e LIEGE université m/ e
b Library '

https://lib.uliege.be https://matheo.uliege.be

Travail de fin d'études et stage[BR]- Travail de fin d'études : Analytical model of
an electromagnetic linear actuator and its design optimisation[BR]- Stage
d'insertion professionnelle

Auteur : Ruelle, Bastien

Promoteur(s) : Duysinx, Pierre

Faculté : Faculté des Sciences appliquées

Dipldme : Master en ingénieur civil mécanicien, a finalité spécialisée en technologies durables en automobile
Année académique : 2021-2022

URI/URL : http://hdl.handle.net/2268.2/15983

Avertissement a l'attention des usagers :

Tous les documents placés en acces ouvert sur le site le site MatheO sont protégés par le droit d'auteur. Conformément
aux principes énoncés par la "Budapest Open Access Initiative"(BOAI, 2002), I'utilisateur du site peut lire, télécharger,
copier, transmettre, imprimer, chercher ou faire un lien vers le texte intégral de ces documents, les disséquer pour les
indexer, s'en servir de données pour un logiciel, ou s'en servir & toute autre fin Iégale (ou prévue par la réglementation
relative au droit d'auteur). Toute utilisation du document a des fins commerciales est strictement interdite.

Par ailleurs, l'utilisateur s'engage a respecter les droits moraux de l'auteur, principalement le droit a l'intégrité de I'oeuvre
et le droit de paternité et ce dans toute utilisation que I'utilisateur entreprend. Ainsi, & titre d'exemple, lorsqu'il reproduira
un document par extrait ou dans son intégralité, |'utilisateur citera de maniére compléte les sources telles que
mentionnées ci-dessus. Toute utilisation non explicitement autorisée ci-avant (telle que par exemple, la modification du
document ou son résumé) nécessite |'autorisation préalable et expresse des auteurs ou de leurs ayants droit.




% # LIEGE

université

ALSTOM

Analytical model of an electromagnetic linear
actuator and its design optimisation

Master thesis conducted for obtaining the Master’s degree of Science in
Mechanical Engineering magjor in Sustainable Automotive

Bastien Ruelle - 20172395

SUPERVISOR: DUYSINX Pierre

UNIVERSITY OF LIEGE
FACULTY OF APPLIED SCIENCES
ACADEMIC YEAR 2021 - 2022






Optimisation on the analytical model of an electromagnetic linear actuator
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Abstract

This Master’s Thesis aims to produce a tubular permanent magnet actuator (TPMA) design capable of
replacing the hydraulic dampers present in active train suspensions. This design needs to be optimised
to provide the best possible performance.

In the first part of this thesis, a state of the art of the available TPMA topologies is presented as
well as their operating principle.

In the second part the analytical model of each topology is developed in order to obtain the be-
haviour of the magnetic flux within each actuator. This model contains the solution of the Laplace
and Poisson equations from Maxwell’s equations. The specific boundary conditions for each of the
topologies are exposed in order to obtain the specific solutions. Then the results are compared in order
to keep the best topology for the rest of the thesis.

The third part is devoted to the modelling of the thrust produced by the actuator. The thrust
produced by the actuator is dependent on the type of current injected. Thus three types of current
are compared: single-phase, two-phase and three-phase.

The fourth part concerns the optimisation of the actuator design. In a first step, the optimisation is
done by the particle swarm optimisation (PSO) method. This first optimisation has only one objective,
to maximise the thrust produced by the actuator. The dimensions to be optimised are the radii of
the actuator and the pole pitch of the magnets. In a second step, a new objective, that of minimising
the force variation, is added to the optimisation. This multi-objective optimisation problem is solved
using a method derived from PSO: vector evaluated particle swarm optimisation. Finally, the different
designs obtained by the two optimisations are compared.

The last part is devoted to the presentation of some improvements that could be made to the
analytical model of the actuator to make it even more accurate.
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Résumé

Cette thése de Master vise a produire un design d’actionneur tubulaire & aimants permanents capable
de remplacer les amortisseurs hydrauliques présents dans les suspensions actives de train. Ce design
se doit d’étre optimisé afin de fournir les meilleures performances possibles.

Dans la premiére partie de cette thése, un état de 'art des topologies d’actionneur tubulaire a
aimants permanents disponibles ainsi que leur principe de fonctionnement sont présentés.

Dans la seconde partie le modéle analytique de chacune des topologies est développé afin d’obtenir
le comportement du flux magnétique au sein de chaque actionneur. Ce modéle contient la résolution
des équations de Laplace et de Poisson provenant des équations de Maxwell. Les conditions limites
spécifiques a chacune des topologies sont exposées afin d’obtenir les solutions spécifiques. Ensuite les
résultats sont comparés afin de conserver la meilleure topologie pour la suite de la thése.

La troisiéme partie est consacrée a la modélisation de la poussée produite par ’actionneur. La
poussée produite par l'actionneur est dépendante du type de courant injecté. Ainsi trois types de
courant sont comparés: monophasé, biphasé et triphasé.

La quatriéme partie concerne 'optimisation du design de ’actionneur. Dans un premier temps,
l'optimisation est faite par la méthode de la "particle swarm optimisation (PSO)". Cette premiére
optimisation a une seul objectif, celui de maximiser la poussée produite par 'actionneur. Les dimen-
sions a optimiser son les rayons de 'actionneur ainsi que la largeur du pas du péle des aimants. Dans
un second temps, un nouvel objectif, celui de minimiser la fluctuation de la poussée, se rajoute a
I’optimisation. Ce probléme d’optimisation & plusieurs objectifs est résolu en utilisant une méthode
dérivée de la PSO: la "vector evaluated particle swarm optimisation". Finalement les différents designs
obtenus par les deux optimisations sont comparés.

La derniére partie est consacrée & la présentation de certaines améliorations qui pourraient étre
apportées au modéle analytique de I'actionneur afin qu’il soit encore plus précis.

ii



Acknowledgements

I would like to thank Prof. P. Duysinx, my thesis supervisor, for giving me the opportunity to do
this thesis. I feel grateful for his wise advice and especially for his encouragement that allowed me to

progress in this project.
Liege, August 22th, 2022

Bastien Ruelle

iii



Contents

1 Introduction 1
1.1 Context of the project . . . . . . . . . . 1
1.2 Description of the technology . . . . . . . . . .. ... ... .. ... ... .. ..., 1
1.3 The project . . . . . . . L 3

1.3.1 Objectives of the project . . . . . . . . . . .. 3
1.3.2  Structure of the thesis . . . . . . . . . . ... 3
Chapter 1: . . . . . . e 3
Chapter 2: . . . . . . . . e 3
Chapter 3: . . . . . . . e 4
Chapter 4: . . . . . . . o e 4
Chapter 5: . . . . . . 0 o e 4
Chapter 6: . . . . . . . . e 4
1.3.3 Stateofart . . . . . .. 4
1.3.4 Topologies studied in the thesis . . . . . . . .. .. .. ... ... . ..., 6

2 Analytical Model of Magnetic field 9
2.1 Assumptions . . . . ... e 9
2.2 Governing equations of flux field . . . .. .. ... o Lo 10

2.2.1 Laplace’s equation for the air gap region . . . . . . . . ... L Lo 10
2.2.2  Poisson’s equation for the permanent magnet region . . . . ... ... ... .. 11

2.3 Solution to flux density distribution. . . . . . .. ... 000 11
2.3.1 Solution to Laplace’s equation . . . . . . . ... ... Lo 11
2.3.2  Solution to Poisson’s equation . . . . . . . .. ..o Lo 13
2.3.2.1 Halbach array topology . . . . . . . . ... ... .. L. 13

2.3.2.2 Radially magnetised PM array topology . . . . .. .. ... ... ... 15

2.3.2.3 Axially magnetised PM array topology . . . .. ... ... ... ... 16

2.4 Boundary conditions . . . . . . ... L. 18
2.4.1 Dual Halbach array topology . . . . . .. .. ... ... .. .. 18
2.4.2 Radially magnetised PM array topology . . . . . . .. .. .. ... ... .... 20
2.4.3 Axially magnetised PM array topology . . . . . . . .. ... ... ... 21

2.5 Representation of results . . . . . . .. Lo 22
2.5.1 Note on calculations involving Bessel functions . . . . . . ... ... ... ... 22
2.5.2  Dual Halbach array topology . . . . . . . .. . ... ... ... ... ... 23
2.5.2.1  Validation of boundary conditions . . . . . .. .. ... ... .. ... 24

2.5.2.2  Magnetic flux density in the PM region . . . ... ... .. ... ... 24

2.5.2.3 Magnetic flux density in the air gap region . . . . .. ... ... ... 25

2.5.3 Radially magnetised PM array topology . . . . .. . ... ... ... ...... 26

v



2.5.3.1  Validation of boundary conditions . . . . . .. ... ... ... ...

2.5.3.2  Magnetic flux density in the magnetic region . . . . . ... ... ...

2.5.3.3 Magnetic flux density in the air gap region . . . . .. ... ... ...

2.5.4  Axially magnetised PM array topology . . . . . . . . .. ... L.

2.5.4.1 Validation of boundary conditions . . . . .. ... ... ... ... ..

2.5.4.2  Magnetic flux density in the magnetic region . . . . . ... ... ...

2.5.4.3 Magnetic flux density in the air gap region . . . ... ... ... ...

3 Modeling of Force Output
3.1 Assumptions . ... e
3.2 Thrust for Single-Phase Winding Pattern . . . . . . . .. ... ... ... ... ....
3.3 Thrust for Double-Phase Winding Pattern . . . . . . . . .. .. ... .. ... .....
3.4 Thrust for Three-Phase Winding Pattern . . . . . . ... ... ... .. ... .. ...

3.5 Conclusion

4 Optimisation of the design
4.1 SOO problem . . . . . ..
4.1.1 Definition and Mathematical formulation of the problem . . . . . . .. ... ..
4.1.2 PSO Resolution . . . . . . .. .
4.2 MOO problem . . . . ..
4.2.1 Definition and Mathematical formulation of the problem . . . . . . . ... ...
4.2.2 VEPSO Resolution . . . . . . . . . . .

5 Improvement and further research

5.1 Finite permeability back iron parts . . . . . . . ... ... L L
5.2 Finite length TPMA . . . . . . . . . e
5.3 Armature field reaction . . . . . . ..

5.4 Incorporation of TPMA into the suspension system . . . . . . .. ... ... ... ...

6 Conclusion

31
32
32
34
37
40

41
41
41
42
47
47
48

52
92
93
o4
55

58



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11

2.1
2.2
2.3
2.4

2.5
2.6
2.7
2.8
2.9

2.10

2.11
2.12
2.13

2.14

2.15
2.16

3.1
3.2
3.3
3.4

Evolution of rotary motor to linear machine [2] . . . . .. ... ... 000
Complete structure of a TPMA [4] . . . . .. ... o o
Most commonly used TPMA topologies [5] . . . . . . . ... ... . ..
Slotless and Slotted armature topologies [4] . . . . ... .. ... ... oL
Cogging force produced by the offset between the mover teeth and the PMs [6]

Scheme of radially magnetized PM topology [5] . . . . . . ... ... ... ... ...
Scheme of axially magnetized PM topology [5] . . . . . . . .. ... oo oL
Structure of dual Halbach array TPMA [8] . . . . . ... .. ... ... . ... ..
Polarization pattern arrays of TPMA [9] . . . . . . . ... . .o oo
Omne-sided flux [L1] . . . . . . . o
Scheme of Halbach magnetized PM topology . . . . . . . . .. . ... ... ... ....

Halbach array : components of magnetization vector [15] . . . . . ... ... ... ...
Radially magnetised PMs : components of magnetization vector [15] . . ... ... ..
Axially magnetised PMs : components of magnetization vector [15] . . . ... ... ..
Radial magnetic flux density in the center of internal PM region for a different number
of harmonics . . . . . . ..
Dual Halbach topology : Radial magnetic flux density as a function of r with z =0 . .
Internal PM region : Magnetic flux density as a function of z with » = 27.5 [mm] . . .
External PM region : Magnetic flux density as a function of z with r = 92.5 [mm)

Air gap region : Magnetic flux density as a function of z with r = 60 [mm]. . . . . . .
Internal radially magnetised PM array topology : Radial magnetic flux density as a
function of rwith z =7, /4. . . . . .. ... Lo o
Internal radially magnetised PM array topology : Axial magnetic flux density as a
function of r with z =7,/4 . . . . . ...
Internal PM region : Magnetic flux density as a function of z with r = 35 [mm] . . . .
Air gap region : Magnetic flux density as a function of z with r =75 [mm]. . . . . . .
Internal axially magnetised PM array topology : Radial magnetic flux density as a
function of r with z =7,/4 . . . . . ...
Internal axially magnetised PM array topology : Axial magnetic flux density as a func-
tionof rwith z=7,/4 . . . .. ...
Internal PM region : Magnetic flux density as a function of z with r = 35 [mm] . . . .
Air gap region : Magnetic flux density as a function of z with r =75 [mm]. . . . . ..

Structure of the TPMA with single-phase windings [2] . . . . .. ... ... ... ...
Thrust generated by single-phase winding TPMA . . . . . . . . ... ... ... ....
Structure of a TPMA with double-phase windings [2] . . . . . . ... .. .. ... ...
Thrust variation generated by double-phase winding TPMA . . . . . .. ... ... ..

vi

0 00 N J 3O O Ot ot Ww N

15
16

23
24

25
26

27
27
27

28

29



3.5
3.6
3.7
3.8

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

5.1
5.2
5.3
5.4
5.5
5.6

Structure of a TPMA with three-phase windings [2] . . . . . . ... ... ... .. ... 37

Two different starting positions . . . . . . . . .. L Lo 37
Fundamental force as a function of the starting position z . . . . . . . ... ... ... 39
Thrust variation generated by three-phase winding TPMA . . . . . ... ... ... .. 39
Vector representation of the PSO [24] . . . . . ... ... ... o oo 42
Convergence of the thrust . . . . . . . .. .. 45
Radial magnetic flux density as a function of z with r = 78.65595 [mm]| . . . ... .. 46
Thrust variation generated by a TPMA with PSO dimensions . . . . . . ... ... .. 46
Convergence of the problem variables during the iterations . . . . . . .. ... ... .. 49
Convergence of the objective functions . . . . . . . . . . . ... ... ... ... 50
Radial magnetic flux density as a function of z with r = 72.32935 [mm] . .. ... .. 51
Thrust variation generated by a TPMA with VEPSO dimensions . . . . .. ... ... 51
Dirichlet boundary condition [30] . . . . . .. .. ... L oo 52
[ustration of end effects for a finite length TPMA [3] . . . .. .. ... .. ... ... 53
Structure of the TPMA with infinitely long back iron and with series PM-array . . .. 54
Active suspension model of 1/4 train’s car [34] . . . . . . .. ... L oL 55
Fundamental force as a function of current density . . . . .. .. .. .. ... ... .. 56
Block diagram of an electromagnetic active suspension [35] . . . . . . ... ... ... 56

vil



List of Tables

2.1 Principal Dimensions of the Dual Halbach TPMA . . . . . . ... ... ... ... ... 23
2.2 Principal Dimensions of the internal radially magnetised PM array TPMA . . . . . .. 26
2.3 Principal Dimensions of the internal axially magnetized PM array TPMA . . . . . .. 28
3.1 Results obtained for the different types of winding . . . . . ... ... ... ... ... 40
4.1 Dimensions of the dual Halbach array TPMA obtained after PSO . . . . . .. ... .. 45
4.2 Dimensions of the dual Halbach array TPMA obtained after VEPSO . . . . . ... .. 50

viii



List of Abbreviations

DOF Degrees Of Freedom. PSO Particle Swarm Optimisation.
FEM Finite Element Method. SOO Single-Objective Optimisation.
GA Genetic Algorithm. TPMA Tubular Permanent Magnet Actuator.

MOO Multi-Objective Optimisation.
HHmIbjective Lptiisation VEPSO Vector Evaluated Particle Swarm Opti-

PM Permanent Magnet. misation.

ix



Chapter 1

Introduction

1.1 Context of the project

With the ecology in a critical state right now, it is necessary for everyone to reduce their carbon foot-
print. In Belgium, the target for reducing the carbon footprint of each citizen is 55%. A non-negligible
part of this carbon footprint comes from transport, about 22% [1]. The best way to reduce our carbon
footprint from transport is to use public transport such as the train. Thus an increase in the number
of rail users is expected in the coming years. It is therefore necessary to improve this transport service
and make it even more environmentally friendly.

These improvements require the development of rail technologies. One of the major developments
would be the complete electrification of the vehicle by replacing the hydraulic elements with electrical
systems. This replacement would firstly allow the simplification of certain systems, given that the
hydraulic elements are often quite complex, and secondly to reduce the energy consumption of the
train. Two major systems still use hydraulic elements: the braking system and the suspension system.

The study of this thesis deals with the replacement of the hydraulic dampers present in the suspen-
sion system by electromagnetic dampers. The most suitable electromagnetic damper technology for
the case presented is the Tubular Permanent Magnet Actuator (TPMA). New functions are brought
by this new technology.

e A reduction in consumption thanks in part to energy recovery.
e Electrification of the active suspension system.

e Active control of the pendulum when turning.

e Better adaptability to the mass of the train.

e Better filtering of road excitation and therefore better ride comfort

1.2 Description of the technology

TPMAs are directly derived from synchronous rotary machines. The rotary machine was transformed
by being flattened, so that the rotary motion was transformed into a linear motion. This evolution is

shown in Figure 1.1.
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Figure 1.1: Evolution of rotary motor to linear machine [2]

This technology has many advantages [2|-[3]:

e [t is a direct drive system so no intermediate transmission is necessary. Thus their efficiency is
very high because there is no loss of energy due to an intermediate transmission.

e These linear machines are the ideal candidate for suspension. Indeed, they can achieve magnetic
suspension to reduce friction and thus vibration between the stator and the mover as much as
possible since there is no contact between the two.

e Since a linear motion is produced, there are no centrifugal forces so the translations produced
can be extremely fast.

e As the link between the payload and the machine is direct, the inertia of the moving components
is quite small, which improves the dynamic performance of the machine.

TPMASs thus consist of Permanent Magnet (PM)s which are mounted on the stator and an arma-
ture consisting of windings is mounted on the mover or vice versa. The basic principle of this linear
machine is to transform the electrical energy injected into the windings into linear motion and therefore
into mechanical energy. This linear movement is produced by the electromotive force produced by the
interaction of the magnetic flux produced by the PMs and the current passing through the armature
windings. As the name suggests, the TPMA has a tubular shape, i.e. the flat linear machine is rolled
on itself to obtain this tubular shape. This tubular shape allows a better use of the machine’s volume
and thus obtains better performances.

A complete model of the TPMA is shown in Figure 1.2. It can be seen that in this case the PMs
are placed on the mover and the windings are placed on the stator. In this case, the TPMA presented
is single-sided such that it has only one array of PMs. A double-sided one is presented in the following.
The model shown has a slotted armature as the windings are placed within the stator core slots. If the
windings were mounted onto an iron core, the model would be equipped with a slotless frame. The
TPMA housing is equipped with a cooling system to dissipate heat from the windings. Indeed, one of
the critical points of the TPMA is its cooling because the windings tend to overheat, which leads to a
loss of performance.



Housing with cooling fins

Figure 1.2: Complete structure of a TPMA [1]

1.3 The project

1.3.1 Objectives of the project

This thesis has three main objectives. The first one is to make a state of the art of the different exist-
ing TPMA topologies and to select the best one. This selection is done by means of a first analytical
model on each of the interesting topologies. Once the first analytical model is developed, an objective
comparison based on the electromagnetic behaviour of each of the topologies is carried out. At the
end of this comparison, the best topology is selected.

The second objective is to develop a more advanced analytical model on the selected topology in
order to know its performances such as the fundamental thrust or the ripple force. This advanced an-
alytical model should also allow the selection of the type of winding used in the TPMA. Single-phase,
double-phase and three-phase windings are therefore compared and the best winding type is selected.

The third objective is to optimise the dimensions of the selected topology. This optimisation must
be carried out on the basis of the developed analytical model but also in order to optimise the perfor-
mance of the TPMA. This optimisation should make it possible to obtain the dimensions of a possible
TPMA test bench.

1.3.2 Structure of the thesis

The remainder of the thesis is organised as follows:

Chapter 1: The rest of the first chapter is dedicated to a state of the art of the most commonly
used TPMA structures. Several choices are made such as the choice of the type of framework or the
choice of topologies studied in the thesis.

Chapter 2: An analytical model for each of the topologies studied is developed. The objective is
to obtain the magnetic field distribution behaviour for each of the topologies studied and to compare
them. Thus this chapter contains the development of the solutions to the Laplace and Poisson equa-
tions from the Maxwell equations. The proof of the solutions is obtained by application of harmonic



expansion and by separation of variables.

Chapter 3: Analytical model to calculate the thrust produced by the TPMA topology selected in
the previous chapter is developed. This development is based directly on the use of Laplace’s equation
which relates the current density injected into the armature coils and the magnetic flux density pro-
duced by the PMs. This chapter also develops the comparison between the different types of windings:
single-phase, two-phase and three-phase. A comparison between these three types is made.

Chapter 4: With the topology and winding type chosen from the previous chapters, it is now possi-
ble to optimise the dimensions of the TPMA. First, a Particle Swarm Optimisation (PSO) is performed
in order to obtain the dimensions of the TPMA that maximise the thrust produced. Then, the opti-
misation problem shifts to two objectives: maximizing the thrust and minimizing the ripple force.
Thus a Vector Evaluated Particle Swarm Optimisation (VEPSO) is performed to obtain the dimensions
of the TPMA that optimise the Multi-Objective Optimisation (MOO) problem.

Chapter 5: This chapter focuses with the improvements to be considered as well as the further study
of the TPMA topology proposed. Thus, several improvements on the analytical model are suggested
in order to obtain even more realistic performances. Then an introduction to the dynamic model and
the integration of the TPMA as a component of a suspension system are developed.

Chapter 6: A conclusion summarising the main results of this thesis is made in this last chapter.

1.3.3 State of art

Several structural designs are shown in Figure 1.3. It can be seen that a TPMA is composed, in the
vast majority of cases, of one or more rows of PMs and an armature composed of current coils. Thus
there is a large variety of TPMA topologies.

Indeed, it is possible to place the PM layer on the outside or on the inside. This will have an impact
on the magnetic flux density inside the TPMA which will affect its performance. It is preferable to
choose to place the PM on the inner layer in order to increase the magnetic field intensity inside the
TPMA and thus improve its performance. Thus internal magnet topologies are the most commonly

used.

Then it is possible to choose the magnetisation of the magnets. This magnetisation is very impor-
tant in the design of the TPMA as it directly influences the evolution of the magnetic field density
inside the TPMA. Three types of magnetisation are used, radial, axial and Halbach.

Then it is also possible to choose which of the armature or the PM row is the stator or the mover.
It is preferable to choose the armature as the mover in order to reduce the mass of the moving part.
Thus it is possible to classify the mover into two categories: slotted one and slotless one. These two
categories are illustrated in Figure 1.9. Slotted armatures have the great advantage of producing a
higher force density. Unfortunately they have two major drawbacks. The first is a loss of energy caused
by eddy currents in the soft iron between the windings. The second and more significant drawback is
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the tooth ripple cogging effect. It can be defined as a magnetic disturbance force that is caused by the
attraction between the mover and the PMs; it is illustrated in Figure 1.5. This force is amplified when
there is the presence of teeth as on slotted armatures. The effect is uniquely dependent on the relative
position between the PMs and the mover [7]. Thus when the stator and mover teeth are aligned, the
net cogging force is zero.However, when they are not aligned, the axial force produced by the magnetic
attraction between the mover teeth and the stator magnets is no longer zero. Thus the mover tends
to return to the position with the minimum energy, which is the position where the cogging force
is zero. This phenomenon is repeated periodically, causing the TPMA’s thrust force to fluctuate and
thus reducing its performance. The period of these fluctuations is equal to the slot pitch of the teeth [6].

In contrast, slotloss armatures produce slightly less force density but this is not altered by the tooth
ripple cogging effect [2]. Thus slotless armature are most often chosen for dynamic applications such
as the use of TPMA as a railway suspension. Therefore the armatures are still considered as slotless
in the rest of the study.



Mover

300}
=

C__C
YY) 'Yy

|

r

-
-

| Stator PM |

Nyl
L4
N
l[lOO)
PRl
=

r i
Al

[ Stator PM |

Figure 1.5: Cogging force produced by the offset between the mover teeth and the PMs [0]

1.3.4 Topologies studied in the thesis

As previously stated, many different designs exist. However, three topologies are the most commonly
used for various applications and will therefore be studied in the remainder of this study.

The first topology studied consists of a single internal array of PMs. These PMs are radially
magnetised, this topology is illustrated in Figure 1.6. With this topology, two regions are present. The
first region is the air gap region where the armature is present. The second region is the PM region.
We can notice that 5 parameters allow to define the global geometry of the TPMA: The three radii
R1, Ry and R3, the pole pitch 7, and the width of radially magnetized PM 7. The air gap between
the armature and the PMs is denoted by g, its value is fixed at 1 [mm)].
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Figure 1.6: Scheme of radially magnetized PM topology [5]

The second topology studied also consists of a single internal array of PMs but this time the PMs
are magnetised axially. This results in a change in the evolution of the magnetic flux density within
the TPMA. The performance and behaviour of the TPMA is different compared to the first topology.
The second topology is shown in Figure 1.7, the same regions and the same geometric parameters as
for the first topology are present. Only the parameter 7, changes with respect to the first topology
and it represents the width of the axially magnetised PMs.
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Figure 1.7: Scheme of axially magnetized PM topology 5]

Finally, the third topology studied is the dual Halbach array topology. It is shown in Figure 1.8. It

Chuter lron

Dual
Halbach Array

[nner Iron

Coreless
winding

Figure 1.8: Structure of dual Halbach array TPMA [3]

can be seen that it differs from the two previous ones in two aspects. Firstly, it has two rows of PMs
to amplify the magnetic flux density in the air gap region. Secondly, the polarization pattern of each
array of the PMs is different from the other two topologies as it combines both radially magnetised
magnets and axially magnetised PMs. This pattern is called a quasi-Halbach array and aims to produce
a magnetic field as close as possible to that which would be produced by an ideal Halbach array. The
quasi-Halbach magnetisation is preferred to the ideal Halbach as it is very complicated to manufacture

[9].

':--"-“—"—"-"- Suppm"ling tuhe ':1'—"-“-"-"-"— Su]}]:mrliné tube
Magnets Magnets
(a) Halbach magnetization (b) Quasi-Halbch magnetization

Figure 1.9: Polarization pattern arrays of TPMA [9]

This magnet pattern has two interesting properties. The first is that the magnetic field is sinu-
soidally distributed in the air gap region. The second is that it has a self-shielding property. That is,
the magnetic field is intensified on one side of the row (air gap region) and is practically cancelled out
on the other side (towards the back iron part). This is due to the superposition of the field produced
by the radially magnetised PMs and the axially magnetised PMs as shown in Figure 1.10 |10].



Figure 1.10: One-sided flux [11]

The geometry of this topology is shown in Figure 1.11. It can be seen that three regions are present.
Region 1 is the air gap region, Region 2 is the external PM region and Region 3 is the internal PM
region. Given the presence of an additional region, it is necessary to introduce an additional radius.
Another parameter to be taken into account is the proportion of radially magnetised PM in the pole

pitch. It is noted a = 7. /7).
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Figure 1.11: Scheme of Halbach magnetized PM topology



Chapter 2

Analytical Model of Magnetic field

In order to describe the performance of the actuator it is important to establish a model. This model
must take into account the geometrical parameters as well as the topology of the actuator. Several

models are possible and each has its positive and negative points.

Firstly, a finite element model is one of the most widely used choices. It allows non-linear phenom-
ena such as induced currents in the winding to be taken into account |2]. It also allows to take into
account the edge effects that are detrimental to the dynamic behaviour of the actuator. Unfortunately,
it is not suitable for a parametric study of the geometric dimensions of the problem. Indeed, the
simulations are too time-consuming.

Next, it is possible to perform the lumped equivalent circuit to determine the magnetic field in
the actuator. This circuit allows for analytical relationships between the geometric parameters of the
problem and the performance of the actuator, which lends itself well to optimisation. The strong point
of this circuit is that it takes into account the armature reaction effect. Unfortunately, this method

becomes inaccurate when the path of the field lines is too complex [12].

Finally, in order to obtain a sufficiently accurate model that is not too time consuming, it is
possible to establish an analytical model based on the fact that the solutions are characterised by
series expansions. These series expansions are established through harmonic functions. This is the most
suitable model for the study to be conducted. Indeed, it allows to establish analytical relationships
between the geometrical parameters of the problem and the actuator performance. This will allow the
impact of these parameters to be studied and the design of the actuator to be optimised according to
the desired performance [2].

2.1 Assumptions

Before starting the mathematical development of the analytical model, it is important to state the
assumptions made about the model. The assumptions that are made are intended to simplify the
model and its study. The assumptions made are as follows [13]

e Back iron parts have an infinite permeability.
e The end effects are neglected because the TPMA is considered infinitely long.

e Eddy currents in stator and mover are ignored.



2.2 Governing equations of flux field

The purpose of this section is to define the expression for the flux density within the actuator. In a first
step, the governing equations will be described using the theory of magnetostatics. These equations
are common to all actuator topologies described in the following sections. First, using Gauss’ theorem
in its integral form

/B(r)-dSzO (2.1)

S
where r is the is the position vector in cylindrical coordinates. then using the divergence theorem

/B(r) .dS = / (V-B)dV =0 (2.2)

S \%

it is possible to obtain the differential form of Gauss’ theorem
V-B=0 (2.3)

The Equation 2.3 shows that the magnetic flux density curves within the actuator are closed curves
because there is no magnetic point charge [1]. Then the magnetic vector potential is defined thanks
to the primitivisation theory of vector fields

B=VxA (2.4)

where A in the Equation 2.4 is the magnetic vector potential and we can see that this vector respects
the Equation 2.3 since the divergence of the curl of a vector is always zero. Finally, the expression for
the curl of the flux density can be rewritten as follows

VxB=Vx(VxA)=V(V-A)-V?A = -V?A (2.5)
=0

this equation will be useful in the following developments.

2.2.1 Laplace’s equation for the air gap region

In this region, the magnetic field is defined as

H(r) = (2.6)

where the permeability of air is taken to be equal to that of free space, o = 47 x 10~"H/m. Then
using the differential form of Ampere’s theorem

VxH=1J (2.7)

where J is the current density in the field which is zero in this region. Thus by combining the
Equations 2.5, 2.6 and 2.7, the Laplace equation in the air gap is obtained as

VZA; =0 (2.8)

10



2.2.2 Poisson’s equation for the permanent magnet region

In this region, the expression of the magnetic field is different because the magnetization vector present
in the permanent magnets must be taken into account |[14]. The relationship between flux density and
magnetic field is then modified

By = pourHo + oM (2.9)

where p, is the relative permeability of permanent magnets. The magnetization vector is obtained
thanks to the remanence
M = Brem/HO (210)

Thus by combining the Equations 2.5, 2.7 and 2.9, the Poisson’s equation in the permanent magnet

region is obtained as
VZAs = — oV x M (2.11)

where the current density is again zero in this region.

2.3 Solution to flux density distribution

2.3.1 Solution to Laplace’s equation

In order to obtain the expression for the flux density distribution, it is necessary to solve the Equa-
tions 2.8 and 2.11. Since the actuator is tubular, the magnetic field distribution is axially symmetrical.
This simplifies the expression of the potential vector, which now has only one component Ag. This
component is independent of the # coordinate. This component is then a function of the independent

variables r and z:

Ag = R(r)Z(2) (2.12)

It is then possible to rewrite the Laplace Equation 2.8 by taking advantage of the axial symmetry

0% Ay n 0 (10
022 or

e (rA9)> =0 (2.13)

Then applying the separation of variables described in the Equation 2.12

1 0%R(r) 1 OR(r) 1 0*°Z(z) 1
R(r) Or? R(r)r oOr Z(z) 022 2

=0 (2.14)

Since the variables r and z are independent, the third term of the Equation 2.14 must be a constant
[2], this gives the following expression

1 0%Z(2) 9
— =k 2.15
Z(z) 022 (2.15)
The Equation allows the Laplace Equation 2.14 to be rewritten according to two partial differential
equations
>’Z(2) 2
1 0%R(r) 1 OR(r) o 1
kY — —= = 2.1
R(r) 0Or? * R(r)r Or * r2 0 (2.17)

11



There are three different solutions for the equations depending on the value of the constant k.
However, only one solution must be kept. Indeed, since the actuator is tubular, the magnetic field is
periodic and symmetrically distributed along the z axis. Thus the solution of the magnetic potential
must also be symmetric. This solution is possible when the constant k fulfils the condition k2 < 0 [17].
In this case, the following development is obtained

Z(z) = By cos(mz) + B sin(mz) (2.18)

which gives the solution of the Equation 2.17 for the variable z. Concerning the Equation 2.16, it can
be rewritten as follows by imposing the condition on the constant k

0?R(r) OR(r)
2 2,2
L + R(r) (k*r* =1) =0 (2.19)
Then by defining m a real number and by posing k = jm and mr = x, the Equation 2.19 is transformed
into o2 5
R R
2 2 _
ol + T T (z+1)R=0 (2.20)

Combining the solution of the Equation 2.20 with the Equations 2.12 and 2.18, the solution of the
magnetic potential is given by

Ag = [Coli(mr) + DoKy(mr)] * [Ey cos(mz) + Fysin(mz)] (2.21)

where I; and K7 are the first order modified Bessel functions of the first and the second kind defined
as

o0

1 T\ 2m+ta
fa() = n;] mlT'(m+a+1) (5) (222)
Ko(z) = gw (2.23)

The coefficients Cy, Dy, Eg and Fy must be determined using boundary conditions imposed by the
actuator topology. Knowing that the z-component of the flux density is antisymmetric, the following
condition can be derived: B,|,_, = 0 [2|. This boundary condition is common to all the topologies
studied in this work and injected into the Equation 2.21 the values of the coefficients Cy and Dy can
be obtained

Co=0
Dy=0

Finally the general solution to the Laplace Equation is given by

Ay = Z [anly (Myr) + bp K7 (Mmyr)] sin (my,2) (2.24)
n=1
where my, = (Qn_l)ﬂ, a, = Eg and b, = Fj. As explained at the beginning of this chapter, the solution

Tp
is well expressed using series expansions.

12



2.3.2 Solution to Poisson’s equation

By applying the same transformation as for the Laplace equation, it is possible to rewrite the Poisson
Equation in cylindrical coordinates

040 0 (10
922 " or \ror

(T‘Ag)) = —uov x M (2.25)

The homogeneous solution of the Equation 2.25 was obtained in the previous subsection
(o.)
Z [anIi (mpr) + bp K7 (my,r)] sin (my,z) (2.26)

In order to obtain the particular solution of the Poisson equation, it is necessary that the magnetisation
vector M is expressed in harmonic expansions |2]. However, the magnetisation vector is specific to
each of the topologies studied. Thus the particular solution is different from one topology to another.

2.3.2.1 Halbach array topology

In the case where the magnet topology is a Halbach array, then the magnetization vector has a radial
component M, and an axial component M, as shown in Figure 2.1. Thus in cylindrical coordinates,
the magnetisation vector can be expressed as

M = M,e, + M,e, (2.27)

As shown in the Figure 2.1, the radial component of the magnetization vector is an even non-continuous

L 1= 1T = 1 | [ 1 = 1 = 1

M, M,

B, _ Bram
My = —rem My = [7

Ho -4

T
I T
L . LL/ r
"

T,
P Tp

e

Figure 2.1: Halbach array : components of magnetization vector |15]

periodic function with a period of 27,. Its harmonic expansion can be expressed in terms of the pole
pitch 7,, the width of the radially magnetised PMs 7, and the remanence Biem

Brem . 2n — 1),
M, Z 2n — i )7 1o - <( 2Tp) T) 08 (7n2) (228)

As shown in the Figure 2.1, the axial component is a non-continuous periodic odd function with a
period of 27,. Its harmonic expansion can be expressed in terms of the pole pitch, the width of the
radially magnetised PMs and the remanence

4Brem (2n — D)7\ .
M, = = ST (T n 2.2
2 = Lypi cos < 2 ) sin (my, z) (2.29)

13



Thus it is possible to transform the right-hand side of the Equation 2.25 using the Equations 2.28
and 2.29

oM, OM,
- M= — — 2.30
poV x o ( 5% o ) (2.30)
o0 . 2 o 1 T
= Z 4Brem - [( n )204 sin (mpz)
n=1,2... Tp
= Z P, sin (mpz) (2.31)
n=1,2...
where 4
a=" and P, = —Biem sin {(Qn - 1)304]
Tp T 2

Then it is possible to obtain the total solution of the Poisson Equation by replacing the particular
solution by

S(r,z) = R(r)Z(z) (2.32)
and this must also be stated ﬁaggz) == —m2 in order to simplify the Poisson equation into
Z(z) = sin (my2) (2.33)
2
22 ;ﬁ g” + Tazgir) — R(r) (my°r* +1) =r*P, (2.34)

Finally, it is possible to transform the Equation 2.34, by posing m,r = x and y = R(T)?:;il, into a
modified Struve equation

0%y oy 212
2 2
— - — 1) = — 2.
T a2 +$8x y(@”+1) T (2:35)
the solution to which is ( )
Ly (myr
R(r) = ————~P, 2.36
(7") 9 n2 n ( )

Using the results of Equations 2.33 and 2.36, the particular solution is obtained

S(r2) = R Z(2) = L) b (m) (2.37)

2
2mz

where L; is the modified Struve function of first order which is defined as [16]

. B 1 v+1 o0 (%mnT)Qk - B . )
u(mnr)—<2mn7“> ,;Or(mg)r(mwg) with T'(n) = (n—1)! (2.38)

Using the result of the Equation 2.37, the magnetic potential in the PM region is then expressed

o)

. 1 7Ly (myr .
Agg =Y [agnTy (mpr) + bon Ky (myr)] sin (my,2) + 21m(2)Pn sin (m;,2) (2.39)
n=1 "

14



Finally, we derive the expression for the radial and axial components of flux density in the air gap
region using the Equation 2.24 and the definition of magnetic potential

o0

B, = Z —my, [a1n D1 (Myr) + b1 K (myr)] cos (my, 2) (2.40)
n=1,2,...
o0
B, = Z My, [a1nlo (Mpr) — b1 Ko (myr)] sin (my, 2) (2.41)
n=1,2,.

and in the region of the PMs using the Equation 2.39

1 7Ly (myr
By = Z —My, [[agnll (mpr) + bop K1 (myr)] cos (myz) + 21m(2n)Pn cos (mnz)} (2.42)
n=1,2 n
> 1 Lo (my,r)
. 0 .
B,y = Z my, [[aznlo (mpr) — bap Ko (my,r)] sin (my, z) + 5T”Pn sin (mnz)] (2.43)
n=1,2,... n

2.3.2.2 Radially magnetised PM array topology

With this magnet topology, the magnetisation vector has only a radial component as shown in the
Figure 2.2. Thus in cylindrical coordinates, the magnetization vector can be expressed as

M = M,e, (2.44)

M,
Mc — Br-@m
Ho z
Ty Ty
Tp

Figure 2.2: Radially magnetised PMs : components of magnetization vector |15]

The governing Equations 2.13 and 2.25 are identical to those used for the Halbach topology. The
only point that changes is the expression of the magnetisation vector. Therefore the mathematical
reasoning is identical to that of the previous subsection and will not be developed here. Only the
results that change are described. The magnetization vector can be further expanded into Fourier
series of the form 5]

= 3 4(Brew/10) sin E(Qin__ll);ga] COS T2 (2.45)

n=1,2,...

so the expression for the magnetisation vector obtained in the equation allows the right-hand side to

15



be re-expressed in the Poisson Equation 2.25

0 (10 0 (10
p <7‘8 (r AQ@)) + o <r@ (rAqf) > ZP sin mpz (2.46)

As said before the solution of the Equation 2.46 is similar to the solution of the Equation 2.25, the
reasoning is not detailed. Thus for the radially magnetised PM topology and after solving the Laplace
equation for this topology and using the definition of the magnetic potential, the expression for the
flux density in the air gap region is obtained

B (r,z) = — Z M, [an D1 (mnr) + b K1 (myr)] cos (my2) (2.47)
n=1
Bi.(r,z) = Z My, [arn Lo (myr) — b Ko (my,r)] sin (my, 2) (2.48)
n=1

and in the region of the internal PMs after solving Equation 2.46 [3]

wLy (mpr)
Bo,(r, 2) nE 1mn [ath (mpr) + ban K1 (myr) + Qm%P”] cos (myz) (2.49)
B > 7 Lo (my,r) .
Ba.(r,z) = E My, |a2nlo (M) — ban Ko (mpr) + 727”% P, | sin (myz) (2.50)

n=1

where R is the internal radius of the PMs.

2.3.2.3 Axially magnetised PM array topology

With this magnet topology, the magnetisation vector has only an axial component as shown in the
Figure 2.3. Thus in cylindrical coordinates, the magnetization vector can be expressed as

M = M.e. (2.51)

The magnetization vector can be further expanded into Fourier series of the form [17]

| == e —> |

M.
Mg = Brem
Ho |
T r
Z I T »
Tp

Figure 2.3: Axially magnetised PMs : components of magnetization vector [17]

. 4Bem (2n — V7] .
M, =— Z ————— CO0s [27})} sin (my, 2) (2.52)
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However, it can be seen that the magnetisation vector for Axially magnetised PMs does not depend
on r. Therefore, the curl of the magnetisation vector is zero since it contains only one component in z
and this component is independent of . Thus the right-hand side of the Poisson Equation 2.25 is zero
using the result of Equation 2.30

The Equation 2.53 becomes a Laplace equation whose solution is similar to that described in Subsec-
tion 2.3.1. Thus for the axial magnet topology and after solving the Laplace equation for this topology
and using the definition of the magnetic potential, the expression for the flux density in the air gap
region is obtained

o0

By, = Z —my, [a1pn L1 (Myr) + b1, K (my,r)] cos (my2) (2.54)
n=1

By, = Z My, [a1ndo (M) — b1 Ko (myr)] sin (my, 2) (2.55)
n=1

and in the region of the internal PMs after solving Equation 2.53 [5]

Bor = Z —my, [agndy (Mp7) + ban K1 (mr)] cos (m,2) (2.56)
n=1

By. =Y mn [aznlo (mnr) — ban Ko (mpr)] sin (my2) (2.57)
n=1

17



2.4 Boundary conditions

In order to determine the specific flux density distributions for each of the TPMA topologies and ge-
ometries, it is necessary to determine the coefficients of the series expansions. The boundary conditions
are specific to each of the topologies presented in this study and are therefore treated separately. Nev-
ertheless, the mathematical reasoning is similar from one topology to another. Thus the development
for the dual Halbach array topology serves as a reference for the other topologies.

2.4.1 Dual Halbach array topology

In this topology, there are three distinct regions as shown in the Figure 1.11: the air gap region noted 1,
the outer PM region noted 2 and the inner PM region noted 3. Therefore, it is necessary to determine
6 coefficients: aiy, aon, a3n, bin, bon, and b3,. These 6 coefficients are determined using 6 boundary
conditions.

The first two boundary conditions are obtained by assuming that the back iron part has infinite
permeability. Therefore, no field line escapes to the outside of the TPMA. For the region of the external
PMs

Ho.l,._p, =0
BQZ . M2z -0
Holr (=R, Hr |r=R,
P, 4Brem (2n — )77,
& 1 Ry) — bon K Ry)=—-L R —_ 2.58
a2nlo (mn 4) 2n 4L 0 (mn 4) 0 (mn 4) 2m% + (2n _ 1)7T77’Ln COoS < 27—1) ( )
and for the region of the internal PMs
Hs.l,_r, =0
B3z . M3z -0
Holr | =R, Hr |r=R,
P, 4Brem (2n — )77,
& 1 R1) — b3 K Ry)=—-L R — —_ 2.59
aznlo (mnRy) 3n Ko (mnRy) o (myR1) omZ  (2n — L)rmy, Cos < 27, ( )

The following two boundary conditions are obtained on the basis of continuity of the flux density and
Ampere’s theorem, the perpendicular component of the flux density is continuous between 2 adjacent
media [18]. This condition is applicable to the boundary of the air gap region and the internal PM
region

B37"7~:R2 = Blr|7«:R2

TP,
< agply (mnRg) + b3 K4 (mnRg) — aipdy (mnRg) — b1, K1 (mnRg) =—-I, (mnRQ) 2mT2L (260)
n
and to the boundary of the air gap region and the external PM region
BZT‘T:R3 = Blr|r:R3
P,
= agnh (mnR3) + bgnKl (mnR;:,) — alnh (mnR3) — banl (mnR3) = —L1 (mnRg) 2m72l (2.61)

n

The last two boundary conditions are again obtained using the principle of continuity between two
media: the tangential component of the magnetic field is continuous at the boundary of two media

18



when the surface current is zero (which is the case here) [18]. This condition applies to the boundary
of the air gap region and the internal PM region

H3z‘r:RQ - le‘r:Rg

B3z . M3z _ Blz
HoHr r=Ro Hor r=Ro Ho r=Ro
& aznlo (mnR2) — b3, Ko (mnR2) — prarnlo (mnRa) + prbin Ko (my Ra)
P, 4Brem (2n — )77,
=—L R — 2.62
0 (mnftz) 2m2  (2n—1)7m, o8 < 27 (2:62)
and to to the boundary of the air gap region and the external PM region
HQZ’T:R;; = H12|r:R3
BQz _ M2z _ Blz
Holr [r=R, Hr lr=Rs Ho |r=Rs
& agnlo (mpR3) — ban Ko (mpR3) — praindo (mnR3) + prb1n, Ko (M R3)
P, 4Brem (2n — )77,
=L R 2.63
N G | G (2.63)
Putting the Equations 2.58 - 2.63 into a matrix system AX =F
[0 0 A13 A14 0 0 _aln_ _Fl_
0 0 0 0 Ay A bin Fy
Azr Azz Azz Az O 0 axm | _ | I3 (2.64)
Ap Asp Az Ay 0O 0 bop, Fy
As1 As2 O 0 Ass Ase asn F5
| Ae1 As2 O 0 Aes Ass | L b3n | L F6 |

where

P, 4Bem 2n — 1)x,
Az = Iy (mpRa) 5 A1g = =Ko (mnRa) s F1 = —Lo (mpRy) 5— + cos <()> ;

2m2  (2n — 1)mm, 27y
7P, 4By (2n — )77y
Ags =1 R1); A% = —K Ry);Fy=—L R — A
25 = Io (mnR1) 5 Aze 0 (mpR1); Fo 0 (mnlt) TR e p— < o) ;

7P,
Az1 = =11 (mpR3) ; A2 = =K1 (mpR3); Ass = It (mpR3) ; Ass = — K1 (mnR3) s F3 = — L1 (mn R3) Cy—t

Ap = —prdo (mpR3) ; Asg = pp Ko (mpR3) ; Aus = —Io (mpR3) ; Aga = —Ko (myR3) ;

P, 4Brem (2n — )77,
4 0 (man Ry) 2m?2 * (2n — 1)mm, o8 < 27p >
P,
Ast = =D (mnRs); Asz = =Ky (mala) s Ass = I (mn o) s Ase = K (maRo) s Fs = =L (malRe) 5=

Ag1 = —pirlo (mnR2) ; As2 = pr Ko (mnR2) ; Aes = Io (mpR2) ; Ass = —Ko (mnR2) ;

P, 4Brem (2n — V)77,
Fg=—L R — .
0 0 (maftz) 2m2  (2n—1)mm, cos < 27 7

n
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2.4.2 Radially magnetised PM array topology

With this magnet topology, there are only two regions present in the actuator as shown in the Figure 1.6:
the first region is the air gap and the second is the internal PMs. Therefore, only 4 coefficients have to
be determined: ai,, asy, b1, and be,. These coefficients are obtained by applying the same boundary
conditions from the Subsection 2.4.1.

The first two boundary conditions are obtained by assuming that the back iron has infinite per-
meability. Therefore, no field line escapes to the outside of the TPMA. For the region of the internal
PM.

H2Z‘T=R1 =0
& BQZ|T:R1 =0 since My, =0 (2.65)
and in the air gap region
Hil,_p, =0
= Blz|7ﬂ:R3 =0 since M, =0 (2.66)

The following is obtained by the fact that the perpendicular component of the flux density is

continuous between two media

Birl,_p, = Borl,_p, (2.67)

The latter is obtained by the continuity of the tangential component of the magnetic field intensity
between two media when the surface current is zero

le|T:R2 = H2z|T:R2 (268)

After developing the Equations 2.65 - 2.68, it is possible to put them in the form of a matrix system

]

0 0 A3 Au A1in Fy
A Ap 0 0 || b | _| B 2.69)
A3r Az Aszz Asg azn F3
Ay A Agz Ay ban Fy
where P
Az = Io (myRy); A1y = =Ko (mpR1) 5 F1 = —Lo (myR2) ﬁ;

Aoy = In (mpR3); Azg = —Ko (m,R3) ; Fo = 0;

TP,

A1 =1 (mnR2) ; Azz = K (mnR2) ;A33 =-1 (mnRg) ;A34 =—-K; (mnRg) s F3 = 1y (mnRz) W;

P,
Agr = prlo (mnRa) 5 Agz = —pr Ko (mn R2) 5 Agg = —Io (mnR2) 5 Aga = Ko (mpRe) ; Fy = Lo (mnR2) 5—;

2m
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2.4.3 Axially magnetised PM array topology

With this magnet topology, there are only two regions present in the actuator as shown in the Figure 1.7:
the first region is the air gap and the second is the internal PMs. Therefore, only 4 coefficients have
to be determined: ai,, ao,, b1, and By. These coefficients are obtained using the same conditions
as described in the previous Subsection 2.4.1. It should be noted that in this study, the width of the
axially magnetised PMs is considered to be equal to the width of the magnet pitch: 7, = 7,. This
consideration will allow to simplify the boundary conditions [5].

The first two boundary conditions are established by the assumption of infinite permeability of the
back iron. In the PM region

H22’7’=R1 =0
B M.
2 - == —0 (2.70)
Holr | =R, Hr lr=pR,
and in the air gap region
Hi|,_p, =0
& Bizl,_p, =0 since M, =0 (2.71)

The following is obtained by the fact that the perpendicular component of the flux density is
continuous between two media
Birl,_p, = Borl,_p, (2.72)

The latter is obtained by the continuity of the tangential component of the magnetic field intensity
between two media when the surface current is zero

H1z|r:R2 = H2z|T:R2 (273)

After developing the Equations 2.70 - 2.73, it is possible to put them in the form of a matrix system
with 7, =7, s0 7, =0

0 0 A13 A14 A1n Fl
A1 Az 0O 0 bin | _ | F2 (2.74)
Azr Azz Azz Az azn F3
Ay Ay Agz Ay bay, Fy
where B,

A1z = Io (myR1); Arg = =Ko (mpRy) 5 F1 = ——— )
13 0 (’I?’L 1) 14 0 (’I?’L 1) 1 mn(2n — 1)7T

A1 = Iy (mpR3) ; Asa = —Ko (mpR3) ; F> = 0;
Asp =11 (mpR2) ; A3y = K1 (mpR2) ; Ass = —I1 (mpR2) ; Asqa = — K1 (mpRa) ; F3 = 0;

4Brem

Ay = ppd nd2) 3 Ago = — - K nR2) 3 Ay = — 1 nR2); Ay = K nRo)  Fy = —————;
41 M O(m 2) 42 M O(m 2) 43 O(m 2) 44 O(m 2) 4 mn(Qn—l)ﬂ'
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2.5 Representation of results

In this section, graphs of the radial and axial components of the magnetic flux density of each topol-
ogy are presented. The first objective is to validate the boundary conditions that have been set in
Section 2.4. The second objective is to compare the evolution of the radial component within the air
gap region for each of the topologies. Since the force produced by the TPMA depends only on this
component, it constitutes a criterion for choosing between the different topologies. Similar dimensions
are used so that the magnetic flux density is only influenced by the topology of the TPMA and not
by its dimensions. The dimensions are chosen to approximate the dimensions of TPMA used in active
railway suspensions |[].

The type of PM used for each topology are made of the same material which is sintered rare earth
Neodymium Iron Boron NdFeB35. Their magnetic remanence is 1.2 [T'] and their recoil permeability
is j1, = 1.0997 [2]. The vacuum permeability is set to a value of 47 x 10~7 [H/m).

2.5.1 Note on calculations involving Bessel functions

Before proceeding to the sections concerning the representation of the results obtained, it is important
to mention the problems encountered during their implementation.

Indeed, the solutions of the magnetic flux densities are expressed by Fourier series. It is known
that these series give a more precise solution when the number of harmonics tends towards infinity.
However, there is the presence of the modified Bessel functions of the first kind and second kind I,
and K, which complicates the solution of the magnetic flux density.

In fact, higher harmonic solutions cannot be obtained since the functions I,, and K, become re-
spectively extremely large or extremely small when the value of n, the number of harmonics, increases
[19]. This results in an increasing deformation of the conditioning of the coefficient determination
matrix as the value of n increases. Thus for too many harmonics, the values of the coefficients a;, and
bin, become aberrant [20)].

It is therefore necessary to create a stopping criterion on the value of n. This criterion must be
adapted to each TPMA geometry since the value of the parameter r is involved in the argument of the
functions I,, and K, as expressed in Equation 2.42 for example.

The evolution of magnetic flux density in the center of internal PM region for the dual Halbach
array TPMA will serve as an example to illustrate the importance of the number of harmonics in the
Fourier series. The behaviour of Bjg, is illustrated in Figure 2.4 for different values of n.

The correct behaviour of Bs, is obtained for n = 14 and is shown in Figure 2.4b. It is sufficient for
the value of n to increase by 1 to see a completely aberrant behaviour of Bs, as shown in Figure 2.4c
and it becomes more and more aberrant as n increases as shown in Figure 2.4d. On the other hand, it
can be noted that a too low value n leads to a loss of precision as too many harmonics are taken into
account. The choice of the value of n is then a primordial choice.
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Figure 2.4: Radial magnetic flux density in the center of internal PM region for a different number of

harmonics

2.5.2 Dual Halbach array topology

After implementing the analytical model, graphs of the magnetic flux densities for each region of the

topology are plotted for a TPMA with the dimensions given in the Table 2.1.

Geometric Parameters

Value

Inner radius of internal PMs, R

20 [mm]

Outer radius of internal PMs, Ry

35 [mm)]

Inner radius of external PMs, R3

85 [mm]

Outer radius of external PMs, Ry

100 [mm]

Pole pitch, 7,

80 [mm]

Width of radial magnets, 7,

40 [mm]

Table 2.1: Principal Dimensions of the Dual Halbach TPMA
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2.5.2.1 Validation of boundary conditions

For each of the regions, plots of the radial magnetic flux density as a function of r with the z-coordinate
fixed at 0 are shown in the Figure 2.5.
The principle of continuity between the internal PM region and the air region expressed by Equa-

tion 2.60 is well respected and illustrated by Figures 2.6a and 2.8a. The same applies to the principle
of continuity expressed by the Equation 2.60 and illustrated in Figures 2.8a and 2.7a.
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Figure 2.5: Dual Halbach topology : Radial magnetic flux density as a function of r» with z =0

2.5.2.2 Magnetic flux density in the PM region

The Figure 2.6 shows the evolution of the magnetic flux density in the internal PM region with
r = (R2 + R1)/2 and as a function of the axial position z. The Figure 2.7 shows the evolution of the
magnetic flux density in the external PM region with r = (R3 + R4)/2 and as a function of the axial

position z.

It can be seen that the variation of B, and B, within the two PM regions are consistent with the
distribution of the magnetisation vectors M, and M,. Thus, the axial component of the magnetic flux
density is odd-symmetric about z=0 [mm]| while the radial component is even-symmetric. It can also
be noted that the radial magnetic flux density in the outer PM region is lower than in the inner PM
region because there is an increase in the cross-sectional area of flux lines [2].
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Figure 2.7: External PM region : Magnetic flux density as a function of z with r = 92.5 [mm)]

The oscillations observed in the Figures 2.6 and 2.7 are caused by the analytical model. Indeed,
when calculating the a;, and b;,, coeflicients, the Bessel functions are involved which causes instabilities.
These instabilities occur for higher (2n — 1)™ harmonics [3]

2.5.2.3 Magnetic flux density in the air gap region

The Figure 2.8 shows the evolution of the magnetic flux density in the air gap region with r =
(R2 + R3)/2 and as a function of the axial position z. The Figure 2.8a shows that the radial flux
density is fairly uniform in the air gap region, while the Figure 2.8b shows that the axial component
of the magnetic flux density has peak point at half the pole pitch [2].
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Figure 2.8: Air gap region : Magnetic flux density as a function of z with » = 60 [mm)]

2.5.3 Radially magnetised PM array topology

After implementing the analytical model, graphs of the magnetic flux densities for each region of the
topology are plotted for a TPMA with the dimensions given in the Table 2.2.

Geometric Parameters Value
Inner radius of internal PMs, R; 20 [mm]
Outer radius of internal PMs, Ry 50 [mm]
Outer radius of TPMA, R3 100 [mm]
Pole pitch, 7, 80 [mm)]
Ratio of magnet pole-length to pole-pitch, « 11[/]

Table 2.2: Principal Dimensions of the internal radially magnetised PM array TPMA

2.5.3.1 Validation of boundary conditions

The radial component of the magnetic flux density as a function of r and with z = 7,,/4 is shown in
Figure 2.9. In Figures 2.9a and 2.9b, it can be seen that the continuity condition expressed in the Equa-
tion 2.67 is well respected and that the value of B, is identical in both regions for r = Ry = 50 [mm].

The axial component of the magnetic flux density as a function of r and with z = 7,,/4 is shown in
Figure 2.10. The conditions imposed in Equations 2.65 and 2.66 are satisfied since the value of B, is
zero for r = Ry = 20 [mm] and r = R3 = 100 [mm] as shown in Figures 2.10a and 2.10b. Finally we
can notice that the value of B, is not continuous between the two regions and makes a jump in value.
This jump in value is due to the difference in permeability between the two media. Thus the value of

By, is p, times greater than the value of Bs,.

2.5.3.2 Magnetic flux density in the magnetic region

The Figure 2.11 shows the evolution of the magnetic flux density in the internal PM region with
r = (R; + R2)/2 and as a function of the axial position z. Same observations as in Subsection 2.5.2.2
can be made on the results obtained in Figure 2.11.
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2.5.3.3 Magnetic flux density in the air gap region

The Figure 2.12 shows the evolution of the magnetic flux density in the air gap region with r =
(R2 + R3)/2 and as a function of the axial position z. Same observations as in Subsection 2.5.2.3 can
be made on the results obtained in Figure 2.12. Nevertheless, it is interesting to add that the radial
magnetic flux density at the centre of the air gap is lower for TPMA made up of radially magnetised
PMs than for TPMA composed of dual Halbach array.
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Figure 2.12: Air gap region : Magnetic flux density as a function of z with r = 75 [mm)]

2.5.4 Axially magnetised PM array topology

After implementing the analytical model, graphs of the magnetic flux densities for each region of the
topology are plotted for a TPMA with the dimensions given in the Table 2.3

Geometric Parameters Value

Inner radius of internal PMs, R; 20 [mm]
Outer radius of internal PMs, Ry 50 [mm]
Outer radius of TPMA, R3 100 [mm]

Pole pitch, 7, 80 [mm)]

Width of the axially magnetised PM, 7, | 80 [mm)]

Table 2.3: Principal Dimensions of the internal axially magnetized PM array TPMA
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2.5.4.1 Validation of boundary conditions

The radial component of the magnetic flux density as a function of r and with z = 7,/ is shown in
Figure 2.13. In Figures 2.13a and 2.13b, it can be seen that the continuity condition expressed in the
Equation 2.72 is well respected and that the value of B, is identical in both regions for r = Re =

50 [mm].
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Figure 2.13: Internal axially magnetised PM array topology : Radial magnetic flux density as a function
of r with z = 7,/4

The axial component of the magnetic flux density as a function of r and with z = 7,,/4 is shown
in Figure 2.14. The conditions imposed in Equation 2.71 is satisfied since the value of B, is zero for
r = R3 = 100 [mm]in Figure 2.14b.
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Figure 2.14: Internal axially magnetised PM array topology : Axial magnetic flux density as a function
of r with z = 7,/4

2.5.4.2 Magnetic flux density in the magnetic region

The Figure 2.15 shows the evolution of the magnetic flux density in the internal PM region with
r = (R1 + R2)/2 and as a function of the axial position z. Same observations as in Subsection2.5.2.2
can be made on the results obtained in Figure 2.15. However, one can notice that the oscillations present
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in the previous topologies are not present for this topology. Indeed, a lower number of harmonics has

been used to ensure sufficiently consistent results.
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Figure 2.15: Internal PM region : Magnetic flux density as a function of z with r = 35 [mm]

2.5.4.3 Magnetic flux density in the air gap region

The Figure 2.16 shows the evolution of the magnetic flux density in the air gap region with r
(R2 + R3)/2 and as a function of the axial position z. Same observations as in Subsection 2.5.2.3 can
be made on the results obtained in Figure 2.16. Nevertheless, it is interesting to add that the radial
magnetic flux density at the centre of the air gap is lower for TPMA made up of axially magnetised

PMs than for TPMA composed of dual Halbach array.
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Chapter 3

Modeling of Force Output

The objective of this chapter is to establish an analytical model that allows the calculation of the force
output. In this study, the force output is called the thrust. The analytical model of the thrust is
based on the analytical models of the magnetic fields that has been described in the previous sections.
Several thrust models are developed depending on the type of windings used. These windings can
support either single-phase, double-phase or three-phase current. A model is established for each of
these cases.

One of the main purposes of this section is to establish the relationship between the current through
the coils and the thrust produced by the TPMA. In the context of the use of TPMAs as an active
suspension, knowledge of this relationship is very important. Indeed, according to inverse dynamics
of an actuator, the desired thrust produced by the actuator is calculated according to the dynamic
constraints imposed on it. Thus, by using the thrust model, it is possible to calculate the input current
to be injected. It is also preferable to obtain a linear relationship between the current and the thrust
in order to simplify the real time control of the actuator or in this case the active suspension [21].

To calculate the force produced by electromagnetic products, three methods are possible: coenergy
method, Maxwell stress tensor method and Lorentz force law [2|. The latter is particularly suitable
for calculating the thrust of the TPMA. Indeed, it allows to calculate directly the thrust produced by
the energized windings in an external magnetic field. The Lorentz force law states that a segment dl
traversed by a current I, immersed in an external magnetic field B, undergoes a Force equal to

dF = I,dI x B (3.1)

This equation allows us to deduce the total thrust force produced by the TPMA with different winding
configurations. In the remainder of this chapter the calculated forces are expressed by pole pitch so
that the total length of the TPMA is not taken into account. As can be seen in the Equation 3.1, the
magnetic field directly influences the thrust produced, so the topology of the TPMA directly influences
it. It is therefore preferable to use a topology that maximises the magnetic field in the winding region
and therefore in the air gap. This is the main reason why the rest of the study in this work focuses
only on the dual Halbach array topology.
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3.1 Assumptions

Firstly, before starting the analytical model, it is necessary to make certain assumptions. These
assumptions aim to facilitate the mathematical development without losing too much precision on the
results obtained. Three assumptions are made

1. Eddy currents in the stator and mover are neglected.

2. As in the previous chapter, the permeability of the iron parts is considered infinite. Thus the
effects of saturation and hysteresis are negligible.

3. The armature is slotless
4. The length of the TPMA is considered infinite.

A slotless armature will reduce the maximum thrust that can be developed by the TPMA but the
ripple force will also be reduced. This type of fitting is preferable to limit the variations of the thrust

and thus obtain a smooth dynamic for the actuator.

A infinite length made greatly facilitates the analytical model but neglects edge effects. These edge
effects are one of the main causes of thrust fluctuation. Thus the analytical model developed in this
chapter tends to minimise the calculated ripple force.

3.2 Thrust for Single-Phase Winding Pattern

The thrust force is dictated by Lorentz’s law described in Equation 3.1. This equation can be rewritten

in its integral form
Fe / (J x B)dV (3.2)
1%

where J is the current density and V is the volume of the air gap between the two arrays of Halbach
magnets. Given the presence of the vector product between the magnetic flux density and the current
density, only the radial component of B produces thrust. The structure of the dual Halbach array
TPMA for a single phase is shown in Figure 3.1. Each of the windings occupies a width of 7, and
two coils of a phase are separated by a distance 7, which is the winding pitch. The choice of these

dimensions is explained in the following.
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Figure 3.1: Structure of the TPMA with single-phase windings [2]
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Combining the two Equations 3.2 and 2.40, the thrust force exerted on one coil is given by [22]

= . Tw
Fy, = —47TJRZ:1 K,y sin (mn?) cos (myz) (3.3)
with
R;
Ko = / rlatnly (mar) + binK (mor)] dr (3.4)

where R, = R2 + ¢ (g is the air gap between the armature and the PM arrays) which is the internal
radius of the armature and R; = Rs — g the external radius. The force exerted on the winding is
obtained by using the result of Equation 3.3

o0
. T,
= 87TJZ K, sin [mn (z — %)} (3.5)
n=1
with
K, = sin (mn%u) sin (mn%> Ko (3.6)

It is preferable to express the relationship established in Equation 3.5 as a function of J,.,,s which is
the root mean square of the current density. J.m,s is given by

J = V2 cOS Wi (3.7)

Combining Equations 3.7 and 3.5 gives the expression

oo
Fup = —8V 210 Jyms Z K, sin (mn (z - T;”)) coswt (3.8)
n=1

Then it is possible to express the relationship between the movement of the armature with respect to
the stator. In this case, the armature moves in synchronism with the AC frequency [2]. Thus with
v being the speed of the mover and z its relative position, the relationship of synchronous movement
between the armature and the current frequency is given by

wt="r=" (3.9)
Tp Tp

Finally, in order to increase the thrust produced, it is preferable to have the distance between two coils
of the same phase equal to the pole pitch of the PMs. This allows the whole winding to be used to
produce force. So the expression of the force produced for a single phase winding and for a single pole

pitch is given by

o

Fup = =8V 21 J s Z K.y, cos (myz) cos <7rz> (3.10)

T
n=1 P
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By applying the relationship established in Equation 3.10, it is possible to obtain the variation of the
thrust as a function of the relative position of the mover z. This variation is illustrated in Figure 3.2 for
a dual Halbach array TPMA with the dimensions described in Table 2.1 and for J,s = 1.5x10%[A/m?].
The maximum force peaks are reached when the winding is aligned with the centre of the radially mag-
netised PMs. Minima are reached when the winding is centred with the axially magnetised PMs. The
period of variation of the thrust is therefore equal to the pole pitch of the PMs.

An important remark is that the fundamental force, which is defined as the constant part of the
thrust, is zero in the case of a single-phase winding which is really not desirable for the actuator to
have good dynamics |22].

1600

1400

1200

Figure 3.2: Thrust generated by single-phase winding TPMA

3.3 Thrust for Double-Phase Winding Pattern

The structure of a TPMA with double-phase windings is shown in Figure 3.3. In this study, the width
of the windings is considered to be the same for each phase.

*A

Figure 3.3: Structure of a TPMA with double-phase windings |2]
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The neighbouring windings have current density with opposite phase. The input current densities
in phases A and B are

J4 = V2Jyms cos wit (3.11)
JB = V2Jpms sinwt (3.12)

Thus the thrusts generated by each of the phases are given by

o
Fu=8V2wJms (Z K, sinm,, (z - %) coS 7rz> (3.13)

T
n=1 p

oo
TZ
Fp =8V2mJyms | > Knsinmy (z — 1) sin — (3.14)
n=1 Tp
It can therefore be seen that the two forces do not cancel out simultaneously for the same axial position
z. This allows the TPMA to produce thrust continuously, which was not the case for a single phase

TPMA.

The total thrust is obtained by adding the thrust of each of the phases

F=Fs+Fg
:F1+Fr
> w4
=Fi+ ) Fy,cos [(Qn— 1+ (-1 = (3.15)
n=2 Tp

where F} is the fundamental force that causes the constant thrust throughout the different mover
positions, F;. is the force ripple that causes the fluctuations of the thrust and F}, which is the magnitude
of the force ripple created by the (2n — 1) harmonic component [2]. The expressions for these forces
are given by

Fy = —8V21Jpms K1 (3.16)
Ep = (—1)"8V 21 Jpms Ky, (3.17)

and the maximum of the force ripple is given by

o0

Frn = 8V2 Jyms, | > (Kn — Kny1)? (3.18)
n=2k

The expression given in the Equation 3.15 indicates that the ripple force is a disturbance which is a
periodic function of the position of the translator relative to the stator. It should also be noted that
the ripple force is an electromagnetic effect that only occurs when the input current is non-zero. One
of the objectives of good TPMA design is to minimise this ripple force, which reduces the dynamic
performance of the actuator [7].
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By applying the relationship established in Equation 3.15, it is possible to obtain the variation of the

thrust as a function of the relative position of the mover z. This variation is illustrated in Figure 3.4 for
a dual Halbach array TPMA with the dimensions described in Table 2.1 and for J,,,,s = 1.5x10° [A/m?2]
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Figure 3.4: Thrust variation generated by double-phase winding TPMA

As shown in Figure 3.4 and similar to the single phase winding, the maximums are reached when
the winding is aligned with the radially magnetised PMs. This is the expected result as the maximum
value of the radial component of the magnetic field is reached at this position. Since the distance
between two coils is half the pole pitch of the PMs, the period of variation of the thrust is 7,/2.

Compared to single-phase winding, there is the presence of the fundamental force. This fundamen-
tal force is worth 1066 [N] and ensures that the TPMA can provide continuous thrust. The variation
of the thrust is obtained, as described by Equation 3.15, by adding to this fundamental force the ripple

force.

Compared to the single-phase winding, the thrust maxima are lower but the thrust only varies in

a range of about 70 [N] since the ripple force is much lower. The dual-phase winding also allows for

continuous delivery of thrust, which is not the case for the single-phase winding.
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3.4 Thrust for Three-Phase Winding Pattern

The structure of a TPMA with three-phase windings is shown in Figure 3.5. In this study, the width
of the windings is considered to be the same for each phase and is equal to 7, = Typ/3 = 7, /3.

A
2
3 !

Figure 3.5: Structure of a TPMA with three-phase windings [?]

In the case of a TPMA with a three-phase winding, the thrust produced is sensitive to the initial
position of the mover z relative to the stator [22]. The Equation 3.9 must be rewritten taking into

account x
™ T
wt=—t=—(2—2x) (3.19)
Tp Tp

Thus the thrust produced by a single phase winding is given by

Fyp = —8V 27 s ni::l K, sin (mn (z - M)) cos [F(z — m)] (3.20)

2 Tp

and it can be seen that the thrust no longer depends solely on the instantaneous position of the mover
but also on its initial position. Two examples of the initial position are shown in Figure 3.6, a study
on the best starting position is developed later.

ri
A z
l - S i — | - ! -
K I IS < < x
l — - Il —_— -— | —
. _ PO A —— N —— —
(a) Starting position A (b) Starting position B

Figure 3.6: Two different starting positions
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The current density between the three phases is out of phase by 120°, so the current densities are

given by

2
Jq = \/§ers cos (wt + 37T>

Jg = V2Jpms cOS wit (3.21)
2
Jo = \/§er5 cos (wt — 37T>

By injecting the results of Equation 3.21 into the thrust expression of Equation 3.20, the expression of
the thrust produced by each phase is obtained

> 2 - 2
Fj= —8\/§7TJTmS ZK” sin (mn (z + ng — g)) CosS (W(ZTQ:) + ‘;) (3.22)
n=1 p

Fg = —8V21Jyms i K, sin (mn (z — %)) cos <7r(z—x)> (3.23)

Tp

(e}
2 — 2
Fo = —8\/§7r<]rms ZK” sin <mn (z - =Tp— Tp)) cos <7T(Z$) — W) (3.24)
— 3 2 Tp 3
It remains to add these three forces to obtain the total thrust produced by the TPMA
F=Fjs+ Fp+ F¢

_F > 7 2nwz  Tx - 7 (2n —2)rz  7x 3.95
— 1—1—2 n0 COS - —T—p + Z nicos | ———+ — (3.25)

T, r
n=3k n=3k+1 p p

In this case, the fundamental force is directly affected by the initial position of the mover:

Fy = 12V271J,ms K1 cos <m) (3.26)
Tp

while the ripple force is also dependent on it and on the instantaneous position. In the case of a
three-phase winding, the ripple force is composed of two terms

Fro = (=1)*12V271Jp s Ky
Fo = (=DM 12v20 0,00 K,
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First, it is necessary to determine the best initial position of the mover as this is a parameter that
can be directly controlled. The variation of the fundamental force as a function of the initial position
of the mover «x is shown in Figure 3.7. It can be directly observed that x must be equal to a multiple of
the pole pitch. This means that the phase must be aligned with a radially magnetized PMs, as shown
in Figure 3.6a. This starting position is maintained in the following results.
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Figure 3.7: Fundamental force as a function of the starting position z

By applying the relationship established in Equation 3.25, it is possible to obtain the variation of the
thrust as a function of the relative position of the mover z. This variation is illustrated in Figure 3.8 for
a dual Halbach array TPMA with the dimensions described in Table 2.1 and for J,,s = 1.5x10° [A/m2]
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Figure 3.8: Thrust variation generated by three-phase winding TPMA

As shown in Figure 3.8 and similar to the single and double phase winding, the maximums are

reached when the winding is aligned with the radially magnetized PMs

. Since the distance between

two coils is a third of the pole pitch of the PMs, the period of variation of the thrust is 7,/3.
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3.5 Conclusion

The results of the different types of winding are shown in the Table 3.1. It can be seen that the TPMA
can develop its maximum thrust when the winding is single-phase. However, with a single-phase wind-
ing the force varies enormously until it is cancelled out in certain positions. The single-phase winding
is therefore not viable if the objective is to have smooth dynamics.

If you compare three-phase and two-phase, the result is clear. Three-phase has a better fundamental
force and a lower ripple force than two-phase. Thus three-phase is the best choice among those studied.

Fmax [N] Fl [N] Fr,max [N]
Single-phase 1502.61 0 1502.61
Double-phase | 1096.65 1066 37.73
Three-phase 1152.31 | 1130.67 21.64

Table 3.1: Results obtained for the different types of winding
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Chapter 4

Optimisation of the design

In the previous chapters, the objective was to select the optimal topology and winding type. The
result obtained is that the dual Halbach array topology with a three-phase cuurent seems to be the
ideal candidate to obtain the best possible performance. However, the dimensions of this TPMA have

yet to be determined.

The objective of this chapter is to find the optimal dimensions of the TPMA to obtain the best
possible performance under certain constraints. In this study, the constraints are mainly space con-
straints, no performance constraints have been stated.

In the first instance, the objective of the optimisation is to maximise the thrust force within the
space constraints for the TPMA. This problem is solved using the PSO method.

Then, the optimisation is done on two objectives. The first is still to maximise thrust and the
second is to minimise ripple force. This MOO is carried out by the mathematical method that was
retained by the Single-Objective Optimisation (SOO).

Finally, the final design is presented and its performance is compared with the results of the baseline
design that was studied in the previous chapters.

4.1 SOO problem

4.1.1 Definition and Mathematical formulation of the problem

Initially, the optimisation problem has only one objective, to maximise the constant thrust or funda-
mental thrust F; produced by the TPMA. Thus f(z) = Fi(x) is the function to be maximised. This
function depends on the vector of variables in x. This vector consists of the variables of the problem
which are the radii Ry, R, R3 and R4 as well as the width of the pole pitch 7,. Initially, the ratio of
radial and axial magnets remains constant and is 1. This first optimisation allows us to understand
the trend of the dimensions taken by the variables of the problem to maximise f(x).

Then, it remains to define the constraints on these five variables. The constraints imposed on the
outer radius of the external PMs come from the maximum space requirement that the TPMA can take.
This value is taken from [1] which uses the TPMA in the suspension system of a high speed train. The
constraint on the inner radius of the inner PMs is taken in order to leave enough room for the yoke
that is inserted within the TPMA. The constraint on the width of the pole pitch is taken in order to
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have enough magnet pole repetition over the entire length of the TPMA which is about 1 [m] in the
case studied in [1]. The constraints g; are given by

Ry > 20 [mm)] (4.1)
Ry > Ry (4.2)
R3 > R (4.3)
Ry > R3 (4.4)
R4 <100 [mm)] (4.5)
7p < 80 [mm)] (4.6)

(4.7)

Since the problem posed is a constrained single objective optimisation problem, it has only one
maximum. This maximum is sought using two algorithms which are described in the following.

4.1.2 PSO Resolution
Introduction to PSO

PSO is a population-based stochastic optimisation technique. It is largely inspired by natural facts
such as bird flocking. It has many similarities with evolutionary algorithms like Genetic Algorithm
(GA). As with evolutionary algorithms, a random population is generated to search for the optimum
to an optimisation problem. However, in the case of PSO, no evolution operator is used [23].

The population called swarm consists of particles that each refer to a value of the given problem.
In our case, each of the particles has a position vector z;(t) which is made up of possible values of the
TPMA dimensions. Each particle aims to explore the space of possible solutions to the problem at
hand in search of the best one. Its exploration is influenced by the other particles in the swarm, which
constitutes its social behaviour, and also by its best position, which constitutes its personal experience.
Thus, at each time step, a velocity vector v;(t) is defined for each particle, which directs the current
position of the particle towards both the best recorded position of the swarm and the best recorded
position of the particle. A vector representation of the PSO is possible and is shown in Figure 4.1

YD

o _xy > /\ 70

LT

Figure 4.1: Vector representation of the PSO [24]
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Operation of PSO

From the Figure 4.1, it can be seen that the new position of the particle X}(t + 1) is obtained using 3
vectors

. vl(t) the speed of the particle at time ¢
. Bl(t) the best position of the particle
. 7(2&) the global best position of the swarm

Thus the experience of the particle and the group effect cooperate to find the optimum of the problem.
Mathematically, the following relationships can be derived

Vilt +1) = wVi(t) + e (?i(t) - Z(t)) +eors (G () - )‘(Z(t)) (4.8)
Xi(t+1) = Xi() + Va(t + 1) (4.9)

where

. wvi(t) is the inertia term and the parameter w is the inertia coefficient. This term quantifies
the importance of the current velocity of the particle towards finding the new position.

® 711 <?Z(t) — } Z(t)) is the cognitive component. It expresses that the particle uses its personal
experience to search for a better position. The factor r; is a random number between 0 and 1.
The parameter ¢; is an acceleration coefficient.

® CoT9 <?(t) — ?Z(t)) is the social component. This term expresses the group effect, the group

cooperates so that each particle improves its position. The best position of the swarm ?(t) is
shared at each particle. The factor 72 is a random number between 0 and 1. The parameter cy
is an acceleration coefficient.

The inertia term corresponds to the diversification in the search procedure. While the other two terms
correspond to intensification in the search procedure. A good balance between diversification and in-
tensification allows an optimal search procedure [23].

Algorithm description
The algorithm procedure is described by the following steps [25]

e Step 1 The swarm is randomly initialized with positions that are consistent with the constraints
imposed by the problem

e Step 2 The value of each particle is evaluated. For a given position } i of particle ¢, the value
of the particle is given by F} (}Z)

e Step 3 The best position ﬁz of the particle 7 is updated if its current value is better than its
personal best. The same applies to the best position in the swarm. Then the velocity 7 of each
particle is updated using the relation in Equation 4.8.

e Step 4 The position of each particle is updated using the relation in Equation 4.9.

e Step 5 Return to step 2 and the algorithm is repeated until convergence or the stopping criterion
is reached.
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Coefficients’ settings

In order to implement the algorithm, it remains to select the values of the different parameters. One of
the advantages of PSO is that there are very few parameters to adjust. The values of these parameters
must be chosen in order to ensure the convergence and stability of the algorithm. In [20], the search
procedure of the algorithm is considered as a dynamic system since it consists of difference equations.
Thus, it can be analysed by an eigenvalue analysis. It is possible to control this analysis so that the
system converges and is stable. Equation 4.8 is rewritten by introducing the constriction factor K

Vit+1) =K [T/ﬂ-(t) Yo (?i(t) - }i(t)) . (7@) - )‘(Z-(t))} (4.10)

The eigenvalue analysis gives an expression for the constriction factor in Equation 4.11 that ensures
the convergence and stability of the algorithm.

with @ =c1+ ¢ (4.11)

2
K:
‘2—80—\/902—4@’

The convergence of the system is entirely controlled by the value of . The value of ¢ must be greater
than 4 in order to ensure the stability of the algorithm. However, it should be taken into account that
increasing the value of ¢ decreases the value of K and thus reduces the diversification. The algorithm
then takes longer to converge. The values usually taken are as follows ¢; = ca = 2.05, ¢ = 4.1 so
K =0.729 |27].

Since the coefficient of inertia w has been replaced by the constriction factor K, it is necessary to
define a range of maximum and minimum velocities in order to avoid excessively large steps occurring
during the first iterations of the algorithm [27]. By good practice, these speeds are defined by

‘/z(t) S [_Vma:m vmax] WZth vmax - 05(Xmax - szn)

In [28], It is suggested that the population size be chosen as twice the number of variables in the

problem. Thus the population size is N = 2 x 5 = 10.

The number of iterations should be chosen to allow the algorithm to converge to the optimum. In
this case, 100 iterations are sufficient.
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Analysis of results

The maximum fundamental thrust obtained during the iterations is shown in Figure 4.2. Conver-
gence is reached after approximately twenty iterations. The maximum fundamental thrust obtained is
1371.47 [N]. The dimensions of this maximisation are shown in the Table 4.1.
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Figure 4.2: Convergence of the thrust
Geometric Parameters Value
Inner radius of internal PMs, R; 20 [mm]

Outer radius of internal PMs, Ry | 65.0464 [mm)]

Inner radius of external PMs, R3 | 92.2655 [mm]

Outer radius of external PMs, Ry 100 [mm]
Pole pitch, 7, 80 [mm]

Table 4.1: Dimensions of the dual Halbach array TPMA obtained after PSO

The curve of the magnetic flux density in the middle of the air gap is shown in Figure 4.3. It can
be seen that compared to the magnetic flux density shown in Figure 2.8a for the standard dimensions
of the Table 2.1, the peak reached by the curve has approximately doubled with the optimised dimen-
sions. This increase was expected as the magnet volume increased significantly with the optimised
dimensions. Especially in the internal PMs, which are crossed by more magnetic flux density lines.
This has a direct impact on the thrust produced, which is considerably increased.
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0.8
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Figure 4.3: Radial magnetic flux density as a function of z with r = 78.65595 [mm)

The graph of the thrust is shown in Figure 4.4. The peaks reached by the thrust is obviously higher
than those reached by the standard dimensions. However, it can also be noted that the ripple force it

has increased slightly. However, the relative ripple force has decreased as the fundamental force has
increased.
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Figure 4.4: Thrust variation generated by a TPMA with PSO dimensions

In view of the results obtained, it can be concluded that the optimisation by PSO to maximise
the thrust produced by the TPMA is convincing. The fundamental thrust increased by 21.29%, from
1130.67 [N] with the standard dimensions to 1371.47 [N] with the optimised dimensions. The algorithm
is relatively easy to implement and few parameters have to be set. However, the computation time is
not negligible even though the problem does not have many variables to optimise.
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4.2 MOO problem

4.2.1 Definition and Mathematical formulation of the problem

The objective of the Section 4.1 was to verify the tendency of the geometric variables of the problem
to maximise the thrust of the TPMA. It was observed that the inner radius of the inner magnets Ry
and the outer radius of the outer PMs Ry take the value of their respective bounds in order to increase
the volume of the PMs. The pole pitch of the PMs 7, does the same and for the same reason. Thus,
in the rest of the study, these variables are fixed at their respective bound values. They are no longer
variables of the optimisation problem.

The outer radius of the inner PMs and the inner radius of the outer PMs remain variables in the
problem. The proportion a@ = 7,/7, of radially magnetised PMs in the pole pitch becomes a new
variable in the problem. This ratio is used to show the impact that the magnetisation vector M has
on the performance of the TPMA.

In the Section 4.1, only the objective of maximising thrust is taken into account. However, in order
for the TPMA to perform well, the ripple force of this thrust must be as low as possible. Thus the
optimisation problem becomes a MOO whose two objectives are the maximisation of thrust and the
minimisation of ripple force. The new optimisation problem is then defined with a vector of variables
x that respect the constraints g;

z = (R, R, )T (4.12)
Ry > 20 [mm)] (4.13)
R3 < 100 [mm)] (4.14)
a<l (4.15)

and which optimise the vector of functions f(z) = {Fy(z), F,(z)} "

Since there are two objective functions to be optimised, they are in conflict with each other. Thus
there is no single optimal solution to the problem and it is impossible (in most cases) to find for all
objective functions the global optimum point of the problem. It is necessary to introduce the concept
of Pareto optimality which states that a solution = of the problem is Pareto optimal if and only if there
is no other solution which dominates it. In MOO problem, dominance determines the goodness of a
solution. Thus a solution x; dominates a solution xo if 1 is not worse than s in all objectives or if
x1 is strictly better than x9 in at least one objective [29)].

These solutions then form a set of optimal trade-offs or a front of solutions called the Pareto front

[28]. The objective of this section is then to find one of these solutions while respecting the constraints
of the problem.
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4.2.2 VEPSO Resolution
Introduction to VEPSO

Vector evaluated PSO or VEPSO is one form of PSO adapted for MOO problems. Its design is simple
and derives directly from the description of the PSO. However, in this case, two objective functions
need to be optimised. Thus each objective function is assigned to a swarm which searches for its

optimum.

Nevertheless, the two swarms will exchange information in order to influence each other. Since
there are only two objective functions to be optimised, the exchange of information does not need to
be complex.

Operation of VEPSO

Let us assume that the first swarm is associated with thrust and the second swarm is associated with
ripple force. Thus, the best position of the second swarm gs(t), which corresponds to the best reduction
of the ripple force at time ¢, is used to determine the new velocity of the particles of the first swarm.

The iteration scheme of the swarm associated with the thrust is defined by [28]

v+ 1) = W) e (P - X 0) + e () - X)) @ae)

XU +1)=xMe) + v+ 1) (4.17)
and for the swarm associated with the force ripple

V@ +1) =BV @) + oy (PP - xPw) + (o) - xPe)) - aas)

(2

xPey1)y=xBe+ v +1) (4.19)

(2

The procedural steps of the algorithm are identical to those used for conventional PSO except that
these steps are applied in parallel to two separate swarms.

Coefficients’ settings

The choice of parameters is different from that made for the PSO. Indeed, the particles converge
less quickly to an optimal solution as they are influenced by the best position of another swarm. It is
therefore necessary to evolve the coefficient of inertia w so that when the particles are close to one of the
optimals, they converge more quickly. The inertia coefficient is then dynamically adjusted throughout
the iterations as follows

W = Wmax — [{(Wmax — Wmin) /itmax } * it] (4.20)

In [28] the recommended values are wpax = 1, Wmin = 0.4 and ¢; = co = 0.2.

The size of the population and the number of stages are chosen in the same way as for conventional
PSO: N=2x3=6
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Analysis of results

Since the algorithm is run on two swarms simultaneously, it is important to check that they converge
to the same position. The convergence of each of the variables are illustrated in Figure 4.5. It can be
seen that the two swarms are converging to the same position and in a fairly accurate manner.
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Figure 4.5: Convergence of the problem variables during the iterations



The dimensions obtained for each of the swarms are shown in the Table 4.2 where the first swarm

aimed to maximise the thrust and the second one to minimise the ripple force.

Ry [mm] | Rs [mm] a [/]
Swarm 1 56.6179 87.2349 | 0.735113
Swarm 2 57.4229 87.2358 | 0.732194

| Relative difference [%] | 1.4019 [ 0.0011 | 0.3987 |

Table 4.2: Dimensions of the dual Halbach array TPMA obtained after VEPSO

As the dimensions converged to the same values, the results obtained can be considered. The
convergence of the thrust and ripple force over the iterations is shown in Figure 4.6. The fundamental
thrust converged around the fiftieth iteration at a value of 1435.241 [N]. The ripple force converged
a little before the fiftieth iteration at the value of 0.0088775 [IN]. Through these two values, we can
see the impact that the « ratio has. It allowed to obtain a fundamental thrust superior to the one
obtained after the PSO. It also allowed to almost cancel the ripple force.
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Figure 4.6: Convergence of the objective functions

However, several remarks should be made concerning the reduction of the ripple force. The first
is that since edge effects are not taken into account in the analytical model, it is indeed possible to
reduce the ripple force to almost zero. Unfortunately such a low value would not be achievable with
these effects taken into account. The second is that the ripple force is very sensitive to changes in
dimensions. The dimensions obtained are accurate to a thousandth of a millimetre, which is difficult

to achieve in manufacturing. Therefore, such a reduction of the ripple force remains very theoretical.
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As the fundamental force is less sensitive than the ripple force to dimensional variations, the final
design conserves the dimensions obtained by the swarm 2. The variation of the magnetic field at the
centre of the air for such dimensions is shown in Figure 4.7. The peak reached by the curve is lower
than the one in Figure 4.3 which is obtained by PSO. However, in the Figure 4.7 it can be seen that
a high magnetic flux density is maintained over a longer axial distance than in Figure 4.3. This is

largely due to the increased proportion of radial magnets in the pole pitch. This will result in a higher
fundamental thrust.

By, [T

06 . . . . . . .
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Figure 4.7: Radial magnetic flux density as a function of z with r = 72.32935 [mm)

The graph of the thrust is shown in Figure 4.8. The double optimisation is directly visible, the
fundamental thrust is increased by 4.26% compared to that obtained with the PSO dimensions. The
ripple force is reduced by 99.968% compared to that obtained with the PSO dimensions.
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Figure 4.8: Thrust variation generated by a TPMA with VEPSO dimensions
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Chapter 5

Improvement and further research

The objective of this chapter is to present several improvements that can be made to the analytical
model. The improvements to be made to the analytical model serve essentially to refine the results
obtained so that they are as close as possible to the results that would be obtained experimentally.
These improvements then aim to minimise the number of assumptions that have been made about the
analytical model.

An introduction to the use of TPMA as an active suspension is then developed. It serves essentially
to introduce a dynamic use of TPMA for future research on this subject.

5.1 Finite permeability back iron parts

The first assumption made in Chapter 2 was to consider that the back iron parts have infinite per-
meability, thus simplifying the analytical model by reducing the number of boundary conditions. If
the model is to be more complete, it is imperative to consider that the back iron parts have a finite
permeability and therefore to consider them as a sub-domain of the TPMA.

A new boundary condition between PMs and back iron shares should therefore be imposed. Since
the back iron parts have a finite permeability, it is now possible to apply the continuity condition
between the radial component of the magnetic flux density of PMs and back iron parts. A Dirichlet
boundary condition must be imposed at the inner edge of the internal back irons part and at the outer
edge of the external back iron part. This boundary condition is illustrated in Figure 5.1. This results
in the following equation to be imposed

Agl,_p=0 (5.1)

where R is the radius of the inner edge of the internal back iron part or the radius of the outer edge

of the external back iron part.

Figure 5.1: Dirichlet boundary condition [30]
Imposing these boundary conditions implies that the back iron parts have an expression for the

92



radial and axial magnetic flux density. Thus a certain level of magnetic flux density in these regions
can be observed. Thus knowing the material used for the back iron parts, it is possible to compare the
magnetic flux density levels with the B-H curve and check where these levels are situated with respect
to this curve. Thus the analytical model still does not allow for saturation within the back iron parts,
but it does allow us to know if saturation is present with the current design. If saturation is observed,
it can be reduced by changing the thickness of the back iron parts or the PMs [3].

5.2 Finite length TPMA

One of the assumptions made before developing the analytical model is to consider that the TPMA is
of infinite length in order to neglect the edge effects. This assumption simplifies the analytical model
the most and has the greatest impact on the results obtained.

Considering that the TPMA is of finite length implies directly that there will be the presence of
edge effects at the axial edges. Thus the PMs present at the axial edges of the TPMA produce a
flow that is not completely linked to the following PM. Thus part of their magnetic flux takes a path
through the air and back into the back iron parts, they are called fringing flux. Another part of these
fluxes leaks directly out of the TPMA [31]. These effects, called longitudinal end effects, are illustrated
in Figure 5.2.

fringing ]Fqu
flux ines
fringing
flux
00

Figure 5.2: Illustration of end effects for a finite length TPMA |[3]

The magnetic flux density for a TPMA of finite length can be determined using the subdomain
method with Fourier expansion which is the method employed in Chapter 2. However, many boundary
conditions at the axial edges must be introduced. These boundary conditions are asymptotic. That
is, they are a combination of Dirichlet boundary conditions and Neumann boundary conditions. Im-
plementing these boundary conditions will result in poor conditioning of the coefficient determination
matrix. In case the coeflicients are correctly calculated, the analytical method would lose all its ad-
vantage over the Finite Element Method (FEM) as the calculations would be excessively long [3].

Another method, presented in [32], is to place an infinite series of TPMAs at a certain distance from
each other. However, this method always assumes that the back iron has infinite permeability, which
means that the asymptotic boundary conditions must always be introduced, whereas the magnetisation
vector is easily calculated using the Fourier expansion. Thus an alternative method is presented in
[3] where the back iron is infinitely long but has finite permeability. The PMs are considered as an
infinite series of discrete arrays. This alternative method is illustrated in Figure 5.3 for a TPMA with
radially magnetized PMs. Thus this alternative method allows to develop for a TPMA of finite length
the analytical model which approximates the magnetic flux density distribution. The mathematical
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development is similar to that developed in Chapter 2 except that it is based on the diagram in

Figure 5.2.
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Figure 5.3: Structure of the TPMA with infinitely long back iron and with series PM-array

5.3 Armature field reaction

When the coils in the armature have current flowing through them, they produce a magnetic field.
This phenomenon is called the armature reaction field and can distort the magnetic field produced by

the PMs.

This phenomenon has been neglected in this thesis because it has minimal influence on the main
magnetic field when an air-cored armature is studied and when the TPMA is under magnetostatic con-
ditions. However, when it comes to establishing control design schemes on the TPMA, the armature
reaction field has a significant impact on the thrust produced. This is mainly due to the high variation
in current flowing through the coils during the dynamic phases of TPMA operation.

In [33], the method of solving for the expression of the armature field reaction is essentially the
same as that used in Chapter 2. Maxwell’s equations are again solved using the technique of variable
separation with Fourier series. The point that changes with respect to the solution developed in
Chapter 2 is the right-hand side of the Poisson equation. Indeed, in the case of the armature region,
unlike the PM region, the magnetisation vector is zero but the current density vector is not. Thus the
equation in the armature region takes the form

VA = —puJ (5.2)

The calculation of the field reaction reinforcement can therefore be of interest when studying the
dynamic behaviour of the TPMA because in this case it has a non-negligible impact on the thrust
produced.
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5.4 Incorporation of TPMA into the suspension system

This section serves as a basis for considering the incorporation of the TPMA design developed in this
work into an active suspension system. The suspension system chosen is that of a train’s car as the
TPMA has been designed in this way.

The diagram of the suspension system is shown in Figure 5.4 and it can be seen that the primary
suspension is a passive suspension (a spring in parallel with a damper) and the secondary suspension
is an active suspension represented by the TPMA in parallel with a passive suspension. The purpose
of the primary suspension is to reduce the vibrations caused by the road between the wheel and the
bogie. The purpose of the secondary suspension is to isolate the body vehicle from the bogie as much
as possible. Its objective is to improve passenger comfort as much as possible.

P Vehicle
body

m,
k. e F Secondary
} ) “  suspension
m'.

Bogie
framework

Primary
SuUspension

Wheel

Track
Figure 5.4: Active suspension model of 1/4 train’s car [31]

The system shown in Figure is the simplified 2-Degrees Of Freedom (DOF) model, the full model
being 7-DOF. However, it allows the system behaviour to be well represented with fewer parameters
[34]. The equations of motion are obtained by applying Newton’s second law

mix1 = —ks (.%1 — .1‘2) — Co (1‘1 — .fQ) + k1 (xo — 1'1) + 1 (.%"0 — i‘l) - F, (5.3)

Mol = ko (:El — 332) + o (il - ig) + F, (5.4)

where m; and mg are mass of the bogie and the vehicle body respectively, 1 and zo are the vertical
displacement of the bogie and the vehicle body respectively, k1 and ko are the elastic stiffness of the
primary and secondary suspension respectively, ¢; and co are the damping coefficient of the primary
and secondary suspension respectively, zq is the excitation that corresponds to the irregularities of the
road and Fy, is the active control force generated by the TPMA.

The only active parameter is F, and can therefore be controlled to minimise vehicle vibration.
Thus the principle of inverse actuator dynamics is applied. A certain dynamic, that of vibration, will
be imposed on the TPMA. Thus a certain control force F, must be produced in order to reduce the

vibrations. This force is calculated using Equations 5.3 and 5.4 and also using control parameters.
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Since the control force is known by the dynamics imposed on it, it remains to determine the current
to be injected into the windings of the TPMA. Two current variables are therefore to be controlled: the
current density and the current frequency. Firstly, the current density is linearly related to the control
force. This relationship, for a TPMA with the optimised dimensions of the Table 4.2, is illustrated in
Figure 5.5. Note that the force is expressed in terms of pole pitch.
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Figure 5.5: Fundamental force as a function of current density

Then the current frequency is obtained directly from the synchronous relationship between the
armature and the PM
T
w=— (5.5)
Tp
thus the frequency is directly obtained by the dynamics imposed on the TPMA with v being the rela-
tive speed of the armature with respect to the PMs. The speed of the armature is directly related to

the variation in the travel of the secondary suspension which is given by s — ;.

It is then necessary to describe the control process of the TPMA within the active suspension. The
block diagram of the active suspension is shown in Figure 5.6. It can be seen that the controller is at

e S — —————— S

Electromagnetic Single-Wheel Active Suspension Systemi

i
|

[
I 1

1
v ; P o S i
[ Control System . Pa er |
! Electronics !
; i
i j
| 1
1 L 4 1
| - |
| Electromagnetic H
1 1
! Actuator !
i |
i |
i i
i 1
! : s
i Sensors and One-Wheel !
i — Instrumentation [ Suspension i
i 1
s I |

Vehiele Engine/
- . . ——— (ther Wheels
Generator + Batter .
e Heey —t Suspension
* Systems

Figure 5.6: Block diagram of an electromagnetic active suspension [35]
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the centre of the system as it receives the vehicle status information collected by the sensors. It then
generates the appropriate power control signals. These control signals then supply the TPMA with a
current of the desired magnitude and frequency.

The objectives of future research on this topic would be

e Select a control algorithm for the TPMA. This algorithm will need to take the correct inputs

and outputs in order to deliver the correct control current to the TPMA.

e The analytical model describing the active suspension system can be developed to see how well
the TPMA and the control system work when the suspension system experiences a signal that
corresponds to road irregularities.
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Chapter 6

Conclusion

This master thesis presented an optimised TPMA design capable of being implemented in an active

railway suspension system.

In the first part of this thesis, a description of the operating principle of the TPMA has been made.
Then a state of the art of the possible topologies of TPMA were presented. Their complete structure
has also been presented.

In the second part of the thesis, the analytical model of each of the topologies presented in the
first part has been developed. Before establishing the governing equations common to each of the
topologies, the assumptions made on each model are established. Then the Laplace and Poisson equa-
tions are solved according to the specificity of each topology. In order to obtain the solutions for the
magnetic flux densities, the boundary conditions specific to each topology are established. Finally, the
results are plotted and compared. It is found that the dual Halbach array topology obtains the highest
radial component of the magnetic flux density in the air gap region with a peak at over 0.3 [T]. This
topology has therefore been retained for the rest of the thesis.

In the third part of the thesis, an analytical model of the thrust produced by the TPMA was de-
veloped. This model is based on the use of Laplace’s equation which relates the magnetic flux density
produced by the PMs and the current flowing through the armature windings. A comparison between
the different types of current to be injected, single-phase, double-phase and three-phase, was carried
out to see which produced the most thrust and the least ripple force. The current that provides the
best compromise is three-phase, which produces less maximum thrust than single-phase, 1152.31 [V]
versus 1502.61 [N], but produces significantly less ripple force since the thrust produced using single-
phase current varies between 0 and maximum thrust. Thus the use of three-phase current is retained
in the rest of the thesis.

The fourth part of the thesis is focused on an optimisation of the geometrical dimensions of the
TPMA. In the first instance, the optimisation focuses only on the maximisation of thrust. Five di-
mensions are to be optimised: R, R, R3, R4 and 7,. The optimisation of these dimensions was
obtained using the PSO method. After this first optimisation, the TPMA with the optimised dimen-
sions grouped in Table 4.1, produces a fundamental thrust of 1341.47 [N] which is 21.29 % higher for
the same volume than that produced with the standard dimensions used in the previous chapters.

Then a second optimisation was performed using a method derived from PSO for multi-objective
optimisation, the VEPSO. Indeed, in addition to maximising thrust, the second objective was to
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minimise the ripple force. Only three parameters were to be optimised: Ry, R3 and «. After this
further optimisation, the Ry with the optimised dimensions grouped at Table 4.2, produces a 4.26 %
higher thrust than that produced after the first optimisation as well as a 99.968 % reduction in ripple
force. It was stated that such a low ripple force was not achievable in reality because the edge effect
was not taken into account and such precise dimensions were hardly achievable. However, it can be
seen that the optimisation algorithm really performs well even if the results still need to be interpreted.

In the fifth and last part of the thesis, several improvements that can be made to the analytical
model such as considering the TPMA of finite length, considering the armature field reaction or con-
sidering that the back iron parts have a finite permeability have been presented. Then an introduction

on the incorporation of TPMA in an active train suspension system was presented.
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