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ABSTRACT

Bearingless machines are developed for applications which require high rotation speed,
power density, long lifetime and high purity environment. The most compact machines of
this category are the combined winding machines which gather both suspension and driving
functions in only one set of winding. During the last few years, an Electrodynamic Thrust
Self-Bearing Machine (ETSBM) has been developed by Dr. Joachim Van Verdeghem and
Prof. Bruno Dehez. This motor is an Axial Flux Permanent Magnet (AFPM) machine
which drives a flat disc rotor that passively levitates at high speed due to a specific
connection of the windings. However the rotor topology of this machine uses a basic
structure of Surface Mounted PMs (SMPMs) without any ferromagnetic part present on
the rotor. More generally, the current researches in the field of axial bearingless machine
have not yet explored the use of rotors with Buried PMs (BPMs). This kind of rotor should
improve the suspension performance at low speed by increasing the inductance coefficients.
Moreover, these parts will add axial and angular variations of the same coefficients which
will create reluctant force components. With this in mind, this Master’s thesis aims to
study the influence of a BPM rotor on the ETSBM performances.

First, a review of the literature dealing with the AFPM machines using a rotor with buried
permanent magnets (BPMs) is done. Thanks to it, a topology is chosen and a first design
proposal is given. After that, an electromechanical model suited to the selected topology
is developed. It describes the axial and spin behaviours of the machine. This model also
highlights the modulation capability of the suspension through the motor currents and
the reluctant effects generated by the structure of the rotor. Then static FEM simulations
determine the parameters of the model and validate the assumptions made in this one.
Next a bi-objective optimisation process consisting of the minimisation of the losses and
the maximisation of the axial stiffness is realised in order to size the AFPM BPM machine.
Finally a case study based on the best candidate previously computed is done. It aims to
compare SMPM and BPM rotor topologies through both a quasi-static and a dynamic
analysis. These analyses show that the BPM rotor can significantly upgrade the suspension
performance. However, the analyses point out that the motor currents do not have enough
influence on the suspension to modulate it. Besides of that, a comparison with a modified
BPM rotor design shows that better performances could still be achieved. This paves the
way for future researches concerning bearingless motors with a BPM rotor.
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INTRODUCTION

One of the most common failures in classical high-speed electrical motors is caused by
the breaking of the contact type-bearings. Moreover, these ball bearings can create some
vibrations and losses which are no more negligible when the speed becomes important.
Lubrication is sometimes used to reduce these losses, but the lubricant prevents from using
this system in vacuum or high purity application [1, 2]. All these reasons have motivated
the development of the contact-less bearings which are divided in two main categories:
the air-foils aerodynamic bearings and the magnetic bearings. The former [3] provides a
purely passive suspension which is well adapted for small shaft and a specific speed range
but, of course, cannot be used in vacuum environment.

The latter can be split into two subcategories: The Active Magnetic Bearings (AMDBs) and
the Passive Magnetic Bearings (PMBs). On the one hand, AMBs consist in electromagnets
where the current which regulates the stiffness is actively regulated according to the
application and the position of the rotor [4]. It must be noted that AMDBs are expensive
and complicated to integrate.

On the other hand, PMBs use only passive phenomena and are constituted of PMs. Many
topologies are already developed [5], but as stated by Earnshaw’s theorem, it is impossible
to reach a fully magnetic levitation by using a static magnetic field to stabilise all the
Degrees Of Freedom (DOF) of the rotor: at least one DOF must be controlled with an
alternative, which means PMBs must be combined with another technology.

Passive magnetic bearings avoid the problem of friction and lubrication. But using them
leads to another problem [6]. Indeed, the passive magnetic bearings occupy a non-negligible
part of the shaft compare to classical bearings and thus they decrease the global power
density of the system, which is problematic when the purpose is to reach high rotation
speed with a reasonable torque. Moreover, the length of the shaft is limited to avoid the
flexible modes. Then for a same shaft length, the reachable power range is lower than
with classical bearings because the length available for the armature winding of the motor
is smaller, as illustrated in Figure 1.
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Figure 1: Schematic structure of the motor with AMBs (from [7]).

The bearingless machines, also called self-bearing machines, are used to compensate these
defaults and increase the power density. This technology uses a single structure to provide
both motor (or generator) and magnetic suspension functions [8]. These motors usually
combine two sets of windings, the first one for the motor function and the second one for
the magnetic suspension [9]. They are developed for different high-speed applications like
centrifugal pump and compressor [10-12], fans and blowers [13-15], flywheels [16-18] and
reaction wheels [19, 20]. Furthermore, this technology is used in situation where lubricant
of a classical machine could be dangerous for the proper functioning of the system, like in
high purity mixing devices for bioreactors [21-24] or in centrifugal blood pumps and in
ventricular assist devices [25-28].

Currently, some researches propose new motors which combine both functions in one set
of windings [1, 29-10], usually called Combined Winding BearingLess Machine (CWBLM).
These systems improve the compactness and the power density of the machines while
reducing the Joules losses. The basic structure of this type of machine is available in
Figure 2 and highlights the gain of space available for the motor windings compare to

Figure 1.
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Figure 2: Schematic structure of the CWBLM (from [7]).



As for conventional motors, there are axial flux machines and radial flux machines, but
this Master thesis will focus on the first category. The classical machines with Axial Flux
Permanent Magnet (AFPM) are used for a wide variety of applications which require
axial compactness, high efficiency and high torque density [41]. Axial Flux BearingLess
Machine (AFBLM) keeps these qualities while reducing the losses due to mechanical
friction and increasing the reachable rotation speed.

Topologies of axial-flux bearingless machine

This section presents the state of the art of the AFBLMN. Its purpose is to complete the
state of the art proposed by J.Van Verdeghem in [1], then some topologies presentations
will be mainly inspired from his work and be marked by blue title.

(Ueno et al., 2000)

The prototype presented in [30] is shown in Figure 3(a). It is an axial-flux structure where
the stator includes a three-phase armature winding disposed in a slotted ferromagnetic
circuit. The rotor is composed of a ferromagnetic disc on which the PMNs have an alternate
polarisation. The PNs are either surface mounted or inserted. This machine provides
only a motor torque and an attractive axial force f,, which depends on both direct and
quadrature currents and tends to bring closer the rotor to the stator. Then this force must
be compensate by a restoring force, called bias force f,, in the paper, to reach the nominal
position. The axial position of the rotor is controlled by injecting more or less current into
the coils. As the driving torque solely depends on the quadrature current, it is limited by
the bias force.

The prototype presented in [31] is an improved version of the one presented in [30]. As
it can be seen in Figure 3(b), the prototype was symmetrised to remove the need of a
bias force and then remove the torque limitation. Nevertheless this symmetry requires
to use two sets of three-phase windings. Concerning the radial and tilt DOF, they are
magnetically supported by two classic PM centering bearings.

Radial PM
bearing

Radial PM
bearing

(b)

Figure 3: Axial-flux structure with a slotted stator and a flat disc rotor (from [30]) (a)
Unidirectional variant. (b) Bidirectional variant (from [31]) (© 2000 IEEE).



(Asper et al.,2003)

The paper [32] presents an electrodynamic thrust bearing machine. The rotor, shown
in Figure 4, is composed of a PM arrangement of highlighted by the number 1 and 2 in
Figure 4(a). These magnets are alternately magnetised in the axial direction. Two sets
of windings are visible in Figure 4(b): The suspension winding Ly and Lg, which are
short-circuited through their opposition connection (3), and the additional motor windings
Lx and Ly, which are connected in series to the power supply (13). This configuration
allows to control the driving torque with the current Ix v while the axial levitation comes
from the induced current flowing into the suspension winding. The other DOF can be
passively stabilised with classical PM bearings. This topology can be improved to achieved
the axial suspension and the rotor drive to become a passively levitated thrust self-bearing
machine.

(a) 3 (b)

Figure 4: Thrust self-bearing machine (from [32]). (a) Exploded view. (b) Detailed view.

(Asama et al.2013)

The principle of [31] has inspired [33] to propose this topology which offers in addition
the single-drive characteristic. Figure 5 shows the structure of the machine. Its rotor is
composed of two sets of PMs axially magnetised and fixed on back iron which are themselves
connected on each sides of the rotor shaft. The stator is made of two ferromagnetic circuits,
each one in front of one set of PMs. The symmetry of this structure allows to have a
centred position where the attractive magnetic forces acting on both rotor sides compensate
each other. The left ferromagnetic circuit receives a three-phases armature winding. This
winding allows to regulate the strengthening of the axial magnetic flux and the torque by
injecting respectively direct and quadrature current. Indeed, as depicted in Figures 5(a)
and 5(b), increasing the direct current that strengthens the magnetic flux. The two last
Figures, 5(c) and 5(d), depict the passive stabilisation of the tilt and radial DOEF due to
the interaction between the PMs and the ferromagnetic circuits of the rotor.
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Figure 5: Exploded and detailed views of the self-bearing machine (from [33]). (a) Positive
axial force. (b) Negative axial force. (c) Passive radial stabilisation. (d) Passive tilt

stabilisation.

(Asama et al., 2014)

The machine described in [34] and [35] is a single-drive machine which has a classic
single-sided axial flux configuration. Figure 6(a) allows to see how the P)M are fixed on
the back yoke to form the rotor. The stator is made of coreless coils. Figure 6(b) shows
how the interaction between the radial and azimuthal components of the magnetic field
with the armature currents provides the magnetic suspension force according to Laplace’s
law. Concerning the axial component of the magnetic field, it provides the driving torque.
Suspension force and driving torque are completely independent as they are respectively
produced by the direct and quadrature currents. The last DOF| (tilt and radial DOF) are
stabilised by a PM bearing with a high length to diameter ratio.

Back yoke Suspension

force

Non-magnetic Permanent magnet

cover |

~ Rotor
Radial component

Back i i
ack iron of magnetic flux

Lorentz force
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Printed circuit board
with hall elements -
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(a) Coreless coils PM hollow ring (b) Azimuthal component of d-axis current

Figure 6: Single-drive single-sided axial flux machine (from[34]). (a) Exploded view of the
machine. (b) Axial force generation.



(Ueno et al.,2021)

The prototype presented in [38], similar to the previ-
ous one, proposes an axial flux self-bearing machine
described as a combination of an axial flux motor
and a thrust magnetic bearing. The main difference hﬁ‘;ﬂﬁ
with the previous machine resides in the supplemen- : Iron core
tary stator core. The machine is a single stator

structure. This stator is positioned above the rotor,

. . Displacement
and permanent magnetic bearings are used to sta- sensor

bilise the tilt and radial DOF. The rotor can reach

a speed of about 1600 [rpm] but produces vibrations
due to the conical mode. Figure 7: Structure of the axial self-

bearing motor (from [38]).
(Van Verdeghem et al.,2020)

The article [37] describes a fully passively levitated Electrodynamic Thrust Self-Bearing
Machine (ETSBM) which is the evolution of the bearingless machine proposed in [29].
This Master’s thesis is based on the modification of this machine, therefore the following
pages will be dedicated to its detailed description and its working principle.

The tilt and radial DOF' of the rotor are passively controlled by two PN centring bearings
while the rotor drive and the passive axial suspension are provided by the single winding
of an ETSBM. Figures 8(a) and (b) show respectively that the ETSBM can be either
based on a axial flux topology or on a radial flux topology. The prototype and the model
developed in the paper have been made for the first case.

Upper

/ PM bearimghﬁ——~~>

EDTSB

machine

- Lower |
PM bearing
(a) (b)

Figure 8: Fully passively levitated machine (only one phase). (a) Axial flux configuration.
(b) Radial flux configuration (from [37]).



The developed prototype is a Double Stator Single Rotor (DSSR) axial flux permanent
magnet machine. It is composed of two sets of three-phase armature windings connected
in parallel, an upper and a lower one, wound on a non-magnetic yoke and positioned on
each side of an axial flux rotor. A simplified view of the structure is proposed in Figure
8(a). The rotor is constituted of two arrangements of PM placed in attraction on both
side of a ferromagnetic yoke.

This prototype uses the null-flux principle to stabilise the rotor in the axial direction. The
upper and lower fluxes compensate each other when the rotor is in its centred position,
therefore there is no axial force generated on the rotor in this position. It also means
that the rotor axial DOF is stabilised through passive electrodynamic force. No sensor,
power electronic or controller is needed to achieve the rotor levitation, which improves
the compactness and the reliability. The control of the motor function is made through a
commercial electronic.

The prototype structure and its main components are detailed in Figure 9 and are listed
below:

Z
ey

RS0 g7t

o |
i
(a) (b} )

Figure 9: Fully passively levitated machine prototype (from [37]). (a) Picture of the
machine. (b) Cross-sectional view with (1) the coils, (2) the non-magnetic non-conductive
frame, (3) the printed circuit board, (4) the stainless steel shaft, (5) the P\ arrangement,
(6) the rotating PM rings and (7) their corresponding stationary rings, (8) and (11) the
threaded parts screwed on (2), (9) the landing bearings constituted of a ceramic ball, (10)
the stainless steel plate and (12) the radial safety bearings larger than the shaft used in
case of instability or failure. (c) Picture of the armature winding. (d) Picture of the rotor.



Operation principle

The purpose of this section is to describe the operation principle of the E'TSBM presented
by Van Verdeghem et al. in [37], by emphasizing the interaction between the different
currents and the magnetic field, and then the different forces and torques created by them.
As presented previously, [37] describes the first fully passive levitated self-bearing machine
with combined windings. The four radial and tilt DOF are passively stabilised while the
suspension in the axial direction and the driving torque are provided with a single set of
three-phase’ winding distributed between the upper and lower winding.

As shown in Figure 10, the rotor comprises an arrangement of PNs with alternating
polarisation to obtain "p" pairs of pole. The topology, based on the null-flux principle, has
3 identical and evenly distributed phases composing the stator, each one being formed by
the parallel connection of an upper and a lower winding. Each upper/lower winding is

made of "p" identical and evenly distributed coils connected in series.

Upper
winding

Lower
winding

Figure 10: Schematic representation of F'T'SBNM topology with three poles and limited to
one phase winding (from [29]).

To fully understand the principle and the figure 11, the motor current Iy; and the suspension
current Ig must be defined:

Iy =% + 15 Iy=1I.+1Iy

Iy is injected by the power supply and provides the driving torque, while Ig will be
passively induced by the relative axial movement between the coils and the PMs. The
latter can also be interpreted as the unbalance of current between the upper and lower
windings, this unbalance depending on the axial position of the rotor.

As presented in Figure 11(a), when the rotor is axially centred (z = 0), the amplitude of
the PM flux linkages related to each upper and lower winding of each phase @y and @y, are
equal. The motor current is then evenly distributed between each upper and lower winding
as the ElectroMotive Forces (EMES) are equal for both. This current generates a driving

Tn [37], the principle is generalised to "N" phase, but the number of phase have been fixed to work
with classical tree-phase power supply.



torque T, \ by interacting with the axial component of the magnetic field produced by the
PMs along the coil radial section. Besides, the interaction with the azimuthal component
of the magnetic field with these upper and lower currents creates two axial forces which
compensate each other. Figure 12(a) illustrates these interactions for a centred position.

Figure 11(b) describes the effect of a rotor displacement along the z-axis: ¢y and &y, are
no more equal, that means that EMFEs are not either. Consequently, the total current is
no more evenly distributed between upper and lower windings. This is represented by
an additional current, the suspension current Ig, which increases the current in the coils
closest to the rotor, and conversely for the farthest.

In

2 I

Upper Ius - C') To a

winding

[r.\,b’

! Lower 1 _ .
winding 2 | I z

(a) (b)

Figure 11: Electrodynamic thrust self-bearing machine operation (from [37]). (a) Centred
position (z = 0). (b) Decentred position (z # 0).

Concerning the forces in this situation, since the P\ magnetic flux density is divergence free
and the relation between the axial component and the axial position is linear, the azimuthal
component of the PM magnetic flux is independent of the axial position. Therefore the
motor current Iy still solely provides the driving torque T, p even when the rotor is axially
decentred. However as the path of circulation of the suspension current Ig is different, this
current interacts with the azimuthal PN magnetic field to produce an axial force F, that
tends to restore the rotor in its centered position. But this current also interacts with the
field axial component, resulting in an undesirable drag torque T, 4, that goes against the
rotation of the machine. All these interactions are illustrated in Figure 12(b).



Motor current s

Suspension current /g

To.p T

Figure 12: Motor and suspension forces generation : unrolled representation of the self-
bearing machine (from [1]). (a) Centred position (z = 0). (b) Decentred position (z # 0).

Small rotor displacements allow to consider a linear dependence of the flux linkages to
the axial displacement. It means that one winding will experience an increase Ig of its
total current while the other will experience a decrease of the same amount. Iy and Iy,
can therefore be constructed with the superposition principle with the summation of the
motor and suspension currents.
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Objectives of this Master’s thesis

All the motors presented previously are using rotor with Surface Mounted Permanent
Magnet (SMPM), which are relatively simple topologies in their designs and their influence
on the magnetic circuit linking the rotor and armature windings. However a more complex
magnetic circuit can be obtained by using rotor with Buried Permanent Magnet (BPM),
since the ferromagnetic parts on this kind of rotor add axial and angular dependence of the
inductance coefficients. Furthermore, the proximity of the ferromagnetic parts will increase
the inductances coefficients [42]. All theses elements should have positive influence on the
machine performances. Indeed greater inductances coefficient should improve the thrust
function of the machine while their angular and axial variation should add a new reluctant
component to the suspension force and to the driving torque. This Master’s thesis aims to
study the influence of a rotor with BPM on the performances of the machine proposed by J.
Van Verdeghem et al in [37]. The initial objectives of this work included the design and the
optimisation of its dimensions, the modelling but also the prototyping of the E'TSBM with
a BPM rotor. However due to the unexpected duration of the FEM-simulations which have
considerably slowed down the optimisation process, it was decided not to carry out the
prototype to ensure the proper development of other parts of the work. The fact remains
that all the choices made during the design and the FEM simulations have been made
in order to realise this prototype, which will be carry out by the research team in the future.

This work is subdivided in five chapters. The first one aims to present the different BP M
rotors existing in the literature, compare them, and choose the most appropriate one for
the ETSBM proposed in [37]. Then chapter 2 provides the adaptation of the analytical
modelling describing the axial and angular dynamic of the E'TSBM to a BPM rotor. This
model will allow to highlight the influence of the axial and angular variation of inductance
coefficients. The third chapter describes the Finite Elements Method (F'EN) models which
have been developed to compute the different coefficients identified in the analytical model
of chapter 2. The assumptions which are related to the BPM and the rotor topology will
also be validated in this section. The next chapter, the fourth one, is dedicated to different
optimisations realised during this Master’s thesis. The last chapter is focused on a case
study based on the best topology found by the optimisation. The performances at start-up
and high speed will be studied and compared to the performances published by J.Van
Verdeghem et al. for the E'TSBM with SMPM rotor.
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CHAPTER 1

DESIGN

This chapter aims to present the design which adapts the E'TSBM to a rotor with BPM.
To do so, the state of the art of BPM rotor is proposed in Section 1.1, followed by a
the selection of a topology which will be used for the optimisation and the case study
in Section 1.2. In Section 1.3, the topology of winding which will be used for the FEM
simulations of chapter 3 and the case study of chapter 5 is chosen. Finally the mechanical
design of the rotor is proposed in Section 1.4, this one representing the design validated
by the research team for the prototype which will be realised in the future.

1.1 State of the Art of buried permanent magnet
rotor topology

Through this section, a review of the different topologies of axial flux rotor with BPM
presented in the literature is done. The topologies can be classified in three main categories
as explained in [43]: the single-sided AFPM machines, the double-sided AFPM machines
and finally the multi-stage or multidisc AFPM machines, which are in fact combination of
doubled-sided topologies. Their benefits and drawbacks are highlighted in order to select
the topology which will be used in this Master’s thesis.

(Peeters et al., 2003)

The configuration described in [44] and [45] aims to the mass production. This specific
topology is called AXIFUS, which means AXIal Flux with U-shaped Stator coils. Cylin-
drical PMs are buried into a non-magnetic rotor as represented in Figure 1.1a and coated
by two flux distribution plates. As it is shown in Figure 1.1b, a plate presents a laser-cut
pattern in order to reduce the Eddy current losses.

The major advantage of this topology is its versatility and ease of manufacturing. Indeed,
basic components are needed like NdFeB for the magnets, epoxy hard paper for the rotor,...
Furthermore, by modifying the value of some key parameters such as the length of the
airgap between the rotor and the stator, the number of stator, the number of rotor,... It is
possible to designed a tailor-made machine.
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(a) 2D layout of the PMs with one U-shaped
stator coil represented. (b) Flux distribution plate.

Figure 1.1: Axial flux machine with U-shaped stator coils (from [14] and [15]).

(Neethu et al., 2017)

A high speed Axial Flux Buried Permanent Magnet (AFBPM) synchronous motor is
described in [46]. It consists of a single-sided machine, which means one stator and one
rotor. The PMs are buried in the rotor as shown in Figure 1.2. The specific features of
this topology are the specific shape and position of the magnets. As it is pointed out in
Figure 1.3, the span and shift angle of the magnets are modified to improve the sinusoidal
form of the back-EMFEs and to reduce the torque ripple.

A single-sided machine is cheap but has one major drawback, it is subjected to an
unbalanced axial force between the stator and the rotor. This force is proportional to the
airgap flux density, which means that to limit this force, the B-field in the airgap has
to be limited and that reduces the torque of the machine. Burying the magnets allows
to counter the force coming from centrifugal effect. It means that BPM can reach high

rotation speed without additional protection such as retaining sleeve unlike axial-flux
machine with SMPM[47].

Stator
core  Epoxy
Winding c \ 30.5 29.4

Shaft [({iﬁ((n Magnets Figure 1.3: Position of the magnets
for a two pole pairs machine, the
Figure 1.2: 2D cut of the machine (from [46]).  angular span and shift of the magnet
have been optimised to reduce the
torque ripple (from [16]).
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(Tegkun et al., 2017)

The topology detailed in [12], is a particular double-sided AFBPM machine. Indeed as it
is presented in Figures 1.4 and 1.5, this machine has a special arrangement of magnets.
Two consecutive P)Ms form a V-shape. As the rotor is thicker due to this combination of
magnets, a second layer of magnets is inserted into the rotor, which leads to a A shape.
Moreover, the PNs have flux barriers on their edges to reduce the flux leakage and to
increase the anisotropy.

By having these PMs inclination, the machine has an higher salience and inductance
compare to other AFBPM. These higher saliencies will lead to the production of a higher
reluctance torque, increasing the total output torque of the machine. For the same power,
this type of machine will need less PM. These angles will also lead to an increasing airgap
flux density. Another benefit is the range of rotation speed where the performances are
maintained that is wider than for both AFBPM and axial flux SMPM classical machines.

But this topology has two main drawbacks. The first one is its poor manufacturability.
Both stator and rotor have to be made from several pieces that are then glued together.
The second one is that due the thicker rotor, the mass of the machine increases, leading to
a lower torque density than in axial flux SMPM.

U
L T

Magpnet shift :

angle

Figure 1.4: 3D representation of the Figure 1.5: Representation of the flux path

AFBPM V-shaped machine (from [12]). i[ZIQiC;le AFBPM V-shaped machine (from
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Spoke type topologies
Double Stator Single Rotor (DSSR)

(Chai et al., 2018, 2019)

As illustrated in Figures 1.6a and 1.6b, two rotor structures are introduced and then
compared in [18]. They are respectively called single-layer Spoke Type (ST) AFBPM
and Two-Layer Spoke Type (TLST) AFBPM. In the second case, the shape of the PN
is different as it can be observed in Figure 1.7. In the ST AFBPM, X is the pole pitch
and 7 is the ratio between the arc length of PM and the pole pitch. In [49] a focus is
made on the TLST AFBPM. The PM is seen as a combination of two rectangles, the
narrow one has an axial length L1 and the second L2 as it is shown in Figure 1.6b. The
Optimisation consists of tuning the design parameters of the PN in order to minimise
the Total Harmonic Distortion (THD) and maximise the airgap flux density. The smaller
this THD is, the more sinusoidal the airgap flux density will be. For example, by varying
the proportion of the narrow part, it is possible to diminish the THD and to improve the
magnetic flux density. 2D FEM highlights the fact that the TL.5T machine has the lowest
THD. The price to pay is a more complex way to optimise the design of the PMs due to
their specific shapes. However, compare to SNMPM, the BPM need less PM for the same

airgap flux density.
Flux barrier
Magnetization Magnetization
direction irectio
AT

Rotor iron

Rotor iron L,

ST PM

(a) ST AFBPM rotor. (b) TLST AFBPM rotor with flux barriers.

Figure 1.6: Quarter of symmetry of ST and TLST topologies (from [48]).

i W
il Wi

Figure 1.7: Unrolled view of the TLST AFBPM machine (from [18]).

16



Double Rotor Single Stator (DRSS)

(Aydin et al., 2016) Contrarily to [48] and [49], the machine described in [50] is based
on one stator sandwiched by two rotors as it can be seen in Figure 1.8. It is shown that for
the same amount of PM a SMPM axial flux machine has less airgap flux density than this
topology. The important feature of this topology is that the rotor is made of sinusoidal
segments. Using this type of segment leads to a variable airgap, as shown on Figure 1.9,
which improves the sinusoidal form of the Back-EMFEs. One advantage of this rotor is
the simple way of manufacturing with material that has a good manufacturability and
high magnetic permeability. By optimising the rotor segment to pole pitch ratios ——<

Tpole—arc ’

the THD can be minimised. Then, another parameter to optimise is the airgap variation
denoted dga, shown in Figure 1.9. By increasing it, the THD is decreased but also the
airgap flux which means a lower back-ENFEs. The ratio defined just before can be also
chosen to minimise the torque ripple but in this case, it is a compromise.

Rotor core

Rotor
segment

[ENElE

otor s Rotor
segment segment
(c)

. . Figure 1.9: 2D views of a) coreless AFPM
Figure 1.8: 3D view of a) one layer of a - g\ /p)| motor b) spoke-type coreless AFBPM

51 coreless AFBPA motor stator and b)  with non-sinusoidal and ¢) with sinusoidal rotor
IPM rotor with sinusoidal rotor segments segments (from [50]).

(from [50]).
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1.2 Choice of the rotor topology

The ETSBM is a DSSR topology, then among all the solution proposed above, only one
need adaptation: the topology presented by Aydin et al. which can be switch from a DRSS
to a DSSR topology by symmetrising one of its two rotors. However, this adaptation
leads to a rotor very similar to the ST" topology. In the following comparison, the Aydin
et al. topology will therefore be noted as Spoke Type with Sinusoidal Segment (STSS).
Concerning the topology proposed by Neethu et al. which is a single-sided topology, it
could be considered as very similar to the AXIFUS topology since the difference resides in
the optimisation of the shape and the position of the PN. The five rotor topologies that
will be compared are the V-shaped, the rotor of AXIFUS machine, the TLST, the ST and
the STSS.

Five criteria are used to compare the topologies. The first one is the manufacturability and
takes into account the complexity of manufacturing and assembly. The second criterion is
the improvement of the THD of the air-gap flux density, which can be made through the
sinusoidal segments or the use of flux barriers. After that comes the rated speed where
the rotor has already been used: the rotors already tested for high rotation speeds are
more trusted candidates. The fourth criterion is the shape of the magnet. This criterion
could be considered as very similar to the first one, but complex magnet shapes will
also consequently increase the price of the PMs and their delivery time. It was then an
important criterion during this Master’s thesis while the manufacturing of a prototype
was still considered. Finally, the optimisation of the reluctant torque is considered but
unknown for the majority of the topologies, thus it will be the least important criterion.
The Table 1.1 allows to compare the different rotors based on these criteria and on the
informations provided in literature. The S'I" topology is arbitrarily taken as reference:

ST | V-shaped | Axifus
Manufacturability | 0
THD of

the air-gap 0
flux density
Rated speed 0

STSS | TLST

Magnet
0
shape
Optimised /
reluctant torque

Table 1.1: Comparison of the five potential rotor topologies. The use of sign "+" is based
on the positive meaning of the sign, i.e. a sign "+4" used for manufacturability means
that the rotor is much more easily to manufacture than ST-topology. Cell with a "/"
means that no information is available for this criterion for this rotor. "0" means that the
topology is considered as good as the ST machine.

The V-shaped machine is interesting with its high total torque. However, its manufacture
is complex, which also means high cost. Furthermore, the specific pattern of the magnets

18



has to be investigated from a mechanical point of view to avoid problem arising from the
mechanical stress due to the rotation speed. Indeed V-shaped machine has until now not
been tested for rotation speed higher than 2000 [rpm)].

Then, the AXIFUS machine is the simplest machine which obtains good THD by optimis-
ing the shape and the position of PMs as shown by Neethu et al. However, this type of
machine is mostly used for medium to high power application, as hybrid electric vehicles

[44] and wind turbines for example [45]. This topology is then not really suitable for the
ETSBM.

Next the STSS topology is, by definition, very similar to the ST-topology, but offers a
better THD of the flux density thanks to the more complex shape of ferromagnetic parts.

Finally there is the TLST machine. Its biggest advantage comes from the specific shapes
of the magnets which provide a high flux density with a good THD compare to the
ST-topology. The shape of the magnet is however also a disadvantage for the fourth
criterion. The manufacturability is supposed as easy as for the ST topology. Indeed even
if the ferromagnetic parts have more complex shapes in the TLST, the assembling will be
facilitate by the interlocking of the parts compare to the ST topology. This topology has
been chosen for this Master’s thesis and will be used for the final design of the machine.
However a modification of the topology has been made and must be contextualised: The
choice of the topology was made during the first half of the academic year when the
prototype was still in the objectives of this Master’s thesis. The delivery time of the
magnets being an important factor but uncertain, it has been decided, a few months later,
to use more classical PMs with segment shapes to accelerate the delivery process. It means
that in the machine studied in chapters 3, 4 and 5, no PM is disposed on the height L,
represented in Figure 1.6b. The consequences of this choice will be discussed in chapter 5.
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1.2.1 Adaptation of the connection for the TLST topology

The topology of the TLST rotor creates a circulation of the magnetic field which is different
from the one produced by the SMPNM rotor of Figure 12, which requires a modification of
the winding connection to have a good operation of the machine.

Figure 1.10: Unrolled view of the TLS'T" rotor in a decentred position and direction of the
applied forces.

As it can be seen in Figure 1.10, the lower current must flows in the opposite direction
compare to the one represented in Figure 12(b) to provide the same direction force, which
results in an anti-parallel connection of the upper and lower winding. Figure 1.11 sums up
the connection and all the flowing currents, as well as the forces created in a decentred
position. It must be noted that the motor currents are still coming through the homologous
terminals, which is the convention used for the developments produced in Section 2.2.

Figure 1.11: Representation of the currents directions for a simplified rotor with one phase
winding and two poles.
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1.3 Winding topologies

The windings and more precisely their layout are crucial to obtain high value of torque
and to minimise the losses in the machine. The two most used configurations of windings
are the non-overlapping concentrated windings and the distributed windings.

The first one consists of windings whose turns all wound together in series to form a
multi-turn coil. They are characterised by small end windings, high capability for flux
weakening and have a good manufacturability [1]. However, this kind of configuration
leads to a higher harmonic content than for distributed windings and their small saliency
ratio, defined as Iﬂ—z, leads to a small reluctant torque[51].

On the opposite, distributed windings are evenly spread windings on multiple slots which
allow to decrease the harmonic content while increasing the saliency ratio. However,
it is more difficult to build, it takes more space and induces more copper losses than
concentrated windings.

The second topology has been arbitrarily chosen for the rest of this work, and will be used
for all the FEM simulations of chapter 3. Indeed, even if at first glance, the overlapped
topology allows to take advantage of the reluctant effect more than concentrated windings,
the small number of study already carried out on the E'TSBM does not yet allow to affirm
that it is objectively the best choice. The comparison between both topologies of winding
should be the topic of a future work to improve the performances of the E'TSBM.

1.4 Design proposal

This chapter aims to describe the design proposal depicted in Figure 1.12 which has been
realised during this Master’s thesis. It will not be manufactured for this work but will
open the way for a future prototype to be realised by the research team. The proportions
used are similar to the machine presented in [29], but there is no fixed dimension, it is a
functional design, not a dimensional one.

Figure 1.13: Assembling of the crown of PMs
Figure 1.12: Vertical sectional view of a rotor and iron parts with the 3d-printed tool, and
with six pole pairs. clamping of the Onyx part.
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As explained in Section 1.2, it has been chosen to design the TLST rotor with segment-
shaped magnets because they are cheaper and easier to obtain. Therefore the topology of
PMs does not correspond exactly to the one presented initially in Figure 1.11.

It is first composed of a crown alternating iron parts @ and segment-shaped PMs @ A
3D-printed tool @ is used to position the parts and adjust radially the PMs as represented
in Figure 1.13. This crown is intended to be encapsulated between two symmetrical
3D-printed parts @ composed of Onyx [52] reinforced with Kevlar. These parts prevent
a radial movement of the PMs, which explains the need of a 3D-printed tool to first place
them into the ferromagnetic parts before the encapsulation. The crown is placed in the
first 3D-printed part @ where each part of iron is embedded in clamping. The crown is
still in the tool @ when it is fixed in @ on its other face to ensure a good positioning of
the PMs, as shown in Figure 1.13.

The second step of assembling is represented in Figure 1.14. Then a shaft @ similar to

the one presented in Figure 9, with its PM rings @ and ceramic balls @, is placed in
the center of the rotor. This shaft has a central disc with 6 tapped holes which will be
clamped between both parts @ and fixed with 3 screws in each direction. Finally, an

aluminium sleeve @ is held tightly around the rotor.

Figure 1.14: Exploded view of the design of a rotor with six pairs of poles.
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CHAPTER 2

ANALYTICAL MODELLING

This chapter presents a dynamical model describing the axial and spin behaviour of a fully
passive self-bearing machine with BPM. Based on a set of global parameters, it is then
adapted to a broad range of topologies and allows to determine their performances. This
model is a generalisation of the electromechanical model presented in [29], since it takes into
account both the angular and axial variations of the winding inductance coefficients. Then,
numerous comparisons with [29] highlight the supplementary elements brought by the BP M.

Section 2.1 lists assumptions made to derive the model. Then, the electromagnetic and
mechanical equations are respectively developed in Section 2.2 and 2.3. The results are
combine to obtain the general electromechanical model of the machine in Section 2.4. In
this last section, a gradual comparison highlights the differences brought first by axial
variation of inductance and secondly the inductance variation introduced by the magnetic
saliency.

2.1 Assumptions

The dynamical model describing the axial and spin behaviour of this self-bearing machine
is developed under the following assumptions :

1. The materials have linear magnetic properties, which supposes hysteresis and satura-
tion are neglected.

2. The proximity and skin effects in the armature winding are neglected.

3. The eddy currents induced locally in the armature winding as well as in all other
conductive materials are neglected.

4. The upper and lower windings are supposed perfectly balanced, signifying that their
resistances are identical and that their flux linkages exhibit a symmetrical evolution
with respect to the rotor axial displacements.

5. Only the fundamental component of the magnetic field arising from permanent
magnet arrangement is considered.
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6. The angular variation of the inductance coefficients is supposed purely sinusoidal,
with a period half the electrical one.

7. The rotor axial displacements are supposed to be small, thus allowing linearisation
of the axial variation of magnetic flux linkage and inductance coefficients.

The five first assumptions are already used in [29], so their validity and relevance will not
be discussed, excepted the fifth one that will be validated for the TLST topology. The
two last assumptions, particularly those dealing with the axial and the angular variation
of the inductance coefficients, will also be validated for the TLST topology.

2.2 Electromagnetic model

The purpose of this section is first to express the electrical equations of the machine which
take into account the axial and angular variations of inductance coefficients, and secondly
to develop the three components of the electromagnetic forces : the electrodynamic, the
detent and the reluctant forces. The first two were already present in the model developed
in 10, so the results are similar but necessary for further developments in this master thesis.
However, the reluctant component appears by definition thanks to the magnetic saliencies
and is then a new component to consider for the electromechanical model developed in
Section 2.4.

2.2.1 Inductance coefficients

2.2.1.a The self inductance

Assumption 6 allows to consider the self inductance matrix as the summation of a constant
term and a sinusoidal function depending on the double of the electrical position:

Ly /L(2 Oem) = Lio(2) + Lo (2) - [200m] (2.1)

And assumption 7 allows to apply a first order Taylor approximation:

LU(Z, QQm) = LO +z- dLO + (L2 +z- dLQ) . [20em] (22)
Ly (z,0em) = Lo —z-dLg + (Ly — z - dLs) - [20em)] (2.3)
The three matrices used in this expression are defined as:
Lo Mg M, dLg dM, dM,
Lo=|My Ly My dLo = | dM, dL, dM,
My, M, Lo dM, dM, dLg
and
08 (20em) €08 (20em — 27/3) €08 (206, — 47/3)
[20em] = | €08 (200m — 27/3) €08 (206 — 47/3) oS (20em) (2.4)
08 (20cm — 47/3) €08 (20em) 08 (20em — 27/3)
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The notations used in these expressions are defined as:

oL oL,
o Lo=Lo(0) o dLo= (;Z(z) e Ly =Ly(0) o dL, = ;Z(Z) y
o Lo=1Lo(0) ° dLo = oL(z) o M;=M;(0) ° dM, = OMo(2)
8Z z=0 8Z z=0

with i,j =a,b or ¢ and 1 # j
2.2.1.b The mutual inductance matrix between the upper and lower set of
windings

Assumption 8 also allows us to express the mutual inductance as a summation of a constant
term and a sinusoidal term where the matrix [20em] is defined in 2.4:

MUL<Z7 eem) = Mut, (Z) + Muyr, (Z) ) [2981“1]

By applying a first order Taylor approximation the following expression is obtained:

oM oM
Muw(2, 0em) = Mur, +2 - I((;IZJO @) + lM2 +z- I(;LQ(Z) 1 *[20em]
z=0 Z z=0
Where:

My My M

[ ] MULO = Ml.] Mii MlJ i MULO = MULO (O> b M2 = MUL2 (O)
My My M

o Mii - MUiLi(O) o Mij = MUiLj(O)

with i,j = a,b or c and i # ]

The mutual inductance has by definition the same value from the perspective of upper
and lower currents, which means that this mutual inductance must be an even function
regarding to the axial position dependency. Indeed its value will evolve in a same way
when the rotor is shifted by a positive or negative Az along the z-axis. It means that
the odd derivatives of Myy,, and My are equal to 0. Moreover, assumption 7 allows to
consider the quadratic and other superior terms of the Taylor approximation as negligible.
Then the z-dependency of the mutual inductance coefficient is removed and the expression
of Myr(z,0) becomes:

MUL(HQem) = MULO + M2 : [20em] (25)

This reasoning will be validated in Section 3.3 as assumptions 7 and 8.
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2.2.2 PM magnetic flux

The magnetic flux intercepted by each coil only depends on the axial and angular position
of the rotor #,,. Moreover, assumptions 4, 5 and 6 allow to express the flux intercepted by
upper or lower windings as:

cOS(Qemm) cos(Hem)
Py = (Ky,, +2K,) | cos(fem — %’r) &y, = (Ko, — zK,) | cos(Oem — 2{) (2.6)
cOS(Qern — %’r) c0S(Bem — %ﬂ)

with Ky, , the flux magnitude when the rotor is axially centered, K,, the flux magnitude
gradient with the axial position and €., = p - 6, the electric angular position where p is
the number of pole pair.

2.2.3 Electrical equations

Starting from Faraday’s Law, the electrical equations for the upper and lower windings
connected to the power supply can be expressed as:

dLy-Iy) , dMyr-Iy)  dP
(U U)_,_(UL L)+ U

U=R-1vt+——5 ds ds 2.7)
ALy -I) dMuyy-Iy)  ddy, '
U=R Iy + It + It + It
With:
U, Tua Ita
U= U, Tu = | Tus I (2.8)
Us Ivs I3

The upper and lower windings being connected in parallel to the source, the voltage
vector U is the same for the upper and the lower windings as expressed in 2.7. However,
the currents flowing through them are different and respectively noted Iy and Iy,. The
electrical circuit corresponding to equations 2.7 is represented in Figure 2.1.

O g0 o

Figure 2.1: Equivalent electrical circuit of the EDTSB motor [29]
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2.2.3.a Motor and suspension equations

As expressed in Equation 1, the motor and suspension currents are defined as Iy and Is:

Iy = M 4+ Ig I =1 + Iy

{ I — % 1 = { Tg = Lol (2.9)

Furthermore the motor and suspension fluxes @y; and ®g are expressed as:

b D
By — LT PU By — By — B
c0S(Oem ) COS<9em)2

= Kgm COS(@em — 2{) (210) = 2ZI{Z COs(eem - 4%) (211)

co8(ferm — ) c08(fem — 73

Introducing these motor and suspension variables in the system of equations 2.7 provides
the following system of equations':

R d ((Lay+M a®
U:-1M+<(A"+“)-IM+LV-IS)+M

d d® ‘
O:2R~Is+&(LV~IM+2(LAV—MUL)-IS)+d—tS

Where the matrix of average inductance Lay and the variation inductance matrix Ly are
defined in 2.13 and 2.14:

Ly + L Ly — L
Lay — U;FL Ly =Y "
= Lo + Lo - [20cm] (2.13) =2 (dLg+dLy - [20em])  (2.14)

2.2.3.b Concordia transformation

The transformation of Concordia can be applied to all variables”, i.e. the voltages, the
currents and the fluxes, to switch from a three-phase system to a two-phase equivalent
system since the homopolar component x; is equal to 0 if the system is balanced. This
transformation is defined as:

1

X0 X1 9 ﬁ 0

xS =[x, | =T |x|=T"'x with T= \/; % 2 ? (2.15)
X@ h vuoa oy

IDevelopments available in Appendix A
?Developments available in Appendix B
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As the homopolar component for current and voltage does not participate to the electro-
dynamic behaviour of the machine, they will not be represented in the next developments.
Then the inductance matrices become 2 x 2-matrices and current, voltage, flux vectors
become 2 x 1-vectors. Applying the transformation provides :

US = R IS 4 d<<M‘>.I§A+L%.IS>+(@/I

M T dt 2 dt (2.16)
ozzR-IS+i(LS I8 +2(LS — M3 )-ISS)+d§€
S dt Vv M AV UL dt

Where the three following matrices can be defined as:

Liv N R <L0 — My 0 > + ng (Cos(2¢9€m) sSin(20em ) > (2.17)

0 Lo — Mg sin(20em)  — cos(20cm )
S _ m—1., Cm_ (M — M 0 co8(20cm)  sin(20em)
MUL =T MUL T= ( 0 Mii — Mij T M2 sm(20€m) — cos(296m) (218)
S _ m—1 _ (dLo—dMy 0 3 co8(20em)  sin(20ep,)
Ly =T Ly -T=2 ( 0 dLo — dM, 2% dL> sin(20em)  — cos(20cm ) (2.19)

And the derivatives of both fluxes can be expressed as:

ddy, /3 - (= sin(fem)
7dt = \/; . K@mpem ' ( COS(Qem) (220)

v () e ()] e

2.2.3.c Park transformation

Park transformation can be applied on the o and S components of Equations 2.16 to
suppress the dependence with respect to the electric angular position 6, and to obtain
equations depending on direct and quadrature components of motor and suspension
currents’. As a reminder, the transformation is defined as:

xP = (Xd> =p! (X“> =P lx8 (2.22)
Xq Xp

) ~ [c08(Oen) — sin(bem)
with P = (sin(@em) c0S(Oom) )

3Developments available in Appendix C.1
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Applying this transformation on the motor electrical equation of the system 2.16 provides
the following result:

R ) 0 _ Lmyg Lna 0 RILE
UP:2-I§’4+p9m~< 2>-I§4+<2 LMq> M (2.23)

) Iy
b g 0 le) T

#dLy  —2pbudLe) o (z-dLg 0\ dI§ \/§ (0
+ (zpémde 7d L I + 0 z - dLg dt T 2K9m P 1

The transformation is also applied on the suspension electrical equation of the system 2.16
and provides the following result:

. (0 -L Lea 0) dIf
OZZR'IEHPGHI'(LM os’q)'lgm'(?fd qu>'dts

2dLg  —zpbndLq) p  (z-dLg 0 e N

The following coefficients are introduced in these expressions:

o The direct and quadrature inductance coefficients for a winding set (upper or lower):

3 3
La=Lo — Mo + SL» (2.25) La=To— Mo — ;L

e The direct and quadrature mutual inductance coefficients between upper and lower

windings:
3 3
Mg = My — My + 51\/[2 (2.27) Mg = My — My — 51\/[2
e The direct and quadrature motor inductance coefficients:
LM,d = Ld —|— Md (229) LM,q - Lq + Mq
e The direct and quadrature suspension inductance coefficients:
Lga = La — Mg (2.31) Lgq = Lq — Mg

e And finally the z-gradient of the direct and quadrature inductance coefficients for a
winding set (upper or lower):

dLgq = dLg — dMg + gdLQ (2.33) dLq = dLy — dM, — gdLQ

8Developments available in Appendix C.2
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R Lnmas . L d .
Ua=7 Tna + h;’d IMa = pbm - h;’q “Ingq 4 dLa- a(z Isa)  —dLq-z-pbn-Isq

R Lt s L d . 3 .
Uq = 5 . IM,q + I\;’QIM,q + pom : I;Ld : IM,d + qu ' a(z ' IS7C1) + de tZ- pom : Is7d + \/;Kempam

Gathering the system of equations 2.23 and 2.24 provides the following system of four
equations describing the behaviours of the direct and quadrature components of the motor
and suspension currents:

0=2R"- IS,d + 2LS,dIS,d — 2p9mLS,q . Is7q + dLg - 7(2 . IM,d) — qu 7 PO - IM’q + \/EKZ N/

. . d . .
0=2R-Is, +2Lsqlsq +2pfmlsa-Isa  +dlq —(z-Imq) +dLa-z-pbm-Ina  + V6K, Dby, -

dt
dt

Theses equations show that the two systems are fully decoupled if the rotor is axially
centred:

2.2.4 Electrodynamic forces and torques

The magnetic fluxes linkages defined in 2.6 being only dependent on the axial and spin
position, the only electrodynamics forces and torques existing are the axial ones.

The former, noted F, gq, is defined as the superposition of the forces produced by the
upper and lower windings:

oPp
F,pa = [IU]T : TZU + [IL]

v 0B
0z

The motor and suspension fluxes and currents can be highlighted* to provide:

Knowing that the motor flux @y; does not depend on the axial position, the first term
can be discarded. Applying the Concordia and Park transformations allow to reach the
final expression of this force in the d-q frame:

F,pa = V6K, - Isg (2.36)

The electrodynamic suspension is completely independent from the power supply and only
depends on the direct suspension current.

Concerning the electrodynamic torque, it is defined as”:

19,02 od
To,, Ea = [IU]T . (97U + [IL]T : aTL

4Developments available in Appendix D.]1
5Developments available in Appendix D.2
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Which is equivalent to:

Finally, by again applying the Concordia and Park transformations, the following expression
is obtained:

3
T ka = pKem\/;' Tniq + pzK, V6 - Is g (2.37)
—
N———— —
Tom,M Tom D

As it can be seen, the torque has two components, the first one being provided by the
quadrature motor current coming from the power supply and the second by the quadrature
suspension current. The former is the driving torque, noted Ty, a, and is completely
independent from the axial behaviour of the machine. The second one is a parasitic torque,
called the drag torque Ty, p, which appears when the rotor is not in it its centered axial
position and will oppose the driving torque.

2.2.5 Reluctant force and torque

The ferromagnetic parts in the rotor will add an axial reluctant force and torque, each one
respectively due to the axial and spin variation of the inductance coefficients.

The former can be defined as®:

Pl (W) 9 ( Ly Muw) (Ty
z,rel — 2 IL (9z MULT LL IL
1 T aLU 1 T a:[‘L
=5 Iy]" - 229

T aMUL
R T R

It is then possible to make appear the motor and suspension currents. After that, by
applying the Concordia and Park transformations, the expression finally becomes:

I

Forel = I - Isa - dLg + Ivg - Isq - dLg (2.38)

Concerning the reluctant torque’, it is defined as:

r oLl (W) 0 ( Ly Mu) (ly
foorel = o "\ I, 9, \Muyr," Ly I
]_ T aLU ]_ T aLL T aMUL
=~ Ialt - == 1 et =201 | PR
p Mol g, Mot g Ml g du+ ol =55
Using the same method as the one used for the axial reluctant force allows to obtain the
final expression of the reluctant torque:

I

Intal
Tore = 3p- (La+ My) - [M’dM’q]

2
+ 3p . (L2 — Mg) . [ZIS,dIS,q]
+ 3p VA dL2 . [IM,dI&q + IS,dIM,q] (239)

5Developments available in Appendix E.1
"Developments available in Appendix .2
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2.2.6 Detent force

The axial detent force F,q4 is produced by the interaction between the PMs and the
ferromagnetic parts in the armature. Using assumption 7 allows to express this force as:

Fz,d = _kz,d Tz (240)

where k, 4 is the stiffness of the system.

2.3 Mechanical equations

Assuming a rigid and damped rotor allows to write its mechanical model as:

- (2.41)

myz + CZZ = Fz,Ed + Fz,d + Fz,rel + Fz,e
Jpgm + Cemem = Tem,D + T91111M + Temarel + Temue

where m and J, are the rotor mass and polar moment of inertia, I, and Ty _ . are the
axial external force and torque, C, and Cy_ are the axial and spin damping coefficients,
both being either inherent to the machine, comprising e.g. the aerodynamic effects, or
being introduced for stability purposes.

2.4 Electromechanical model

This section will first introduce the state-space model governing the axial and spin dynamic
of a passive bearingless motor with BPM. Then the forces applied on the rotor are analysed
for two cases: both with an axial dependence of the inductance coefficients, but only
the second one with magnetic saliency. It will allow to gradually study the effect of
each element on the performances of the machine. Both cases are then compared to the
quasi-static equation of [29] to highlight the contribution of the ferromagnetic parts of the
rotor.

2.4.1 State-space model

The purpose is to express the axial and spin dynamics of the rotor with a state-space
representation. The six state variables which will be used are the direct and quadrature
motors currents Iy g4 and Iy 4, the axial electrodynamic force F, gq, the ratio between the
drag torque and the axial position (TE’%D), the axial position z and the mechanical angular

speed O,

The state-space representation will be based on Equations 2.35 and 2.41. The first step is
to express all the terms of these equations in term of the six state variables. To do so,
Equations 2.36, 2.37, 2.38, 2.39 and 2.40 are modified to be injected in the six equations
of 2.35 and 2.41°,

8Developments available in Appendix F
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The model presented below is a generalisation of the non-linear model proposed in [29], the
latter can be retrieve by removing the axial and angular dependencies of the inductance
coefficients.

1

M4 T aals.a — 22dL2 [ 2Ua-Lsa + (dL3-z 2—RLsa) Tna
) 2 dL
+ PO (Laglsa — 27 - dLadLq) - Ing  + \/; Kd (z-R—%2-Lsq) Fupa
2LgqdLy —LgqdLy  , (T
\/; S,dd qK S,qd d Lz gm . (eva) + JéKZde . Z] (2.42)
V] Z

: 1
hia = (Lniqls,q — 22 -dL2) [

. 2 dL . T
+ p9m . [ZZ : dequ — LM,dL&q] : IM,d + \/; 4. (Z ‘R—2- LS,q) . <m)

2Uq-Lsq + (dL2-z-2—RLsq) Img

pKz Z
2 Lg qdLgq — Lg qdLL . :
- \/g S dK 249 Dl - Fupa + V6 (22 K,dLg — Ko, Lg o) -p9m‘| (2.43)
- 1 . 2 2 A TOm,D
F,Ega = Tnialsa — 72 - dL2 : (z -z-dLg — RLM,d) ‘F,ra + (LM,dLs,q -z dequ) O -,
3 3 .
+ \/;szLd . (Z -R—7- LM,d) . IM,d + \/;Kz (LM,dqu — LM,qud) 7 pOm . IM’q
— VBK,dLq-Uq-z — 3K Ly - z] (2.44)
TO. D 1 . 2 T9 D 2 2 A
mD ) _ .5-dL? — RL —m,D —  (LmgLs,a —2z° - dLgdLg) - p“0m - F,,
) R O T
3 . 3 .
+ \/;pKZqu . (Z -R—17- LM’q) . IM’q + \/QKZ (LM,dqu — LM7qud) “Z- p29m . IM,d
~ VBpK,dLq-Ug-z +  30°K, - (Ko, dLq — K,Latq) - 7] (2.45)
. F,ra kia 1 dLq To,. D C,. Fue
—_zEd _ Pad dLg - Imq - F, b T R m> - = : 2.46
b= Sl Jomk, |Mba- Ia- Fapa + > M . . (2.46)
. Tg D Z ng \/§ Cg . 3p . (LQ + Mg) IM dIM q
O = (2. 2 ERVEES NP | L 2.47
( z ) 5,3, Vo eT e I 2 (2.47)

(Ly — My) To. D \/ﬁz -dLy Te, D To,. o
~—— 2 . \F,pq- | —2— — I . m> “F,grq-1 mo©
+ K2 ,Ed . + 2 7K, M,d z +P - FuEd-Imq| + 3,
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2.4.2 Quasi-Static analysis of a rotor without magnetic saliency

To observe the contributions of the axial variation of inductance and the saliency in the
performances of the machine, a quasi-static analysis is realised in a gradual approach
where both elements will be successively added. The section is then a intermediate analysis
since it only takes into account the axial variation of inductance coefficients.
Considering the quasi-static conditions, which means IM@ = iM,q = (TH%D> = szEd =
7 =% =0 = 0 and a constant spin speed 6, = w, it is possible to modify Equations
2.44 and 2.45 to obtain the expression of the electrodynamic force and the drag torque
with respect to the rotation speed ”. In this section, direct and quadrature inductance
coefficients are equal, thus notations used in [29], Equations 2.48 and 2.19, are apply to
facilitate comparison with the SNMPM rotor'’in Section 2.4.2:

LM,d = LM7q — LMC (248)
Lsa =Lsq — Ls. (2.49)
dLg = dLq — dL (2.50)

These new definitions allow to obtain the expression of the electrodynamic force:

3 dL w? w? K, dL
Fopga=1 oKz | — |1—-—2 | pwlye——— . |\6- 1
Ed \/g 2|\ R { " pw - Ing [\/_ T, + Ls M,d]

C

(2.51)

By considering a speed significantly higher than the electrical pole w, = ——, one can
pLs.
obtain the asymptotic value of this force and then of the stiffness:

o . 3 K,
zEd — wh_{rolo Fz,Ed = —\/; : LSC VA [\/6 : Kz +dL - IM,d} (252)

The same reasoning can be applied for the drag torque which is expressed as:

L, - dL
R

pw - IM,q] (2.53)

m,

3 K, R
THD:—ZQ‘\/;‘ — w ]-[\/E-KZ—FdL-IM,dJr

It has three components, each of them being proportional either to the axial variation of
the flux or to the axial variation of inductance. Only the first one was already present in
[29].

9Developments available in Appendix G

10In [29], factors 3 and 2 are respectively used in the definitions of Ly, and Ls_, which is not the case
in definition 2.29,2.30,2.31 and 2.32. These coefficients are compensate in the equations and thus have no
influence on the result. To avoid confusion during the following comparison, equations of [29] have been
adapted with coefficients Ly, and Lg, which do not have the factor § and 2 in their definitions.
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The main difference with the model [29] lies in the asymptotic value of the drag torque
since this one no longer tends towards 0 in non-centred position at high speed, as shown
below:

3 dL
Top = —z% - \/; pr K, e Ing (2.54)

C

2.4.2.a Expression and origin of the suspension currents

The following analysis is made considering a higher speed than the electrical pole and
then asymptotic values for all the expressions.

The suspensions currents have been introduced to express the unbalanced current distribu-
tion between upper and lower windings appearing when the rotor is axially shifted from
its centred position. Equations 2.36, 2.37, 2.52 and 2.54 allow to express the suspension
currents generated at high speed according to the direct and quadrature motor currents:

[ = A I = Lo
S.d = VoK, Sa pzK,/6
7 dL
= oL : [\/6 K, +dL- IM’d} (2.55) - 7. ST Tniq (2.56)

It allows to express the reluctant force in function of the motor current, but also to
explain the origin of the suspension currents. Indeed these equations show that an axial
displacement of the rotor has two different effects.

First, as already presented for the SMPM machines in [29], the flux increases in the
winding whose rotor is approaching, and conversely for the other. It increases the ENMIs
and unbalance the distribution of current provided by the source in favour of the nearest
winding. This imbalance of current is represented by the first term of 2.55, which express
an increase in absolute value of suspension current on the d-axis, the flux being aligned
with the d-axis and zero on the g-axis.

Secondly, the axial dependence of the inductance coefficients means that the inductance,
and then the impedance of the windings whose rotor is approaching increases and inversely
for the other one. The voltage being imposed by the source, it decreases the current in
the winding closest to the rotor in contrast to the variation of flux. This is expressed by
the other terms of 2.55 and the terme of 2.56

Both phenomena are fully decoupled, the first one being relative to the fluxes provided by
the PMs, and the latter to the variation of the magnetic circuit defining the inductances.
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2.4.2.b Total force and torque at high speed

All the components of the force and of the torque applied on the rotor developed in
previous sections can be expressed only depending on the motor currents.

The total axial force applied on the rotor is composed of three terms: an electrodynamic,
a reluctant and a detent force'':

Fotot =Fora T Fova + Fua

z,re

:_\/g.ii.z-[mKﬁdLlM,d}

+ (I - 18 + Ty - 1Z,) - dL
— ka2 (2.57)

Equations 2.55 and 2.56 allow to obtain an expression of the total axial force only depending
on the axial position and on the motor currents:

2
N dL-Tya +v6- K| Lz
Fz,tot = —Z- 2LSC + 2LS : IM7q + kz,d (258)

c

Then it is possible to compute the asymptotic total axial stiffness of the machine:

—F> 3K? dL 1 dL
k>® — ztot __ z 6KZ . .1 —dL - — - 12 IQ kz
‘ . Is + V6 L Md 5 Is. ( Md T M,q> + K
Detent
Electrodynamic Reluctant stiffness
stiffness stiffness
(2.59)

As it can be observed in Equation 2.59, this stiffness can be split in three components:
the electrodynamic, the reluctant and the detent component. The former contains two
terms, the first of which was already presented in [29] for a SMPM machine. The second
part of the electrodynamic stiffness can be modulated through the direct component of
the motor current, which adds a new possibility in the control of the rotor stiffness. It is
important to specify that this is not a position control as such, the position cannot be
controlled as an active self-bearing machine, but the stiffness can be partially modulated
through the direct current, conversely to [29] where this current was set to zero. It could
even be considered to inject a negative current to reduce the total stiffness, depending on
the situation. The higher I%, the relative variation of the inductance coefficients with
respect to the axial position, will be, the greater the influence of the direct current on the
stiffness.

Axial variation of the inductance coefficients also adds a reluctant component which, by
definition, does not depend on the PMs. Then the model shows that a passive suspension
could be reached without any PM. This stiffness, and then the resulting force created by
an axial shift are due to the imbalance of current created by the variation of inductances
of upper and lower windings, as explained in 2.4.2.a.

HDevelopments available in Appendix C.1
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In turn, the total torque applied on the rotor at high speed can be expressed as:

[ee) . o0
Tem,tot —T9m,M + Tem D

K, - dL
:\/g-p- Ky —2z*- g (2.60)
2 m Lg. ’

Contrary to a SMPM machine, the total torque at high speed presents a negative compo-
nent opposed to the driving torque which is also proportional to the quadrature motor
current. As for the stiffness, the higher the relative axial variation T of the inductance
coefficient, the greater the drag torque in a decentred position of the rotor.

2.4.3 Quasi-Static analysis of a rotor with magnetic saliency

The second evolution consists in taking into account the magnetic saliency of the rotor.
The axial variation of inductance coefficients is conserved, then all the observations made
in Section 2.4.2 are still valid but will not be repeated. This situation is considered during
the rest of this master’s thesis. The coefficients Ly, My and dL, are then no longer nil,
which provides the following expression for the axial electrodynamic force:

dL 2 2 dL
Fz,Ed:\/g‘Kz‘Z 4. 11= o .pw.IM_’q— v d IMd"‘\[
2 R [R72 + w2} [R72 + w2} Ls,a Ls d

p?Ls,aLls,q p?Ls,aLs,q
(2.61)
which reaches, when the speed exceeds significantly the electrical pole w, =

R

py/Ls,a,Ls,q

the asymptotic value is defined as:

o0 . 3 K,
Fz,Ed = wll—{go Fz,Ed = _\/; LSd [\/_ K + de IM d} (262)

Concerning the electrodynamic drag torque in quasi-static conditions, its expression can
be computed as:

3 K,-R Lgq - dL

TGm,D = 52 \/g oL w 5 [ S’dR 1. pw - IM’q + dLg - IM,d + \/6 . Kz‘|
S.d™5a [ 2LSdLS Tw }

(2.63)

And this expression, at high rotation speed, tends to:

3 K, -dL
TR p=-2" = p ———2Iyg (2.64)
" 2 Ls7q ’

The asymptotic expressions defined here are very similar to 2.52 and 2.54 respectively,
and comparisons made in Section 2.4.2 are still valid. However, the consideration of the
saliency changes the coefficient Lg. either in Lg4 or Lg,, and these modifications are
discussed in Section 2.4.3.b where all the forces and torques are gathered and expressed
according to the motor currents.
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2.4.3.a Expression of suspension currents

Similarly to what has been done in Section 2.4.2.a, suspension currents need to be expressed

according to the motor currents. Equations 2.36, 2.37, 2.62 and 2.64 allow to obtain these
expressions at speed significantly higher than the electrical pole:

0 z . . . S S —
S.d = 2L dLqg - Ina + V6 Kz:| (2.65) I$, =2

2.4.3.b Total Force and torque at high speed

All the components of the force and the torque applied on the rotor have been developed
and can be expressed only depending on the motor currents.

Similarly to the developments made in 2.4.2.b, the total axial force applied on the rotor is
composed of three terms: an electrodynamic, a reluctant and a detente force '*:

Fotot =Foma T Foge + Fad

z,rel

3 K,
:_\/;‘Ls,d.z. de.IM’d+\/6.KZ]

+ Inpa - I - dLa + Tng - IS, - dLg
—Kya -2 (2.67)

Equations 2.65 and 2.66 allow to obtain an expression of the total axial force only depending
on the axial position and on the motor currents:

2
P, =g | et B dg (2.68)
z,tot Z QLS,d 2LS7q M,q z,d .

And this expression leads to the asymptotic total axial stiffness of the machine:

00 _Fz,tot 3K§ de dL?i 9 dL(ZJl 9
kt = = + \/é'Kz‘i'IM,d —< T4 +7'1Mq + kz,d
Z LS,d LS,d QLS,d ’ 2LS,q ’ ~—
Detent
Electrodynamic Induced stiffness
stiffness reluctant stiffness
(2.69)

All the analysis made in Section 2.4.2.b still applies here, but the reluctant term is now
split into two parts, each one depending respectively on the relative variation of the direct
or quadrature inductance.

2Developments available in Appendix C.1
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The total torque applied on the rotor can also be expressed, by adding the reluctant torque
induced by the magnetic saliencies expressed in 2.39:

9 ,tot T9 M_'_T D+T9 el

3 K, -dL
:\/7 p- [Kem — 2. q] g (2.70)
2 Lg 4 ’

Tnal
+3p- l(L2 + M,) - lM‘;Mq] +(Lp — Mp) - [218,08 ] +2-dLa - [lyald, + 13 dIM,qH

Equations 2.65 and 2.66 allow to suppress the suspension currents of the expression:

a1 Ko, 9 K, dL4
—— — Z . . —
dmtor =3P Tt V6 V6 \Lsa

Electrodynamic torque

(2.71)

T - Tnig , dLy - L, ALy dL,

CIMd M| 6z Ny = M) (SRS ) g, (SR SR
+3p 2 [( 2+ Ma)  +z7 (Lo 2) Tsa - Tog dLy Lsa + Lsq

Reluctant torque

This total torque can be divided into two parts, the first one being the electrodynamic
torque, similar to the Equation 2.60.

The second term is a reluctant torque, which is, in centred position, directly proportional
to Lo + My, the total inductance variation seen by the power supply.

In the following reasoning, the coefficients Lo and My are assumed to have the same sign'”
The sign of Ly + M, influences the sign of the direct motor current Iy 4. Indeed in case of a
negative value of Ly + My, the direct current must be negative to obtain a reluctant torque
which participates to the driving torque. However it could decrease the total stiffness
since the second term of equation 2.69 could becomes negative in turn if the ratio EL'Z
is positive. Then to take advantage of all stiffness and torque components, the sign of
Lo + M, must be positive and it is interesting to note that it can be anticipated: The
sign of Ly, and then of Ly + Moy, is fixed by the reluctance seen by the winding when its
aligned with the d and g-axis, and then by the topology of the rotor and the pitch of the
coils. In the case of a TLST rotor for example, Figure 2.2 (a) and (b) shows a pitch which
makes the magnetic field created by the coils pass through less ferromagnetic materials on
the d-axis than the g-axis, which means a bigger inductance on the g-axis, and then a
negative coefficient Ly due to definitions 2.25 and 2.26.

13This assumption will be confirmed in section 3.3.1.
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(a) (b)
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Figure 2.2: Pitch leading to a negative coefficient Ly for a TLST topology. Windings are
aligned with: (a) the d-axis of the rotor (b) the g-axis of the rotor.

On the other hand, Figure 2.3 (a) and (b) shows a winding pitch leading to a positive Lo
coefficient.

D-Axis Q-Axis

(a) (b)
Om B

Figure 2.3: Pitch leading to a positive coefficient Ly for a TLST topology. Windings are
aligned with: (a) the d-axis of the rotor (b) the g-axis of the rotor

However, a positive value of the coefficient L.y does not mean that the machine will provide
better performances, but only that all the components of stiffness and torque will be
beneficial. Indeed the pitch will also fix the values of the inductance coefficients, whose
average values (without saliency) could lead to better performances despite the negative
values of some torque/force components.
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2.5 Conclusions

This chapter presented an electromechanical model describing the axial and spin dynamic
of a fully passively levitated self-bearing machine with a BPM rotor. Similarly to [29],
the set of state equations depends on parameters which can be determined through static
FEM. The quasi-static behaviour of the machine has been realised in two steps, by first
adding the axial variation of inductance coefficients, and then the magnetic saliency. The
former highlights three elements not present in the electromechanical model of a machine
with a SMPM rotor: First, an additional electrodynamic term is added to the stiffness and
shows that some modulation can be applied on the stiffness through direct motor current,
while this current is usually set to 0 for classical synchronous machine with SMPM rotor.
Secondly the axial variation of these coefficients adds a reluctant force which shows that a
passive suspension can be reached at high speed without any PM.

Finally the drag torque does not tend to 0 at high speed contrary to the SNMPM machine
but becomes proportional to the quadrature motor current. All these supplementary
terms are directly proportional to the relative variation of the inductance according to
axial position. The axial variation of the inductance coefficients has positive effect on the
stiffness but negative effect on the motor performances when the rotor is decentred.

In addition to these results, the magnetic saliencies generate a reluctant torque that
depends on (Ly + My), the total variation of inductance seen by the power supply.
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CHAPTER 3

FEM MODELLING

This chapter presents the finite element models and the numerical method applied to
determine parameters presented in Chapter 2 and to validate through simulations, the
assumptions 5,6 and 7 made in Section 2.1.

Section 3.1, describes the different finite element models used. Then, the approach to
determine the parameters is presented in Section 3.2. Finally, the three assumptions are
verified in Section 3.3.

3.1 Description of the models

The models built to compute the required parameters and to validate the assumptions
are 3D FEM models based on the software COMSOL Multiphysics. Three dimensions
are needed to be able to determine the magnetic flux in the machines while taking into
account the rotor and winding topologies. These models use magnetostatic laws, described
in Section 3.2. There are five main models, divided in two categories. On one hand, there
is a model which derives the flux constants linked to the flux coming from the PM and
intercepted by the windings. On the other hand, there are the models used to calculate the
inductance coefficients. All of these models are single-turn, this means that the winding
is modelled as one coil comprising one turn. As these models are also used to optimise
several criteria detailed in the next chapter, they are all built with a parametric geometry
represented in Figure 3.1. To reduce the computation time during the optimisation,
symmetries are exploited through boundary conditions when it is possible. Two types of
conditions are used: the perfect magnetic conductor and the magnetic insulation. The
purpose of the first is to only keep the normal component of the magnetic field and the
tangential component of the current density across the boundary while the second keeps
only the tangential component of the magnetic flux density and the normal component of
the current density across the boundary.

43



(tw)

(1= 1 ()

(a) Overlapping coils geometry [53]. (b) Main design parameters of the rotor.

Figure 3.1: Winding and rotor configuration.

Then the rotor is created following the geometry represented in Figure 3.1h. Five parameters
characterise its dimensions:

o H,, the height of the permanent magnet;

o Hg, the height of the superior ferromagnetic part;
e Goyuy, the angular span of a ferromagnetic part;

e Pouy, the angular span between two PMs;

e p, the number of pole pairs;

In these models the coils are made of copper, the ferromagnetic pieces are made of soft
iron with ©,=1000 and the PMs are modelled with air as their magnetic properties are
assumed to be similar. The internal and external radius of the rotor correspond to the
same radius than the winding.

3.1.1 Flux constants models

Two models compose this first category. The first one, depicted in Figure 3.2a is used to
validate the assumption 5. There is only a symmetry with respect to the horizontal plane.
This choice has been made to be able to evaluate the evolution of the flux constants over one
electrical period by rotating the rotor. If it is verified, then the second model represented
in Figure 3.2b can be used to compute the flux constants during the optimisation. In
addition to the symmetry with respect to the horizontal plane, this model has also a
symmetry with respect to the angular position. In fact, during the optimisation, the flux
must be computed in a single angular position as it will be explained in Section 3.2.2.
Consequently, the model is limited to one pole, reducing the computation time.
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Ferromagnetic PM
part

(a) Flux constants model used to validate the
assumptions. (b) Flux constants model used to
determine the value of the
parameters.

Figure 3.2: Models used to determine the flux constants.

The mesh applied to the model is a compromise between fast computation time and
accuracy of the solution. This leads to a very fine mesh on the coil because this is where
measurements are done and a more coarse on the other parts. The computation time of
the model in Figure 3.2b is about 10s and differences with a global extra fine mesh are
less than 1%.

3.1.2 Inductance coefficients models

The second category of model can also be split into two other branches, with on one side
two single-phase models and on the other side one two-phase model. Two phases are
necessary to calculate the mutual inductance coefficients between two different phases for
both upper and lower windings. The single-phase models are presented in Figures 3.3a and
3.3b. They use both an axial and angular symmetry as in Figure 3.2b but do not have any
PM since only the flux created by current is needed. They both evaluate the inductance
coefficient of the windings in centred axial position but in two different angular positions
of the rotor, one time aligned on the d-axis and the second time aligned on the g-axis.

RN 4. 5N

(a) Winding aligned with the d-axis.
(b) Winding aligned with the g-axis.

Figure 3.3: Single-phase models used to determine inductance coefficients.

45



Once again, due to the angular symmetry these models cannot be used to verify the
assumptions made in Section 2.1. Thus another model, which is a two-phase complete
model of the machine allows to verify the three assumptions for all the required inductance
coefficients. It is depicted in Figure 3.4.

(a) Winding of phase a. (b) Winding of phase b.

Figure 3.4: Full model to validate the assumptions on the inductance coefficients.

Since the model is a complete representation of the machine the computation time is bigger
than for the symmetrised models. For similar mesh it takes 10s for one simulation on a
symmetrised model while it takes 1min15s on the full model. Furthermore, the crossing
areas between two phases are very small and as a consequence lead to a very fine mesh.
The advantage of this model is that it is a whole in one. One evaluation gives all the
needed inductance coefficients.

3.2 Determination of the parameters

The parameters listed here below are determined using the two types of finite element
models described in Section 3.1. All the parameters presented in Section 2 are not
separately determined. In order to highlight both the rotor axial and angular positions
dependencies of the inductance coefficients, the parameters that represent these variations
are put together such as Lo and My for the rotor angular position. To take the number of
turns N into account, all the flux values have to be multiplied by N and all the inductance
coefficients by a factor N2

o Kj,, the flux amplitude in axial centred position;
o K,, the flux gradient linked to the axial position of the rotor;

e Lo + My, the summation of the sinusoidal components of the self and mutual
inductance coefficients;

46



e Lggq and Lgq, respectively the direct and quadratic inductance of suspension;

o dL4 and dLg, respectively the axial variation of direct and quadratic self inductance;

3.2.1 Methodology

The methodology to compute either the magnetic flux or the inductance coefficients is the
same. In fact in both type of models, a flux computation on the windings is needed. It is
generally done by integrating the magnetic flux density B on a surface S and is written as:

gb://SB~dS (3.1)

However it is not trivial to choose on which surface of the winding to integrate. To solve
this issue, based on Maxwell-Thomson’s equation:

V-B=0

Since magnetic flux density is divergence free, it can be expressed as:

VxA=B

where A is the magnetic potential vector. Using Stoke’s theorem, the flux can be expressed
as:

¢=[[VxA-das=§ A-ar (3:2)

where I'is the contour of integration. Computing the integral on the contour I'is still not
a easy thing to do, especially if the number of turn comprising the winding is not known.
For ease of calculation, an equivalent computation is done on the volume of the winding.

It is written as:
J
¢:///A-—-dV (3.3)
v |

where J is the current density vector and I is the current vector. It respects the dimension
of a magnetic flux. The ratio % corresponds to the ratio of the current density over the
current both injected in the windings, which correponds to a vector that indicates the
direction of the conductors. In practice, to determine magnetic flux only coming from PM
to obtain the flux constants, there must be no current into the windings. Therefore to be
able to perform this integral, virtual currents are injected into the windings. To determine
the total flux, the expression above has to be multiplied by the number of pole pairs p.
However, to compute inductance coefficient, current is needed in the windings, unless the
ratio % is known. The relation between the inductance coefficient and the flux is:

L_?

I

where I is the current circulating in the windings.
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3.2.2 Flux constants

Firstly, the total flux arising from the PM and intercepted by the windings has been
characterised. Its expression developed in Section 2.2.2 is based on two parameters: Ky _
and K,. These two parameters are obtained by computing the flux of the PM intercepted
by the windings for different axial positions of the rotor. By applying Equation 3.3, one
evaluation over the volume of interest is sufficient to determine the total flux coming from
the PM.

Furthermore, the angular position of the rotor is fixed such that the flux reaches its
maximum value. This gives the following expression:

@U,k(em = 0, Z) = (K@m + ZKZ)
¢L7k(9m = O,Z) = (Kgm — ZKZ)

with k=1,2,3
Thus by evaluating the flux in the centred position, Ky _ is obtained:

Kg = (Pk(é’m = O,Z = 0)

m

Then by changing the axial position of the rotor,z = z; with z; # 0, a second value of flux
is computed, which permits to derive the value of K,:

Pyl =0,2=21) — Pyx(On =0,2=0) Pux(fn =0,2=12)— Ky

71 A

m

K,

3.2.3 Inductance coefficients

Secondly, the inductance coefficients detailed in the list above have to be determined.
Models 3.3a and 3.3b together give Ly + My and Lo + M;; and the one depicted in Figure
3.4 is used to find out the coefficients Lgq, Lsq, dLq and dL,. Contrarily to the flux model,
no PM is needed but in this case current circulates into the coils.

In order to determine the coefficients Ly + My and Lo + M;; using the single-phase
models, current is directly injected in upper windings. Through boundaries conditions
this current is virtually injected in the lower windings in the opposite direction, respecting
the formalism presented in Figure 1.11.

L, = ?(% =0)=Lo+Lo+ M +M, (d— axis)
L, = I—kk(em = 2lp) =Lo— Lo+ M; — My (q — axis)

ia,U:1 ia,Lzl

The first model, aligned on the d-axis, gives the inductance coefficient L, while the second,
aligned on the g-axis, returns Ly. Then by recombining theses two results the needed
coefficients are obtained:

{L2+M2:L"_Ly

2
Lx+L
L() + IVIii = %
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Contrarily to the two previous models, the third one is a two-phase model. In order to
determine the needed coefficients and due to the geometry of the rotor, symmetry is not
possible. This leads to a full model of the machine and so a longer computation time. The
current is injected in both upper windings and lower windings of both phases with the
same magnitude. The currents in the upper windings of phase a and in the lower windings
of phase b, i,y and iy, are positive regarding the convention of the mating terminals
described in Section 1.2.1. On the other hand the upper windings of phase b and the
lower windings of phase a, i, y and i, 1, are negative regarding the convention. It permits
in centred axial position to deduce the value of Lg 4 and Lg . Lgq is obtained when the
rotor is aligned with the d-axis and Lg, is computed when the rotor is aligned with the
g-axis. Although the stator geometry has changed the integration volume has not. The
numerical integration is still done on one upper or lower winding of one phase. This can
be summarised as:

LSd = Q(Qm = O) = LO + L2 — (MO + L2 COS(%T)) — (Mii + Mg) + (Mij + M2 COS(%))

) Ik

2m 2m

LS,q = g(ém = %) = L() — L2 —(MQ — L2 COS(E)) _<Mii — Mg) + (Mij — M2 COS(?))

ia,U::L . ip,=—1
ip,u=—1 ’

ip,L=1

Once these simulations are done, the axial position of the rotor is changed (z # 0) in order
to evaluate the coefficients dLg and dL,. Consequently, by calculating the flux along the
d-axis and the g-axis for two axial positions, these coefficients can be determined using a
linear approximation.
Laa(z £ 0) = Loa(z = 0) o Ll £ 0) — Ly(z=0)

Az 4 Az,

dLg =

3.3 Assumption validation

Simulations have been realised to validate the assumptions on which the analytical model
relies. Among the assumptions this Section focuses on the dominance of the fundamental
component of magnetic flux and the inductance coefficients. After that, the linearity of
the magnetic flux and the inductance coefficients with the axial position of the rotor is
verified. And from that, the independence of the mutual inductance coefficient with the
axial rotor position is shown. The validation is based on a six pole pairs machine. Its
geometrical dimensions are arbitrary chosen but of the same order of magnitude as the
ones used for the last prototype described in [1]. They are summarised in the following table:

Table 3.1: Rotor.

H, [mm]| H[mm] Gouv[’] Pouy[’]
8.3 2 11 7 6
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Table 3.2: Stator.

hy, [mm] Ry [mm)] Ro[mm)] Ry i[mm] Ry o[mm)] ty[mm]

44 28.9 48 25.1 51.8 3.8

Main dimensions of the rotor and the stator

3.3.1 Dominance of the fundamental harmonic

Magnetic flux

Based on the model described in Figure 3.2a, a parametric sweep is done on the mechanical
angular position of the rotor over one electrical period, %’r. At each angular step, the flux
intercepted by the windings is computed. As it is represented in Figure 3.5a, the flux has
a sinusoidal shape. Indeed, by inspecting the harmonic content depicted in Figure 3.5b,
the fundamental is dominant over the others. For example the second and third harmonics
represent respectively 3.2 % and 3.5% of the fundamental which is negligible. Therefore,
it is reasonable to neglect all the others harmonics as it is said in assumption 5.

4 4
5 =10 ‘ ‘ ‘ i i ‘ i 5 =10
[
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= N
20 El
z sl
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Oom [ded] Harmonic number
(a) Amplitude variation according to the (b) Harmonic content of an electrical period
electrical angular position. mechanical degrees).

Figure 3.5: Axial component of the magnetic flux for a six pole TLST Machine.

Inductance coefficients

Then, the harmonic content of the inductance coefficients listed here below is analysed.

The model used to derive these coefficients is shown in Figure 3.4. Conversely to subsection
3.2.3, the current is here only injected in upper windings of phase a, positively in relation
to the convention. As for the flux constants, a parametric sweep on the angular position
of the rotor is done over one electrical period.

o Ly, = Lo+ Ly - cos(20ey ), the self-inductance of the upper windings of phase a;

e Muy,u, = Mg + Ly - c08(120 4 20y, ), the mutual inductance coefficient between the
upper windings of phase a and the upper windings of phase b;

e My, = Mii + My - c08(20e, ), the mutual inductance coefficient between the upper
and lower windings of phase a;
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o My,r, = Mjj + My - cos(120 + 26,,, ), the mutual inductance coefficient between the
upper windings of phase a and lower windings of phase b;

As shown in Figure 3.6a, Ly, is obtained by measuring the flux intercepted by the upper
windings of phase a. Then the mutual inductance coefficient between phase a and b of

upper windings, My, v, , is measured on upper windings of phase b as depicted in Figure
3.6b.

(a) Ly, integration volume. (b) My,u, integration volume.

Figure 3.6: Representation on the model of the inductance coefficients Ly, and My, u, .

The third coefficient, My, 1, is calculated on lower windings of phase a, as highlighted in
Figure 3.7a. After that, the mutual inductance coefficient between the upper windings of
phase a and the lower windings of phase b, My, 1, is computed on lower windings of phase
b as presented in Figure 3.7b.

(a) My, integration volume. (b) Muy,1,, integration volume.

Figure 3.7: Representation on the model of the inductance coefficients My, and My, .
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Contrarily to the magnetic flux and as expected by assumption 8 and equation 2.1, the
period of the coefficient is two times smaller, thus the fundamental harmonic is harmonic
number two on the following graphs. In Figures 3.8b and 3.9b, the DC components are
removed in order to properly observe the impact of the different harmonics. Ly, has a less
sinusoidal shape than the magnetic flux as it is shown in Figure 3.8a. Indeed, one can see
in Figure 3.8b that harmonic number six has an negative impact. It represents 5.7% of
the fundamental. Furthermore, harmonics number 1, 3, 4, respectively represent 4.1%,
3%, and 2.6% of the fundamental.
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(b) Harmonic content of an electrical period (30
mechanical degrees), the continuous component
has been suppressed for clarity reason.

(a) Amplitude variation according to the
electrical angular position.

Figure 3.8: Ly, , the self inductance of one phase for a six pole TLST Machine.

Then for My,u, this negative impact is even bigger, as depicted in Figures 3.9a and 3.9b,
it looks like a combination of multiple sinusoidal waves at different frequencies. Harmonic
number four represents 87.3% of the fundamental and other harmonics have also an impact.
The origin of the non-sinusoidal form of this mutual inductance will be discussed in the
following pages. Finally the two last coefficients My, and My,1, have a more sinusoidal
shape. Harmonics number four and one represent respectively 16.2% and 5% for My,r,,
and 6.8% and 2.8% for My, . Although these values are bigger than for Ly,, the impact
of the other harmonics is smaller than for Ly,. Therefore assumption 6 is verified for
Muv,1., Mu,r,- This assumption is weaker for Ly, and is not verified for My, y,. However
the variation of amplitude of this inductance coefficient is one order of magnitude smaller
than Ly,, thus although this assumption is not verified, the modelling done previously
will not be significantly impacted.
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Figure 3.9: My,u,, the mutual inductance between two phases of the upper winding for a
six pole TLST Machine.
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Figure 3.10: My,1,, the Mutual inductance between upper and lower winding of one
phase for a six pole TLST Machine.
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Figure 3.11: My,1, ,the mutual inductance between a phase of an upper winding and
another for a lower winding for a six pole TLST Machine.
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Origin of the non-sinusoidal form of the mutual inductance between two phases
of the upper winding

As shown in Figure 3.9, the mutual inductance between two phases of the upper windings
is mainly composed of two sinusoidal functions, the second and fourth harmonic. It results
in a mutual inductance coefficient which has a minimum value when the rotor is shifted
by 60 electrical degrees with respect to the magnetic axis of phase "a" and two maxima in
Oem = 114° and 186°. A local minimum is also present for the angular position ., = 150°.
These four situations are represented in Figure 3.12.

-90° 0
|||||||||

id—axis of reference

B A' B'

id-axis of reference

A' B'

Figure 3.12: Unrolled view of the TLST rotor and overlapped windings, with proportions
corresponding to the Tables 3.1 and 3.2. The d-axis of the rotor is shifted of a) 60, b) 114,
c¢) 150 and d) 186 electrical degrees with respect to the magnetic axis of the phase "a".

The minimum value of the inductance appears when only one ferromagnetic part is involved
in the magnetic circuit which links phase "a" and "b", as shown on Figure 3.12.a. Indeed
the two other ferromagnetic parts are on the outside of the angular span covered by the
two phases, then the reluctance has a maximum value for this configuration. For the three
other cases, two ferromagnetic parts are fully inside this angular span, which reduce the
reluctance of the magnetic circuit and explain the higher value of the inductance for these
positions.
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The local minimum appears when the ferromagnetic parts are centred between the windings
of two different phases where the current, if it was injected in both phases, would flow
in the same direction (as shown on Figure 3.12.c). It may lead to believe that no local
minimum appears for non-overlapped windings since this situation no longer exists with
this type of winding, which means that the assumption could be verified for concentrated
winding.

The situations (presented on Figure 3.12.b and 3.12.d) form magnetic circuits which are
symmetric, which result to identical values of inductance. The maximum value of the
inductance is reached when the center of the ferromagnetic part and the end of the winding
are aligned'.

3.3.2 Linearization with respect to the axial position of the rotor

The models used in the subsection 3.3.1 are evaluated for seven different axial rotor
positions.

Linearization of the flux coming from PM

By doing these simulations to obtain the values of the flux, one can observe in Figure 3.13
that the magnetic flux is increasing when the rotor is approaching the upper windings
and inversely. The coefficient of determination R? expressed on Figure 3.13 allows to
evaluate the quality of the linear approximation. The closer to 1, the better the linear
approximation. Based on these results, assumption 7 is verified for the magnetic flux.

131
12l O Real values
z ) Linear appoximation of slope 0.161
g™ R? = 0.9993 e
~° T P— O
HH 09—
0.8
0.6 0.4 0.2 0 0.2 0.4 0.6

Axial shift [mm]

Figure 3.13: Relative variation of the flux intercepted by upper windings according to the
axial shift of the rotor.

Linearization of the inductance coefficients

In addition to the seven simulations, in order to isolate the different inductance coeffi-
cients, the models are also evaluated on two different angular positions: one time on the
d-axis and the other one on the g-axis. As shown in Figures 3.14a, 3.14¢, and 3.14b the

In reality, the dimensions of the model are such that both elements are aligned for a angular position
Oorn = 112.5° and 0., = 187.5°, but these positions have not been evaluated by the simulation since the
inductance have been measured for every mechanical degree, which corresponds to 6 electrical degrees.
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inductance coefficients are increasing with the axial shift of the rotor. Once again, the coeffi-
cient of determination R? allows to validate assumption 7 for the coefficients Ly, Lo and M.

Then the mutual inductance coefficients between upper and lower windings represented in
Figures 3.15a, 3.15¢ can be assumed as constant with respect to the rotor axial position,
as assumed in 2.2.3. Indeed the slope of the linear approximation is nearly zero. The
small variance of the measurements expressed in Figures 3.15a, 3.15¢ allows to consider
these coefficients as constant”. In Figure 3.15b, a slope of -3.1% per [mm] is observed
despite the constant value assumption made in 2.2.3. However, as shown in Figure 3.11a,
this inductance coefficient varies little and is one order of magnitude smaller than the two
others, so its dependency can be assumed as negligible. Thus as assumed in Section 2.2.1.b,
the mutual inductance coefficients between upper and lower winding can be considered as
constant with respect to the axial position of the rotor.
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Axial shift [mm] Axial shift [mm]

(b) Mg, the mean value of the
mutual inductance of upper
winding between two phases.

Axial shift [mm]
(a) Lo, the mean value of the self

inductance of the upper winding
of one phase.

(c) La, the amplitude of angular
variation of coefficients Ly and Mj.

Figure 3.14: Relative variation of the terms of equation 2.1 according to the axial position of the rotor.

2This time, the coefficient R? is not relevant due to the almost constant value of the measurements.
Indeed R? measures the correlation between two variables, if one of these variables is constant, their is no
correlation and then the coefficient R? is nearly equal to zero
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Figure 3.15: Relative variation of the terms of equation 2.5 according to the axial position of the rotor.

3.4 Conclusions

This chapter presented the two families of finite element models, one for the flux constants
related to the flux coming from the PM and the other for all the inductance coefficients.
They aim to first determine parameters such as the flux constants and the required
inductance coefficients and secondly to validate assumptions 5, 7, 8 through simulations.
Limitations encountered during modelling led to several big models although the objective
was to have fast computation while being accurate. The methodology applied is based
on the volume integral of the product between the magnetic potential vector and the
quotient between the current density and the current. Concerning the dominance of the
fundamental harmonic, it appears to be reasonable for the coefficients L,, My, and
Mu,r,. However this is a big assumption for the coefficient My,y,. Then regarding the
linearity with respect to the axial rotor position is acceptable for the flux, Ly, My and
Ls. Finally the independence with respect to this axial position is also acceptable for the
coefficients Mj;, Mj; and My. Even though Mj; changes with the axial position, its variation
is very limited and the value of this coefficient is one order of magnitude below the two
other coefficients.
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CHAPTER 4

OPTIMISATION AND COMPARISON

This chapter presents and develops the optimisation processes used in order to optimally
sized the machine. Section 4.1 details the objectives of the optimisation and the two
optimisation processes applied on the design chosen in Chapter 1, using the FEM models
presented in Chapter 3. On the one hand the d-axis motor current Iy;q is fixed to zero
and on the other hand it is considered as different from zero into the process. Finally, a
comparison between the two optimised machines is done in Section 4.2 in order to choose
a study case to characterise in next chapter.

4.1 Optimal sizing process

This section presents the optimal approach used to size the rotor of the machine. Besides the
optimal sizing, two objectives are followed during the process. They consist of minimising
the losses while maximising the total axial stiffness of the machine. The algorithm used
to realise this study is an NSGA-II genetic algorithm. It applies variable dimensions to
a set of initial candidates, each candidate representing a machine. Then based on the
performances computed the algorithm keeps the best candidates and do mutation and
crossing with them. After that, the algorithm proceeds to another evaluation with the new
candidates. This algorithm has been chosen because it is already used in [1] for another
optimisation process. Some performances and dimensions are already fixed and are based
on the results obtained in [1]: The machine has to produce a torque of 7.5 [mNm] at a
rotating speed of 14000 [rpm]| while using a fixed Volume of Permanent Magnet (VPM)
corresponding to the dimensions of the rotor described in [20]. This volume is 4.1-107° [m?].
The dimensions of a stator winding are the same as the one presented in Table 3.2 except
for h,, which is a parameter of the optimisation. Two optimisations processes are realised
in parallel. Their difference lies in the problem formulation. Indeed, firstly no Iy 4 current
is considered. Then in the second process, this current is taken into account in the torque
and Joule losses computation, and the results of the optimisations are compared.
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4.1.1 Optimisation parameters

Five parameters are used to do the optimisations of the TLST machine. There are listed
here below:

o Cy,, a coefficient that fixed the height of a winding;

* Zouy, a coefficient that fixed the angular span of a ferromagnetic part;
* Pouv, @ coefficient that fixed the angular span between two PM;

e h¢, a coefficient that fixed the height of superior ferromagnetic part;

e p, the number of pole pairs;

Among them, gouy, Pouv, by and p dictate the dimensions of the PM while Cy,, and p fix
the dimensions of the winding. The number of pole pairs, p, belongs to the interval [5;
10], which has been arbitrary chosen. The coefficients gouy, Pouv, hf, Cp, € [0;1]. Based
on their values, they respectively fixed the dimensions Ggyuy, Pouwv, He and hy, reminded in
Figures 4.1a and 4.1b. The height H, is deduced from the other dimensions to conserve
the VPM fixed before.
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(a) Overlapping coils geometry [53]. (b) Design parameters of the rotor.

Figure 4.1: Winding and rotor configuration.

Furthermore, to avoid mesh problems minimum and maximum values are imposed for Gy,
Pouv, He. The coefficients g, and pe., must respect the following arbitrary condition to
conserve a ['LS'T" rotor shape: gouw — Pouv > 0.2. To keep reasonable winding dimensions,
h,, is also fixed between two values. These dimensions are summarised in Table 4.1:

Table 4.1: Minimum and maximum dimensions.

Gouv [o] Pouv [O] Hf [HIHI] hW [mm]
oo o] Lo tep2]  [2:125]  [48]
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4.1.2 Problem formulation

This section consists of deriving the problem formulation related to the two optimisation
processes. First, the case without the current Iy 4 is considered and then the second part
of the section is dedicated to the case with Iniq # 0.

Optimisation with Ingqg = 0

Although the rotor contains ferromagnetic parts, iron losses are arbitrary assumed as
negligible as well as the windage losses. It is also assumed that no external force F, is
applied on the rotor. Therefore the machine stabilises itself in a centered position, z = 0.
Among all the losses, it remains the Joule losses coming from the circulation of the motor
current Iy 4. Since Iy g = 0 and the rotor is in an axial centered position, the torque is
purely electrodynamic. As explained in Chapter 2, this current is linked to the driving
torque Ty, v through Equation 2.37. Thus the current can be express as:

T
Orm, M (4.1)

P \/ngem

The power losses, the first objective function, can be written as:

R
Py = 3 Iﬁm (4.2)

with R the total resistance of the windings which depends on the parameter h,, and
evaluate thanks to the Pouillet’s law.

Secondly, by taking the expressions of the electrodynamic axial force given by equation 2.61
and the detent axial force given by equation 2.38, the expression of the second objective
function, the stiffness in axial centred position can be obtained:

Fopa+Fqa
7z

3 dL w? w? K
=/=-K, d. —11- I . (i —
¢2 R\ pobmy +v? P %F

p?Ls,daLs,q

kz,tot |z:0 -

+ kz,d
The coefficient k, 4 is fixed to 0 during the optimisation process.

Optimisation with In;q # 0

If we now consider the motor current Iy 4 # 0, the expression of the power losses changes
and a reluctant torque component appears. By combining the electrodynamic and the
reluctant component of the torque, one can derive the total torque in axial centered
position:

3 Ival
T9m,t0t|z:0 = \/g . pKem . IM,q + 3p . (L2 + MQ) . [R/LC;WI] (43)
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As both current are now implied in the total torque, they must be fixed. Then the pair of
current is chosen to minimise the Joule losses while providing the total torque of 7.5 [mNm].

Due to the new current implied in the joule losses, the first objective function becomes:

R
Py = (B + B (4.4)

And the total axial stiffness’ in z = 0 is still the second objective. Its expression, which
takes into account the direct current, can be expressed as:

3 IM,d . de dL w2
kzﬁmt'z—o:(\[z“”a R\ T o7 1) e ha
|:p2LS,dLS,q Tw }

2 dL
+ sz . {L T+ V6 u (4.5)
|:7p2Ls,dLsyq _|_w :| Sd Sd
1 R w Lg.q - dL
v 5 : [ 54 T2 b Ty + dLg - Iy + V6 - K, | - dLg
2p Ls,als,q [2R72 +w2] R
p?Ls,als,q

Both optimisation process can be formulated as follow:

minimise Py and maximise k, (o1,
{ChW, Zouvs Pouv, hf» p}
subject to VPM = 4.1 - 107" [m?],
T9m7t0t = 75 [mNm],

1400
w=—7 T [rad/s],
Bouv Pouv, hf: Ch [ ]7
p € [5,10],

Zouv — Pouv > 027

hy, € [4;8] [mm],

180 180-5

G(ouva Pouv € — [0]7
6p  6p

He € [2;12.5] [mm]

Developments available in Appendix G.2
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4.1.3 Results

In this section the results of the optimisation process are presented. First, the results
without Iy q are detailed and then the second results take it into account. As it is noticeable
in the following figures, the Pareto” front is not yet achieved. This is due to the facts that
some models, as described in section 3.1, are not symmetrised and thus take a lot of time
to run. Then the optimisation processes have been stopped because of the lack of time.
The most important results will be discussed here, and Figures representing the evolution
of the main geometrical dimensions with respect to the objective functions are available in
Appendix H.

Optimisation with Ingq = 0

The results show that the process tends to high values of pole pairs. However, when
p > 9, the performances decrease, as represented in Figure 4.2. Among the three points
of the Pareto front shown in Figure 4.2, the higher the number of pole pair the higher
the stiffness but also the higher the Joule losses. However the stiffness start to decrease
when the number of pole pair is equal to 10. Between the case with p = 7 and the one
with p = 9 the stiffness increases by 52.3% while the Joule losses increase by 6.7%. As a
consequence p = 9 is chosen. Then between the two machines with p = 9, the stiffness
increases by 14.7% while the Joule losses increase by 4.5%. Therefore the machine with
higher stiffness and losses is selected. It develops a stiffness of 112 [N/mm)] and losses of
3 [mW]. The parameters of this machine are summarised in Tables 4.2 and 4.3.
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/)] (o] -_".. '0. '. ) ;- 3 n. ot . )
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Joule losses [mW]

Figure 4.2: Stiffness and Joule losses obtained for each candidate tested during the first
optimisation. Each candidate is coloured according to its number of pole pair p.

2During the rest of the chapter, the term Pareto front will be used to describe the best candidates
although this is not yet a Pareto front.
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Table 4.2: Rotor.

Ha [mm] hf Hf [mm] Zouv Gouv [o] Pouv Pouv [O]
11.5 0 2 0.812 14.2 0.415 8.9 9

Table 4.3: Stator.

hy, [mm] Ry [mm)] Ry [mm)] Ry i[mm] Ry o[mm)] ty|[mm]

49 27.5 49.4 25.1 51.8 24

Main optimised dimensions of the rotor and the stator.

As it can be seen in Table 4.2, the coefficient h¢ is equal to zero. Thus the height H; is equal
to its minimum value, 2 [mm]. This means that the process tends to reduces this height of
ferromagnetic material as much as possible. Lower this coefficient, better the performances
as depicted in Figure 4.3. This observation highlight some design amelioration which will
be discussed in Chapter 5.
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110k ® e Height H between 2.00 and 2.50 [mm]
Height H, between 2.50 and 3.00 [mm]
E 100 o ., L Height H_ between 3.00 and 3.50 [mm]
2 o0- ° f&: . . e Height H between 3.50 and 4.00 [mm]
9] . s.,: . . 1 O Cases belonging to the pareto front
0 ()
[1h] 80 [ ° " .. .c L]
C ov ';.’ oy e %o .
E H .‘.:‘ . . .
& 70" X ., .
L) T " 2o :
60 L L] ‘ - . e .. [ ] L ]
50 1 1 1 1 | 1 |
3 3.5 4 4.5 5 55 6

Joule Losses [mW]

Figure 4.3: Stiffness and Joule losses obtained for all candidates where p = 9 during the
first optimisation. Each candidate is coloured according to its height Hg.
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Optimisation with Insq # 0

When Iy q # 0, as highlighted in Figure 4.4, p = 9 and p = 10 belong to the Pareto front.
Between the two available points, there is a stiffness increase of 4.8% and Joule losses
increase by 17.5%. Therefore the machine with p = 9 is chosen because of smaller Joule
losses. It is characterised by a stiffness of 100 [N/mm] and Joule losses of 2.9 [mW] for the
given torque. Its optimised dimensions are listed in Tables 4.4 an 4.5.
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U) - . ) 0. I. P - . ;
40 - .
3 3.5 4 4.5 5 5.5 6

Joule losses [mW]

Figure 4.4: Stiffness and Joule losses obtained for each candidate tested during the second
optimisation. Each candidate is coloured according to its number of pole pair p.

Table 4.4: Rotor.

Ha [mm] hf Hf [mm] Zouv GouV [o] Pouv Pouv [o]
11.5 0.06 2.6 0.665 12.2 0.419 8.9 9

Table 4.5: Stator.

hy, [mm] Ry [mm)] Ro[mm)] Ry i[mm] Ry o[mm)] ty [mm]

o1 27.5 49.4 25.1 51.8 24

Main optimised dimensions of the rotor and the stator.

Once again, the coefficient h¢ is nearly equal to zero and thus Hy is close to its minimum.
In fact, as shown in Figure 15, this process tends also to reduce this height.
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Figure 4.5: Stiffness and Joule losses obtain for all candidates where p = 9 during the
second optimisation. Each candidate is coloured according to its height Hg.

4.2 Comparison of the performances of the optimised
machines

As it is noticeable in the previous tables, the two machines tend toward similar dimensions.
However, there are differences in the resulting performances. Indeed the stiffness increases
by 12% and losses increase by 3.4% when no current Iy 4 is considered. Thus by considering
motor current on the d-axis, the optimisation process leads to a lower the axial stiffness
but also to lower Joule losses. By taking the optimal machine obtained with Iy 4 # 0
and by equalling this current to zero, no difference is observed in terms of stiffness and
losses. In fact, Iy g represents 1.8% of Iy and thus the impact of Iy 4 is negligible. It
results that the optimisation process that does not use Iy q appears to be more interesting
in terms of performance. Nevertheless as the processes were stopped before reaching the
Pareto front, these differences may variate, that is why the influence of the d-axis motor
current is investigated in Chapter 5.
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4.3 Conclusions

In this chapter two optimisation processes on the TLST machine are covered. The aim of
the optimisation is to size the rotor of the machine and the height of the winding. The two
processes used an NSGA-II algorithm and pursue the two same objectives: minimising the
Joule losses while maximising the axial stiffness in centred position. The difference between
the optimisations lies in the value of the direct axis motor current Iy 4. The first machine
is sized considering Iy q = 0 [A] whereas the second used Iy g # 0 [A]. As explained in
Section 4.1.3, the optimisation process has been stopped without achieving the Pareto
front because of the lack of time. This implies that better performances can be achieved
by the TLST machine. The results obtained give machines that have similar dimensions.
Moreover, it appears that the height H; tends to its minimal value, which means that the
purpose of these ferromagnetic parts may be questioned and will be discussed in Chapter
5. Results showed that the machine which has no Iy; 4 has more stiffness and also losses
but in a lesser extent. Because of the negligible influence of Iy; 4 on the performances, the
model without Iy 4 is chosen and will be analysed in Chapter 5. This machine reaches
112 [N/mm] of stiffness and limits the Joule losses to 3 [mW] in axial centred position.
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CHAPTER b

CASE STUDY

This chapter aims to study the performances reached by an Electrodynamic Thrust Self
Bearing Machine F'TSBM equipped with a TLST rotor and highlights improvements
caused by the use of BPMs. To do so, the paper [29] about the dynamical modelling of
the E'TSBM with SMPM rotor will be used as reference during the followings sections.
It allows to directly compare both machines. However, the results must be viewed with
caution since both machines have different air-gap and volume of PM. Indeed both
dimensions of the case study are smaller than for the machine presented in [29]: 0.75 [mm)]
of airgap instead of 2.2 [mm] and 41 [cm?] instead of 47 [cm?].

This chapter is organised as follows: first the dimensions and parameters of the case study
are summarised. Then, a quasi-static and a dynamic study compare the performances
achieved by the TLST rotor to the SMPM rotor. Next, the study is focused on the
influence of the motor currents on the stiffness and a discussion about the design choice
concludes the chapter.

5.1 Dimensions of the case study

Let us consider the ETSBM with a TLST rotor. The optimisation performed in Chapter
4 gives the dimensions of the machine which are used in this case study. These dimensions
are represented in Figure 4.1 and resumed in Tables 4.2 and 4.3. Based on these dimensions,
FEM simulations presented in Chapter 3 provide the value of the different coefficients
used in the analytical model of Chapter 2. These values are gathered in Table 5.1. The
armature resistance has been identified through Pouillet’s law while the rotor mass m
and polar moment of inertia J, have been estimated by considering the dimensions of the
PM and the iron parts provided by the optimisation. An aluminium shaft with similar
dimensions to Figure 9 has also been considered for both mass and moment of inertia.
Finally, axial and angular damping coefficients, respectively noted C, and Cy_, have been
set arbitrarily to 10 [kg/m] and 107° [kg - m?/s|' to ensure the stability of the system.

!This value fixes the viscous torque to approximately 100 [Nm)].
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K_ [N/mm]

Table 5.1: Model parameters for the TLST rotor

R[] Lara [pH] Lag [1H] Lsa [pH] Lsq [pH]
0.22 21.82 23.86 24.67 23.86

Ly [pH] M, [pH] dLq [pH/mm] dLq [pH/mm] dLy [pH/mm]
-0.325 -1.66 -2.31 -2.72 0.138

Ky [mWb] K, [Wb/m] k,qa [N/m] m [kg] Jp [gm?]
4.12 1.17 0 0.49 0.81

5.2 Quasi-static analysis

Figures 5.1a and 5.1b provide the evolution of the axial stiffness k, and the drag torque
for the E'TSBM with respectively the SMPM and the TLST rotor. For the latter, both
curves are defined by Equations 4.5 and 2.63 while the first figure is provided by [29].
The first thing to observe is the biggest value of both terms for the TLST rotor. Indeed,
the stiffness reaches its asymptotic value k° equal to 164 [N/mm)] for speed higher than
80000 [rpm] while the SMPM rotor provides a maximal stiffness of 122 [N/mm]|. The same
remark can be made for the maximal value of the drag torque, which goes from 155 [mNm)|
for SMPM rotor to 321 [mNm)] for the TLST topology. This maximal value is reached
more quickly by the TLST rotor due to the higher value of the inductances, resulting in a

. . . o R _ .
lower value of its electrical pole: w, = o Csatnn 9622 [rpm)] instead of 15575 [rpm] for

the SMPM rotor. This lower electrical pole also allows to reach faster a higher stiffness
for classical speed range, since it is equal to 47.5 [N/mm)] for a speed of 6000 [rpm]| while
the SMPM provides 15.8 [N/mm)].
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(a) For the SMPM rotor (from [29]).

Figure 5.1: Evolution of the axial stiffness k, (solid line) and the drag torque Ty, p (dashed
line) with the rotation speed w for a fixed axial displacement of 0.65 [mm].
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This increase of the drag torque may seem problematic, but it is important to note that it
has a quadratic dependence to the axial position as expressed by Equation 2.63. The gain
of stiffness has then indirectly a significant influence on the drag torque and reduce its
negative impact.

It must be noted that this quasi-static study considers the direct and the quadrature
motor currents respectively set to 0 and 0.169 [A], the second value allowing to produce a
motor torque of 7.5 [mNm]. It corresponds to the torque fixed during the optimisation.
The influence of these currents is studied later in Section 5.7, but it is already possible
to highlight the difference of stiffness and drag torque created by the motor current of
0.169 [A]. To do so, the stiffness and drag torque according to the rotation speed have
also been computed for a zero quadrature motor current and subtracted to the curve
of Figure 5.1b. The result is shown in Figure 5.2. The figure shows than both values
of quadrature current provide performances which are extremely similar. Indeed, the
maximum difference is smaller than 0.2% for drag torque and 4.1 - 107%% for the stiffness.
The nonzero asymptotic drag torque expressed in Section 2.4.3 is in fact fully negligible
compare to the total drag torque for this axial shift since it is equal to 0.104 [mNm].
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Figure 5.2: Increase of axial stiffness and drag torque for the case study with TLST rotor
when the quadrature currents switches from 0 to 0.169 [A].

5.3 Dynamic analysis

Figure 5.4 presents the block diagram of a classical two-levels controller with back-EMF
compensation. The control is directly applied on the direct and quadrature voltages uq and
ug. Decoupling of direct and quadrature voltage equations is also applied but does not take
into account the potential axial shift which adds coupling between equations in decentred
position of the rotor, as shown by equation 2.43 and 2.43. The high-level controller uses a
Proportional-Integral (PI) controller with a settling time of 10 [sec] while both low-level
controllers, which control the voltages, use PI with settling time of 0.5 [sec]. The direct
motor current is set to zero as for classical synchronous machines but can be independently
modulated to highlight its influence on the motor and suspension performances. The
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ETSBM start-up is available in Figure 5.4.
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Figure 5.3: Motor control block diagram (modification of Figure from [29]).
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Figure 5.4: Evolution of the rotor spin speed (solid line) and the motor torque Ty, m
(dashed line) during the start-up.

In the paper [29] about the dynamic modelling of the ETSBM with SMPMs, two
situations are analysed to study the coupling between the suspensions and motor functions.
To continue the comparison between both types of rotor, these two tests will also be
performed on the case study.

The first one consists of a step of external axial force F,, applied on the rotor when the
speed setpoint is fixed to 4000 [rpm]. This step is applied after 10 [sec] and maintained
during 20 [sec|]. For both machines, the axial external force shifts the rotor from its
centred axial position, and this shift creates an opposite electrodynamic force noted F, in
Figure 5.5. The rotor stabilises in a position where the electrodynamic force compensates
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(@)

T“ M [mNm]

(c)

m

exactly the external one. In the same time, the axial shift creates a drag torque, which is
compensated by the controller by injecting quadrature current to create a driving torque
and to maintain the motor at its rotation speed setpoint. When the external force is
removed, the induced electrodynamic force brings back the rotor in a balanced position and
the drag torque is removed in turn. Figures 5.5 (a) and (c) provide the results available in
[29] while 5.5 (b) and (d) show the performances reached with the TLST topology:
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Figure 5.5: Dynamic behaviour following a step of external force F, . when the rotor spin
speed setpoint is fixed to 4000 [rpm]. Evolution of the electrodynamic force F, (solid line)
and the axial displacement z (dashed line) in Figure (a) for a SMPM rotor (from [29]) and
in Figure (b) for a TLST rotor. Evolution of the driving torque Ty, \ (solid line) and the
drag torque Ty, p (dashed line) in Figure (c) for a SMPM rotor (from [29]) and in Figure

(d) for a TLST rotor.

Figures 5.5 (a) and (b) show the reaction of both machines to the step force: as it can be
seen, both provide the same opposite electrodynamic axial force, but the axial shift of the
rotor goes from 0.13 [mm] for the SMPM rotor to 0.04 [mm] for the TLST topology. This
difference is related to the gain of stiffness due to BPMs already highlighted in the quasi-
static study. Indeed as shown on Figure 5.1, the stiffness at low speed increases by a factor 3
between the SN P M rotor and the TLST one, and it results in an axial shift 3 times smaller.

This increase of stiffness also influences the drag torque as it is proportional to the square
of the rotor axial position z: Figures 5.5 (c¢) and (d) show the decrease of the drag torque
from 3 [mNm]| to 0.9 [mNm]. Thanks to the higher stiffness, a smaller driving torque
is needed to counter the drag torque created by a given axial force, then the needed
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w [rpm]

6000 [
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quadratic motor current is reduced and the same goes for Joules losses caused by this
axial force.

The second case studied consists of a linear variation of the speed setpoint from 4000 [rpm]
to 6000 [rpm] in 20 [sec] with an external axial force fixed to 1 [N]. No external torque is
applied. Figures 5.6 (a) and (b) show the evolution of rotation speed and axial shift of
both machine while Figures 5.6 (c¢) and (d) describe the evolution of the driving torque
and the drag torque, noted Ty, v and Ty, p.
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Figure 5.6: Dynamic behaviour for a fixed external force F, . equal to 1 [N] when the rotor
spin speed varies linearly from 4000 [rpm]| to 6000 [rpm]. Evolution of the spin speed (solid
line) and the axial displacement z (dashed line) in Figure (a) for a SMPM rotor (from
[29]) and in Figure (b) for a TLST rotor. Evolution of the motor torque Ty, (solid line)
and the drag torque Ty_p (dashed line) in Figure (c¢) for a SMPM rotor (from [29]) and in
Figure (d) for a TLST rotor.

The constant external force leads to an axial shift and the latter results in turn in a drag
torque present at the start of the experiment as shown in Figure 5.6 (¢) and (d). This
drag torque is compensated for both machines by the driving torque. During the linear
variation of speed, the driving torque increases to accelerate the rotor, and the stiffness
increases in turn which results in a simultaneous decrease of the axial shift and the drag
torque. When the speed reaches the 6000 [rpm]| plateau, the driving torque decreases since
it only compensates the drag torque. Figure 5.6 (c¢) and (d) show that the diminution of
axial shift leads to a smaller drag torque. Once again, the higher stiffness of the TLST,

the smaller the axial shift and the drag torque.
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5.4 Influence of the motor currents on the suspension

The quasi-static study has already shown the negligible influence of the quadrature
current on the stiffness, but no variation of the current has been applied. The purpose
of this section is to study the evolution of the stiffness for a larger range of direct and
quadrature current. To do so, each one is linearly injected for two constant rotation speed
setpoints, a high speed of 14000 [rpm] and a low speed, chosen as 5% of the last one, thus
equal to 700 [rpm]. However, injecting quadrature current increases the driving torque
which increases the speed, and it is not the purpose in this case. To solve this problem, a
negative torque is linearly applied on the motor, which makes the controller increases
the quadrature current to maintain the rotation speed. Secondly, the external torque is
maintained to a constant value while the direct motor current is linearly injected. Figure
5.7 provides the dynamic behaviour of the rotor.

First in @, no external torque is applied as shown in Figure (a), which results in zero
currents and Joule losses as represented in Figure (b), and a constant rotation speed and
stiffness depicted in Figures (c¢) and (d).

Then in @, the external torque starts to increase and in reaction to that a quadrature
current is injected by the controller to create a driving torque which maintains the rotor
at constant speed. However the delay in the controller leads to a speed decrease, and
therefore also to a stiffness decrease as shown in Figures 5.7 (c¢) and (d) in area @

The driving torque compensates exactly the external torque in the area @ However this
external torque continues to increase, so the quadrature current and the Joule losses too.
Despite the increasing value of this current, no variation of stiffness is visible in Figures
5.7 (c) and (d) in this area.

The external torque stops to increase in area @, which fixes the driving torque and then
the quadrature current. The speed comes back to its setpoint as well as the stiffness
comes back to its initial value. This last one has not been significantly increased by the
quadrature current despite its high value.

Then the direct current is injected linearly in the area @ This current is chosen as
negative to take advantage of all the components of stiffness and torque as expressed in
Equations 2.69 and 2.71, since the coefficients dLq and (L + My) are negatives in this
case study. As it can be seen in Figure 5.7 (c) in the area @, no significant stiffness
variation can be observed at low speed. However at high speed, a linear increase of the
stiffness appears, as shown in the same area of 5.7 (d). This difference between low and
high speed can be explained with the model. Indeed by reminding the equation 2.61 of
the electrodynamic axial force created by the motor:

2 2
w w
p2Ls,aLs q + p2Ls,aLs q +

3 dL w? w? dL K,
FZ’Ed_\E'KZ'Z R (1 [ }) P T - [t ] '[Lsi T +V6- g2

Term A
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The term A in the equation above is proportional to the direct current but almost zero at
low speed, which explains that no variation is observed in Figure 5.7 (c¢). On the opposite,
when the speed has exceeded the electrical pole, this term is no more zero and a linear
increase of the stiffness is observed. However, the increase of the stiffness for a direct
current of —1 [A] is approximately equal to 0.2% of the total stiffness, which is still very
low and not significant. To improve the relative influence of the direct current on the
stiffness compare the the axial flux variation K,, the ratio dL‘%ﬂ must be significantly

increased.
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Figure 5.7: Dynamic behaviour of the E'TSBM with a TLST rotor: linear increase of the
external torque during 40 [sec| as it can be seen in Figure (a) at constant speed in centred
position. The external torque is applied after 10 [sec] and results in an increase of the
quadrature current as depicted in Figure (b). Next, a negative direct current is linearly
injected after 70 [sec]. The evolution of the stiffness and speed is shown for low and high
speed, respectively 700 [rpm] in Figure (c¢) and 14000 [rpm] in Figure (d). Figures (a) and
(b) are valid for both situations since torques and currents are independent of the speed.

Another analyse can be made in this figure and is about the non-significant influence of the
reluctant terms in the stiffness and the torque. Indeed, no quadratic increase of the stiffness
according to the currents is observed for both cases despite the form of reluctant terms
in Equations 2.69, which shows that they are negligible for the stiffness. Moreover, the
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presence of a significant reluctant torque should result in a diminution of the quadrature
current. Indeed, this additional torque leads to an acceleration of the rotor. Consequently,
the controller should reduce the electrodynamic torque to maintain the constant speed by
reducing this current. But no significant diminution of the quadrature current is visible
on area @ of Figure 5.7 (b) despite the high values of I; 4 and Iy;,. These observations
allow to conclude that the reluctant term of the total torque in Equation 2.71 is negligible
for the case study. Indeed, for Iyyq = —1 [A] and Iy = 1 [A], Equations 2.71 and 2.69
give at high speed a reluctant torque of 26.7 [uNm] and a reluctant stiffness of 0.26 [N/m]
for the case study, which are completely negligible.

5.5 Discussion

The high stiffness of this case study brings positive results for the use of BPMs but
some criticisms can be made. First, in order to realise the prototype initially planned
for this Master’s thesis, it has been decided in the middle of the project to modify the
TLST topology to use segment-shaped PMs. These PMs are easier to manufacture and to
obtain than the initial PNs of this topology represented in Figure 5.8a. However, using
segment-shaped PMs with the ferromagnetic parts of the TLST topology, it keeps the
PMs away from the windings. Moreover it also creates a path for the magnetic field which
can circulate between two consecutive ferromagnetic parts without going through the
windings, as shown in Figure 5.8b. In fact, without the PMs on the height H¢ defined in
Figure 3.1b, the ferromagnetic parts on this height are disadvantageous from a flux point
of view. It explains why the optimisation performed in Chapter 4 tends to a value of
H¢ near to 2 [mm)]. This height was indeed the minimal value allowed by the code : the
bigger this height, the lower the fluxes and so the performances.

—

(a) Topology TLST chosen at the (b) Adaptation of the topology to (c) ST topology increasing the flux
start of the master thesis. segment-shaped magnet. in winding for the same VP M.

Figure 5.8
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To support this proposition, simulations have been performed on a rotor where all the
dimensions have been conserved excepted the height of ferromagnetic material which has
been removed. The windings have been brought closer to the PM to conserve the same
airgap than before. This rotor, represented in Figure 5.8¢, corresponds to a Spoke Type
ST topology. A quasi-static study, presented in Figure 5.9, allows to highlight the gain
of stiffness obtained by removing this ferromagnetic thickness. This modification allows
to reach stiffness higher than 300 [N/mm] despite the fact that no optimisation has been
performed on the topology. These observations show that the choice made in this Master’s

thesis leads to a non-optimal topology.
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Figure 5.9: Comparison of the quasi-static stiffness and the drag torque for the case study
with the TLST rotor (solid line) and the same rotor without the thickness of ferromagnetic
material on the height H¢ (dashed line), corresponding to a S'T" topology.
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5.6 Conclusions

This case study performed a quasi-static and dynamic analysis of an Electrodynamic
Thrust Self-Bearing Machine (ETSBM) using the TLST rotor, the latter having been
sized by the optimisation of Chapter 4. The suspension performances have been compared
to the E'TSBM using a rotor with surface mounted PMs, studied in [29]. The comparisons
have shown an important gain of stiffness which allows to reduce the parasitic drag torque
caused by axial shift of the rotor. Moreover the bigger inductances values of the TLST
topology allow to reduce the electrical pole of the machine which increases consequently
the stiffness for low speed compared to the initial machine.

Next the influence of the motor currents on the stiffness has been studied. It has been
determined that these currents do not allow to modulate the stiffness as expected in
Chapter 2, due to the too small value of the axial inductance variation compared to
the axial flux variation. The reluctant torque and stiffness are also non-significant for
the machine performances. Therefore, the direct current must be set to zero as for
classical synchronous machines, the torque and stiffness being almost completely caused
by electrodynamic effects. However, no optimisation to improve the influence of the direct
current has been performed, which means that a higher influence of this current could be
obtained with more specific researches.

Finally, a discussion on the chosen design has been proposed to highlight the bad association
of TLST topology with segment-shaped PMs leading to a decrease of stiffness. This last
section showed that, despite the improvements of stiffness reached by the use of BPM,
better performance can still be achieved by improving the design of the rotor.
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CONCLURSION

The work done in [1] by J. Van Verdeghem on the axial-flux E'TSBM machines using
SMPMs is the starting point of this Master’s thesis. In order to contextualise it a review
of the different topologies of AFPM bearingless machine is done and the principle of
operation of the ETSBM described in [37] is detailed. As shown by the review, all the
presented machines use classical SMPM rotor despite the fact that BPM should increase
the suspension performances. Then this master thesis aims to study the modification of
performance provided by the use of a BPM rotor on the E'TSBM.

This work is thus divided in five mains objectives: First, realising the state of the art
of axial-flux machines having a rotor with BPMs and choosing one of them to design
and characterise. Next, deriving the electromechanical model of E'TSBM with a BPM
rotor and validate it through static FEEM simulations. Then, optimising the dimensions
of the chosen machine. Finally, based on the optimal dimensions computed and on the
state-space model derived, analysing in both quasi-static and dynamic conditions the
behaviour of the motor.

Chapter 1 first reviewed the different rotor topologies with BPMs. Among them, it
appears that the TLST topology, thanks to the improvement of the THD while keeping
a good reachable range of speed and manufacturablity, was a good candidate. Then, a
design proposal using 3D-printed parts to position correctly all the different elements
composing the rotor was described.

Chapter 2 derived the electromechanical model of the considered motor. Thanks to it the
axial and spin dynamic behaviours were described. One of the big difference with respect
to the machine developed in [29] was the dependencies of the inductance coefficients
with the axial and the angular position of the rotor due to its ferromagnetic parts. This
axial dependence adds some terms proportional to the motor currents in the expression
of the axial stiffness, which open the way of a potential modulation of the suspension
through these currents in addition to the passive suspension reached by E'TSBM. However
this dependence also modified the expression of the drag torque which does not tend to
zero anymore at high speed, contrarily to the machine presented in [37]. Indeed at high
speed the drag torque becomes proportional to the quadrature motor current. Finally in
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addition to the electrodynamic effects already present in the initial motor using SMPM
rotor, reluctant effects appear.

Chapter 3 determined the global parameters of the analytical model and validated the
assumptions made in Chapter 2 with static FEM. First two categories of FEM models
were detailed. The first category computed the flux constants while the second computed
the inductance coefficients. Both models used the same methodology which is based
on an adapted version of the integral of the magnetic flux density over a surface. All
the assumptions were validated except for one parameter. It appeared that the mutual
inductance coefficient between two phases of the upper winding did not evolve in a
purely sinusoidal way with respect to the rotor angular position. However, the impact
of this non-sinusoidal form has been shown as negligible, which allows to validate the
electromechanical model of Chapter 2.

Chapter 4 presented the optimisation processes applied on the chosen machine in order to
determine its dimensions. The two processes followed the same objectives: minimising
the losses while maximising the total axial stiffness. The constraints applied were the
speed of rotation, the torque and the VPM, and they were based on the performances
and the dimensions given in [20]. The first process did not take the current Iyq
into account while the second did. The results showed that it was more interesting
to not take this current into account during the optimisation because of its limited
impact on the performances. As the model used were time-consuming, the front Pareto
obtained was not yet finished and so better performances could be obtained. The best
candidate was nevertheless selected to perform a case study in the last chapter of this work.

Chapter 5 analysed the performance of the machine which has been sized in the previous
chapter. The purpose was to use the state space model developed in Chapter 2, to
first validate the passive axial suspension of the rotor and secondly, to compare the
performances reached by the new topology to the E'TSBM using SMPM rotor described
in [29]. The improvement in stiffness for the new topology highlights the main interest of
the use of BPM rotor for bearingless machines. Moreover, the higher value of inductance
coefficients shows that high stiffness are quickly reached at low speed due to the decrease
of the electrical pole of the machine. The chapter has then investigated the influence
of the motor currents on the suspension. Despite the high current values tested, no
significant influence of those have been observed on the suspension, which showed that
the suspension of the machine is still mainly achieved by electrodynamic effect. Finally,
some design improvement have been put forward to highlight the fact than better stiffness
may still be reached.

This work paves the way for the use of BPM for axial flux bearingless machine by
highlighting the improvement of the suspension function. Moreover, other topologies
of BPM rotor should be investigated to potentially improve the influence of the motor
currents on this suspension and take more advantage of the reluctant component brought
by BPM.
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MOTOR MODEL DERIVATION

A Electrical equations with motor and suspension

variables

Starting from:

d(Ly -1 d(Myy, - I do
(Lu U)+(UL L)+ U

U=R-1
R-lu+ dt dt dt (A1)
. d(LL . IL) d(MUL . IU) dey, ’
U=R- I+ T + 1t + T

The following system can be obtained:

U=R

I 1 d /L M L M d /(& L]
. U; L+dt<U+2UL~IU+L+2UL-IL>+dt( U;r L) By averaging the two equations of A.1

d d
0=R-Iv—-I)+ T (Lu = Muyr) - Iu + My, — Ly) - I,) + T (Pu — PL) By subtracting equations of A.l

By injecting the motor and suspension currents and fluxes:

I, = 1 — I Ig = utn

diL—i—dsU
1 —
{IU_—§4+IS {IM—IL+IU and {@M 5

It gives:
R d (Lu+Mur [Im Ly + Mu (IM )) dPm
U= 2 Iy + & (Do MoL (M 4 “LT VUL (IM g “'m
2 M+dt< > <2+S>+ > > %)) T &
d I I ddg
=2R -1 —((Ly —M = +1 My, — L) - | — =1 —_—
0= 2R Is o (Lo = Mun) - (G +Ts) + (Mu — L) (- Ts) )+ 5
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Which is equivalent to:

R d //L L I Ly —L d®
U:-IM+dt(<U+L+MUL)'M—I—(UL)-Is)+ M

2 2 2 2 dt
d Ly—L d®
OIQR'IS‘i‘(it((UQL)'IM—‘—(LU_*_LL_zMUL)'IS)—‘—dtS

Finally, after having introduced the "average' inductance matrix Ly and the "variation
inductance" Ly defined in 2.13 and 2.14, the new version of the electrical equations” is
obtained:

R d /(L M 4P
U_.1M+<(AV+UL).1M+LV.IS)+M

d A% '
0:2R-Is+&(Lv-IM+2(LAV—MUL)-IS)+d—tS

2Come back to the section concerning this appendix: Section 2.2.3.a
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B Concordia transformation

B.1 Electrical equations

The Concordia transformation must be applied on:
o The first equation of A.2

R d ((Lav+M dep
U=2.1M+dt((*’“”;“) -IM+LV'IS>+M

dt
By applying the Concordia transformation

R d Lav + MuL dT - &5
T.-US=2".7.18 4+ — ((ZAVT VUL . 1S /Lo .T-IS - M
2 M+dt<< 2 > ML s) T T x
d //L M dT - &5
Us :§~T_1T-I§4+T_la <(AVJ; UL> .T-I§4+LV~T-I§> + T

T~ being time-invariant, it can go into the derivative,

and as T is orthogonal, T~1.T = I3 the identity matrix

R d LS MS d@S
:2.115\/[4_(&((1“7_;“').11%[_’_[1%,12)_’_ M

dt

Where L3, = T -Lav+-T, My, =T '-Myr-T and L =T '.Ly-T

e The second equation of A.2

d d®
0=2R-Is+a(Lv-IM+2(LAV—MUL)~IS>+d—tS
d dT - &3
:2R-T-I§+d—t(LV-T-I§4+2(LAV—MUL)-T-IS)Jr T
By pre-multiplying by T~

-1 S 1 d S S -1 dT-@g
=2R-T~'-T-I3+T .a(LV.T-IM+2(LAV—MUL)-T-IS)+T S

d
=2R - Ig +

— (LS I3 +2 (LS, — M¢ )~IS)+ddSg
dt Vv M AV UL S

dt

This transformation provides the system®:

d (/LS M3 d®S
o=t g (B ng ) o

Sdt
d Ay
0=2R-Ig+ - (L3 - I5; +2 (Lay — Mgy) - 1s°) + — 8

3Come back to the section concerning this appendix: Section 2.2.3.b
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B.2 Transformation of the different inductance matrices:

Three new matrices are defined when the Concordia transformation is applied on the
electrical equation 2.16. These three matrices, 2.17, 2.18 and 2.19, having the same form,
the development will be only done for the first one.

Equation 2.17 is obtained in this way:

L3y =T 'LayT

=T 'LoT +Ly-T ! [20cm] - T by using equation 2.13
Lo + 2M, 0 0 3 0 0 0
= 0 Lo — M, 0 + §L2 10 cos(20em)  sin (20em)
0 0 Lo — Mo 0 sin(20em) —cos (20em)

As the homopolar component of the current and voltage does not participate to the elec-
trodynamic behaviour of the machine, it will not be represented in the next developments.
Then the inductance matrices becomes 2 x 2- matrices.’

B.3 Transformation of fluxes derivatives

First the Concordia transformation can be applied on the fluxes:

co8(0em) c0S(Oom)
fplsvl =T " | Ky, | cos(fem — %ﬂ) 452 =T 22K, | cos(fem — %”)
08 (fom — 4F) 08 (fom — 2F)
0 0
= \/gKem - | cos(Oem) = V62K, - c0S(Oem )
Sin<9em) sin(Qem)

And their time derivatives ° are expressed as:

ddy, APy, dben  db AP dPZ b dby, N deg dz
dt  dfe  df S dt  dfew db dt  dz dt
3 0 ' 0 _ 0
= \/;Kgm | —sin(fem) | - pOm = V62K, - |2+ | —sin(fem) | - PO + 7 | cOS(Oem)
cOS(Oom) c0S(Oem ) SiN(Gern )

4Come back to the section concerning this appendix: Section 2.2.3.b
5Come back to the section concerning this appendix: Section 2.2.3.b
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C Park transformation

C.1 Park transformation of the first equation of 2.16

The Park transformation an be applied on the motor electrical equation which is the first
equation of 2.16. It gives:

R d [ (LS, + M5 d®S
S _ Y IS AV UL | . IS LS . IS M
U 2 dt 2 Mty ls | dt

By applying the Park transformation on the currents it gives

S S S
P.UP_E;P I§4+jt((W)'P'I§4+L§;-P-I§>+d§tl\4

The Park transformation being time-dependent, P~ cannot go into the derivative

and the different terms will be developed in the following subsections

R d ((LS, + MS d ddy,
P__".1°P + P! —AvV ' UL . p.TP P'— (LY -P-I% p1—M
U=y tut dt<< > ) M)+ i ( $)+ dt

Term "b" developed in C.1.b Term "c" developed in C.1.c

(C.1)

Term "a" developed in C.1.a

C.l.a Term "a" of equation C.1

d LS., + M3 d LS., + MS
-1 AV UL P 1 AV UL P
p dt((Q >.p.IM) p- dt((z P.TF,

oo (Bt M) P

5 &
LS. 1 MS dIP,

p-1 [ “av UL\ .p.
* ( 5 ) at

Each sub-term multiplying the currents or their derivatives can be developed by using
expressions 2.17 and 2.18:
o The first one:

d /(LS +M$ 3 —sin (20em) €0 (20em)
-1 AV UL . — . -1, em em .
P dt (( 2 )) P 2P Pl - (Ly + My) (P < 08 (20em)  sin (296m)> P)
3 0 1
= §P9m (Lo 4+ My) - (1 0)

_ PO 0 3(La + My)
T2 3(Lay 4+ My) 0
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e The second one:
p-1. (Liv + MISJL) AP pr (LOMOEM“M“ 0 ) dP

Lo—Mo+M;i—M;; | ~ 31
2 dt 0 Lo=MotMy—My | g

1 /3 3 —1 [cos(20cm)  sin(20em) dP
+ 2’ <2L2 + 2M2> P (sin(%em) —c0o5(20em) ) dt

iy P _ e O, —sin(fem) —COS(em)) i — 8iN(fern)  — €O8(Oom)
VIR T a0, dt co8(Oem)  — sin(BOem) = Pm coS(Oem)  — sin(fem)

e foeeswoo (§ ) (2. (4 7)) s

Definitions 2.25, 2.26,2.27 and 2.28 allow to simplify the expression

_ PO (0 —(La+M)
2 Lg + M4 0
e The third one:
B LS + MS _ Lo—Mo+M;; —M;; 0
P! (A\/2UL> .P=P . (2) Lo~ Mo+ My M, P

() e () alti)

Lo—Mop+M;i;—Mjj 0 3(L2+Ms) 0
— 2 + 4
0 Lo—Mop+M;;—Mjyj 0 _ 3(L2+Mas)
2 4

Definitions 2.25, 2.26,2.27 and 2.28 allow to simplify the expression

. 1 Lq + Mg 0
2 ( 0 Lq + Mq> (C3)

The final expression of term "a" is:

Liv +M%L P.IE | = % . 0 _(Ld+Md)+3(L2+M2) IR
2 M 2 \Lq+ M+ 3(Ly + My) 0 M
Ll (LadMe 0 ) dly
2 0 Ly + M, dt
Using 2.25, 2.26,2.27 and 2.28 give:
_ Pl 0 —(La+Mg)) o 1 Lo+ My 0 I,
2 Lq + Mg 0 M "9 0 Lq + Mq dt
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C.1.b Term "b" of equation C.1

d dL$ dP dIg
-1 S P\ _ p-1 \% P —11 S P —11 S S
P —dt(LV~P-IS)_P P PTG IS4 PTILGP

Each sub-term multiplying the currents or their derivatives can be developed by using
expression 2.19:

e The first one:

dLs dL$ dLS,  df., do
p14v p_p-1. (v v Qom0 ) o
d&t ( & T Ao A0 dt )
_1|. (dLo—dM 0 .3 c08(20cr,)  sin(20e,)
_ 1 . 0 0 e . em em
=P [Z ( 0 dLg — dM0> + Z2dL2 (sin(%’em) — €08(20em )

. —8in(20cm)  €08(20em)
+3zp0,,dLs - < cos(20.)  sin(20.) -P

. (dLy —dM, 0 .3 1 0
(gt 0 Yt (b0 o
: 01
+ 3zpb,dLs - (1 O)

Definitions 2.33 and 2.34 allow to simplify the expression

- Zde 3ZpémdL2
-~ \3zpbl,dLsy zdLyg

e The second one:

dp dLy — dM 0 dp
-1ys ™~ _p-1 .. 0 0 Bl
Prlv g =F e ( 0 dLo — dMo) dt

c08(20crn)  SiN(260cr) dj
$in(20em) — co8(20em) /) dt

Since the matrix product has the same form as the one performed for equation C.2,

3
+ 5zdL2 Pt <

then only the final result is given

Definitions 2.33 and 2.34 allow to simplify the expression

i 0 —(Lo — dM,) — &dL,
—APYm QL — dM, — 2dL, 0

i (0 —dLa
—APUm 4L, 0

o The last one: the development is very similar to the one made for equation C.3, then
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it will not be as detailed:

PILSP ;. (dLO — dM + 2dL, 0 )

0 dLy — dM, — %dLQ

_ (z-dLq4 0
o 0 z - dLq

The final expression of term "b" is:
d 7dLg  3zpfndL : 0 —dL
-1Y% (s . p.1P) — - PUmdla ) p ) d| P
P (LY P-IS) <3zp9mdL2 7dL, ) s+ 2pfh (qu 0 ) s

L(zedba 0 ) dlg
0 z-dLg) dt

7dLg —Zpémqu>'IP+<z-de 0 )Odlg
S

_<zp9'mde 2dL 0 z-dL,) dt

C.1.c Term "c" of equation C.1

The Park transformation of the time derivative of the motor flux vector is needed. To do
so, starting from the expression computed in equation 2.20:

AP 3 — Sin(fem) ;
-1 M __ -1 e . em . .
P =F \EKG"‘ < cos(fm) ) P O

= \/gKempém (?) (C.5)
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C.1.d Final expression of the motor electrical equation

It is now possible to put together all the result to obtain the final form of the motor

electrical equation:

2
L #dLa —zpbudly oy (zdla 0 dIg
zpBmdLg zdLg

0 z-dLg) dt
3 . (0
s ()

By using definition 2.29 and 2.30

R Pl [ 0 —Ly 1 (Lya 0 ) dIf
UP:2.I§4+2-< q>.I§4+ ( - =M

) — 1
o by )i

LM,d 0 5 0 LM7q dt
N 2dLq —zpemqu T z-dLg 0 ) dIg
z2pBndLg zdLg

0 z-dL,) dt
3 . (0
st )

It finally provides the following system of equation®:

R . L Lara; d ;

Us= = Ima—pbm - M4 Ing + MIM,d + dLg - 7(2 ’ IS,d) - pZdeLqIS,q
2 2 2 dt
R . L Latg:

Uq: §IM,q+pem$IM,d+&I

6Come back to the section concerning this appendix: Section 2.2.3.c
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C.2 Park transformation of the second equation of 2.16

The reasoning and the matrix forms being very similar to those that have been computed
in appendix C.1, the developments will not be as detailed.
Starting from the second equation of 2.16

d d®S
S S TS S ] S
0:2R-IS+&(LV-IM+2(LAV—MUL> 13) s
By applying the Park transformation on the currents we get
0-9R-P-TP+ L (LS. P.1° 42(L5, — M5, ) . P.IF A2y
—ent b s"‘a( v Edyt ( AV T UL)' ) s)"‘?
By pre-multiplying by P~ we obtain
d
_op . TP -1% (vrs p.P
0=2R-Ig+  P7' (LS -P- 1)
Very similar to the term developed in C.1.b
d dds
-1 4 S _nmS ). p.TP —19%¥g
+P (2(Liy —MPy) - P-I5)+ P .
Very similar to the term developed in C.1.a Developed below

Each term can be developed to obtain the final system of electrical suspension equations:

e The term similar to the one developed in appendix C.1.b is expressed as:

d zdL —zpd,.dL z - dL 0 dr®
1% (s p.1P) _ Alq PUmdLq) .p d R\ |
P dt <LV P IM) (zp@mde zdLg ) T + < 0 z - qu> dt

e The one similar to the term of appendix C.1.a is expressed as:

1 d S _ S \.P.TP) _ ong . 0 —(Lqg—=Mg)\ p , 5 (La—Mag 0 ~dIg
P (2 (L3y — Myy) P -I5) = 2pby, (Ld—Md 0 Ig +2 0 Ly - M) dt

This expression can be simplified by using definition 2.31 and 2.32

. 0 —Lg P Lsa O dIsP
= 2p0,, - a). 1R 1 9. ) .S
P (Ls,d 0 ) st < 0 Ls,q) at

o The last term concerning the flux derivatives, starting from equation 2.21, is expressed
as:

APy — $in(Bern ) - (co8(fem)
P F =P '\/ng' [z. ( Cos(Hem) > -p@m—FZ(Sin(eem))]

— V6K, - P G) PO + 7 <(1)>] (C.6)
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C.2.a Final expression of the electrical suspension equations
By gathering all the terms, the final expression of the suspension electrical equation is:

_oR. TP foph, - (0 Thsa) qp g (Lsa 0) dI
0=2R-1IE + 2pf,, (L&d o) B2 )

zdLg —zpémqu P z - dLgq 0 dIq; Z
* (zpémde zdL v + 0 z - dLg dt + VK, POz

Which provides the following system':

. . d .
0=2R"- IS,d - 2p9mLS,q : IS,q + QLS,dIS,d + de : a(z : IM,d) - pZ@mqu : IM,q + \/EKZ N/

. . d . .
O = 2R, . IS,q + 2p9mLS,d . IS,d + 2LS,qIS,q + qu . f(Z . IM,q) + pZ@mde . IM,d + \/EKZme 7

dt

"Come back to the section concerning this appendix: Section 2.2.3.c
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D Electrodynamics forces and torques

D.1 Axial electrodynamic force

Starting from its definition it gives °:

T.adsM

= [Im] o T Is]" -

The first term having no z-dependency, is reduced to:

The Park and Concordia transformation can be applied on the currents to obtain:
T 8455

OPs

_ [P1Y pT . T
=g PT.T 5
Both transformations being orthogonal, the expression becomes
OPs

" s

:[T-P-Ig}

- c0S(Oomm)
= [I5] P71 T7" 2K, | cos(fom — %)

coS(fem — )

0
= _IE]T P71.V6K, - (cos(@em))
] sin(fem)

()] v )

F,pq = V6K, - Isq

8Come back to the section concerning this appendix: Section 2.2.4
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D.2 Electrodynamic torque

Starting from the definition of the electrodynamic torque, the expression can be developed
as’:

oy T 0Py,

T =[] == +[]" =2

65 = [Tu] . T L] .

Using the motor and suspension currents defined in 2.9 allow to express the equation as:

2 O 2 " O
a<¢u+SpL) 8(45 & )
2 —
_[IM]T +[IS]T 18) L
Om Om
15, 2V T OdPg
= Tt - M ]t 228
] S 1
0P T 0P
- IR EEM .P.IP] .8
=|T-P-1y . +[T-P-1g] 5
L e e L e

These transformations and partial derivatives have already been computed in C.6 and C.5

()] G (§) ()] - vorseonne ()

3
Tem,Ed = pKth\/; : IM,q —I— I)Z:[<Z\/6 * IS,q

— Top,D
Tom M "

9Come back to the section concerning this appendix: Section 2.2.4
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E Reluctant force and torque
E.1 Axial reluctant force

Starting from the axial electrodynamic force and developing its expression'’, it gives:

po_L (o Yo Ly Mu) (Ty
zrel 7o T\ I, oz \Myr® Ly I,

1 JL 1 JL oM
p Mol g, Tot g ] 50 T+ [Tl o h
————

=0 because no z-dependency
Using the motor and suspension currents defined in 2.9 allow to express the equation as:

1 Iy T 0Ly [Im 1 [Iyp T oLy [Im
R R S RS E N | |

2 12 o, 2 s
Ly+Lg, Ly+4Lg
[ D b 2
Ly—Ly Ly—-Ly,
q?f@Q;)Q+MT(; >?

And then by using definitions 2.13 and 2.14
{MPNMJW

)" - 9(Lav)

2 0z 2 S 0z S
In1t O(Ly) r 0(Lv) Im
I e 2
As OLAv

L
= 0and —Y = dLg + dLs - [20cm] it becomes:
0z 0z

— {Q}T - [dLg + dLy - [20em]] - Is + [IS]T - [dLg + dLs - [20em]] - I12\/[

The Park and Concordia transformations can be applied on the currents to obtain:

1" o
- [P : TS/I] .[dLo + dLj - [20em]] - P - T - IZ

IP
+[P-T 18] - [dLo + dL; - [20er]] - P - T - M

2

10Come back to the section concerning this appendix: Section 2.
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Both transformations being orthogonal
"
= [;/I] P71 . T ' [dLg +dLy - [20cw]] - P - T - Ig
N

+ 1] P T [dLo + dLs - [20em]] - P - T :

Transformations of the matrices similar to those made in C.4
. 5 T' de 0 ~IP—|—{IP:|T de 0 &
2 0 dLg S S 0 dLg 2
Forel =Ima - Isa - dLg + Iniq - Is q - dLg

E.2 Reluctant torque

1 T 8LU 1 T 6LL T 8MUL

Tem,relzi'[IU] '%'IU“‘E'[IL] '%'IL“‘[IU] 0., 1y,
By using the motor and suspension currents defined in 2.9
allow to express the equation as:
1[I T oLy, 1

EREI RS b
And applying the Concordia and Park transformation provides:

—;. [Ig/[JrIg]T_Pl,Tl,%IG‘E.T.P. lI;I\D/IJFIg]

+;. [Ig/I—Igr'P_l'T_l'gzz'T'P' [I;I\D/I_Ig]

+ [I;KHLISP]T pl.T! aggr‘nﬂ .T-P- llgﬂ —11;]

Knowing that

81;@ = (Ly+2z-dLs) - agim ) % =p-(Ly+z-dLy)- % with [20em] defined
in2.4

’ %;:P'(Lz—z-dLQ).%

OV, p-My- ‘8%5:“]

O
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It becomes:

1 [I® * 9[20em Iy
Tgm,rel_z-[ghrlgl P71 T ' p-(Ly+z-dLy)- [0 ]~T~P-l;4+11§]
P T P
2001 I
+;.l112v1_1§1 ~P1'T1-p'(L2—Z'dL2)-a[9]~T‘P'l;4—1§)]
P T 0 IP
+[IS/I+I£’] -Pl-Tl-p-Mg-a[‘zgem]-T-P-[gl—Ig]

Then the following expression can be developed:

sin (20cm, ) Sin (20em — 27/3)  sin (20em — 47/3)
Sin (20em — 27/3)  sin (20ey, — 47/3) sin (20em) -T-P
sin (20em — 47/3) sin (20em ) sin (20em — 27/3)

PLl.p 1. 0[20em| . T.-P=-9.pP!.p L.

em

0 0 0
=3-P ' |0 —sin(20em) cos(20cm) | - P
0 cos(20cm)  sin(20cm)

0
3
0

which will be noted without the homopolar component:

()

0 0
0 0
0 3
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Then the next expression can be developed”:

1 P T 0 3 P
Toa= g | B4IE| peasnaty (3 0) B rE]
1 [ 8 0 3\ [IE
+~[§4—1§’] (Ly —z <1L2)-(3 0) {2—15}
T

T
11\/1 d Il\/l d
< +1Isq (0 1) =< +1Isq
2p (Lo +2z-dL,) - 2 ; ) ) 2 ;
p- (L 2) [(IMQ“‘ + Is,q>1 10 IMQ*“ +1Isq
3 a4 154 T SR
25 (Lo — 7z - dLs) - 2 , . . 2 ,
+ 2p ( 2 Z 2) Ilv;q _ IS’q (1 0) Il\g,q _ IS
IM,d + IS 1 T 0 1 IM,d _ IS d
+3p-My- || 12 b < ) : ’
Im;q + IS,q 1 0 Intq
_ 3 (Lo +2z-dLs) - IMq +1Isq IMd +1Isa
— 2p 2 2 IMd +ISd Mq +IS’q
3 _ IS IM,d _ IS d
25 (Lo — 7z - dLs) - 2 . ) 2 )
TaP (by =2+ dLe) Khé’d - Is,dﬂ (Ihé’q —Isq
Ing, g + IS T Im,a _ IS d
T3 Mo ke S e

»q

Tval
p-(La+z-dLy) - [M’dQM’q + 2Ig.als g + Inals g + IS,dIM,q]

Tng.al
p-(Ly—7-dLy)- {M’“;M"‘

I\D\CO NJ\OO

+ 2Ig.als,q — Inals,g — IS,dIM,q]

Tn gl
+3p- My {Mqu - 2Is,dIs,q}

Tni gl Ty gl
— 3pLy- [MdQMq N 218’(11874 3p- M, {MdQMq _ QISVdIS’q]

+3p-z-dLy - [Imalsq + Is,alm,q)
To finally reach the expression:

Tap gl
To, o0 = 3p- (Ly+ Ms)- {M‘;Mq] +3p - (Ly — My) - [2Is als ]

+3p-z-dLy - [Imalsq + Is,alm,q)

?Come back to the section concerning this appendix: Section 2.2
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F State-space model

The purpose of this appendix is to express the different equations of 2.35 and 2.41 with
the chosen state-space variables.

F.1 Modification of the electrical equations:

Concerning the electrical equations, the relations .1 and F.2 based on 2.36 and 2.37
defined below, allow to make the following modifications:

1

Fopa = V6K, Isq <= Igqa=-——=—-F, F.1
Ed S.d S,d NG JEd (F.1)
Ty = pKyaV6 Tsy = Igq = —m [ fmD (F.2)
em,D Z S,q S,q \/épKZ 7 .
1. State equations of the direct motor current and the axial force
Starting from the first electrical equation of 2.35:
R Laga . L,
=—-1 =1 — —=1
Uq 5 " Taa + 5 1Md PO 5 Mg
d .
+ dLqg- &(z Isa) — dLq-z-pbm-lsg
One can use expression .1 and F.2 to modify the equation as
R L . Ln
- .1 “Mdy _ 0, - —%d ]
Ud 2 M7d + 2 M,d p 2 qu
de d . dL T@ D
- —(z-F, — 70, 4 e
V6K, dt( xd) V6K, ( Z
The Iy g-derivative can be isolated to obtain:
2-Uq R . Ly
Iviq = — -1 Op - —2 .1
M Laia Laia Md P Laa Mha
2 dLg _ : . /2 dL To,..0
. - e, . Fz . Fz 0m - q m,
3 KZ . LM,d (Z Ed t ’Ed) + z 3 KZ . LM,d ( Z
(F.3)

This equation is not yet a state equation since it depends on the derivative of the
axial force. This derivative has to be replaced.
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To do so, starting from the electrical equation of the direct suspension current Ig 4:

0=2R -Isq + 2Lsalsa — 2pfulsg Isq

d .
+ de-&(z-IM,d) — dLq -z pln-Tag + V6K, -7

One can use expressions .1 and [.2 to modify the equation as

2 R 2Lgq - \/§qu To,.D
— -—.F - .F _ m
/ \/;K =Ed ¥ \/; K, ~“™ 5%, '\

d .
+ de-a(z-IMd) — ALy 7 pbm-Tuq + V6K, -7

The F, gq-derivative can be isolated to obtain:

. R LS Ta \/gde T
F,pa= - —-F, g I -1
Ed Tsa Ed T Toa ( ) 9 Taq (z-Ima+2z-Ina)
3dL

F.4
Ls,d (F.4)

This expression will also be used in the derivation of the quasi-static model in
appendix GG and can be injected in I'.3 to obtain the first state space equation.

2- Uy R . Ly
- —1 + Pl —=
Lata La M P L

2 de . . 2 dL TG D
_ I - A Fz em = q m,
\/;Kz Lara @-Fapa) + \/;K ~Lara < z )
2 dL R L T
\/7d_z.< — 7.FZ,Ed _|_ SQQ <€m’D>
K, - Ly Ls.a Ls.a z

dL . 3dL . K?
\/7 d Z IM,d—l—Z'IM’d) + — KZ-Z-me-IMq — 3Z~Z)

Ivg = g

2Lsgq 2 Lg d ’ Lsq

By pre-multiplying by Ly g - Lg 4, gathering terms for each state variable and isolating iMydit gives

d 1
wa = 2 Uq-L AL2-7-7—R-Ley) -1
M,d LM,d'LS,d—dLﬁ'ZQ[ d S,d + ( 41°%Z2°7 S,d) M.d
) 2dL
+ pgm'(Lqu'LSvd_Z2'de'dLQ)'IM,q + \/;Kd'<Z'R_Z'LS,d)'Fz,Ed

.21 T
+ zem\/;K-(qu-L&d—de-LS,q)( 9‘“”3) + \/éKz-de.z-z]
7 Z
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This expression is the state equation of the direct motor current Iy; 4 and by injecting
it into I'.4, allows to obtain the state equation of F, pq:

LS,d : FZ,Ed = - R- Fz,Ed + LS,qem : ( 9m7D> - \/;de . Kz -7 IM,d

z
3 . 5 .
+ §qu Ky z-pbn-Inig — 3K, -2

Vi K,z dLg

2 Z 5 )

_ 2-Uq-L di.2-z-2—R-L 1
LM,d'Ls,d—dLﬁ-ZQ[ drbsa T ( a"%°7 S,d) M,d

. 2dL
+ Pl (Lagg-Lsa— 7% - dLg - dLg) - Tug  + \@Kd-

(z-R—2-Lsa) F,pra

. 121 T
+ zem\/;K-(qu-LS,d—de.LS,q)< ";’D> + \/6K2~de-z‘Z]

z

Gathering the terms for each state variable allows to obtain the second state equation:

1
LM,d . LS,d - ZQdL?i

Fopt = ' [(Z 7-dLi —R-Laa) Fopa +  (Lsg-Laga = #dLa - dLg) b, - (Tf’m’D)

Z
3 . 3 -
+ ide . KZ . (R Z — LM,d . Z) . IM,d + 5 . KZ 7z p9m . IM,q . (qu . LM,d - de . LM,q)

3K2-Lya-z — V6-K, U z-dLy]

2. State equations of the quadratic motor current and the drag torque:

Starting from the second electrical equation of 2.35:

R Lng g . L
Ug=5 e + —5%Mwg + Pl =57 Tug
d . 3 .
+ qu . a(z . Is7q) -+ de VA p9m . IS,d + §K9mp6m

One can use expressions ['.1 and F.2 to modify the equation as

R Lata;
2

. L
— Iyg + 5 g +  phy - -4

2

dL, d T, o dLy . 3
R (P cz-pby, - F, Ky b,

VopK,  dt (Z ( 2 )) ek, Y BT [ReP

Uq = M,d
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IM,q -

The Iy q-derivative can be isolated to obtain:

2-U, R - Lwma

A | _ 0., - 1
Latq Laig M,q p Latq M,d
2 dL, ([ Toup To, p 2 dLg :
—_ -1 . R | 2P — - .. em -F,
\/;pKZLMQ (Z ( 2 >+Z ( z )) 3K, Ly - P/m o fend
6K .
_ f Glnp em (F'5)
Lt
It remains to replace the term (TGZLD) starting from the last electrical equation of
2.35:
0= 2R - IS,q + QLS,qiS,q + 2pémLS,d . IS,d
d . .
+ dLg - &(z ‘Tag) +  dLg-z-pba - Iva + V6K, pby, -2
Using expression F.1 and F.2 modify the equation as
2 1 (Ten \/ELSQ To.» f Lsd
0= —-R- Tmy” >4 Pme . Ll Qm.FZ
3 pK, ( Z ) * 3 pK, Z + K, P o
d . .
+ qu ’ &(Z ’ IMvQ) + de * 7 pem : IM,d + \/észem *Z
The (TG’%’D)—derivative can be isolated to obtain:
To.p R (To,p Lsd 5 3 dL, d
m — _ o m _ O gm . FZ _ — Kzi . I
( Z ) Ls7q ( Z ) LS,q b /Ed 2p Ls7q dt (Z M,q)
3 dLq4 . 3K?p? .
— —pK,—— -z - pby, - | — O - F.6
\Ep To 2 Pl Ta Lo, m” (F.6)
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The last equation will be used in the quasi-static study and can be injected in F.5
to obtain the third state equation:

: 2.U R . Lya \/E dL « (Toe. b
Ivo,= —49 _ _— .1 — Or - S | — 279 S 2
Ma LM,q LM,q Ma P LM,q Md 3 pKzLM,q (Z) Z
2 dL T L .
\/>q <7 ( — R < OmVD) - S.d ° p29m . Fz,Ed
3 pKZLM’q LS,q Z LSQ
3 dL . 3 dLg : 3K2p? .
_ oK, —2 (31 B _ \/7Kz' ply, - 1 _ 25 O
2P Ls. (z-Ivq+2-Inmgq) 2p Ls.q z-p M,d T 7
2 dlLg ; V6K, D ;
———— - 72-ply - F, - ——2" 0.
\/ng . LM,q “p o LM,q

By pre-multiplying by Ln,q - Ls,q, gathering terms for each state variable and isolating iM’q it gives:

1
Ln,q - Ls,q — 22 dL?q)

: 2dL T
+  pbnm - [Z2 ~dLg -dLq — Ly,q - Ls7q] Ima  + \/ngq (z-R—12z-Lgg)- (G;n,]:))

iM,q:( [ 2:Uq-Lsq + (dL2-z-2—-R-Lsg)-Iugq

2Lgq-dLg —Lgq-dL ; ]
_ \/g S dK 54 b -Frpa 4 \/é‘Pem‘(ZQ'KZ’quK9m'LSvQ)]

The state equation expressed before can be injected in .6 to obtain the state
equation of the drag torque:

To. T : 3 .
Lsq- (";D> = - R (";D> ~ Lsa-Pfu-Fopa - \/;K dLa 2 D0 Tt
2_2) 3 .
— 3K;pbm-z -— ipKZ -dLq - (2 - Inmq)
3 pK,dLq - z

2 (LM,q-Ls,q—Zz-dLa) [ Ug-Lsq + e zz2—R Sa) - Ivg

: 2 dL T
+ p9m . [ZQ . de . qu — LM,d . Ls’q} . IM,d + \/;qu . (Z . R -7 Ls,q) . (9;’D>

2 Lg q-dLg — Lg g4 -dL . .
- \/g 24 d dK 2 d . 'Z'pem'Fz,Ed + \/épem (ZQ'Kz'qu_Kem 'LS,q)‘|

By gathering terms for each state variable, it becomes:

Te. D 1 ) 9 To b .y ,
) — .dL” — R -L T —p?0,, - (L L —22dLy - dL,) - F,
< 7 > Laiq - Lsq— 72 . dLg [(ZZ q M,Q) < 2 > p ( M,q *lsd — 2 d q) Ed

3 3 :
+ \/;pKZ . qu . (Z -R—12- LM,q) . IM,q + \/QKZ VA p29m (LM7d . qu - LM,q . de) . IM,d

— V6-pK,dLq-2-Uq +  3p%0m 2K, - (Ky,, - dLq — K, - Lyt )
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F.2 Mechanical state equations:

¢ s

The last equation can be modified by using the relations 2.36, 2.37, 2.38, 2.39 and 2.40
reminded and modified (with F.1 and F.2) below:

o The axial detent force:
e The reluctant torque

FZ’d — _kz7d .7 To,.rl = 3p- (La+ My)- {IM@QIM’Q}
o The electrodynamic driving torque +3p - (Lo — Ma) - [2I5 als ]
+3p-z-dLs - [Inals,q + Is,alm,q]
3
Tom = PKem\/g “Iag Lo I
_ 3p (L2 +M2) . |: M,dQM,q}
. 1 T
o The axial reluctant force F by (Lo = My) |:Fz,Ed . ( e;,,Dﬂ
Fz,rel = IM,d : IS,d ~dLq + IM,Q : IS’Q : qu ZS z-dLsg TOm,D
S S Y S RN L Tow.0 Vo x, a7, ) PP Famd - Tua
B \/EKZ d M »kd p Ma Z ’

These expressions can be injected in the mechanical system reminded below:

mz + CZZ :Fz,Ed + Fz,d + Fz,rel + Fz,e
Jpém + CHmém :Tem,D + THm,M + TGm,rel + THm,e

to obtain, after some manipulations:

. Fz Ed kz d 1 qu TG D Cz . Fz e
% _ -, dLq -Iyq - F, 9y [ 2w D - = ,
z m m - + V6mK, d* Md Bd p Ma z m + m
i — <T0m,D) Z pKo, /3 C0m0' 3p- (LQ + Mg) |:IM,dIM,q:|

m — R 5 1tM,q - —0m + :
z Jp Jp 2 Jp Jp 2
(Ly — My) To. D \/§z -dLy To,. D To,. o
RS ZAN | O T 2 AT - m, F,pq-1 —Ome

TR /Ed z ToVeTgK, e ;) TP Femdiva T
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F.3 Gathering of equations:

The final state-space model'! is obtained by gathering all the equations:

. 1
Iva = 2Uq - L dL3-z-%2—RLgq) -1
M = Taa — 212 [ 2Uq-Lsa + (dL3-z-2—RLsq) Ima
. 2dL .
+ pt9m . (LM,qLS,d — Z2 . dequ) . IM7q + \/; Kd . (Z . R —Z- LS,d) . Fz,Ed
2L Ly —L Lg - T
\/7 s.ddlq — Ls.qd dg. . [ ZfmD + V6K,dLq-z-z
3 K, Z
Ing = ! [ 2Uq-Lsq + (dL2-z-2—RLsg) Iugq
’ (LM,qL&q —z2. dLa) ’ q ’ ’
. 2 dL ) Ty D
+ p9m . [Z2 . dequ — LM,dLS,oJ . IM,d + § pK(: . (Z . R —Z- Ls,q) . <Z>
2 Lg qdLgq — Lg qdL . .
- \/; OBy ply  Fupa + V6 (27 KydLg — Ko, Ls.g) - pem]
Fopa = - |(z-2-dLi = RLyna) - Fopa  +  (Lmalsq —2° - dLadLg) - O - Towp
’ Lwm,als,a — 72 - dLa ’ ’ ’ a 4 Z
3 3 .
+ \/;szLd . (Z -R—2- LM,d) . IM,d + \/;Kz (LM,dqu — LM,qud) -7 PO - IM)q
— V6K,dLg-Ug-z — 3K2Lyq- Z}
TG. D 1 . 2 T9 D 2 24
— | = -z-dLZ — RL — — LmgLsa —z° - dLgdLy) - p“0m - Fy,
() gl () b
. 3 .
\/7pK dLg —2-Lymyg) - Img  + \/;KZ (Lm,adLq — Lvi,qdLq) - 2 - pQ‘Hm Ina
— VpK,dLy - Uq-z + 3p°K, - (Ko, dLq — KyLntq) O - z}
. Fima kuia 1 dLq To,..D C,. Fue
——%bd _ Tzd —— |dLg -Imq-F, 2y 2O D 2 :
z m m + V6mK, { a4 iMd " YaEd+ P M.a A m * m

i T9m»D Z ngm 3 Cem 3p(L2+M2) IM,dIM,q
N e B 2 g — g, -
v/ Jp Jp 2 ’ Jp 2

1 To. b \/5 dL, To. b To. o
. (Ly— My) - |F,pq - m, 22 T g [ 2D F,pq-1 m;
+ K2 (Lo 2) [ Ed < , )] + 21K, z- [lm,d . +p Ed v | + 3,

" Come back to the section concerning this appendix: Section 2.4.1
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G Quasi-static analysis

All the developments are made for a rotor including saliency and axial variation of the
inductance coefficients because it is the most general case. All these expressions can be
simplified to a rotor which has no saliency.

By applying the quasi-static conditions, Iy 4 = Inq = (T(’J) —F,pa=z2=2=0anda

V4

constant spin speed 0, = w, equations F.4 and F.6 are reduced to:

o Equation .4 becomes:

Lg Ty 0 3dL
FZ,Ed = ?q s W - <Z> —|— iﬁq . KZ /A p(JJ . IM7q (Gl)

o Equation F.6 becomes:

T 2
((’mD> — —% (Ls,d Fopa  + \/EKZ -dLaz-Iya  + 3K} Z)
z

Injecting (5.2 expression in equation G.1 provides:

Ty, D p2 Ls, Ty, p 3 dL
<) = TR\ ®m ool ) Ve Kerrelua

+ \/ng-dez.IM,d + 3K§-z>

’Ls.als,q
To.0\ g e \/§M K hig + \/gK dLy-Lya + 3K2
2 07w - V2w 27 2P Mg g e T hd T IMd o7

Which finally provides the expression:

3 K, R w Lo - dL
Ty,.p = —7° \/7 [ B Tntq + dLg - Tnga + V6 - Kz]
2 Lsalse [l +u?] | R

(G.3)

The expression can be injected in .1 to obtain:

3 K, L 2. w2 Lsq-dL
Forpa = —\/7~ zs’q-z- I: |22 q-pw-IM,q—l-de-IM,d—i-\/é-Kz
2 R [1 + P Ls,dLs.qwg} R
R2

3dLg

T VIR

K,z pw-Imq

:\/g'KZ'Z
2

1 w2 LS,d . qu
} R

dL
_LSd.[ = -pw-IM,q+de-IM7d+\/é~KZ}—|—q~pw-IM7q]

R 3 Vi 2
2Ls dqu +w

3 _dL w? w? dLgq
== K,z | —2-|1- pw-Invg — [ Inva+ V6 - ] G.4
\[2 R ( [Riz + w2] ) P ita [Riz + w2] Lga ¢ Ls,a (G4

p2Ls,als,q p?Ls,als,q
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The asymptotic value of this axial force can be computed when w reach important values'*:

. : 3 K,
Fopa = lim Fypa = —\[2 e © |dLa - Iy + V6 - K, (G.5)

The same reasoning can be applied for the drag torque:

12Come back to the section concerning this appendix: Section 2.4.3
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G.1 Total stiffness and torque developed by the machine

The purpose of this appendix is to compute the expression of the total axial force
and torque produced by the machine only based on the motors direct and quadratic currents.

Starting from 2.67 and injecting equations 2.65 and 2.66, the total axial force
can be expressed as:

F oot = \/§ K. 'Z'[de'IM,d‘i‘\/é‘Kz}

o §.LS,d

Foka
VK,

- kz,d tZ

1.0
I dLg + Lyg - gL,
p

7K,\/6

— \/§ Kz-z-[de-IM,d+\/6-Kz}

V2 Lega
dLg4 dL?
N N vz |dLa - 1 6-K,| —z- 4 .72
M gp o [dLq - ha + V6 - K, | — 2 g, Ma
_kz,d'z
Z 3 IMd'de
=— — K, + ——| - |dLg -1 6-K,
LSVd 5 + 5 { d M,d+\/_ }
dLz
—Z-QL;q-Iqu—kz,d-z
Z 2
=— < |dLg - 1 6-K,
2Ls q [ a M’d+\/_ }
dL?
—7Z- 9 .12 k,q-2
Mg, Ma T

dLg - Tya+ V6K, dr2
——g. ’ 4 .72 k, G.7
z 2Lg 4 * 2Lg 4 Mq T+ Kad (G7)

Based on this result, one can deduce the expression of the total stiffness:

o[ e VB K] ar

z,tot 2LS q + 2LS ) Ii/[,q + kz,d (G8>
b ’q
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The same reasoning can be made with equation 2.70"

(oo} _ (oo} oo
Om,tot —TGm,M + TerngD + Temwrd

3 K, -dL Iy gl
:\/7.p. Kom _g2. 22 T 'IM,q+3p'(L2+M2) | IM,dIM,q
2 Ls7q 2

+3p - (Lo — Ma) - [2I8418 ] +3p - 2 dL2 - [Inal, + IEalvq]

Where the expressions of Ig 4 and Ig 4 can be replaced (equations 2.65 and 2.66)

3 K, -dL Ingal
:\/7.13. Ko —2z° —2—14 Tpig+3p - (Ly + My) - “M,d*M,q
2 Lsq 2
+3p-(Lg — M) - 2| — : '[de'IMd+\/6'KZ} |l -z dLq iV
2Ls.d ’ 2Ls, ¢

. [de Tna + V6 KA}) . IM,q:|

»d

dL Z
+3p-z-dly - |I B 4.1 S -
3p -7 2 |: M.d < z 2Lg M,q) ( QLS’d

Ko, o, K,-dL
et [ el
4 \/6 \/ELS,q
I dL I 3
4 (L + M) 24 4 22 (Ly = My)  ——2— |dLg - =4 4 /2K,
2 Ls,q - Lgq 2

I L 1 I
M,d.(d q>+ _lde. Md g'Kz

2
—72 . dL, -
S [2 Lsq/) " Lsa 2

Ko s K, (qu ( Ly —M2> 3~dL2>}
=3p-1 —m 7. S —-(1-3- +
P iMa [ V6 V6 \Lsq Lsq Lsq
Inra 9 dLg - dLq dLg = dLg
T 2Md M Lo = M) - [ 224 Pa ) _gp, . (224, SHa
+3p-Imq 5 { 2o+ My +1z [( 2 2) (Ls,d T, 2 Lsq @ Lsg

Definitions in section 2.2.3.c allow to reduce the expression as:

301 [Kgm 5 K, <de>}
—3p. D2 N i
P iMa V6 V6 \Lsa
de.qu> . <de+qu>”
Sd e ) g, (224 L S

Inta 9
3p-1 -— - [(L M - |(Ly — My) -
+9p - IMmg 9 {( 2+ M) +z [( 2 2) <Ls,d'LS,q Lsa | Lsg

G.2 Behaviour when the speed is not infinite in centred position

The same development as before are done but without considering an infinite speed.
However, the axial position is set to zero. It means that the drag torque is equal to zero:

13Come back to the section concerning this appendix: Section 2.4.3
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Totot =L + To, rel
3 Tng gl
:\/g - pKo, Intg + 3D - (Lg + My) - lNLO‘Qqu]
4+ 3p - (L2 — MQ) . [QIS,dIS,q] +3p-z-dLy- [IM,dIS,q + IS,dIM,q]

For a centred axial position, the suspension currents are equal to 0, which simplify the
expression:

5 Tyl
T6m7t0t|zzo = \/g ' pKGm : IM,q —I— 3p . (L2 + M2) . [B/L(;Wl‘|

The development for the stiffness is:

Fyrd +Fyre +Fsq

kz,tot(z = O) = - 7
3 dL w? w? dLgq K
= /=K, | =2 —-11- 1 . .1 6. —=2
\/; R R? w2 P+ It [ R? wz} [Ls,d M+ V6 Ls,d]
p?Ls,aLs q p2Ls,aLs q
I - Isa - dLa — Ing - Isq - dLg ko

Z

3 dL w? w? dLgq K
= /=K, | =2 —-11- 1 . .1 6. —=2
\/; R { R2 } pw - Iva F [ R2 +w2} [Ls,d wa + V6 Lsyd]

2
p?Ls,aLs q tw PPlsalsg
FZ ed T@ D
- c————dLg -1 0P dL, + k,
M,d 7. \/éKz d M,q 72 \/6 ] pKz q ,d
3 dL w? w2 dL K,
:\/;.KZ 9. - -1 pw-Ivmq+ - '[Ld'IM,d"‘\/é'L ]
t [m +w2} [ngfm +w2} S,d S,d
I -dL dL 2 9 dL K,
+%d. ?‘1, RQW 71 T + sz : -[Ld'IM,d+\/6~L ]
{mﬂl} {m—kw} 5. 8.d
1 R w L -dL
+IM,q'7~ . . S,d q‘pw'IM,q+de'IM,d+\/6'Kz .qu—i_kZ,d
2p Lgals,q [% _sz} R
p“Ls,alis,q

B 3 IM7d : de qu w2
kz,tot|Z:0 = (\/; . KZ + 5 . R . [p 2 n WQ} —11- pw - IM,q

e N iU ]

—_ L ’ L
p?Ls dLs q o -
X R w Lgq - dL
o _— l 5429w Ty + dLg - Iyg + V6 - Ky | - dLg + kg
2p Lsalsgq [m + w2] .
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H Optimisation results

This appendix presents the dimensions of the machine toward which the optimisation

process tends'”.

H.1l Iyg=0
120 -
110 - o e P between3.3and5.2degrees
e P, between 5.2 and 7.1 degrees
£ 100 - o 3 P between 7.1 and 9.0 degrees
E ] . ouv
> 90 - 1}'; . o P, between 9.0 and 11.0 degrees
@ b 1 :‘." . . ¢ O Cases belonging to the pareto front
2 s WL : .
é * e .-- » *o‘.::. ..o °*
n 70r S, o >
L * *
60 - : 'J‘?" ode 3 ‘e
. \. . o
50 | | | | I L 9 |
3 3.5 4 45 5 5.5 6

Joule Losses [mW]

Figure 10: Stiffness and Joule losses obtained for all candidates where p = 9 during the
first optimisation. Each candidate is coloured according to its value P, .

120 -
110 - @ e G_  between7.1and 9.0 degrees
° GDUV between 9.0 and 11.0 degrees
E 100 - s, G,,, between 11.0 and 12.9 degrees
Z 9ot '- o s . ., e G, between 12.9 and 14.8 degrees
9] * LR ®| O Cases belonging to the pareto front
n
@ 80r o' loet e
: MR
n 70r Cad ] ,-,‘ y e,
60 - IV L. "
: [ ]
50 | | | | | i |
3 3.5 4 4.5 5 55 6

Joule Losses [mW]

Figure 11: Stiffness and Joule losses obtained for all candidates where p = 9 during the

first optimisation. Each candidate is coloured according to its value Ggyy-

14Come back to the Section concerning this appendix: Section 4.1.3
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120

® e h_between 4.0 and 5.0 [mm]
110 - v
° hW between 5.0 and 6.0 [mm]
E100F o .. *° h. between 6.0 and 7.0 [mm]
= ."- " ° w
Z 90 *t':’: — .: . ° hW between 7.0 and 8.0 [mm]
2] o9 h R I ¢ O Cases belonging to the pareto front
@ -
b} 80 r oo ... .. *e .
E . @ o0 (.' o .. [ ]
by * oo O
o 70 JeRde, o .
2 { .
60 - f ¥ 4 .
50 | | | | I b |
3 3.5 4 4.5 5 55 6

Joule Losses [mW]

Figure 12: Stiffness and Joule losses obtained for all candidates where p = 9 during the
first optimisation. Each candidate is coloured according to its value hy,.

H.2 Ingq#0
100 - ° ° Pouv between 3.3 and 5.2 degrees
. : ] POW between 5.2 and 7.1 degrees
E 90 - I O KRR P, between 7.1 and 9.0 degrees
2 a0 - %0.\:'. ° Pouv between 9.0 and 11.0 degrees
2] Xlaw ‘e O Cases belonging to the pareto front
% ¢ e th. ' *
£ 70- 0 RS
= st e ...' s e, *
5 s o~ L WLy ¢
e® ® .,
60 - R A
* oo . "
50 | | | | | hd - * |
3 3.5 4 4.5 5 55 6

Joule Losses [mW]

Figure 13: Stiffness and Joule losses obtained for all candidates where p = 9 during the
second optimisation. Each candidate is coloured according to its value Py .
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14: Stiffness and Joule losses obtained for all candidates where p = 9 during the
optimisation. Each candidate is coloured according to its value Ggyy.
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Figure 15: Stiffness and Joule losses obtained for all candidates where p = 9 during the
second optimisation. Each candidate is coloured according to its value hy,.
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Secret Appendix

Figure 16: Smiles of the authors after this nice year, thank’s for reading ! (The crazy girl
in background is not one of the authors)
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