent saturation.

e Filtering: Removes high-frequency noise and transients, producing clean signals for

precise control.

This dual adaptation setup ensures reliable measurement of both motor currents and volt-
ages, which is crucial for implementing control strategies such as scalar control, Field-
Oriented Control (Foc), and Direct Torque Control (DTc).

Fig B.6. Current Sensors. Fig B.7. Voltage Sensors.
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B.7 Induction Motor

The experimental setup employs a three-phase I,
which serves as the primary load for testing control al-
gorithms. This motor is directly driven by the Semicron
inverter and receives PWM signals processed by the Mi-
croLabBox through the isolation and adaptation card.

Its electrical and mechanical characteristics, such as

rated power, voltage, current, and speed, are carefully se-

lected to match the experimental conditions. The motor Fig B.8. Induction Motor
provides a realistic platform to evaluate control strategies

including scalar control, Foc, DTC under various operating scenarios.

B.8 Powder Brake and Torque Control Unit

The experimental setup includes a Magnetic Powder Brake for applying controllable
load torque to the induction motor. The brake allows precise adjustment of mechanical
load, enabling testing of the motor and control algorithms under various torque conditions.
It is paired with a Torque Ccontrol Unit, which receives the torque profile from the dASPACE
MicroLabBox and regulates the brake current to achieve the desired torque accurately.

This combination ensures that the motor experiences accurate, controllable load torque,
allowing precise evaluation of types of control algorithms in the experimental setup. The
torque control unit ensures the applied torque faithfully follows the profile generated by

the MicroLabBox, providing reliable and repeatable testing conditions.

Fig B.9. Powder Brake and its Torque Control Unit
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