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Résumé

Cette these porte sur I’étude et la mise en ceuvre de techniques de commande avancées pour les machines asyn-
chrones pentaphasées, qui sont de plus en plus appréciées pour leur fiabilité accrue, leurs performances élevées et leurs
capacités de tolérance aux défauts par rapport aux systémes triphasés conventionnels. La recherche explore et compare
trois stratégies de commande majeures : la commande directe du couple (DTC), la commande directe du couple avec
modulation vectorielle (DTC-SVM) et le contrdle prédictif & ensemble fini (FCS-MPC). En outre, la these introduit
deux avancées importantes : 'intégration de réseaux de neurones artificiels (RNA) pour améliorer les performances de
commande et la mise en ceuvre d’un systéme adaptatif & modele de référence (MRAS) pour une commande sans capteur
de vitesse. Les résultats mettent en évidence les forces et les limites de chaque technique, offrant des perspectives sur
leur pertinence pour des applications industrielles spécifiques. Ce travail ouvre la voie a de futures recherches visant
a développer des approches hybrides combinant les forces de ces méthodes et a les adapter pour gérer les conditions
de défaut, exploitant pleinement les avantages des machines asynchrones pentaphasées.

Mots-clés : Systemes multiphasés -Machine asynchrone pentaphasée - Onduleur a cing bras a deux niveaux -
Commande directe du couple - Modulation vectorielle d’espace - Controle prédictif - Réseaux de neurones artificiels -
Commande sans capteur de vitesse - Systéme adaptatif & modele de référence.

Abstract

This thesis focuses on the study and implementation of advanced control techniques for five-phase induction mo-
tors, which are increasingly valued for their enhanced reliability, superior performance, and fault-tolerant capabilities
compared to conventional three-phase systems. The research explores and compares three prominent control strate-
gies: Direct Torque Control (DTC), Direct Torque Control with Space Vector Modulation (DTC-SVM), and Finite
Control Set Model Predictive Control (FCS-MPC). Additionally, the thesis introduces two significant advancements:
the integration of artificial neural networks (ANNSs) to enhance control performance and the implementation of a Model
Reference Adaptive System (MRAS) for speed sensorless control. The results highlight the strengths and limitations
of each technique, providing insights into their suitability for various industrial applications. This work paves the way
for further research into hybrid approaches that combine the strengths of these methods and tailor them to handle
fault conditions, fully harnessing the advantages offered by five-phase induction motors.

Keywords: Multiphase Systems - Five-Phase Induction Motor - Two-Level Five-Phase Voltage Source Inverter -
Direct Torque Control - Space Vector Modulation - Predictive Control - Artificial Neural Networks - Speed Sensorless
Control - Model Reference Adaptive System.
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General Introduction

In recent years, the use of electric drives in embedded systems instead of conventional mo-
tors has intensified. This is the case for the propulsion of electric vehicles and railway traction,
all-electric ships, more-electric aircraft, and renewable energy sources [1-4]. The specific con-
straints imposed on the volume of these systems and the constant need to achieve higher power
levels lead to optimizing the use of all components of the electric traction chain. Consequently,
nominal operating regions are pushed to their limits, resulting in system faults or nonlinear
behaviors such as voltage and current limitations or magnetic saturation. For example, the use
of electric drives for the propulsion of electric vehicles requires controlling the drive over the
entire speed range, including the flux-weakening region where voltage limits are reached.

Compared to conventional three-phase drives, multiphase drives reduce electrical constraints
on machine components and power electronics, as they can handle more power with lower torque
ripple, reduced current harmonic content, and intrinsic fault tolerance capabilities [5-8]. These
advantages make them an ideal candidate for applications where limits may be reached and
where reliability is of particular interest for economic and safety reasons. Recent research on
multiphase drives aims to exploit their unique characteristics and present them to the industry
as an alternative to three-phase drives. Indeed, the higher number of phases offers additional
degrees of freedom in terms of control and design, which can improve overall system reliability
and performance.

These advantages have motivated researchers to adapt control techniques, initially developed
for three-phase systems, to multiphase systems to exploit the unique benefits of this advanced
configuration [9-14]. However, despite the growing interest in these systems, there is a lack of
in-depth studies directly comparing the performance of different control strategies applied to
multiphase motors. This lack of comparative studies limits the understanding of the advantages
and disadvantages of different approaches and complicates the choice of the most suitable
strategy based on the specific requirements of each application.

The research presented in this thesis aims to fill this gap by proposing a comparative analysis
of control methods applied to the five-phase induction motor, taken here as a representative
example of multiphase systems. Unlike their traditional three-phase counterparts, this motor
has five stator windings, providing higher reliability and distributing power over a greater
number of phases, thereby reducing stress on each winding [15-21].

The studied strategies include Direct Torque Control (DTC), Direct Torque Control with
Space Vector Modulation (DTC-SVM), and Finite Control Set Model Predictive Control (FCS-
MPC). Through simulations in Matlab/Simulink and experimental validation on a 3.5 kW five-
phase induction motor, the performance of these strategies was evaluated by examining their
dynamic response during speed reference variations, their static response under steady-state
conditions, as well as energy quality, particularly stator voltage and current. The objective is to
identify the strengths and weaknesses of each approach to provide key elements for determining
the optimal control technique to maximize the performance of five-phase induction motors based
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on the specific requirements of each application.

To improve the robustness of these control strategies, Artificial Neural Networks (ANN)
have been introduced to replace proportional-integral (PI) regulators, and a speed estimator
based on the Model Reference Adaptive System (MRAS) has been integrated to enable robust
sensorless control.

This thesis is structured to provide a comprehensive analysis of the comparative study
between all these control techniques applied to five-phase induction motors, as follows:

- The first chapter presents the state of the art of multiphase machines, covering their
advantages, classifications, and industrial applications.

- The second chapter focuses on the mathematical modeling of five-phase induction ma-
chines, followed by a discussion on the configuration and operation of two-level and T-NPC
three-level inverters, along with their space vector modulation.

- The third chapter explores various control techniques applied to these machines, analyzing
their theoretical foundations and key principles. Their performance is evaluated through
simulations carried out in Matlab/Simulink, highlighting their advantages and limitations.

- The fourth chapter presents the experimental validation of the control strategies on a 3.5
kW five-phase induction machine, assessing their effectiveness by analyzing dynamic and
steady-state performance under various operating conditions.

Finally, the thesis concludes with a general conclusion summarizing the obtained results and
proposing perspectives for future research.
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Chapter 1: State of The Art of
Multiphase Machines

1.1 Introduction

Multiphase machines have garnered significant interest in recent years due to their nu-
merous advantages over conventional three-phase machines. The increasing demand for high-
performance electrical drives in industrial applications, electric transportation, and renewable
energy systems has led to extensive research on multiphase systems. These machines offer im-
proved fault tolerance, enhanced torque performance, and reduced harmonic content, making
them well-suited for applications requiring high reliability and efficiency.

The evolution of multiphase machines has been driven by advancements in power electronics
and control strategies, enabling greater flexibility and improved operational efficiency. Com-
pared to traditional three-phase systems, multiphase machines provide additional degrees of
freedom in control, allowing for better electromagnetic performance, reduced losses, and opti-
mized power distribution. Furthermore, they enable advanced strategies such as harmonic cur-
rent injection and fault-tolerant operation, making them a viable solution for next-generation
electrical drive systems.

This chapter presents a comprehensive review of the state of the art of multiphase machines,
focusing on their fundamental principles, classifications, advantages, and industrial applica-
tions. Given its advantages in terms of fault tolerance, torque ripple reduction, and improved
power distribution, the five-phase induction machine is selected as the reference system for this
thesis.

1.2 Historical Background of Multiphase Machines

Since the early twentieth century, one of the pioneering applications of high-power onboard
electric propulsion has been in cruise ship propulsion systems. This development was driven by
the ability to efficiently distribute power system components while eliminating the need for a
large mechanical transmission shaft. A notable example of this innovation was the Normandie,
which, in 1932, was equipped with four 30 MW motors, marking a prestigious milestone in
electric propulsion [22, 23].
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Figure 1.1: The NORMANDIE with four 30 MW motors

At that time, power electronics had not yet emerged, making it impractical to segment
the power of three-phase machines. This necessity only became evident with the widespread
adoption of static energy converters in later years.

An initial approach to power segmentation involved six-phase (hexaphase) machines, config-
ured in two independent star connections. This multiphase topology leveraged well-established
principles of three-phase winding design. In this arrangement, the magnetic poles generated by
the windings were phase-shifted by 30°. The windings were typically supplied independently
via full-wave current inverters, with currents carefully distributed among phase groups to mit-
igate mutual induction effects. A comprehensive synthesis of various multiphase (multi-star)
machine configurations and related research was provided in [24].

Initially, multiphase machines did not garner immediate industrial interest and only gained
traction following the foundational work of E.E. Ward and Harrer [25]. Their research intro-
duced the first experimental investigations on inverter-fed five-phase induction motors, demon-
strating that increasing the number of phases effectively reduced torque pulsations.

As the conventional three-phase paradigm evolved, odd-phase configurations such as five-
phase and seven-phase systems became preferable, with windings connected through a single
coupling mechanism. The shift toward an odd number of phases played a key role in reducing
spatial harmonics, thereby minimizing electromagnetic torque ripples, as first suggested by
E.E. Ward and Harrer. This characteristic proved advantageous for mechanical components in
motion, as residual oscillatory torques were shifted to higher frequency ranges, where they were
naturally attenuated by the mechanical load [26-28]. Such improvements in vibration reduction
positioned multiphase machines as an optimal choice for electric ship propulsion, particularly
in the cruise ship industry, where passenger comfort was paramount.

In military applications, stealth considerations further incentivized the adoption of seg-
mented machine architectures. Notably, in 2003, Framatome/Jeumont introduced a system
comprising two sets of thirteen-phase machines, while Alstom developed a three-set five-phase
system for the British Navy’s Type 45 destroyer.
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Figure 1.2: Royal Navy Type 45 Destroyer HMS Dragon

By the 1980s, following significant advancements in power segmentation and torque smooth-
ing, research focus shifted towards system redundancy. The study conducted by Thomas M.
Jahns [29] underscored the advantages of increasing the number of independent phases to en-
hance redundancy in electric propulsion systems. This principle had already been applied in
double-star machines, enabling operation in degraded mode at half of nominal power. The
concept was further extended to highly multiphase machines, significantly improving reliability
and availability in electric motorization.

From a conceptual standpoint, studies have demonstrated that power segmentation across
multiple phases, combined with advanced winding techniques, enhances slot filling. Despite an
increased number of power components, the overall volume of these components remains smaller
compared to conventional three-phase systems. These advancements not only increase the
power density of machines but also establish the number of phases as a crucial design parameter
[30, 31], serving as an optimization factor in complex and advanced systems. Consequently,
multiphase machines have transitioned from niche experimental concepts to practical solutions
that significantly enhance the technical and economic balance of power systems.

The research of Toliyat et al. [32] explored the performance of induction machines with
varying phase numbers in conjunction with static converters. Their work, Analysis of a Concen-
trated Winding Induction Machine for Adjustable Speed Drive Applications, provided critical
insights into the potential of multiphase motor systems.

The theoretical framework for standard symmetrical multiphase induction machines has
been comprehensively documented in multiple sources [33]. Additionally, Nelson and Krause
[34] formulated voltage equations in phase variables and developed transformations to the d—q—o
reference frame for multiphase machines with asymmetrical phase displacement.

F. Locment [30] conducted extensive research on the design and modeling of a seven-phase
permanent magnet axial flux synchronous machine, investigating its vector control strategies
under both normal and fault conditions. Similarly, B. Boussiala’s [35] master’s thesis focused
on the vector control of multiphase asynchronous machines, with particular emphasis on seven-
phase configurations.

The following sections present the fundamental principles underlying multiphase machines,
explore various types and configurations, and outline the objectives of this study.
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1.3 Operating Principle of Multiphase Machines

Similar to the operation of a three-phase induction motor, an n-phase induction motor func-
tions based on Faraday’s law of electromagnetic induction and Lenz’s law citekhadar20211[23].

Multiphase machine has stator windings placed at specific angular positions. However,
instead of three windings (separated by %’r electrical), it has n-windings (e.g. 5, 6, or more
phases) that are distributed uniformly over the stator circumference (separated by 2;” electrical).
When a balanced n-phase voltage system is applied, with phase angles displaced by a = %’r, a

rotating magnetic field is produced.

Initially, when the rotor is stationary, electromagnetic forces are induced in its windings as
a result of the interaction with the rotating magnetic field. Since the rotor windings are short-
circuited, circulating currents are established, leading to a reaction that opposes the cause of
their induction, according to Lenz’s law[36].

These currents generate a torque that causes the rotor to begin rotating in the same direction
as the rotating magnetic field. As the rotor accelerates, the relative speed difference between
the rotor and the magnetic field (slip) decreases, causing a reduction in the induced EMF and
rotor currents. When this speed differential reaches zero, rotor currents cease, resulting in zero
electromagnetic torque. The number of stator phases increases the smoothness of the torque,
reducing the torque ripple. Depending on the shaft load, However, in practical operation, the
rotor always stabilizes at a speed w slightly lower than the synchronous speed ws, as determined
by the applied shaft load. This principle is illustrated in Figure 1.3.

w

The machines slip is defined by the ratio: g = et

Figure 1.3: Operating Principle of Multiphase Machines

1.4 Characteristics of Multiphase Machines

The primary reason for transitioning from the conventional three-phase system to a mul-
tiphase (n-phase) system, where n > 3, particularly in high-power applications, lies in the
distribution of electrical power among a greater number of phases. Consider a three-phase
drive system designed to deliver mechanical power P to a load. The power inverter feeding this
system must supply the same total power P, meaning each phase of the inverter is responsible
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for P/3. However, when power demand exceeds certain thresholds, it becomes challenging to
handle this load within the constraints of available power electronics technology.

Limitations such as the current or voltage capacities of power components, as well as the
maximum feasible number of components that can be connected in series or parallel within a
phase, can restrict the achievable power. To overcome these challenges, distributing the total
power across more than three phases becomes necessary. This segmentation of power can be
achieved using various approaches, thereby reducing the load on each phase and optimizing
system performance For example, in a 5-phase system, each phase would handle only P/5,
reducing the load per phase. This makes it easier to manage the power within the capabilities
of the electronic components [37].

1.4.1 Classification of Multiphase Induction Machines

Multiphase induction machines can be categorized based on the parity of the number of
phases. This classification allows for multiple configurations depending on the angular dis-
placement between adjacent coils. The equivalent number of phases is given by:

T
nph., = ; (1.1)

where v represents the angular displacement between two adjacent coils.

Two primary types of multiphase induction machines can be distinguished.

1.4.1.1 Type 1 Multiphase Machines

These multiphase machines, commonly referred to as "multi-star machines," have a stator
phase number (Nph,) that is a multiple of three. This configuration allows the phases to
be organized into sets of three-phase stars, denoted as 1. Various configurations are possible
depending on the angular displacement v between adjacent coils [37].

For instance, in a double-star machine (Nph, = 6 phases), the machine’s characteristics
vary based on the displacement between stars: v = 0, v = 7/6, or v = 7/3. An equivalent
number of phases is introduced, defined as [37]:

Nph,, = Z (1.2)

A machine with six phases, regularly shifted by /3, exhibits the same operating character-
istics (in terms of time harmonics) as a three-phase machine, for which Nph = Nph., = 3.

Table 1.1 presents different configurations of Type 1 Multiphase Machines**, highlighting
the number of phases, the equivalent number of phases, the angular displacement, and the
corresponding classification.
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Table 1.1: Multiphase Machine Type 1

Nombre de phases (N,;,) | Nombre équivalent de phases (N,,,) | Décalage angulaire () degré | Nom correspondant

3 1.5 120 Triphasée

3 3 60 Semi six-phasée

6 3 60 Six-phasée

6 6 30 Semi-12 phase

12 6 30 12 phases

9 4.5 40 Neuf-phasée

9 9 20 Semi-18 phase

18 9 20 18 phases

In standard operation, it is generally recommended to isolate the neutrals of multi-star
machines to optimize performance and reduce circulating currents.

1.4.1.2 Type 2 Multiphase Machines

In this type of machine, the number of stator phases Nph., is not a multiple of three. For
machines with an odd number of phases, the phases are evenly spaced with a displacement
given by [37]:

21

=9 1.3
Noh 2 (1.3)

As a result, the number of phases is equal to the equivalent number of phases, i.e.,
T
Nph = Nph, = — (1.4)
8

Examples of Type 2 multiphase machines are listed in Table 1.2, highlighting the number
of phases, the equivalent number of phases, the angular displacement, and the corresponding
classification.

Table 1.2: Multiphase Machine Type 2

Nombre de phases (N,;,) | Nombre équivalent de phases (N,,,) | Décalage angulaire () degré | Nom correspondant

2 2 90 Biphasee

4 2 90 Titra-phasée

4 4 45 Semi-8phas

8 4 45 8-phases

5 5 36 5-phases

7 7 25.71 T-phases

10 10 18 Semi-10 phase

11 11 16.36 10 phases

1.4.2 Stator Winding Configurations

After classifying the different types of multiphase machines, odd-phase multiphase configura-
tions can adopt various winding topologies. Among them, the symmetrical five-phase induction
motor is one of the most widely utilized and serves as a representative example [36].
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In the literature, two principal architectures for five-phase induction machines are identi-
fied. The first relies on a sinusoidal air-gap magnetomotive force (MMF) and requires purely
sinusoidal voltages, making low-order harmonics unsuitable for motor input.

Conversely, the second approach leverages low-order harmonics to synthesize the air-gap
MMF, with particular emphasis on third-harmonic injection, which significantly enhances
torque production.

In five-phase induction machine drive systems, three main winding configurations are com-
monly used: star, pentagon, and pentacle connections.

Research findings indicate that the star connection performs better under normal operating
conditions, whereas the pentagon connection provides higher maximum output and reduced
torque ripple under fault conditions [36].

Additionally, for the same DC-link voltage magnitude, the pentagon connection increases the
winding voltage by 17.69% compared to the star connection, while the pentacle configuration
achieves a 90% voltage gain. Due to this advantage, the pentacle connection is preferred in
high-speed five-phase induction machine applications with limited DC-link voltage [36]. The
star and pentagon configurations are illustrated in Figure 1.4 [36].

(a) (b)

Figure 1.4: Different stator winding configurations: (a) star and (b) pentagon.

1.5 Emerging Applications and Future Prospects of Mul-
tiphase Machines

Recent advancements in multiphase machine research have led to their increasing adoption
across various high-performance applications. Industries such as electric vehicles (EVs), rail-
way traction, all-electric ships, more-electric aircraft, and renewable energy generation have
recognized the potential benefits of multiphase machines, including enhanced reliability, fault
tolerance, and efficiency [38].

The EV industry has increasingly adopted multiphase motors due to their superior perfor-
mance characteristics, including improved fault tolerance, higher power density, and reduced
torque ripple. Leading automotive manufacturers have already incorporated these technologies

23



State of the Art of Multiphase Machines

into production vehicles:

- BMW: The i7 M70 employs a six-phase dual-inverter system with a power density of
2.41 kW /kg, while the iX M60 utilizes a second set of three-phase windings to enhance
efficiency and redundancy [38].

- Mercedes-Benz: The EQS and EQE models integrate six-phase rear motors with dual
three-phase windings, boosting power output and efficiency. The EQE motor, for instance,
delivers 215 kW of power and 565 Nm of torque [39].

- Kia EV6 GT: Features a rear motor powered by two inverters, each supplying three-
phase current to designated windings [40].

- Ford F-150 Lightning: Utilizes three STARD UHP six-phase electric motors for en-
hanced performance, as shown in Figure. 1.5 [41].

- Koenigsegg Gemera: Integrates a six-phase motor to optimize current distribution and
thermal management [42].

- NASCAR Electric Prototype: Employs three six-phase motors—one at the front and
two at the rear—for balanced power delivery [43].

Figure 1.5: Ford F-150 with a six-phase motor.

Beyond conventional road vehicles, multiphase motor technology has made significant in-
roads into motorsports and heavy-duty applications:

- Motorsports: The Audi e-tron FEO7 Formula E car features a six-phase drivetrain [44],
while the Porsche 919 LMP1 hybrid race car employs a 2 x 3-phase 800V traction motor
[45].

- Commercial Trucks: Advanced Electric Machines (AEM) and TEVVA MOTORS LIM-
ITED have designed six-phase motors to minimize torque ripple and noise in electric trucks
[46].

- Heavy-Duty Vehicles: The Dana TM4 SUMO HP drive system incorporates a six-
phase inverter to enhance power output. Additionally, Bus Stop Sales & Service has

deployed a nine-phase DANA Sumo drive motor in electric buses, as illustrated in Fig-
ure. 1.6 [47, 48].
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.

Figure 1.6: Electric bus with a nine-phase motor.

Despite these advancements, several challenges persist in fully leveraging multiphase ma-
chines. One of the primary difficulties lies in extending conventional three-phase control
methodologies to multiphase systems, requiring the development of novel control strategies and
algorithms. Additionally, there remains a gap in research regarding design optimization and pa-
rameter estimation techniques, which are crucial for maximizing system performance. Efficient
fault detection and management algorithms are also essential to fully exploit the fault-tolerant
capabilities of multiphase machines. Furthermore, multiphase generation systems, particularly
in renewable energy applications, require further investigation to unlock their full potential [38].

However, despite the growing interest in these systems, a significant research gap remains
in directly comparing the performance of different control strategies for multiphase machines.
This lack of comparative studies limits the understanding of the strengths and weaknesses of
various control methodologies, making it challenging to determine the optimal strategy for
specific applications.

The research presented in this thesis aims to address this gap by conducting a comparative
analysis of control methods applied to five-phase induction motors, serving as a representative
example of multiphase systems. This study will contribute to a deeper understanding of mul-
tiphase machine control, facilitating the selection of the most appropriate strategy based on
specific application requirements.

1.6 Advantages and Limitations

Machines with a high number of phases, compared to three-phase machines, offer numerous
advantages [5-8]:

25



State of the Art of Multiphase Machines

Advantages

- Power Segmentation: Having a higher number of phases implies that the power deliv-
ered by each phase is reduced, resulting in lower current passing through each component,
thereby reducing the stress on each component.

- Reliability: In multiphase machines, up to ¢ — 3 phases can fail without losing control of
the remaining phases, unlike three-phase machines, which require connecting the neutral
point to the DC source midpoint. Increasing the number of phases further enhances the
degrees of freedom available for machine control.

- Minimization of Torque Ripples and Rotor Losses: In a three-phase machine, the
torque ripple, whose frequency is six times the fundamental frequency, is primarily caused
by the components of the fifth and seventh harmonics. However, in multiphase machines,
one of these harmonics does not produce a magnetomotive force (MMF'), meaning that
the corresponding torque harmonics are naturally eliminated. Additionally, since certain
stator current harmonics do not generate MMF| the associated rotor-induced currents are
absent for these harmonics. Consequently, a multiphase machine inherently experiences
lower rotor losses compared to a three-phase machine.

Limitations

- The number of semiconductors increases with the number of phases, which can potentially
increase the overall cost of the converter-machine system.

- The increase in the number of semiconductors, combined with the highly non-linear dy-
namic structure and the strong coupling between torque and flux, significantly complicates
the control process.

1.7 Conclusion

This chapter has reviewed the state of the art of multiphase machines, highlighting their
historical development, fundamental principles, classifications, advantages, and industrial ap-
plications. Multiphase machines offer significant benefits, including enhanced fault tolerance,
improved power distribution, and reduced torque ripple, making them a viable alternative to
conventional three-phase systems. However, challenges remain, particularly in terms of control
complexity and the lack of comparative analysis of control strategies for multiphase machines.
Addressing this gap is crucial for optimizing their performance and selecting the most suitable
control method for specific applications.

The next chapter focuses on the mathematical modeling of five-phase induction motors and
their associated inverters, establishing the theoretical foundation necessary for developing and
implementing different control strategies.
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2.1 Introduction

High-power electric drives pose significant challenges in modern research, with multiphase
systems particularly those with more than three phases emerging as a promising solution [8,
13, 33, 49, 50]. The general theory of rotating machines, traditionally used for analyzing three-
phase machines, can be effectively extended to multiphase configurations [33]. Among these, the
five-phase induction motor has gained considerable attention due to its advantages, including
reduced torque ripple at higher frequencies, increased power density, enhanced fault tolerance,
and lower per-phase power requirements for a given motor output [8, 13, 49, 50].

The development of five-phase induction motor drives can be traced back to 1969, when a
five-phase voltage source inverter was first proposed to power such motors [25]. These inverters
play a crucial role in generating the required voltage waveforms, ensuring precise and efficient
motor control. The two-level inverter provides a simple yet effective topology with well-defined
switching states, while the T-NPC three-level inverter introduces additional voltage levels,
allowing for more refined modulation strategies.

This chapter presents a comprehensive mathematical modeling of the five-phase induction
motor and its associated two-level and T-NPC three-level inverters. The modeling of the
machine begins with the formulation of equations in phase quantities, followed by their trans-
formation into decoupled systems in orthogonal (o — /) and (d-q) reference frames. In this
representation, currents in the (d-q) frame directly contribute to torque and flux production,
while the (x-y) components and zero-sequence component do not. This transformation enables
the adaptation of established three-phase control strategies, such as Direct Torque Control
(DTC), Direct Torque Control with Space Vector Modulation (DTC-SVM) and Finite Control
Set Model Predictive Control (FCS-MPC), to the five-phase induction machines.

The chapter then focuses on the mathematical modeling of the two-level and T-NPC three-
level five-phase inverters, detailing their switching states, space vector representation, and volt-
age calculations. The space vector modulation (SVM) strategies for these inverter topologies are
presented, highlighting their role in generating sinusoidal output voltages by selecting optimal
space vectors and determining their appropriate application times. Special attention is given
to the elimination of unwanted voltage components in the x — y plane, ensuring high-quality
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output waveforms.

By establishing the theoretical foundation for both the five-phase induction motor and its
associated inverter topologies, this chapter provides the necessary groundwork for the develop-
ment and implementation of different control techniques in the following chapters.

2.2 Modeling of the Five-Phase Induction Machine

To determine the steady-state characteristics of an induction motor with "n" phases, a per-
phase equivalent circuit can always be used. However, to determine the dynamic response,
which is essential in variable speed drives, a dynamic modeling of the motor is necessary [13, 49].

The modeling of electric machines generally involves very complex equations. In fact, the
distribution of windings and the inherent geometry of these machines make their models difficult
to implement. However, the adoption of certain simplifying assumptions can help overcome this
difficulty.

The mathematical foundations for modeling multiphase machines were established in the
first half of the 20th century [26, 51-53]. The goal of these studies is to provide tools that
simplify the analysis of systems described by a set of coupled differential equations with variable
parameters.

The simplifying assumptions made in this work are as follows:

- The motor has a symmetric, unsaturated armature;
- Hysteresis and eddy currents are negligible;
- The air gap has uniform thickness, and the slotting effect is neglected;

- The self and mutual inductances are independent of the currents flowing in the different
windings;

- The flux distribution along the air gap is assumed to be a sinusoidal waveform;
- The spatial distribution of all magneto-motive forces in the machine is sinusoidal;
- The skin effect is negligible;

- Considering a regular phase shift between each pair of sequential phases, the windings of
all phases are assumed to be identical.

The five-phase induction machine, classified as a type 2 multiphase machine (characterized
by a number of phases 'n" not being a multiple of three [54]), consists of a fixed stator and a
rotor that rotates around the machine’s axis of symmetry. In the evenly spaced slots on the
inner face of the stator, there are 5 identical windings with "p" pole pairs; their axes are spaced
apart by an electrical angle of 2?“ = 72 degrees. The rotor’s electric circuit, known as a squirrel
cage and commonly made of cast and molded aluminum, may also use copper bars, with their
ends brazed onto two short-circuit rings [55].
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Figure 2.1: Schematic Representation of a Five-Phase Induction Machine

The stator windings, when excited by a balanced five-phase sinusoidal supply, produce a
rotating magneto-motive force (MMF) with constant amplitude. The rotating field induces a
response in the rotor and produces a useful torque. However, it is not easy to obtain pure sinu-
soidal voltages from static inverters. The inverter’s output voltage contains temporal harmonic
components that inject harmonic currents into the machine’s stator windings. The five-phase
connection eliminates the fifth and other harmonics of multiples of 5. However, other harmonics
will still be present with varying amplitudes and phase sequences [56].

First, the voltage and torque equations for the symmetrical five-phase induction machine are
established, expressed in phase quantities. Then, the modification made to the transformation
associated with an arbitrary reference frame for a stationary circuit is presented, making it
applicable to a rotating circuit.

2.2.1 Phase-Quantity Model

Several approaches to modeling multiphase machines are distinguished in the literature,
among them the approach based on vector formalism from a concept called "multimachine."
This approach mathematically assimilates the real multiphase machine to a set of fictitious
two-phase and single-phase machines, where each fictitious machine corresponds to a vector
subspace. The number of phases of each fictitious machine is directly related to the dimension
of the associated subspace. In other words, the multiphase machine is viewed as an association
of fictitious machines that are magnetically decoupled and mechanically coupled [24, 57-59].
Another modeling approach involves proposing control techniques using space vectors of multi-
phase machines, where the machine’s actual quantities form a space vector that is decomposed
into several orthogonal space vectors of dimension one or two. In this case, with simplifying as-
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sumptions, the voltage equation of the actual machine splits into several completely decoupled

equations [31, 32, 60-63].

The model of a five-phase induction machine in terms of voltage and flux can be written in

matrix form as follows [33]:

[/U;bcde] - [RS] [iZbcde] + % [¢2bcde] (21)
[Ugbcde] = [RT] [iZbcde] + % [ Zbcde} =0
[¢Zbcde] = [LS] [iZbcde] + [LST] [igbcde] (22)
[ Zbcde] = [LT‘] [iZbcde] + [LTS] [igbcde]
The equations (2.1) and (2.2) can be written as follows:
s -5 d -5 d -y
[Uabcde] = [RS] [Zabcde] + [LS] % [Zabcde] + % [Lsrlabcde] (23)
, N d ., d.
[Uabcde] - [RT] [Zabcde] + [LT] % [Zabcde] + % [LTSZabcde] =0 (24)

The following definitions of phase voltages, currents, and fluxes apply to (2.1) and (2.2):
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The stator and rotor inductances are represented in a matrix form similar to that of a three-
phase machine. Due to energy conservation, the matrix [L,] is a symmetric 5 x 5 matrix of the

form [64].
Laas Labs
Lbas Lbbs
[LS] = Lcas chs
Ldas Ldbs
Leas Lebs
With:

- Laas = Lbbs = Lccs = des
d, e.
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- Lops = Lies = Legs = Lges = Laes = M cos o are the mutual inductances.

- Lges = Lpgs = Lees = Lpes = Logs = M cos 2« are the mutual inductances.

For the five-phase machine with a phase shift o = %’T, the inductance matrix in equation
(2.8) can be written as follows:

Lis+M Mcosaa Mcos2a M cos2a M cos o
Mcosaw Lig+ M Mcosaw Mcos2a M cos2a
[Ls] = | Mcos2ae Mcosae Lyg+M Mcosa M cos2a (2.9)
Mcos2ae Mcos2ae Mcosaw Lig+M Mcosa
Mcosaw Mcos2a Mcos2ce Mcosaw  Lig+ M

Similarly, the rotor inductance matrices are written as follows:

Loar Loy Laer Ladr  Laer
Lyar  Loor  Lver  Loar  Lier
[Lr] = | Lear Leor Leer Lear  Leer (2. 10)
Laar  Lavr  Laer  Ladr  Lder
Lear Lebr Lecr Ledar Leer

L,+M Mcosa Mcos2a Mcos2a M cosa
Mcosao Ly +M Mcosao Mcos2a M cos2a
[L,] = | Mcos2ae Mcosa Ly +M Mcosa M cos2a (2.11)
Mcos2a« Mcos2ae Mcosaw Ly +M M cosa
Mcosaw Mcos2a Mcos2ae Mcosa Ly, + M

According to the simplifying assumptions, all self-inductance coefficients are constant, and
the mutual inductance coefficients depend only on the position of the windings. Thus, it is
assumed at all times that the magnetic axis of the rotor phase (a) makes an angle 6 with the
magnetic axis of the stator phase (a) (instantaneous position of the rotor relative to the stator),
as shown in Fig. 2.1. The mutual inductances between the stator and rotor windings can be
obtained from [33]:

cos cos(6 +a) cos(f +2a) cos(f —2a) cos(f — «)

cos(f — ) cos cos(f + ) cos(f+2a) cos(f — 2a)
[Lg) = M | cos(0 —2a) cos( — ) cos 6 cos(f + a) cos(6 + 2a) (2.12)
cos(f + 2a)) cos(f —2a)  cos(f — ) cos cos(f + )
cos(f + ) cos(f +2a) cos(f —2a) cos(f — «) cos 6
[Lys] = [LST]T

The stator and rotor resistance matrices are 5 x 5 diagonal matrices:
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[Rs] - diag(Rsu RS7 R57 Rs; Rs) (2].3)

[R,] = diag(R,, R, R, R, R;) (2.14)

The derived expression from equation (2.2) is given by:

d s o d .S d[LST] -7 d [iZbcde]
% [¢abcde] - [LS}% [Zabcde] + 7 [Zabcde] + [LST"]T (215)

The second term of the previous equation can be written as follows:

d[Ly] d[Ly] db,,
" 2.1
dt [Zabcde] dem dt [Zabcde] ( 6)
The mechanical speed of the rotor is defined by: €2, = dz—;".
Equation (2.15) can be written in the following form:
d s d .5 d[Lsr] . d [ZZ C e]
% [ abcde] = [LS]£ [Zabcde] + Qmm [zabcde] + [LST] dll)f d (217)
2.2.2 Calculation of Electromagnetic Torque
The mechanical equation of motion is given by:
d*0 do
i =T, =T, 2.1
e T (2.18)

where J and f are the moment of inertia and the friction coefficient, respectively, 6,, is the
electrical rotation angle, and C, is the load torque.

The electromagnetic torque T,,,, obtained as a function of the stator and rotor phase cur-
rents, is expressed as the partial derivative of the magnetic co-energy with respect to the rotor
position [65]:

OWoeo
T, = < = > (2.19)
aem (is,ir constant)
In a linear magnetic system, the co-energy is equal to the stored magnetic energy:
1 [LS] [LST] iibcde
WCO o [i(ibcde] [iZbcde]T . (220)
2 ( ) [Lor]™ (L] | [Fbede

which simplifies to:
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1 s 1 o, 1. s 1. .
5 [Zabcde]T [LS] {Zabcde]_'_i [Zabcde]T [LST] [Zabcde]+§ [Zabcde]T [LST]T [Zabcde]+§ [Zabcde]T [LT'] [Zabcde]

(2.21)

Wco =

It is clear that the matrices [Ly] and [L,] contain only constant coefficients, so equation
(2.19) reduces to:

1 2 0La] 1 o 0L]T
= 5 [Zabcde]T a[em} [Zabcde] + 5 [Zabcde]T [aem] [Zabcde] (222)

Since the torque T, is a scalar, each of the two terms of the torque must be scalar. And
since the transpose of a scalar is obviously the scalar itself, it must be true that the second
term is equal to its transpose [62], so:

-7 8 LST T ] -7 8 LS?” T ] ’
[Zabcde]T [69] [Zabcde] - ([Zabcde]T [80] [Zabcde]> (223)

From matrix algebra: (ATBTC)T = CTBA, we have:

AL . 7 0lLy]
[Zabcde]T [60] [Zabcde] = [Zabcde]T 8[9] [Zabcde] (224)

Consequently, the first term in equation (2.22) is equal to the second. The torque equation
then reduces to the final form:

Tem = [iZbcde] aT [iZbcde] (225)

Up to this point, we have assumed, for simplicity, that the machine has only two poles. In
general, p represents the number of pole pairs of the motor. It is clear that any inductance,
which is a function of angular position, undergoes p/2 complete cycles when 6,, varies from 0
to 2.

That is, § = £6,,,, where 0 is the rotor position in electrical radians (rad) [65].

As a function of #, the motor torque is clearly given by:

Tem = g [iabcde]T ldd[?‘| [iabcde] = g [[iZbcde]T [izrzbcde]T} ldcggl z:::zzz: ] (226)
With:
[L] _ [LS]T [Lsr]
[Lerl™ L]

The torque equation can then be elaborated as follows:
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0 .5 T O[Lsr] .5
Tem _ g [ . T ol [Zabcde] 00 Z.abcde (227)
[Zgbcde] ag . 0 7’gbcde
which simplifies to:
p .5 0 Lsr . o 0 Lrs .5
Tem = 5 ([Zabcde}T [&0] [Zabcde] + [Zabcde}T M [Zabcde] (228)
and since:
-7 a[LTS] -S -7 a[LST‘]T ] ] a[LST} -7 ’
[Zabcde]T W [Zabcde] = [Zabcde}T T [Zabcde] = [Zabcde]T W [Zabcde] (229)
The electromagnetic torque becomes:
:S a[LST"] T
Tem =D [Zabcde]T W [Zabcde] (230)

By substituting the stator and rotor currents from equations (2.6) and (2.12) into (2.30), we
get the expanded form of the torque equation:

(iasiar + Z.bsibr + icsicr + idsidr + iesier) Sln(e)
+(iesiar + iasibr + ibsicr + Z.csidr + idsier) Sin(e + Oé)
Tem = _pM +(ids7;ar + Z.esl.br + iasicr + Z.bsl.dr + Z.csier) Sin(e + 204) (231)

+<icsiar + idsibr + Z‘esicr + Z'asidr + Z‘bsier> sin(@ - 2@)

+(ibsiar + icsibr + idsicr + Z'esioir + iasier) Sin(‘g — Oé)

The electromagnetic torque created in this way is then mechanically coupled to the load
applied on the machine shaft, satisfying the following differential equation:

dw, f
— =T — Cr — =wy, 2.32
Jdt C pw (2.32)

where p is the number of pole pairs and w,, is the electrical rotational speed.

The equations describing the 5-phase machine are strongly coupled and contain time-dependent
coefficients. To simplify the mathematical model of the machine, a decoupling transformation
is applied, and the five-phase machine is transformed into an equivalent two-phase machine.
This transformation is presented in the following section.

2.2.3 Two-Axis Transformation of Multiphase Machines

The current approach to modeling multiphase electric machines is based on the two-axis
theory, which transforms a five-phase system into an equivalent two-phase system with axes
(d — q) (Fig. 1.2), reducing the complexity of the model.
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The Park transformation consists of transforming the stator and rotor windings into or-
thogonal equivalent windings. The transformation of physical quantities is carried out using
the generalized Park matrix P(#), which is given by the combination of the Concordia matrix
[C] (stationary reference frame) and the rotational reference matrix [D]. This transformation
preserves instantaneous power, which allows the stator and rotor windings to be transformed
into equivalent windings from an electrical and magnetic perspective, arranged along two per-
pendicular axes (d — ¢) in two steps:

2.2.3.1 The Model in a Stationary Reference Frame

In general, the windings of the multiphase machine are shifted by a = 27 /n rad. The ma-
chine model described by equations ((2.1)-(2.32)) can be transformed using the Clarke trans-
formation matrix in the power-invariant form [33, 52].

The transformation matrix can be written as [57, 58]:

- For even n:

_1 cos (2%) coS (%’) . cos (2(n;1)7r>
0 sin(2Z) sin(4) ... sin (22D
=y, | : ' (2.33)
n
1 0 0
_0 1 0 1 |
- For odd n:
M1 cos (2%) cos (47”) . cos (2(”’;1)71') -
0 sin(2)  sin(¥) ..o sin (507
2 : : :
1= n 1 cos <(”_nl)7r) cos (2(”—711)%) (2.34)
0 sin <(”*nl)”> .. . (2(nfnl)2ﬂ)
L2 2 5 2 ]

For an odd number of phases n, the first two rows of matrix (2.34) define the components
(e, B) where the stator-rotor coupling appears only in these equations, while the last row gives
the zero component. Between the components («, ) and the zero component, there are (n—3)/2
pairs of component lines (z,y), so one pair (z,y) for the five-phase machine [? |].

From (2.34), the transformation matrix for a five-phase system (a = 27/5) is given by [31]:

(1 cosa cos2a cos3a cosdal a
5 0 sina sin2a sinda sinda| B
O] = R 1 cos2a cosda cosba cos8a| x (2.35)
0 sin2a sinda sinba sin8a| y
1 1 1 1 1
vz V2 V2 V2 vz le
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1 0 1 0 1/v2]
cosa  sina cos2a sin2a 1/v2
[C]7'=4/= |cos2a sin2a cosda sinda 1/y/2 (2.36)

cos3a sin3a cos6a sinba 1/y/2
lcosda sinda cos8a sin8a 1/v/2]

With the new quantities defined as:

{UgﬁazyO} = [O] [UZbcde] ) [i35xy0} = [C] [iZbcde] ) [ ZﬁxyO} = [C] [ Zbcde] )

2.37
{U;B:L‘yO} = [C] [Ugbcde] ) [igb’xyO} [C] [iZbcde] ’ [ gﬁxyO} = [C] [ Zbcde] ( )

The substitution of (2.35) in combination with (2.37) into the voltage equations of (2.1)
leads to a transformed form of the voltage equations:

([UZﬁry0]> _ ([RS] 0 ) ([igﬂmyo}) + i ([Q%ﬂmyo}) (238)
[ngﬁzyO] 0 [RT] [igﬁxyO} dt [ Z,B:py[)}

which retains the same form as in the phase quantities model. The transformation of the
flux equations gives:

[lgﬁmyo}) (2.39)

([%mo}):(m 0)(@31 [Lsr]) ([01—1 0 )(
{égﬁmo} 0 [C]) \[Lvs] [Li] 0 [C]! '

[Fasao)
([qézmo}) _ ([Liﬁxyo] [Lifaxyo}) ([M) (2.40)

[gbgﬁmyO} { gsﬁzyO} [ngﬁa:y()}

With:

L] = ([Lzaxyo] [LZ%zyo}) _ ([O] RICaci [0]_11) o1
(L%50y0]  [Eogeyo] (C][Ly)[C]" [C]IL][C]

The individual submatrices are furthermore equal to [33, 65]:

Lis+5M 0 0 0 0]
0 Lys+3M 0 0 0
Lipoyo) = 0 0 L, 0 0 (2.42)
0 0 0 Ly, O
0 0 0 0 L
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Ly +3M 0 0 0 0
0 Li,+3M 0 0 0
| Lieyo| = 0 0 L, 0 0 (2.43)
0 0 0 Ly 0
0 0 0 0 L
[ cos(f) sin(d) 0 0 O]
—sin(f) cos(@) 0 0 0
29 ng 0 0 000 (2.44)
0 0 000
0 0 00 0
[cos(f) —sin(@) 0 0 O]
sin(f) cos(d) 0 0 0O
(L 00] :ZM 0 0 000 (2.45)
0 0 000
0 0 00 0

Where 6 represents the instantaneous position of the rotor. Consequently, the components
(x,y) of the stator and rotor are not coupled. Since the windings are orthogonal, there is no
mutual coupling between the x components of the stator and the y components of the stator
(and similarly for the rotor).

The torque developed by the machine is given by:

With:

€] o) d (0 (L] (le™ 0 U (/7 /i R
0[] d\[L.] o )\ o )\t 0

The two submatrices are calculated as follows:

[ sin(@) cos(@) 0 0 O]
—cos(f) sin(d) 0 0 0O
[C]d[L”][C]*I——gM 0 0 000 (2.48)
dg -2 '
0 0 0 00
0 0 00 0
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And
[sin(@) —cos(d) 0 0 0]
cos(f) sin(d) 0 0 O
[C]d[L”][C]’l——éM 0 0 000 (2.49)
do 2 '
0 0 000
0 0 0 0 0

Thus, the final form of the torque equation is given by:
Ter, = Ly, [c0S(0) (iarips — iprias) — SIN(O) (larias + 18rias)] (2.50)
With L,, = (5/2)M

By substituting (2.42)-(2.45) into (2.39), then into (2.38), and taking into account that the
rotor winding is short-circuited, the voltage equations can be written as follows:

d.as d . . . . d os
Vas = Rsias + (Lls + Lm) ;t + Lm% (Zar COS(H) — 1y sm(é’)) = Rslas -+ f;t
digs d . , dogs
vgs = Ryipgs + (Lis + L) ;i + Ly, my (Tar sin(@) + ig, cos(f)) = Rsigs + jtﬁ
. d¢azs . dis
s — Rs s = Rs s L s 1, 2.51
! e tas LTy (2:51)
do . di
= Rs s — = Rs s L s -
KT o sy
. ¢Os dZOs
s = Rs s — =R s L s
B o gy = Hatos Ly
digy . d¢ar
=0=R ch* + L dt + dt erar dt + W¢Br
dlﬁr diﬂs . dgbﬁr
=0=R Zﬂr + L dt Lm dt - W¢ar RTZ,BT + dt W¢ar
. o fo . digy
Vpr = 0= Ryip + jt = Ryig + LZTW (252)
Aoy, iy
Vyr = 0 = Ryly, + d;/ = Ry, + Ly dl;
doo, dig,
or = 0= R,ip, + Z;O _RZOT"‘f—Lle(t)
The flux equations in the stationary reference frame are given below:
¢o¢s = (Lls + Lm)ias + Lmia’r gbar = (Llr + Lm)iar + Lmias
(bﬁs = (Lls + Lmﬁﬁs + Lm'lﬁr ¢Br = (Llr + Lm)ZBr + LmZBs
¢IS = Llsixs ¢xr - Llrix'r (253)
sts = Llsiys gbyr = Llriyr
(b()s = LlsiOs ¢0r = LlTiOT

Equation (2.50) of the torque shows the interaction between the stator and rotor («, /)
components. From the rotor equations in system (2.52), and since the rotor is short-circuited,
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the (z,y) components of the stator are decoupled from those of the rotor; thus, the (x,y)
components of the rotor and the zero-sequence component equation can be removed. This
leaves, for the model of the asynchronous machine, the first four equations of system (2.51),
the first two equations of system (2.52), and the torque of equation (2.50).

2.2.3.2 The Model in a Rotating Reference Frame

To express all quantities in the same reference frame, the stator and rotor quantities are
projected into a rotating reference frame (d — ¢q) shifted by 6, with respect to the fixed reference
frame. This transformation is done using the rotation matrix [D] below. Since all (x,y)
components and the zero-sequence components of the stator and rotor are decoupled, the
rotating transformation should only be applied to the («, $) components.

For the development of the new model, a reference frame (d — ¢) rotating at a speed wy is
considered, with its instantaneous position relative to the stationary reference frame equal to
s (Figure. 2.2). Similarly, the rotor reference frame (o — ') rotates at a speed w,, with its
instantaneous position relative to the stationary reference equal to . On the other hand, the
position of the rotor with respect to the (d — q) reference frame is defined by the coordinate d,
which depends at each instant on the slip speed wg; according to the following equation:

t t
5:08—9:/(w5—wr)-dt:/wgl-dt (2.54)
0 0

>
g

Figure 2.2: The rotating reference frame d — ¢

The transformation matrices for the stator and rotor are thus [D,] and [D,], defined as
follows [50]:

cosf, sinf, [O]2X3 cosf, —sinéb, [0]2X3
[Dg] = | —sinf cos b ) [Ds]_l = |sinfy cosé, (2.55)
[O]3><2 [[]3><3 [0]3><2 [I]3X3
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cos(d)  sin(d) [0]7*? cos(d) —sin(8) [0]7*?
[D,] = | —sin(d) cos(d) . [D] = sin(d)  cos(d) (2.56)
[0]3><2 [1]3><3 [0]3><2 []]3><3

The transformation of the stator and rotor variables is carried out using the same transfor-
mation expressions, with the difference that 6, is replaced by ¢ (65 and ¢ are the transformation
angles for the stator and rotor variables, respectively).

To simplify the model, the time-varying inductances are modified into constant inductances.
The matrix [P] given below is a transformation that conserves instantaneous power [66].

This base change can be applied to physical quantities (voltage, flux, and current) and
leads to a matrix relation independent of the angle #. This base change is called the Park
transformation, Figure. 2.3.

\ds

Figure 2.3: Park transformation applied to the five-phase induction machine

With [P] = [D] - [C], we have:

[ cos(f,)  cos(fs —a)  cos(fy —20)  cos(fs +2a)  cos(fs +a) |
5| sin(fs) —sin(f; — a) —sin(f; —2a) —sin(fs + 2a) —sin(fs + «)
[Py] = R 1 cos(2a) cos(4a) cos(4a) cos(2a) (2.57)
0 sin(2a) sin(4a) —sin(4a) —sin(2a)
1 1 1 1 1
V2 V2 V2 V2 V2

The transformation of the rotor variables is similar

replacing 6, with 9.
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[ cos(0)  cos(6 —a)  cos(6 —2a)  cos(d+2a)  cos(d+a) |
5| sin(d) —sin(d —a) —sin(d —2a) —sin(d + 2a) —sin(d + )
[P = £ 1 cos(2a) cos(4a) cos(4a) cos(2a) (2.58)
0 sin(2a) sin(4a) — sin(4a) — sin(2«)
1 1 1 1 1
L V2 2 V2 V2 V2

It is noted that the components (z,y,0) in ((2.57) and (2.58)) are independent of 6 (either
0, or §), which simplifies the Park matrix to the form shown below:

Pl = 2 [ cos(0) cos(f — %’r) cos(f — %”) cos(f + 4?”) cos(f + %ﬂ) (2.59)
5 |—sin(fd) —sin(d — %’r) —sin(f — 4?”) —sin(f + 4?”) —sin(f + %’r)

Using these transformations, the equations in the (d — ¢ — 2 —y — 0) domain can be written
as follows [67]:

[qu:vyO] = [PS] [Uzbcde] ) {iquyo] = [PS] [iZbcde] ’ [(qumyo} = [PS] [(bfzbcde] ’

2.60
[U;‘qmyo} = [P’/‘] [Ugbcde] ’ [igquo} = [P’/‘] [igbcde] ) [gbgquo} = [P’V‘] [¢2bcde] : ( )

The stator and rotor voltage equations for the five-phase induction machine in a (d — q)
reference frame rotating at synchronous speed w, are expressed as:

Vgs = Ryigs — Wsdgs + df;;s Var = Ryigr — (Ws — w)gr + dj;lr

Vgs = Ryigs + wsthas + df;gs Vgr = Ryigr + (Ws — w)Par + djzr

Vs = Ryips + df;;s Vpr = Ryt + dj? (2.61)
vye = Rais + djfs Vyr = Ryiyy + dj;”

Vos = Ruigs + djfs Vor = Ryigr + dj;)r

After transformation, the fluxes ¢gqzy, for the stator and rotor can be written as follows:

qbds - (Lls + Lm)ids + Lmidru
(bqs = (Lls + Lm)iqs + Lmiqra

der - (Llr + Lm)idr + Lmids
(bqr = (Llr + Lm)iqr + Lmiqs

¢$8 = Llsixsa gbxr - Llriqyr‘ (262)
¢ys = Llsiysa ¢yr = Llriyr
(bOs = LZSZ-US7 ¢O7’ - LlriOr

To design the complete model, we present below the general mechanical equation and the
different expressions of the electromagnetic torque developed by the machine:

dwp,

dt

(2.63)
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Tem - p(¢dsiqs - §bqsids)

Tem = p(¢qridr - ¢driqr‘)

Tem = me(idriqs - idsiqr) (264)
L, : .

Ter = p (¢dr2qs - (bqrzds)

L,

Based on equations (2.61) and (2.62), it is evident that the primary difference between
the five-phase motor model and the three-phase motor model lies in the presence of the x-y
components in the d-g-z-y-o coordinate system, which do not exist in the three-phase model.
The stator and rotor voltages in the z-y reference frame depend solely on their respective
currents and fluxes, without any interaction with each other or with the d-g components. These
x-y components do not contribute to flux generation or electromagnetic torque production,
although they may result in additional losses [68-73]. However, these losses are considered
negligible for this thesis [62, 68, 74-76].

Moreover, given the short-circuited rotor and the star-connected stator winding configura-
tion, and assuming balanced five-phase components in both the stator and rotor, the zero-
sequence components can be neglected. Consequently, the analysis primarily focuses on the d-q
components, which are responsible for flux and torque production.

As a result, under these assumptions, the five-phase induction motor model effectively re-
duces to that of a three-phase motor. This simplification, as noted in several studies [68, 70,
77, 78], facilitates the application of conventional three-phase control methods, such as DTC,
DTC-SVM, and FCS-MPC, to five-phase motors without compromising the accuracy of the
results.

Figures 2.4 illustrate the rotor speed and electromagnetic torque responses of the five-phase
induction machine supplied by five balanced sinusoidal voltages. After a short transient period,
the machine reaches its steady-state operating point. A resistive load is applied during the
simulation, causing a slight disturbance in the speed and a variation in the electromagnetic
torque. The system quickly re-stabilizes, confirming the correct dynamic behavior of the de-
veloped model. The simulation was carried out using MATLAB /Simulink, and the parameters
of the machine used are provided in a table in the appendix.

Torgue (Nm)

Time (s) Time (s)

(a) Rotor speed (b) Electromagnetic torque

Figure 2.4: Responses of the five-phase induction machine supplied by five balanced sinusoidal
voltages.

43



Modeling of Five-Phase Induction Machines, and its Power Supply

2.3 Two-Level Five-Phase Inverter

The two-level five-phase inverter, also known as a voltage source inverter (VSI), is a funda-
mental component in multiphase drive systems, providing enhanced reliability and performance
compared to traditional three-phase inverters. The topology of this inverter is shown in Figure
2.5. It consists of five legs, each with two switches, represented as S,, Sy, S, Sq, and S, for the
high-side switches and S/, S}, S., S, and S, for the low-side switches. Each leg interfaces with
a corresponding phase of the load. The input to the inverter is a constant DC voltage V. (DC
link), and the switches operate in a complementary manner to prevent short-circuiting the DC
link and to maintain continuous current flow to the load.

REIRCIRE g

Vde A B C D

sk A & Al

Figure 2.5: Circuit of a five-phase voltage source inverter.

In this configuration, each leg is governed by switching functions Sy; and Sy;, where ¢ ranges
from 1 to 5 for the five phases. These switching functions satisfy the following relation:

Sti+ S0 =1 (2.65)
where S1; and Sy; are the connection functions of a single leg, defined as:

{1 if switch ¢j is on (conducting)
ij =

0 otherwise

In this context:

- State 1: The upper switch is closed, and the lower switch is open, resulting in the leg
voltage with respect to the neutral of the source (n) being V.

- State 0: The upper switch is open, and the lower switch is closed, resulting in the leg
voltage with respect to the neutral of the source (n) being zero.
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The inverter’s output voltage is governed by the switching states of the IGBTs. Given that
each leg contains two IGBTS, there are 2° (32) possible switching states, resulting in 32 space
voltage vectors. These vectors include two zero vectors and thirty active vectors, which have
three distinct amplitudes and are distributed across ten 36-degree sectors, as illustrated in
Figure 2.6.

4 B —axis
V1o
Sector 3 Vag
Sector 4 Sector 2
V14 V30 H V
° Vs
U,
Visi
VZO VZ
Sector 5 Vio Sector 1
%
Ve Vis Va2 2:'
€ < < Vg ;’1 6 [725 a—axis
Sect 7 Vo1
ector6 s
Vs Vg V,, Sector10
Vs,
Vi Vi7
7 Va3
7 Sector 7 Sector ]
Sector 8
Vieg
V3

Figure 2.6: Space voltage vectors of the two-level five-phase inverter a-f plane.

The voltages Vo, Vin, Ven, Van, and V,n are defined as the voltages between nodes a, b, ¢, d,
and e and the neutral point of the load. Specifically, V,y represents the voltage between node
a and the neutral of the load, V,y represents the voltage between node b and the neutral of the
load, and so on for the other phases.

To derive the mathematical model of the two-level five-phase inverter, consider the switching
state (10000), where S, = 1 and S, = S, = Sy = S. = 0. In this state, the equivalent impedance
seen by the load is determined by calculating the parallel combination of impedances. The
equivalent impedance Z is %, resulting in a total impedance expressed as:

Y/
Ztotal — Z ‘I— Zeq - T (266)

Using this total impedance, the current I flowing through the circuit is obtained as:

Voe  Vpe  4Vpe

B Ztotali 5z 5Z

4

I (2.67)
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With this current, the voltage V,y can be determined as:

4V
V=1 7= ;C (2.68)
The voltages for the other phases Vin, Ven, Van, and V., can be expressed as:
Vin=Ven=Vany =Ven = =1 - Z¢q (2.69)
Substituting the value of I from (2.67), these voltages become:
V
Vin =Ven = Vay = Ven = —%C (2.70)

For a generalized case where all switching states S,, Sy, Sc, S4, and S, are considered, the
voltages relative to the neutral of the source are given by:

VT s
Vin Sh
Ven| = |Se| - Vbe (2.71)
Van Sa
Ven]  [Se]

Vin 4 -1 -1 -1 —1] [V,
Vin 1 4 -1 =1 —1| |V,
Vi :; 1 -1 4 -1 —1| |V, (2.72)
Vi 1 -1 -1 4 —1| |V
2 -1 -1 —1 —1 4] |V.,]

Therefore, the mathematical model of the two-level five-phase inverter can be represented
by a matrix equation that links each leg voltage relative to the load’s neutral with the switching
states and Vp¢:

Von 4 -1 -1 -1 —1| (S,
Vin -1 4 -1 =1 —=1]18,
Vbe
VcN :T -1 -1 4 -1 -1 Sc (2.73)
Van -1 -1 -1 4 =1} |58,
Ven ] -1 -1 -1 =1 4| |S.

This equation offers a systematic way to calculate the leg voltages as a function of Vpe and
the switching states, forming the basis for controlling the inverter’s output.
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Table 2.1 lists the possible switching states and the corresponding output voltages in the a-f3
and x-y planes. It shows how the reference voltage magnitude |V and phase angle 6, vary
with different switching configurations, providing insights into inverter control and modulation.

Table 2.1: The possible vectors and their output voltages.

Vectors| States Plan o — § Plan z — y
| Vet Oout | Vet Oout
Active Vectors
Vi [[00001)] 2Vpe || EVpe | &
Va [[00010]] 2Vpe |&|  2Vpe |E
Vs [[00011]]2cos(Z)Vpe | & | cos(Z)Vpe | 4
Vi [[00100]] 2Vpe in 2Vpe &
Vs [[00101]]2cos(2)Vne| & | £cos(Z)Vpe | =
Vo [[00110]|2cos(E)Vpe| 7 | 2cos(2)Vpe | 0
Vo 1[00111]) 2cos(E)Vpe | & |2 cos(E)Wpe | &
Vs [01000]] 2Vpe | Z| 2Vpe |Z=
Vo [[01001]|7cos(3)Vpe| 0 | 2cos(Z)Vpe | ™
Vio [[01010]|2cos(2)Vpe| 4= | 4 cos(Z)Vpe | 3
Vir [[01011]] Lcos(D)Vhe | 2 | Lcos(Z)Vpe | &
Vie [[01100]]2cos(Z)Vpe | 2 |2 cos(X)Vpe| &
Vis [[01101][2cos(Z)Vpe| 2 | dcos(Z)Vpe | 2
Via [[01110]] fcos(£)Vpe | & | 2cos(E)Vpe | &
Vis [[01111] 2Vpe T 2Vpe ™
Vie [[10000]| 2Vpe 0 2Vpe 0
Viz [[10001]] 2cos(E)Vpe | & |4 cos(2)Vpe | 52
Vis [[10010]|2cos(Z)Wpe| 5 | 2cos(E)Vpe | £
Vig. [[10011]|2cos(2)Vpe | & | 2cos(E)Vpe | £
Voo [[L0100]]2cos(Z)Vpe | Z |2 cos(X)Vpe| &
Vaor [[10101][2cos(E)Wpe| & | Lcos(T)Vpe | 3
Voo [[10110]]5cos(2E)Vpe| m | 2cos(E)Vpe | 0
Vs |[10111]]  2Vpe In 2Vpe Tz
Vas [[11000]] 2cos(Z)Vpe | T |Lcos(Z)Vpe| &
Vos [[11001])| 2cos(F)Vpe | O | 2cos(2)Vpe | m
Vas [[11010]]2cos(Z)VWpe| T | Leos(Z)Vpe | &
Vor [[11011]]  2Vpe or 2Vpe i
Vas [[L1100]|2cos(Z)Vpe | Z |2cos(Z)Vpe| &
Vag [[11101]]  2Vpe z 2Vpe T
Vao [[11110]]  2Vpe 3 2Vbe 5
Zero Vectors

Var |[11111] 0 - 0 -
Vo [[00000] 0 - 0 -
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2.3.1 Space Vector Modulation (SVM)

Space Vector Modulation (SVM) has been successfully adapted to a two-level five-phase
voltage inverter, providing an efficient method for generating high-quality output voltages.
Studies have shown that this inverter topology can generate nearly pure sinusoidal output
voltages when appropriate SVM schemes are applied [67, 79]. Moreover, the large number of
spatial vectors available offers significant flexibility in selecting the optimal combination for
effective control of multiphase inverters.

As explained in section (2.3), a two-level five-phase inverter produces 32 space vectors that
cover 360 degrees, forming a decagon with 10 sectors of 36 degrees each.

For three-phase drives, the reference voltage is obtained using two adjacent active space
vectors [80], ensuring that the volt-second balance Y v;t; = v¥T, is maintained [81]. Thus, as
an extension in a two-level five-phase inverter, two adjacent active space vectors can also be
used. However, the following section reveals that a simple extension of SVM leads to distortion
in the output voltage. Consequently, it becomes evident that instead of two, four adjacent
vectors, when used to implement the SVM of a two-level five-phase inverter, result in sinusoidal
output voltages.

In general, an n — 1 (where n is the number of phases) number of active space vectors is
required to generate a sinusoidal output in multiphase voltage inverters [82].

The space vectors of phase voltages in the two orthogonal planes are defined using a power-
invariant transformation as follows [83]:

2 ;27 s j AT j <
Vg = \/; [va 0T 40T eI 4 Uee_]%] (2.74)

2 s - 37 ; ST s
V,y = \/; [va + S 40T g T vee’ﬂ (2.75)

The space vectors thus obtained in the (o — ) plane are shown in Figure 2.7a. Since this is
a five-phase system, the transformation is subsequently performed to obtain the space vectors
in the (z — y) plane using (2.75), and the resulting space vectors are shown in Figure 2.7b.

Figure 2.7a shows that the space vectors of the outer decagon in the (a— ) plane transform
into the inner decagon in the (x — y) plane (Figure 2.7b). The innermost decagon of the
(o — B) plane forms the outer decagon of the (z — y) plane, while the space vectors of the
intermediate decagon remain in the same region. It is further observed that the phase sequence
A,B,C,D,FE in the (a« — ) plane corresponds to the sequence A, D, B, E,C in the (z — y)
plane. Consequently, it can be inferred that the presence of the vector components in the
(x — y) plane introduces waveform distortions, generating unwanted third-order harmonics in
the machine fed by an SVM voltage inverter [79]. Thus, during the development of modulation
techniques, it is necessary to reduce or completely eliminate the x — y components to obtain
sinusoidal output voltages.
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(a) a-f plane (b) z — y plane

Figure 2.7: Space voltage vectors of the two-level five-phase inverter
2.3.1.1 SVM with Two Active Vectors

The SVM scheme discussed in this section utilizes the outermost decagon of space vectors
in the (v — §) plane, as illustrated in Figure 2.7a. In this approach, two large adjacent active
space vectors, along with two zero space vectors, are employed within a switching period to
synthesize the reference input voltage.

The commutation is performed such that, during the first half of the switching period, the
first zero vector is applied, followed by two large active state vectors, and then the second zero
vector. The second half-cycle is the mirror image of the first. This is how symmetric space
vector modulation is achieved.

To calculate the application times of the different vectors, refer to Figure 2.8, which shows
the position of the two large adjacent space vectors and the reference vector within the first
sector. The application times for the two large vectors, T,; and Ty, are calculated using the
following formulas:

B |V | sin (k% — a)
t ilsin (%)

te (2.76)

b |VF| sin (04 — (k- 1)%)
[Vi] sin (Z)

te (2.77)

With k being the sector number (k = 1 to 10), the application time for the zero space vector
is given by:
to=1t, —t, —ty

and:

2 2
Val = [Val = Vil = \EVDOQCOS(W/L’)), [Vam| = [Vom| = [Vin| = \@VDC.

The symbol VI represents the space vector of the reference voltage, while |z| denotes the
magnitude of a complex number z. Indices "1" and "m" respectively designate the large and
medium vectors.
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am da

Figure 2.8: Reference and two large adjacent space vectors in sector 1.

The sequences of vectors applied in sectors 1 and 2 and the corresponding switching schemes
are presented in Figure 2.9. In odd sectors, the vector on the left side relative to the reference
is applied first, followed by the vector on the right side. In even sectors, the right-side vector
is applied first, followed by the left-side vector.

f t t t t t {
L L L L L .TO. Ea Eb > Ea :TO
4 ; : 4 PP PPy O
Vi1 Vau Vas Vi  Vis Vo Vg V31 Vas  Vag Vi3  Vig Vi Vg
(a) Sector 1 (b) Sector 2

Figure 2.9: Inverter switching states for sectors 1 and 2
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2.3.1.2 SVM with Four Active Vectors

In this section, an SVM scheme that utilizes four active space vectors (two medium and two
large) within each sector is presented to generate the desired reference voltage at each sampling
time step.

The purpose of the SVM technique is to generate output phase voltages where the most
significant harmonics are neglected. The use of two medium adjacent space vectors along with
two large active space vectors in each switching period ensures a zero mean value [84, 85], thus
providing an almost perfectly sinusoidal output.

As shown in Figure 2.10, four active space vectors (two medium vectors and two large
vectors) are applied in each sector to produce the desired reference voltage at each sampling
period T.. Consequently, the main task of SVM techniques is to determine the application
times of each vector in each sector to synthesize the required output voltage vector [84, 86].

o 7,
|
;
i
l
i
i
;

>—-=>
v V, «

am

Figure 2.10: Reference and Four Space Vectors (Medium and Large) in Sector 1.

The four application times of the four vectors, denoted as T, Ty, T, Lo, are presented in
Figure 2.11 and calculated based on equations (2.78) and (2.79) as follows [77]:

|V| sin (%’“—a) |V| sin (a—@)
= — T, Ty= —— T (2.78)

[Vi[ + [Vin| sim () Vi] + [Vin] sin ()

V| sin (™2 — o Vil sin (o — =07
m = | ‘ (5_ ) c s, bm — ‘ | ( - > ) ‘Ts (279)

Vil + [Vin| sin (%) \Vi| + | V| sin (g)

The application time of the zero voltage vector T, is calculated as:

T,=Ts— Ty — Ton — Toy — Tom (2.80)
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It is observed that the representation in the (x — y) frame, using two Large vectors and two
medium vectors, allows for the cancellation of these vectors among themselves, as shown in
Figure 2.12 for sector 1 (and similarly for the other sectors). Vectors Vig and Va9 are opposite
to vectors Va5 and Vay, respectively. Since the ratio of the lengths between the medium and the
smallest vectors is 1.618, if the application time of the smallest vector is increased in the same
proportion, they will have an equal volt-second value:

‘_/S*Te = ‘Zleal + ‘_/blTbl + ‘ZLmTam + ‘_/E)mem

and will cancel each other out, thereby eliminating the (z —y) components, reducing harmonics,
and generating a sinusoidal output [86, 87].

i lam ﬁ ﬁ 'bm ) Tbm lal ﬁ ta_m o
2
4Pt 4t PP 4P P >

e o T A e
V31 V11 Vz V1 Vlz V32 Vlz V1 Vz V11 V31

Figure 2.11: Inverter switching states for sector 1.

4ﬁ Vau A y-axis
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! |
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T > >=-=>
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Figure 2.12: Principle of vector modulation using 4 vectors (planes (o — ) and (z — y)).
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2.3.1.3 Simulation Results

Figures 2.13 and 2.14 present the simulation results for the SVM with two vectors and four
vectors, respectively, applied to a two-level five-phase inverter. The results highlight the impact
of the number of vectors used on the quality of the output voltage and current.

For the SVM with two vectors, the Total Harmonic Distortion (THD) of the output voltage
is 87.46% and the THD of the current is 29.4%, revealing the presence of significant low-
frequency harmonics, primarily caused by the inability of two adjacent vectors to cancel the
resulting vectors in the x-y plane.

In contrast, for the SVM with four vectors, the THD of the output voltage is reduced to
56.78% and the THD of the current decreases to 12.7%. The phase voltages are significantly
smoother, closely approximating ideal sinusoidal waveforms, and the overall harmonic content is
notably reduced. This improvement is achieved through the use of four adjacent vectors, which
not only reconstruct the reference voltage vector in the a-f plane but also simultaneously cancel
the resulting vector in the x-y plane, thus minimizing low-frequency harmonics and ensuring
high-quality output voltages.

THD= 45.78%
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Figure 2.13: Simulation results for the SVM with two vectors.
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Figure 2.14: Simulation results for the SVM with four vectors.

2.4 Multilevel Five-Phase Inverter

Unlike traditional two-level inverters, which can only produce two voltage levels (positive
and negative), multilevel inverters are capable of generating multiple intermediate voltage lev-
els. The number of levels in an inverter is defined as the number of constant voltage values
that can be generated between the output terminal and a reference node, usually the neutral
point of the DC link. To be classified as a multilevel inverter, each phase of the inverter must
generate at least three different voltage levels. This distinguishes the multilevel family from
the conventional two-level voltage source inverter. Figure 2.15 illustrates several single-phase
examples of multilevel inverter topologies, accompanied by their corresponding voltage wave-
forms for different numbers of levels. It should be noted that, generally, the different voltage
levels are evenly spaced as multiples of V. [88].
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Figure 2.15: Diagram of a single-phase leg of an inverter with (a) 2 levels, (b) 3 levels, (c¢) 9
levels, and their corresponding voltage waveforms.

With the increase in the number of voltage levels used, several important advantages can be
observed:

- A lower output voltage distortion (waveforms closer to a sinusoidal shape), leading to the
consumption of less polluted current. This reduces torque ripple and additional losses
caused by current harmonics [89].

- A reduction in the voltage gradient (dV//dt) [89].

- Fault tolerance: the inverter can operate in a two-level mode in the event of a fault in
the midpoint switches [89].

In this thesis, these advantages have motivated the use of the T-NPC (Three-Level Neutral
Point Clamped) topology, in addition to traditional two-level five-phase inverters, to supply
the five-phase induction motor. Figure 2.16 presents the schematic diagram of the three-level
five-phase T-NPC inverter.
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B2 ——
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K42 K43 Id

K52 K53 le

N 3 3 b <3 <

ERERL
$66d8

Figure 2.16: Diagram representing a three-level five-phase T-NPC inverter.
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The three operating states of the three-level five-phase T-NPC inverter are as follows: The
three operating states of the three-level five-phase T-NPC inverter are as follows:

- Positive state (P): The switch K;; is conducting, while the switch K3 is blocked,
along with the switches of the midpoint. In the forward current direction, the conducting
component is the switch K;;. However, in the reverse direction, the diode D;; takes over.

- Negative state (IN): The switch K4 and the diode D;y conduct, while the switch Ko
remains blocked.

- Neutral state (O): The switches K;» and K;3 are the only ones conducting. A direct
current flows through the switch K;» and the diode D;3, while the reverse current flows
through the switch K;3 and the diode D;,.

Table 2.2: Possible cases of the switches.

State of the Switches
Output Voltage

K12 K13 K14 Kll
1|01 o0 1 E/2
1| 1|0 0 0
0| 1|1 0 —E/2

The three-level five-phase T-NPC inverter includes one controllable switch in each half-
bridge and two in each link between a phase and the midpoint. To simplify the control of the
switches and to avoid any risk of short circuits, the respective switches K1, K;3, and Ky, K;
must operate in a complementary manner. This operation also avoids the risk of an open circuit
in a load phase when a controllable switch in the arm is not conducting, using a diode available
in the midpoint branch.

The connection function of a switch located at phase 7 is defined as:

(2.81)

1, if Kj; is closed,
Jij =

0, if K;; is open.

Since the operation of K;y, K;3, K;4, and K;» must be complementary, it can be deduced

that:
{fil =1- fi, (2.82)

fio =1~ fu.
The functions for the different states are defined as:

fiet = fi1 - fia, For state P,
fica = fi2 - fis, For state O, (2.83)
fies = fia - fi3, For state N.
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The conversion matrix of the inverter is as follows:

-f et fie2 f 103-
Joct facz  facs
[Cv] = |f3e1 Jae2 [f3e3
Jier Jae  Jfaes
S fse2 foes)

The phase voltages with respect to the midpoint are defined by:

]
Vio 2
Vo | = [Ov] 0

| Veol

The compound voltages are expressed by the following relations:

Uar = Vao — Vio,
Ube = Vo — Voo,
Ued = Vo — Vo,
Ude = Vao — Veo,
Ueo = Veo — Vao.

This can be expressed in matrix form as:

Uab_ _flcl - f261 flc? - f2c2 f1c3 - f203-

Ube Joet = facr focz = facz  foes — [f3e3 VS
Uea| = | f3e1 = facr  fae2 = face  f3e3 — [faes 0
Ude Jaet = fser faer — fse2 faes — [foes —VSC

_Uea_ _f5cl - flcl f5(32 - flc? f5c3 - flc3_

The simple voltages with respect to the neutral can be determined by:

4Va0—Vio=Veo—Viao—Veo
5 )

Vey = 4%0—Va0—‘gco—vdo—veo7

_ 4Veo—Vao—=Vieo—Vao—Veo
5 )

_ AVi0—"Vao—Veo—Veo— Ve
VDN — do a0 5b0 c0 907
_ 4Veo—Vao—=Vieo—Veo—Vao
Ven = 5 .

(2.84)

(2.85)

(2.86)

(2.87)

(2.88)

By substituting (2.85) into (2.88), the mathematical model of the three-level five-phase

T-NPC inverter is expressed as:

VAN 4flcl - f2c1 - fScl - f4c1 - f501 4f1c2 - f2c2 - f3c2 - f4c2 - f5c2 4f183 - f203 - f363 - f4c3 - f5c3
VBN 4f2c1_f1c1_f3cl_f4cl_f5cl 4f2c2_f102_f3c2_f4c2_f562 4f203_fICS_f3c3_f4c3_f503
VCN = % 4f3cl - fl[:l - f2cl - f4c1 - f51:1 4f3(:2 - fch - f2(:2 - f41:2 - f5c2 4f3(:3 - flc3 - f2[:3 - f4<:3 - f5c3
Vpn 4fscr = fra = Jaer = fser = foar Afacz — Jiez = foce — fac2 — [z Afaes — fres — facs — faes — foes
VEN 4f5(3] _f]cl _fZCl_fSCl _f4c] 4f502_fch_fQCQ_f362_f402 4f503_f1C3_f203_f303_f4C3

o7

Ve

_Va
2

(2.89)
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The input currents are given by:

I,
Ip flcl f?cl fBCl f4cl f501 Ib
I,| = f1c2 f2c2 f3c2 f4c2 f5c2 I, (2-90)
]n flc3 f2c3 f303 f4c3 f5c3 ]d

I ]

2.4.1 Space Vector Modulation (SVM)

The space vectors of phase voltages in the two orthogonal planes are defined using a power-
invariant transformation as follows:

2 - 27 - 4m AT s
Vg = \/; [Ua el T 4 vel E eI E 4 Uee_j%} (2.91)

The T-NPC inverter generates 3° = 243 possible vectors. Figure 2.17 illustrates the repre-
sentation of these vectors in the two reference frames ((P):2, (O):1, (N):0) [90].
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Figure 2.17: Space voltage vectors of the T-NPC inverter.

The o« — 8 and x — y planes are divided into 10 sectors. For each sector, the same set of
vectors is found, with a shift of 7/5 between adjacent sectors. The Table 2.3 provides the
possible vectors in sector I, detailing the states, output voltages in both o — 8 and x — y planes,
along with the corresponding common mode voltage (CMV).

To move from one sector to another in the o — [ plane, the entire set of states is shifted
twice to the right and multiplied by a negative sign. For example, the state [1 0 — 1 —
1 0] corresponds to the vector V,3 = 1.0472£0° in Sector 1. For Sector II, the vector V.5 =
1.0472£36° corresponds to the state [1 0 —1 0 1].
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Table 2.3: The possible vectors in sector I.

Vectors States E/}irl 2 ; P |‘12jn ‘ ; Y MC Voltage
\/@ out \/@ out
Zeros
Vou (0000 0] 0 - 0 - 0
Voo [11111] 0 - 0 - Vie/2
Vos |[F1-1-1-1-1]| 0 - 0 - —V4e/2
Active (sec I)

Vi [1100-1] [0.1528| 0° |1.0472| 0©° —V3/10
Va [101-10] [0.2472| 0° |0.6472| 180° | —3Vy/10
Vs [10001] |0.2472| 0° |0.6472| 0° Vie/5
Vi 01101] |0.2906| 18> |1.2311| 54° 0

Vs | [0-1-11-1] [0.4000| 0° |0.4000| 0° —2V4e/5
Vs [10000] [0.4000| 0° 0 0° Vae/10
Vz [00011] [0.4702| 18° |0.7608| 234° 0

Ve |[1-1-111]]0.4944| 0° [1.2944| 180° | —Vg/10
Vo [111-10] |0.5313]9.73° [0.9989| 85.61° Vie/5
Vio [11-11] [0.5313/26.26°]0.9989|228.38°| —Vy./5
Vii | [[10-100] [0.6173|13.61°[0.8596|314.26°| —V./10
Vi [10101] |0.6173/22.38°0.8596|153.73°| Vi /10
Vis 00100] [0.6472| 0° |0.2472| 180° —V4e/5
Via [11011] |0.6472| 0° [0.2472| 180° | 3Vg/10
Vis [10100] |0.7608| 18° |0.4702| 54° 0
Vie | [1-11-11] [0.8000| 0° [0.8000| 0° —3Vi/10
Vir [10011] [0.8596] 9.73° |0.6173|265.61°|  Vi/10
Vis | [01-111] [0.8596]26.26°|0.6173]202.38°| —V./10
Vi 10111 [0.8944| 0° |0.8944| 180° 0
Vag [11010] [0.9989]13.61°|0.5313|134.26°|  V./5
Vay [10100] |0.9989/22.38°|0.5313|333.73°| —Viu./5
Vag [10100] |1.0472| 0° |0.1528| 0° —Vae/10
Vas [10111] |1.2311| 18> |0.2906| 234° 0
Vas [11111] [1.2944| 0° |0.4944| 180° Vae/10

2.4.1.1 SVM with Two Active Vectors

The active vectors to be used, V, and V,, are vectors of the same amplitude, denoted as V},
and shifted by 7/5 between them. The reference vector can be expressed as follows:

‘/ref - dava + db‘/b + dO‘/O (292)

where d,, dy, and dy are the duty cycles corresponding to these vectors, defined as:

29



Modeling of Five-Phase Induction Machines, and its Power Supply

d, = m, sin (W — 90ut>
5

dy = My, sin (Ogu) (2.93)
dy=1—d, —dp
with: Vi
™ ref
0< eou < = VT Y, Ry
= Yout =7y T Vi sin(7/5)

Lieu de modulation
linéaire

Lieu de sur-
modulation

» V.

Figure 2.18: Linearity limit and projection of the reference vector.

To minimize the THD, the vectors with the smallest amplitudes in the x — y plane are
proposed. However, two essential points must be respected when choosing these vectors:

- The chosen vectors must have sufficient amplitudes to avoid losing the linearity of the
strategy. This requires V; cos(m/10) > Vier, as shown in Figure 2.18.
- The active vectors must not be too large relative to the reference vector to avoid very low

duty cycles, which could significantly increase the margin of error during the calculation.

Table 2.4 summarizes the choice of active vectors for the case of a reference vector located
in Sector I:

Table 2.4: Choice of vectors to use based on r for the case of sector 1.

r= (4;/79”2 Vectors to Use
dc )
reg 1 0<r<05 Vor — Vis(IT) — Vaa(I) — Vi
reg 2 0.5 < r <1.0472 cos(m/10) Vo1 — Vao(I) — Vo (I1)
reg 3 | 1.0472cos(/10) < r < 1.2311 cos(rr/10) | Vir — Vas(I) — Vas(II)
reg 4 | 1.2311cos(m/10) < r < 1.2944 cos(w/10) | Voo — Vou(I) — Vou(I1) — Vg
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Figure 2.19 presents the sequencing and switching states for each region in Sector I.

T,
T,/2 Ts/2
To/4 | T,/2 T,/2 T/4 | To/4 | T,/2 | T,/2 Ty /4

S11 Siy
Sy S12
S1 Si3
Sia Sia
Sis Sis H H
Sy Su1
Si Saz
Siz Suz
S44 544
Sis Sa

Vor Vi1 Vi4(D) Vo2 Via(D Vis(ID) Vo1 Vou ‘ Voo(D) | Voo (1) Vou V(1) | Vao(1) | Vou

(a) Switch states for Region 1. (b) Switch states for Region 2.
T,
T,/2 T,/2

To/4 T,/2 T,/2 To/4 To/4 T,/2 T,/2 To/4
S11
S12
S,
S1a
Sis
Su1
Saz
S,
Saa
Sas

Vor | Vos(® [ V(1) Voy Va1 [ Ve [ Wy Voo | Vou(D) | Vau(lD) Vy Voa) | Vou(D [ Vop

(c) Switch states for Region 3.

(d) Switch states for Region 4.

Figure 2.19: Sequencing and switching

2.4.1.2 SVM with Four Active Vectors

states for all regions in Sector I.

This method allows reconstructing the reference vector in the o — 8 plane and simultane-
ously canceling the resultant vector in the x — y plane, thereby offering reduced low-frequency
harmonics. Its principle consists of selecting 4 active vectors, where each pair is in phase op-
position in the o — S plane and out of phase in the z — y plane, enabling the possibility of
obtaining a null vector in the x — y reference frame by adjusting the ratio of the duty cycles

between each pair of vectors.

1-10-11

111

0-1-1-10
10001

1-11-11

00-100
11011

1-1-10-1.-01-10

0-10-10,

1-10-10
10101 g

€700-11
~ 01110
W

w 11-110

10000 -11-1-11

0-1-1-1-1

w

® 91001
M1 110041 10110
00000

11001
00-1-10

10-100

10-101

00-1-11

14411

011111

1-1-1-10 10-1-11

11101

100-11

01-1-11

10-1-10

14

-1

Figure 2.20: Presentation of all vectors in Sector I in the a — 3 plane.
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01-110 11-110 10111
11111
00-100
01101 11101 10100 11101
11011
0401,
v .s\ .\.\'
11111 01411 01001 11441 4109 AN 10000 11444 11001
-10-1-10 00-1-10 10490 94111
S | 0-1.1-16
011y” & % D 1-1-1-10
00-1-11 100}1
R 1-1-1-11
: i 901010 g
000-11 100-11 10101 1-10-10
p 1-10-11

14111

Figure 2.21: Presentation of all vectors in Sector I in the x — y plane.

The reference vector is defined as follows:

Viet = DoV + D1 Vi + DoVo + D3sVa + D4V, (2-35)

The goal is to calculate the duty cycles that allow achieving:

Varet = [Viet| c08(Oout)

Viret = | Viet] SIn(Oout)

Viret =0 (2-36)
Viyret = 0

Do+Di+Dy+ D3+ Dy=1

By expanding these equations, the following is obtained:

Dy Voo Vo Va2 Vaz Va |Vref| COS(Qout)

D, Vao Vi Vaa Vig Vi |Viet| Sin(Gout)

Dyl = Voo Var Vi Vig Vi 0 (2-37)
Dy Vio Viu Ve Vs Vi 0

Dy 1 1 1 1 1 1

For the choice of vectors, the proposed method consists of using a variety of vectors to
achieve only one switching per vector [91].
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The selection of regions for this method is shown in Figure 2.22 [90]:

0.2764V , .
. dc
0.4472V , .
s dc >
L 0.5528V,.

Figure 2.22: Presentation of the regions in a sector for Method 1.

To determine the conditions for transitioning from one region to another, it is necessary to
project the reference vector onto the various axes defining the region. For example, for Region
A, the following conditions are defined:

|Viet| c08(0ous) < 0.2764Vy,
| Viet] €08(Oout, — m/5) < 0.2764Vq,
|Viet| €08(Bont — 7/10) < 0.2764Vy. cos(7/10)

Table 2.5 shows the order of vectors to be used for each region [90]:

(2-38)

Table 2.5: The set of vectors used for each region in Sector I.

Region | Vectors

Region A | Vi3(11), Vs(1), Vis(1), V(1) Vas(L1)
Region B | Vis(1), Vs(11), Vis(11), Vs(I1), Vis(1)
Region C | Vis(I), V5(IT), Vi5(1), Viz(I), Vis(I)
Region D | Voo(I), V5(I1), Viz(I), Via(1)
Region E | Vi3(1), V6(I1), Vao(I1), Voo (I1)
Region F | Vi(1), Vao(I), Vas(I), Vi7(I1)
Region G | Vi4(I), Vao(1), Vas(I), Vas(I)

Region H | Voo (1), Vao(I1), Vi4(I), Vao(I)
Region J | Vay(I), Var (1), Vis(I), Vas(I1)
Region K | Vi3(I1), Vao(I1), Vos(I1), Via(1)
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2.4.1.3 Simulation Results

Figures 2.23 and 2.24 present the simulation results for the SVM with two vectors and four
vectors, respectively, applied to the three-level five-phase T-NPC inverter. The results demon-
strate the influence of the number of vectors on the quality of the output voltage waveforms.

For the SVM with two vectors, the Total Harmonic Distortion (THD) of the output voltage
is 52.37%, and the THD of the current is 17.97%. Compared to the two-level inverter, these
results already show a significant improvement, which is attributed to the advantages of the
multilevel topology, such as finer voltage steps and reduced output distortion. However, some
low-frequency harmonic components persist due to the presence of x-y plane components when
only two adjacent vectors are used.

In contrast, for the SVM with four vectors, the THD of the output voltage further decreases
to 32.64%, and the THD of the current drops to 1.83%. This additional improvement is
mainly due to the use of four adjacent vectors, which not only enhance the reconstruction of
the reference voltage vector in the a-3 plane but also ensure the cancellation of the resulting
vector in the z-y plane, thus further minimizing the low-frequency harmonics and improving
the quality of the output voltage waveforms.

Fundamental (50Hz) = 263.6 , THD= 52.37%

300
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200 _ 2
© L
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-200 | </
-300 | | | 0 N ‘ |H‘H|||\ ‘ A
0.04 0.05 0.06 0.07 0.08 0 100 200 300 400
Time(S) Harmonic order
(a) voltages. (b) Harmonic spectrum of voltages.
Fundamental (50Hz) = 5.263 , THD= 17.97%
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Figure 2.23: Simulation results for the SVM with two vectors.
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Fundamental (50Hz) = 262.5 , THD= 32.64%
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Figure 2.24: Simulation results for the SVM with four vectors.

2.5 Conclusion

In this chapter, the mathematical modeling of the symmetrical five-phase induction motor
and the two-level and T-NPC three-level five-phase inverters has been comprehensively devel-
oped. The motor model was analyzed in detail across phase quantities, as well as stationary
and rotating reference frames. A key distinction between the five-phase and three-phase models
is the presence of x — y components in the d — ¢ — x — y — o coordinate system. These z — y
components are fully decoupled from the d — ¢ components and from each other, meaning they
do not contribute to flux or electromagnetic torque production, although they may introduce
minor additional losses. However, for the purposes of this study, these losses are considered
negligible.

Additionally, given the short-circuited rotor winding and the star configuration of the stator
winding, and assuming balanced five-phase components in both the stator and rotor, the zero-
sequence components can be neglected. Consequently, the analysis primarily focuses on the
d — q components, which are responsible for flux and torque production. This allows for a
structured transformation of the five-phase induction motor model into a form similar to that
of a three-phase machine, enabling the direct application of conventional control strategies.

The chapter also presented the mathematical modeling and space vector modulation (SVM)
techniques for two-level and T-NPC three-level five-phase inverters. The modeling of the two-
level inverter included the derivation of voltage states, space vector representation, and the
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corresponding SVM techniques for generating sinusoidal output voltages. Similarly, the T-
NPC three-level inverter was analyzed, emphasizing its ability to generate multiple voltage
levels through distinct switching states and space vector configurations.

The SVM strategies formulated for these inverter topologies were designed to eliminate the
resultant vector in the x—y plane, thereby reducing low-frequency harmonics and ensuring high-
quality sinusoidal output voltages. These models establish the theoretical foundation required
for implementing advanced control techniques in five-phase induction motor drives.

The work presented in this chapter is a crucial step toward the practical implementation
of five-phase motor control. In the next chapter, these inverter models will be integrated into
the study and implementation of advanced control techniques, including Direct Torque Control
(DTC), Direct Torque Control with Space Vector Modulation (DTC-SVM), and Finite Control
Set Model Predictive Control (FCS-MPC).
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Chapter 3

Chapter 3: Five-Phase Induction
Machine Control Strategies

3.1 Introduction

This chapter presents a comparative analysis of control methods applied to five-phase induc-
tion motors, serving as a representative example of multiphase systems. The study examines
Direct Torque Control (DTC), Direct Torque Control with Space Vector Modulation (DTC-
SVM), and Finite Control Set Model Predictive Control (FCS-MPC). Through simulations
conducted in MATLAB/Simulink, the performance of these strategies is evaluated under vari-
ous operating conditions.

The assessment focuses on:

- Dynamic response during speed reference changes and under sudden load disturbances.
- Steady-state performance under constant operating conditions.

- Energy quality, including stator current waveform shape, peak values, and harmonic
content in both stator current and voltage.

The objective is to identify the strengths and limitations of each approach to determine the
most suitable control strategy for optimizing the performance of five-phase induction motors
based on specific application requirements.

To further enhance efficiency and robustness, artificial neural networks (ANNs) are intro-
duced as replacements for traditional proportional-integral (PI) regulators, and a Model Refer-
ence Adaptive System (MRAS)-based speed estimator is integrated to enable robust sensorless
control.

This chapter is structured to provide a comprehensive comparative study of these control
techniques. Each method’s fundamental principles are explored, followed by simulation results
that highlight their effectiveness in various operational scenarios.
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3.2 Direct Torque Control for a Five-Phase Induction
Motor

The basic schematic of the DTC method applied to a five-phase induction motor is presented
in Figure 3.1. This technique is based on determining the switching states to be applied to
the inverter in order to directly control the stator flux and the electromagnetic torque. These
quantities are maintained within limits defined by two hysteresis bands, using signals provided
by the hysteresis regulators for torque and stator flux, as well as the signal indicating the
position of the stator flux vector.

Ve

as

“@PIER— e B
* + Sb
K -3 P =
@ | Speed controller T, n DTC Switching E; 4{

Sq
28 z Table States ?
— } e

* 8.0l > Five-phase

- A Inverter

Dy 4
4\/2
1 SECTOR

95 IHS
| e a-Bxy Is
Flux and Ips ——— Q)

< a-b-c-d-e
Torque v
as
Estimator [¥7, ] a-Bxy Vs Five-phase
5 a-b-c-d-e Induction

Motor

Figure 3.1: Block diagram of the DTC method.

To better understand the operation of Direct Torque Control, the following section details
its fundamental principles and the mathematical formulations governing its behavior.

3.2.1 Basic Principle of Direct Torque Control

The operating principle of direct torque control applied to the five-phase induction machine
is reduced to the oo — f plane (torque and flux regulation), assuming that the components (z, y)
are null.

From the stationary reference frame model of the induction machine, specifically equation
(2.51), the expression for the stator flux is obtained as follows:

d S
VS5 = Rily + djﬁ (3.1)

By integrating equation (3.1), the stator flux vector as a function of time is obtained:

20(0) = [ (03 = Reity)di + 63,5(0) 32
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For simplification, ignoring the voltage drop in the stator resistance over a small sampling
period T,, equation (3.2) is rewritten as follows [92, 93]:

2t) = [ vt + 6340 33

During a sampling period 7., the applied voltage vector remains constant. Under this
assumption, the following expressions hold [16]:

me~%ww%w> (3.4)

Agps ~ vy

where A¢j 5 = ¢75(1.) — ¢55(0) represents the variation of the stator flux vector.

Equation (3.4) shows that the variation of the stator voltage vector is proportional to the
stator flux vector. Increasing the stator flux requires applying a voltage vector in the same
direction as the flux, and conversely, reducing it necessitates applying a voltage vector in the
opposite direction.

For the analysis of electromagnetic torque behavior, the equations of system (2.64) are
combined, leading to the following expression in the a — 3 plane:

L 2 L
ap~ L.L. (05 % 9%s) = ap~ L.L,

r

Tem = af

|5 - sind (3.5)

where ¢ is the angle between the stator and rotor flux vectors, referred to as the load angle.

Since the rotor time constant 7T, is significantly larger than the stator time constant T}, the

rotor flux varies much more slowly than the stator flux, allowing it to be considered constant
(92, 94].

A rapid variation in the angle between the two vectors results in an increase or decrease in
torque, as it is proportional to the sine of the load angle § (equation 3.5). This variation is
induced by the application of a voltage vector, as indicated in equation (3.4).

Figure 3.2 illustrates the effect of a voltage space vector on both the magnitude of the stator
flux and the load angle 0. Figure 3.2-a represents the vector diagram derived from the machine
model equations, including the voltage drop in the stator resistance, while Figure 3.2-b presents
the approach used for the control strategy.

=

________________)
________________)

Figure 3.2: Impact of the voltage vector on the stator flux and load angle.
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Accurate estimation of the stator flux and electromagnetic torque is essential for the effective
implementation of DTC. The next section describes the methods used to reconstruct these
quantities based on measurements and associated calculations.

3.2.2 Flux and Torque Estimator

The fundamental equations used to reconstruct the stator flux and consequently the elec-
tromagnetic torque are expressed from equations (2.51) as follows:

{¢z = Jy(vg, — Rui3)dt (36)

o5 = fo (v — Ryi%)dt
The stator current is measured, while the stator voltage depends on the switching states

(Sa, Sy, Se, Sa, Se) and the measured DC-link voltage V. at the inverter input. Using the Con-
cordia transformation matrix (2.35), the voltages v; and v3 are obtained as follows:

Sa
Sh
v 2 1 cosZ cosd™ cosT cosdr
al _ 5 5 5 5
=/ ZVie Se (3.7)
s 5 i 2T G AT i 67 i 8T
U 0 sin = sin=< siny sin S
Sd
_Se_

The estimated flux is determined by its magnitude and position using the following relation:

{|¢S| =\ + ok, (38)

Log = 0, = arctan %

The electromagnetic torque can be estimated using equation (2.64) from the estimated flux
and the measured stator currents in the o — (3 reference frame as follows:

Tem =p (¢asiﬂs - gbﬁsicxs) (39)

Once the flux and torque have been estimated, an appropriate control strategy must be
implemented to ensure these quantities remain within their desired ranges. The following
section presents the hysteresis controllers used for flux and torque regulation.

3.2.3 Flux and Torque Controllers

For flux control, a two-level hysteresis controller is the simplest and most effective solution.
This type of controller allows direct regulation of the flux amplitude while maintaining the
extremity of the flux vector ¢s within a circular trajectory.

The output of the flux regulator defines the upper and lower thresholds for the flux amplitude.
The two-level hysteresis comparator, used for flux regulation, ensures the condition:
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¢Z€f - Qbs

< Ay (3.10)

where ¢7¢/ is the flux reference and A¢, is the hysteresis band of the regulator. The com-
parator outputs cflx = +1 to increase the flux and cfix = 0 to decrease it, as illustrated in
Figure 3.3.

Figure 3.3: Two-level hysteresis comparator for flux control.

For the control of the electromagnetic torque, the output function of the hysteresis controller
now operates with 7 levels instead of 3, ensuring that it satisfies the condition:

T — T, < ATy, (3.11)

where AT, is the hysteresis band of the regulator.

The controller provides seven levels of torque control, meaning the output signal tcpl takes
values in the range —3,—2,—1,0,1,2,3, depending on the deviation between the reference
torque T"¢/ and the actual torque T,,,.

- tepl = +3 when the torque is significantly below the lower hysteresis limit, requiring a
strong increase.

- tepl = 42 when the torque is moderately below the lower limit, requiring a medium
increase.

- tepl = +1 when the torque is slightly below the lower limit, requiring a weak increase.
- tepl = 0 when the torque is within the hysteresis band and should remain stable.
- tepl = —1 when the torque is slightly above the upper limit, requiring a weak reduction.

- tepl = —2 when the torque is moderately above the upper limit, requiring a medium
reduction.

- tepl = —3 when the torque is significantly above the upper limit, requiring a strong
reduction.
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This 7-level hysteresis control provides finer torque regulation compared to the traditional
3-level approach, improving control precision and reducing torque ripple.

Sc 4
+3

]

+2: >
|
|

+1

Figure 3.4: Hysteresis comparator for electromagnetic torque control with 7 levels.
For the control of the electromagnetic torque in the case of the T-NPC three-level five-
phase inverter, an 11-level hysteresis comparator is used. This approach provides finer torque

control, reducing torque ripple and improving dynamic performance. The controller satisfies
the condition [95, 96]:

T — Tyl < AT, (3.12)

where AT,,, is the hysteresis band of the regulator.

The 11-level torque hysteresis control provides more precise regulation, meaning the output
signal tcpl takes values in the range:

tepl € {—5,—4,-3,-2,-1,0,1,2,3,4,5}

depending on the deviation between the reference torque 7"¢/ and the actual torque T,,,.

tepl = +5 when the torque is significantly below the lower hysteresis limit, requiring a
very strong increase.

- tepl = +4 when the torque is well below the lower limit, requiring a strong increase.

- tepl = 43 when the torque is moderately below the lower limit, requiring a medium
increase.

- tepl = 42 when the torque is slightly below the lower limit, requiring a weak increase.
- tepl = +1 when the torque is near the lower limit, requiring a minimal increase.

- tepl = 0 when the torque is within the hysteresis band and should remain stable.

- tepl = —1 when the torque is near the upper limit, requiring a minimal reduction.

- tepl = —2 when the torque is slightly above the upper limit, requiring a weak reduction.

- tepl = —3 when the torque is moderately above the upper limit, requiring a medium
reduction.

73



Five-Phase Induction Machine Control Strategies

- tepl = —4 when the torque is well above the upper limit, requiring a strong reduction.
- tepl = —5 when the torque is significantly above the upper limit, requiring a very strong
reduction.

This 11-level hysteresis control further improves torque precision, offering smoother perfor-
mance and enhanced dynamic response.

Sc +5
+4
+3

+2

P - —p

+1

ok S

Figure 3.5: Hysteresis comparator for electromagnetic torque control with 11 levels.

The selection of the switching voltage vector is based on the outputs of both the flux and
torque controllers. The flux control output determines whether the flux should increase or de-
crease, while the torque control output determines the magnitude and direction of the required
torque correction. The next section details the selection process, considering the stator flux
vector position and the specific control objectives to ensure optimal system performance.

3.2.4 Selection of the Voltage Vector

The selection of voltage vectors is carried out based on the position of the stator flux vector
within one of the ten sectors of the voltage plane, as illustrated in Figure 3.6. The effect of these
voltage vectors allows direct control of both the flux amplitude and the torque by selecting the
appropriate vector from 32 possibilities.

A f — axis

> Ne
V,s a—axis

Figure 3.6: Effect of the voltage vector on the stator flux and the angle §.
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When the stator flux vector ®, is located in a given sector i, flux and torque control is
achieved by selecting one of the following voltage vectors: V223, V123 V12 V12 Vi or V.
The specific effects of each vector are detailed below:

- The vectors V;}% or V1% increase the amplitude of the flux ;.

o When V;!# is selected, the electromagnetic torque T, increases with variable intensity
(strong, medium, or weak).

o When V;!'% is selected, the electromagnetic torque T, decreases with variable intensity
(strong, medium, or weak).

- The vectors V;\% or V!% decrease the amplitude of the flux ®,.

o When V;'% is selected, the electromagnetic torque T, increases with variable intensity
(strong, medium, or weak).

o When V;'2} is selected, the electromagnetic torque T, decreases with variable intensity

(strong, medium, or weak).

- The zero vectors Vy and V3; stop the flux rotation, thereby reducing torque while main-
taining the flux amplitude ®, constant.

Table 3.1 presents the selected voltage vectors for each sector.

Table 3.1: Lookup table for the DTC method

>
i
>
3

S1 | S2 | S3 | S4 | S5 | S6 | ST | S8 | S9 | S10
+3 | V24 | V28 | V12 | V14 | V6 | V7 | V3 | V19 | V17 | V25
+2 | V29 | V8 | V30| V4 | V15| V2 | V23 | V1 | V27 | V16
+1 | V26 | V20 | V13 | V10 | V22 | V5 | V11 | VI8 | V21 | V9
0 VO [ V31| VO | V31| VO | V31| VO | V31| VO | V31
-1 V21 | V9 | V26 | V20 | V13 | V10 | V22 | V5 | V11 | V18
-2 | V27 | V16 | V29| V8 | V30| V4 | V15| V2 | V23| V1
-3 | VIT | V25 | V24| V28 | V12 | V14 | V6 | V7 | V3 | V19
V14| V6 | V7 | V3 | V19 | V17 | V25 | V24 | V28 | V12
+2 | V4 | V15| V2 | V23 | V1 | V27| V16 | V29 | V8 | V30
+1 | V10 | V22| V5 | V11 | VI8 | V21 | V9 | V26 | V20 | V13
0O |V31| VO | V31| VO | V31| VO | V31| VO | V31| VO
-1 | V5 | VI1 | VI8 | V21| V9 | V26 | V20 | V13 | V10 | V22
-2 | V2 | V23| V1 | V27| V16 | V29| V8 | V30 | V4 | V15
-3 | VT | V3 | V19| V17 | V25 | V24 | V28 | V12 | V14 | V6

[N NelNolNol ol NolRel N il Baal B
+
w
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To assess the performance of the different control strategies applied to the five-phase induc-
tion machine, a series of simulations were conducted using MATLAB/Simulink under various
operating conditions. The goal is to evaluate both steady-state and dynamic behaviors by ana-
lyzing key performance indicators such as response time, torque ripple, flux regulation, current
quality, and system stability.

For consistency across all methods, two test scenarios were applied. The first scenario
investigates the system’s response to step changes in speed reference under constant load,
with the speed increasing from 50 rad/s to 200 rad/s in increments of 50 rad/s, followed by
a reduction to 150 rad/s. The second scenario focuses on the system’s dynamic response to
sudden load variations at fixed speeds (100 rad/s and 150 rad/s), where the load shifts from
no-load to full-load and vice versa. These tests enable a comparative evaluation of the different
control strategies under identical operating conditions.

3.2.5 Simulation Results

Figures 3.7 and 3.9 present the results of the first test for DTC using two-level and three-level
five-phase inverters, respectively. They show the main electromagnetic and electrical variables,
including the rotor speed and its reference, the electromagnetic torque and its reference, and the
stator flux magnitude and its reference. They also include the stator current and its harmonic
spectrum, as well as the inverter output voltage and its harmonic content. These results provide
insight into the system’s behavior under varying speed conditions.

Figures 3.8 and 3.10 present the results of the second test for DTC using two-level and
three-level five-phase inverters, respectively. The electromagnetic torque and rotor speed are
shown to evaluate performance indicators such as speed deviation, settling time, and stability
during load disturbances.

In Figure 3.7a for the two-level inverter, the rotor speed closely follows its reference without
overshoot during both acceleration and deceleration. The motor transitions from 100 rad/s to
150 rad/s and from 200 rad/s to 150 rad/s in approximately 0.12 seconds. In Figure 3.9a for
the three-level inverter, these transitions are achieved slightly faster, in approximately 0.09 s
and 0.12 s respectively.

Figure 3.7b for the two-level inverter shows that the electromagnetic torque follows its ref-
erence in both forward and reverse operation. The average maximum torque ripple is approx-
imately 0.03851 Nm. Figure 3.9b for the three-level inverter shows a significant reduction in
torque ripple, with an average maximum value of approximately 0.005995 Nm.

In Figure 3.7c for the two-level inverter, the stator lux magnitude follows its reference value
with minor deviations observed during speed changes. The flux ripple reaches up to 0.01181 Wb
throughout the test. In Figure 3.9¢ for the three-level inverter, the tracking is improved, with
a reduced flux ripple of approximately 0.007611 Wh.

For the electrical performance of the DTC, the results show that the stator currents increase
in both magnitude and frequency as the speed increases. During speed variations, the peak
current reaches approximately 7.36 A with the two-level inverter and is reduced to 3.93 A using
the three-level inverter. The stator current waveforms exhibit variability due to the variable
switching frequency. The total harmonic distortion (THD) of the stator current is 22.59% for
the two-level inverter and improves to 17.25% with the three-level one. Regarding the inverter
output voltage, the THD is 129.68% for the two-level configuration and decreases to 78.61%
for the three-level inverter.
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Figures 3.8 and 3.10 show that the DTC strategy effectively handles the sudden load in-
crease and decrease for the two-level and three-level inverters, respectively, with the actual
torque Te,, closely following the reference T,.. For the two-level inverter, at a reference speed of
100 rad/s, the rotor speed drops by 1.03 rad/s during load application, with a settling time of
approximately 0.14 s. At 150 rad/s, the speed drop reaches 1.05 rad/s, with a settling time of
0.16 s. When the load is removed, overshoot values of 1.29 rad/s and 1.46 rad/s are observed at
100 rad/s and 150 rad/s, with corresponding settling times of 0.136 s and 0.138 s. In contrast,
the three-level inverter exhibits improved dynamic performance: the rotor speed drops are lim-
ited to 0.6 rad/s and 0.61 rad/s, with faster settling times of 0.07 s and 0.09 s, respectively.
The overshoot values are also reduced to 0.43 rad/s and 0.52 rad/s, with corresponding settling
times of 0.08 s and 0.102 s, highlighting the enhanced robustness of the three-level inverter.
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3.3 Direct Torque Control with Space Vector Modula-
tion for a Five-Phase Induction Motor

The DTC-SVM method used is based on closed-loop regulation of torque and stator flux in
the stator flux reference frame. Figure 3.11 illustrates the control structure, which relies on
two Pl-type regulators for controlling torque and stator flux.
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Figure 3.11: Block diagram of DTC-SVM.

The control strategy is based on a simplified description of the stator voltage components
in the stator flux coordinate system (@45 = @5, ¢,s = 0). Consequently, the stator voltage
equations derived from system ( 2.61),( 2.62) and the torque expressions ( 2.64) are given as
follows:

Vis = Relgs + d:-Zs
‘/qs = Rs[qs + w®s (313)

Te = pdSqus

Neglecting the voltage drop across the stator resistance (R;), system ( 3.13) shows that the
Vas component primarily influences the variation of the stator flux amplitude, while the V,
component controls the torque. The outputs of the PI regulators for flux and torque represent
the reference stator voltage components (Vs and V) in the stator flux reference frame, as
illustrated in Figure 3.12. These reference voltages are then transformed into the stationary
a — (3 reference frame to enable voltage synthesis via SVM.

Figure 3.12: Closed-loop regulation.
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Two SVM strategies are considered for generating the desired reference voltage at each
sampling time [86, 97]. The first strategy, discussed in Section 2.3.1.1, utilizes two adjacent
active space voltage vectors, while the second, covered in Section 2.3.1.2; uses four active space
voltage vectors (two medium and two large) in each sector.

3.3.1 Simulation Results

Figure 3.13 and Figure 3.14 present the results of the first test for the DTC-SVM strategy
using two and four vectors, respectively. The figures show the main electromagnetic and elec-
trical variables, including the rotor speed and its reference, the electromagnetic torque and its
reference, and the stator flux magnitude and its reference. They also include the stator current
and its harmonic spectrum, as well as the inverter output voltage and its harmonic content.
These results provide insight into the system’s behavior under varying speed conditions.

Figure 3.15 and Figure 3.16 show the results of the second test, which focuses on the system
response to sudden load variations at constant speeds. The rotor speed and electromagnetic
torque are analyzed to evaluate indicators such as speed deviation, settling time, and stability
under load disturbances.

For the case of two vectors, the rotor speed follows its reference without overshoot dur-
ing both acceleration and deceleration. The motor transitions from 100 rad/s to 150 rad/s in
approximately 0.15 s and from 200 rad/s to 150 rad/s in approximately 0.14 s. The electromag-
netic torque follows its reference in both rotational directions, with an average maximum torque
ripple of approximately 0.007551 Nm. The stator flux magnitude follows its reference with mi-
nor deviations during speed changes, resulting in a flux ripple reaching up to 0.00641 Wh.

For the four-vector case, the rotor speed also follows its reference without overshoot. The
transition from 100 rad/s to 150 rad/s occurs in approximately 0.2 s, and from 200 rad/s
to 150 rad/s in approximately 0.15 s. The electromagnetic torque tracks the reference with
an average maximum ripple of about 0.00472 Nm. The stator flux magnitude shows minor
deviations during transients, with a flux ripple up to 0.002530 Wh.

In terms of electrical performance, the stator currents increase in both magnitude and fre-
quency as the speed increases for both techniques. The peak stator current reaches approxi-
mately 4.17 A for the two-vector case and 4.26 A for the four-vector case. The stator current
waveforms are closer to a sinusoidal shape in both cases, due to the fixed switching frequency
used in DTC-SVM. The stator current THD is 29.66% for two vectors and 13.78% for four
vectors. As for the inverter output voltage, the THD is 110.03% and 97.27%, respectively.
In the four-vector case, most harmonics are concentrated in the medium- and high-frequency
ranges, which are generally easier to filter.

Figures 3.15 and 3.16 show that both the two-vector and four-vector DTC-SVM strategies
effectively handle the sudden load increase and decrease, with the actual torque T, closely
following the reference T,.. For the two-vector configuration, the rotor speed drops by 0.78 rad/s
at 100 rad/s and 0.87 rad/s at 150 rad/s, with settling times of 0.11 s and 0.13 s. After load
removal, overshoot values of 0.86 rad/s and 0.94 rad/s are recorded, with settling times of 0.11 s
and 0.124 s. For the four-vector case, the speed drop is 0.69 rad/s at 100 rad/s and 0.78 rad/s
at 150 rad/s, with corresponding settling times of 0.1 s and 0.12 s. Overshoot values after load
removal are also 0.69 rad/s and 0.82 rad/s, with settling times of 0.101 s and 0.122 s.
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Figure 3.13: Simulation results for DTC-SVM using two active vectors
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3.4 Finite Control Set Model Predictive Control for a
Five-Phase Induction Motor

The block diagram of the FCS-MPC method for a five-phase induction motor is presented
in Figure 3.17. This diagram illustrates the control loop, including the predictive model, cost
function evaluation, and the selection of optimal switching states.

@
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T(k+1) T T o7 (k+ 1) %

Torque and flux
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Stator and rotor Isp |<"—\>
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Figure 3.17: Block diagram of the FCS-MPC method.

In the context of a five-phase induction motor, the FCS-MPC method uses the mathematical
model of the motor in the stationary reference frame to predict future states, including stator
currents as well as stator and rotor fluxes, based on the possible switching states of the inverter.
This process involves discretizing the motor’s dynamic equations and using these discrete models
to forecast the motor’s behavior over a short prediction horizon. At each sampling interval,
the controller evaluates the predicted states for all potential voltage vectors (combinations of
five-phase inverter switching) and calculates a cost function that typically includes tracking
errors [98-100].

The continuous-time model given by system ( 2.61) and ( 2.62) in a reference frame rotating
at an arbitrary speed w can be transformed into the stationary reference frame (a-f-x-y-0) and
discretized using the sampling period 7§ for numerical control implementation. In this study,
only the a-f components are considered for simplification. The resulting discrete stator flux
equations are:

q)sa[k + 1] = <I>soz [k] + Ts (‘/Zsa[k] - RsIsoz [k]) (3 14)
Pk + 1] = oplk] + T (Vislk] — Rslsplk]) '
The discrete rotor flux equations are:
R,T; R, T,L,,
Dralk 1) = (1= 72 ) Bpalb] + Towom®yalh] + =" Lol
r r 3.15)
R, T, R, TsLy, (
sk + 1] = (1 - ) Dy5[k] = T @palk] + =" L5[}]
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The rotor currents in terms of rotor flux are:

D0k + 1] — Ly Lo [k + 1]
L,

D, 50k + 1] — L Isplk + 1]
L,

Lalk +1] = 16,
3.16

The stator flux in terms of stator and rotor currents is given by:

P
(3.17)
Qgk + 1) = Lylsplk + 1] + L Lo g[k + 1]

Finally, the stator currents are updated as follows:

Lolk+1] = (1 + T) Lo [k] + L <1 (f’"@m[k] + krwn @ [/c}) + Vsa[k]> |
" (3.18
R k] — krmeI)ra[k]) e [k])

r

- R, = R, + k2R,

- Wy, is the mechanical angular speed

The future electromagnetic torque is predicted using the following equation:

Tk + 1) = Zp (@ua[k + 1 Lulk + 1] = Byslk + 1] Lealk + 1]) (3.19)

The cost function used in this study aims to minimize the error on the torque and stator
flux, ensuring precise motor control. It is given by:

J = A |Te[k 4 1) — Thee] + Ao | Ps[k + 1] — s et (3.20)

Where:

- Ar and A\ are weighting coefficients for torque and flux errors.

- T.[k + 1] is the predicted electromagnetic torque at the next step.
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- T,et is the reference torque.
- @[k + 1] is the predicted stator flux magnitude at the next step.

- @, 1er is the reference stator flux magnitude.

The control action that minimizes the cost function is applied to the inverter. This involves
evaluating all 32 possible voltage vectors and selecting the one that minimizes the cost, ensuring
minimal tracking error and efficient control.

3.4.1 Simulation Results

Figure 3.18 presents the results of the first test for the FCS-MPC strategy, showing the
main electromagnetic and electrical variables, including the rotor speed and its reference, the
electromagnetic torque and its reference, and the stator flux magnitude and its reference. It also
includes the stator current and its harmonic spectrum, as well as the inverter output voltage and
its harmonic content. These results provide insight into the system’s behavior under varying
speed conditions.

Figure 3.19 presents the results of the second test, which focuses on the system response
to sudden load variations at constant speeds. The rotor speed and electromagnetic torque are
analyzed to evaluate indicators such as speed deviation, settling time, and stability during load
disturbances.

In Figure 3.18a, the rotor speed follows its reference without overshoot during both accel-
eration and deceleration. The motor transitions from 100 rad/s to 150 rad/s in approximately
0.08 s and from 200 rad/s to 150 rad/s in approximately 0.1 s.

Figure 3.18b shows that the electromagnetic torque follows its reference in both forward and
reverse operation, with an average maximum torque ripple of approximately 0.01065 Nm.

In Figure 3.18¢, the stator flux magnitude follows its reference value with very small devi-
ations during speed changes, resulting in a flux ripple reaching up to 0.00086 Wb throughout
the test.

For the electrical performance of the FCS-MPC strategy, the stator currents increase in
both magnitude and frequency as the speed increases. During speed variations, the peak stator
current reaches approximately 8.66 A. The stator current waveforms present variability due to
the variable switching frequency. The total harmonic distortion (THD) of the stator current
is 26.9%. Regarding the inverter output voltage, the THD is 58.82%, with most harmonics
concentrated in the low-frequency range, which are generally more difficult to filter.

Figure 3.19 shows that the FCS-MPC strategy effectively handles the sudden load increase
and decrease, with the actual torque Ty, closely following the reference T,. At a reference speed
of 100 rad/s, the rotor speed drops by 0.34 rad/s during load application, with a settling time
of 0.04 s. At 150 rad/s, the speed drop reaches 0.41 rad/s, with a settling time of 0.05 s. When
the load is removed, overshoot values of 0.34 rad/s and 0.47 rad/s are observed at 100 rad/s
and 150 rad/s, with corresponding settling times of 0.036 s and 0.042 s.
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Figure 3.18: Simulation results for FCS-MPC
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Figure 3.20 shows the impact of a 30% increase in stator resistance on the stator flux for the
different control strategies. Only the FCS-MPC control is significantly affected: the amplitude
of the stator flux drops from its reference value of 0.9 Wb to 0.83 Wb, along with an observable
increase in ripple. In contrast, both DTC and DTC-SVM strategies show only slight deviations,
with negligible impact on flux amplitude or ripple highlighting their superior robustness to
resistance variations. This sensitivity in FCS-MPC arises from its reliance on an accurate
machine model, making it the least robust to parameter changes.
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Figure 3.20: Stator flux response under a 30% increase in stator resistance for different control strate-
gies.

All control strategies demonstrate effective rotor speed tracking, accurately following the
reference signal during both acceleration and deceleration without overshoot. This confirms
reliable speed regulation across all methods. In terms of dynamic response, FCS-MPC achieves
the fastest speed transitions, followed by the classical DTC method. DTC-SVM with two
vectors provides slightly slower responses, while the four-vector configuration exhibits the lowest
speed dynamics among the tested strategies.

Regarding electromagnetic torque behavior, all control strategies maintain close tracking of
the torque reference under varying operating conditions. However, the amplitude of torque
ripple varies significantly among the methods. DTC-SVM with four vectors achieves the lowest
torque ripple, followed by the two-vector DTC-SVM approach. The FCS-MPC strategy results
in moderate torque ripple levels, while the classical DTC exhibits the highest ripple. These
observations highlight differences in torque regulation quality across the evaluated controllers.

In terms of stator flux regulation, all control strategies are able to follow the flux reference
with minimal deviation. FCS-MPC demonstrates the most precise flux control, exhibiting the
lowest ripple amplitude. DTC-SVM with four vectors follows, offering improved flux stability
compared to the two-vector configuration. The classical DTC method shows the highest flux
ripple among the tested strategies, particularly during transient conditions. These results reflect
the varying ability of each method to maintain consistent flux levels under dynamic operation.

For the stator current, the results show that the DTC-SVM control with four vectors achieves
the lowest total harmonic distortion (THD), due to the effective elimination of x—y plane com-
ponents and the use of a fixed switching frequency, which enables the generation of current
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waveforms closest to a sinusoidal shape. In comparison, the DTC and FCS-MPC strategies
result in higher THD values. Their variable switching frequencies introduce more variability
in the current waveforms, which also exhibit higher peak amplitudes during speed transitions.
Using only two vectors in the DTC-SVM control does not eliminate the x—y plane compo-
nents, leading to the highest THD among the evaluated methods, despite operating with a
fixed switching frequency.

For the output voltage, the FCS-MPC strategy yields the lowest total harmonic distortion
(THD), though most of its harmonics are concentrated in the low-frequency range, which are
typically more difficult to filter. The DTC-SVM method with four vectors produces a voltage
spectrum dominated by medium- and high-frequency harmonics, which are easier to filter and
contribute to the lower current THD observed in this configuration. In contrast, the DTC-SVM
approach using two vectors results in higher voltage distortion due to its inability to eliminate
the x—y plane components, unlike the four-vector version. The classical DTC control exhibits
the highest voltage THD, primarily influenced by its variable switching frequency.

All control strategies effectively handle sudden load changes, with the electromagnetic torque
closely tracking its reference during both load application and removal. However, notable
differences in speed regulation performance are observed. FCS-MPC demonstrates the fastest
recovery and the smallest speed deviation, indicating a strong capacity for disturbance rejection.
DTC-SVM with two and four vectors offers comparable dynamic responses, with consistent
settling times and speed variations, though the four-vector version shows slightly improved
regulation. The classical DTC method maintains effective torque tracking but exhibits longer
settling times and more pronounced speed deviation under transient conditions. These results
reflect the varying dynamic capabilities of the control methods when subjected to abrupt load
disturbances.

Table 3.2 summarizes the simulation results comparing the performances of the DTC, DTC-
SVM with 2 vectors, DTC-SVM with 4 vectors, and FCS-MPC control strategies for the five-
phase induction motor.

Table 3.2: Comparative results between DTC, DTC-SVM with 2 vectors, DTC-SVM with 4 vectors,
and FCS-MPC.

Parameter DTC DTC-SVM (2 | DTC-SVM (4 FCS-MPC
vect.) vect.)
Response time Fast Moderate Slow Very fast
Torque ripple Very high Medium Low }l\l/fgg erately
Flux ripple Very high Medium Low Very low
Stator current shape More variable Near-sinusoidal | Near-sinusoidal | More variable
Stator current peak 7.36 A 4.17 A 4.26 A 8.66 A
Stator current THD 22.59% 29.66% 13.78% 26.9%
Voltage THD 129.68% 110.03% 97.27% 58.82%
Load change response | High drop, long | Moderate drop, | Small drop, fast Very small
drop, very fast
(no-load to full-load) recovery short recovery | recovery
recovery
Load change response | High overshoot, Moderate over- | Small over- | Very small
shoot, short re- | shoot, fast | overshoot, very
(full-load to no-load) long recovery
covery recovery fast recovery
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3.5 Intelligent Control

Conventional control techniques, such as DTC, DTC-SVM, and FCS-MPC, incorporate
proportional-integral (PI) regulators in their control schemes. However, PI regulators exhibit
limitations, particularly due to saturation, variations in motor parameters, and changes in
operating conditions. Since they are often optimized for specific motor parameters and par-
ticular operating conditions, any change in these conditions requires a readjustment of the PI
parameters, which limits the system’s adaptability.

To overcome these limitations, artificial neural networks (ANNs) have been introduced as an
alternative approach. ANNs, inspired by the biological structure of the human brain, were first
conceptualized by McCulloch and Pitts in 1943 [101]. They function based on problem-solving
mechanisms similar to those of the human brain [70]. The structure of an ANN; as illustrated
in Figure 3.21, primarily consists of three layers: the input layer, the hidden layers, and the
output layer.

The input layer consists of a set of input values X, and associated weights W;;. The hidden
layers perform weighted summations of the inputs and apply activation functions to model
complex nonlinear behaviors. The number of neurons and layers is typically determined through
experimentation to optimize model performance [102]. The output layer generates the final
control signals.

Hidden layver

Input layer

Figure 3.21: Structure of Artificial Neural Networks (ANNs).

The ANN control strategy is trained using multiple PI regulators, each optimized for specific
operating conditions such as varying speed ranges and torque levels. The data generated by
these PI regulators are collected to train the ANN to replicate their behavior. Subsequently,
the PI parameters are adjusted for different operating conditions, and the corresponding data

are also used for training. This process is repeated over multiple scenarios to generalize the
ANN’s adaptability.
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In this study, two separate ANNs are designed for the DTC-SVM control strategy: one
dedicated to replacing the PI speed controller and another combining the PI flux and torque
controllers. For the speed controller, the ANN has an input layer with 2 neurons: one neuron
receives the speed reference signal, and the second neuron receives an additional input expressed
as % multiplied by the original signal, which helps improve training efficiency and dynamic
response. The hidden layer contains 10 neurons to capture nonlinear dynamics, and the output
layer consists of 1 neuron delivering the control signal. For the combined flux and torque
controller, the ANN has an input layer with 4 neurons: two neurons for the flux and torque
reference signals, and two neurons for their corresponding additional inputs in the form %
times each original input. Similarly, this ANN uses 10 neurons in the hidden layer and 1
neuron in the output layer. The hidden layers in both ANNs use a hyperbolic tangent sigmoid
activation function (tansig), while a linear activation function is applied at the output to
ensure continuous control. The mean squared error (MSE) is selected as the cost function
to minimize the difference between the ANN outputs and the PI controller responses during
training. In the case of the MPC strategy, only the PI speed controller is replaced by an
ANN with the same structure (2 input neurons including the additional input, 10 hidden
neurons, and 1 output neuron), while the torque and flux controllers remain handled within the
predictive control framework. This design allows each ANN to accurately replicate the behavior
of the conventional PI regulators while improving robustness and dynamic adaptability without

manual parameter tuning.

The summation function in the ANN is given by:

Zy =3 X;Wi (3.21)

J=1

where W;; represents the weight of the j input to the i’ neuron. The activation function
F,.(Z) is applied after the summation function to obtain the exact output.

The training process of the ANN involves the backpropagation algorithm, which iteratively
adjusts the network’s weights using gradient descent to minimize the associated loss function.
The key idea behind backpropagation is to compute the gradients of the loss function with
respect to each weight in the network, indicating the necessary adjustments to reduce error.
Backpropagation consists of two phases: forward propagation, where input data is transmitted
through the network layer by layer using the current weights, and backward propagation, where
gradients are computed from the output layer back to the input layer. The weights are updated
iteratively until the loss function is minimized [103].

During forward propagation, the input data flows through the network, computing activa-
tions at each neuron. The final output is compared with the target value, and the error is
calculated. In backward propagation, the error is used to adjust the weights by propagating
gradients backward using the chain rule of differentiation. The process is repeated over multiple
iterations (epochs) until the loss function reaches an acceptable level.

To improve training efficiency, optimization algorithms such as Levenberg-Marquardt (LM)
are often employed. The LM optimizer is particularly effective for solving nonlinear minimiza-
tion problems, providing faster convergence and higher accuracy in determining optimal weights

[103].

Once trained, the ANN acts as a universal controller capable of dynamically adapting to
different operating scenarios without requiring manual recalibration, unlike conventional PI
regulators. This adaptability makes ANN-based control strategies particularly suitable for
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five-phase induction motor applications, where varying load conditions, speed variations, and
dynamic torque demands require a robust and adaptive control approach.

3.5.1 Simulation Results

Figure 3.22 illustrates how neural networks (NNs) replace the conventional PI regulators in
the DTC-SVM control with four vectors. Specifically, the NNs take over the roles of the PI
speed controller, PI torque controller, and PI flux controller. These networks are trained across
multiple operating ranges to ensure adaptability to a wide variety of scenarios.

0.9

Phis flux ref

Speederreur Controleur Vitesse RNA

z-1

Controleur Flux/Couple RNA

Figure 3.22: Diagram of NN controllers for the DTC-SVM control with four vectors.

For the FCS-MPC control, the PI speed controller has been directly replaced by a controller
based on neural networks (NNs), as illustrated in Figure 3.23.

1 b
+

Speederreur Controleur Vitesse RNA

Figure 3.23: NN controllers for the FCS-MPC case.

The simulation results, presented in Figure 3.24 and Figure 3.25, show that the NN provides
precise and robust control in both DTC-SVM with four vectors and FCS-MPC. These results
confirm that the NN is an effective and suitable alternative to conventional PI control.
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Figure 3.24: Comparison of the performance between NN and PI controllers in the DTC-SVM with
four vector case.
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Figure 3.25: Comparison of the performance between NN and PI controllers in the FCS-MPC case.
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3.6 Sensorless Control Using MRAS for Five-Phase In-
duction Motors

The Model Reference Adaptive System (MRAS) is used to estimate the rotor speed without
relying on a mechanical sensor. This technique is characterized by its simplicity of implemen-
tation and is based on a structure composed of three main elements: a reference model, an
adaptive model, and an adaptation mechanism, as illustrated in Figure 3.26.

Stator Voltage/Currents Refe rence

| Model ks

Estimated Outputs

Error

Adaptive \ -
' Model
A
- Adaptation |_
Estimated Speed Mechanism

Figure 3.26: Complete structure of the MRAS speed estimator.

The reference model is independent of rotor speed. It calculates the rotor flux based on the
measured stator current and the measured stator voltage at the inverter output.

The adaptive model, on the other hand, depends on rotor speed. It takes as inputs the
measured stator current and the estimated rotor speed to determine the rotor flux. An error
vector is generated by comparing the outputs of both models. This error vector is processed by
an adaptation mechanism based on a PI regulator, which dynamically adjusts the parameters
of the adaptive model to align its outputs with those of the reference model. When the error
between the two models converges to zero, the estimated speed becomes equivalent to the actual
rotor speed.

The reference model is defined by the following equations:

L,

bra= - ([ (Vi = Rolla)dt = o LLa)
L,

Dy = 7 ( / (Vig — Ryl,) dt — 0L5]5q> .

The adaptive model adjusts the estimated fluxes as follows:
A 1 A A
(I)rd = i / (Lm[sd - (I)rd - errq)rq) dt7

b,, = ; / (L — B0y + 0. T, 0,4) .

The adaptation mechanism adjusts the estimated speed using the PI regulator, according to
the following expression:

ajr = Kp (q)rq(i)rd - CI)rd(i)rq) + Kz/ ((I)rqi)?“d - (I)Td(i)rq> dt.
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3.6.1 Simulation Results

To evaluate the performance and verify the robustness of the MRAS estimator based on
rotor flux error, simulations were conducted using both FCS-MPC and DTC-SVM with four
active vectors. The reference speed profile used consists of multiple steps alternating between
transient and steady-state conditions, in both forward and reverse directions. The transient
conditions correspond to phases where the speed varies, such as acceleration or reversal of the
rotation direction. In contrast, steady-state conditions are characterized by a stabilized speed
at a constant value, whether in the forward or reverse direction. These simulations highlight the
accuracy, robustness, and efficiency of the MRAS estimator under various operating conditions.

The simulation results, illustrated in Figure 3.27, show that the rotor speed accurately
follows the reference speed profile, with negligible errors during steady-state phases. Very
small errors are observed during transient phases for both FCS-MPC and DTC-SVM with four
active vectors, demonstrating the effectiveness of this estimator.
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Figure 3.27: Performance of the MRAS estimator based on rotor flux error.

3.7 Conclusion

This chapter presented a comparative analysis of DTC, DTC-SVM, and FCS-MPC con-
trol strategies applied to five-phase induction motors. The evaluation was conducted through
systematic simulations using MATLAB/Simulink under a range of operating conditions. In
terms of dynamic performance, FCS-MPC exhibited the fastest response during speed refer-
ence changes and the smallest speed deviation with quicker recovery during load disturbances.
DTC followed with satisfactory responsiveness, while DTC-SVM, particularly with four vectors,
showed slower speed transitions. All strategies effectively tracked the reference torque, but dif-
ferences emerged in ripple levels: DTC-SVM with four vectors achieved the lowest torque ripple,
followed by the two-vector, whereas classical DTC exhibited the highest. Regarding stator flux
regulation, FCS-MPC ensured the most stable flux tracking. DTC-SVM, especially in the four-
vector configuration, improved flux control compared to its two-vector counterpart, while DTC
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showed the largest flux deviations. In terms of current waveform quality, DTC-SVM with four
vectors generated stator currents closest to sinusoidal, while DTC and FCS-MPC showed more
waveform variability and higher peak currents during transients. Harmonic analysis confirmed
that DTC-SVM with four vectors achieved the lowest total harmonic distortion (THD), due to
its ability to eliminate x—y plane components while maintaining a fixed switching frequency.
The two-vector version, despite using fixed switching frequency, had the highest THD due to
its inability to suppress these components. DTC and FCS-MPC both resulted in elevated THD
levels, primarily due to their variable switching frequencies. FCS-MPC, due to its strong re-
liance on an accurate machine model, proved the most sensitive to parameter variations, leading
to noticeable flux deviations and increased ripple. In contrast, DTC-SVM and DTC showed
greater robustness, maintaining stable flux behavior under such uncertainties.

The simulation results confirm that each control strategy presents distinct advantages, and
the selection should be guided by the specific performance requirements and constraints of the
target application:

- FCS-MPC is best suited for high-performance applications requiring fast dynamic re-
sponse and strong disturbance rejection.

- DTC-SVM (particularly with four vectors) is ideal when low torque ripple, improved
current quality, and fixed switching frequency are essential.

- DTC remains a practical and robust solution when simplicity, ease of implementation,
and acceptable performance are prioritized.

In addition, the integration of neural networks (NNs) to replace conventional PI regula-
tors has shown potential for enhanced adaptability and control precision. The adoption of
MRAS-based speed estimation further enables sensorless operation without compromising con-
trol robustness.

The following chapter will focus on experimental validation of these control strategies on a
3.5 kW five-phase induction motor, assessing their practical implementation, real-time perfor-
mance, and robustness under realistic conditions.
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Chapter 4: Experimental Validation

4.1 Introduction

Following the simulation-based analysis of control strategies for five-phase induction motors,
this chapter presents their experimental validation under real operating conditions. The ob-
jective is to assess and compare the practical performance of Direct Torque Control (DTC),
Direct Torque Control with Space Vector Modulation (DTC-SVM), and Finite Control Set
Model Predictive Control (FCS-MPC). An overview of the experimental test bench, including
hardware and software components, is provided, along with the measurement environment used.
The evaluation focuses on both steady-state and dynamic behavior in terms of response time,
torque and flux ripple, total harmonic distortion (THD), and current waveform quality. This
validation serves to confirm simulation trends and offers practical insights into the advantages
and trade-offs of each strategy for five-phase motor control.

4.2 Experimental Validation of the Control Strategies

Figure 4.1 presents the experimental test bench used for the implementation of the different
control techniques on a 3.5 kW five-phase induction motor, and the detailed motor and control
parameters are provided in Appendix A Table 1.

The test bench includes a measurement environment in addition to the two main parts, the
power part and the control part.

The power part includes a 3.5 kW five-phase induction motor coupled with a direct current
generator, which functions as a load. The generator is connected to adjustable resistors, allowing
for manual modification of the total resistance to vary the load torque. The motor is powered
by two three-phase voltage source inverters from Semikron, as shown in Figure 4.2. These
inverters receive a fixed 400 V DC input voltage from a diode rectifier, which is supplied by an
autotransformer.
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Figure 4.1: Diagram of the experimental setup.

The basic operating principles of a five-phase inverter are developed under the assumption
of ideal switching. The upper and lower switches of the same leg operate in a complementary
manner, meaning that if the upper switch is "ON," the lower switch must be "OFF," and vice
versa. This prevents the risk of a short circuit. Therefore, it is essential to include a delay
between the closing and opening of the two complementary switches. This delay is called "dead
time" because both switches remain in the "OFF" position simultaneously for a short period.

Figure 4.2: Semikron three-phase inverters.

Figure 4.3 shows a typical implementation of a dead-time generation circuit using discrete
components such as resistors, capacitors, diodes, and logic gates. This configuration introduces
a delay on the rising edge of the control signal while preserving the falling edge, thus creating
a short period during which both switches are safely turned off.
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|nput %’:@ma

Figure 4.3: RDC Dead-Time Generator Circuit.

However, in the present work, this function is not implemented externally. Instead, the
Semikron power modules used are equipped with integrated devices to provide this dead time,
eliminating the need for an additional analog circuit.

The control part is based on the DS1104 R&D Controller Board developed by the German
company dSPACE GmbH and housed in a computer, as shown in Figure 4.4. This control board
consists of two processors. The master processor manages the application, while the slave pro-
cessor, a Digital Signal Processor (DSP) from TEXAS INSTRUMENTS (model TMS320F240),
generates Pulse Width Modulation (PWM) control signals in TTL logic (0/5 V). This consti-
tutes the hardware part of ASPACE.

Figure 4.4: DSPACE 1104 Board.

This board (Master PPC) features 8 Analog-to-Digital Converters (ADC) with an input
voltage range of -10V to +10V and 8 Digital-to-Analog Converters (DAC) with an output
voltage range of -10V to +10V. It also includes several interfaces, such as digital inputs and
outputs, incremental encoders, etc. A connection cable links the DSP board to the PC via the
RS232 port, transmitting the control signals generated by the PC to the DSP.

The control algorithm, or the software part, primarily revolves around two software tools:
Matlab/Simulink and Control Desk. Matlab/Simulink enables easy real-time application pro-
gramming using blocks from the "Real-Time Interface (RTI)" toolbox. Once validated, the
programs are automatically compiled and downloaded to the board using the dSPACE Control
Desk Manager software. This second software serves as a graphical interface, allowing control
of command signals from Simulink to dSPACE and real-time visualization of available signals
within the Simulink environment, as illustrated in Figure 4.5.
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Figure 4.5: Control Desk software window.

The exchange of information between the two parts described above is facilitated through
an external connection box (ASPACE Connector Panel CLP1104), as shown in Figure 4.6a.
This box is connected to the board via a connection cable and receives analog signals through
BNC connectors. It also includes an interface for conditioning PWM control signals and poten-
tial error signals sent back by the Semikron converter, along with a measurement environment
incorporating various sensors. This signal conditioning interface, illustrated in Figure 4.6b,
converts signals from TTL logic (0/5 V) to CMOS logic (0/15 V) and vice versa. This transfor-
mation is necessary because the DS1104 control board operates with TTL 0/5 V logic signals,
whereas the inverter requires CMOS 0/15 V logic signals.

‘‘‘

(b) Signal conditioning interface.

(a) dSPACE Connector Panel CLP1104.

Figure 4.6: Hardware components facilitating signal exchange and conditioning.
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For the measurement environment, an incremental encoder is used to measure the rotational
speed of the motor. The speed sensor used is an incremental encoder, which is a sensor for
angular or linear position. It is mounted on the motor shaft, where a light beam passes through
a perforated disk with NV, slots evenly distributed around its edge. For each complete rotation of
the encoder, the light beam is interrupted N, times, generating IV, square signals, as illustrated
in Figure 4.7.

."1.-'J;~

SQUARING
CIRCUIT

Figure 4.7: Speed sensor.

In addition to speed measurement, current sensing is carried out using LEM LA 55-P Hall-
effect current sensors, as illustrated in Figure 4.8. These sensors provide an isolated measure-
ment of the primary current by exploiting the Hall effect, and generate a secondary current
proportional to the primary current with a fixed transformation ratio (typically 1:1000). This
secondary current is passed through a burden resistor R, to convert it into a measurable volt-
age signal. The value of Rj; is selected to ensure that the output voltage does not exceed a
specified maximum (e.g., 9V), and is computed using the expression:

Vi

Ry =———
M Iy-n-r

(4.1)

where:

Vi is the maximum allowable voltage across the burden resistor (set to 9V),

I, is the maximum expected primary current (less than 50 A),

n is the number of turns of the primary conductor through the sensor aperture,

r is the transformation ratio between primary and secondary currents.

The sensors are powered using an asymmetric DC supply of 15V and provide a reliable,
real-time image of the current waveform. A calibration procedure using a programmable current
source is used to determine the actual transformation ratio and offset voltage of each sensor to
ensure accuracy.
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(a) Current measurement board. (b) Circuit diagram of the LA 55-P current sensor.

Figure 4.8: Current measurement setup using LA 55-P sensors.

The control strategies were evaluated under different conditions to compare their static and
dynamic performances. Static performance was analyzed by studying the steady-state behavior,
focusing on indicators such as torque ripple, total harmonic distortion (THD) of the current, and
steady-state error. The evaluation of dynamic performance focused on responses to variations
in operating conditions, such as speed or load changes, with key indicators including response
time, overshoot, settling time, and stability.

The same two test scenarios as in the simulation were performed to assess the control strate-
gies under speed and load variations. In addition, a third scenario was introduced to experi-
mentally evaluate the fault tolerance and reliability of the control methods. This test involved
applying a single open-phase fault and a two non-adjacent open-phase fault to assess the sys-
tem’s robustness under abnormal operating conditions.

Figures 4.9 to 4.12 present the experimental results obtained for each control strategy, where
the speed reference varies from 50 to 200 rad/s in increments of 50 rad/s before decreasing from
200 to 150 rad/s under constant load conditions. For each strategy, the following electromag-
netic and electrical variables were observed: rotor speed, electromagnetic torque, and stator flux
magnitude all compared to their respective references as well as the stator current waveform
and inverter output voltage, together with their harmonic content.

In Figures 4.9b, the DTC shows the rotor speed closely following its reference without
overshoot during both acceleration and deceleration. The motor transitions from 100rad/s to
150rad/s and from 200rad/s to 150rad/s in approximately 0.12 seconds.

Figure 4.9b shows that the electromagnetic torque under DTC tracks its reference accurately
in both forward and reverse operations, with an average maximum torque ripple of approxi-
mately 0.03851 Nm.

As illustrated in Figure 4.9¢, the stator flux magnitude under DTC follows its reference with
minor deviations during speed changes, with a flux ripple up to 0.01181 Wh.

For electrical performance, the stator currents under DTC increase in both magnitude and
frequency as speed rises, reaching a peak of approximately 7.36 A during speed variations. The
current waveforms exhibit variability due to the variable switching frequency characteristic of
DTC. The total harmonic distortion (THD) of the stator current under DTC is 22.59% , while
the inverter output voltage THD is 129.68% , reflecting the harmonic content of the two-level
inverter output under DTC control.
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111



Experimental Validation

250

0 I I I I I
0 2 4 6 8 10 12

Time (s)

(a) Speed and its reference

I,

2]

0 2 4 6 8 10 12
Time (s)

(c) Stator flux and its reference

Stator Current (A)
o

0 002 0.04 0.06 0.08 0.1 012 014 016 0.18
Time (s)

(e) Stator current

G'"II'IFI'EK 10k pts  58KSass [ Stop
L8004 ! ! ! v ! ! ! T ETOkH:

L
.w e

Il
[
Il
bt

II,HA o

[ FFIC) 20 568.8Hz

1

(ZHZ

= s R

(g) Output voltage

Torque (Nm)

2 4 6 8 10 12
Time (s)

(b) Electromagnetic torque and its reference.

1

08

0.6

0.4

02

2, (Wb)

-02 1

-04

-06

-0.8

=

Magnitude
e o o ©
N &~ (2] o] -

o

Magnitude
N o Yy (3] (2] ~ ] ©w
o o o o o o o o

[S)

=}

ot

-0.5 0 0.5 1
®, (Wb)

(d) Stator flux trajectory

“Muh. bk oL .

[=}

1000 2000 3000 4000 5000
Frequency (Hz)

(f) FFT of stator current

0.5 1 15 2 25
Frequency (Hz) 104

(h) FFT of output voltage

Figure 4.11: Experimental results for the DTC-SVM using four active vectors

112



Experimental Validation

250 10
200 r
@ 150 E 5|
B g’
=1 g
& 100 =
50 P o
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 ¥ 8
Time (s) Time (s)
(a) Speed and its reference (b) Electromagnetic torque and its reference.
1 T T T T T T T 1 T T T T T
0.9 08t ]
0.8 1 0.6 Bl
0.7 q 0.4 h
__ 06 E . 02f :
2 el
\g_/ 05 1 Sm of 1
N o8
04r 4 021 1
031 4 -04 4
02} ] 05 | 1
X
011  H 08 4
1))
0 1 2 3 4 5 6 7 8 -1 0.5 0 0.5 1
Time (s) @, (Wb)
(c) Stator flux and its reference (d) Stator flux trajectory
0.9
251 1
2F § 0.8 4
151 1 0.7 1
— 1 06 1
< o
< 05 4
5 Sos 1
oo ] 5
Q & 0.4 ]
5-05 ] =
8
o 4L 03 1
-15F 0.2 1
2y 0.1 ]
251 L
. . . . . . . L . 0 ) S
0 002 004 006 008 01 012 014 016 0.18 0 1000 2000 3000 4000 5000
Time (s) Frequency (Hz)
(e) Stator current (f) FFT of stator current
GUINSTEK 10k pis  SBKSass [ Stop
e : ‘ Vv ‘ : T | 120
100 1
80 1
«
°
E
‘c 60 1
g
=
40 1
! 20 4
[M] A
@ Fl) 2 s : <@z “M L I s
0
o 2o u.%[:] 0 0.5 1 15 2 25
Frequency (Hz) 104
(g) Output voltage (h) FFT of output voltage

Figure 4.12: Experimental results for the FCS-MPC

113



Experimental Validation

Figures 4.13 to 4.16 illustrate the system’s dynamic response to sudden load changes at fixed
speeds of 100 rad/s and 150 rad/s. Two tests are conducted: a load increase from no-load to
full-load, and a load rejection from full-load to no-load.

In the load increase case:

- DTC shows speed drops to 78 rad/s and 122 rad/s, with settling times of 4.5 s and 4.8 s.

- DTC-SVM with two vectors shows drops to 82 rad/s and 124 rad/s, with settling times
of 4.2 s and 4.7 s.

- DTC-SVM with four vectors shows drops to 82 rad/s and 126 rad/s, with settling times
of 4.2 s and 4.6 s.

- FCS-MPC shows speed drops to 87 rad/s and 132 rad/s, with faster settling times of 3.2 s
and 4.2 s.

In the load rejection case:

- DTC shows speed overshoots to 121 rad/s and 177 rad/s, with settling times of 3.4 s and
4.3 s.

- DTC-SVM with two vectors shows overshoots to 119 rad/s and 177 rad/s, with settling
times of 3.4 s and 4.1 s.

- DTC-SVM with four vectors shows the same overshoots to 119 rad/s and 177 rad/s, with
settling times of 3.4 s and 4.1 s.

- FCS-MPC shows the lowest overshoots to 115 rad/s and 169 rad/s, with the fastest
settling times of 2.7 s and 3.2 s.

These results confirm that all methods ensure proper torque tracking during abrupt load
changes, but FCS-MPC provides superior speed regulation, while DTC-SVM variants offer
balanced performance. DTC remains stable but exhibits the largest deviations and slowest
recovery.
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Figure 4.13: Torque and speed response of DTC during load variation
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Figure 4.16: Torque and speed response of FCS-MPC during load variation
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4.3 Experimental Results of DTC under One Open-Phase
and Two Non-Adjacent Open-Phase Fault Condi-

tions

4.3.1 One Open Phase

Figures 4.17 presents the electromagnetic variables measured under one open phase fault
using DTC strategy. These variables include rotor speed, electromagnetic torque, and stator
flux magnitude.

Figure 4.17(a) shows that the actual speed accurately follows the reference. The response
times for acceleration are 0.75 s (100 to 150 rad/s), 0.63 s (150 to 200 rad/s), and 0.75 s (200
to 250 rad/s). During deceleration from 250 to 200 rad/s, the system takes 0.68 s without any
observable overshoot.

Figure 4.17(b) demonstrates that the torque output follows its reference well. The torque
ripple reaches an average of 0.42 Nm at 250 rad/s.

As depicted in Figure 4.17(c), the stator flux magnitude remains close to its reference, with
minimal fluctuation. The resulting flux ripple is limited to 0.01 Wb throughout the test.
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Figure 4.17: DTC under one open-phase fault (Electromagnetic parameters)
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Figure 4.18(a) displays the stator current waveforms. As the speed varies, both the magni-
tude and frequency of the currents change accordingly. During transients, peak current values
reach up to 5.1 A. Finally, Figure 4.18(b) shows the i, and i, current components, which reach
significant values of 2 A and 3 A, respectively.

y‘ y
g I ' \u
£ <o I w ‘\ ‘ Al l il ““’l l
= o Al
(3 s, | ‘ M
2 - |
I
[75] 4b
6
‘7|sa7|5b lscilsdilse
% > s 6 8 0 12 14 %o 0.05 01 015 02 0.25
Time (s) Time (s)
a) Stator currents b) I, and I, currents
y

Figure 4.18: Stator, I, and I,, currents for DTC under one open-phase fault without adapted modeling

Figures 4.19(a) and 4.19(b) show the stator current waveform and its FFT at a speed of
150 rad/s. The waveform appears significantly distorted, with a Total Harmonic Distortion
(THD) of approximately 38.88%. The most prominent harmonic is the third, reaching 21.42%
of the fundamental.

Figure 4.19(c) illustrates the inverter output voltage waveform at 150 rad/s. The wave-
form is periodic but shows considerable variability due to harmonic content. As shown in Fig-
ure 4.19(d), the voltage THD reaches 138.51%. The dominant harmonics are the third (14.4%),
sixth (12.33%), eighth (11.3%), and thirteenth (12.8%) of the fundamental component.
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Figure 4.19: Electric parameters for DTC under one open-phase fault without adapted modeling

4.3.2 Two Open Phases

Figure 4.20 presents the electromagnetic variables measured under two non-adjacent open
phase fault using DTC strategy.

Figure 4.20(a) demonstrates that the rotor speed tracks the reference signal accurately in the
conducted test, The rotor accelerates within 0.67 s (100 to 150 rad/s), 0.72 s (150 to 200 rad/s),
and 0.69 s (200 to 250 rad/s).

As shown in Figure 4.20(b), the electromagnetic torque follows its reference closely. However,
a torque ripple averaging 0.453 Nm is observed, which is attributed to the significant phase
imbalance introduced by the two open-phase fault.

Figure 4.20(c) reveals that the stator flux magnitude remains close to its reference with
minimal fluctuation. The flux ripple reaches up to 0.01 Wb during the tests.
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Figure 4.20: Electromagnetic parameters for DTC under two open-phases fault

Figures 4.21(a) shows the stator current waveforms. Both current magnitude and frequency
vary with speed. During transient operation, the peak current reaches approximately 6 A.

Figure 4.21(b) presents the ¢, and i, current components, which both reach approximately
1.5 A with no apparent phase shift between them. This behavior results from the asymmetrical
nature of the machine modeling under the two-phase fault condition.
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Figure 4.21: Stator, I, and I, currents for DTC under two open-phase fault
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Figures 4.22(a) and 4.22(b) display the stator current waveform and its FFT at 150 rad/s.
The waveform appears highly distorted with a Total Harmonic Distortion (THD) of approxi-
mately 62.95%. The dominant harmonic is the third (33.36% of the fundamental), while both
the second and fifth harmonics contribute 27% each.

Figure 4.22(c) shows the inverter output voltage waveform at 150 rad/s. The waveform
remains periodic but exhibits increased variability due to a rich harmonic spectrum. As detailed
in Figure 4.22(d), the voltage THD reaches 120.48%. The most significant low-order harmonics
are the second (17.82%), third (9.8%), and seventh (9.65%). Higher-order components are
also present, with amplitudes around 25% of the fundamental, contributing to the substantial
waveform distortion.
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Figure 4.22: Electric parameters for DTC under two open-phases fault

Despite the occurrence of open-phase faults, the DTC strategy succeeds in maintaining
overall control of the system, demonstrating a certain level of fault tolerance. The rotor
speed still closely follows its reference under these fault conditions. The torque ripple
is slightly increased, especially at high speed, yet still remains within acceptable limits, while
the stator flux ripple remains low, comparable to the healthy condition.

However, several performance indicators are noticeably affected by the severity of the
fault. The stator current distortion is heavily impacted, with the total harmonic distortion
(THD) increasing from 19.58% in the healthy case to 38.88% and 62.95% under one and
two-phase faults, respectively. The peak current also increases notably with fault severity,
from 4.45A to 5.1A and 6A. In addition, the appearance of the ¢, and ¢, current components,
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which reach significant values around 2A, marks a clear departure from the healthy condition,
where these components were practically negligible.

4.4 Experimental Results of DTC-SVM using 2 Active
Vectors under One Open-Phase and Two Non-Adjacent
Open-Phase Fault Conditions

This section presents the experimental validation of the control strategy based on Direct
Torque Control with Space Vector Modulation (DTC-SVM) using two active voltage vectors.
Two sets of experimental results are discussed:

- Figures 4.23 to 4.25: Results under a one open-phase fault

- Figures 4.26 to 4.28: Results under a two open-phase fault.

The tests were conducted under a load torque.

4.4.1 One Open Phase

Figure 4.23 presents the mechanical and electromagnetic behavior of the system under a one
open-phase fault.

In Figure 4.23(a), the actual rotor speed accurately follows the reference. The response
times are 1.15 s (from 50 to 100 rad/s), 1.09 s (from 100 to 150 rad/s), and 1.12 s (from 150 to
100 rad/s), with no overshoot observed.

Figure 4.23(b) shows the electromagnetic torque response, which tracks the reference well,
Torque ripple averages approximately 0.3122 Nm.

As seen in Figure 4.23(c), the stator flux magnitude remains close to its reference value with
minimal fluctuation, resulting in a flux ripple of up to 0.07 Whb.

The a—f stator flux trajectory, illustrated in Figure 4.23(d), maintains a nearly perfect
circular shape, indicating effective flux control.
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Figure 4.23: Electromagnetic parameters for DTC-SVM using two active vectors under one open-phase

fault

Figure 4.24(a) shows the stator current waveforms. As speed varies, both the magnitude and
frequency of the stator currents vary accordingly. Peak currents reach 5 A during transients.
Figure 4.24(b) displays the ¢, and ¢, current components, which reach peak values of 2 A and

1.3 A, respectively.
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Figures 4.25(a) and 4.25(b) illustrate the stator current waveform and its FFT at a speed
of 150 rad/s. The total harmonic distortion (THD) is approximately 30.78%. The dominant
harmonic is the third, contributing around 20% of the fundamental, followed by the second
harmonic at approximately 18.9%.

Figure 4.24(c) shows the inverter output voltage waveform at 150 rad/s. The waveform
is periodic but significantly distorted due to harmonic content. As seen in Figure 4.37(d),
the voltage THD reaches 153.27%. The most prominent harmonic components are the third
(31.6%), 79th (74%), and 81st (82.23%) of the fundamental.
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Figure 4.25: Electric parameters for DTC-SVM using two active vectors under one open-phase fault

4.4.2 'Two Open Phases

Figure 4.26 presents the mechanical and electromagnetic responses of the system, including
speed, torque, and stator flux. The speed increases by step from 100 rad/s to 200 rad/s in
50 rad/s steps, followed by a decrease back to 150 rad/s.

As shown in Figure 4.26(a), the rotor speed tracks the reference closely. The acceleration
from 100 rad/s to 150 rad/s occurs in 0.89 s with a slight overshoot of approximately 6.5 rad/s.
The subsequent acceleration to 200 rad/s takes 0.68 s, and the deceleration back to 150 rad/s
takes 1.73 s.

Figure 4.26(b) illustrates the torque behavior, which follows the reference well. The torque
ripple observed during the test averages around 0.33 N - m.
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Figure 4.26(c) shows the stator flux magnitude, which remains close to the reference value
with minor fluctuations, resulting in a flux ripple of up to 0.08 Wh.

250

Speed (rad/s)

1 2 3 4 5 6 7 8 9 10
Time (s)

(a) Speed response

9] (

— %)

Time (s)

(¢) Flux magnitude

Torque (Nm)

5] (Wh)

2 4 6 8 10
Time (s)

(b) Electromagnetic torque

e 05 0 05 1
[©4] (WD)

(d) Flux a-f trajectory

Figure 4.26: Electromagnetic parameters for DTC-SVM DTC-SVM using two active vectors under

two open-phase fault

The - stator flux trajectory shown in Figure 4.26(d) exhibits an ideally circular shape,
indicating effective flux control despite the fault condition.

Figure 4.27(a) also displays the stator current waveforms. As speed varies, both the ampli-
tude and frequency of the currents change accordingly. Peak current values reach approximately
5 A during transients. Figure 4.27(b) shows the ¢, and ¢, current components, which attain

values of approximately 0.9 A.
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Figure 4.27: Stator, i, and i, currents for DTC-SVM using two active vectors under two open-phase
fault

Figures 4.28(a) and 4.28(b) present the stator current waveform and its FFT at a speed of
150 rad/s. The waveform appears periodic but highly distorted, with a Total Harmonic Distor-
tion (THD) of approximately 49.58%. The third harmonic is the most dominant, contributing
around 40% of the fundamental. Additional harmonic content is observed around the 60th
order, reaching about 15% of the fundamental.

Figure 4.28(c) displays the inverter output voltage waveform at 150 rad/s, which is periodic
but significantly distorted due to high harmonic content. As seen in Figure 4.28(d), the voltage
THD reaches 162.61%. The third harmonic is the most notable among the lower-order com-
ponents, contributing 16.6% of the fundamental. High-order harmonics are also present with
substantial amplitudes, particularly one reaching 81.16% of the fundamental, which explains
the severely distorted voltage waveform.
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Figure 4.28: Electric parameters for DTC-SVM using two active vectors under two open-phase fault

Despite the occurrence of open-phase faults, the DTC-SVM strategy using two vectors strat-
egy succeeds in maintaining overall control of the system, demonstrating a certain level of fault
tolerance. The rotor speed still closely follows its reference under these fault conditions.
The torque ripple is slightly increased, especially at high speed, yet still remains within
acceptable limits, while the stator flux ripple remains low, comparable to the healthy
condition.

However, several performance indicators are noticeably affected by the severity of the
fault. The stator current distortion is heavily impacted, with the total harmonic distortion
(THD) increasing from 37.48% in the healthy case to 49.58% under two-phase faults. The
peak current also increases notably with fault severity, from 2.85A to 5.1A. In addition,
the appearance of the ¢, and ¢, current components, which reach significant values around
2A, marks a clear departure from the healthy condition, where these components were practi-
cally negligible.
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4.5 Experimental Results of DTC-SVM using 4 Active
Vectors under One Open-Phase and Two Non-Adjacent
Open-Phase Fault Conditions

This section presents the experimental results of the Direct Torque Control with Space
Vector Modulation using four active vectors (DTC-SVM4V). Two sets of results are included:
- Figures 4.29 to 4.31 correspond to a one open-phase fault.

- Figures 4.32 to 4.34 correspond to a two open-phase fault scenario.

4.5.1 One Open Phase

Figure 4.29 shows the system’s mechanical and electromagnetic variables, including speed,
torque, and stator flux.

Figure 4.29(a) shows that the actual rotor speed accurately tracks the reference. The re-
sponse time is 1.15 s for acceleration from 50 to 100 rad/s, and 1.60 s from 100 to 150 rad/s,
no overshoot is observed in the test.

Figure 4.29(b) confirms that the electromagnetic torque closely follows its reference, with
an average torque ripple of 0.2689 Nm.

As illustrated in Figure 4.29(c), the stator flux magnitude fluctuates slightly around its
reference, particularly at 150 rad/s. The flux ripple reaches up to 0.0083 Wh.
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Figure 4.29: Electromagnetic parameters for DTC-SVM4V under one open-phase fault without
adapted modeling

Figure 4.30(a) presents the stator current waveforms. As the speed varies, both the magni-
tude and frequency of the stator currents change. During transients, peak current values reach
approximately 4,7 A.

Figure 4.30(b)presents the i, and 4, current components, with respective amplitudes of 2.5 A
and 1.5 A.
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Figure 4.30: Stator, I, and I, currents for DTC-SVM4V under one open-phase fault without adapted
modeling

131



Experimental Validation

Figure 4.31(a) and 4.31(b) display the stator current waveform and its FFT at a speed of
150 rad/s. The waveform appears periodic total harmonic distortion (THD) of 23.24%. The
third and seventh harmonics are the most dominant, reaching about 10.5% of the fundamen-
tal. The second, fifth, and ninth harmonics are also present but remain below 10% of the
fundamental.

Figure 4.31(c) shows the inverter output voltage waveform at 100 rad /s, which is periodic but
highly distorted due to significant harmonic content. Figure 4.31(d) reveals that the voltage
THD reaches approximately 194.78%. The harmonic spectrum is dominated by high-order
harmonics (above the 100th), which reach up to 80% of the fundamental. Among the lower-
order harmonics, the second is the most significant at 11% of the fundamental.
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Figure 4.31: Electric parameters for DTC-SVM 4 vectors under one open-phase fault without adapted
modeling.

4.5.2 Two Open Phases

Figure 4.32 presents the mechanical and electromagnetic behavior of the system, including
rotor speed, electromagnetic torque, and stator flux magnitude.

Figure 4.32(a) shows that the rotor speed accurately follows the reference. The acceleration
response times are 1.18 s (from 150 to 200 rad/s) and 1.21 s (from 200 to 250 rad/s), with no
overshoot observed.

Figure 4.32(b) demonstrates that the electromagnetic torque closely follows the reference.
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The average torque ripple observed is approximately 0.2881 Nm.

As illustrated in Figure 4.32(c), the stator flux magnitude remains close to its reference with
minimal fluctuation. The resulting flux ripple reaches up to 0.01 Wh.

Figures 4.32(d) displays the a—f stator flux trajectory, which maintain a nearly ideal circular
shape.
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Figure 4.32: Electromagnetic parameters for DTC-SVM4V under two open-phase fault without
adapted modeling

Figures 4.33(a) presents the stator current waveforms. As the speed increases, both the
magnitude and frequency of the currents vary accordingly. During transient conditions, peak
stator current values reach up to 5 A.

Figure 4.33(b) presents the i, and ¢, current components, which reach peak values of ap-
proximately 2 A and 2.5 A, respectively.
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Figure 4.33: Stator, I, and I, currents for DTC-SVM4V under two open-phase fault without adapted
modeling

Figures 4.34(a) and 4.34(b) illustrate the current waveform and its FFT at 150 rad/s. The
Total Harmonic Distortion (THD) is approximately 26.04%. The most prominent harmonics
are the second and the third, contributing approximately 17.9% and 13.1% of the fundamental,
respectively.

Figure 4.33(c) shows the inverter output voltage waveform at 150 rad/s. The waveform
is periodic but exhibits significant harmonic content. As shown in Figure 4.33(d), the voltage
THD reaches 169.57%. The dominant low-order harmonic is the fourth, reaching approximately
14% of the fundamental. Higher-order harmonics (above the 100th order) are also present and
can reach up to 78% of the fundamental, which explains the distorted voltage waveform.
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Figure 4.34: Electric parameters for DTC-SVM 4 vectors under two open-phase fault without adapted
modeling

Despite the occurrence of open-phase faults, the DTC-SVM 4 vectors strategy succeeds in
maintaining overall control of the system, demonstrating a certain level of fault tolerance. The
rotor speed still closely follows its reference under these fault conditions. The torque
ripple is slightly increased, especially at high speed, yet still remains within acceptable
limits, while the stator flux ripple remains low, comparable to the healthy condition.

However, several performance indicators are noticeably affected by the severity of the
fault. The stator current distortion is heavily impacted, with the total harmonic distortion
(THD) increasing from 12.44% in the healthy case to 23.24% and 26.04% under one and
two-phase faults, respectively. The peak current also increases notably with fault severity,
from 2.93A to 4.7A and 5A. In addition, the appearance of the ¢, and i, current components,
which reach significant values around 2.5A, marks a clear departure from the healthy condition,
where these components were practically negligible.
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4.6 Experimental Results of FCS-MPC under One Open-
Phase and Two Non-Adjacent Open-Phase Fault Con-
ditions

In this section, the experimental results is obtained using the FCS-MPC strategy under
different fault conditions.

Figures 4.35 to 4.37 correspond to a one open-phase fault.

Figures 4.38 to 4.40 correspond to a two open-phase fault scenario.

Machine tests were performed with a load torque.

4.6.1 One Open Phase

Figure 4.35 presents the mechanical and electromagnetic variables recorded during exper-
imental testing, including speed, torque, and stator flux. The speed referance increases in
50 rad/s steps from 100 rad/s to 200 rad/s, then decreases to 150 rad/s.

Figure 4.35(a) shows that the actual speed closely follows the reference. Acceleration from
100 to 150 rad/s takes 0.77 s, and from 150 to 200 rad/s takes 0.85 s. The deceleration from
200 to 150 rad/s occurs within 0.75 s, with no overshoot.

In Figure 4.35(b), the torque output follows its reference accurately. The average torque
ripple reaches approximately 0.4576 Nm, primarily due to the significant phase shift caused by
the open-phase fault.

Figure 4.35(c) demonstrates that the stator flux magnitude remains close to the reference,
exhibiting minimal fluctuations. The resulting flux ripple does not exceed 0.009 Wh.
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Figure 4.35: Electromagnetic parameters for FCS-MPC under one open-phase fault

Figure 4.36(a) illustrates the stator current waveforms. As speed changes, both the mag-

nitude and frequency of the currents vary. During transients, the peak current reaches up to
5.2 A. Figure 4.36(b)shows the 7, and i, current components, which reach values of 1 A and
2 A respectively. These elevated values result from the asymmetrical behavior of the machine
under the one-phase open fault condition.

Figures 4.37(a) and 4.37(b) present the stator current waveform and its corresponding FFT

at a speed of 150 rad/s. The total harmonic distortion (THD) is estimated at 32.84%. The
most dominant harmonic components include the third and seventh harmonics, each accounting
for around 15% of the fundamental. The fourth harmonic contributes approximately 11.85%,
while the second, sixth, and ninth harmonics remain below 10%.
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Figure 4.36: Stator, I, and I, currents for FCS-MPC under one open-phase fault

Figure 4.37(c) shows the inverter output voltage at 100 rad/s. Although the waveform is
periodic, it exhibits significant variability and high harmonic content.

As shown in Figure 4.37(d), the THD reaches 158.60%. The major contributing harmonics
are the second (16.75%), third (17.26%), 4th (11.7%), and 6th (9.36%) of the fundamental.
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Figure 4.37: Electrical parameters for FCS-MPC under one open-phase fault
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4.6.2 Two Open Phases

This test was performed under a two-phase open fault condition, without an adapted ma-
chine model. Figure 4.38 presents the mechanical and electromagnetic variables measured
during testing, including rotor speed, electromagnetic torque, and stator flux. The same speed
reference used in the simulations were applied: the speed was decreased from 250 rad/s to
150 rad/s in steps of 50 rad/s. Figure 4.38(a) shows that the actual speed accurately follows
the reference. The acceleration from 100 to 150 rad/s occurs in 0.87 s, and from 150 to 200 rad/s
in 0.82 s, with no overshoot observed.

In Figure 4.38(b), the torque response remains closely aligned with its reference throughout
both tests. The average torque ripple is approximately 0.4733 Nm, attributed to the significant
phase shift induced by the two-phase open fault.

As shown in Figure 4.38(c), the stator flux magnitude remains close to its reference, with
only minor fluctuations. The resulting flux ripple does not exceed 0.011 Wh.
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Figure 4.38: Electromagnetic parameters for FCS-MPC under two open-phase faults

Figure 4.39(a) displays the stator current waveforms of the conducted test, respectively.
As the rotor speed varies, both the amplitude and frequency of the stator currents change
accordingly. During transients, peak currents reach up to 7 A. Figure 4.39(b) shows the i, and
i, current components, which reach 1.5 A with no observable phase shift between them. This
behavior is attributed to the asymmetrical operation of the machine under the two-phase open
fault condition, combined with the lack of an adapted model.
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Figure 4.39: Stator, I, and I, currents for FCS-MPC under two open-phase fault

Figures 4.40(a) and 4.40(b) illustrate the stator current waveform and its corresponding FFT
at a speed of 150 rad/s. The total harmonic distortion (THD) is estimated at 35.65%. The
most dominant harmonic components include the third and fourth harmonics, each contributing
around 19% of the fundamental. The second harmonic reaches 11.9%, while the fifth, sixth,
seventh, and eighth harmonics remain below 10% each.

Figure 4.40(c) presents the inverter output voltage waveform at 150 rad/s. While the wave-
form is periodic, it is highly distorted due to significant harmonic content. As shown in Fig-
ure 4.40(d), the THD reaches 159.03%. The most prominent lower-order harmonics are the
third (11.86%), fifth (10.6%), tenth (10.53%), and thirteenth (14.36%) components. Addi-
tionally, higher-order harmonics are present, each contributing up to 25% of the fundamental
component, which explains the heavily distorted voltage waveform.
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Figure 4.40: Electric parameters for FCS-MPC under two open-phase faults

Despite the occurrence of open-phase faults, the FCS-MPC strategy succeeds in maintaining
overall control of the system, demonstrating a certain level of fault tolerance. The rotor
speed still closely follows its reference under these fault conditions. The torque ripple
is slightly increased, especially at high speed, yet still remains within acceptable limits, while
the stator flux ripple remains low, comparable to the healthy condition.

However, several performance indicators are noticeably affected by the severity of the
fault. The stator current distortion is heavily impacted, with the total harmonic distortion
(THD) increasing from 26.89% in the healthy case to 32.84% and 35.65% under one and
two-phase faults, respectively. The peak current also increases notably with fault severity,
from 5.02A to 5.2A and 7A. In addition, the appearance of the ¢, and ¢, current components,
which reach significant values around 2A, marks a clear departure from the healthy condition,
where these components were practically negligible.
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Table 4.1 summarizes the experimental results comparing the performances of the DTC,
DTC-SVM with 2 vectors, DTC-SVM with 4 vectors, and FCS-MPC control strategies for the
five-phase induction motor.

Table 4.1: Comparative results between DTC, DTC-SVM with 2 vectors, DTC-SVM with 4 vectors,

and FCS-MPC.
Parameter DTC DTC-SVM (2| DTC-SVM (4 | pog vipc
vect.) vect.)
Response time Fast Moderate Slow Very fast
Torque ripple Very high Medium Low }1\1/2}(11 erately
Flux ripple Very high Medium Low Very low

Stator current shape

More variable

Near-sinusoidal

Near-sinusoidal

More variable

Stator current peak

445 A

2.85 A

293 A

5.02 A

quired)

Stator current THD 19.58% 37.48% 12.44% 26.89%
Voltage THD 131.69% 103.88% 97.24% 57.36%
. er small
Load change response | High drop, long | Moderate drop, | Small drop, fast Very
drop, very fast
(no-load to full-load) recovery short recovery | recovery
recovery
Moder r- | Small r- T mall
Load change response | High overshoot, oderate over- | Sma over- | Very sa
shoot, short re- | shoot, fast | overshoot, very
(full-load to no-load) long recovery
covery recovery fast recovery
o o Maintains
Maintains Maintains o
Maintains control per-
control per- | control perfor-
. control perfor- | formance,
formance, but | mance, with . .
Fault tolerance mance, with | with moderate
current  qual- | moderate to . .
. mild  current | degradation,
ity  degrades | strong current i . .
. degradation mainly in peak
severely degradation
current
Computational re- Very IO.W (light : Very high
SoUrCoes processing re- | Moderate High (most demand-

ing)

4.7 Conclusion

This chapter presented the experimental validation of Direct Torque Control (DTC), Direct
Torque Control with Space Vector Modulation (DTC-SVM), and Finite Control Set Model Pre-
dictive Control (FCS-MPC) applied to a 3.5 kW five-phase induction motor. The objective was
to perform a comparative evaluation of these control strategies by analyzing their dynamic re-
sponse, torque and flux regulation, stator current quality, harmonic content, and computational
requirements under real operating conditions.

The experimental results confirm that FCS-MPC provides the fastest dynamic response,
characterized by the shortest response time during speed variations, as well as the lowest speed
deviation and smallest settling time during sudden load changes. It also achieves the lowest
flux ripple. However, the stator current waveform is more variable and has the highest peak
stator current during speed change. DTC-SVM with four vectors achieves the lowest torque
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ripple and the best stator current quality, supported by its fixed switching frequency and its
ability to eliminate components in the x—y plane. The two-vector variant of DTC-SVM shows
improved performance over conventional DTC but results in higher total harmonic distortion
(THD) in the stator current due to its inability to suppress these components. Classical DTC,
while offering lower computational complexity, presents the highest levels of torque and flux
ripple, along with the highest inverter voltage THD.

These results validate the trends observed in simulation and highlight the practical strengths
and limitations of each control technique, offering valuable guidance for selecting the most
appropriate strategy based on specific application requirements.
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General Conclusion

The research presented in this thesis focuses on the comparative study of different control
techniques, initially designed for three-phase motors, applied to a five-phase induction motor.
The studied strategies include Direct Torque Control (DTC), Direct Torque Control with Space
Vector Modulation (DTC-SVM), and Finite Control Set Model Predictive Control (FCS-MPC).
The analysis and comparison of these techniques, in terms of static and dynamic performance
as well as power quality, were conducted through simulations in Matlab/Simulink, followed
by experimental validation. This comparison helps guide the selection of the most suitable
technique based on the specific requirements of each application while leveraging the advantages
of multiphase motors.

To implement these control strategies, the modeling of the five-phase induction motor and
its supply by a two-level five-leg inverter was carried out. The Park transformation was applied
to simplify the motor equations. The modulation of the two-level inverter was also defined,
considering its 32 switching states and the associated voltage vectors. This modeling serves as
a fundamental basis for implementing the various control strategies studied in this thesis.

The comparative analysis conducted in this thesis between DTC, DTC-SVM, and FCS-MPC
has highlighted several key results, namely:

- Dynamic response: The FCS-MPC control demonstrated the fastest dynamic response,
characterized by the shortest response time during speed variations, as well as the lowest
speed deviation and smallest settling time during sudden load changes. It outperformed
all other strategies in both acceleration/deceleration and disturbance rejection. The DTC
control follows, showing faster transitions than the SVM-based approaches, though it ex-
hibits larger speed deviations and longer recovery times under load variation. DTC-SVM
with two and four vectors provides slower speed tracking, with nearly identical settling
behavior under load changes, though the four-vector version shows slightly improved
smoothness and consistency in speed recovery time.

- Torque control: All control techniques effectively tracked the reference torque. The
DTC-SVM control with 4 vectors exhibited the lowest torque ripple, ensuring a more
stable torque response. Conversely, the conventional DTC control displayed the highest
torque ripple, while the FCS-MPC control, despite its superior dynamic behavior, showed
higher torque ripple than SVM-based methods.

- Stator flux control: The FCS-MPC control demonstrated superior accuracy and stabil-
ity in maintaining the desired stator flux amplitude, with minimal deviations even during
speed variations. The DTC-SVM strategies improved upon the classical DTC approach,
with the 4-vector control offering a slight improvement in flux ripple compared to the
2-vector control.

- Stator current quality: The DTC-SVM control with 4 vectors produced stator currents
closest to a sinusoidal waveform. In contrast, the DTC and FCS-MPC controls exhibited
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more variable current waveforms, with higher current peaks during speed variations.

- Harmonic content: The analysis of the harmonic content of the stator current reveals
that the DTC-SVM control with 4 vectors achieves the lowest THD, as it effectively elim-
inates x-y plane components while maintaining a fixed switching frequency. Conversely,
using only 2 vectors in the DTC-SVM control does not eliminate these components, re-
sulting in the highest THD despite the fixed switching frequency. Moreover, the higher
THD observed in DTC and FCS-MPC control is attributed to their variable switching
frequency, leading to increased harmonic distortion.

- Computational resources: The FCS-MPC control requires high computational power,
making it more demanding in terms of processing, followed by the DTC-SVM control
with 4 vectors, then the DTC-SVM control with 2 vectors, while the conventional DTC
control requires the lowest computational power, making it more suitable for applications
with limited processing capabilities.

- Fault tolerance: In addition to the healthy operating conditions, the behavior of the
studied control strategies under open-phase fault scenarios was also analyzed. All four
strategies (DTC, DTC-SVM with two and four vectors, and FCS-MPC) demonstrated
a certain level of fault tolerance, maintaining acceptable control of speed, torque, and
flux even under one or two open-phase conditions. However, several performance indi-
cators were noticeably affected. The most critical impact was observed in the stator
current quality, particularly in terms of total harmonic distortion (THD) and peak cur-
rent magnitude. The conventional DTC strategy showed the most significant degradation
in current quality, with strongly increased THD and peak current. The FCS-MPC also
experienced elevated current peaks, despite preserving good dynamic behavior. In con-
trast, the DTC-SVM control using four vectors exhibited the least degradation in current
quality, confirming its robustness under fault conditions. These observations highlight
the need to further adapt and enhance existing control strategies to mitigate performance
degradation during fault scenarios.

Furthermore, complementary approaches have been integrated to enhance the overall per-
formance of the control strategies. Artificial Neural Networks (ANNs) have proven to be an
effective alternative to Proportional-Integral (PI) controllers, thanks to their ability to dynam-
ically adapt to variations in operating conditions. Additionally, the Model Reference Adaptive
System (MRAS), based on rotor flux error, enabled sensorless speed control while ensuring
accurate and robust rotor speed estimation.

In summary, while each control strategy presents distinct advantages, the FCS-MPC method
demonstrates the fastest dynamic response and the most precise stator flux regulation. However,
it exhibits higher torque ripple compared to DTC-SVM approaches, though still lower than that
of conventional DTC. Among the studied techniques, DTC-SVM with four vectors achieves the
lowest torque ripple and best stator current quality, producing near-sinusoidal waveforms with
the lowest THD. This comes at the cost of increased response time. The classical DTC strategy
responds faster than DTC-SVM but suffers from the highest torque and flux ripples, as well as
greater harmonic distortion.

In terms of computational demand, FCS-MPC requires the most processing resources, fol-
lowed by DTC-SVM with four and two vectors, while DTC remains the least computationally
intensive. The integration of Artificial Neural Networks (ANN) for controller tuning and MRAS-
based speed estimation enhances the adaptability and robustness of these control strategies,
enabling sensorless operation and improved performance across varying conditions.
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These results provide a solid foundation for selecting the most appropriate control technique
based on the specific requirements of each application. Looking ahead, hybrid approaches
that combine the strengths of different strategies, as well as the adaptation of these control
techniques to address fault conditions in five-phase systems, represent promising directions for
future research. Such developments would enable optimal utilization of five-phase induction
motors while enhancing their performance, reliability, and applicability across a wide range of
industrial environments.

Perspectives

This work opens several avenues for future research and practical development:

1. Integration of the five-phase induction machine into solar pumping systems, promoting
energy-efficient and sustainable applications.

2. Implementation of a full five-phase system, including a dedicated five-phase inverter,
instead of the two three-phase inverters used in this study.

3. Application of other intelligent control techniques, such as fuzzy logic, to enhance robust-
ness and adaptability under uncertain conditions.

4. Implementation of MRAS-based control for improved sensorless performance and relia-
bility.

5. Experimental validation of fault-tolerant control strategies, aiming to ensure system con-
tinuity under various fault scenarios.
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Annexe A

Table 1: Parameters of the five-phase induction motor and control settings used in the experimental

tests.
Parameter Value | Parameter Value
Pole pair number 1 | Piom [KW] 3.5
Thom [N.m.] 12.7 | R, [Q] 9.5
L, [H] 1.389 | L, [H] 1.323
R, [Q] 7.3 | L, [H] 1.331
Vae [V] 450 | Switching period T [s] 0.001
Kpspeed 0.1 | Kigpeed 0.05
Kprorque 120 | Klitorque 50
Kpaux 1000 | Kigux 80
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Annexe B

PI Speed Regulator

The speed regulation scheme with a PI controller is presented in Figure 0.1.

Cr

'Qref o K; Com 1 (o] R
K% ky+JS s
0

Figure 0.1: Block diagram of the PI speed regulation.

According to the mechanical equation of the machine and Figure 0.1, the closed-loop transfer
function can be written as:

1 k;
Q= —— [k + =) (Qer — Q)= C, 2
o (B4 8) @ -2-0) @)
This equation can be rewritten as follows:
k,S + k; k,S + k;

= QT‘@ - s
TS24+ (ky + kp)S + ki 0 TS24 (ky + kp)S + Ky
Considering the load torque as a disturbance, i.e., C, = 0:
ki
_ % S+ kp
T (kptky) k

k.

Qref (4)

Ny

|

The system is characterized by a second-order characteristic equation P(s) written as:

P(s) = 8% + 26w, S + w? (5)
By identification:
ety (6)
28w =

Thus:

ki = J(A)zl
{k I (™)
D — fwnJ—kf

The gain is determined for a damping coefficient ¢ = 0.707 and a system response time
tso, = 0.2 s.

159



Annexe C

Total Harmonic Distortion (THD) is given by:

VVZHVE+VE+ -+ V2
THD =

Vi
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