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Abstract

Abstract

Permanent Magnet Synchronous Motors (PMSMs) are widely used in modern drive systems due to their
high efficiency, high power density, and excellent dynamic performance. This dissertation investigates the
modeling and control of a PMSM supplied by a two-level voltage source inverter (2L-VSI). A review of
current control techniques is presented, including PI-based control, hysteresis control, predictive current

control, deadbeat predictive control, and modulated predictive control.

A mathematical model of the PMSM is developed using the abc, of, and dq reference-frame
transformations, providing the basis for advanced control implementation. The study focuses on an
advanced predictive current control strategy based on real-time current measurements and the Grey Wolf
Optimizer (GWO) algorithm. Unlike conventional predictive current control, the proposed method reduces

sensitivity to motor parameter variations and improves robustness.

Simulation results obtained in MATLAB/Simulink demonstrate that the proposed controller achieves fast
dynamic response, accurate current tracking, reduced current ripple, and enhanced robustness under speed,
load, and parameter variations. These results confirm the effectiveness of the proposed approach as a

promising solution for high-performance PMSM drive applications.

Keywords:
PMSM, Predictive Current Control, Grey Wolf Optimizer, FOC, Two-Level Inverter, Robust

Control.
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Abstract

Résumé

Les moteurs synchrones a aimants permanents (MSAP) sont largement utilisés dans les systémes
d’entrainement modernes grace a leur rendement elevé, leur forte densité de puissance et leurs
excellentes performances dynamiques. Ce mémoire présente une étude de la modélisation et de la
commande d’'un MSAP alimenté par un onduleur triphasé a deux niveaux.

Une revue des principales techniques de commande du courant est d’abord réalisée, notamment la
commande basée sur le régulateur PI, la commande par hystérésis, la commande prédictive du
courant, la commande prédictive de type Deadbeat et la commande prédictive modulée. Par
ailleurs, un mod¢le mathématique du MSAP est développé a 1’aide des transformations de repére
abc, af et dg, constituant ainsi une base solide pour la mise en ceuvre des stratégies de commande
avancees.

Ce travail s’intéresse particuliérement a une stratégie avancée de commande prédictive du courant
basée sur les mesures de courant en temps réel et I’algorithme d’optimisation Grey Wolf Optimizer
(GWO). Contrairement a la commande prédictive classique, 1’approche proposée présente une
faible sensibilité aux variations des parametres de la machine, ce qui améliore la robustesse et les
performances globales du systeme.

Les résultats de simulation obtenus sous MATLAB/Simulink montrent que la méthode proposee
assure une réponse dynamique rapide, un suivi précis des courants, une réduction des ondulations
de courant ainsi qu’une grande robustesse face aux variations de vitesse, de couple de charge et
des parametres du moteur. Ces résultats confirment I’efficacité de la stratégie proposée et son

potentiel pour les applications d’entrainement a hautes performances basees sur les MSAP.

Mots-clés : MSAP, commande prédictive du courant, Grey Wolf Optimizer (GWO), commande

orientée champ (FOC), onduleur triphasé a deux niveaux, commande robuste.
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General Introduction

General Introduction

In recent decades, electric drive systems have experienced remarkable development thanks
to advances in power electronics, microprocessors, and advanced control techniques. These
improvements have enabled the design of more efficient, high-performance systems that meet the
increasing demands of modern industrial applications. In this context, Permanent Magnet
Synchronous Motors (PMSMs) have emerged as a preferred solution in various fields such as
electric vehicles, renewable energy systems, robotics, and high-performance industrial drives.
Their success is mainly due to their high efficiency, high power density, excellent dynamic

behavior, and low maintenance requirements.

However, achieving optimal performance from these machines requires the
implementation of advanced control strategies capable of ensuring fast dynamic response, accurate
tracking, and strong robustness against external disturbances and parameter uncertainties. Among
the most widely used approaches, Field-Oriented Control (FOC) is considered a benchmark
technique due to its ability to decouple flux and torque control, providing performance comparable
to DC machines. Nevertheless, this method has certain limitations, particularly its sensitivity to

parameter variations and the complexity of its control structure.

To overcome these limitations, recent research has focused on advanced control
techniques, especially predictive control methods. These approaches rely on a system model to
predict future behavior and determine the optimal control action at each sampling period. Among
the different variants reported in the literature are Model Predictive Current Control (MPCC),
Deadbeat predictive control, and modulated predictive control strategies. These methods are
characterized by fast dynamic response, conceptual simplicity, and the ability to directly

incorporate system constraints into the control process.

However, the performance of classical predictive control remains highly dependent on the
accuracy of the motor parameters used in the prediction model. Any variation in electrical
parameters, particularly stator resistance and inductances, can significantly degrade control
performance. To address this issue, recent approaches have introduced intelligent optimization-
based techniques. Among them, the Grey Wolf Optimizer (GWO) algorithm has shown strong
potential due to its ability to efficiently search for optimal solutions while maintaining relatively

low computational complexity.

In this context, accurate system modeling is a fundamental step for the design, analysis,

and evaluation of control strategies. This modeling includes both the Permanent Magnet
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Synchronous Motor and the two-level three-phase voltage source inverter that supplies the
machine. Reference frame transformations (abc, af, and dq) are used to simplify system equations
and facilitate the implementation of advanced control laws. In addition, both continuous-time and

discrete-time models are essential for the digital implementation of predictive control algorithms.

The main objective of this thesis is to study, model, and compare different current control
strategies applied to PMSMs, with particular emphasis on predictive control techniques. An
advanced predictive current control strategy based on real-time current measurements and the Grey
Wolf Optimizer algorithm is proposed to improve system robustness against parameter variations

while maintaining excellent dynamic performance.
This thesis is organized as follows:

o Chapter 1 presents a state-of-the-art review of different current control methods applied
to PMSMs, highlighting their principles, advantages, and limitations.

o Chapter 2 is devoted to the detailed modeling of the drive system consisting of a PMSM
supplied by a two-level voltage source inverter. Reference frame transformations, dynamic

models, and energy equations are developed.

o Chapter 3 introduces the proposed advanced predictive current control strategy based on
the Grey Wolf Optimizer (GWO). Its operating principle is described, and its performance

is evaluated through simulation and compared with classical predictive control methods.
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Chapter I: Wind Energy Conversion System Based on a (PMSM)

I.1 Introduction:

Synchronous machines are key electrical components in modern industrial systems, mainly
due to their high efficiency and their ability to operate at a constant speed strictly synchronized
with the supply frequency. The differences between these machines are essentially based on the
excitation method used. Among them, the permanent magnet synchronous motor (PMSM) stands
out for its excellent performance, high power density, and compact design. These features make
synchronous machines essential elements in a wide range of advanced industrial and technological

applications, particularly in wind energy systems.

This chapter presents a detailed study of synchronous machines, with a particular focus on
the permanent magnet synchronous motor (PMSM). It first covers the historical development,
fundamental operating principles, internal structure, and main application areas of PMSMs. It then
explores various control strategies, including both classical approaches and modern optimization-

based control techniques.

I .2 Wind Energy System

1.2.1 General about Wind Energy

Wind energy corresponds to the kinetic energy of moving air, whose driving force can be
exploited to propel sailboats and other types of vehicles. Alternatively, this kinetic energy can be
converted into useful energy forms using an aerogenerator such as a wind turbine or a traditional

windmill. It is widely recognized as an important renewable energy source.

The use of wind energy can be classified into three main applications.
First, it can be directly used as mechanical energy, where wind is employed to propel vehicles such
as sailing boats or land vehicles like wind-powered cars. This mechanical energy has also
historically been used for water management tasks, as seen in traditional mills, for operating wind-

driven pumps used in irrigation and livestock watering, and for grinding grain using millstones.

Second, wind energy can be converted into mechanical motive power for processes such as

pumping fluids or compressing gases.

Third, it is widely applied in electricity generation, where a wind turbine is mechanically
coupled to an electrical generator to produce either direct current (DC) or alternating current (AC).
The generated electricity can be supplied to the electrical grid or used in standalone systems, which
often include backup sources such as diesel generators as well as energy storage systems, typically

battery banks or other storage technologies [1]
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1.2.2 Wind Energy System components

A wind turbine consists of multiple complex subsystems that work together to convert the
kinetic energy of the wind into electrical energy. Each component is designed to perform a specific
function, and their coordinated operation ensures the overall efficiency and reliability of the system

in producing electricity. [2]

Generally, wind turbines are composed of four principal sections:
* The Rotor Blades

* The Nacelle

* The Generator Assembly

* The Tower

Wind turbine

anemometer

/ nacelle
@

§_—— ear bo {
controller- o 9 X y~ blade
\\l’ SR brake ‘ v

generator

rotor

© Encyclopeedia Britannica, Inc.

Figure 1.1. Components of a Wind Turbine.

1.2.3 Operating principle

Using a device known as a wind turbine (Figure I.1), or windmill, wind energy is converted
from kinetic energy into mechanical power transmitted through a drive shaft. This mechanical
power is then transformed into electrical energy by coupling the shaft to an electric generator. The
resulting alternating current is subsequently conditioned using static power electronic converters,
typically by rectifying it into direct current and, when necessary, inverting it back into alternating
current. This allows the energy to be either stored in batteries or directly injected into the electrical

grid. In this configuration, the system is commonly referred to as an aerogenerator. [3]
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1.2.4 State of the Art on Electromechanical Conversion

The wind turbine converts the kinetic energy of wind into mechanical power. A gearbox is
often employed to adjust the low rotational speed of the turbine (typically around 10-200 rpm) to
the higher operating speed required by conventional generators (generally 750-3000 rpm). The
generator then transforms this mechanical input into electrical energy, which can be delivered to

the electrical grid either through a direct or an indirect connection.

In the case of direct grid connection, the generator operates at a fixed or nearly fixed
rotational speed, usually achieved by controlling the slip of an asynchronous machine. In contrast,
indirect connection uses power electronic converters between the generator and the grid, thereby
decoupling the mechanical speed of the machine from the grid frequency. This configuration
enables variable-speed operation and allows the use of synchronous machines, asynchronous
machines, or other specialized topologies, ultimately improving the overall energy conversion

efficiency of the system. [2]

Variable-speed operation can also enhance the quality of the generated electrical power, as
it offers greater flexibility in handling rapid fluctuations in wind speed. Within this context,
variable-speed wind turbines equipped with permanent magnet synchronous generators (PMSGs)

have attracted increasing attention in recent years from wind turbine manufacturers [3].

Since the rotor’s permanent magnets provide the excitation flux, no stator magnetizing
current is required to establish the air-gap flux. As a result, the stator current is mainly devoted to
torque production [4]. Consequently, for a given power output, a PMSG achieves a higher power
factor and generally demonstrates higher efficiency compared to induction generators used in other

wind turbine configurations.

Measured Reference
Variables Values

Wind turbine ' - Utility Grid
PMSG/ Control System
V\éRC?g/ 1 1 Coupling
Wind R Transformer
{ 3 i : DC S DC e
G T | ] LPF
----------- | AC i AC
Gearbox/ -
Gearless Filter
Full-scale power converter

Figure 1.2. Wind Turbine with a Permanent.
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1.3 Permanent magnet synchronous machine

Focusing on this class of synchronous machines, permanent magnet synchronous machines
(PMSMs) are high-efficiency AC motors that employ strong permanent magnets in the rotor
instead of conventional excitation windings. This configuration eliminates rotor copper losses,

resulting in higher torque density and a more compact machine design.

The late 1980s marked the beginning of the brushless permanent magnet motor era, largely
enabled by advances in power electronics and the development of high-energy-density rare-earth
magnets. Since then, PMSMs have emerged as a more efficient and reliable alternative to
conventional induction motors, particularly in the context of growing demand for low-carbon and

green energy technologies. [5]

Rotor

Figure 1.3. Permanent magnet synchrones machine.
Among the most important characteristics of permanent magnet synchronous machines (PMSM).

e High efficiency and high torque: provides power equivalent to two to four times that of

induction motors of the same size.
e Precise control: allows precise control of speed and position.
e High power density: excellent torque-to-weight ratio.

e No need excitation coils: the permanent magnet self-generates the magnetic field, which

reduces the Heat lost and improves the efficiency (energy saving).

e Low maintenance: due to the absence of brushes and commutators.
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1.3.1 Components of (PMSM)
Like all electrical machines, permanent magnet synchronous machines are mainly composed
of a stationary part (the stator) and a rotating part (the rotor), along with various auxiliary

components that ensure proper operation and performance.
1.3.1.1 Stator

The stator of a permanent magnet synchronous machine resembles that of an asynchronous
machine. It is composed of stacked magnetic sheets, which feature slots housing three identical

windings spaced 2n/3 apart.

Figure 1.4 Stator of machine PMSM

1.3.1.2 Rotor
The rotor in a Surface-Mounted Permanent Magnet Synchronous Machine (SMPMSM) typically

comes in two forms:

e Arotor that has pole pieces. These focus the magnetic flux, and the magnets are arranged
either parallel or perpendicular to the air gap, or in a more complex way. In this machine

type, the inductor has jn

e A rotor without pole pieces, so it has a constant air gap where the magnets' magnetization

is commonly perpendicular to the air gap.
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o T s

(a) PMSM rotor with bandage.

(b) IM rotor with retaining rings.

Figure 1.5. Rotor of machine PMSM.

1.3.2 Operating Principle of (PMSM)

The operation of a permanent magnet synchronous motor is based on the interaction between
the rotor’s permanent magnetic field and the stator’s electromagnetic field. When alternating
current flows through the stator windings, it generates a rotating magnetic field. The rotor’s
permanent magnets interact with this rotating field, producing electromagnetic forces that cause
the rotor to turn. The rotor rotates at exactly the same speed as the stator’s magnetic field, with no

slip between them, which is why the machine is referred to as synchronous [6].

A PMSM converts electrical energy into mechanical energy through the interaction of two
magnetic fields: one produced by the permanent magnets mounted on the rotor, and the other

generated in the stator when it is supplied with alternating current [7].

The operating principle can be described in the following steps. First, the stator windings
carry AC current, which creates a rotating magnetic field whose speed depends on the supply
frequency. Second, the rotor, equipped with permanent magnets, generates a constant magnetic
field. Third, the interaction between these two fields produces electromagnetic torque due to
attraction and repulsion between opposite and like poles, causing the rotor to rotate. Finally, the

rotor follows the stator’s rotating field at synchronous speed.

What characterizes this operation as synchronous is that the rotor speed is locked to the
rotating magnetic field of the stator. Unlike in induction machines, there is no slip between the two
speeds. In induction motors, a slight speed difference is necessary to induce current in the rotor
and generate torque, whereas in PMSMs the rotor is directly coupled to the magnetic field created

by the stator, eliminating slip entirely [3].
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In summary, a permanent magnet synchronous motor operates by continuously aligning the
rotor’s permanent magnetic field with the stator’s rotating magnetic field. This direct magnetic

coupling enables precise speed control, high efficiency, and effective energy conversion.

field made by the stator. Because of this direct link, the motor provides accurate speed

control and efficient turning of energy.

a4 ._,3-phase stator winding

/_f' ; l./f_h“ah + permanent magnet

" salient-pole rotor

Figure 1.6. Schematic Diagram of machine (PMSM).
1.3.3 Uses of the permanent magnet synchronous machine (PMSM)

Permanent magnet synchronous machines (PMSMs) are among the most widely used electrical
machines in industrial and technological applications, owing to their high efficiency, high power
density, fast dynamic response, and precise speed and torque control capabilities. Advances in
power electronics and digital control technologies have significantly contributed to the expansion
of their use across a wide range of modern engineering fields [5]. They are extensively applied in
industrial automation and robotics, and are also a preferred solution in electric and hybrid vehicle
propulsion systems due to their superior performance and energy efficiency. In addition, PMSMs
are used as generators in renewable energy systems because of their ability to operate efficiently
at low rotational speeds. They are also increasingly integrated into aerospace, marine systems, and
modern household appliances equipped with inverter technology, where they help enhance

performance while reducing energy consumption.

* Industrial applications and robotics: PMSMs are widely used in automation systems and
precision robotic applications due to their excellent capability for accurate speed and torque

control.

10
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* Electric and hybrid vehicles: They are considered an optimal choice for electric vehicle
propulsion because of their high energy density, high efficiency, and compact size, contributing to

improved energy savings.

* Centrifuge systems and pumps: They are used in applications requiring high rotational speeds

and stable torque, such as medical and industrial centrifuges.

* Aerospace and defense: PMSMs are employed in flight control systems and mechanical actuators

due to their lightweight design, precision, and high reliability.

* Household appliances and HVAC systems: They are widely used in inverter-based compressors

for air conditioners and refrigerators, providing improved energy efficiency.

* Renewable energy systems: They are used as generators in small and medium-sized wind

turbines, where they offer efficient performance even at low rotational speeds.

1.4 Modeling of the permanent magnet synchronous machine

1.4.1 Description
Synchronous machines with respect to asynchronous machines have a greater power by

weight. Since the rotor flow is known, it is easier to control the torque.

The progress made in the manufacture of magnets, whether based on metal alloys or rare

earths, means that today the use of PMSM is increasing [6].

The permanent magnet synchronous machine (PMSM) represented by fig (I.3) comprises
a stator and a rotor of symmetrical constitution with a pair of poles. In notches regularly distributed
on the internal surface of the stator are housed three identical windings, their axes are spaced apart

from each other by an electrical angle equal to (2n/3) and connected in a star with isolated neutral.

1.4.2 Problems of modeling

The unified theory of classical electrical machines, also called generalized theory, is based
on the Park transformation which relates the stator and rotor electrical equations to the electrically
perpendicular axes called d, for direct, and q for quadrature. These two axes are used, for example
in Blondel's theory of synchronous machines and linked to the rotor. The d axis is the polar axis

and the q axis is the interpolar axis [6].

The modeling of machines and converters in dynamic mode is also a mandatory passage,
whether in continuous models with transfer functions or correcting equations or the determination

of numerical control calculation algorithms.
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The model of alternating current machines is much more complex than that of direct current

machines and their control will be more complex, due to the fact that [8], [6] :

e All the quantities are alternating, fixed or variable frequency.

e But The degree of the electromechanical system is usually higher than that of systems

based on direct current machines.

e In the systems and nonlinear with variable coefficients and multiple inputs and outputs.

e There can be four types of synchronous machine :

e A synchronous machine with a wound rotor and a smooth air gap (Ld = Lq).

e Synchronous machine with wound rotor and protruding pole (Ld > Lq), (effect of
salience, increase in max torque).

e A synchronous machine with permanent magnets mounted on the surface of the rotor
without pole pieces (Ld = Lgq), (large air gap, we can have a trapezoidal torque),

e Synchronous machine parts buried in the rotor, (Ld < Lq), (possibility of high rotation
speeds).

For our case, we are interested in the study, modeling and control of the latest variant of the

synchronous machines mentioned above.

1.4.3 Simplifying assumptions
The electrical and dynamic behavior of electrical machines can only be studied if it is
defined by a mathematical model. To obtain this model, the following simplifying assumptions are

taken into account [7] [5] [9]:
However, the air gap is of uniform thickness, and of negligible notching.
During the saturation of the magnetic circuit, the hysteresis and the eddy currents are negligible.

However, the resistances of the windings do not vary with the temperature and the skin effect is

negligible.

Thus, it is assumed that the FMM created by each of the phases of the two armatures is

sinusoidally distributed.

1.4.4 Characteristic of the PMSM

A synchronous machine with a rare earth permanent magnet, which generates a constant excitation

flow to the rotor (¢y).

The machine is not equipped with a shock absorber.
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All the magnets are buried in the rotor with an inverted salience, therefore the natural inductances

of the stator along the axes d and q are different (Lg > Lg) [6].

.5 Putting the synchronous machine into an equation
To establish simple relationships between the motor supply voltages and these currents, we

consider the following ideal synchronous machine model.

I .5.1 Choice of the Repository
The Park reference frame (d,q) linked to the rotor [8], [10] is chosen.

Where o is the pulsation of the stator quantities in the system (d,q).

1.5.2 Model of the PMSM in the Park repository
The Park transformation brings the stator equations back into a frame of reference linked to
the rotor. So the equivalent machine is identical to a direct current machine having the winding f

as an inductor and having two quadrature armatures. [11.30]

1.5.3 Equations of the PMSM
1.5.3.1 Stator Voltage Equations

For a three-phase PMSM, the stator voltage equations in phase variables are derived from

Kirchhoff’s voltage law.

For each phase:

Vo = Ryiq + 28 (L1)
. d

v, = Rgip + % (1.2)
, dec

v, = Rgi, + d—(’; (1.3)

Where:

Vg, Vp, Veare stator phase voltages

[4, lp, i-are stator phase currents

R;is stator resistance

Pa, Pp, Pcare stator flux linkages

In matrix form:
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. d
Vabe = Rslabc + — QPabc
dt

1.5.4 Flux Linkage Expressions
The stator flux linkage consists of two components:
1. Self and mutual inductance flux

2. Rotor permanent magnet flux

Thus:

Pave = Lavclape + Ppm
Where:

e Lgycis the inductance matrix
*  @,nis rotor permanent magnet flux vector
For a symmetric three-phase machine:
Ly M M
Lape = [M Ly M ]
M M L
Where:

e Lg=self inductance
e M= mutual inductance
1.5.5 Permanent Magnet Flux in abc Frame

The rotor magnet flux depends on rotor electrical position 6,.

Ppma = (prOS(He)
2
Ppm,p = PfCOS (He_ ?n)

Ppm,c = P5COS (Be+ 2?”)

Where:
» @y= permanent magnet flux linkage

e 0, = pb,(electrical angle)

(1.4)

(L5)

(L6)

(1.7)
(L.8)

(1.9)
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e p=number of pole pairs

1.5.6 Complete Voltage Equation

Substituting flux into voltage equation:

D digpc , 49pm
Vabe = Rslabc + Labc dt + dt

This represents the complete stator electrical model in the natural frame.

1.6 Clarke Transformation (abc — afy)

To simplify the model, we apply Clarke transformation.

1 1

; 1 -1 1y
[.a]=z 2 2 ib
l,B 30 E _E ic

2 2

Similarly for voltages and fluxes.

This converts the three-phase system into two orthogonal stationary components.

1.7 Park Transformation (aff — dq)

The rotating reference frame is defined by angle 6,.

[id] _ [ cosf, sin He] [ia]
iq]  |—sin6, cosb.]||ip

This transformation eliminates time-varying inductances.

1.8 PMSM Model in dq Reference Frame

After transformation, voltage equations become:

. di .
Vg = Rsig + Ldﬁ — weLglg
. di .
vy = Rsig +Lg d—tq + WeLgig + weAs
Where:
e Lg, Ly=dq inductances

e W = Py

1.9 Electromagnetic Torque Derivation

The electromagnetic torque is derived from co-energy:

Substituting flux:

(L.10)

(L11)

(1.12)

(1.13)

(1.14)
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@q = Lalg + @5
®q = Lqiq
Thus:
3 ) ..
T, = Ep[qoflq + (Lg — Lq)ldlq]
For Surface PMSM:
Ld = Lq
Then torque simplifies to:
3 )
T, = Ep¢flq
1.10 Mechanical Model

Using Newton’s second law for rotation:

dwm
dat

Where:

=T, —T, — Bwy,

e /= moment of inertia
e B=friction coefficient

e T,=load torque

Electrical and mechanical speeds are related by:

We = Py

I.11 Complete State-Space Model

The state variables are:

x = [ig,iq wm]"

Electrical equations:

did _ 1 . .
e a(vd — Rsig + w.Lyiy)

di 1
q _ _ A i —
iy (Vg — Rsig — welqiy — wedy)

Mechanical equation:

doy, 1
ot =7 T =T, = Bwy)

These last equations constitute the basis of the block diagram of the PMSM.

(L15)
(1.16)

(L17)

(1.19)

(1.20)

(1.21)

(1.22)

(1.23)

(1.24)
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The frequency of the stator currents is controlled according to the rotor’s rotational motion
in order to maintain synchronism between the stator-generated magnetic field and the rotor
magnetic moment. Consequently, the stator field rotates at the same speed as the rotor. When the
rotor is at standstill, the stator field also becomes stationary. This operating principle is commonly

referred to as self-synchronization or autopilot control.
I.12 Principes de base de la commande des MSAP

Since PMSMs are synchronous machines, precise torque can only be produced when the AC
excitation frequency is accurately synchronized with the rotor frequency. Therefore, the
fundamental requirement in PMSM control design is to ensure precise synchronization of the
machine excitation with the rotor frequency. The direct approach to meeting this requirement is to
continuously measure the absolute angular position of the rotor and adjust the machine excitation
accordingly, as shown in Figure 1.7. This concept is also known as self-synchronization [3] and

guarantees that the PMSM does not lose synchronism during operation.

DC Source
Inv. park trans. l
Oret Fm Speed |izq+/7 Viq V2,
z controller e Pl d-q / |77 >  vsi
=l i ) V,_>3“ SVPWMI=M  pverter
lsd + s Pl Vi a-f >
_Cj ¥ .
isq A—n & .
d-q a-f Iy
; il -
lsgf ap | 2P abc|, o

Motor

position Park trans. Clarke trans.

Rot | " Speed and position [<€— Vv
otor angular spee: P [ Vsd
g P estimation vV

|~

:

Figure 1.7. Surface-Mounted Permanent Magnet Synchronous Motor (SPMSM) Structure

[1].
1.12.1 Basic Control Methods of PMSMs
1.12.1.1 Scalar V/f Control

It is possible to design Interior Permanent Magnet Synchronous Motors (IPMSMs) equipped
with squirrel-cage windings (damper windings) in the rotor, as shown in Figure 1.8. These squirrel-
cage rotor windings are similar to those used in squirrel-cage induction motors and produce

asynchronous torque whenever the IPM rotor does not rotate at synchronous speed.

The asynchronous torque generated by the squirrel-cage rotor windings during asynchronous

operation brings the IPM rotor back into synchronous operation, thereby ensuring synchronous
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operation of the IPMSM at all times. This feature makes it possible to use a simple open-loop V/f
control algorithm for this type of IPMSM, as illustrated in Figure 1.8, to achieve speed regulation

in applications such as pumps and fans that do not require a fast dynamic response [1].

Accel. PWM
Decel. VSI
fuy

‘ i V
:y . —} —5>
f /o

Figure 1.8 illustrates the open-loop V/f control strategy, which can be applied to IPMSM

motors with a squirrel-cage rotor [1].

Figure 1.4 illustrates the V/f control approach for IPMSMs with squirrel-cage rotors. This
approach is similar to the V/f control (scalar control) used in induction machines. However, one
of the advantages of this drive system is that the rotor speed depends only on the machine

excitation frequency and does not require slip compensation, unlike induction motor drives.

While IPMSMs equipped with squirrel-cage rotor windings can be controlled using the
configuration shown in Figure 1.8, difficulties may arise when controlling PMSMs without
squirrel-cage rotor windings using the same control configuration. The absence of squirrel-cage
rotor windings means that the machine cannot guarantee synchronization between the rotor and

the excitation frequency, nor can it ensure stable operation.

Therefore, the use of the V/f control approach with PMSMs that do not have squirrel-cage
rotor windings requires information about the rotor frequency (rotor speed) to maintain
synchronization between the AC excitation frequency and the rotor frequency. In this case, the

system must be designed to operate in a closed-loop configuration, as illustrated in Figure 1.9.

Voltage™
calculation
*
Vv
Frequency ., > S—p = :
command J PWM otor angular
- VSI [0 position sensor

Calculation of 4(_')r___
m

Figure 1.9. V/f Control Approach for Permanent Magnet Motors without Squirrel-Cage
Rotor Windings [1].

1.12.1.2 Closed-loop speed and torque control
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Improved performance compared to the V/f control approach can be achieved by
incorporating both torque and speed control of the machine within the drive controller. The drive
control structure with torque and speed regulators is illustrated in Figure 1.6. The torque
production of permanent magnet machines is directly related to the stator currents; therefore,
torque control involves regulating the stator currents, which requires current feedback to be
supplied to the torque controller, as shown in Fig. 1.10. In addition, as discussed earlier in this
section, rotor position feedback is also essential for the torque controller in order to achieve self-

synchronization.

Stator current control is performed in a field-oriented reference frame within the torque
controller. As a result, this type of control strategy for PMS machines is also referred to as field-

oriented control (FOC).

Speed control is implemented by closing an outer speed feedback loop around the inner
torque control loop, as shown in Figure 1.6. Speed feedback can be obtained using the same rotor

position sensor used for rotor position estimation.

In order to achieve fast torque response, direct torque control (DTC) of PMSM drives has
also attracted considerable interest in recent years. DTC requires accurate estimation of magnetic

flux and torque. A detailed analysis of PMSM-based DTC is provided in [4].

A\ 4 ® 1
V. |pwM
d ®* A®_ | Speed T * | Torque Vs
— i+ - antm”er — | controller [ VSI I
, 0 -
' Angular position feedback

Angular velocity feedback O, d/dt le 0,

Figure 1.10. Functional Diagram of a Permanent Magnet Synchronous Motor (PMSM)
Control System Incorporating Torque and Speed Controllers [1].

1.13 Current Control Techniques for Permanent Magnet Synchronous Motors (PMSMs)
1.13.1 Linear Current Control Based on a PI Controller

Figure 1.11 illustrates a linear control method employing a Proportional-Integral (PI)
controller and a modulation stage. The control loop generates a reference speed. The measured
motor speed is compared with the reference speed, and the resulting error is fed into the PI

controller.
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The PI controller generates the motor reference currents. The measured motor currents are
then compared with the reference currents, and the resulting current error is applied to the input of
the PI controller. The PI controller processes the current error and generates a reference voltage

(also referred to as the modulation waveform), which is supplied to the modulation stage.

Ua
U*
SVPWM —2+ |
u:
i <Ja
(67
magnetic polarity 1 A b
detection . ; :
—‘ iq af ’/ﬁ_ abc<t‘-
6,
Rotor
position

Wr | estimation

Figure 1.11. Functional Block Diagram of the Linear Control Method [2].

1.13.2 Hysteresis Current Control

Hysteresis control for three-phase systems is illustrated in Figure 1.12. It is also known as a
nonlinear control technique. In this scheme, the measured currents of the three-phase system are
compared with the reference currents, and the resulting error is sent to relays, as shown in Figure

1.12. These relays are also referred to as hysteresis comparators.

These relays are responsible for generating the switching signals for the converter in such a way
that the measured values remain within the user-defined hysteresis bandwidth. A low level
condition (0) is then produced. The converter output voltage becomes zero, which leads to a

decrease in the phase current.
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Figure 1.12. Hysteresis Current Control Method for PMSMs [2].

1.13.3 Predictive Current Control

Figure 1.13 presents a predictive current control method for motor current regulation. Compared
to linear control, this method does not require linear PI controllers or a modulation stage. It
provides a different concept and approach for controlling power converters [10—11]. It is a true

model-based optimization control method that involves a large number of calculations.

The continuous-time dynamic model of the load current for an RL load with a three-phase two-

level inverter is simplified as follows:

The above continuous-time dynamic model of the load current is converted into a discrete-time

model, as shown below, for a sampling time.

(Z;: imf u Lik
+ s 9
—)?—P PI —»{ Cost function i >Pu]se p| 2-level
_ l-ref > (5) gen. Inverter
i
= k42
i l.\'i(/q
u; 4 —» Prediction
T ® Model (3)
k+1
s dg
I)ehy : uf dg
Compensation =
“4)
o

sensor

Figure 1.13. Functional Block Diagram of Predictive Current Control Method [2].

1.13.4 Deadbeat Predictive Current Control
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Figure 1.14 presents a deadbeat-type predictive current control method with a modulation stage.
This method is similar to linear PI control, but the PI controller in the linear scheme is replaced by

a deadbeat controller.

The deadbeat controller used in this method is responsible for predicting future current behavior
at each sampling period, in a similar way to predictive control, using both the load and converter
models. It then selects the most appropriate reference voltage vector and applies it to the

modulation stage [12,2].

A PWM/SVM modulator is used to generate the switching signals for the power converter,

resulting in fixed switching frequency operation.
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Figure 1.14. Functional Block Diagram of Deadbeat Predictive Control Method
1.13.5 Modulated Predictive Control

Figure 1.15 presents the functional block diagram of the modulated predictive control method for
motor current regulation. The modulated predictive control method is designed to combine the

operating principles of predictive control and SVM [2, 13].

Modulated predictive control performs the cost function optimization in terms of duty cycles, then
applies the optimal voltage vectors corresponding to the minimum value ofthe cost function to the

converter through the SVM stage.
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Figure 1.15. Functional Block Diagram of Modulated Predictive Control Method [2].

1.13 Conclusion

Permanent magnet synchronous motors (PMSMs) are widely used in industrial applications
requiring high performance and high precision, such as electric vehicles (EVs) and automated
production systems. Their success is due to several advantages, including high efficiency, high

torque and power density, low maintenance requirements, and a high torque-to-inertia ratio.

Thanks to extensive research devoted to their modeling and control, several control strategies have
been developed to improve their dynamic performance. Among these, field-oriented control (FOC)

is currently one of the most widely used methods for PMSM speed regulation.

The development of power electronic components and the increase in microprocessor computing
capabilities have led to the emergence of more advanced control techniques. However, many
applications impose strict constraints on current, voltage, torque, and rotational speed to ensure
system safety and proper operation. Classical approaches can satisfy these constraints, but often at

the cost of degraded dynamic performance.

In this context, model predictive control has attracted increasing interest. This strategy uses a
system model to predict future behavior and determine the optimal control action while explicitly
taking system constraints into account. Several control architectures have been proposed in the
literature for PMSM drives, including partial or full replacement of PI controllers in conventional

FOC structures.

Among the most studied approaches are predictive current control, deadbeat predictive control,
and modulated predictive control. These methods allow current and voltage constraints to be
incorporated in the dq0 rotating reference frame and represent promising alternatives to classical

PMSM control strategies.
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I1.1. Introduction

The increasing use of electrical machines across a wide range of application areas has led to
a continuous rise in industrial energy demand. Synchronous-machine-based alternators remain
one of the main technologies for electrical energy generation. When coupled with hydraulic,
steam, or wind turbines, these systems constitute some of the largest energy conversion units

currently in operation.

In permanent magnet synchronous machines (PMSMs), the conventional field winding is
replaced by permanent magnets. This configuration eliminates the need for brushes and reduces
rotor losses, thereby improving both reliability and efficiency. As a result, PMSMs are widely
used in various applications such as machine tools, robotics, aerospace power generation, and

electric traction systems.

The analysis and control of these machines are typically based on an accurate mathematical
model that includes key electrical parameters such as resistance and inductance. Such models
enable a detailed representation of the machine’s physical behavior during operation and provide

a basis for addressing practical engineering challenges [15].

This chapter first presents the main structural components of the machine, and then develops
the mathematical model of the permanent magnet synchronous generator (PMSG) in both the
rotor and stator (Park) reference frames. In addition, the operating characteristics of the system

under grid-connected conditions are investigated.

I1.2 Modeling of the Permanent Magnet Synchronous Generator (PMSG)

I1.2.1 Description

An alternator consists of two main parts: a stationary component and a rotating component.
The stator, also referred to as the armature, is built from a laminated core that typically has a hollow
cylindrical shape. This core contains slots designed to accommodate the conductors of a three-
phase winding arranged for 2p poles. The windings are spatially displaced by 2mn/32 electrical
radians and are generally connected in a star (wye) configuration, with the neutral point often

brought out for grounding purposes.

The rotor, which serves as the field system, is composed of p north poles and p south poles
arranged alternately. These poles are produced either by field windings supplied with direct current
or by permanent magnets. From a structural perspective, rotors are classified as either salient-pole

or non-salient (smooth) types, as described in [13].
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The number of poles in an alternator is directly related to the rotor speed and the frequency of
the generated electrical output. To illustrate this relationship, consider a conductor located in the
stator while the rotor’s alternating north and south poles pass over it. When a north pole moves
past the conductor, the induced voltage follows a positive variation, while the passage of a south
pole produces an equal but negative variation. Consequently, each passage of one pole pair
corresponds to one complete cycle of the induced voltage waveform. This leads to the well-known
relationship between electrical frequency, rotor speed, and number of poles, expressed by the

following equation:

pn (IL1)

120
I1.2.2. Operating Principle of a Synchronous Generator (PMSG)
In a synchronous generator, the mechanically driven rotor field system produces a magnetic
field that varies spatially across the stator windings. The electromotive forces (EMFs) induced in
these windings give rise to currents, which in turn establish a rotating magnetic field in the air gap.

This stator magnetic field rotates at the same speed as the rotor’s magnetic field [13].

The fundamental operating principle is based on the interaction between the rotating rotor
magnetic field and the stationary stator windings. As the rotor, acting as a magnet, rotates past the
three stator coils connected to the electrical network, it causes a time-varying magnetic flux in
each coil. This variation in flux induces an electromotive force in each phase winding, resulting in

the generation of a balanced three-phase current.

I1.2.3. Modeling of the Permanent Magnet Synchronous Generator

Similar to other three-phase electrical machines, this generator is equipped with a wound
stator. However, a key distinguishing feature of the Permanent Magnet Synchronous Generator
(PMSGQG) is the use of permanent magnets in the rotor. This configuration eliminates the need for
brushes and slip rings, thereby reducing rotor losses and removing the requirement for an external
excitation current supply [18]. As aresult, an electromotive force is induced in each stator winding,

producing a three-phase output current.

The modeling of a Permanent Magnet Synchronous Generator (PMSG) relies on the
development of a rigorous mathematical framework. Such a model is necessary to accurately
describe the electromagnetic and mechanical processes governing the machine’s operation. It
enables a detailed analysis of the system state variables under both transient and steady-state

conditions, providing a solid basis for simulation and performance evaluation [19].
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I1.2.5 Electrical Equations of the PMSG:
The electrical equations of electrical machines in a stationary reference frame linked to the

stator are described by:

I/a ia q)a
Vo | = [=Rs] |ib + | Pv (I1.2)
VC iC (pC

(V,V,V): Stator phase voltage vector.

(igipic): Stator phase current vector.

(Pa@p@.) : Vector of the total flux linkages through the stator windings.
R : Stator phase resistance.

The stator windings of the synchronous machine under consideration are connected in a star
(wye) configuration with an isolated neutral point. This arrangement ensures that the instantaneous
sum of the stator phase currents is always zero, thereby eliminating the presence of zero-sequence
currents. As a result, even if zero-sequence components of voltage or flux exist in the system, they

do not contribute to the electromagnetic torque production.

I1.2.6 Transformation to the Park Reference Frame
To simplify the dynamic model of the machine, a reference frame transformation is employed.

This mathematical operation effectively maps the three fixed stator windings, originally displaced

Figure II.1. Representation of (PMSGQG) in the Park (d, q) Reference Frame.
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by (2n/3), onto a new representation comprising two fictitious equivalent windings. These
transformed windings exhibit a (n/2) phase shift and are inherently aligned with the rotor's

reference frame

The two d- and g-axis coils, rotating synchronously with the rotor, generate an effect
comparable to that produced by the three stationary windings. Expressing system variations within

this newly established (d, q) reference frame facilitates the transformation from the natural

abe (L1-L3) and dq0 (Park)
reference domains

d-axis and a-axis are initially aligned g-axis and g-axis are initially aligned
q
b b
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Figure I1.2. Transformation from the Stator Natural Reference Frame to the Park (d,q)

Reference Frame.

coordinate system to the Park reference frame, thereby yielding a relatively simplified model

of the machine [17].

Using the Park transformation, the real (phase) quantities (v,, v, v,) and (i, i, i) are transformed

into their components in the new reference frame (v, vy, v,) and (iy, ip, i;)-

The Park transformation matrix is expressed as follows:

— cos(@) cos (0 — 2{) cos (9 — 4;) _
P(0) =|-sin(0) —sin (0 — 2;) —sin (0 — 4;) (I1.3)
1 1 1
L2 2 2 .

The inverse Park transformation is given by:

cos(6) —sin(6) 1
cos (9 — 2;) —sin (0 - 2;)

| 1
I I
[cos (9 - 4;) —sin (0 - 4;) 1J

—_

(IL4)
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11.2.7 Magnetic Equations
In  synchronous machines with a sinusoidal distribution of conductors,
(@q ) and (@, ) are linear functions of the currents (i; ) and ( i ):

0q = Lyl (IL6)

Ly and L, are the direct-axis and quadrature-axis inductances, respectively, and they are assumed

to be independent of 6 .

@y represents the magnetic flux produced by the permanent magnets.

By adopting the generator convention, the directions of the currents i; and i, are reversed within
the park reference. Consequently, the derived model for the permanent magnet synchronous

generator can be formulated as:

dI

V, =Ry — Ly d—;‘ + wlyl, (IL.7)
dl

V, = Rgl, — L d—t" — wlyly + wor (IL.8)

I1.2.8 Expression of the Electromagnetic Torque
The electromagnetic torque (C,,,) is conventionally expressed as the partial derivative of the
electromagnetic energy stored with respect to the rotor’s mechanical angular position [17]:
dw, dw,

=P
dBeo de,
W, : Energy stored in the magnetic circuit.

Com =

(1L.9)

B4e0: Angular displacement of the moving part.
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P: Number of pole pairs.

The expression of the power transmitted in the Park reference frame is given by:

P(t) = ;(led +V,1,) (1L.10)

By substituting V,; and V;, with their respective expressions, we obtain:

3 d
P(t) = 2 [_Rs(igl +i3) + E((pdid + @qiq) + w(paiqg — (Pqid)] (IL11)

ZRS(ifl + ig) : Represents the power dissipated as Joule losses in the stator windings

di di - . . o
Z ((pd f + @4 f) : Represents the variation of the magnetic energy stored in the stator windings

. .\ d6 . .
z ((pdlq - q)qld) prll Represents the electromagnetic power. Knowing that:

w=p and P, =C,, 12 (I1.12)

The expression of the electromagnetic torque can be written as:

3 . .
Cem = Ep((pdlq — @q ld) (I1.13)

After performing the necessary substitutions, it can be expressed as :

3 . .
Comn = Ep[(Ld — Ly)iaiq + @5ig] (I1.14)
11.2.9 Mechanical Equations

The dynamic equation of the PMSG is given as follows:

dn
J 27 =Cn = Cem — 0 (II-13) (IL.15)
Where:

e T,,: Mechanical torque applied to the generator

e T,,.: Electromagnetic torque

f22: Friction torque

J: Total moment of inertia of the machine

f: Viscous friction coefficient
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I1.3 Turbine Modeling:
I1.3.1 Aerodynamic Torque of the Wind Turbine:

Turbine modeling requires the development of an accurate mathematical representation that
describes the power extracted from the wind as a function of both the incoming wind speed and
the turbine operating conditions, particularly its rotational speed. This approach aims to improve
the understanding of the turbine’s dynamic behavior under different operating scenarios and to

enable the evaluation of overall system performance.

In addition, such a model allows the aerodynamic torque acting on the low-speed shaft of the
wind turbine to be quantified, which is essential for analyzing the energy conversion process within
the system. Consequently, the available wind power, also referred to as aerodynamic power, is

defined as follows: [1-2].

1 1
P, =EpSV3 =Ep.7T.R2.V3 (I1.16)

p: Air density, equal to 1.22 kg/m? at atmospheric pressure and 15°C. According to Betz’s law, this

power can never be fully extracted.

S: The circular area swept by the turbine; the radius of the circle is determined by the blade length

R, where S = mR?.
V: Wind speed.

In reality, the conversion device (the wind turbine) extracts an acrodynamic power P;that is lower

than the available power P,.

1
P, = > C,(A,B)pmR?V3 (IL.17)
A wind turbine can only convert a certain percentage of the power captured from the wind. This

percentage is represented by C, (4, ), which depends on the tip-speed ratio Aand the blade pitch
angle f5.
The power coefficient C,represents the aerodynamic efficiency of the wind turbine (P./P,). It

depends on the turbine’s characteristics. The expression of the power coefficient is interpolated in

the following form:

A _As
C,(LB) = A, (72 — AsB - A4> e M + A\ (IL18)

With:
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1 ( 1 0.035 )
A \A+0.088 p3+1
presents the observed variation of the power coefficient (C,, ) for the wind turbine examined in this

(IL.19)

thesis. The maximum power coefficient (Cpmqy) 0f 0.48 is achieved when the blade pitch angle
(B) is 0° and the tip-speed ratio attains its optimal value (Aopeim) of 8.1. To optimize power
extraction, it is imperative to operate the turbine at this specific optimal tip-speed ratio, thus

sustaining the power coefficient at its peak value (Cppqr = 0.48).

The turbine torque is defined as the ratio of the aerodynamic power to the turbine’s rotational

speed, (Q,).

(| O A

04} - :

03+
U°-0_25.A...,

02}

0.15

01f-----

0.05 |

Figure I1.3. Variation of the Power Coefficient as a Function of A and .

1pnR*C,(4, V3
2 0,

with w; = w,, since the gearbox ratio k =1

Tt =

(I1.20)

0); : Turbine speed.
T, : Aerodynamic torque.

The tip-speed ratio (A ) is defined as the ratio between the linear speed of the blades (i.e., the

turbine’s rotational speed) and the wind speed.

A= @ (IL21)
As depicted in (Figure 2.1), the power coefficient typically achieves its peak at a particular tip-
speed ratio, referred to as (Aopt ) At this specific operational state, the power coefficient ( C,)
reaches its highest point, which is indicative of the most efficient power capture from the available

wind resource.[29]
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Based on this fundamental principle, it is possible to develop control strategies that ensure optimal
power extraction over a wide range of wind speeds. This operating mode is maintained until the
generator reaches its rated power. Beyond this point, any additional available wind power is

limited, and the output is constrained to the nominal rated value [2].

11.3.2 Power Maximization and Pitch Angle Control

The formulation of the control strategy is based on the assumption that wind speed variations
remain negligible during steady-state operation. Under this assumption, the aerodynamic torque
can be accurately estimated by combining the available wind speed estimate with the measured

mechanical rotational speed of the turbine.

_ Ptmax

Tt* -

1
=—oC SV3 11.22
wr*n Zwr*n PmaxP ref ( )

Given the inherent challenges in directly measuring wind speed at the turbine level, its value is

typically estimated through the application of the subsequent equation.

wmR
V. = —
ref Aopt

Additionally, to safeguard the wind energy system and ensure its stable operation, while

(I1.23)

simultaneously maintaining power output at its nominal level, pitch angle control is a frequently
adopted mechanical strategy. This approach involves modifying the blade pitch angle in response
to variations in wind speed. Its primary function is to regulate both the output power and rotational

speed when the generator speed surpasses 30% of its rated capacity. [1].

I1.4 Modeling of Inverter

The two-level three-phase inverter is one of the most widely used topologies for connecting
decentralized generation systems to the electrical grid. It enables the conversion of a DC input
voltage Vdc into a three-phase AC output through PWM control, which regulates the switching
duty cycles of semiconductor devices such as IGBTs or MOSFETs [12].

Each inverter leg can switch between two voltage levels, either +V,;./2 or —V;./2, depending on

the adopted configuration (with or without a neutral point).
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T|_+‘ "g* T; 2

= Vin

.Y T(,*

N b

< v bhTc

Figure I1.4. Schematic Diagram of an Inverter.

The line voltages at the inverter terminals are expressed as follows:

Upe = Voo + Voo = Vo — Voo

{Uab = Vao Voo = Vao = Vo
Uca = Voo + Voo = Voo — Vio

Uap, Upc, and U,, can be considered as the inverter input voltages.

The inverter equation in matrix form is represented as follows:

sl 3

I1.5 Modeling of Rectifier

(I1.24)

(IL.25)

The machine-side converter constitutes a key component in the energy conversion chain of a wind

energy system based on a permanent magnet synchronous generator (PMSG). It acts as the

interface between the generator and the DC link, ensuring the controlled transfer of the electrical

energy generated by the turbine to the grid-side conversion stage.

In modern high-performance wind energy systems, a PWM rectifier combined with a filtered DC

bus is commonly employed to facilitate bidirectional power flow control and enhance the quality

of the exchanged energy [12].
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Figure I1.5. Schematic Diagram of a Rectifier.

On peut simplifier la modélisation et diminuer le temps de simulation en représentant le redresseur
par un ensemble d’interrupteurs idéaux. Ces interrupteurs sont complémentaires, et leur état est

déterminé par la fonction suivante :

S= {“' S=-1 ouwrS=ab,c (I1.26)
~1, S=+1

Puis, les tensions de phase d’entrée et le courant de sortie peuvent étre écrits en fonction de :

ig+ip+i.=0 (I1.27)
Les tensions d’entrée entre phases du redresseur MLI peuvent étre décrites par :
Usap = (Sa - Sb)Vdc

Uspe = (Sb - Sc)Vdc (I1.28)
Usca = (Sc - Sa)Vdc

I1.7. Conclusion

This chapter presented the mathematical and operational modeling of the Permanent
Magnet Synchronous Generator (PMSG), including the fundamental electrical and mechanical
equations that describe its behavior. The Park transformation was introduced as an effective tool
for simplifying the machine model and facilitating its analysis and control. In addition, the main
control principles and techniques required to evaluate system performance and enhance

operational stability were discussed.

The chapter also examined the wind turbine model and the associated power conversion
stages, including the rectifier, the DC-link, and the inverter. These components play a crucial role

in the efficient conversion and transfer of energy from the wind turbine to the electrical grid.
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Overall, the developed models provide a comprehensive framework for understanding the
dynamic behavior of the wind energy conversion system. They establish the theoretical foundation

necessary for the design, implementation, and evaluation of advanced control strategies, which
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Chapter I1I: Proposed Predictive Current Control Strategy Based on the GWO Algorithm

I11.1 Introduction:

Permanent Magnet Synchronous Motors (PMSMs) require advanced control strategies to achieve
high-performance operation and accurate current regulation. Model Predictive Control (MPC) offers
excellent dynamic response and constraint-handling capabilities; however, its effectiveness depends heavily
on the proper tuning of control parameters. To enhance controller performance, the Grey Wolf Optimizer
(GWO) is integrated with the predictive control framework to determine optimal parameter values. This
section presents the proposed GWO-based predictive current control strategy and outlines its

implementation through the corresponding algorithm flowchart.
II1.2 Predictive Current Control of PMSMs

1I1.2.1 General Overview of Predictive Current Control

Classical predictive control, which is a branch of model predictive control, can be described as a new
control strategy based on the system model, including both the converter and the machine, to predict its
future behavior over a prediction horizon based on a user-defined optimal criterion, ultimately generating

the optimal system behavior.

More specifically, the classical predictive control model predicts the behavior of the controlled
variables, i.e., the machine current, for each possible finite switching state generated by the converter. Thus,

to select the appropriate switching state to be applied, selection criteria must be defined.

This criterion consists of a cost function that is evaluated using the predicted current values, thereby
measuring the error between the reference current and the predicted current. The current is computed (i.e.,
predicted) for each possible switching state of the converter, and the state that minimizes the cost function

is selected, ensuring that the error between the measured stator current and its reference value is small.
Therefore, the general principle of the control algorithm mainly consists of three key elements:
e The dynamic mathematical model of the drive system (converter and machine).

e A user-defined criterion, i.e., a cost function, which ultimately determines the system behavior

through a sequence of control actions over a prediction horizon N.

e The optimization of the cost function, where only the optimal control action from the generated
sequence is applied, while the others are discarded. The control algorithm is then repeated at the

next sampling period.

The general operating principle of predictive control is illustrated in more detail in Figure 3.1, where,
at the sampling instant Ts (in the ideal case), system measurements and predicted control actions are
performed. Control actions are obtained by minimizing a cost function that evaluates the best future control

action to be taken.
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The optimal control action is then implemented, and system variables are measured and recalculated
in the next sampling period based on the system state at that time, generating new control actions with a

shifted prediction horizon.

However, for real-time discrete applications, a longer step horizon must be introduced due to the
impossibility of simultaneously performing system measurements and computing control actions. Thus, a

two-step prediction horizon is often used [7-8].

Past Future

— Reference Signal
Predicted System Output

Measured System Output

Predicted Control Input

Past Control Input

Sampling Period t

[ | | I I

Ik Ik Tkl Tk+2 Tk+3 Tkva Tk N

Prediction Horizon

Figure III.1. Block Diagram of Predictive Current Control.

predictive current control efficiently handles complex dynamic systems subject to variations and
allows the integration of multiple constraints and nonlinearities within the control system, making it a
versatile control technique. These characteristics are inherent in industrial processes and real systems,

thereby posing a challenge to classical control techniques, which are better suited to less complex systems.

Moreover, a key difference from traditional optimal control lies in the use of a cost function to
globally evaluate system performance over a prediction horizon, enabling the optimization of control
variables, i.e., the current. In addition, the predicted current output is based on previous system information
as well as possible predicted current values within the moving horizon, highlighting the role of the system

model.

In particular, in predictive current control, the optimal predicted current values are not obtained by
evaluating the error between the reference and feedback signals, as in a classical PID controller. Instead,
they are obtained by minimizing the cost function used as a performance function, i.e., penalizing future
control actions, where only the optimal solution is selected and applied over the prediction horizon.

Furthermore, predictive current control is implemented as a digital control strategy.

Nevertheless, due to the high flexibility of the optimization problem, where various constraints and
objectives can be added to the cost function, as well as the chosen prediction horizon N to improve control

performance, the trade-off generally lies in the high computational cost of predictive current control.
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Several solutions to overcome this issue and its drawbacks were presented in Chapter 1. In the following

section, another solution is proposed.
I11.2.2 Two-Level Three-Phase Inverter

In this work, the considered drive system configuration consists of a two-level three-phase inverter
connected to the PMSM. The inverter is characterized by six IGBTs (from T1 to T6) and their respective
antiparallel diodes, where the control system generates the optimal voltage vector through a combination

of switching signals S, S}, and S.

In addition, a closed-loop scheme with measurement sensors is considered, in which the rotor
position, stator currents, and DC-link voltage Vdc are measured to ensure high drive efficiency. The

configuration of the PMSM drive system is illustrated in Figure 3.2.

Sa Sb Sc
Vdc__ _| —| _|
3 L -

PMSM

Figure II1.2. Configuration of the PMSM Drive System with a Two-Level Three-Phase Inverter

A more detailed analysis of the inverter allows us to deduce the following mode of operation for a

given phase as an example:
e If Switch ON; then Switch OFF; So, T;T»:S, = 1,5, =0
e If Switch then Switch then, T;: OFF;T,:ON;S, = 0,5, =1

This is true for the phases and. Therefore, the relationship between the phase output voltage (line-

neutral) and the switching states of the inverter is given by:

Val] y.[2 -1 —1][%

dc
Up =3 -1 2 —=1{|[S (Il 1)
Ve -1 -1 21LS,

Since for each of the three phases, there are two control actions defined by the switch's ON-OFF
activity, the representation of the voltage vector of the phase voltages corresponding to the eight different
switching states/combinations that can be generated by the inverter can be calculated using the definition
of the spatial vector where there are switching states, the spatial vector of the voltage being defined as
follows: 23 = 8
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2
Vs = ngC(va + avy, + a?v,) (111. 2)

Where the rotation factor of space is given by . The output voltage of the inverter in an equivalent in

a stationary reference frame can be obtained by using the following transform:a = e/2™/3af

11

[v“]—zl[l 2 _E]lia (11L.3)

vl 73l v VB[ '
10 7 717

Therefore, using (3.1) in (3.3), the output voltage vectors of the inverter in the coordinate system are

given by:
2 Sp+S
(RS
{ 1 (111.4)
L v = J5Vac(S = 50)

The evaluation of (3.4) for the different switching states gives the spatial vector at eight voltages
generated by the inverter, as shown in Table 3.1, which details the relationship between the output voltages

and the eight conductive modes, i.e., the switching states of the

The three-phase inverter with 2 levels are given in Table 3.1 where . In addition, it can be observed

that the generated vectors are categorized into six active voltage vectors (to V;(j = 0, ...,7)V; Ve ) and two

null (inactive) voltage vectors (Vyand V- ). In addition, the hexagonal voltage vector can be seen in Figure
3.3, where the six active voltage vectors define the axes of the hexagon of the voltage vector and the voltage
vectors that are zero at the origin, with an angle between two adjacent active vectors of 60 degrees. The
relationship between the output voltages and the eight conduction modes, i.e. the switching states of the

three-phase inverter, is given in Table 3.1 where S;(j = 0, ...,7)

It should be noted that due to the existence of the two zero voltage vectors as shown in Table 3.1,
multiple switching combinations, multiple switching combinations can be generated. Nevertheless, in real-
world applications, it is common to choose one or the other in order to reduce the complexity of

implementing predictive control [10-11]. So, in this work, V} is chosen as a zero vector.
II1.2.3 Predictive Current Control Applied to MSAPs

For the numerical implementation of predictive current control, a discretization method is necessary
to approximate its continuous case. Given the short sampling time () used in this work, the explicit Euler
discretization method is considered the most appropriate because of its simplicity, and is expressed as
follows: T

di(t) _i[k+ 1] — i[k]
dt T,

(1IL.5)

Table 3.1. Voltage vectors at the output of a three-phase 2-stage inverter.
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Vi(Sa S5, S0)) Va Vb Ve
V4 (0,0,0) 0 0 0
V1(1,0,0) 2/3vg4¢ —-1/3vq.  —1/3vg4
V,(1,1,0) 1/3v4, 1/3v4, —2/3v4.

V3(0,1,0) (-1/3vg4.) (2/3vq) (—=1/3vg4)

V4(0, 1, 1) —2/3vdc 1/317dc 1/3de
V5(0,0,1) —1/3v4, —1/3v,. 2/3v4,.
V6(1, 0, 1) 1/3vdc —2/3'l7dc (1/317116)
V,(1,1,1) 0 0 0
pA
¥3(010) : V5(110)
|
|
|
Vi(011) [ ¥1(100)
- —_—— -
¥5(000)
V5(111)
Vs(001) Vs(101)

Figure II1.3. Hexagonal representation of the voltage vectors of a three-phase 2-stage inverter.

Initially, the equivalent stator voltage is reconstructed using the optimal voltage vector as seen in
(3.1) in the reference frame (dq) using (2.1). Therefore, considering the direct Euler discretization method

(used throughout this work), the discrete-time version equations corresponding to (2.10) can be stated as:

. g Las . .

vgs = Rslgs - erqslgs + TS l§+1 - 15)
s

(111.6)

L
k —p ik ik as (:k+1 _ ik
kvqs = Rgigs — wrLgsigs + T g~ — lq) + w, Y,
S

Where is the sampling interval, Tyi%, and i’;s are the currents measured at the ends of the direct and

quadrature axes at the instant, and kv¥_ and ‘U(’;S are the direct and quadrature axis voltages obtained from
the optimal voltage vector applied to the inverter at the time. Thus, up to (3.6), the stator currents predicted

in the sampling period are given by:kk + 1
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( R.T. L T.
[ k1 = (1— Ss)i§S+erS£'k+—s k

l v
Lds Lds a Lds as (IH 7)
jk+1 — 1_% ik —wT%ik +£v" '
kqs qu qs ris qu ds qu qs

Using predictive current control with delay compensation from [54] and according to (3.7), the

predicted currents in the sampling period th can be written as:(k + 2)

( R.T. L T.
|lk+2—(1——s S)i§:1+weT Lkl | 5 k4l

v
Lds SLds a L ds as
R.T. Ly, T, (11.8)
k+2 =11-= k+1 _ T —as k+1 + = vk+1
k ” < LqS >lqs e qu l LqS ”®

Where vEF! and vk+1 are reconstructed from the 8 vectors of the hexagonal voltage that the
converter can synthesize. Next, the cost function is defined with a focus on the desired behavior of the
MSAP. Therefore, since the implemented algorithm focuses on the predictive currents, the cost function is
then defined to evaluate the error between the predicted currents and their respective baselines. Thus, the

cost function is given by:

gy, = [ids - Ld;’z] + [qu - lq+2] =0,..7 (111.9)

In the MSAP control, a speed control loop with an integral proportional controller (PI) generates the
"control signal" from the error (difference) between the desired mechanical reference speed and the actual
measured mechanical speed emitted by the machine in order to correctly follow the reference speed, as
shown in Figure 3.3. Since the PI speed controller used uses closed-loop control feedback, a speed sensor
is also used to track the actual speed of the machine and get the rotor location. In addition, the performance
of the PI cruise control is highly dependent on its parameterization (controller gains), with the proportional
component being responsible for proportionally adjusting the control signal to an existing error, The values
assigned to the PI cruise control gains are given in Appendix A. Hence the "control signal", i.e. the reference
current to the asterisk operator power generated by the speed controller PI, while to the asterisk operator
power is derived from the examination of the maximum torque per ampere strategy in , given

by:Kpilsiss[7,16]
it = —0.0589iZ + 1.0515i,, — 0.2374 (111. 10)

Therefore, by optimizing (3.9), the optimal voltage vector can be determined as follows:

Vysi(k) =arg min g(k)| ,i=0,..,7 (II1. 11)
(xg,7)

Xi
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Figure I11.4. Conventional predictive control of the MSAP [10].
II1.3 Advanced Predictive Control of MSAP Current

The classical predictive control of the current is based on the MSAP model, the current prediction
depends mainly on the accuracy of the parameter. In fact, obtaining precise values of MSAP parameters is
impossible [13,14]. Therefore, in order to avoid the effects of parameter inconsistencies, a new advanced
predictive current control is proposed, which relies on a Grey Wolf Optimizer (GWO) to follow the
minimum cost function, thus benefiting from the following advantages: high accuracy of the solution, fast

convergence, low tuning and computational efforts, and the ability to handle the local optimum [16].
II1.3.1 Advanced Predictive Control of MSAP Current Proposed

In the case of classical predictive control, the expression (3.8) can be simplified by omitting the
terms, assuming that the sampling time is very short [16]. On the other hand, when an optimal input factor
is imposed, as in (3.12), the second term in (3.8) has no effect on the choice of the optimum voltage vector
among the eight possible vectors and can therefore be ignored. In (3.12), a discrete model with no machine
parameters is represented using the simplified expression of ( 3 ), with the aim of developing a model

unrelated to any machine model and parameter, defined as:RgTs/LsqqXopt = 1/Lsaq

fe+1 k ik
i = Xont TsVgs +1
{ ds = Xopt TsVas + las (111 12)

i1 = Xope Ts Vs + 16
Where denotes the optimal input factor. The search for the optimal value for is based on the GWO,
which can ensure an appropriate current prediction. Similar to (4), the dg-axis currents must be predicted

at the parenthesis the of the sampling period, using the following expression: X, Xopck + 2

k+2 k+1 4 ik+1
i XoptTsvgs ~ +1i
{ds optisVds ds (II1.13)

k+2 k+1 4 :k+1
igs = = XoptTsvgs ~ +igs
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Unlike the classic predictive control using (3.6)-(3.8), the advanced predictive control offered in
(3.12) and (3.12) does not use any machine models or parameters. Next, the proposed advanced predictive
control optimal voltage vector is selected by evaluating and minimizing the cost function as in (3.9) and
(3.11), respectively, and considering the maximum torque per ampere strategy defined in (3.10), in a manner

similar to the classical predictive control.

II1.2 Optimization Methods

I11.2.1 presentation:

Numerous optimization problems are characterized by high complexity and the absence of
exact analytical solutions, leading to the emergence of metaheuristic optimization techniques
inspired by natural phenomena. These algorithms emulate the collective behavior of living
organisms to efficiently search for optimal or near-optimal solutions in large and complex search
spaces. Optimization methods are generally classified into deterministic and stochastic
approaches, with stochastic algorithms offering superior capability to escape local optima through

randomization and global exploration mechanisms.

Among the most widely adopted metaheuristic techniques are Genetic Algorithms (GA), Ant
Colony Optimization (ACO), and Particle Swarm Optimization (PSO). More recently, the Grey
Wolf Optimizer (GWO), inspired by the social hierarchy and cooperative hunting strategy of grey
wolves, has attracted considerable interest. Owing to its simplicity, effective balance between
exploration and exploitation, and fast convergence characteristics, GWO has demonstrated
competitive performance in various applications, including automatic control, economic dispatch,

feature selection, and multi-objective optimization problems. [22].

I11.2.2 Principle of operation

Optimization plays a fundamental role in almost every field, ranging from engineering
design and economic planning to transportation, logistics, and communication networks. Because
resources such as time, energy, and cost are inherently limited, achieving their most efficient
utilization is of paramount importance. Consequently, optimization techniques are employed to
identify the best possible solution among a set of feasible alternatives while satisfying the
constraints imposed by the problem. [23.24]

In general, an optimization problem can be written as
optimize f; (x),..., fi(x), ..., fn(x) . x = (X1,...,%q)
subject to,
hi(x)=0,(G=12,..,])
gxk(x)<=0,((k=1,...,K)

45



Chapter I1I: Proposed Predictive Current Control Strategy Based on the GWO Algorithm

where f;, ..., fvare the objectives, while 4;and gi are the equality and inequality constraints,
respectively. In the case when N=1, it is called single-objective optimization. When N>2, it
becomes a multi-objective optimization problem whose solution strategy is different from those

for a single objective. This article mainly concerns single-objective optimization problems.

I11.2.3 Different types of optimization algorithms

I11.2.3.1 Deterministic optimization algorithm

Deterministic approaches take advantage of the analytical properties of the problem to generate a
sequence of points that converge to a globally optimal solution. These approaches can provide
general tools for solving optimization problems to obtain a global or approximately global

optimum.

Examples: linear programming, nonlinear programming, and mixed-integer nonlinear

programming, etc.

I11.2.3.2 Heuristics and metaheuristics

A metaheuristic is a high-level optimization strategy designed to guide and improve the search
process for obtaining near-optimal solutions to complex optimization problems. Rather than
solving a problem directly, it provides a framework for developing or selecting heuristics capable
of efficiently exploring the search space. Metaheuristic methods are particularly useful when exact
solutions are difficult to obtain due to the complexity of the problem, incomplete or uncertain

information, or limited computational resources.[23]

Meta heuristics make relatively few assumptions about the optimization problem being solved and

so may be usable for a variety of problems.
Examples:

4 Particle Swarm Optimization (PSO),
Ant Colony Optimization (ACO),
Genetic Algorithms (GA),

Cuckoo search algorithm,

SN NEE NN

Grey wolf optimization (GWO)

This article aims to introduce the basics of a novel metaheuristic called Grey wolf optimization

(GWO)
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II1.3 Grey wolf optimization (GWO) algorithm

I11.3.1 Identification of GWO

The Grey Wolf Optimizer (GWO) is a population-based metaheuristic algorithm inspired by the
social hierarchy and hunting behavior of grey wolves in nature. It was introduced [24,25]. The
algorithm models the leadership structure and cooperative hunting strategy of grey wolf packs to

effectively explore and exploit the search space.

Grey wolves are considered apex predators that occupy the highest level of the food chain. They
typically live and hunt in organized social groups known as packs, which generally consist of 5 to
12 individuals. Within each pack, a strict social hierarchy is maintained, where members are
classified according to their dominance and responsibilities during hunting and decision-making

processes, as illustrated in the accompanying figure.

All the individuals in the group have a very strict social dominance hierarchy as demonstrated in

the accompanying figure.

v
L

£
_,B_'_,_C Omega Delta Beta Alpha B_'_:_,_'E
pstep - tep +Up step Dowm step a Up step

Figure II1.5. GWO hierarchical categories.

In the Grey Wolf Optimizer (GWO), the social hierarchy of grey wolves is mathematically
modeled through four main categories. The alpha (o) wolves represent the dominant individuals
in the pack, whose decisions and guidance are followed by all other members. The beta () wolves
act as subordinates to the alpha and assist in decision-making while also representing the most

likely candidates to replace the alpha if necessary.

The delta () wolves are subordinate to both alpha and beta wolves but dominate the omega group.
They include various specialized roles such as scouts, sentinels, elders, hunters, and caretakers,
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each contributing to the overall functioning of the pack. Finally, the omega (®) wolves are the
lowest-ranking members of the hierarchy, often considered as scapegoats. They are the least

dominant individuals in the group and typically feed last.

I11.3.2 Main phases of grey wolf hunting

The hunting behavior of grey wolves is typically divided into three main stages: tracking and
approaching the prey, pursuing and encircling it until it becomes immobilized, and finally
executing the attack. These cooperative strategies, along with the social hierarchy of the pack, are
mathematically modeled in the Grey Wolf Optimizer (GWO) to guide the search process toward

optimal solutions.

I11.3.3 Mathematical model and algorithm
I11.3.3.1 Social hierarchy

. The Fittest solution as an Alpha wolf (o)

. Second best solution as a Beta wolf (5)

. Third best solution as a Delta wolf (d)

. Rest of the candidate solutions as Omega wolves (o)

I11.3.3.2 Encircling the Prey
D =| C.X,(t) — X, (t) | (I11.29)
X(t+1)=X,(t)—A.D (111.30)
Where t indicates the current iteration, A and C are coefficient vectors, X—)p is the

position vector of the prey, and X indicates the position vector of a grey wolf.X_)l(t +1) =

X, (t) — A;.D,

A=2dr—ad and C =275 (111.31)
components of d are linearly decreased from 2 to O over the course of iterations
andr7;, ,7,  arerandom vectors in [0, 1].

I11.3.3.3 Hunting

In each iteration, omega wolves update their positions in accordance with the positions a, 8, and &

alpha, beta, and delta because a, B, and & have better knowledge about the potential location of

prey.
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Dy =ICr.Xa () = X(2) |
Dg =1 C;.X5(t) — X(¢) | 132)
Dy =1 C3.X5(t) — X (1) | '
X (t +1) = X,(t) — 41.D,
X,(t +1) = Xp(t) — A;.Dg (111.33)
X3(t +1) = X5(t) — A3.Ds
Xt+1D) =X +X,+X3)/3 (111.34)

I11.3.3.4 Attacking prey (exploitation)
When prey stops moving then grey wolf finish the hunting by attacking the prey and to

mathematically model that we decrease the value of @ . A is arandom value in the interval

[-2a, 2a], where a 1s decreased from 2 to 0 over course of iterations.
|A|<1 force the wolves to attack the prey (exploitation)

I11.3.3.5 Searching for prey (exploration)
|A[>1 forces the grey wolves to diverge from the prey to hopefully find a fitter prey (exploitation)

N

Another component of GWO that favours exploration is C . It contains random value between

[0, 2]. C>1 emphasize the attack while C<1 deemphasize the attack.

I11.4 Pseudocode of the GWO algorithm

Initializing
Set initial GWO parameters (packet size,
upper and lower bounds, max iteration)

Yes

No
Teer++ et
s

Calculate the Coefficients
X0 = X () - A, *D ()
X0 = X,(0) - A,D, )
X6 = X0 - A, D.1Y)

Calculate the Best Solution
X(r+1)= Xil(t)+ Xai(z)+ Xi3(z)

Figure I11.6. The flowchart of the GWO algorithm.
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II1.7 Simulation Results

The modeling and simulation of the PMSM drive system, as well as the proposed control
schemes, were carried out in the MATLAB/Simulink environment. Table A.1 presents the
parameters of the PMSM.

I11.7.2 Simulation Results for 600 rpm and Load Torque Variation
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Figure 111.7. Classical predictive current control with nominal parameters.
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Figure 111.9. Advanced predictive current control.

To better evaluate the dynamic performance of the studied control strategies, comparative
tests were carried out and are presented in Figure 3.7, where a load torque is applied
instantaneously at time t=0.4 s, increasing from 5 Nm to 10 Nm, with a constant speed reference
of 600 rpm. It is observed that all control strategies achieve a fast dynamic response, and the rotor
speed follows its reference with good stability and accuracy after a slight drop due to the load step.
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Regarding current performance, the enlarged steady-state waveforms show that the
advanced predictive current control presents sinusoidal current waveforms, similar to those of
classical predictive current control with nominal parameters, with a slight difference in THD
values (see Figure 3.7, Figure 3.9). It is evident that the advanced predictive current control offers
better performance than the classical predictive current control in terms of d-axis current in steady

state, ensuring smooth and accurate reference tracking.

In contrast, the advanced predictive current control shows slightly inferior performance on
the g-axis compared to classical predictive current control, with a minimal difference in THD, but
it still provides perfect reference tracking capability. On the other hand, since classical predictive
current control strongly depends on parameter accuracy, it is impossible to obtain sinusoidal
current waveforms when mismatched inductances are assumed, as shown in Figure 3.8, resulting

in poor THD performance.

The dg-axis currents exhibit the worst ripples in steady state, leading to high THD values,
and a significant deviation in the g-axis current is observed, which increases as the load torque
increases. From the considered control strategies, it can be concluded that the performance of
classical predictive current control with incorrect parameters degrades increasingly as the load
torque increases. In contrast, the proposed advanced predictive current control demonstrates high
immunity to PMSM parameter variations and strong robustness against sudden and large load

torque variations.

I11.7.3 Simulation Results for 1500 rpm with Speed and Load Torque
Variations
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Figure I11.11. Classical predictive current control under the influence of parameter
variations.

53



Chapter I1I: Proposed Predictive Current Control Strategy Based on the GWO Algorithm

2000 20

| e )
L b l’l’l’l‘l’l’l‘l’i -

12

Current id [A]

torque electromagnetic [N/m]

0 0.2 0.4 0.6 0.8 1 1.2
Time (s) Time (s)

Y
s
7S
(=23
[—]
o
N

04 06 08 1 1.2 14 16

Figure 111.12. Advanced predictive current control.

Figure 3.10 presents the simulation results of classical predictive current control and advanced
predictive current control under the same operating conditions. Initially, the reference speed is set to 600
rpm with a load torque of 5 N'm. Then, at t = 0.8 s, the reference speed is increased to 1500 rpm, while at

t=0.4 s, the load torque is increased to 10 N-m.

The performance of classical predictive current control with nominal parameters is illustrated in Figure
3.10. The first and second plots show the actual PMSM currents, the third plot presents the d-axis and g-

axis currents together with their references, and the last plot shows the rotor speed and its reference value.

From the results, it can be clearly observed that even when nominal parameters are used, a noticeable
deviation appears in the g-axis current with respect to its reference, and this deviation increases as both the
speed and the load torque increase. Classical predictive current control is sensitive to parameter variations;
therefore, the g-axis current tracking error becomes even larger when inductance variations are introduced

by setting the d-axis and q-axis inductances below their nominal values, as shown in Figure 3.11.

As a result, significant current ripples and harmonic distortions are observed, particularly under inductance
variations. It should be emphasized that the inductance variation is introduced by modifying the inductance

values within the classical predictive current control algorithm.

In contrast, since the advanced predictive current control does not require knowledge of the motor

parameters, the g-axis current tracking error is eliminated, demonstrating an inherent immunity to PMSM
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parameter variations. Consequently, although both control schemes achieve a fast dynamic response and
provide similar rotor-speed performance, the investigated advanced predictive current control exhibits

superior harmonic distortion performance.

I11.8 Conclusion
This chapter presents an advanced predictive current control strategy based on real-time
current measurements and employing the Grey Wolf Optimizer (GWO) algorithm. The proposed

control scheme consists of two main processes:

1. The proposed discrete model does not rely on any machine parameters and does not require
knowledge of the motor parameters. It only requires the optimal factor to generate the
predictions of the d-axis and g-axis currents, thereby avoiding the influence of parameter

variations.

2. The cost function evaluates the error between the reference currents and the predicted currents.
The GWO algorithm then searches for the minimum value of the cost function to determine the

optimal factor to be applied at the next sampling instant.

The proposed advanced predictive current control is compared with classical predictive
current control. The simulation results show that both control schemes provide excellent dynamic
performance. However, unlike classical predictive current control, which is susceptible to
parameter variations, the advanced predictive current control is unaffected by motor parameter

uncertainties and is capable of achieving better steady-state performance.

Furthermore, the tracking capability of the proposed method confirms its robustness, while
the small difference in execution time between the advanced predictive control method and the
classical predictive control method (25.5 ps for the classical predictive current control and 28.5 ps
for the advanced predictive current control) demonstrates the efficiency of the proposed approach

compared with other advanced predictive control techniques.

The results confirm the effectiveness of the proposed method by exhibiting superior overall
performance in terms of current ripple reduction and tracking-error minimization under various
operating conditions. Based on the presented results, it can be concluded that the proposed
technique represents a promising alternative to model-based predictive control schemes,
particularly when insufficient motor data are provided by the manufacturer and when self-

commissioning procedures are difficult to implement.
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General Conclusion

General Conclusion
In conclusion, this thesis has presented a comprehensive investigation into the modeling and
predictive current control of a Permanent Magnet Synchronous Motor (PMSM) supplied by a two-level
three-phase voltage source inverter for electric traction applications. Owing to their high efficiency, high
power density, excellent torque characteristics, and reduced maintenance requirements, PMSMs have
become one of the most attractive solutions for modern electric vehicle propulsion systems. Consequently,
the development of advanced control strategies capable of maximizing their performance and robustness

remains a significant research challenge.

A detailed mathematical model of the PMSM was established using the abc, aff, and dq reference-
frame transformations, providing an effective framework for analyzing the machine dynamics and
designing advanced control algorithms. The complete drive system, including the power converter and the
PMSM, was modeled in the MATLAB/Simulink environment to evaluate the performance of different

predictive current control strategies under realistic operating conditions.

Particular emphasis was placed on the study of Model Predictive Current Control (MPCC) and its
limitations regarding parameter sensitivity. While conventional predictive current control offers excellent
dynamic performance and fast current regulation, its effectiveness strongly depends on the accuracy of the
machine parameters used in the prediction model. Variations in stator resistance and inductances may
significantly degrade current-tracking performance, increase harmonic distortion, and reduce overall

control quality.

To overcome these limitations, an advanced predictive current control strategy based on real-time
current measurements and the Grey Wolf Optimizer (GWO) algorithm was proposed and investigated.
Unlike conventional model-based predictive approaches, the proposed method does not require precise
knowledge of the PMSM parameters, thereby eliminating the adverse effects of parameter mismatches and
uncertainties. The optimization process continuously determines the optimal control factor by minimizing
a cost function based on current-tracking errors, resulting in improved robustness and steady-state

performance.

Extensive simulation studies were carried out under various operating conditions, including speed
variations, load torque disturbances, and parameter uncertainties. The obtained results demonstrated that
both conventional and advanced predictive control strategies achieve rapid dynamic responses and
satisfactory speed-tracking performance. However, the proposed advanced predictive current control
exhibited superior robustness against parameter variations, reduced current ripples, lower harmonic
distortion, and improved current-tracking accuracy. Furthermore, despite the integration of the GWO
optimization algorithm, the increase in computational burden remained relatively small, confirming the

practical feasibility of the proposed approach for real-time applications.
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Overall, the results validate the effectiveness of the proposed advanced predictive current control
scheme as a promising alternative to conventional model-based predictive controllers, particularly in
applications where motor parameters are uncertain, unavailable, or subject to significant variations during

operation.

As future work, several research directions can be considered, including the implementation of the
proposed controller on real-time hardware platforms such as DSPs, FPGAs, or embedded controllers, the
investigation of multi-objective cost functions for simultaneous optimization of current quality and
switching losses, the extension of the approach to multilevel inverter topologies, and the integration of
artificial intelligence techniques to further enhance the adaptability, robustness, and efficiency of PMSM

drive systems for next-generation electric vehicle applications.
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Symbols
(Rs)
(Lsa)
(Lsq)
()]
(Bm)
()
(Pn)
(Ny)
(Tw)
(In)
V)
(Wn)

Description

Stator resistance
Direct-axis inductance
Quadrature-axis inductance
Motor inertia

Friction coefficient
Number of pole pairs
Rated power

Rated speed

Rated load torque
Rated current

Voltage

Rotor flux

Values
0.7
0.007
0.007
0.0700
0.000629
3

7.4
3000
234
14.7
220/380
0.225

Units
(%))

kg-m?
N-m/rad/s

kW
tr/min

N-m

Appendix A
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