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Abstract

The development of new space missions with novel high-performance and very sensitive
payloads for Earth observation or scientific missions has imposed considerably tougher re-
quirements in terms of the satellite’s pointing accuracy and stability, and thus on the maximum
allowed on-board micro-vibrations. The main sources of on-board disturbances are any mov-
ing or rotating parts in the satellite, such as cryocoolers, momentum or reaction wheels (RWs)
and control moment gyroscopes (CMGs). These actuators generate narrow-band harmonic
vibrations dependent on the actuator’s speed, which are transmitted and amplified through
the satellite’s structure and reach the sensitive payload such as high-resolution cameras, mirror
structures or telescopes.

A very promising alternative to overcome these limitations is the use of magnetic bearings
(MBs), as identified by the European Space Agency (ESA), to levitate the rotor during oper-
ation, and thus allow a contact- and friction-less operation with virtually infinite life-time.
Furthermore, due to the active control of the position of the rotor it is possible to actively
suppress any other rotor vibrations such as exported forces due to rotor residual unbalance,
creating a very-low disturbance actuator that can satisfy the needs of future high-performance
space missions.

In the present dissertation, a study of the main aspects of magnetic bearings for space ap-
plications is undertaken, and more specifically of a promising magnetic bearing reaction
wheel configuration: a fully active, Lorentz-type, self-bearing, slotless magnetic bearing and
permanent magnet synchronous motor. The main goal of this thesis is to identify the key
factors and characteristics of a magnetic bearing system, for its use in reaction wheels for
attitude control of satellites, in terms of requirements and performance criteria, and undertake
the required analysis and modifications in order to address such aspects.

As a result of requirements from in-orbit conditions and on-ground qualification and testing,
the key features of magnetic bearings in reaction wheels are: generated micro-vibrations
during operation, magnetic bearing and motor efficiency affecting power consumption and
heat dissipation, and system complexity linked to the actuator’s failure risk and cost.

Regarding micro-vibration generation it is necessary to study its sources, countermeasures
and active suppression control techniques, to materialise the advantages of magnetic bear-
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Abstract

ings and achieve very-low disturbances. Through the micro-vibration characterisation of the
studied magnetic bearing system, the main sources of vibrations are identified and several
countermeasures are undertaken: highly-symmetric bearing and motor windings reduce
cross-couplings and asymmetries in the bearing and motor forces, and a multi-harmonic force
rejection control technique is proposed and successfully implemented, achieving a reduction
in the generated vibrations of at least one order of magnitude.

In order to limit in-orbit power consumption and guarantee on-ground testing, a high mag-
netic bearing and motor efficiency should be sough, minimising thermal and power consump-
tion constraints. For this reason an accurate electromagnetic modelling of the studied slotless
magnetic bearings and motor, combined with a general optimisation technique allowing the
maximisation of the overall machine efficiency, and resulting in important reductions of power
consumption during operation ranging from 30 % to 60 % and its associated losses.

Lastly, system complexity should be addressed for missions in which risk and cost are key
drivers for technology selection. A simplification of the studied system is proposed by employ-
ing iron-less passive magnetic bearings which can reduce the number of actuators, sensors,
power electronics and computational power, and its viability is verified through simulation.

The work and results presented in this dissertation show the great potential of employing
magnetic bearings in reaction wheels for attitude control of satellites, due to their very low
exported vibrations, through the removal contact between moving parts and the use of multi-
harmonic force rejection control. Moreover, the proposed optimisation process for active
magnetic bearings and motor shows the great margin of improvement in terms of efficiency
that can facilitate the mitigation of thermal and power consumption concerns for space appli-
cations, and the addition of iron-less passive magnetic bearing can greatly simplify the overall
system complexity and cost if needed.

Keywords: satellite attitude control, reaction wheel, magnetic bearing, micro-vibrations,
vibration control, electromagnetic modelling, slotless windings, force and torque models,
optimisation.
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Résumé

Le développement de nouvelles missions spatiales avec de nouvelles charges utiles tres perfor-
mantes et tres sensibles pour I'observation de la Terre ou les missions scientifiques a imposé
des exigences considérablement plus strictes en termes de précision de pointage et de stabilité
du satellite, et donc sur le niveau maximal autorisé de micro-vibrations. Les sources princi-
pales de perturbations a bord du satellite sont tous les actionneurs qui disposent des pieces
mobiles ou rotatives, telles que les compresseurs dans des systemes cryogéniques, les roues de
réaction et les actionneurs gyroscopiques faisant partie du systéme de commande d’attitude
et d’orbite (SCAO). Ces actionneurs générent des vibrations harmoniques dépendantes de
la vitesse de I'actionneur, qui sont transmises et amplifiées par la structure du satellite et
atteignent la charge utile, comme caméras de haute résolution, structures de miroirs ou les
télescopes.

Une alternative trés prometteuse pour éliminer ces limitations est I'utilisation de paliers ma-
gnétiques pour soutenir le rotor en levitation pendant le fonctionnement, et permettre ainsi
un fonctionnement sans contact et sans friction avec une durée de vie pratiquement infinie.
En outre, grace au contréle actif de la position du rotor, il est possible de supprimer activement
toute autre vibration du rotor, comme les forces exportées dues au balourd résiduel du rotor,
créant ainsi un actionneur a tres faible perturbation qui peut satisfaire les besoins des futures
missions spatiales a haute performance.

Dans cette thése, une étude des principaux aspects techniques des paliers magnétiques pour
les applications spatiales est entreprise, et plus particulierement, d'une configuration promet-
teuse de roue de réaction a paliers magnétiques : un moteur synchrone a aimants permanents
et a paliers magnétiques sans fente, entierement actif et bassé sur les forces de Lorentz. L'objec-
tif principal de cette thése est d’identifier les facteurs et les caractéristiques clés d'un systéme a
paliers magnétiques, pour son utilisation dans les roues de réaction pour le contréle d’attitude
des satellites, en termes d’exigences et de critéres de performance, et d’ entreprendre 1'analyse
et les modifications nécessaires afin de traiter ces aspects.

En raison des conditions et des exigences en orbite et sur Terre pour sa qualification, les
principales caractéristiques des paliers magnétiques pour des roues de réaction sont les sui-
vantes : les micro-vibrations générées pendant son fonctionnement, le rendement des paliers
magnétiques et moteur affectant la consommation de puissance et la dissipation de chaleur,



Résumé

et la complexité du systéme liée au risque de malfonctionnement de I'actionneur et au cofit.

En ce qui concerne la génération de micro-vibrations, il est nécessaire d’étudier ses sources,
les contre-mesures et les techniques de régulation pour la suppression active des vibrations.
Grace a la caractérisation des micro-vibrations du systeme étudié a paliers magnétiques, les
principales sources de vibrations sont identifiées et les contre-mesures suivants sont prises :
les bobines symétriques des paliers et des moteurs réduisent les couplages et les asymétries
dans les forces des paliers et des moteurs, et une nouvelle technique de régulation est propo-
sée pour rejeter les forces harmoniques, permettant d’obtenir une réduction des vibrations
générées d’au moins un ordre de grandeur.

Afin de limiter la consommation d’énergie en orbite et de garantir les essais au sol, une mo-
délisation électromagnétique précise des paliers magnétiques et du moteur sans fente est
faite, et combinée avec une technique d’optimisation générale permettant de maximiser le
rendement global de la machine, des réductions de consommation de puissance de 30 a 60 %
et donc d’augmentation du rendement, sont obtenues.

Pour conclure I'analyse, la complexité du systeme doit étre prise en compte pour les missions
dans lesquelles le risque et le cotit sont les principaux facteurs de sélection des actionneurs.
Une simplification du systeme étudié est proposée en utilisant des paliers magnétiques passifs
sans fer qui peuvent réduire le nombre d’actionneurs, de capteurs, d’éléments dans I’électro-
nique de puissance et la puissance de calcul. La viabilité d'une telle configuration est vérifiée
par simulation.

Les travaux et les résultats présentés dans cette these montrent le grand potentiel des paliers
magnétiques pour son utilisation dans les roues de réaction pour le contrdle d’attitude des
satellites, grace au treés faible niveau de vibrations exportées. De plus, le processus d’opti-
misation proposé pour les paliers magnétiques actifs et le moteur montre la grande marge
d’amélioration en termes de rendement permettant la reduction des problemes thermiques et
de consommation de puissance électrique pour les applications spatiales, et I'ajout de paliers
magnétiques passifs sans fer peut grandement simplifier la complexité et le cofit du systéme
si nécessaire.

Mots-clés : controle d’attitude des satellites, roue de réaction, paliers magnétiques, micro-
vibrations, controle des vibrations, modélisation électromagnétique, bobinage autoportant,
modeles de force et de couple, optimisation de machines eéléctriques.
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|§ Introduction

The development of new space missions with novel high-performance and very sensitive
payloads for Earth observation [1]-[3] or scientific missions [4]-[6] has imposed considerably
tougher requirements in terms of the satellite’s pointing accuracy and stability, and thus on
the maximum allowed on-board micro-vibrations.

The main sources of on-board disturbances are any moving or rotating parts in the satellite,
such as cryocoolers, momentum or reaction wheels (RWs) and control moment gyroscopes
(CMGs). These actuators generate narrow-band harmonic vibrations dependent on the actua-
tor’s speed, which are transmitted and amplified through the satellite’s structure and reach the
sensitive payload like high-resolution cameras, mirror structures or telescopes. Missions with
very strict requirements either mount these actuators over isolation platforms, as in the James
Webb Space Telescope [6], or force the actuators vibrations to be outside the frequency range
of interest during measurement by adjusting the rotor speed, as done in the SWOT mission
[3], or force the actuators to be completely stopped during measurement phases, as in Euclid
mission [5], or even not mounting any of these actuators to avoid moving parts, as in Gaia
mission [4].

Long before the use of rotating machinery in space applications, the vibrations generated
by these actuators have been an important field of study in engineering since the industrial
revolution due to the importance of steam machines and turbines in the development of
modern technology [7]-[9]. These vibrations generate mechanical disturbances that create
stresses in the actuator’s housing, rotor and environment that may result in a system failure,
and thus they need to be minimised to guarantee a substantial life-time of the machine.

Extensive studies have been performed to analyse the main sources and propose counter-
measures for these vibrations for both space [10], [11] and terrestrial applications [12], [13],
being identified to be linked to rotor residual unbalance, bearing disturbances and motor
noise [11]. Whereas rotor balancing can considerably reduce the magnitude of vibrations,
allowing the operation of the machine for much longer time and at higher speeds, in practice it
is impossible to achieve a perfectly balanced rotor [14] and thus some residual vibrations will
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always be present. Furthermore, the use of conventional ball bearings will generate additional
vibrations, in the form of higher harmonic narrow-band disturbances, resulting from ball
bearing imperfections such as uneven bearing race and rolling element sizing. Also, the use
of ball bearings impose strict requirements on the lubricant, specially for space applications,
where temperature, vacuum and micro-gravity may significantly limit the expected life-time
of the actuator.

A very promising alternative to overcome these limitations is the use of magnetic bearings
(MBs) to support the rotor during operation, and thus allow a contact- and friction-less
operation with virtually infinite life-time. Furthermore, due to the active control of the position
of the rotor it is possible to actively suppress any other rotor vibrations such as exported
forces due to rotor unbalance, creating a very-low disturbance actuator that can satisfy the
needs of future high-performance space missions. Magnetic bearings are identified by the
European Space Agency (ESA) as the most promising technology that will greatly enhance the
characteristics of actuators such as reaction wheels [15].

While magnetic bearing reaction wheels (MBRWSs) saw an initial interest and developments
in the decade of 1980 and 1990, due to the broader extension of rare-earth magnets that
greatly improved the efficiency of such machines, being successfully used in the French Earth
observation SPOT [1], [2], HELIOS and ENVISAT missions [16], the limited computational
power and high cost caused most developments to stop. The availability in recent years of
high-performance and cost-effective embedded controllers, digital signal processors (DSPs)
and even field-programmable gate arrays (FPGAs) with more than sufficient computational
power, combined with novel motor and bearing control techniques [15], make magnetic
bearings a competitive solution to enable novel agile and high-performance missions.

In this thesis a study of the main aspects of magnetic bearings for space applications is under-
taken, and more specifically of a promising magnetic bearing reaction wheel configuration,
focusing on micro-vibrations, machine efficiency, power consumption, and system complexity.
In the following sections an overview of the available actuators employed in space applications
is performed, and more specifically for attitude control of satellites, which can most profit
from the advantages of MBs. Subsequently, the main scientific contributions and outline of
the thesis are detailed.

1.1 Space Actuators for Attitude Control of Satellites

As described in [17], the attitude determination and control system (ADCS), is in charge of
controlling the orientation (attitude) of a satellite, or in the case of a guidance, navigation and
control, or attitude and orbit control system (GNC/AOCS), the orientation and linear velocity
(attitude and orbit). Depending on the goals and requirements of the space mission, the
attitude can be uncontrolled, simply passively stabilised by spin stabilisation or interaction
with Earth’s magnetic or gravitational fields, or actively controlled, usually three-axis stabilised,
by a system of sensors, controller and actuators.
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The main actuators employed for attitude control are:

» Thrusters: eject a propellant at a certain speed creating a reaction force on the satellite.
Multiple thruster types exist such as chemical (hot or cold gas) or electric (ion) propul-
sion [18], [19]. Both linear and angular thrust can be achieved at the cost of consuming
fuel.

* Momentum wheels: in momentum-biased satellites, a wheel with big inertia is kept at
high and almost constant speed [10], usually with spin axis normal to the orbit plane,
to provide gyroscopic stiffness to the satellite, in a similar way to spin stabilisation
techniques.

* Reaction wheels (RW): big inertial wheels similar to momentum wheels, but operated
at varying speeds, applying reaction torques during acceleration or deceleration to the
satellite to counteract disturbances [10]. Generally three or more RWs are employed,
eventually requiring desaturation manoeuvres to avoid the saturation of the wheel and
bring its speed back to zero using thrusters or magnetic torquers [17].

* Control moment gyroscopes (CMG): a big inertial wheel rotating at high speeds and
mounted over one- or two-axis gimbals, which apply torque to the satellite by changing
the direction of the spin axis of the wheel and generating gyroscopic forces. The torque
applied by CMGs is significantly higher than the one of RW, allowing for mass and
power consumption reduction [20] and at least two units are required for three-axis
stabilisation.

* Magnetic torquers or magnetotorquers: coils or permanent magnets that generate a
magnetic dipole on the satellite and by interaction with external magnetic fields, such as
Earth’s field, they exert a moment to the satellite. Magnetotorquers are usually employed
for reaction wheel desaturation and attitude control [21].

Due to fuel consumption in thrusters, low or limited torques in magnetotorquers, and com-
plexity and big torques applied by CMGs, making them mainly employed in very large plat-
forms such as the international space station (ISS), reaction/momentum wheels are the most
common actuator type used for three-axis attitude control of satellites [17].

The main drawbacks of RWs are the relatively high power consumption and the micro-
vibrations originated from the rotating body, mainly due to rotor unbalance, bearing distur-
bances, motor noise or structural resonances [10], which greatly affects the pointing stability
that the satellite can achieve [22]. For this reason, in some missions with high sensitive pay-
loads, such as ESA’s Gaia space astrometric mission [4] where rotating and moving parts are
strictly minimised, RWs are either directly avoided. Other options rely on mounting the RWs
over some complex passive [6], [22] or active [23] isolation or damping platforms.

The main limitation in the level of vibrations and limited life-time of reaction wheels resides
in the conventional ball bearings that are commonly employed. As mentioned before, the
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rotating bodies in the bearings generate high-harmonic disturbances, require lubrication and
extensive tribological studies, which limit its expected life-time in space due to temperature
changes and wear [24]. As clearly stated by ESA in its AOCS Sensors and Actuators Harmonisa-
tion Dossier [15], the technology featured in reaction wheels has remained greatly unchanged
in the last 20 years, and thus there is a clear need to develop novel state-of-the-art technologies
to greatly overcome these limits in conventional designs.

Other alternative bearings exist to achieve contact-less, vibration-free rotation, such as gas/air
bearings or magnetic bearings, which will be briefly described in the following section, in-
cluding a comparison between these technologies. Magnetic bearings are identified by ESA
in [15] as the most promising and ground-braking technology for RWs to achieve these high
performance goals of vibrations and life-time, due to recent developments in electronics,
materials and control theory, while keeping complexity and cost in reasonable levels. An
overview and classification of the different types of magnetic bearings is shown in the next
section to understand their basic principles and available options.

1.2 Magnetic Bearing Systems

As previously mentioned, several approaches can be followed to achieve a contact-less levita-
tion of a rotor or body, and overcome the limitations imposed by conventional ball bearings. It
is possible to generate the levitation forces through high-pressure fluids, as performed in gas
or air bearings, or by electromagnetic interaction between static and moving parts, yielding
magnetic bearings. Each of the bearing options, ball, gas and magnetic bearings have their
respective advantages and disadvantages, as summarised in [25].

Gas bearings allow rotation with very-low friction and a passive stabilisation of the rotor
(self-acting) and they are best suited in applications where the rotating machine already
employs some gas, such as compressors or pumps [26], [27]. In self-acting machines the
fluid pressure is generated by the rotation of the rotor inside a stator, both of which generally
feature thin patterns of grooves to help the pressure increase, and thus it can only be operated
above certain speeds, and the bearing properties like stiffness and damping greatly depend on
the speed [28]. This is generally not an issue in applications where a more or less constant
regime is employed, such as turbomachinery, but it considerably limits the use in cases where
constant acceleration or deceleration of the rotor are required, such as reaction wheels. Other
possibility is to conceive an externally pressurised bearing that will allow a stable levitation
even at standstill, but at the expense of increasing the system complexity.

In any case, the use of pressurised fluids in space applications can be achieved but may not
be the most appropriate choice due to vacuum in space. Magnetic levitation is perfectly
compatible with these conditions as no matter is required to transmit electromagnetic fields.
In this case the levitation can be achieved by a combination of permanent magnets or electro-
magnets in rotor and stator, yielding a friction- and contact-less operation. A great variety of
configurations exists to achieve the magnetic levitation, and thus it is necessary to identify the

4
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Figure 1.1 - Classification of main types of magnetic bearings according to its physical principle, based
on reluctance or Lorentz forces, and identifying active (A) and passive(P) types (Source: [29], [30]).

most appropriate topologies for space applications.

Whereas multiple ways of classifying magnetic bearings (MBs) exist, such as by their need of
active control or not for stabilisation, by application field or by number of degrees of freedom
(DoF) it is able to control, the most useful classification was originally performed in [29]
and later included in [30], which organises the multiple types of magnetic levitation systems
according to their physical principle, as summarised in figure 1.1. All magnetic bearings can
be classified in two main groups: reluctance-force or Lorentz-force types, depending on the
origin of the levitation forces.

For the first group, the reluctance forces are the electromagnetic forces appearing at the
interface of two materials, normal to the surface, with different relative permeability u,, such
as iron and air, as a result of the minimisation of the energy contained in the magnetic field.
Depending on the type of materials and configurations, reluctance-force magnetic bearings

can be classified in:

* Type I: active reluctance-force bearings, in which the strength of the magnetic field
and forces are actively controlled by an electromagnet and both rotor and stator and
composed of ferromagnetic (1, > 1) materials. This corresponds to the most extended
magnetic bearing type. Power consumption can be considerably reduced if perma-
nent magnets are also included in the magnetic circuit, creating a constant bias flux
over which the electromagnet actuates to stabilise the system, as identified in early
developments of magnetic bearings for space applications [31].
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Type 2: a passive levitation system can be achieved by a simple tuned LCR circuit
composed by the electromagnet with iron core (¢, > 1), bearing coil and a capacitor
operated near resonance. This type is rarely used due to its intrinsic lack of damping
and requiring other auxiliary system for consistent stability.

Type 3: another passive levitation system can be obtained by a combination of perma-
nent magnets (i, = 1). Due to Earnshaw’s theorem, only some DoF can be passively
stabilised and they need to be combined with other active magnetic bearings for the
unstable directions.

Type 4: complete passive stabilisation can be achieved by superconductive materials
(ur = 0) as a result of the Meissner-Ochsenfeld effect. These superconductive magnetic
bearings have seen an increasing interest in the last years as a result of recent high-
temperature superconductive (HTS) materials, including in space applications [32]-[34],
but with limited applicability due to the very low temperatures required.

For the second group, the Lorentz forces are the electromagnetic forces generated between

the interaction of a moving charge in a magnetic field. As before, depending on the employed

materials and arrangements, Lorentz-force bearings, also known as electrodynamic bearings,

can be classified as follows:

Type 5: passive levitation forces can occur in a conductor, in which electric currents are
induced, moving at high speeds relative to a magnetic field generated by permanent
magnets. This electrodynamic levitation has been studied in the frame of magnetically-
levitated (MAGLEV) vehicles [35]-[37] and rotating machinery [38], [39]. This bearings
are only stable above a certain threshold speed, and usually feature very low damping.

Type 6: a passive levitation system can be achieved if a conductor is placed inside a
magnetic field generated by an alternating current (AC), generating induced currents in
the conductor and repelling forces. In general this bearing type, commonly known as
AC bearing, features low forces and efficiency and poor damping behaviour [40].

Type 7: an active magnetic levitation can be achieved in the same configuration as type
6 when the AC current is actively controlled, resulting in induction magnetic bearings.
This configuration is equivalent to induction motors, and are both usually combined to
create magnetic bearing inductions motors [41]. If both magnetic bearing and motor
actuators are combined, sharing the same magnetic circuit, the machine is generally
known as self-bearing motor.

Type 8: another active magnetic levitation system is obtained if the magnetic flux density
generated by permanent magnets located in the rotor or moving body are combined
with an actively controlled current flowing through a conductor in the stator. This same
principle is employed in permanent-magnet synchronous motors (PMSMs), and can be
combined with this types of bearings to create a self-bearing motor [42].
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When considering combined motor and magnetic bearing systems (self-bearing or bearingless)
another possible classification of the magnetic bearing types is by considering the electrical
type of actuator [43], similar to the classification of electric motors: induction, switched
reluctance, synchronous reluctance, permanent magnet or homopolar. All these types of
self-bearing motors can be classified as in figure 1.1, being switched reluctance, synchronous
reluctance and homopolar of fype 1, induction of fype 7, and permanent magnet of fype 8. In
any case, the parallelisms between magnetic bearings and motors are clear, consisting both of
electrical machines that generate forces or torques to the rotor by electromagnetic interactions.
In self-bearing machines, the bearing and motor actuators are simply differentiated by the
combination of number of poles of rotor and stator [30], [43].

Having identified the different types of magnetic bearings available, an overview of the past
developments of magnetic bearing actuators for space applications, and more specifically
in reaction wheels, will be undertaken in chapter 2, where the different advantages and
drawbacks of each configuration will be identified in order to appropriately select the most
promising one for the studied application.

In the following sections, the work undertaken in this thesis is presented, describing the
general structure of the document and highlighting the main scientific contributions, also
including the list of publications.

1.3 OQutline of the Thesis

In the present dissertation, a study of the main aspects of magnetic bearings for space applica-
tions is undertaken, and more specifically of a promising magnetic bearing reaction wheel
configuration. The main goal of this thesis is to identify the key factors and characteristics
of a magnetic bearing system for its use in reaction wheels for attitude control of satellites
in terms of requirements and performance criteria, and undertake the required analysis and
modifications in order to address such aspects.

The presentation of the work developed throughout the present thesis is structured in a total
of eight chapters that deal with the characterisation, modelling, optimisation, and control
of magnetic bearing systems for space applications. The overall thesis structure can be
summarised as follows:

* In chapter 1, an introduction to the work presented in this thesis is included, describing
more in detail the context and main goals of the present investigations.

* Areview of the past investigations linked to the present research is detailed in chapter
2. This chapter more specifically highlights the most important magnetic bearing
actuators for space applications and their main limitations that justify the present work.
Furthermore the chapter briefly describes the actuator in which this thesis is based on.

* In chapter 3, an overview of the main identified sources of micro-vibrations for magnetic
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bearing systems can be found, from the sources themselves to the possible approaches
to measure them. A novel micro-vibration measurement method for active magnetic
bearing reaction wheels called current-to-force is detailed, also described in [44]. These
sources are then included into a modular closed-loop simulation model, based upon
the work presented in [45], which combines rotordynamics, bearing, sensor and control
models to perform performance and stability analysis.

¢ In order to be able to quantify the efficiency of the machine and perform its design, the
electromagnetic modelling of the studied slotless active magnetic bearings and motor
is detailed in chapter 4. Due to the different combinations existing in the machine, a
modular approach is employed, capable of calculating the electromagnetic forces and
torques generated by different permanent magnet arrangements, with and without back
iron, and different slotless winding types, as also described in [46] and [47]. Moreover,
the electromagnetic model of iron-less passive magnetic bearings is also presented,
making use of equivalent magnetic flux density models employed for the active bearings,
as also detailed in [48].

¢ Having defined the electromagnetic models of both active and passive magnetic bear-
ings required for machine design, in chapter 5, an optimisation procedure is proposed
for both fully active and hybrid magnetic bearing systems. For the former, a global
efficiency optimisation is undertaken to minimise the machine losses in all actuators
while also reducing bearing-dependent disturbances by appropriate winding selection,
as also described in [49], and for the latter, a design procedure that guarantees the
stability and quantifies the expected performance of the closed-loop system is executed.

* In chapter 6, a multi-harmonic force rejection control technique is presented and anal-
ysed. The general structure of the technique is introduced and its stability is studied for
general control systems and more specifically for magnetic bearing systems, enabling a
substantial reduction of vibrations generated by the machine during operation, as also
shown in [50].

¢ All experimental measurements and validation of models, measurement methods and
control techniques are included in chapter 7. All employed test equipments are first
detailed, followed by the validation of all models presented in previous chapters, con-
cluding with the micro-vibration characterisation of the studied fully active magnetic
bearing system and the quantification of the impact of the implemented improvements
and modifications.

e Finally, in chapter 8, a summary of all the work presented in this thesis is included, and
an overview of the identified future work that would be of great interest to continue the
research undertaken in the frame of the thesis.
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1.4 Contributions of the Thesis

The main scientific contributions of the work undertaken in the frame of the present thesis
are the following:

* A novel micro-vibration measurement method for active magnetic bearings is proposed
and validated. The proposed current-to-force method is based on the measurement
of the forces directly applied by the active magnetic bearing currents. As such mea-
surements are already available for control purposes, the measured vibrations and
forces are directly obtained in real-time, allowing its use for monitoring purposes of
control parameter adaptation for optimal performance. The current-to-force method is
successfully validated by comparison to a reference multi-component dynamometer
commonly employed for micro-vibration characterisation and qualification of space
equipment.

* The main sources of micro-vibrations for magnetic bearing actuators are identified and
detailed. Due to the particularities of magnetic bearing systems, when compared to
conventional and very well studied actuators with ball bearings, disturbances of different
nature need to be analysed and accounted for to characterise their sources of micro-
vibrations. These sources can be as diverse as rotor unbalance, sensor noise, winding
and permanent magnet imperfections and asymmetries, high-frequency inverter noise
in power electronics, computation delays or fixed-point rounding errors in controller
implementation.

* A modular closed-loop simulation model for active and passive magnetic bearing capa-
ble of studying stability and general behaviour of rotating systems. The model combines
multiple options of rotordynamics, bearing, sensing and control models with different
possible levels of complexity or simplification to analyse the impact of specific factors
in the closed-loop system. Frequency and time-based analysis tools are available to
determine stability, micro-vibration or general performance of a given system.

* An accurate and computationally efficient electromagnetic model for slotless active
magnetic bearings and motors is proposed and validated. The model employs elliptic
integrals to define the three-dimensional magnetic flux density distribution in the
machine’s airgap for several possible combinations of permanent magnet arrangements
with and without back iron, and combined with a selection of slotless winding types,
like skewed, rhombic, hexagonal and axial, it is capable of accurately calculate the force
and torque applied by the actuator.

* A general efficiency optimisation procedure for active magnetic bearing motors is de-
tailed, allowing the simultaneous consideration of multiple actuators for global optimisa-
tion of magnetic bearing machines. This optimisation technique enables the possibility
of selecting the appropriate permanent magnet, winding and back iron dimensions and
parameters by means of a global constrained multi-objective optimisation that seeks

9
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1.5

the maximisation of the machine overall efficiency, defined by the linear combination of
motor and bearing constants, i.e. ratio between applied force/torque and Joule losses.

A multi-harmonic force rejection control technique for unbalance and other synchronous
vibration suppression in magnetic bearing systems. The proposed generalised notch

filter features improved stability properties enabling easier design of multi-harmonic

suppression when compared to conventional techniques, which usually require gain-
scheduling internal parameters to maintain stability. This technique is successfully

implemented on the studied magnetic bearing system for the first three harmonics

achieving at least one order of magnitude reduction in vibrations.

An electromagnetic model for ironless passive magnetic bearings is developed and vali-
dated. The model is based on the formulation of the magnetic flux density distribution
of permanent magnet rings using computationally-efficient elliptic integrals, resulting
in an accurate calculation of the passive magnetic stiffness of massive magnetic bearing
arrangements.

Several hybrid magnetic bearing configurations, combining active and passive magnetic
bearings, are proposed to reduce the complexity of fully active configurations while
retaining most of the high performance and low vibrations. The stability and general
behaviour of such configurations is validated and proven using the developed closed-
loop simulation models showing promising capabilities.
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¥4 Magnetic Bearing Actuators for Space
Applications

As mentioned in the previous chapter, magnetic bearings are identified as a key technology in
the development of very-low disturbance actuators, and more specifically for reaction and
momentum wheels, of strategic interest for the European Space Agency (ESA). For this reason,
it is necessary to identify the state of the art in terms of past activities that have targeted
to integrate magnetic bearings into reaction or momentum wheels for attitude control of
satellites, in order to better focus the present research.

Firstly, an overview of the previously developed magnetic bearing reaction wheels (MBRWs) is
performed in section 2.1, identifying its main target applications in terms of satellite size and
characteristics through the analysis of the physical characteristics of the reaction wheels (RWs).
Furthermore, the topology and configuration of the magnetic bearings (MBs) employed in
these actuators is studied to identify the limitations seen in these past developments. Finally, in
section 2.2, the magnetic bearing reaction wheel demonstrator developed by Celeroton (CEL)
is described, including the general MB topology, the actuator, sensor and control algorithm,
which will be the base for the investigations undertaken in this thesis.

2.1 Magnetic Bearing Reaction Wheels for Satellite Attitude Control

This section will focus on the different magnetic actuators developed for attitude control of
satellites. Firstly, acknowledging that similar devices exist in attitude and orbit control systems
(AOCS), as reviewed in chapter 1, such as control moment gyroscopes (CMGs), the literature
overview included hereafter will only cover magnetic bearing reactions wheels (MBRWs), due
to being this the main target application highlighted by the ESA in [15]. Moreover, exclusively
the actuators that are equipped with a full magnetic suspension system (active or passive) are
considered.
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Chapter 2. Magnetic Bearing Actuators for Space Applications

2.1.1 General Overview

The main potential advantages, such as virtually infinite life-time due to friction-less opera-
tion or better control of bearing dynamic properties, and the progress in some technological
aspects, like the development of rare-earth magnets (i.e. samarium-cobalt magnets), from
other applications of magnetic bearings in rotating machinery resulted in the first efforts of
developing magnetically-suspended reaction wheel systems for attitude control of satellites
simultaneously in different parts of the world between the end of the decade of 1960 and
beginning of the 1970 decade, mainly by the National Aeronautics and Space Administration
(NASA) [31], [51], [52], and many other contractors [53]-[56] in the United States; by Aerospa-
tiale [57]-[59] in France; and by TELDIX (currently Collins Aerospace) [60], [61] in Germany.
These last designs by Aerospatiale [16], [62]—-[65] and TELDIX [66]-[70] were improved and
continued in the following decades.

Several of these Magnetic Bearing Reaction Wheels designed and manufactured by Aerospa-
tiale (currently Thales Alenia Space) were used in different space missions, starting from a
1-DoF axially active MBRW that was sent to space in the French Earth Observation satellite
SPOT 1 in 1986, and then used in others like SPOT 2 and 3, ERS (European Radar Observation
Satellites) 1 and 2. Then a 2-DoF radially active MBRW was developed, also by Aersopatiale,
and launched into space in SPOT 4 and 5, HELIOS 1A and 1B, and ENVISAT satellites, until the
development was discontinued in early 2000.

Since the beginning of 1980, in Japan, the National Aerospace Laboratory in Japan (NAL), in
collaboration with Mitsubishi Electric Corporation (MELCO) and Toshiba, started different
research and development activities that resulted in the generation of several Magnetic Bearing
Reaction Wheel designs [71]-[75]. These activities were undertaken for two decades, and one
of them, a radially-active MBRW was launched to space in the JINDAI platform in 1986 for
in-space testing that lasted three days. Other major developments by NAL and MELCO are a
three-axis active magnetic bearing, with axial and gimballing capabilities [71], [72], and the
most recent five-axis active MBRW, which started focusing on the study of micro-vibration
exported to the satellite’s structure [75].

During the 90’s, other efforts on implementing magnetic bearings in momentum or reaction
wheels for satellite attitude control were undertaken. On the one hand, one of the first research
activities with a main focus on small satellites, was developed by Scharfe et al. for the Dresden
University of Technology in Germany [76]-[79] during mid 90’s and the beginning of 2000’s,
initially intended for the AMSAT Phase 3-D satellite and then miniaturised for its used in
small satellites. On the other hand, a conical MBRW topology was designed and tested by the
Mechatronics Laboratory of the Technical University of Turin (Politecnico di Torino) [80]-[82].
These two projects were discontinued during the decade of 2000.

The most recent developments of magnetic bearings for reaction wheels known by the author
were undertaken in [83], [84] at the Surrey Space Centre (SSC) of Surrey University in the United
Kingdom until 2011, and more recently by Beihang University (BUAA) in China [85]-[94]. Lastly,
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Figure 2.1 — Comparison of the main physical characteristics, reaction torque and angular momentum
storage capacity, of past magnetic bearing reaction wheels which define the possible use and target
application of such actuator.

originated from very-high-speed motors, Celeroton AG (CEL) developed a magnetic bearing
reaction wheel demonstrator to prove the viability of its fully active Lorentz-type magnetic
bearing topology for its use in space applications, and more specifically for small satellites.

2.1.2 Magnetic Bearing Comparison

The main characteristics of a reaction wheel actuator that determines the size of the satellites
in which it can operate are the reaction torque and momentum storage capacity. Even though
the exact RW selection will depend on the specific mission requirements such as agility,
reliability or pointing stability, some examples of missions are given as a reference for RW
sizing:

* Small satellites (<500 kg): the TET-1 mission with around 120 kg of mass, use RWs with
0.34 Nms of momentum storage, and 0.015 N m of reaction torque [95].

* Medium satellites (500 kg to 1000 kg): the AMSAT phase 3-D with 500 kg of mass, feature
RWs in the range of 13 Nms of momentum storage and 0.03 N m of torque [76].

» Large satellites (>1000kg): earth observation (EO) Sentinel-2 satellite, with 1225 kg of
mass, employ RWs of 18 Nms of momentum storage, and 0.3 N m of torque [96].

In order to identify the sizing of the aforementioned MBRWs, in table 2.1 and their possible
target missions, a comparison between the main technical parameters, such as number of
active DoF, magnetic bearing type, angular momentum storage capacity, reaction torque and
power consumption, is performed. Moreover a graphical comparison in included in figure 2.1,
in terms of reaction torque and angular momentum storage capacity.
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Table 2.1 — Magnetic bearing reaction wheel (MBRW) overview with main technical characteristics,
including number of active degrees of freedom (DoF), magnetic bearing type (number according to
figure 1.1, reluctance or Lorentz), maximum rotational speed, angular momentum storage, reaction
motor (Mot.) and gimballing (Gim.) torque and power consumption in steady state (S.S.) or maximum
(Max.) for both bearings (Bear.) and motor (Mot.).

Developer Active DoF Type (?(Ir) ;fnd) An(gN x(s))m : rl;(;\ll'ge P(()“//\v])er
1 (Ax.) 1+3 2-24 1-100 0.05-0.1 3-25(S.S.)
. (Rel,) - - . -U. = .
Thales Alenia
1+3 13 (Bear.
(Aerospatiale) 2 (Rad.) (R:ﬂ ) 2.4 40 0.45 80 ((l\fte)ltr ))
1+3
2 (Rad.) (Rel) 6-10.3 12-60 0.075-0.15 120
5 (AlD) 8 (Lor.) 12 100 OZO?CS\I/;O;) 150
0.1 (Mot.)
5 (All 8 (Lor. 5-8 30-150 . 70-120
Collins Aerosp. (b (Lor. 4 (Gim.)
(TELDIX)
63-105 (Mot.) | 0.25 (Mot.)
5 (All) 8 (Lor.) 6-10 2 (Gim.) 0.6 (Gim.) 14 (S.S.)
65-87 (Mot.) 0.1 (Mot.) 18-25 (S.S.)
5 (Al 8 (Lor) 68 | 226(Gim) | 0.6(Gim) | 140 (Max)
1+3
1 (Ax.) (Rel) 10 34 - -
1+3
NAL 2 (Rad.) (Rel) 3 7.5 - 3(S.S.)
Japan 3 1+3 10 -0 0.02 (Mot.) | 8 (Bear.)
(Ax. & Gim.) (Rel.) 4 (Gim.) 50 (Mot.)
5 (Al (Il{zf) 5-8 30-64 0.05 15 (S.8.)
1+3 5 (Bear.)
2 (Rad.) (Rel) 3 15 0.03 15 (Mot.)
TU Dresden
143 5(S.8.)
2 (Rad.) (Rel) 5 0.2 0.01 20 (Max.)
TU Turin 5 (AlD) (El{;}) 10 3.81 0.03 43 Ei/[i; )
1+3
Beihang Univ. 5 (Alb (Rel) 6 15 0.06 )
(BUAA) 5 (Al 143 (Rel) | o 0.05 (Mot.) _
& 8 (Lor.) 3.3 (Gim.)

In both figure 2.1 and table 2.1, it can be clearly seen that most previous developments in
magnetic bearings were targeted to medium to large satellites, whereas only few efforts by TU
Dresden and Celeroton focused on the growing sector of small satellites. This can be explained

16



2.1. Magnetic Bearing Reaction Wheels for Satellite Attitude Control

by the fact that it is generally large satellites the ones that feature high-precision and highly
sensitive payloads for scientific and Earth observation missions, where very-low disturbance
actuators are of most importance [15].

Nevertheless, due to the lower size, mass and inertia of small satellites, its structure is more
sensitive to existing on-board disturbances, which mainly limits the precision and accuracy
of the payloads that the satellite can carry [97]. The use of magnetic bearing, which will
considerably reduce these perturbations, combined with the recent tendency to equip small
satellites with high-performance payloads [15], [97] will enable new missions that previously
may have not been viable.

Another important aspect to analyse is the type of magnetic bearing that is employed. Inde-
pendently of the chosen magnetic bearing type, the actuator should be able to withstand all
load cases that the system will be subject to in-orbit, and allow sufficient on-ground testing
for qualification, including basic functionality checks, requirement and performance verifica-
tions, such as basic levitation, reaction torque, micro-vibration generation, or torque stability.
Due to the micro-gravity conditions in-orbit, the main forces that the bearings will cope with
are the gyroscopic forces during satellites manoeuvres. On-ground, the gravitational forces
during levitation are the most important loads. The dimensioning of the magnetic bearing
system according to the gravitational loads will result in a considerably oversized actuator
for in-orbit conditions, resulting in weight increase due to bigger MBs and power electronics,
and thus increasing system cost, volume and weight, which are also important magnitudes to
limit in space applications. An intermediate solution can be found: it is possible to perform
the actuator dimensioning for in-orbit conditions, while still guaranteeing sufficient testing
in on-ground conditions, by either employing auxiliary cooling or levitation system only for
testing, or by limiting the configurations used for testing, for instance, testing for a limited
time or orientation.

In table 2.1, it can be seen that most developments are based on magnetic bearings of
reluctance-force type, and more specifically, of a combination of types 1 and 3 (PM-bias
active reluctance-force type) according to the classification shown in figure 1.1. This situation
can be justified by two main factors: the fact that most reluctance force bearings feature much
higher load capacities, facilitating the on-ground testing of the heavy MBRW, and because
these configurations enable the active control of some given DoF while passively stabilising
other, greatly simplifying the overall system complexity and making allowing a very compact
actuator.

Even though these advantages allowed the development of a broad selection of magnetic
bearing configurations, some key drawbacks of reluctance-force types are the much higher
passive stiffness due to the attraction between rotor and stator in small air-gaps, compromising
the possibility of achieving a perfect vibration suppression through control techniques, as
any rotor displacement will generate a disturbance force, and due to the fact that these
configurations feature ferromagnetic and generally conductive materials in both rotor and
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stator parts, greater eddy current or iron losses will limit the efficiency and maximum speed
of the actuators. Also, the passive stabilisation of some degrees of freedom will never allow a
perfect vibration suppression, limiting the maximum performance that can be achieved, but
considerably reducing the system’s complexity.

When considering Lorentz-force-based magnetic bearing machines, either slotted or slotless
configurations can be employed. The former features high load and torque capacities with
high passive magnetic stiffness due to small air-gaps, but high-harmonic disturbances due to
uneven field distribution resulting from stator slots that generate force and torque ripples are
unavoidable. Slotless machines are known for its good dynamic response, good linearity and
high reliability [98], featuring very smooth operation due to the absence of stator slots, and
thus reduced force and torque ripple, and very low magnetic stiffness, as a result of the fact
that motor and bearing windings are located in the air-gap. However, this bigger air-gap also
imposes as a result limited load capacities [30]. This limitation can be reduced by employing
high-efficiency slotless winding types, such as rhombic and hexagonal, or even optimised
winding shapes on flexible PCBs [99], [100].

The main difference between the topologies proposed by TELDIX and CEL is the use of
independent actuators of axial, radial and motor, and a homopolar configuration of permanent
magnets in the rotor for the former, and a compact self-bearing heteropolar motor and radial
bearing machine combined with homopolar radial and axial bearing machine for the latter.
Furthermore, due to the fact that the permanent magnets are located at the outer rim of the
wheel for TELDIX’ MBRW and multiple pole-pairs are employed, the field is generated by
discrete permanent magnet blocks in the rotor, which combined with several individual air-
core concentrated windings in stator, allows for greater forces and torques, but generating high-
harmonic field distortions due to discrete magnets and coils. In CEL’s MBRW demonstrator,
the use of self-bearing machine with slotless windings, with single cylindrical PMs in the rotor,
generates a very smooth operation due to the absence of most bearing and motor disturbances,
and showing good properties for very-low disturbance reaction wheels. The main limitation
of such configuration is the limited load capacities due to thermal constraints for on-ground
testing.

On the one hand, if small satellites are targeted, the smaller size of the RW will greatly relax the
common load capacity limitations of Lorentz-type MBs. On the other hand, if medium or large
satellites are targeted, with much larger RWs, due to the micro-gravity conditions in-orbit,
limiting the bearing actuation to sustaining the gyroscopic forces during satellites manoeuvres,
the load conditions that the levitation system needs to withstand are also considerably reduced.
In any case, as previously mentioned, some on-ground levitation capabilities need to be
guaranteed for functional and qualification testing. However, by limiting the configurations in
which the system can be tested or by using auxiliary test systems it is possible to considerably
reduce the constraints imposed on the bearing load capacity, facilitating the design and
dimensioning of the actuators.
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~Celeroton

Figure 2.2 — Rotor (left), stator (middle) and controller and power electronics (right) of Celeroton’s
Lorentz-type, dual hetero/homopolar, slotless, self-bearing, fully active magnetic bearing system.

For these reasons, in applications where very-low disturbance actuators are required, fully ac-
tive, self-bearing, slotless, Lorentz-force type magnetic bearings (type 8) like the one proposed
by CEL show very promising capabilities and advantages over the other available alternatives.
During the present thesis, as a detailed study of the aforementioned main aspects in MBRWs,
such as efficiency, complexity and micro-vibrations, will be undertaken for this configuration,
a description of the studied topology is included hereafter, which corresponds with the starting
point of the research.

2.2 Celeroton’s Magnetic Bearing Reaction Wheel Demonstrator

A compact ultra-high-speed magnetic bearing and motor topology was proposed and de-
veloped by the Swiss Federal Institute of Technology in Zurich (ETHZ) and Celeroton AG
(CEL) [42], [101]-[103], with promising capabilities for space applications, such as reaction
wheels for attitude and orbit control systems (AOCS). For studying its capabilities, a magnetic
bearing reaction wheel demonstrator, shown in figure 2.2, has been developed [104], [105].
The topology of the aforementioned demonstrator, as schematically shown in figure 2.3, is a
Lorentz-type, dual hetero/homopolar, slotless, self-bearing, fully active magnetic bearing and
permanent-magnet synchronous motor (PMSM).

The main aspects of the studied configuration, important for understanding the overall work-
ing principle and the work undertaken in the present thesis, are included hereafter. The
complete description of all the elements can be found in [42] and [104].

2.2.1 Topology Overview

On the one hand, the heteropolar side is responsible for generating radial forces and mo-
tor torque to the rotor, by means of the interaction between the magnetic flux created by a
diametrically-magnetised permanent magnet (PM) and the current applied to a radial bearing
for force generation and to a motor winding for torque generation. The heteropolar configura-
tion of this part of the machine requires a synchronous modulation of both motor and bearing
currents with rotor’s orientation, typical in any field-oriented control (FOC) of PMSMs. The
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Figure 2.3 — Schematic cross-sectional view of the initial configuration of the slotless permanent-
magnet magnetic bearing reaction wheel demonstrator, including heteropolar side that generates
radial force and motor torque, and homopolar side that exerts radial and axial forces.

magnetic circuit is shared by both, motor and bearing windings (self-bearing), located in the
machine’s air-gap (slotless design), and depending on the application, it can be closed by a
stator core.

On the other hand, the homopolar side is responsible for generating axial and radial forces.
These forces result from the Lorentz force between the magnetic field created by two axially-
magnetised PMs pointing towards each other and two separated ring-wound coils for the axial
forces, and with a radial bearing winding. A combined magnetic circuit is shared between
axial and radial bearings. Nevertheless, the homopolar configuration is independent from
rotor’s orientation, and thus, actuation control loop is simplified, as no field-oriented control
is required. As before, depending on the application, the machine can be enclosed by a stator
core.

2.2.2 FElectromagnetic Actuator

All bearings and motor are slotless and of the Lorentz-type, and thus, the main part of the force
and torque is generated by the Lorentz force resulting from the electromagnetic interaction
between the magnetic flux density distribution in the air-gap created by the rotor’s permanent
magnet, and the current density distribution in the windings.

More precisely, these actuators feature the following characteristics:

* Homopolar axial bearing: a two-piece slotless single-phase ring-wound winding that
generates axial force as shown in figure 2.4.a.

e Homopolar radial bearing: a slotless three-phase winding with a single pole-pair and
also of skewed type. The axially symmetric flux density distribution in the homopo-
lar air-gap, combined with a winding with one pole-pair results in a radial force, as
schematically represented in figure 2.4.b.

20



2.2. Celeroton’s Magnetic Bearing Reaction Wheel Demonstrator

(a) Homopolar axial force generation. (b) Homopolar radial force generation.

(d) Heteropolar motor torque generation.

Figure 2.4 — Schematic representation of Lorentz forces generated in homopolar axial and radial bearing
windings and heteropolar radial bearing and motor windings at cutting planes A, B and C defined in
figure 2.3. (Source: Celeroton AG)

* Heteropolar radial bearing: a slotless three-phase winding with two pole-pairs of skewed
type. The two pole pairs in the winding combined with a flux generated by a permanent
magnet with a single pole-pair generates a radial force, as schematically shown in figure
2.4.c. Furthermore, due to the presence of back iron, the flux in it will also contribute to
the total radial force [27], [42], a term commonly known as reluctance force.

* Heteropolar motor: a slotless three-phase winding with one pole-pair of skewed type,
generating the motor torque as schematically shown in figure 2.4.d. In this case, due to
the axial symmetry of the back iron surface, no reluctance torque is generated.

The cut planes of all cross sections included in figure 2.4 are identified in figure 2.3.

2.2.3 Control Architecture

The magnetic bearing control is implemented as a cascaded control loop, as commonly done
for motor control applications, where an inner loop, with much faster dynamics is used
for current control, and an outer one for position control, as shown in figure 2.5. The fast
current control loops are ideally executed synchronously. This approach allows minimising
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Figure 2.5 — Closed-loop scheme of control architecture featuring cascaded control with outer rotor
position control loop and inner actuator current control loop. The closed-loop system is composed
of position controller Ry, and observer Ly, generalised notch filter for unbalance force rejection N,
current controller R, plant electrical dynamics P, and mechanical system rotordynamics P,.

the possible error in applied currents and thus reducing its influence in position control, but
requires parallel computation capabilities, as 10 currents have to be accurately controlled with
minimum delay.

Current Control

The force and torque applied to the rotor under levitation is directly controlled by the current
applied to the windings. In the studied topology, three three-phase windings and one single-
phase winding need to be accurately controlled. For the heteropolar side, a modulation
of the three-phase winding currents needs to be performed to apply force or torque in the
desired direction. For the homopolar side, due to the axial symmetry of the magnetic field, no
modulation is needed.

In order to remove this angle-dependency from the current and position controllers, a field-
oriented control (FOC) technique is employed for all three-phase windings. A given electrical
magnitude x, such as phase currents and voltages, can be converted from alternating ABC-
coordinates to the angle-invariant rotor-fixed DQ-coordinates [106] employing an amplitude-
invariant Park transformation

Xa| _ 2| cos(z) cos (¢ — ) cos(py + ) iA -
Xg| 3 |-sin(@z) —sin(¢ps—2) —sin(¢p+2E) xzca ; )
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being ¢, the rotor polar angle, and vice versa using the inverse transform

XA cos(¢pz) —sin(¢,) .

xg| = |cos(pz— %) —sin(Ppy—Z) a 2.2)
2n) g 2n) [ [*a

xc cos(py+ %) —sin(¢py+ )

Employing Park’s direct and inverse transformations on current sensors measurements and
terminal phase voltages, respectively, all control loops are implemented making use of DQ-
coordinates, executed in parallel in a field-programmable gate array (FPGA) to minimise
execution delays, and using a simple proportional-integral (PI) controller.

All currents are sampled at 800 kHz using magneto-resistive current sensors, and controlled
using the actuating voltage on three-phase DC/AC inverters using pulse-width modulation
(PWM). The combination of a FPGA-based current control for synchronous and parallel
execution of the current control with high sampling rate enables the possibility of having
sufficient controller bandwidth for implementing a successful cascaded control.

In order to drive all windings, a three-phase two-level voltage source inverter (2LVSI) is em-
ployed to apply the terminal phase voltages of each three-phase winding and a full bridge
inverter for the axial single-phase winding, powered by two DC/DC converters for motor and
bearings, as schematically represented in figure 2.6.

This way, the position controller simply needs to specify the reference currents in DQ-coordinates.

Position Control

The position controller architecture is based on a linear-quadratic-gaussian (LQG) observer
and controller, and its detailed design is presented in [103]. For the design of the position
controllers, radial and axial dynamics are considered decoupled, allowing the independent
design of both controllers. The position control is implemented on a digital signal processor
(DSP) and executed at a sampling rate of 20 kHz.

The control loop for the multiple-input multiple-output (MIMO) dynamic system for the
radial position, and single-input single-output (SISO) for the axial position, are composed of a
controller R, a Kalman filter state-space observer L, a current limiter and its associated
anti-windup to avoid problems with the integral state during saturation. A generalised notch
filter, Ny, is enabled above 50 krpm to reject exported forces due to rotor unbalance, being
1 krpm one thousand revolutions per minute.

In order to extract the state vector from the noisy sensor measurements, a Kalman filter of the

form
X(tr-1)
R(tx) = Lpe |u(te-1) |, (2.3)
V(&)
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Figure 2.6 — Block diagram of power electronics configuration for active control of three-phase motor
and radial bearing currents and single-phase axial bearing current (Source: Celeroton AG).

is used. The estimated state X at time #; is updated by using the estimated state at the
previous sample time #;_;, previous controller output u#, and filtered sensor measurements y,
multiplied by the observer gain matrix L.

Considering a reference position x,.¢ = 0, to fix the rotor at the geometrical centre of the
air-gap, the full state feedback LQG controller

upc(tk) = Rpc (xref - ﬁ(tk)) (2.4)

is employed, composed of proportional, integral and derivative states. The controller matrix
gain Ry, is obtained by minimising a quadratic cost function dependent on states and currents,
as typically done for LQG control.

In order to limit the overheating in the bearings, the maximum Joule losses in windings are
fixed by imposing a quadratic limit, #,4y, to the input currents u,.. Whenever the threshold
is reached the current is limited by imposing ;. = #;4x, and integration in (2.4) is stopped.
This behaviour, due to its non-linearity, is only present in the time based analysis of the
closed-loop system.
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2.2.4 Position Sensors

The information regarding rotor position and orientation is obtained via two printed-circuit-
board (PCB)-based sensors placed at the two axial extremes of the stator.

On the one hand, the radial position measurements are via eddy-current sensors, more
specifically by transverse flux sensors that can be implemented on a PCB as detailed in [107].
On the other hand, two different axial position sensors are available, using either an Eddy-
current sensor, or the magnitude of the stray field measured by Hall-effect sensors, as detailed
in [42].

The angular position of the rotor ¢, is obtained by two pairs of orthogonal Hall sensors in
differential connection, which directly yield components that are proportional to sin(¢,/) and

cos(¢z).

2.3 Conclusions

In this chapter, a review of the past magnetic bearing reaction wheels developed for attitude
control of satellites, where the advantages of magnetic bearings are of most interest, is per-
formed. In this overview the main characteristics of these past developments are analysed to
identify the remaining open points to this technology, which shows that the configuration stud-
ied in this thesis features some important and promising advantages for its implementation in
very-low disturbance actuators for space applications.

Finally, the fully active magnetic bearing system studied in this thesis is detailed, including a
description of its magnetic bearing topology, actuator, sensor, power electronics, and control
configurations.
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8] Closed-Loop Magnetic Bearing Model
and Micro-Vibration Characterisation

In order to quantify the impact of the different modifications and correcting measures im-
plemented and proposed throughout this thesis, it is first necessary to define the different
figures of merit and analysis tools required to quantitatively assess some characteristics such
as stability, performance and vibrations.

In this chapter, two main aspects of the analysis are covered. On the one hand, a presentation of
the different sources and measurement tools available for evaluating the vibrations generated
by rotating machinery is performed. On the other hand, a closed-loop magnetic bearing
simulation model is developed and presented, which will be employed as a benchmark for
the different control measures and evaluate the impact on the stability, performance and
vibrations generated by the system. Furthermore, a measurement method for active magnetic
bearings, called current-to-force method, is presented and compared to state-of-the-art
vibration measurement techniques.

Both the simulation model and the new measurement technique are experimentally validated
in chapter 7. Earlier versions of the model and measurement method were presented in [45]
and [44], respectively.

3.1 Micro-Vibration Sources for Magnetic Bearing Reaction Wheels

Due to the high impact of reaction wheels (RW) on satellite’s pointing accuracy, the noise
signature and the main sources of these disturbances for common ball bearing reaction
wheels (BBRWs) have been extensively addressed in the past [10], [11]. These disturbances are
commonly known as micro-vibrations, due to their low amplitude and periodic components,
dependent on rotor’s speed, and are common to any rotating machinery.

The main sources of periodic reaction wheel micro-vibration can be classified, as performed
in [10], according to their origin or cause in: unbalance-driven , bearing-driven, and motor-
driven disturbances. These type of disturbances for magnetic bearing systems are detailed
hereafter.
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3.1.1 Unbalance-Driven Disturbances

This component of the micro-vibrations is caused by uneven distribution of mass in the rotor
around its geometrical axis, and it is acknowledged to be the most significant disturbance in
reaction wheels. It consists of two types of unbalances: static unbalance, which appears as a
periodic force perpendicular to the rotation axis, and dynamic unbalance, measurable as a
radial torque, also perpendicular to the spin axis.

The common definition of the unbalance in unbalance measurement equipment and balanc-
ing machines is expressed as an additional mass at a certain radial position, being

' 5 |cos(Qf+a)
F; = = MgT's . )
Y sin(Qt+ a)
(3.1)
T sin(Qt +
Ta=|_"|=marqd,Q® ( h ,
Ty cos(Qt+ B)

where Q is the wheel rotation speed, m; and m, are the static and dynamic unbalance point-
masses, respectively, rs and ry the radius between the geometric axis of rotation and the
static and dynamic masses, and d; the axial distance between the dynamic unbalance masses.
These unbalance models consider a centrifugal force and torque in radial direction (Fy, F),
Ty, Ty), synchronous with rotation speed. Due to the interaction with other bodies of the
stator, other modulations of these unbalance can be measured, appearing as higher integer
harmonic orders of the rotation frequency.

One of the main advantages of magnetic bearings, due to the lack of physical contact be-
tween rotor and stator, is the possibility of including active unbalance control, that would
considerably reduce the exported vibrations of the reaction wheel.

3.1.2 Bearing-Driven Disturbances

For conventional reaction wheels (RWs) featuring ball bearings, other non-integer modula-
tions of the harmonic micro-vibrations appear as a result of imperfections in the bearing
components, originated from the manufacturing process, such as waviness or geometrical
irregularities in the surface of bearing parts. Ball bearings also generate random/transient dis-
turbances, mainly due to lubrication issues, such as performance deterioration at speeds close
to zero, limited number of zero-crossings, momentary non-homogeneous oil distribution
inside the bearings that generate additional friction force or other disturbances originated
from ageing lubricant.

All these disturbances will not appear in a magnetic bearing reaction wheels (MBRWs), due
to the contactless, and thus, frictionless operation of these actuators. In practice, some
permanent magnet and winding imperfections, power electronics and sensors will generate
some parasitic forces to the rotor and stator, appearing as integer or non-integer harmonic
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orders of the rotation frequency. The characteristics of such forces will greatly depend on the
magnetic bearing topology and control approach employed, as happens for the motor-driven
disturbances.

For the studied fully active Lorentz-type magnetic bearing system it can be seen that the bear-
ing disturbances appear at several integer harmonic orders. As it will be analytically studied in
chapter 4 and experimentally shown in chapter 7, the main sources of bearing disturbances are
permanent magnet and back iron attraction, permanent magnet imperfections and winding
asymmetries.

3.1.3 Motor-Driven Disturbances

Torque ripple and torque instabilities are the main components of motor-dependent dis-
turbances that appear about rotation axis as a distorting motor torque (M;). The former is
understood as any periodic/deterministic torque disturbance derived from power electronics
switching, variation in airgaps between permanent magnets, current measurement errors and
cogging torque [11]. The latter is referred to as any random or transient disturbance on the
motor torque, such as random torque noise.

3.2 Micro-Vibration Measurement Techniques

3.2.1 Analysis Techniques

In order to characterise the level of vibrations generated by rotating machinery, independently
of the chosen measurement approach, it is necessary to study its behaviour for its whole speed
range. This will allow identifying the behaviour of the machine for every possible working
condition and thus identify possible critical speeds and structural resonances. The common
test procedure is undertaken as follows: the wheel is driven from minimum to maximum
rotation speed by either small and constant acceleration or by small speed steps. This way a
transformation to the frequency or order domain can be performed by applying a fast Fourier
transform (FFT) assuming a constant speed for each window of the time series data.

The main difference between frequency and order domain analysis relies on the fact that the
time signal is re-sampled at constant angle steps of the rotor for the latter, instead of a signal
sampled at constant time steps for the former. This allows the easier identification of the
harmonic orders of the speed-dependent disturbances.

Once the signal is available in frequency or order domain, the following plots are commonly
employed to study the level of vibrations generated by the machine:

» Waterfall plot: a three-dimensional plot of the force or torque amplitude as a function
of frequency/order and rotor speed, as shown, as an example, in figure 3.1.a in the
frequency domain, and in figure 3.1.b in the order domain for the studied fully active
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magnetic bearing reaction wheel. In this plot it is possible to identify both structural
resonances, that appear at constant frequency, and harmonic disturbances dependent
on speed, that appear at constant order. Note that both frequency and order plots are
complementary as all information can be found in both approaches, and thus itis a
matter of preference to use one or another.

* Worst-case plot: a two-dimensional plot of the maximum amplitude at each frequency,
figure 3.1.c, or order, figure 3.1.d, for all the measured speeds. As the limitations on
allowed vibrations is given as a function of frequency [10], [97], this plots allows the
verification of such constraints independently of the rotating speed.

* Noise-vs-speed plot: a two-dimensional plot of the root mean square of the force am-
plitude for all frequencies, figure 3.1.e, or orders, figure 3.1.f, at each rotor speed. This
plot is commonly employed to identify the speeds that feature higher level of vibra-
tions, that usually excite one of the main resonance modes and have higher disturbance
amplitudes.

3.2.2 Measurement Techniques

For space applications, in the qualification process of any reaction wheel assembly, the ex-
ported micro-vibrations to the satellite’s structure have to be estimated, in order to guarantee
that they satisfy the requirements stipulated for the space mission.

In practice, all on-ground qualification process of any reaction wheel is performed using a
state-of-the-art multi-component dynamometer, capable of measuring all exported forces
and torques. Nevertheless, due to the new possibilities provided by the internal measurement
capabilities of a fully active magnetic bearing, it is possible to estimate such vibrations by
employing current measurement data. This measurement technique is named current-to-
force.

Both micro-vibration measurement methods employed throughout this thesis are explained
hereafter. As a comparison, the required steps for calculating the generated vibrations using
a multi-component dynamometer or the current-to-force method are graphically shown in
figure 3.2.

For both cases, it is necessary to first multiply current or voltage measurements by a constant
to obtain the raw force measurements, then a geometric transformation is required to express
the measurements in a desired reference frame, and finally a Fourier transform is applied to
convert the signal into the frequency domain. If order domain is employed a resampling in
angle steps instead of time steps is required before computing the Fourier transform.
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(a) Frequency-Domain Waterfal Plot (Fy) (b) Order-Domain Waterfal Plot (Fyx)
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Figure 3.1 — Waterfall, worst-case and noise-vs-speed plots in frequency and order domains of micro-
vibration measurements of studied fully active magnetic bearing system using multi-component
dynamometer at CSEM.

Multi-component dynamometer

The state-of-the-art micro-vibration qualification equipment relies on the use of a piezoelectric-
based multi-component dynamometric platform, fixed over a seismic mass and isolators, as
shown in figure 3.3, representing the equipment available at the Swiss Centre for Electronics
and Microtechnology (CSEM) in Neuchatel, Switzerland, during the test campaign of the
studied fully active magnetic bearing reaction wheel demonstrator. This multi-component
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Current-to-Force
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Figure 3.2 — Schematic information flow to obtain the exported micro-vibrations of measured equip-
ment for the proposed current-to-force method and the multi-component dynamometer.

dynamometer consists of four pre-loaded three-axis piezoelectric sensors that measure the
strain resulting from the forces generated by the measured equipment. By a simple geometric
transformation of the measurements of the four sensors it is possible to reconstruct the total
force and torque generated during the experiment.

The measurement procedure is simple: during the operation of the motor, the charge output
from the load on the piezoelectric sensors is conditioned and amplified by a charge amplifier
and then sampled by an acquisition system, resulting in a series of measurements in the
time domain. The output voltage vy, of the charge amplifier is simply multiplied by the
configured sensitivity to obtain the measured forces f ; and geometrically combined to obtain
forces and torques with respect to the dynamometer’s centre or mounting plane f,. Then, any
analysis technique previously defined can be employed.

Current-to-Force for Magnetic Bearing Systems

This approach is based on the estimation of the electromagnetic forces applied to the rotor via
the measurement of the currents and the use of the bearings’ electromagnetic models. In some
cases, specially on electrodynamic bearings with slotless windings, whose principle is based
on Lorentz-force law, a linear relation can be considered between currents and forces, and
only a simple multiplication by a constant is required to estimate the applied bearing forces,
giving the possibility of having a real-time measurement of the micro-vibrations for control or
monitoring purposes. Reluctance-force magnetic bearing types could be also considered for
the proposed micro-vibration measurement method, but a more complex relation between
actuator’s currents, displacements and applied forces may be present.

For the studied system, as it is shown in [47], [101] and in chapter 7, the relation between
winding currents, i, and bearing forces, f, is linear, of the form f, = xrij, being xr the
bearing’s force constant that can be calculated analytically using the electromagnetic models
described in chapter 4.

Then, the measurement procedure is again simple: during the operation of the motor, the
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Figure 3.3 — Multi-component dynamometer mounted over isolation platform, consisting of a seismic
mass over pneumatic isolator, during micro-vibration characterisation of the studied fully active
magnetic bearing reaction wheel (MBRW) demonstrator.

currents i applied to the motor and bearing windings are logged using Celeroton’s CC-AMB-
500 power converter and controller, resulting in a series of measurements in the time domain.
The measured currents are transformed into forces f, by multiplying by the bearing force
constant x r and geometrically transformed to obtain forces and torques with respect to the
stator’s centre or mounting plane f,. As before, any analysis technique previously defined
can be employed.

This micro-vibration measurement technique is validated in chapter 7 and in [44] by com-
paring the current-to-force micro-vibration measurements with two multi-component dy-
namometers.

3.3 Complete Closed-Loop Magnetic Bearing Simulation Model

The developed closed-loop model of the magnetic bearing system is intended for studying not
only the stability of the system but also the general behaviour and identify possible sources of
instabilities and micro-vibrations. The followed approach corresponds to a general closed-
loop model, as shown in figure 3.4, where each block is modular, and different models of
each component can be considered in order to simplify or study more in detail the effect and
influence of each one of them.

The different implemented options for each component in figure 3.4 will be described here-

33



Chapter 3. Closed-Loop Magnetic Bearing Model and Micro-Vibration Characterisation
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Figure 3.4 - Block diagram of closed-loop simulation model for magnetic bearing systems.

after. For the definition of all the following equations, only the formulation using complex
coordinates will be shown due to its more compact and simple form, under the assumption
that the system has axial symmetry.

3.3.1 Rotordynamic Models

The dynamics of rotating bodies have been extensively studied in the past with multiple ap-
proaches and notations. In this work the approach and notation presented in [108] is followed
with some minor adaptations to avoid naming collision with other sections. Considering
a rigid body with mass m and moments of inertia I, I, and I referred to a non-inertial
reference frame S{0', x', ¥/, z'} fixed to the body, the equations of motion of the system sub-
ject to some general forces F = [Fy, Fy,FZ]T and torques T = [Ty, Ty, T,1" under an inertial
S{0, x, y, z} and non-inertial S{O’, x’, y', z} reference frames, respectively, can be described
using classical mechanics as follows

F, = m%, Ty =Quly+QyQaIy -1y,
Fy = mj, Ty =Qyly +QuQy Uy — L), (3.2)
F,=m3z, Ty=Quly+QuQyly—Iy),

known as Newton-Euler equations of motion. For the rotational dynamics the equations
are heavily non-linear and are rarely directly employed to study rotordynamics behaviour.
Generally, the axis of rotation is well defined and coincides with one of the axis of inertia of
the rotor (small unbalance assumption) and the displacements and velocities other than the
rotation about the main axis are small (small displacement assumption), which allows the
simplification and linearisation of the equations of motion as explained hereafter.

Furthermore, it is assumed that the rotor rotational speed Q is constant or its variation
is considerably slower than the radial and axial dynamics, allowing for the definition of the
rotordynamics model as a linear parameter-varying (LPV) model. Different levels of complexity
can be considered, depending on further simplifications in the model, for the study of the
dynamics of the rotor during operation. Three main models have been implemented and
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employed for the study of the magnetic bearing systems in this work:

* Jeffcott Rotor Model: point-mass model of the rotor where no gyroscopic effect is consid-
ered. Presenting only two degrees of freedom corresponding to the linear displacements
of the center of gravity [7], it is mainly employed for the design of the radial controller
for the proposed hybrid magnetic bearing system.

» Four Degrees-Of-Freedom Model: rigid model of the rotor with consideration of gyro-
scopic effect [108]. This model is employed for the radial controller design of the fully
active magnetic bearing system as well as the closed-loop analysis of all systems.

* Five Degrees-Of-Freedom Model: four degrees-of-freedom model augmented with axial
dynamics as point-mass model. This model considers uncoupled radial and axial
dynamics [108], but allows incorporating couplings in the remaining blocks of the
simulation model. This model is employed for the full system closed-loop analysis.

Independently of the level of simplification, the general linearised equations of motion of the
rotating body, considering a given set of generalised coordinates q(¢), result in

My (6) + (Dg + G4(Q) (1) + (Kq + Hy(Q) q(1) = f(1), (3.3)

being M, the mass matrix, D, the passive damping matrix, G4(€2) the gyroscopic matrix, K,
the passive stiffness matrix, Hy(Q) the circulatory matrix, and f a generalised force vector.
The exact form of the matrices are detailed hereafter for the different studied models.

Motor control and dynamics are not considered in the closed-loop simulation and analysis,
and thus the rotational speed of the rotor Q is externally imposed.

Jeffcott Rotor Model

As detailed in [108], the simplest model of a rotor spinning at constant angular speed Q is the
consideration of a rotating point mass attached to a massless shaft suspended by some axially
symmetric compliant supports or bearings with stiffness k and damping d, as graphically
represented in figure 3.5.a. Defining the generalised coordinates as the radial displacements
of the rotor in complex coordinates, i.e. q(t) = r.(t) = x.(t) + jy.(?), being j the imaginary
unit, x. and y. the positions of the rotor’s centre C, the equations of motion of such a system
can be expressed as in (3.3), being the system matrices (single elements in this case)

with m the mass of the rotor, d,, and d;, the non-rotating and rotating damping of shaft and
bearings, k the stiffness of shaft and bearings, and f the generalised (external) forces acting
on the rotor.
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(a) Jeffcott rotor model (b) Four and Five Degrees-of-Freedom model
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Figure 3.5 — Schematic representation of main rotordynamics models: (a) Jeffcott rotor and (b) four/five
degrees-of-freedom models, consisting of a point-mass (left) or rigid body (right) rotor over compliant
bearings with passive stiffness and damping, and position sensors.

As it commonly happens in practice, if the rotor is not perfectly balanced, the centre of gravity
or location of the point mass, P, is located at a distance € from the geometric centre, C, the
rotor will be subject to unbalance forces f;, dependent on the rotation speed. If the rotor shaft
is not perfectly straight and features a bow of magnitude a, the rotor will be subject to some
synchronous disturbances f,;. Furthermore, when considering active bearings, apart from the
passive stiffness and damping, some active forces f}, can be applied to the rotor, resulting in
generalised forces f of the form

FO = fiol) + fuD) + fal8) + fg(0) = fi(0) + Vgel M + Vel + mg(1) =

N . . (3.5)

= fp(t) + (meQze]“) el 4 (kaef““) e/ 4 mg(1),
being V; and V,; the unbalance and shaft bow matrices, a the angle with respect to the x-axis
of the line C — P in the XY plane, a, the phase angle of the shaft bow with respect to the x-axis,
f¢ the gravitational forces, and g the acceleration of gravity in complex coordinates.

The compact formulation of the equations of motion in complex coordinates reduces the
number of solutions by two and allows identifying the direction (forward or backward) of the
rotordynamic modes by the sign of the poles and solutions of the equation.

Four Degrees-of-Freedom Model

In order to study the behaviour of the rotor and identify some phenomena that depends on
the rotor speed, the Jeffcott rotor cannot be employed. Instead of a point mass, the rotor can
be considered as a rigid body of mass m with non-vanishing moments of inertia, being I, and
I; its polar and transverse moments of inertia. As developed in [108], when considering again
compliant bearings with damping behaviour, as graphically represented in figure 3.5.b, it is
possible to define the equations of motion as in (3.3) by defining the generalised coordinate
vector as g = [r¢,¢.] T, being composed of the radial displacements of the geometric centre in
complex coordinates r, = x. + jy. as well as the tilting of the rigid body about X and Y axes,
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also in complex coordinates, ¢, = ¢, — j¢,. The resulting system matrices are defined as

0 d d d d 0 O
Mq _ m ’ Dq — nll nl2 + ril ri2 , Gq - —jQ ’
0 I dpiz dp22 dri2 dr 0 I, 56
kn k dr d '
K, = n ke Hy=- m dnz|
kio  ka» dri2 dr

being subscripts 11,12, 22 referred to linear r, angular ¢ or crossed elements r¢ of the matrices
respectively. A comprehensive derivation of the previous equations can be found in [108].

Due to the consideration of a rigid rotor, the stiffness and damping coefficients consider only
the bearings’ passive behaviour, such as the attraction of the permanent magnet to the back
iron appearing as stiffness, and the dissipation of energy due to induced eddy currents in
bearing coils as damping.

In this case, an unbalanced rotor would result in forces f, not only in an eccentricity € but
also in a tilt y between the main axis of inertia and the symmetry axis of the rotor. Additionally,
when the shaft of the rotor is not perfectly straight, its arc or bow a and angular misalignment
X« will also result in additional excitation forces and torques f,. Including also the active
bearing forces and torques f;, and gravitational forces f, the generalised force vector f
results in

FO=Fr+F 0+ F D+ fg(0) =0+ Vel ¥ + Vel ¥ + f (1) =

fb,r(t)
Jo,(0)

meel® aela (3.7)

xUr—Ip)elP

mg(t)
0

_ 2 e]Qt+K e]Qt

+

’

Yaeibe

being V; and Vq’ the unbalance and shaft bow matrices, {a, f} and {@,, B,} the polar angles
at which the unbalance and bow forces/torques appear, and K the stiffness matrix defined
in (3.6). It can be seen that the forces due to the shaft bow are equivalent to an harmonic
excitation with constant amplitude, whereas the unbalance ones are proportional to the
square of the speed. The force due to rotor eccentricity is generally known as static unbalance
and the torque generated by the tilt of main axis of inertia couple unbalance.

Such a model is used for the design of the radial position controller of the fully active magnetic
bearing system and to study the behaviour of the closed loop system.

Five Degrees-of-Freedom Model

For a complete description of the rotor’s behaviour, it is needed to also consider the axial
dynamics, which is not possible with the four degrees-of-freedom model. In many situations,
due to the small displacement assumption and having a mainly straight rotor, it is possible to
decouple the radial dynamics from the torsional and axial dynamics of the rotor and study
them independently, as it has been considered in the previous models. While this mainly still
holds true for the studied configurations, some components of the closed-loop system can
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feature cross-couplings between radial and axial dynamics, such as the geometric configura-
tion of the eddy current axial displacement sensor or asymmetries in bearing windings. For
this reason, the four degrees-of-freedom model previously presented is extended with the
consideration of axial dynamics as a point-mass system.

Augmenting the generalised coordinate vector with the axial position of the geometric centre
as q=I[re ¢, zC]T, the equations of motion of such a system are defined in (3.3) with matrices

m 0|0 dn11  dni2 | dms dri1 dri2 | dri3
Mg=| 0 I;| 0 |, Dg=| dn2 dn2 |dns |+ | dri2 dra2 | dros |,
0 0 dms  dn2s ‘ dn33 drs dros ‘ dr33
0 010 ki ki | ki3 dri1 dri2 | dris
Go=-jo| 0 1,10 |, Ko=| kio koo | kos |, Hy=-jQ| driz dras | dpas |,
0 010 ks kos | ks dris  dros | dyss
(3.8)

being the subscript 3 referred to the axial behaviour. This formulation enables the possibility
of studying the closed-system behaviour with couplings between radial and axial dynamics.
These couplings can be due to non-zero stiffness or damping elements in positions 13 and 23,
or due to some other components such as position sensors or bearing models with couplings
between radial and axial directions, e.g. radial tilting that generates an axial displacement or a
radial bearing generating axial forces.

3.3.2 Bearing Models

The detailed electromechanical models of the studied magnetic bearings are presented in
chapter 4. Nevertheless, such a level of detail is not necessary for the study of the closed-loop
behaviour of the magnetic bearing system during operation.

For this reason, the main characteristics of the magnetic bearings obtained through the
analytical model are extracted and employed in the simulation model. Such parameters
are, for instance, the relation between input current and force (force constant) x r for active
magnetic bearings, cross couplings between radial and axial bearings and forces, and some
possible dependency of this factor with the torsional angle of the rotor xz(¢,), as it can be
seen in the experimental measurements detailed in chapter 7. Apart from the electromagnetic
characteristics of the bearings, a geometric transformation is required to convert the generated
forces at the bearing planes to the forces and torques at centre of mass reference frame. To
summarise, the implemented models of the magnetic bearing actuators are:

¢ Ideal bearings: simplest model consisting of a diagonal bearing force constants. Model
employed for controller design and frequency-based analysis, bearings independent
design of axial and radial controllers.
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* Non-ideal actuators with radial-axial cross-couplings: model considering linearised
transformation but with cross-couplings between radial and axial bearings and forces.

* Non-ideal bearings with angle-dependent force constants: model considering again
either linearised or trigonometric transformations with bearing forces dependent on
rotor torsional angle ¢, = Qt. The considered dependency is harmonic, with either first
and/or second harmonics of the rotational speed.

Considering the bearing currents also in complex coordinates u.. () = [i""¢(1), i""° (1), i*" ()],
where the superscripts r and a denote the current referred to radial or axial bearing, and he
and ho to heteropolar and homopolar sides, respectively, the general model of the actuators
can be defined as follows

1 1 |0 ivhe(p)
Fo=Ugu@=| " —17" 0 | ke | i"@) |, (3.9)
0 0o |1 ivho(p)
being U, the bearing active force matrix, Z’he and [ Z’ha the axial distance between the bear-

ing planes and the centre of mass, K (¢p,/) the linear or non-linear bearing force constants,
and u the input currents to the magnetic bearings. The three-phase currents of the radial
bearing windings are expressed here in a field-oriented manner, by employing an amplitude-
invariant Park transformation, as commonly done for rotational machinery [101] and defined
in equation (2.1). In complex coordinates, i"he and i""° will then be composed of the DQ
components i = ig + jig.

Ideal Bearings

Considering the ideal actuators, the geometric transformation matrix R and the bearing force
factor matrix x r are independent of the rotor angle ¢, and are defined as

S I
kp=| 0 x| o |, (3.10)
0 0 |t
r,he _ rho a,ho . . .
where x;"", k7" and k""" the force constants of each magnetic bearing, namely, radial

heteropolar, radial homopolar, and axial homopolar as described in chapter 2. The same
nomenclature employed in the electromagnetic bearing models and design is employed here.

Non-Ideal Bearings (Cross-Couplings and Angle-Dependency)

For the case of studying bearing cross-couplings, the bearing force matrix x r remains inde-
pendent of the rotor angle ¢/, but features now some non-zero elements outside the diagonal.
The off-diagonal elements of x  can be either analytically or experimentally estimated.
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For the most general case with also angle-dependency, some harmonic disturbances depen-
dent on ¢, will be present. The amplitude of such harmonic disturbances can be analytically
estimated when considering some winding asymmetries or by fitting a sinusoidal from the ex-
perimental measurements shown in chapter 7. The sinusoidal modulation can be performed
not only on the diagonal elements of matrix x r but also on the off-diagonal ones, as it is shown
to happen in experimental measurements.

These models are employed for studying the impact of non-ideal characteristics of the bearings
in the closed-loop behaviour. Due to the non-linear aspects of such studies, it is mainly
exclusive to the time-based analysis of the system.

3.3.3 Position Sensor Models

The position sensors in the model will transform the state of the rotor, expressed under its
centre of mass reference frame, to the radial displacements at the sensor planes located at
the two axial extremes of the shaft, as schematically shown in figure 2.3, and to the axial
displacement measured at the face of the inertia disk.

As in the previous case, several options have been implemented and are available for controller
design and closed-loop analysis. These options can be summarised, similarly to the bearing
models, as:

e Ideal sensors: simplest model consisting of a linearised geometric transformation with
ideal uncoupled sensors. This model is employed for controller design and frequency-
based analysis, allowing independent design of axial and radial controllers.

* Non-linear sensors with radial-axial cross-couplings: similar to previous model, but
considering transformation dependent on trigonometric functions. Model employed
for closed-loop time-based analysis.

Ideal Sensors

Assuming small maximum values of ¢, due to the small available clearance between rotor and
emergency bearings, it is possible to obtain a linearised transformation of rotor states g and
displacements at sensor planes y, in complex coordinates, resulting in

1 17" o ro(t)
y=Weq)=| 1 =1 |0 || ¢ct) |, (3.11)
o 0 |1 z¢(0)

Jnhe 171° the axial position of the radial position sensor planes.

being and
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Non-Linear Sensors with Cross-Couplings

Dropping the small-angle assumption, a more precise geometric transformation can be de-
la,ho

s, eg.
at point [—ls“’h °.0,0], some couplings will result from the non-centred location of the axial

fined. Considering that the axial eddy-current sensor is located at a radial distance

sensor and from combination of tilting and displacements, being more precisely

re(t) + lsr‘he—zc(t))tan((/)c(t))
y= re(t) - l§'h°+zc(t))tan(¢c(t)) . (3.12)
ze(D) + (§R(rc(t)) + lf”“’) tanR (pe (1))

Depending on the radial direction in which the axial sensor is located, either R(r.), R(¢.)
or 3(r¢), S(¢pc), or a combination of both will appear in (3.12), being $® and S the real and
imaginary parts of the variables.

3.3.4 Position Control

The most general configuration of the position control is graphically shown in figure 3.6, which
features a controller R, estimator Ly, and a generalised notch filter Ny for harmonic or
unbalance force rejection.

Different alternatives exist for stabilising a magnetically levitated rotor [30]. For the proposed
model two main control techniques are considered depending on the application:

1. PID or PD Controller: the simplest controller structure that can be implemented is
a decentralised and diagonal proportional-derivative (PD) or proportional-integral-
derivative (PID) controller R)..

2. State Feedback Controller: if an accurate model of the dynamic system to control is
available, it is possible to include such model in the design of a controller R,. and
observer Ly, in order to have some desired closed-loop performance through a pole-
placement technique, or by solving the linear-quadratic-gaussian (LQG) problem for
optimal control. This technique corresponds to a centralised and coupled control of the
rotor.

In order to be included in the closed-loop model, the previous controllers are defined in a
state-space formulation hereafter. Also, the generalised notch filter is independent from the
employed position control technique and it is included to suppress synchronous vibrations
resulting from rotor unbalance or other possible sources. Its structure is also briefly introduced
here, and detailed in chapter 6.
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Position Control

Xref €pc Upc
PN Rpc 7
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! Q
Yn
= Lpc N
X
y y

Figure 3.6 - Block diagram of position controller.

PID Controller

Considering a parallel structure of a PID with proportional k,, integral k; and derivative k,
gains, and a decentralised and decoupled configuration if a multiple-input and multiple-
output (MIMO) system is considered, the resulting transfer function matrix (TFM) of the

controller is
Wags

k;
Lpe()=0,  Rpe(s) =kpIl+—I+kg I, (3.13)
S

S+ wq

where I and O are identity and zero matrices, respectively, no state estimator Ly, is required,
as the PID directly takes the error signal e, as input, and a first-order derivative filter with cut-
off frequency w, is considered instead of the non-causal ideal derivative s. The state-space
representation of such a PID controller can then be defined in continuous-time by considering
a state-space vector xp that accounts for the derivative and integral states, resulting in

(0] 0 1
Xgr(t) = Apxg(t) + Brep (1) = xp(1)+ epc(l),
Ryc = O -wgl -wgl (3.14)

upc(t) = CRxg(t) + Drepc(t) = | kil  kqwgl | Xp(1) + (kp + kqwg) ey (1),
Furthermore, for the implementation on a digital controller it is necessary to perform the

discretisation of expression (3.14), which can be done considering a first-order Euler discreti-
sation with sampling period T, obtaining

xplk+1] = Agpxglk] + Brepclkl = (I+ TsAg)xglk] + TsBre,clkl,

R,.=
pc ~ -
upclkl = Crxplkl + Drepclk] = Crxplk]l + Drep (k.

(3.15)
State Feedback Controller

Combining the rotordynamics, sensor and bearing models defined in the previous sections, it
is possible to define the dynamic system to be controlled P, in continuous-time state-space
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representation as follows

Y N=A t B 1),
P, xp(t) = Apxp(t) + Bpu(t) (3.16)
y() =Cpxp(1),

where the state-space vector xp = [qT, z']T]T considers the generalised coordinates and their
derivative defined in the rotordynamics model. Note that for the controller design, linear and

ideal bearing and sensor models as per (3.10) and (3.11) are considered.

As before, for the implementation of the controller into a digital processor it is necessary
to perform the design process in discrete-time. For this reason, the dynamic system Py is
discretised using a first-order Euler discretisation with sampling period T, resulting in

_ xplk+1] = Apxplk] + Bpulkl = (I + TsAp)xplk] + TsBpulkl,
b, = ~ (3.17)
ylkl = Cpxplk]l = Cpxp[k].

It is then possible to define a controller Ry and observer L), to stabilise the closed-loop
system. The state estimator or observer is required in this case as no direct measurement
of the system states, notably velocities § and thus it needs to be estimated from the sensor
measurements y.

. s AT 2T R .
The system states can then be estimated & = [qT, q 1" considering the system dynamics
(3.17), controller output signal u,., measured signal ¥, and an observer gain matrix Lsr, such
that the error between measured and estimated measured signal y — y is minimised, resulting
in

upc[k] upc[k]

ylkl

- Rlk+1]1= A%kl + B;,
ch = J’[k]

£kl = C &[k) = IR[K].

= (AP —Lspép)f[k] + [Bp LSF]

(3.18)
Then the actuation signal u,. can be computed by considering a full-state feedback control
with gain matrix Ksr such that u,, = Ksp(x,ef — X). Additionally, an integral state can be
included in order to counteract constant disturbances such as gravity, and thus controller
gain matrix can be partitioned into Ksr = [K;, Kj, K41, with integral K;, proportional K, and
derivative K; gain matrices, which results in a dynamic system with the following discrete-time
state-space representation

_ xgplk+1] = Agxglk] + Brepclkl = Ixg([k] + [TSI o] epclkl,

Rpc = (3.19)

pclK] = CrR(K] + Drepelk] = Kixnlkl + K, Kq| epelk]

Note that here again, a first-order Euler discretisation is employed to perform the integration
of the position error ¢q,, ¢ — §. Furthermore, if no integral state is considered in the controller,

43



Chapter 3. Closed-Loop Magnetic Bearing Model and Micro-Vibration Characterisation

Ry is reduced to Ag = Bg = Cg = O and simply Dg = [Kj,, Kg].

Then, the selection of observer and controller gain matrices Lsr and Ksr will depend on the
chosen design approach, such as pole-placement to obtain desired closed-loop dynamics or
by solving the linear-quadratic-gaussian (LQG) problem for optimal control [30].

Generalised Notch Filter

Lastly, a generalised notch filter for harmonic disturbance suppression is also considered.
The implemented approach takes the estimation of the bearing forces as input, which are
in this case the currents u,, to generate an harmonic signal that will remove the harmonic
part of the measurements y and thus avoiding reacting to the unbalance or other excitation
at the rotation frequency and higher harmonics. This is achieved for the /-th harmonic by
considering the following state-space dynamic system

jloar o
0o —jlQI

aljr
xyi(O)+ce—| 7.

XN (1) = Anixni(8) + Byjupc (1) = Ql

] upc(1),
(3.20)

1
i) = Cuixa (@) = S [1 1) i),

being I an identity matrix, O a zero matrix, ¢, the convergence rate of the filter, which also
defines its bandwidth, and combining forall / € {1,2,..., n,} harmonics that will be suppressed

results in
ANy - 0 Bni
Xn (1) = ANxn(E) + Byupc() = | - : xn(f)+ : Upc(1),
Ny = (3.21)
(@) ANnh BNnh
Yyn@) =Cnxn()=|Cn1 -+ Cnp,|XN-

A more detailed description of the proposed generalised notch filter is performed in chapter 6.

3.3.5 Current Control

As shown in figure 3.4, the magnetic bearing system features a cascaded control loop of
position and currents. Due to the much faster dynamics of the electrical system (current
control) with respect to the mechanical system (position control) it is possible to consider for
the position controller design that the currents circulating through the bearing windings are
exactly the output of the controller.

A detailed description of the dynamics of the electrical system and the design of the current
controller R, is performed in [103]. Its execution on the real system is performed on a field-
programmable gate array (FPGA), allowing a parallel and fast execution of the controller
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at 800kHz. The design of the current controller is performed to guarantee a closed-loop
bandwidth of >10kHz in order to minimise its impact on the position control that will be
executed at 20 kHz.

Under these conditions, it is considered for the complete closed-loop system model that the
electrical system behaves like a low-pass filter with cutoff frequency, wy,,, equal to the current
control bandwidth, and a delay, 7., equal to the execution time of the controller in the FPGA.
The exact model of the controlled currents is then obtained as a transfer unction of the form

1
Ree(§) = ———.
cels) = e
Wpw

(3.22)

3.4 Stability Analysis

The previous rotor, bearings, sensor and controller dynamic equations are combined in a
simulation model implemented using MATLAB. This simulation environment is capable of
performing the controller design and analyse the closed-loop behaviour of the system. Two
types of studies are available:

1. Frequency-based analysis: study of the closed-loop stability and performance in the
frequency domain, representative for the steady-state behaviour of the linear/linearised
system.

2. Time-based analysis: study of the closed-loop behaviour in the time domain, capable
of assessing the stability and performance of the system including non-linearities and
transient responses.

For both types of analysis, each component is transformed into a state-space representation
of its dynamics, and each block connected to each other as graphically shown in figure 3.4. If
the considered models are linear, both analysis should provide similar results, but the time
domain study enables the possibility of considering non linearities in the system and thus
making it more versatile.

In both cases, torsional dynamics are not considered, and thus the rotating speed is imposed
externally. In order to study the behaviour and stability of the rotating system, the simulation
is run for several speed steps until the whole speed range of the motor is covered.

3.4.1 Frequency-Based Analysis

A multiple-input multiple-output (MIMO) analysis technique is required for the study of
the dynamics. The analysis in the frequency domain provides a description of the stability
and behaviour of the closed-loop system in steady state and is the common approach used
for control design. As previously mentioned, the use of complex coordinates for the radial
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(a) Closed-Loop Poles
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Figure 3.7 — Example of frequency-based analysis results: closed-loop poles, Campbell and decay-rate
plots.

rotordynamics is preferred to facilitate the identification and differentiation of the different
whirling modes. All analyses shown hereafter are valid under the assumption of constant or
relatively slow varying rotational speed Q.

The main tools employed for the frequency-based analysis are the following:

¢ Closed-loop poles: it is possible to study the stability and main behaviour of the system
by analysing its closed-loop poles for the whole speed range. This analysis is commonly
done in the form of a pole-zero map, figure 3.7.a, as well as a Campbell diagram, figure
3.7.b, combined with a decay-rate plot, figure 3.7.c. As it can be seen in the example
figures, both represent the same results but arranged in a different manner, and thus
the Campbell-decay-rate plots allow clearly identifying the dependency of the different
whirling modes’ natural frequency and decay rates on the rotating speed Q.

By employing complex coordinates the different whirling modes are clearly differen-
tiated by an opposite natural frequency: forward whirling modes are identified by a
positive sign of the natural frequency, whereas the backward whirling modes have neg-
ative frequency, implying the same or opposite rotating direction with respect to Q,
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(a) Unbalance Response (7.) (b) Unbalance Response (¢.)
15 T T T 4 T T T
E
1.2 N
g 3 |
g >
£ 09} 1%
8 =
25 0.6 - a =
a &
= 1 s
5031 J .
e~z
0 I | [ 0 | | | | |
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Rotational speed (krpm) Rotational speed (krpm)
(c) Exported Vibrations (f;) (d) Exported Vibrations (f)
80 T T T 5 T T T
=4l ]
= 60 1 E
g 23] .
1S o
a0l 1 8
2 =
E T2f |
2 5
@20 4 =
0 | | | | 0 | | | | |
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Rotational speed (krpm) Rotational speed (krpm)

Figure 3.8 — Example of frequency-based analysis results: unbalance response and exported vibrations.

respectively.

In figure 3.7, it is shown as an example, the results of a fully passive and stable system,
with positive values of stiffness, k and non-rotating damping, d,, that could represent a
ball bearing motor. This system is considered for its simplicity to show the possibilities
of the developed modelling and design tools.

* Steady-state harmonic disturbance response: when considering a set of harmonic dis-
turbances as described in equation (3.7) it is possible to simulate the response of the
system in the frequency domain. The main results of such an analysis would be the
displacements of the system, generally at the sensor planes to verify that the mechanical
clearings in the stator are sufficient to avoid any crash, or the generated vibrations.

In figures 3.8.a and 3.8.b, the unbalance response of the same simple fully passive system
is shown. It can be seen that at the speed where one of the whirling modes in figure 3.7.b
crosses the rotation frequency a critical speed is present, with big displacements and
forces. This is due to the fact that the unbalance excitation is an harmonic disturbance
with frequency equal to the rotation as shown in expression (3.7).

* Steady-state exported micro-vibrations: performing the same calculations as for the
harmonic disturbance response, but considering the forces appearing between rotor
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and stator, such as stiffness and damping passive forces, as well as active bearing forces,
it is possible to calculate the level of vibrations that the machine will generate during
operation.

As before, the same passive system is considered, and in figures 3.8.c and 3.8.d the
exported forces and torques per speed, respectively, are shown. With this type of analysis
it is possible to verify not only if the system is unstable, but also if some allowable limits
in displacements or generated forces are satisfied or not.

3.4.2 Time-Based Analysis

In this case, any desired combination of rotordynamic, sensor and bearing models with
position and current controller are employed in the time domain to study the evolution of the
closed-loop system. All dynamic equations are numerically integrated employing a fourth-
order Runge-Kutta method to obtain the evolution of the system with time and investigate
its stability and general behaviour. As previously mentioned, this approach allows for the
consideration of non-linearities in the models for a more precise study of the system.

Furthermore, due to the resulting signals in the time domain, similar analysis techniques to
the ones employed in experimental vibration measurements of rotating machinery can be
employed, such as waterfall or worst-case plots, and thus obtain a more clear comparison
between real and simulated systems.

The time-domain simulation is implemented by considering an initial system state, x, con-
stant rotor speed, Q, and evaluating system state at every controller period (20kHz) and
numerically integrating the system dynamics between sample times, f; and #;_;, until a max-
imum time is reached. This process is repeated for different speeds until the whole speed
range of the wheel is studied.

Then, to complete the stability and performance studies of the closed-loop system, the follow-
ing time-based analysis tools are used:

* Harmonic disturbance response: obtained by considering as input the generalised force
amplitude and direction specified in the rotordynamics models for each speed, as
defined in expression (3.7), and showing the amplitude of the maximum rotor displace-
ments and tilts.

If the considered system model is linear, and the final simulation time is long enough to
reach steady-state, as it is the case for the simple passive system considered as example,
the results obtained here are equivalent to the ones shown in figures 3.8.a and 3.8.b.

* Exported micro-vibrations: obtained by considering the forces appearing between rotor
and stator of the closed-loop system under harmonic disturbance excitation, namely:
bearing passive stiffness and damping, and active bearing forces.
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On the one hand, it can be considered, as before, the maximum value of the forces and
torques generated at each speed, which would result in an equivalent result to the one
obtained using frequency-based analysis in figures 3.8.c and 3.8.d.

On the other hand, as it will be shown in chapter 7 for the validation of the closed-
loop model, due to the availability of a time series of a force and torque signal for the
whole speed range, as generally happening in an experimental vibration measurement
campaign, the same tools employed for analysing machine vibrations [10], [11] can be
employed. These tools have been detailed in section 3.2, and correspond to waterfall,
worst-case and noise-vs-speed plots, which rely on the calculation of a fast Fourier
transform (FFT) of the signal for each speed to convert it to the frequency or order
domain.

Due to the possibility of directly comparing experimental measurements with simulation
results in the time domain, these analysis tools will be employed for the validation of the
simulation model for the studied fully active magnetic bearing system in chapter 7. The
vibration measurements obtained from a multi-component dynamometer and the rotor orbits
measured with the internal displacement sensors will be compared to the simulation results
for validation.

3.5 Conclusions

In this chapter a complete closed-loop simulation model of a magnetic bearing system capable
of analysing the stability, performance and generated vibrations during operation of the system
is presented. Furthermore, an overview of the micro-vibration sources for magnetic bearing
system is performed, and a set of micro-vibration measurement techniques are introduced.

The main contributions of this chapter are:

* The main vibration sources of magnetically levitated systems have been identified and
described. The quantification of the sources is performed for Celeroton’s magnetic
bearing system in chapter 7.

* A novel micro-vibration measurement approach for active magnetic bearing systems is
presented. Its validation is described in chapter 7.

* A modular closed-loop simulation model is developed and presented. The modularity
relies on the possibility of incorporating more detailed or ideal models for elements
such as rotordynamics, bearing, sensors or controller models.

* A comprehensive analysis toolbox is developed in MATLAB and its main characteristics
are described. This toolbox is employed for position, current controllers and unbalance
control design, and its use is shown in chapters 5 and 6.
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Magnetic Bearing and Motor Electro-
magnetic Modelling

In order to be able to accurately design and optimise the desired actuators, it is necessary to
have a detailed model of the components. In this chapter, all the required electromagnetic
models of the different studied actuators such as active or passive magnetic bearings and
motor will be presented and developed.

Firstly, in section 4.1, the electromagnetic models of the active slotless magnetic bearings
and motor is detailed, enabling the possibility of calculating the main characteristics of the
actuators, such as force or torque constants, winding resistance for Joule loss estimation, as
well as the force disturbances for some cases. Secondly, in section 4.2, the electromagnetic
models of several iron-less passive magnetic bearing structures are developed, providing a
force, torque and passive stiffness calculation for characterising the bearings. Lastly, in section
4.3, the numerical validation of some core elements of the defined models is performed by
comparing it to a reference finite element model of each studied configuration.

A preliminary version of the active magnetic bearing models is presented in [46] for skewed
and axial windings, and has been completed in [47] for rhombic and hexagonal windings. Also,
the passive magnetic bearing models have been introduced in [48]. The remaining validation
of the models is experimentally performed and detailed in chapter 7.

4.1 Active Magnetic Bearing and Motor Force and Torque Models

The electromagnetic force and torque applied in a electric machine can be calculated by
integrating the electromagnetic force dF and torque dT density over the stator volume V and
back iron inner surface S, where the force density can be divided according to its origin

F:ff dF:ff (dFlor+dFrel):ff ]><BdV+fﬂ*-ndS, (4.1a)
14 14 v S

T:ffoXdF:fffvx(dF10r+dFrel), (4.1b)
14 14
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being dF;,, the Lorentz force generated in the stator winding, dF,.; the reluctance force
generated by the armature flux in the back iron in the machine due to a change in magnetic
permeability, J the current density vector, B the magnetic flux density vector, 9~ the Maxwell
stress tensor, and n normal surface vector of the back iron over which J is integrated.

In order to obtain the expression of the force and torque as a function of the controlled
currents, the following steps need to be undertaken:

1. Definition of the magnetic flux density distribution, B, for each configuration: homopo-
lar and heteropolar sides with and without back iron.

2. Definition of the current density distribution, J, in the winding volumes for each em-
ployed winding type: skewed, rhombic, hexagonal and axial.

3. Perform integration of Lorentz force, F;,,, and torque, T,,, over the whole winding
volume.

4. If the configuration features back iron, calculate the amplification factor due to the
reluctance forces, F;,;.

All these steps are detailed hereafter.

4.1.1 Magnetic Flux Density Distribution

The accuracy and computational time required to evaluate the electromechanical models of
every actuator will greatly depend on the employed magnetic flux density model, and thus
it is crucial to select the appropriate one depending on the needs. Furthermore, as there are
two sides with different arrangement of the magnets, heteropolar and homopolar, and each of
them can feature or not soft magnetic materials (back iron), the field models will have to be
specific for each of the cases, so no general model will be possible.

In this section, an overview of some of the possible magnetic flux density models will be
performed for each of the cases: heteropolar and homopolar sides with and without back iron.
The procedure shown here below should not be considered an exhaustive overview of possible
modelling alternatives. A more detailed overview can be found in [109].

For all the configurations, only the magnetostatic case is studied due to the following assump-
tions:

1. All materials are linear, i.e. B = o, H, being iy the magnetic permeability in vacuum,
and p, the relative permeability of the material.

2. The only source of magnetic field is the permanent magnet, which is considered to be a
hard ferromagnet with magnetisation My, i.e. B = pou, H + pio My.
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(a) Homopolar Side (b) Heteropolar Side
z

(0]

Figure 4.1 — Schematic cross-sectional representation of homopolar and heteropolar sides with back
iron and its associated reference frames. For heteropolar side the cross-section is shown for ¢ = 0.

3. All materials are non-conductive (no eddy currents).

4. Any dependency in time of the field is neglected (static conditions).

The magnetic field generated by the winding current and its interaction with the back iron will
be considered in section 4.1.4.

Due to the assumption of absence of current sources for the definition of the field in the
machine’s air-gap, the easiest approach is the consideration of the total scalar potential
@y, such that H = —V®),, for solving magnetostatic Maxwell’s equations [110], resulting in
Poisson’s and Laplace’s equations inside and outside the permanent magnet, respectively:

) ly. M, inside magnet,
ADp =VDy = Hr . 4.2)
0, outside magnet.

Depending on the imposed boundary conditions and the performed assumptions, the dif-
ferent cases for each configuration can be considered. For the studied fully active magnetic
bearing system, as described in chapters 2 and 5, four different configurations need to be
analysed: homopolar side (two facing axially-mangetised permanent magnets) without and
with back iron in stator, and heteropolar side (single diametrically-magnetised permanent
magnet) without and with back iron. These configurations are studied more in detail hereafter.

Homopolar side without back iron

This configuration is modelled as two facing axially-magnetised permanent magnets of cylin-
drical shape with remanent flux density B; ., radius Rh" and length L 9, surrounded by air. It
can then be assumed that no boundaries are present, and thus the free space Green’s function
can be employed for defining the field around the magnet [110]:

* 2D axisymmetric flux density with elliptic integrals: The potential at position r = (1, ¢, z)
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is defined as the integral over the magnet volume V),

R | v’ MO .
M) = y I"I (4.3)

which is also known as the Coulomb model of a permanent magnet [111]. This integral
can then be transformed into the magnetic flux density B using the definition of the
magnetic potential in vacuum B = — 4, V® s and reformulating it by using elliptic inte-
grals for a fast implementation without any loss in accuracy [112], as already validated
in [47] and in section 4.3.

Following the procedure performed in [112], with some small modifications for a more
homogeneous notation with the passive bearing models by considering r; = {ry, r2} =
{0, Rha } and zp = {z1,22} = {- Lho /12, Lh" /2}, the magnetic flux density distribution
generated by a single magnet can be reformulated using elliptic integrals and some
auxiliary parameters, resulting in

B (r,2) = ii pitk L [(1 - )K( )+ ——E(mjp)|, (4.42)
(r,z - m +— m 4a
ri st Ok mik jk mjk jk

2 2 ri (z+zp)A+¢€5)
Bi’;’(r,z) ZZ itk L 2 T2 (ROmy) - ¢TI, my)],  (4.4b)

Ojk (r+r])n]

being the auxiliary parameters o ji, ¢ j, m;jr and n; defined as

r—rj arr;
2 J
r+r;j (r+rj)
(4.5)
arr;

Ojk= \/(z+zk)2+(r+rj)2, mir = (z+zk)2+(r+rj)2'
Note that for this case no summation in j is necessary and can be omitted here, but it
allows the possibility of considering hollow cylindrical permanent magnets by using r; =
{ri,ro} = {Rp i’ R,P,l,om} These functions are a combination of complete elliptic integrals
of the first, K, second, E, and third kind II, as mathematically defined in appendix A.
Due to the axial symmetry of the domain, the azimuthal component vanishes B’(;" =0

and no dependency on ¢ is present.

Finally, the total magnetic flux density generated by the pair of facing axially-magnetised
permanent magnets that compose the homopolar side of the machine can be calculated
by using the superposition principle and considering the axial half distance between
both magnets z, resulting in the expression, in cylindrical coordinates,

BM™(r,z+z0) + B (1,20 - 2)
B"(r,z) = 0 . (4.6)
BZ."(r, zZ+2p) — B?l.o(r, 20— 2)
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Heteropolar side without back iron

This configuration can be modelled as one diametrically-magnetised permanent magnet of
cylindrical shape with remanent flux density B¢, radius Rhe and length Lhe surrounded by
air. The same approach defined for the homopolar side w1th0ut back iron can be applied here:

* 3D flux density with elliptic integrals: by simply changing the magnetisation direction
of the permanent magnet in (4.3), it is also possible to reformulate the expression in
terms of elliptic integrals, as performed in [112], being its applicability for force/torque
models validated in [47].

The expression of the magnetic flux density distribution, employing the same ap-
proach defined in [112], being in this case r; = {r;, 2} = {0, Rhe ¢t and zx = {z1,22} =
{- Lhe /2, Lhe /2} and auxiliary parameters from (4.5), results in

rj 2
B}(r,¢,2) = coscpz Z( 1)/+k ! (Z+Zk) (——i—l)K(m]k)
j=lk=1 Mmijr  nj w7
7a
2 §j+&5
- —E(m,k)+ H(n],m]k)
Mjk nj
he Brem i+k Ti 1 f?
B, (r,¢,2) = s1n(pz Z( DI L (z+z) || — + =L | K(mjp) -
v e o e (4.7b)

3
1 .
~ —E(mjp) - —L1(nj, mji) |,
mjk ”j

Bl(r,p,2) =

COS(pZ Z( 1)]+k r. [(
U]k

2 2
—)K(mjk)‘*'m—_kE(m]'k)]. (4.7¢)
j=lk=1 ]

Mg

It has been considered, for simplicity, that the magnetisation direction is along the X-
axis. Note again that no summation in j is necessary for this case and it can be omitted,
but it allows the possibility of considering hollow cylindrical permanent magnet by

using r; = {ry, 12} = {Ran s RIG)

Homopolar side with back iron

It can be modelled as two facing axially-magnetised permanent magnets of cylindrical shape
with radius Rho and length Lh" surrounded by air and a cylindrical shell of radius Rshg R0
and length L «f made of soft magnetlc material. Different assumptions can be considered in

this case:

* 2D axisymmetric flux density by Fourier series expansion: considering the most complete
problem, it is possible to solve (4.2) by separation of variables, performing the Fourier
series expansion of the magnet magnetisation and then connecting the solutions in the
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different regions [110], [113]. A general method is described in [113], [114] which is used
for solving the boundary value problem for the homopolar configuration.

2D axisymmetric flux density with elliptic integrals: the expression derived using elliptic
integrals can then be generalised to account for the effect of the back iron by a linear
correcting factor A = diag(A,, Ay, A2).

The effect of the back iron is quantified by evaluating the relative increase or reduction
of the radial, azimuthal and axial components of the magnetic flux density in the air-gap
using a magnetostatic Finite Element Model (FEM) or Fourier series expansion [113],
[115]. The magnetic flux density distribution in cylindrical coordinates in an air-gap
is approximated by considering the magnetic flux density without
back iron, B|g,,—o0, and a constant coefficient matrix A,

with back iron, B|g

sti’

Ar 0 0 B, (r,¢,2)
Blg,, (rng,2) =ABlg,, oo (h9,2)= [ 0 Ap O By (r,¢,2) , (4.8)
0 0 Az] |B:ne 2

Rgtj—00

where A is obtained using the expressions

f[fv Br|Rm- fffV B(P|Rm- f‘[fv Bz|Rm-

Ar=—F——"—, Np=7i—, A= (4.9)

- fffV Br|Rs[i_’ooy v .fffV B(p Rsti_'OO o MV BZ|R5”._)OO’

calculated over each winding’s volume V using a reference magnetic model. In this case

the reference model obtained using separation of variables and Fourier series expansion,
as described in [113], [115], is used. The advantage of employing such an approximation
is the possibility of exploiting the fast calculations of elliptic integrals for the calculation
of the winding forces and torques, enabling its use in the optimisation process and
design of the actuator, and only requiring the computationally expensive evaluation of
A when the dimensions of the domains are modified. This approach has been validated
in [47] and included in section 4.3.

Heteropolar side with back iron

This configuration can be modelled as one diametrically-magnetised permanent magnet of
cylindrical shape with radius R;’fn and length Lz‘fn surrounded by air and a cylindrical shell of
radius Rshfl. -R"¢ and length L?f made of soft magnetic material. The options for this case will

sto

be again similar to the ones defined for the homopolar side:
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* 3D flux density by Fourier series expansion: as with the homopolar configuration, it is

possible to solve (4.2) by separation of variables, performing the Fourier series expansion
of the magnet magnetisation and then connecting the solutions in the different regions
[110], [113]. This approach is derived in [115] for slotless machines with diametrical or
radial magnetisation considering a back iron with infinite length and permeability and
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can be directly employed for this configuration.

* 3D flux density with elliptic integrals: exploiting the linear properties of the Lorentz
force it is possible to express B using the expressions of the case without iron [112], and
account for the effect of the back iron in the flux distribution by a linear correcting factor
A =diag(Ar, Ay, A2), as also done for the 2D approximation, calculated using (4.9). This
approach is equivalent to the one described for the homopolar side and is validated in
[47] and section 4.3.

* 2D flux density: assuming a sufficiently long machine, the effect of the end of the
permanent magnet ends can be neglected, resulting in a 2D polar (r,¢) flux model
that can be solved by separation of variables [109], [116]. To consider the effect of
the ends of the magnet (stray flux), it is possible to include a linear correcting factor
A = diag(A;, Ay, A;) that will amplify or decrease each component B = AB>p, which is
calculated for each radial, azimuthal and axial component as in (4.9). The reference
model can be calculated by FEA or as described in [113], [115].

Due to the cylindrical geometry of the studied problems, all the previous models will be
expressed in cylindrical coordinates, and can thus be transformed to Cartesian coordinates,
(r,p,z) — (x,,2), as follows

B, cos(p) -—sin(p) 0| B,
B=|By| = |sin(gp) cos(p) Of|Byl|, (4.10)
B, 0 0 1| | B,

for its introduction in the Force/Torque models presented in the next sections.

4.1.2 Winding Models

Due to the slotless topology of the magnetic bearings and motor, the force and torque will
be mainly generated by the Lorentz force acting on the air-gap windings. There exists a
broad variety of slotless windings that can be studied, such as straight windings [27], skewed
or Faulhaber windings of figure 4.2.a [101], [117], rhombic windings of figure 4.2.b [101],
hexagonal windings of figure 4.2.c [118], [119], toroidal windings among many others, that
can be manufactured using self-bonding wire or even flexible PCB technology [99].

The procedure that must be undertaken to define the current density distribution was initially
defined in [101] mainly for skewed windings, and in [47] for the remaining winding types. For
all the winding types, it is necessary to perform the following steps:

* Define the parametric curve in space v that specifies the position of an infinitesimal
winding volume. Considering three parameters (p, ¢, a) to fully define winding volume
with the parametric curve v, in which one of them, ¢ defines the shape of the winding

57



Chapter 4. Magnetic Bearing and Motor Electromagnetic Modelling

loop, and the other two, p and a, the initial position of such a winding loop, the position
in space in Cartesian coordinates of a point in the winding will be defined by a function
of the form
vx(p, ¢, @)
v(p,p,a) = [vy(p,d,a)|. (4.11)
vz(p, ¢, )

e The unitary tangential vector e, that will define the direction of the current density
vector can be directly computed from the winding parametrisation by computing the
derivatives of each component {v/, v;,, v} with respect to the parameter that defines
the curve direction, being ¢ for all the parametrisations defined hereafter. It can be
calculated as

v _ 1 [ %

ev(p, @) = 0 = — v | = : (4.12)
0
[v' (.o N7 o | 2

* Transform the infinitesimal winding volume in Cartesian coordinates dV = dxdydz
to the infinitesimal volume with respect to the winding parameters (p, ¢, &) through a
change of variables

0(vx, vy, Uz)

dV = dxdydz =
Y ‘ 30,4, @)

dpd¢da, (4.13)

being |6( Ux, Uy, Vz)10(p, ¢, @) | the determinant of the Jacobian matrix of the transforma-
tion (x, y,z) — (p, ¢, @).

* Define the area A, perpendicular to e, in order to calculate the homogenised cur-
rent density distribution in the windings. It can be calculated as the division of an
infinitesimal winding volume dV and the length of an infinitesimal arc segment [|v’||

A —ffd—v 4.14)
) wndg '

¢ (Calculate the winding phase length in order to be able to estimate the winding resistance
by calculating the arc length of the previously defined winding parametrisation

Lyn= Nf [v' (0, ¢, )| dop, (4.15)

being N the number of turns per phase of the winding.

Then the current density distribution can be defined for phase n € {0, 1,..., m,, — 1} using the

expression
Nig 2nn
J=——cos|ley,———|e,=Je,, (4.16)
Ay my

where the current density magnitude is defined by the number of turns per phase, N, the phase
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Figure 4.2 — Manufactured windings (top) and their parametrisation (bottom) employed to define the
model’s current density distribution (here shown for p,, = 1).

current amplitude, is, the phase belt area perpendicular to e,, A}, the number of phases of
the winding, my,, and the current space vector phase angle, €,,.

The parametrisation of each winding type, v, shown in figure 4.2 will be detailed hereafter,
namely: skewed, rhombic, hexagonal and axial slotless windings. The remaining auxiliary
parameters necessary for the calculation of the current density distribution, such ase,, A],
dV and Ly, are detailed in appendix B.

Skewed Winding

Following an equivalent parametrisation to the one shown in [101], a skewed winding can be
described by the number of pole-pairs p,, and number of phases m,,. For this type of winding,
a phase belt spreads over an angle « € [-n/(mypy), 7/ (Mypw)l. A parametrisation vector
v°k(-), as shown in figure 4.2.a, that defines the winding loop, in Cartesian coordinates, can be
defined as follows
vk (p, ¢, @) pcos(p+a)
v o, = |vSk(p, ) | = | psinp+a) |, 4.17)
v () vk (¢)

being p the radius of the winding turn, which can vary from R,,;, the inner winding radius,

to Ry, the outer winding radius, ¢ the azimuthal component w.r.t. the initial angle of the
winding turn a, and v$*(-) the z coordinate defined as

1 Pw p/4
Ll ey pefo, X
O o) pe(ax] @18
2 n Pw Pw’ Pw
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being L,, the winding length, and resulting in the curve shown in figure 4.2.a for p,, = 1.

Rhombic Winding

A slotless rhombic winding of active length L,,, inner and outer radii R,,; and R,,, respectively,
can be fully defined by the number of winding pole-pairs p,,, number of phases m,,, and
the total opening angle of the rhombus including both legs ¢s. The number of pole-pairs in
this winding is forced by including a winding loop with opposite polarisation every n/p,,
which results in a highly symmetric winding. This also results in a phase belt that spreads over
anangle a € [-n/2mypw), w/(2my pyw)]l. The winding loop parametrisation v, which is
graphically shown in figure 4.2.b for p,, = 1, can be defined in Cartesian coordinates as follows

vi'(o,p,@)]  [pcosw} (¢, )
v (o, ¢, ) = | v} (p, @) | = | psinw(g,a |, (4.19)
i @) vi()

being p the radius of the winding loop, and the azimuthal v(;h and axial v components

b+a, pe(0.%],
0@ =S —p+psra, pe(% 2, (4.20a)
o-2¢5+a, ¢e(204,

%» b€ (0,¢s],

+
A (4.20b)
-5 pe(¢s204].

The graphical representation of the winding parametrisation is shown in figure 4.2.b.

Hexagonal Winding

A similar parametrisation as the rhombic one can be performed for a slotless hexagonal
winding. This winding can be fully defined by its active length L,,, inner and outer radii
R,i and Ry, pyw number of winding pole-pairs, m,, phases, a total opening angle of the
hexagon including both legs of ¢, and a straight (axial) segment of length L. As with the
rhombic winding, the number of pole-pairs is forced by winding loops of inverse polarity every
7/ pw, resulting in a highly symmetric winding, and in a phase belt that spreads over an angle
a€[-n/Cmypw),nl/(2mypy)]. In this case the additional degree of freedom Ly is included
allowing a higher force and torque density thanks to the purely axial segments of the hexagon.
The winding loop parametrisation v’*(-), graphically shown in figure 4.2.c for p,, = 1, can be
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defined in Cartesian coordinates as follows

v (p, ¢, ) p cos(vi* (¢, )
v (o, ¢, ) = |V (p,p, ) | = | psinw/*(p, ) |, 4.21)
() )

being p the radius of the winding loop, and the azimuthal vgx and axial vfx components

o+a, (/)E(O,% c9,
¢s+a (/)E(%,L“ZSE{S—%]CY,
g =] 2 —pra, eGPl i g co, (4.22a)
a-%, pe(ft+ G2t e o,
p-2.20 1 q, <pe( "’SLWS P 22| cg,

(4.22b)

LW ¢ ¢Sw

3Lw_ (Lw Ly), (/)E(L LZ ’2L¢S %]

In figure 4.2.c, the graphical representation of the winding parametrisation is shown.

Axial Winding

Aring-wound winding, of length L,,, inner and outer radii R,,; and R, respectively, separated
by an axial distance d** from the centre of each other that ideally only features an azimuthal
component, can be parametrised v**, following the graphical definition of figure 4.2.d in
Cartesian coordinates, as

vt (p, ) p cos(¢p)
v (o, ) = | vy*(p,P) | = | psin(¢) | . (4.23)
v (a) a

Such a winding parametrisation is graphically shown in figure 4.2.d.

4.1.3 Lorentz Force and Torque

Having defined the magnetic flux density distribution for the heteropolar and homopolar sides
of the machine and the current density distribution for each type of winding, the total force
and torque can be calculated by substituting the corresponding expressions into (4.1a) and
(4.1b) and integrating over the winding volume V. Due to the presence of elliptic integrals in
the integrand of the force and torque, this last integration needs to be performed numerically,
and thus no closed-form solution can be obtained.

The general form of the Lorentz force and torque generated by a general winding will result
in the sum of the force generated by each winding phase n € {0,..., m,; — 1} and pole-pair
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hel0,...,pp -1}

my=1pw—1
Flar: Z Z fff]ey(p;(p»a) XB(pv(pra)dvy (4-24a)
n=0 h=0
Vn,h
my—1pw—1
Tir= 5 3 ff Tv(p,, ) x €, (p, b, @) x B(p, b, ) AV (4.24b)
n=0 h=0
Vn,h

The particular expressions for each winding type are detailed in appendix B.

4.1.4 Reluctance Force and Torque

Apart from Lorentz forces, an additional electromagnetic force will appear at the interface
between two materials with different magnetic permeability generally known as reluctance
force. Considering the configuration of a slotless machine, the presence of a back iron will
result in an increase of the total force due to the additional armature field created by the
windings. In slotless permanent-magnet machines this armature field is comparably lower
than the one generated by the permanent magnets and usually neglected, also as a result
of the vanishing surface integral due to the problem’s symmetry when the motor torque is
studied. For magnetic bearing systems this component can result in a noticeable increase of
total electromagnetic force in radial direction, and thus for a correct estimation of forces and
torques it should be included in the models.

Reluctance forces can be obtained independently from other sources when integrating the
Maxwell stress tensor 9 over the back iron interface surface S as in (4.1a), or combined with
Lorentz forces when integrating over rotor’s interface [27].

In [27], a closed-form solution was found for an ideal radial bearing straight winding, resulting
in a force in the same direction as Lorentz forces. Using this finding as an approximation, the
total force generated in the machine can be calculated including the amplification factor « as
follows (R4 ” )
wo wi

F=F;,; +F,,=Fjy +
lor rel lor 4R?”~10g(Rwo/Rwi)

Fior =xFor, (4.25)

where it is found that x gets higher when winding outer radius, R,,,, and stator back iron inner
radius, Ry, are closer to each other, and x can hold a maximum value of 2. It is also worth
mentioning that due to symmetry only radial forces and torques feature reluctance forces.

The complete validation of the force and torque electromechanical models for the active
magnetic bearings and motor is experimentally performed employing a dedicated force and
torque measurement test bench, and its results are included in chapter 7.
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(a) Conﬁguration A (b) Conﬁguration B

Permanent
Magnets S
.\ Rotor /

./ Stator \.

Figure 4.3 - Studied passive bearing configurations.

4.2 Passive Magnetic Bearing Force and Torque Models

In some cases it may be preferable to have some degrees of freedom of the rotor passively sta-
bilised, in order to considerably reduce cost and complexity of the system. The simplification
of the studied fully active magnetic bearing system can be performed by removing some of
the actuators and including an arrangement of permanent magnets to stabilise the remaining
degrees of freedom. Due to the use of Lorentz-type active magnetic bearings in the system,
with limited force and torque constants when compared to reluctance-types, it is chosen not
to employ any iron in the passive bearing structure and only permanent magnet rings. This
will results in lower passive bearing stiffness and load capacity in the stable direction, e.g. axial
stiffness for an axial bearing, but also in lower force disturbances on the unstable directions,
e.g. negative radial stiffness for the axial bearing.

For any given passive bearing, two main configurations can be envisioned depending on the
magnetisation direction of the permanent magnet rings:

» Configuration A: Attractive. The stabilisation of the rotor is achieved by attraction
between stator and rotor permanent magnets. If the desired passive stabilisation is axial
(axial bearing) a configuration as shown in figure 4.3.a can be employed.

* Configuration B: Repulsive. The stabilisation is achieved by repulsion between rotor
and stator permanent magnets. If an axial bearing is desired, a configuration as shown
in figure 4.3.b can be used.

Note that only passive axial bearings are shown in figure 4.3, as they are the only configura-
tions employed for the design in chapter 5. If passive radial bearings would be studied, the
magnetisation of stator permanent magnet rings can be inverted, and figure 4.3.a would be
transformed into a repulsive passive radial bearing, and figure 4.3.b into an attractive passive
radial bearing.

Furthermore, note that due to the fact that the permanent magnet rings are located at the
outer part of the rotor instead of close to the rotation axis, the axial bearing will also passively
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stabilise any radial tilting in the rotor.

For these configurations, the previously defined electromagnetic models are not valid, and thus
some new models are required. Considering the Ampere’s model (current-loop equivalent) of
a permanent magnet located at the rotor and an external magetic flux density distribution,
created for example by a stator permanent magnet, it is possible to calculate the resulting
Lorentz force applied between magnets. The electromagnetic force F and torque T applied
to a permanent magnet can be calculated by integrating over the whole permanent magnet
volume V the gradient of the external B-field, B, projected over the magnetisation direction,

MI‘O[)
ff dF = ffIV(MW B)dV = f[fVBMdV (4.26a)
[ffrxdF fffrxV(Mm B,)dV. (4.26b)

being r = (r, ¢, z) the position vector of every point of the rotor permanent magnet volume V.
As no actuation is possible for the passive magnetic bearings, the main result of the models is
the calculation of the passive stiffness resulting from a given rotor displacement or tilting.

Thus, in order to calculate the force, torque and stiffness resulting from the interaction be-
tween the permanent magnet rings composing the passive bearings, the following steps are
undertaken:

1. Definition of the magnetic flux density distribution, B, generated by stator’s perma-
nent magnet rings.

2. Consider exclusively the component aligned with the magnetisation of the rotor’s per-
manent magnet ring, M ;- B;.

3. Calculate the partial derivatives of the projection and calculate the force dF and torque
dT at an infinitesimal volume dV of the rotor permanent magnets.

4. Integrate the force and torque over the rotor magnet volume V.

5. Repeat the previous calculations for several given displacements and tilting to calculate
the passive stiffness k;, ky and k.

All these steps are detailed hereafter. This approach has been presented and validated in
[48] for the repulsive configuration. Apart from axially magnetised permanent magnets, a
Halbach configuration was initially studied, but due to the manufacturing limitations of
radially magnetised permanent magnets, such a study is not included here.
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(a) Configuration A (b) Configuration B
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Figure 4.4 — Studied passive bearing configurations with associated reference frames and permanent
magnet dimension parameters.

4.2.1 Magnetic Flux Density Distribution

Firstly, the magnetic flux density distribution generated by the stator permanent magnet rings
need to be specified. The same assumptions previously defined for the B-field distribution
in the active magnetic bearings are considered here, namely: linear and non-conductive
materials, hard ferromagnets, and no dependency in time.

Due to the absence of iron in the passive bearing structures, and thus no external boundary is
considered, Poisson’s and Laplace’s equations defined in (4.2) can be solved employing the
free-space Green’s function and the same formulation of the flux density distribution as a
combination of elliptic integrals presented in [112].

As shown in figures 4.3 and 4.4, all magnets feature axial magnetisation, and thus the same
models employed for the homopolar side of the fully active machine can be employed here.
By considering a remanent magnetisation By, and dimensions r; = {ry, 2} and zx = {z1, 22}
as defined in figure 4.4 for a general pair of permanent magnet rings, the magnetic flux density
distribution generated by a single magnet results in (4.4a) and (4.4b). These expressions are
repeated hereafter for convenience:

)]+k Ij

2
K(mj) + —E(m]k) (4.27a)
U]k

B
be(r, 2) = rem
T Mijk

2
=
m]k

1)]+k
Ojk  (r+rjn;

2 2
Z Z
j=lk=1
2 2
Z Z [K(mjk)—fjn(n,-,mjk)], 4.27b)

B
be(r, 2) = rem
T

being the auxiliary parameters o j, ¢ j, mj; and n; defined as

r—rj 2 4rr]~
s = , n~:]_— =,
¢ r+7; Y Ef (r+rj)? (4.28)
Arr; )
]

a~k=\/(z+zk)2+(r+r-)2 mig = .
! P TR @ g2+ (r+rp)?

These expressions are then validated in section 4.3 by comparison to a reference finite element
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model of the magnet rings.

4.2.2 Passive Magnetic Force and Torque

The magnetic force and torque generated at an infinitesimal volume dV of the rotor’s perma-
nent magnet rings, can be estimated assuming that the external field is lower than the material
coercivity and by considering the interaction between the rotor magnetisation and stator’s
magnetic flux density distribution as follows

dFr(r; Z) aab%

dF(r,¢,2) = 0 dV =V(M,o;-Bs)dV=VBydV=| 0 [dV, (4.29a)
dF;(r,2) By

dT(r,¢p,z) =r xdF, (4.29b)

being r the position vector of the infinitesimal volume dV with respect to the centre of the
rotor and By, the projection of the stator magnetic flux density over the rotor magnetisation.
The exact expression of Bys will depend on the relative position between both permanent
magnets, subject to possible radial displacements or tilting or axial displacements. In any
case, Bys will be a linear combination of Bf’ b or Bf b defined in (4.27a) and (4.27b), respectively.
Thus, in order to estimate the magnetic force, the partial derivatives of the radial and axial
components of the magnetic flux density with respect to r and z are needed. Their partial
derivatives can be computed analytically by making use of the mathematical properties and
derivatives of elliptic integrals with respect to their parameters, as defined in appendix A.

The partial derivatives of the B-field generated by axially-magnetised rings result in another
linear combination of complete elliptic integrals of the first, K(m), and second kind, E(m), as

follows
anb Brom & & Gk (z+zp)* + (r? +2r2)(z+zk)2—r (r? —rjz)
= -1 E(m
or - 2r2m g‘ ;( ) ok ((r=r?+(z+ 2x)?) (i) =
r]2.+(z+zk)2
- ————K(mj1) |,
Ujk
(4.30a)
2, .2 2
anb Brom 2. & ek 2+ 20) re+re+(z+zg)
2) = —U+k ! E(mj)—K(mp)|, (4.30b
0z (r.2) 2rm ];I;( : Ojr | (r=rp?+(z+2z1)? (mj) = Klm :
2, .2 2
6be Brom 2. & Gtz [ T +rj+(z+zk)
,2) = AL E(m)—K(mjp|, (430
or (r.2) 2rm ].Zzl,;( ) ok | (r=rp?+(z+2z)? (mye) = K(mye) ), (4.30¢)
2_ .2 2
anb Brem & & ( 1 r —r.+(z+zk)
Z) = DUtk _— Emjp)—K(mj) |, (4.30d
5, A= — ]Z:“;( ) o | TP s e Limip) —Kmjo - (4500
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being m i and o ji as defined in (4.28).

Total Force and Torque

Finally, for a given relative position and orientation between magnets, the total force and
torque between them can be calculated by simply integrating expressions (4.29a) and (4.29b)
over the rotor’s permanent magnet volume V = [r;,7,] X [;, 9ol X [2i, 2] = [13, 4] % [0,27] X
[z3, z4], as schematically defined in figure 4.4.

Given that the field at point P is expressed under stator’s reference frame, in cylindrical
coordinates P = [r/, ¢/, z'], and that the integral limits are expressed under rotor’s reference
frame, in cylindrical coordinates P = [r, ¢, z], a geometric transformation is needed to convert
from one system to the other. Different cases of relative displacements, such as axial, radial
displacement and radial tilting, and their associated transformations are studied in appendix
C.

Considering the transformation (r, ¢, z) — (r',¢’, z’), the integral over the rotor’s volume V’
expressed under the stator’s reference frame can be evaluated using integration by substitution,
with expressions (4.26a) and (4.26b) resulting in

Fy
o,
F=|F, ff dE(r',¢',Z)r'dr'dg'dZ’ —ff dE(r',¢',2)r'! é(r(p ZZ)) drdedz =
FZ y(p’
21z [dF, (1, 2') cos ¢’
= dF,(r',Z')sing’ | rdrdedz,
T3 0 23 dF,(r', z)
(4.31a)
i AIGR R
T=|T, ff dr(r',¢',z)yr'dr'dg’dz’ —ff dr(r', ¢,z o002 drdedz =
T, he2
ry 21z [ ' cos ¢’ dF,(r',Z') cos¢’
= r'sing’ | x |dF,(r',2))sing’ | rdrdedz,
3 0 23 z dF,(r', 2"
(4.31b)

and being |0(r', ¢, 2')10(r, @, z)| = r/ ' the determinant of the Jacobian matrix of the transfor-
mation.

Due to the presence of elliptic integrals inside the integrand, a numerical integration to
calculate the total force and torque is required and thus no closed-form solution can be
extracted. The numerical validation of the generated force and torque as a function of axial,
Az, and radial displacement, Ax, as well as radial tilting, A¢y, is included in section 4.3.
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4.2.3 Passive Magnetic Stiffness

In order to estimate forces, torque and stiffness generated in the bearing in all directions, three
different cases will be studied, corresponding to the different possible rotor displacements:
axial displacement Az, radial displacement, i.e. Ax, and radial tilting A¢,. The geometric
transformations required to project the external flux density distribution over the rotor’s
permanent magnet will depend on the studied configuration (attractive or repulsive), as the
arrangement of permanent magnets is specific to each of them. The exact transformations are
detailed in appendix C.

Having expressed the total force and torque as a function of small rotor displacements in
radial, Ax, or axial, Az, directions, as well as small radial tilting A¢,, the magnetic stiffness of
the bearing can be calculated by

dFy dF, dr,
ky=- =kn, k;=- =kss, k¢, =— = ko2, 4.32
rT A an Ke=m g = ke Ky, dag, 22 (4.32)

where the relation with the 5-DoF rotordynamics model defined in chapter 3 is specified, and
more specifically in equation (3.8), being the rest of the elements zero as a result of symmetry.
Due to the numerical integration performed for calculating the force at each displacement
and tilt, the derivative shown in the previous expression is also implemented numerically. The
validation of the calculated stiffness by comparison to a finite-element model of the passive
bearings is shown in the next section.

4.3 Numerical Validation

In this section, the some elements of the previously developed electromechanical models
for slotless motor and bearings and iron-less passive bearings will be validated using finite
element models of the different configurations, implemented using COMSOL Multiphysics.
Firstly, the proposed three-dimensional magnetic field distribution models are validated,
and secondly, the passive force and stiffness of the passive bearing configurations are also
validated. The experimental validation of the models is performed in chapter 7, and this only
numerical validations are performed here.

4.3.1 Magnetic Flux Density Validation

In order to validate the magnetic flux density distribution defined in sections 4.1 and 4.2, the
analytical expressions using elliptic integrals will be compared to the magnetic flux density
distribution estimated using the aforementioned finite element model of each of the six
studied configurations: homopolar side of the active magnetic bearing with and without back
iron, heteropolar side of active machine with and without back iron, and iron-less passive
bearing attractive and repulsive configurations.

68



4.3. Numerical Validation

(a) Homopolar B-field without Iron (b) Homopolar B-field with Iron
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Figure 4.5 - Analytic and FEM validation results for the magnetic flux density distribution in homopolar
and heteropolar air-gaps. Lines denote the analytical results and the markers the FEM results. For
both cases, the continuous lines and crosses are considered at r = R,,;, and dashed lines and circles at
r = Ry,. For the heteropolar side, the magnetic flux is evaluated at the azimuthal coordinate where
each component is maximum (¢ = 0 for B, and B, and ¢ = —7/2 for By).

Regarding the models of the active parts, four comparisons are performed and included in
figure 4.5, namely: the magnetic flux density distribution of homopolar side without back iron,
figure 4.5.a, with back iron, figure 4.5.b, and heteropolar side without, figure 4.5.c, and with
back iron, figure 4.5.d. For the heteropolar side, each component is evaluated at the azimuthal
coordinate where its maximum amplitude is reached (¢ = 0 for B, and B;, and ¢ = —n/2 for

B).

It can be seen that the magnetic flux density distribution without back iron in figure 4.5.a and
4.5.c perfectly matches the simulation results of the FEM for both heteropolar and homopolar
sides. This is expected, as the exact B-field has been simply reformulated using complete
elliptic integrals (no simplification was considered in their derivation). Regarding the magnetic
flux density with back iron in figure 4.5.b and 4.5.d, the employed approximation with the
factor A is visible in the results, being higher than the FEM simulations at r = R;,; and lower
at r = Ry,. Nevertheless, due to the required integration in the winding volume needed for
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(a) B-field for configuration A

(b) B-field for configuration B
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Figure 4.6 — Analytic and FEM magnetic flux density distribution comparison for axially-magnetised
permanent magnet rings for passive bearing models.

calculating the total force and torque, these errors at individual points are compensated thanks
to the integration approach proposed for calculating A, as it will be shown in the validation of
the winding forces and torques.

Regarding the model of the passive bearings, it corresponds to a similar configuration to
the homopolar side without back iron, but with permanent magnet rings instead of full
cylinders. The comparison of the analytical models of the flux density distribution with the
FEM counterpart is shown in figure 4.6.a for the attractive configuration, and figure 4.6.b for
the repulsive one, as presented in figure 4.3.

The plots show the evaluation of the radial and axial flux density components at distance d;
and d», from the permanent magnet ring. This distance is measured radially for configuration
A and axially for configuration B, as it will represent positions of the rotor’s permanent magnet.
As in the case of the homopolar side without back iron, the analytical model with elliptic inte-
grals perfectly match the FEM results, as it represents an exact solution of the electromagnetic
problem previously defined.

Furthermore, the magnetic flux density distribution created by heteropolar and homopolar
sides without back iron will be experimentally measured in chapter 7 using a three-axis hall
probe and compared to the ideal models presented here for asymmetry detection in the real
magnets.

4.3.2 Passive Bearing Force and Torque Model Validation

Finally, to validate the proposed models for passive stiffness, all three displacement cases
(axial, radial and tilting) are compared with the simulation results of force and torque obtained
using FEM of configurations A (attractive) and B (repulsive) as shown in figure 4.3. Due to the
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(a) Magnetic Force vs. Displacement

(b) Magnetic Torque vs. Tilting
T

0.05 T T T T
z i i
ST EN
),

| A A |
.,‘..
-0.05 i 'Y a
."A.
-0.8 d
’A.,.
—0.1p | | | i -1 I I I I I A
0 0.5 1 1.5 2 0 0.5 1.5 2.5 3
Ad (mm) A¢y (deg)
Analytic: == F, (Conf. A) F, (Conf. A) == T}, (Conf. A) ====: F; (Conf. B) F, (Conf. B) ====: Ty (Conf. B)
FEM: ® F, (Conf. A) F, (Conf.A) @ Ty (Conf. A) A F, (Conf. B) F, (Conf. B) A Ty (Conf. B)
(c) Linear Magnetic Stiffness (d) Tilting Magnetic Stiffness
0.1 T T T 0.35 T T T T " A‘
A A
A A A
Ah...A....AA-.--AI """" ‘e,
0.3 |
0.054- - =
| A
o
£0.25 '_.—‘—’—N'\
— Z 3
Z 02} |
=
<
_ | | | | |
0'050 0.5 1 1.5 2 0'150 0.5 1.5 2 2.5 3
Ad (mm) Ay (deg)
Analytic: == k, (Conf. A) k; (Conf. A) === k¢y (Conf. A) ===s: ky (Conf. B) k, (Conf. B) ====: k(py (Conf. B)
FEM: ® ky (Conf. A) k; (Conf.A) @ k¢y (Conf.A) A £k, (Conf.B) k. (Conf. B) A k(,;y (Conf. B)

Figure 4.7 — Magnetic force/torque and stiffness generated by passive magnetic bearing configurations
A (attractive) and B (repulsive). Ad represents the displacement in the same direction in which the
force is calculated, being Ad = Ax for Fy and ky, and Ad = Az for F, and k;.

lost of symmetry when radial displacement or tilting is present, a full three-dimensional FEM
simulation is employed for the comparison.

As shown in figure 4.7, a good agreement is obtained between analytical and simulation results
for all radial, axial and angular displacements for both force/torque and stiffness. Due to the
low number of displacement samples when employing the FEM for computational reasons,
the derivation for estimating the FEM stiffness is computed by considering an cubic spline
interpolation between evaluation points, allowing a lower numerical error in the derivation.

As for the evaluation of the flux density distribution, it is worth mentioning the low computa-
tional cost of the proposed analytical method based on elliptic integrals, requiring from just a
few seconds to a few minutes of computation in a general-purpose dual-core CPU, depending
on the symmetry and available simplifications of each studied case.

In table 4.1, the difference between the analytical and numerical forces, torques and stiffness
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Table 4.1 - Maximum absolute (e,ps = fan— frem) and relative (ere; = (fan— frEm)/! frEMm) error between
semi-analytical model and FEM.

max €Fx €Fz ery €lkx €z €k
(N) () (Nm) (N/mm) (N/mm) (Nm/deg)
Conf. A 0.208 0.144 0.002 0.226 0.207 0.002
) 2.28% 1.04% 0.61% 0.92% 0.72% 2.13%
Conf. B 0.011 0.530 0.010 0.025 3.993 0.016

0.05% 0.62% 1.42% 0.12% 5.46% 2.91%

for both configurations is included. When evaluating the force and torque using FEM, some
numerical instabilities are seen at high displacements when no sufficient air-gap is present,
being more visible for the evaluation of Fy for config. A, and F, and T), for config. B. To
minimise its impact, the comparison is performed without considering the last FEM evaluation
point. It can be seen that for all cases, the deviation with respect to the finite element results is
always lower than 6%, showing a good correlation between analytical model and FEM results.

4.4 Conclusions

In this chapter, the analytical electromagnetic models of the active and passive magnetic
bearings are detailed. These models will be employed for the optimisation and design of the
fully active and hybrid magnetic bearing systems studied in this work.

The main contributions of this chapter can be summarised as follows:

¢ A modular electromechanical model for magnetic bearings and motor is presented:

— The model allows the calculation of the magnetic flux density distribution of a
selection of arrangements of permanent magnets with or without back iron.

- For active magnetic bearings and motors, the model can consider a wide variety of
slotless winding topologies, such as skewed, rhombic, hexagonal or axial windings.

— Asresults for active bearings, it is capable of accurately estimating electromagnetic
forces, torques and Joule losses.

— Asresults for passive bearings, the model is capable of calculating the electromag-
netic forces, torques and passive stiffness.

— The model is numerically efficient thanks to the use of elliptic integrals for the
definition of the three-dimensional field distribution, instead of relying on Fourier
series expansions or FEM. It features also increased accuracy when compared to
two-dimensional approximations of the field distribution.

¢ The different configurations for the model are numerically validated. Experimental vali-
dation is performed in chapter 7 including both accuracy and computational efficiency
when compared to other analytical approaches.
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magnetic Optimisation

Having defined both the closed-loop and electromagnetic models in previous chapters, it is
possible to proceed with the detailed design and optimisation of the magnetic bearing system.
Depending on the requirements of a given application, different magnetic bearing topologies
may be better adapted for the needs of each situation and thus two main configurations are
studied hereafter.

For applications that have more strict requirements in terms of performance or allowed vibra-
tions, a fully active magnetic bearing configuration is proposed, allowing the active control
of all degrees of freedom, and thus enabling the possibility of active vibration suppression
in any direction. This comes at the expense of a higher complexity and cost of the systems.
For applications in which requirements are either not as strict, or the increased complexity
makes the system much less competitive, a simpler hybrid magnetic bearing configuration is
presented, featuring the active control of only three out of six degrees of freedom of the rotor,
thanks to the passive stabilisation of axial and tilting dynamics. This configuration allows the
active suppression of the main disturbances, which appear in radial direction, such as the
rotor unbalance, and thus not excessively compromising the system’s performance.

In section 5.1, a general optimisation procedure is presented for active magnetic bearings and
motor, based on the maximisation of the actuators efficiency, which is then applied to the
studied fully active magnetic bearing motor. This optimisation procedure is also presented in
[49]. Subsequently, in section 5.2, the design and optimisation of a hybrid magnetic bearing
motor is presented, which combines the optimised active motor and bearings with the passive
stabilisation of some degrees of freedom to obtain a significant simplification of the system
with respect to the fully active configuration.

5.1 Fully Active Magnetic Bearing Motor Optimisation

As it is shown in chapter 7 in the experimental validation of the electromechanical models
of the active magnetic bearings (AMBs), the originally employed skewed windings and its
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Figure 5.1 — Schematic cross-sectional view of the optimised configuration of the slotless permanent-
magnet magnetic bearing reaction wheel demonstrator. The system consists of hexagonal, rhombic
and axial windings with back iron in homopolar and heteropolar sides.

associated manufacturing process results in some winding asymmetries and disturbances.
Furthermore, due to the use of skewed windings, the axial component of the wire is limited
by the winding length L, and the number of pole pairs p,,, and thus the efficiency and force
capacity of such windings is fixed by these parameters.

Due to these limitations, a new manufacturing process has been developed for manufacturing
highly symmetric and efficient winding types, such as rhombic and hexagonal. These winding
types include some additional degrees of freedom in which the resulting force capacity and
efficiency are no longer limited in the same way by winding length and pole pairs, allowing for
an improved and optimised design of all the actuators. This efficiency can be further improved
by including a back iron for both heteropolar and homopolar sides, as shown for the newer
revision of the fully active machine in figure 5.1, and by optimising all winding and stator
parameters for this configuration.

One of the main advantages of having an analytical model of the windings is the possibility
of performing an optimisation of different bearing and motor winding parameters. This
allows to obtain a desired performance and efficiency without a high computational cost,
when compared to other numerical or finite element methods (FEM). In this section both the
efficiency of the machine and the generated vibrations will be optimised, and the parameters
employed for the evaluation of such characteristics (figures of merit), the followed procedure
and the optimisation itself are explained here below.

All expressions and figures hereafter, including the ones in the results section, are expressed
under the reference frames defined for each winding, as shown in figure 4.2, being the X
and Y components radial, and the Z component referred to as axial. Furthermore, the same
expressions are employed for the experimental validation of the optimisation results.
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5.1.1 Figures of Merit
Efficiency

As commonly done for electric machines, a notable figure of merit for the efficiency of the
machine is the ratio between the applied mechanical force or torque and the power losses
in the winding (Joule losses). For electric motors the ratio is generally known as the motor
constant Ky; (Nm/vW), while for bearings can be defined as bearing constant Kp (N/ VW),
The figures can be calculated, for a three phase machine, as follows

KB = F = KF;S = KF (5 ].a)
\/Ploule \/Rphl? v Rph
T K7l K
Ku =I5 -7 (5.1b)

- \/P]oule - \/Rphl? - vV Rph,

where F (N) and T (Nm) denote the force and torque applied by the bearing and motor
windings, respectively, Z; (A) the current amplitude in the winding, Ry, (Q) the wire resistance
of each winding phase, and xr (N/A) and k7 (Nm/A) the force and torque constants of the
bearing and motor.

All these magnitudes can be derived directly from the previously defined models for the
windings and magnetic flux. xr and k7 can be analytically calculated or experimentally
measured from the total force and torque applied to the rotor with current amplitude i, as
follows

S IFldew [T |Flde,

KF = = = (5.2a)
J;:w isdew iSZJT
1

K = A( max ||T|||+| min ||T||‘), (5.2b)
20 \|ewel-m,7] wel-m,7]

which corresponds to the average force and torque per current unit for all electric angles €,,
applied by the winding. The phase resistance can be calculated from expression

Lpn

Rpn=pcu ) (5.3)

Awire

being pc, the resistivity of the wire material (copper), L, the wire length of each phase as
calculated in [47] for each winding type, and A, ;. the cross-sectional area of the winding
wire.

Vibrations

Another important measure for magnetically levitated electric machines is the level of vibra-
tions generated during operation. For conventional machinery, apart from the rotor unbalance,
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the main vibration sources are the imperfections in ball bearings and torque disturbances
caused by the motor system such as the torque drift and ripple [10]. In the configuration stud-
ied in the present thesis, as the levitation in all degrees of freedom is performed using active
magnetic bearings, asymmetries and imperfections in the windings, permanent magnets or
any other component will result in the generation of vibrations by the machine. Equivalently
to what is commonly known as torque disturbances and ripple for motor windings, force
ripple and disturbances are generated by bearing windings.

The figures of merit used for evaluating of the level of vibrations generated by the machine are
the force and torque ripple and disturbances. The ripple is defined as the variation with the
electrical angle €¢,, of the main force/torque component controlled by the winding, i.e. torque
in Z for the motor, forces in X and Y for the radial bearings, and in Z for the axial bearing.
The force and torque disturbances are defined as the maximum amplitude of forces/torques
appearing in other direction than the main component controlled by the winding, i.e. torques
in X and Y for motor, forces in Z for radial bearings, and in X and Y for axial bearing. As
previously mentioned, all these components are referred to the winding reference frame as
per figure 4.2.

These figures of merit can then be analytically calculated or experimentally measured, relative
to the force or torque constants, as follows

1

rF=—( max ||F||— min ||F||), (5.4a)
2k g \ewel-m,7] €wEl[—m,m]

rT=—( ||T||’— min ||T||‘), (5.4b)
2K 7 \|ewel-m,7] €wEl-m,7]
1

dF:_( max IIFdII), (5.4¢)
KF \ew€l-m,7]

1
dT=—( max \/T§+Ty2), (5.4d)
KT \ewel-m,m]

being rr, rr the force and torque ripple, respectively, dr, dr the force and torque disturbance,
and F; being either the force in axial direction, F; = [0,0, F, Z]T, for the radial bearing winding,
and in radial direction, F4 = [Fy, Fy,0] T for the axial bearing winding. The factor 2 is included
in the ripple to account only for the amplitude with respect to the average.

5.1.2 Optimisation Problem Definition

Depending on the exact needs or the design phase in which the optimisation will be performed,
a different level of generalisation can be approached: from an actuator single-objective op-
timisation to a general multi-objective optimisation for a group of coupled actuators (e.g.
heteropolar or homopolar sides of figure 5.1).

On the one hand, due to the available electromechanical models described in section 4.1, it is
possible to analytically model and study the different magnitudes required for evaluating the
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efficiency in (5.1a) and (5.1b), and thus this figure of merit will be included in the optimisation
procedure described hereafter.

On the other hand, the generated vibrations are mainly a result of the manufacturing and inte-
gration process, and thus difficult (if not impossible) to model analytically. From experimental
measurements it is seen that highly-symmetric windings, such as rhombic (figure 4.2.b) and
hexagonal (figure 4.2.c), will feature much lower force and torque ripple and disturbances
than other less symmetric winding types, such as skewed (figure 4.2.a). For this reason, no
analytical optimisation is required, and only a selection of a symmetric winding type is needed.
The final level of ripple and disturbances are measured and validated in chapter 7.

Due to the intrinsic complexity of a fully active magnetic bearing motor, the simultaneous
optimisation of several actuators (e.g. motor and radial bearing for heteropolar side and axial
and radial bearings for homopolar side) needs to be expressed in the form of a multi-objective
optimisation. If only one actuator needs to be optimised, the same approach can be followed
by considering a single-objective optimisation instead.

Due to the independent nature of each actuator, the objective function is selected to be
a weighted sum of the efficiency measures (5.1a) or (5.1b) for each actuator. In a general
form, the optimisation variables will be a concatenation of the parameters for all N actuators
x = [x1,...,xn]". Each actuator’s parameters x;, can be composed of winding dimensions
Ryi, Ryo and Ly, permanent magnet dimensions, Ly, and Ry, back iron dimensions Rg;;,
Rt and Ly, and winding parameters (dependent on winding type of figure 4.2) like rhombic
and hexagonal opening angle ¢ and hexagon axial segment length L;. The optimum set of
parameters x* will be a result of the following optimisation problem

N N,
i = ifi(x;) = 5.5
min £ (x) ,-:lef(x) ; K0 (5.5)
subject to
g,(x;) =<0, h;i(x;)=0, Vie{l,...,N}

g,-j(x,-,xj) <0, hij(xi,xj) =0, Vj >

The optimisation variables are included in vector x;, which can be any combination of desired
actuator parameters to optimise. The optimisation constraints will feature the individual
physical and manufacturing limits in g;(x;) and h;(x;), as well as some further coupling
between the actuators in the form of coupled inequality and equality constraints g; i (xi,%x)
and h;j(x;, x;) that will link parameters of actuator i with j.

As many computational optimisation algorithms are designed for minimisation, the objective
function is defined as a linear combination of Kl._l, being the inverse of the bearing Kz and
motor constants Kj; as defined in (5.1a) and (5.1b), resulting in a minimisation the phase
resistance R,y and thus Joule losses Pj,; ., while maximising the force x g or torque constants
x 7. This selection of objective function, as previously stated, allows the maximisation of the
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(a) Parameters Homopolar Side (b) Parameters Heteropolar Side
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Figure 5.2 — Geometric parameters of homopolar (left) and heteropolar (right) sides, ho and he re-
spectively, including permanent magnet Ry, Lpm, winding Ry, Ly, and back iron Ry, Lg; radius and
length, of axial a radial r bearings and motor m.

efficiency independently on the working conditions of each actuator and thus independently
on the required input current for its operation.

Furthermore, N weighting factors w = [w,..., wy] ' are included to add the possibility of
prioritising some actuators over others to better adapt to certain use cases where not all
actuators are equally required, and to normalise the weight of each objective function f;(x;)
that may result from combining functions with different units (vVW/Nm and vW/N) and
actuators with different volumes.

The optimisation problem defined in (5.5) can be solved by using any non-linear computa-
tional optimisation algorithm. In this thesis, MATLAB’s built-in function fmincon is employed
to handle the constrained non-linear optimisation.

5.1.3 Actuators Optimisation

Due to the inherent higher complexity of a fully active magnetic bearing motor, multiple
actuators are present in the same system sharing resources. The optimisation of the complete
system can then be done by studying all the different actuators either all at once by the multi-
objective optimisation, or one by one with the single-objective optimisation. In this section,
the general optimisation procedure previously introduced will be applied to maximise the
efficiency of the studied fully active magnetic bearing motor developed by Celeroton.

For all the performed optimisations the following considerations are taken:
* The electromagnetic models presented in [47] are employed for an accurate and efficient

execution of the optimisation. The models are capable of providing the force kr and
torque kr constants of each actuator, as well as the phase resistance Ry, of the windings.

¢ For radial bearings and motor, the winding type selection is done by the following
priority: hexagonal > rhombic > skewed, due to the increase in efficiency and flexibility
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resulting from the additional degrees of freedom ¢, L in hexagonal, and ¢ in rhombic
windings, as defined in Fig. 4.2. Heteropolar radial bearing and motor will employ
hexagonal windings, whereas homopolar radial bearing will feature rhombic winding
due to manufacturing limitations and tooling availability.

The copper filling factor of the windings is considered constant for each actuator, taking
as a reference the value experimentally obtained by manufacturing.

Both heteropolar and homopolar sides are optimised using back iron for improved
efficiency.

The total volume of the actuators is considered fixed, corresponding to the one employed
in the original machine in order to reuse the same stator parts and compare machines
with equivalent size.

Due to the impact of the weighting factors in multi-objective optimisations, all are set to
w; =1 to preserve the physical meaning of the objective function and equally prioritise

m,he — Rhe

all actuators, with the only exception of the motor one, set to w; max s a change

of units.

The winding properties for optimum efficiency, denoted as x7, are obtained using
MATLAB’s fmincon function, employing sequential quadratic programming (SQP) solver
to solve the small-case and dense problem.

The selected winding properties for manufacturing, denoted as x, will be the closest to
the resulting optimum when taking into account the limitations due to the manufactur-
ing process, material and tooling availability.

The original winding properties, denoted as x?, are then compared to the optimisation
results. The original machine is described in [104].

A parametric sweep of the main optimisation variables is performed as a sensitivity
analysis and its results are included in Fig. 5.3.

The main geometric parameters employed as variables in the optimisation are graphically

represented in figure 5.2 for both homopolar and heteropolar sides. The optimisation of the

machine is performed in two approaches. In the first optimisations (1 to 4) it is considered

that the dimensions of all actuators are fixed (except for the homopolar axial winding in

order to choose the back iron size), and only the winding parameters are optimised. For

the last optimisations (5-6), multi-objective optimisations including winding and back iron

dimensions are performed for the homopolar and heteropolar sides in order to investigate

if further improvement can be achieved by considering the couplings between actuators.

Finally, the selected parameters for manufacturing the optimised machine are investigated
analytically to estimate the efficiency improvement with respect to the original machine.
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Table 5.1 — Analytical results of single and multi-objective optimisations obtained using fmincon
and manufactured windings. Superscript t denote a parameter that is considered fixed in a specific
optimisation.

Parameter Op.1|0p.2|0p.3|0p. 4 Op.5 Op. 6 Manufactured
a,ho| r,ho |m,he| r,he || a,ho r,ho |m,he r,he || aho rho \ m,he r he
L, mm)l| 3" | 10t | 16" | 16" || 2.62 10.77] 16 16 3 10 16 16
Ry (mm) || 4.757 | 4757 | 657 |4.75T || 475 475 | 577 475 || 475 475 | 65 4.75
Ry, (mm)| 6.19 | 6.2 | 957 | 65 || 6.63 6.63 | 858 574|738 6.2 | 95 6.5
os (©) - 147 | 139 | 85 - 149 | 144 85.9 - 90 | 90 90
Ly mm)| - - 35 | 6.5 - - | 364 6.80 - - 75 85
w; (-) 1 1 10 1 1 1 10 1 1 1 10 1
% (\/—1\%) 0.312]0.402 | 0.219 | 0.451 || 0.311 0.464 | 0.250 0.407 || 0.284 0.351|0.199 0.457
w; )7t N N N N N N
(z 7[) 0176 X | 0147 K || 0186 X | 0155 X || 0157 X | 0139 B

Optimisation 1: Homopolar Axial Bearing

In this optimisation both axial winding outer radius and back iron inner radius will be chosen
in such a way that the efficiency of the axial bearing winding is maximised. For this purpose it is
considered that the single-objective optimisation will maximise the bearing efficiency defined
as K g’ho, being the variable to adjust the outer winding radius x; = R%?, and considering
both the length Lﬁ;ho and inner radius R7’ fixed to preserve the stator dimensions. The

single-objective optimisation can then be expressed as

a,ho

1
; a,hoy._ 1 _
rri,l;}}fl(Rwo )= a,ho ~— p-aho’ (5.6)
R Ky Ky
subject to
a,ho a,ho ho a,ho _ pho
Rwi SRwo SRmclx’ Rwo _Rsti'

As weighting factor, in order to be able to directly compare the results between optimisations,

a,ho
1

the objective function defined in (5.6) is plotted in figure 5.3.a, where the optimum, x;, results

the same value that is employed in optimisation 5 is used here, being w = 1. The inverse of
in an efficiency increase of 37.2 % with respect to the original actuator with parameters x{ and
no back iron. This efficiency increase is a combined result of a more efficient positioning of
the winding, with all winding volume closer to the permanent magnet, and the addition of
back iron. These results are summarised in table 5.1 and will be validated experimentally in
chapter 7.
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(a) Homopolar Axial Bearing (Op. 1) (b) Homopolar Radial Bearing (Op. 2)
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Figure 5.3 - Single and multi-objective optimisation results. Single-objective optimisations: homopolar
axial (a) and radial bearing (b), heteropolar motor (c) and radial bearing (d) windings. Multi-objective
optimisations: homopolar (e) and heteropolar (f) sides. All figures show the efficiency measure as per

(5.1a) and (5.1b), thus being f7! (x;).

Optimisation 2: Homopolar Radial Bearing

For this bearing there exist three options for selecting the winding type: skewed, rhombic
and hexagonal. The skewed one is discarded due to the high force ripple and disturbances
featured with this winding, caused by the layered winding structure of rather short and thick
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dimensions, as it will be shown in chapter 7. The hexagonal type is also discarded due to the
maximum length constraint of the winding, making it impossible to manufacture.

The rhombic winding type will be then optimised considering fixed winding dimensions
(RZJ]Z ° R4 and L7'9) and a back iron with inner radius R"° resulting from the previous
optimisation. The single-objective optimisation is performed by adjusting the opening angle
of the rhombus x, = ¢7"*, seeking a maximisation of the bearing factor K. ;’h ° by solving the

following problem:
r,ho

. w 1
mlhnfz (d)?ho) = ﬁ — ho’ (5.7)
o Ky Ky

subject to
0° < pPM° < 180°.

The same weighting factor that is employed in optimisation 5 is also used here, being wz’h °=1.
The inverse of the objective function is plotted in figure 5.3.b, showing an optimum, xJ, that
yields an increase in efficiency of 68.8 % with respect to the original bearing winding without
back iron. This efficiency increase is again a combined result of a more efficient winding
and the addition of back iron. If the optimisation is executed without back iron and thus no
reluctance forces, the optimum would still result in an efficiency increase of 43.6 %. As before,
the results are summarised in Table 5.1 and experimentally validated in chapter 7.

Optimisation 3: Heteropolar Motor

The three options of winding types for this winding are again: skewed, rhombic and hexagonal.
The original system employed a skewed winding type, but it featured considerable torque
disturbances in radial direction, and thus it is targeted to reduce such components by using a
highly symmetric winding type such as rhombic and hexagonal. The latter is finally selected
due to the increased torque density as a result of the additional degree of freedom with respect
to the rhombic one, while keeping a high symmetric structure.

The two free parameters to adjust will be the opening angle of the hexagon cp;n'h ¢ and the length

of the hexagon’s axial segment x3 = [(p;”vhe, L;n'he]T

, while the dimensions of the winding are
fixed. It is again sought to maximise the efficiency of the winding defined as the motor

constant, K E'he. The single-objective optimisation problem is then defined as

m,he he

. . Rmax
rr)gnfs(xg) = Kﬁ’he = Kﬂ’”' (5.8

subject to
0°<p™he <180°, 0=<L™he<mhe

As weighting factor, the same one that is employed in optimisation 6 is also used here, being
wé”’h ¢= Rf,fa » allowing the possibility of directly comparing with bearing factors due to the
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change in units and normalisation of the results. In figure 5.3.c, the inverse of the objective
function is shown, where the optimum, x3, results in an increase in motor constant (efficiency)
of 55.2 % with respect to the original skewed winding x5. These figures are summarised in
Table 5.1 and experimentally validated in chapter 7.

Optimisation 4: Heteropolar Radial Bearing

The exact same approach and optimisation problem as the motor winding can be performed
for this winding. The hexagonal winding is optimised by seeking the maximum bearing
constant, K rhe , varying the opening angle of the hexagon and the length of the axial segment,
x4 = [¢F he Lr he1™ while considering the winding dimensions and the copper filling factor
fixed. The smgle-obj ective optimisation problem is defined as

r,he 1
min f3(x4) '= —— = ——, (5.9)
r,he r,he
w Ky Ky
subject to
o r,he o r,he r,he
0°< i <180°, 0<LiMe< il
The selected weighting factor is selected as in optimisation 6, being w4’ = 1. This resulting

objective function is shown in figure 5.3.d, where the optimum, x;, yields an expected increase
of bearing constant of 57.9 % with respect to the original system x. These results are included
in Table 5.1 and are also experimentally validated in chapter 7.

Optimisation 5: Homopolar Side

In this case, a multi-objective optimisation is studied for the homopolar side, by search-
ing the optimal winding dimensions and parameters of axial and radial bearings. The ob-
jective function is defined as a linear combination of the inverse of the actuators’ bearing
constants in order to maximise its combined efficiency, varying the dimensions and pa-

rameters of the radial bearing, x, ho _ pnho, R ho pnho s1ho1T "and axial bearing winding,

a,ho [Laho Raho Raho]

X5

. The multl obJectlve optimisation problem is defined as

r,ho a,ho

in f(x5) Wi, Ws 1,2 (5.10)
min j5{xs) := r,ho a,ho = r,ho a,ho’ '
s KB KB KB KB

subject to

0<riho<pho R <RM ho o grho Rrho <Rjw <RI 0°<¢i" <180,

max’ min wo wo — “"max’
0<La ho < L}riioax' quom _Ra ho <R3,£m, Rizwho <Ra Jho <Rr}1110ax’

2180 4 [hho < pho Rf;;—max(R%O,R“h").
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In the first group of constraints, the physical constraints for each actuator are defined, includ-

ing the maximum available space in the stator casing as L"° Rﬁl"m and R"% , whereas in the

second set the couplings between actuators are specified, mainly the fact that the radial bear-
ing is located between the two axial coils and that the inner radius of the back iron is limited

by the thickest coil, as in figure 5.1. The weighting factors for the multi-objective optimisation

ho a,ho
5

to give the same weight to both actuators.

are selected as wg =1 and w, = 1 for the radial and axial bearings, respectively, in order

The results of the optimisation are included in Table 5.1. It can be seen that these results
do not greatly differ from the ones obtained with optimisations 1-2. As expected, the inner
radii of the windings is fixed as close as possible from the permanent magnet to capture more
magnetic flux. Furthermore, the optimum is obtained with a slightly longer radial bearing
winding and shorter axial windings. For the remaining parameters, in order to better study
the dependency of the objective function, a parametric sweep is performed for the outer radii
of radial and axial bearing windings and its results are included in figure 5.3.e. As ¢ of the
rhombic radial bearing is independent from the remaining parameters, only the optimum for
each winding dimension is considered in the figure.

The optimum will result in an increase of 55.6 % with respect to the original machine x? as per
[104] with no back iron, and of 2.9 %, with respect to the system resulting from optimisations 1
and 2.

Optimisation 6: Heteropolar Side

In this case, a multi-objective optimisation is studied for the heteropolar side, by searching
the optimal winding dimensions and parameters of radial bearing and motor windings. The
objective function is defined as a linear combination of the inverse of the motor and bear-
ing constants in order to maximise the efficiency of both actuators, varying the dimensions

and parameters of the radial bearing, xé’he =[L""e, R;'fl.’e, Rbhe prhe 1hheT and motor wind-

ing, xg”'he = [L’u',l’he,RZj;.he,RZ}bhe, ;”’he,L;"’he]T. The multi-objective optimisation problem is
defined as N N
r,he m,he he
w w 1 R
min f(xg) 1= —— + ——— = 4 max (5.11)
Xg Kr,he Km,he Kr,he Km,he
B M B M
subject to
osLpsLhe . R <RUMC<RuY, R <RLC<REC, 0°0=¢r <1807,
osLp<Lhe . Rhe <RMMC <RI, RMMC<RpMC <RI, 0=l <1807,

0<LlM<phhe

)

m,he r,he he _ m,he prhe
RI™:he _ grh |>0, Rl = max(RI%, R,
m,he r,he . r,he m,he
R™" =Rk, if Rja <RI,
r,he m,he . r,he m,he
R =R, if R > R
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5.1. Fully Active Magnetic Bearing Motor Optimisation

In a similar manner to the optimisation of the homopolar side, in the first group of constraints,
the physical constraints for each actuator are defined, with the maximum available space
h h h
Ltz Ry, and RS
These couplings consist of the fact that the bearing is located at the inner part and the motor

and, in the second set, the couplings between actuators are specified.

winding in the outer, as in figure 5.1. The weighting factors for the multi-objective optimisation

he m,he — Rhe

are selected as wy" " = 1 and wy oy for the radial bearing and motor, respectively, in

order to normalise and convert to equivalent units for both actuators.

The numerical results of the optimisation are included in Table 5.1. From these results it can
be seen that, as expected, the inner radius of the bearing winding is fixed as close as possible
and the length of both windings is L;, = L"e to

m,he _ ph
to the permanent magnet, R, " = R ° A

capture the maximum flux possible, arsllg thus these parameters could be removed from the
analysis to reduce the computational complexity of the optimisation. The dependency of the
bearing and motor efficiency with respect to the outer radii of the windings is included in
figure 5.3.f. As parameters ¢; and L; of motor winding are independent from the ones of the
bearing, and vice versa, only the optimum for each winding dimensions is considered in the

figure.

The optimum yields an increase of 64 % with respect to the original system x{ as in [104],
and of 5.4 % with respect to the resulting actuator from optimisations 3-4. The upper triangle
in the results represent the case where the motor winding is located at the outer part of the
machine and the radial bearing in the inner part (R7%"® > R1"¢), which corresponds to the
current arrangement of actuators, whereas the lower triangle represents the opposite case
with the motor in the inner part (R7;® < R""¢). From the results it can be seen that the former
arrangement results in a more efficient machine than the latter.

Manufactured Optimised System

Considering the manufacturing limitations and raw material availability for the back iron,
the exact configurations resulting from all the previous optimisations cannot be realised. As
optimisations 1-4 already considered the majority of these limitations, they are used as a basis
for the manufacturing. Then, the closest available winding and stator parameters to these
optimums are selected and manufactured, whose exact dimensions and efficiency as defined
in previous optimisations is included in table 5.1. With respect to the original system defined
in [104], the analytical models show that the manufactured system will result in the expected
efficiency increases detailed in table 5.2, which can be summarised as:

1. Homopolar axial bearing: the manufactured bearing would result in a 20.3 % increase
in efficiency, as per optimisation 1 (5.6), according to available analytical models.

2. Homopolar radial bearing: the manufactured bearing will result in an efficiency increase
of 38.7 %, as per optimisation 2 (5.7), according to the employed analytical models.

3. Heteropolar motor: the manufactured motor is expected to have an efficiency increase
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Table 5.2 — Analytical calculations of original and manufactured optimised winding properties, in-
cluding bearing Kz and motor K), constants, force x r and torque x 7 constants, and winding phase
resistance Rpj.

Stator
Funct. Winding Side Iron Kg, K K, KT Ryn
Axial Original (Ax) Hom w/o | 0.236 N/VW 1.004 NJ/A 18.1Q
Beari Manufact. (Ax) Hom w/ | 0.284 N/VW 0.895 NJ/A 9.93Q
earing
| Relative Difference: +20.3 % | -109% | -451%
Radial | OriginalSk)  Hom w/o | 0.253 N/ VW 0.408 N/A 2.60 O
Beari Manufact. (Rh.) Hom w/ | 0.351 N/vVW 0.603 NJ/A 2.95Q
earing
‘ Relative Difference: +38.7 % ‘ +47.8 % ‘ +13.5%
Original. (Sk.) Het w/ | 1.490 mNm/VW | 1.273 mNm/A | 0.73Q
Motor | Manufact. (Hx) Het w/ | 1.997 mNm/vW | 2.146 mNm/A | 1.16Q
‘ Relative Difference: +34.0 % ‘ +68.6 % ‘ +58.9 %
Radiag | ©Original (k) Het  w/ | 0.324 N/VW 0.387 N/A 1.43Q
. Manufact. (Hx.) Het w/ | 0.457 N/VW 0.678 NJ/A 2.20Q
Bearing
‘ Relative Difference: +41.1 % ‘ +75.2 % ‘ +53.9 %

of 34.0 %, as per optimisation 3 (5.8), according to employed analytical models.

4. Heteropolar radial bearing: the manufactured bearing would result in an increase of
41.1 % in efficiency, as per optimisation 4 (5.9).

5. Homopolar side: the manufactured homopolar radial and axial bearings will result in
a global increase of 28.6 % in efficiency for the homopolar side, as per optimisation 5
(5.10).

6. Heteropolar side: the manufactured heteropolar radial bearing and motor will result in
a global increase of 36.2 % in efficiency for the heteropolar side, as per optimisation 6
(5.11).

These results will be experimentally measured and validated in chapter 7 through a measure-
ment of each actuator’s forces or torques and phase resistances. Furthermore, these static
measurements are completed by the measurement of the power consumption of the system
during operation, and thus directly quantifying the efficiency increase.

5.2 Hybrid Magnetic Bearing Motor Optimisation

Depending on the use case, having a total of six degrees of freedom actively controlled may
impose an excessive cost or complexity for the viability of magnetic bearings in a given
application. Each actively controlled degree of freedom requires additional sensing, actuation
and computing power that may be prohibitive in some cases.
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(a) Fully Active Configuration (b) Hybrid Configuration
s
i . Passive
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Figure 5.4 — Schematic cross section of fully active and hybrid magnetic bearing reaction wheels.

For this reason, it may be preferred to sacrifice some of the performance of a fully active
magnetic bearing (AMB) system and include some degrees of freedom that are passively
stabilised. Such a configuration is named a hybrid magnetic bearing (HMB) system, which
combines active and passive magnetic bearings. Note that a fully passive magnetic bearing
configuration employing paramagnetic or ferromagnetic materials is not possible as a result
of Earnshaw’s theorem [30].

As it can be observed from the closed-loop models defined in chapter 3 and from the experi-
mental measurements in chapter 7, the most critical dynamics and vibrations are in radial
direction, as unbalance, shaft bow and other disturbances are predominantly radial. Further-
more, axial dynamics are generally decoupled from radial dynamics and a simple single-input
single-output (SISO) control is usually sufficient for its stabilisation.

For this reason in order to simplify the general topology of the studied actuator without greatly
affecting its stability, performance and vibration suppression capabilities, an arrangement of
permanent magnet rings is included in the rotor rim to passively stabilise the axial displace-
ments. The location of the rings at the outer part of the rotor and stator, at a relatively big
radius from the rotation axis also allows the passive stabilisation of the radial tilting of the
rotor. To maintain complete functionality of the machine, it is then needed to actively control
the radial displacements and the torsional (motor) dynamics of the rotor. The heteropolar side
of the original machine, featuring a radial bearing and motor is considered for the stabilisation
of these degrees of freedom, resulting in a configuration such as the one graphically shown in
figure 5.4.b, where it is compared to the fully active configuration in figure 5.4.a.

The simplification of the magnetic bearing topology to include a hybrid configuration comes
at the expense of the inability of actively suppressing radial torque vibrations. As torque
vibrations are generally less critical than forces, specially in space applications, where a force
generated by the reaction wheel, usually located at a relatively big distance from the satellite’s
centre of mass, would generate a much greater torque than the one generated at the actuator
itself, the performance hit of the passive stabilisation of these degrees of freedom would still
be minimum.

Two main configurations are considered for the passive stabilisation of axial and tilting degrees
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(a) Hybrid Configuration A (b) Hybrid Configuration B
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Figure 5.5 — Schematic cross section of studied hybrid magnetic bearing reaction wheel topologies with
attractive (a) or repulsive configurations (b).

of freedom, which are shown in figure 5.5, featuring either attractive or repulsive arrangements
of permanent magnets. The previously defined models for calculating the forces, torques and
stiffness for both configurations enable the possibility of precisely dimensioning the passive
structures to target a stable and high-performance system.

5.2.1 Optimisation Problem Definition

Whereas the optimisation procedure presented in section 5.1 can still be employed for the
active parts of the hybrid configuration, a different procedure needs to be followed for the
dimensioning and selection of the appropriate passive magnetic bearing configuration.

As shown in the validation of the passive magnetic bearing (PMB) models in section 4.3, the
passive stabilisation of axial and tilting degrees of freedom, with stiffness coefficients k > 0,
imposes a destabilising effect in radial direction, with stiffness coefficient k < 0, which need to
be overcome by the active radial bearing. For this reason, the ultimate goal is the selection of a
passive configuration that guarantees stable behaviour for the whole target speed range, while
not greatly disturbing the radial dynamics.

In this analysis no detailed design of such a machine is envisioned, and only a high-level
validation of such a concept is sought. In order to achieve this objective, the closed-loop
dynamics, defined in chapter 3, and the electromagnetic active and passive magnetic bearing
models, detailed in chapter 4, are employed, and the following design flow is proposed:

1. System design, {A}.

* Inputs: dimensioning of rotor, active and passive elements.
* Method: electromagnetic models of active and passive magnetic bearings.
* Output: system high-level parameters for rotordynamics models.

— Physical parameters: rotor mass, m, inertia, I, I, centre of gravity eccentricity,
€w, and main axis of inertia tilt, y.

— Magnetic parameters: magnetic stiffness in radial direction, k;;, angular direc-
tion, k»», and axial direction, k33, and active bearing force constant, k. No
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damping (d, and d;) nor crossed element in stiffness (k;2, k13 and kp3) are
considered.

\S)

. Reduced rotordynamics definition, P, .

* Inputs: m, €, kr, K.
* Method: Jeffcott rotor rotordynamics model (only linear dynamics).

* Output: system plant dynamic system for controller design P;.,.
3. Controller/observer design, R.

* Inputs: P;.4 and closed-loop requirements and goals.

* Method: pole-placement for homogeneous performance and equal comparison of
bearings.

* Output: controller and observer dynamic systems R.
4. Full rotordynamics definition, Pg,;.

* Inputs: m, Ip, Iy, €, ), k11, kzo, k33, k.

* Method: five degrees-of-freedom rotordynamics model (complete axial and radial
linear and angular dynamics).

* Output: system plant dynamic system for closed-loop system analysis Py,;;.
5. Closed-loop analysis.

* Inputs: Pgy1, R.

* Method: frequency and time-based analysis, considering closed-loop poles, Camp-
bell diagram and unbalance response.

* Outputs: stability and performance check through unbalance response. If closed-
loop system is not stable or unbalance response not acceptable (excessive orbits
or vibrations), iterate from steps 1-5.

In order to have a direct comparison with the available fully active magnetic bearing system, a
hybrid magnetic bearing machine with similar dimension of actuators is considered. The main
factors that determine the practical use of a reaction or momentum wheel are the maximum
angular momentum storage capacity Ly ax = IpQmax and torque Ty qy. In a similar way, for
conventional motors, its size is mainly defined by its maximum power Py,4x = TrmaxQmax-
Considering that the same heteropolar side of the fully active magnetic bearing motor, T;y,4x
remains unchanged and the two remaining degrees of freedom are both I, and Q4. It is
then chosen to target a design which will feature the same order of magnitude of maximum
angular momentum storage capacity.

As only a high-level design is envisioned, in the following section, the viability of such configu-
rations is analysed through the study of stability and behaviour of the closed-loop systems.
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Table 5.3 — Passive magnetic bearing (PMB) dimensions for configurations A and B, as defined in figure
4.4. All radial and axial dimensions are expressed in mm.

System ‘T] ro rs3 I‘4‘ zZ1 Z2 zZ3 Z4

Config. A |16 235 24 31| 2 2 2 2

Conﬁg.B\19 23 19 23\-4.25 -0.25 0.25 4.25

5.2.2 Viability Validation and Closed-Loop Analysis

In this section, the final high-level design of the hybrid magnetic bearing machine is described.
The previously defined design flow is executed and the final results are explained for each of
the steps.

System Design

For simplicity, the analysis is only focused on the passive magnetic bearing and its influence
on the closed-loop system. It is then considered that the active magnetic bearing and motor
are obtained through the optimisation shown in section 5.1, featuring the properties and
dimensions summarised in table 5.1 for optimisation 6.

To perform the dimensioning of the machine, the following considerations are taken:

* A total rotor mass similar to the fully active rotor is targeted.

» For comparison between configurations A and B of the passive bearing, a similar total
permanent magnet volume in both rotor and stator is considered.

¢ The maximum speed is chosen in such a way that the total angular momentum is equal
or greater than the one of the fully active machine.

¢ No critical speed should be present in the considered speed range. For this reason, the
passive stiffness in axial and tilting directions should be such that the axial and conical
modes of the rotordynamic system are always higher than the rotation frequency.

* A minimum thickness of 4 mm in either radial or axial direction is imposed for the
permanent magnet rings.

As no detailed rotor design is intended, the simple rotor configurations shown in figure
5.6 is considered to calculate its mass and inertia. For both configurations, the rotor can
be divided in rim, spokes and shaft, and the only materials employed are titanium, with
density pr; = 4.506g/cm?, and Samarium-Cobalt magnets, with density ps,uco = 8.5g/cm3.
To simplify the calculation, the spokes are considered as massless, and the shaft to be like the
heteropolar side of the fully active configuration, being a cylindrical permanent magnet and a
titanium rotor sleeve.
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(a) Rotor Configuration A (b) Rotor Configuration B

Shaft .z
= )

Figure 5.6 — Simplified hybrid magnetic bearing rotor structure for mass and inertia calculations with
titanium and Samarium-Cobalt permanent magnet rim and shaft with massless spokes.

z

Table 5.4 — Closed-loop system parameters of rotordynamics model for fully active (AMB) and hybrid
magnetic bearing (HMB) system configurations A and B.

System H Param. ‘ Value H Param. ‘ Value H Param. ‘ Value

m 71 g I 18.9 kgmm? Ip 23.8 kgmm?
AMB k11 -0.3 N/mm koo -0.1 Nm/rad k33 0.071 N/mm
Qmax 20 krpm Vpy | 1.00 cm® Lmax | 49.79 mNms

€ 10 pm X 100 prad
HMB m 949 g I 36.3 kgmm? Ip 72.1 kgmm?
Conf. A k11 -44.6 N/mm koo 26.7 Nm/rad k33 89.2 N/mm
) Qmax 8 krpm Vem | 9.06 cm? Lmax | 60.42 mNms

€ 6.68 pm X 79.8 prad
HMB m 978 g I 23.6 kgmm? Ip 45.3 kgmm?
Conf. B k11 -67.2 N/mm koo 28.0 Nm/rad k33 134.5 N/mm
) Qmax 10 krpm Vem | 894 cm? Lmax | 47.39 mNms

€ 6.68 pm X 135.7 prad

Then, the rotor rim for each passive bearing configuration is:

* Configuration A: the rim is composed of an outer titanium rim of 3 mm of thickness
and an inner magnet ring with dimensions rs, r4, z3, z4 as defined in table 5.3.

* Configuration B: the rim is composed of an outer titanium rim of 3 mm of thickness,
two permanent magnet rings with dimensions rs, r4, z3, 24 as defined in table 5.3 and
axially separated by 5 mm titanium.

In table 5.3, the final passive magnetic bearing dimensions for both configurations are defined,
and in table 5.4, the main high-level parameters resulting from a system with such dimensions,
calculated using the electromagnetic models validated in chapter 4. Also, for comparison, the
high-level parameters of the studied fully active systems are shown.

It can be seen that the repulsive configuration (B) requires two pairs of permanent magnet
rings instead of a single pair for the attractive configuration (A). The dimensions are then
chosen to contain an equivalent total permanent magnet volume in rotor and stator.
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Chapter 5. Magnetic Bearing and Motor Electromagnetic Optimisation

The unbalance magnitude of the rotor is chosen within the allowed balancing limits for
rotating machinery of equivalent size with balancing grade G6.3 provided by [14].

Reduced Rotordynamics

The design of the radial bearing controller is performed using a rotordynamic model that only
considers the radial displacements, which corresponds to the Jeffcott rotor model defined in
equations (3.3) and (3.4).

It is assumed that there is no damping in the system, that the radial bearing forces are applied
at the center of gravity of the rotor and that the position sensors directly measure the rotor
radial displacements. Under these assumptions the rotordynamics model can be defined as

y=Wwuq

(5.12)

being M, K;, as defined in (3.4), U, = K;lhe =0.5N/A, and W, = I, q the Jeffcott rotor gen-
eralised coordinates, u the radial bearing currents and y the position sensor measurements.
Reformulating in state-space representation, considering xp = [q',4"]T the plant dynamics
are

I @)
kp(1) = Apxp(0+Bpu(= | xp+| T u),
Prog = -M;'K,; O M, U, (5.13)

Y0 =Cpxp0)=|w, 0|xp®=[1 0xp(.

Controller/Observer Design

Having defined the dynamics of the system to control, the controller and observer is designed
by considering a full-state feedback control technique. An observer with matrix gain Lgr will
estimate the system states, and a controller with gain matrix Kgr will stabilise the system to its
reference position.

The design of Lsr and Kgr is performed by pole placement, to guarantee similar behaviour
between the studied configurations. To simplify the analysis, continuous-time controller
and observer are studied, and the performance is chosen by the desired closed-loop poles of
observer s; = [-1.1,—1] kHz and controller sx = [-0.15,—0.12] kHz.

Then, the radial position observer and controller can be combined into the following dynamic
system in state-space representation

po | R0 =Arxg(D) + Bry(1) = (Ap ~ BpKsr — LsrCp)ar (1) + Lsry (1), (5.14)

u(t) = Crxpg(t) = —Kspxp(1),
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5.2. Hybrid Magnetic Bearing Motor Optimisation

where it is considered that the reference position is always 0. Note that, as opposed to chapter
3, to simplify the notation R considers both controller and observer.

Full Rotordynamics

In order to fully analyse the behaviour of the rotor in all directions, the closed-loop analysis
is performed considering the five degrees-of-freedom model defined in equations (3.3) and
(3.8).

The equations of motion of a rotating body with no damping and generalised coordinates
q = [r¢, ¢, z¢], including radial displacement r, tilting ¢, and axial displacements z, result
in
Mgq(t) + G4(Q)q(1) + Kyq(t) = Ugu(t) + Vaug (),
Y1) =Wyq(1)

(5.15)

being M, K;, G4, as defined in (3.8), with only diagonal elements of stiffness k12 = k13 = kz3 =
0, Ug, V4 and W, defined as

K;lhe meel®
Ug=| 0 |, Vg=02|xti-Tpe?|, wy=[1 0 o, (5.16)
0 0.1meel®

and the physical parameters as defined in table 5.4. An harmonic disturbance in axial direction
with one tenth of the radial unbalance magnitude is artificially included to clearly see any
possible resonance in this direction in the closed-loop system unbalance response.

The state-space representation of such a system is

%p(t) = Apxp(t) + Bpu(t) + Bpuy(t) =

0 0
xp(t)+[ . ]u(t)+
MU,

Pryn = _ _
-M_ 'Ky -M_'GQ)
Y0 =Cpxp() = |W, 0] xp(0).

-1
MV,

] uq(1), (5.17)

Note that only the radial displacements are measured and actively controlled and thus the
tilting and axial degrees of freedom need to be passively stable.

Closed-Loop Analysis

Considering the interconnections graphically shown in figure 5.7, where it is considered
that the reference position is always set to x,.¢ = 0, and subject to the harmonic excitation
uy = e/ it is possible to study the closed-loop stability of the system and its unbalance
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*
y u

( R Pryi W

Figure 5.7 — Simplified general closed-loop diagram of hybrid magnetic bearing system with controller
and observer R, and full rotordynamics Py, for stability analysis.

response.

Such an analysis can be performed by considering the sensitivity functions from the unbal-
ance excitation u,4 to plant states xp and controller actuation u, denoted as S, and Sy,
respectively. As the measurements y only account for the radial displacements, the complete
system analysis is performed by considering the states xp instead.

Defining the closed-loop system states as x =[x, %], Sy and Sy, result in

£p(1) = Ax(D) + Bua(0) (1) = Ax(1) + Bug(0),
Sux = P d , Suu — d (5.18)
xp(t) = Cyxx(1), u(t) = Cpupux(),
being
B,
_| Ap BpCr 3 ~ B
A=lp o O B=l0]L Cu= 0|, Cuw=[0 Cy|. (5.19)

The closed-loop system is stable if no eigenvalue of matrix A is located at the right half plane
(RHP), i.e. all eigenvalues have zero or negative real part. Furthermore, to guarantee that the
rotor displacements and actuator currents under unbalance excitation do not exceed some
reasonable limits, the unbalance response of the closed-loop systems S, and S,; can be
studied either in frequency or time domain.

Firstly, the closed-loop poles are shown in figure 5.8 as Campbell and decay-rate plots. It can
be seen that all radial poles are located at the desired locations chosen by the pole-placement
controller and observer, and that both tilting and axial modes have, as expected, no damping
and they are located at the imaginary axis. On the one hand, due to the disk-shaped rotor, i.e.
I, > I, there is no critical speed for the radial tilting dynamics, as the conical or tilting modes
never cross the unbalance excitation frequency Q. On the other hand, the speed-independent
axial modes do eventually cross 2, and the maximum rotational speed will then be fixed by
this critical speed.

Secondly, considering the unbalance magnitude given by the standard [14] for rotating ma-
chinery of equivalent size with balancing grade G6.3, as defined in table 5.4, the unbalance
response of the hybrid magnetic bearing systems is shown in figure 5.9.
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(a) Hybrid Magnetic Bearings Campbell Plot (b) Hybrid Magnetic Bearings Decay-Rate Plot
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Figure 5.8 — Campbell and decay-rate plots of hybrid magnetic bearing systems defined by high-level
parameters from table 5.4. Rotordynamic modes as a function of rotor speed are shown for both hybrid
systems with attractive (config. A) and repulsive (config. B) passive magnetic bearings.
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Figure 5.9 — Unbalance response of hybrid magnetic bearing systems defined by high-level parameters
from table 5.4. Rotor radial displacements r,, radial tilting ¢, axial displacements z. and actuator
currents u are shown as a function of rotor speed for both hybrid systems with attractive (config. A)
and repulsive (config. B) passive magnetic bearings under unbalance excitation.

It can be seen that the critical speeds for the axial degrees of freedom appear at approximately
9 krpm and 11 krpm for configurations A and B, respectively, and for this reason, the maximum
speed is chosen at 8 krpm and 10 krpm to avoid infinitely big rotor displacements, which in
practice would result in a rotor crash. Furthermore, the applied currents to stabilise the rotor
in radial direction are not excessively high, being below 3 A for both cases for the considered
Qmax, which could be applied by the existing bearing and power converter.

Whereas no damping has been considered for the analysis, in practice, some damping should
be considered, as a result from the induced voltage in the radial bearing and motor windings
when the rotor is displaced from its centre. This behaviour would only stabilise the system
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due to its energy dissipation, which would result in a damping of the harmonic disturbances
such as the rotor unbalance or shaft bow.

These high-level results show that both configurations could be further investigated and
eventually manufactured in order to obtain a more simple magnetic bearing topology for
applications where big inertia disks are required, such as reaction or momentum wheels for
space applications, or kinetic energy storage wheels for terrestrial applications.

5.3 Conclusions

In this chapter, two main developments are presented: first, a general optimisation procedure
for active magnetic bearings and motors is described, and second, a hybrid magnetic bearing
topology is designed and its viability validated.

The main contributions of the chapter are the following:

* A general optimisation procedure for active magnetic bearings and motors is presented.

— The optimisation maximises the efficiency of the general machine or single actua-
tor.

— It allows considering the possible interactions between actuators for a general
machine optimisation where several actuators share some given resources, as in
self-bearing machines.

— The optimisation is applied to the studied fully active magnetic bearing system

resulting in a greatly improved efficiency when compared to the original machine.

* A hybrid magnetic bearing configuration that combines active and passive magnetic
bearings is presented and analysed.

— The hybrid magnetic bearing simplifies the magnetic bearing configuration, by
actively controlling only three (radial displacements and motor torque) of the six
degrees of freedom of the rotor.

— The passive magnetic bearings with both repulsive and attractive configurations
are designed and dimensioned.

— The preliminary high-level design is analysed at system level through rotordynam-
ics analysis using the tools described in chapter 3.

- Both configurations show promising capabilities and their viability is proven by
high-level closed-loop system analysis.
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Harmonic Disturbance Suppression
for Magnetic Bearings

In this chapter, a greatly stable harmonic force rejection control technique is presented
and its stability and performance is analysed for the studied fully active magnetic bearing
system. The proposed generalised notch filter is based on the unbalance and resonance
suppression control originally proposed in [120], and features the advantage of not requiring
any gain or parameter selection for guaranteeing its stability for a broad range of speeds. Due
to the intrinsic differences between the piezoelectric active bearings featured in [120] and
magnetic bearings, its stability for magnetically levitated rotors is analytically analysed and
experimentally validated using a fully active slotless Lorentz-type magnetic bearing motor.

Firstly, in section 6.1, a brief description of the main previously available unbalance control
techniques is presented, including their limitations. In section 6.2, the general structure of the
proposed generalised notch filter is presented, including the required modifications for its
implementation on a real system and its general stability criterion is derived. Afterwards, the
stability of the technique is investigated in detail for the studied magnetic bearing system in
section 6.3. The experimental measurements of the harmonic force rejection control technique
isincluded in chapter 7, achieving a complete suppression of the first three harmonics of the
actuating currents and thus significantly reducing the vibrations generated by the machine
during operation by at least one order of magnitude over its whole speed range.

A similar analysis to the one performed in this chapter has been carried out in [50], where the
proposed generalised notch filter is described, analysed and implemented for the studied fully
active magnetic bearing system.

6.1 Harmonic Disturbance Suppression Techniques

Whereas rotor balancing can considerably reduce the magnitude of one of the main sources
of vibrations, allowing the operation of the machine for much longer time and at higher
speeds, in practice it is impossible to achieve a perfect rotor balancing [14] and thus some
residual vibrations will always be present. In some applications such as optics [121] or in

97



Chapter 6. Harmonic Disturbance Suppression for Magnetic Bearings

space [10] where vibrations are critical for the precision of the measurement equipment, some
additional isolation is necessary, by adding for example a passive [22] or even active [23]
isolation platforms.

The absence of mechanical contact between rotor and stator in magnetically levitated rotors
enables the possibility of actively controlling and reducing the vibrations generated during
rotation. These approaches are commonly known as vibration or unbalance force rejection
control (UFRC) techniques and have seen increasing interest in the last decades [122]-[125].

One of the most extended unbalance control techniques that was proposed in [123], known
as generalised notch filter, has seen broad expansion in industry and it has been successfully
employed for suppressing harmonic disturbances in magnetically levitated rotating machines
[30]. The main reason of its success is its adaptive nature, not requiring any model of the noise
and vibration to suppress, only requiring an estimation or measurement of the rotor speed.

Nevertheless, its implementation requires the selection of tunable parameters in a gain matrix
for stable operation over a broad speed range and often requires a gain-scheduling approach.
More recent approaches target at solving these stability issues by substituting the gain matrix
with a phase shift [124], or by employing a polarity shift [125], but still requiring the adaptation
of the parameters with speed to guarantee a stable system.

As initially proposed in [120], an independent development for piezoelectric active bearings
resulted in a stable unbalance and resonance control technique that greatly reduced the
stability problems of previous unbalance control implementations, with no gain adaptation
required for stable operation. In [120], the stability of the approach was generally proven
analytically and experimentally for rotating machinery including single or multiple piezo-
electric bearing actuators, which feature intrinsic stable passive stiffness. Whereas these
conditions do not hold for magnetic bearing systems, with unstable open-loop dynamics,
the employed unbalance and resonance control technique show promising possibilities for
magnetic bearings.

To highlight the main characteristics of the conventional generalised notch filter originally
proposed in [123], a brief presentation of its structure and characteristics is performed here-
after.

6.1.1 Conventional Generalised Notch Filter

Considering a general closed-loop system shown in Fig. 6.1.a, with controller R and plant
P, it is possible to suppress the [-th harmonic component of the measurement signal y by
considering a conventional generalised notch filter Ny as presented in [123].

The internal structure of such a generalised notch filter is graphically represented in figure
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(a) Closed-Loop with Conventional Ny (b) Closed-Loop with Proposed Ny
Ny Q ug Ny Q Ua
YN W
T ‘ y R u P, 1 R | u P, W
(c) Conventional Generalised Notch Filter N, I (d) Proposed Generalised Notch Filter N, [
Ny Ny
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Figure 6.1 — Simplified general closed-loop (top) and internal structure (bottom) of conventional (left)
or proposed (right) generalised notch filter Ny, with controller R and rotordynamics P,.

6.1.c, which corresponds to the dynamic system Ny described by

t

0

sin(Qt) 1

cos(Q1)1 ymdr 6.1

yn(8) = |sin(QnI cos(Qt)]

I
T, Ty

being I an identity matrix, Q the rotational speed of the rotor, ¢, the rate of convergence of the
filter which also defines the bandwidth of the notch, and Ty, T two real-valued gain matrices.
The dynamic system defined in expression (6.1) corresponds to the following linear differential
equation

Fn+ QPP = ce(Try - QT7H). (6.2)

Defining Ty = Tg + j Ty as complex gain matrix, and Ty = T — j T} its complex conjugate,
being j = v —1 the imaginary unit, it is possible to reformulate the differential equation (6.2)
as a state-space system, resulting in

jor o
o -—jaI

In

N

%N (1) = ANxn (D) + BNy (1) = xn(f)+ce y(®,

6.3)
1
Y0 =Cnan@ =3 |1 1] xn),

being O a zero matrix and x the internal states of the notch. If a matrix Ty is found such that
the closed-loop system is stable, this generalised notch filter actuating over frequency Q is
able to suppress any harmonic component from the measured signal y. These harmonic dis-
turbances commonly appear due to unbalance forces, and preventing the closed-loop system
to react to these disturbances results in a considerable reduction in generated vibrations and
power consumption.
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As explained in [123], different options exist for choosing the values of matrix Ty that will result
in a stable closed-loop system. These techniques rely on the identification and adaptation of
Tn depending on the closed-loop dynamics at each speed Q in terms of the sensitivity transfer
function matrix (TFM) S(s). This results in the necessity of selecting a gain-scheduled matrix
Tn(Q) to guarantee stability over a broad speed range.

The generalised notch filter defined in expression (6.3) can be generalised to suppress not only
disturbances appearing synchronous to the rotation speed Q, but also in higher harmonics
le{1,2,...,ny} by simply considering /Q instead. Nevertheless, doing so implies the selection
of either a single Ty (Q) such that the system is stable for all n;, harmonics, or a different T (Q2)
for each /-th harmonic.

This necessity of finding an appropriate structure for Ty (Q2) to guarantee the closed-loop sta-
bility can limit the applicability of this UFRC. The generalised notch filter proposed hereafter is
developed to overcome these limitations and facilitate the implementation of multi-harmonic
force rejection control for magnetic bearing systems.

6.2 Proposed Generalised Notch Filter

Following the development of equations presented in [120], the resulting general closed-loop
diagram with the proposed generalised notch filter Ny is shown in figure 6.1.b. The filter takes
the position controller output currents u(¢) as input to generate an harmonic signal yy () to
be removed from the input signal to the position controller y(¢). This is achieved for the /-th
harmonic by considering

jlor o L0
o -—jiar|™™ ¢

XN (1) = Anpxn () + Byju(t) = Ql

il
_].I] u(z),

(6.4)
1
Y= Cuxa (@ = 5 [1 1] i,
The stability of such configuration relies on the use of a fixed structure, and thus absence of
any gain matrix, and the use of the controller output, u, as input signal to the filter. It is also

clear that one requisite for employing such a generalised notch filter is that a measurement or
estimation of the rotor speed (Q is necessary.

The complete vibration control is obtained by combining the expression (6.4) for all [ €

{1,2,...,n,} harmonics that will be suppressed, resulting in x = [xLl, cees xxnh]T and
An1t - O By
xn()=Anxn(f) + Byu()=| : ©o | xen(+ © | ul(D),
(6.5)
0] e ANnh BNnh
Yn(@) =Cnxn()=|Cn1 -+ Cnn,|XnN.
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For a configuration that will suppress n;, harmonics on a system with n, degrees of freedom,
u e C" and y € C", the notch state-space matrices will have dimensions Ay € C2"a"h*21q"h,
By € C2"a™n*1q and Cpy € C"a*2Ma"n,

6.2.1 Implementation

To implement the proposed harmonic disturbance suppression algorithm into a real system,
it is necessary to transform the dynamic system defined in (6.4) into an algorithm that a digital
signal processor (DSP) or embedded controller can compute in real-time.

To address these aspects, the following steps are taken:

1. To prevent rotor orbits of infinite amplitude at resonance speeds, a virtual stiffness § is
included into (6.4), as done in [120], which results in

xXni(1) = (ANt — As) XN (1) + Byju(t)

Yni(8) = Cnix (1),

(6.6)

with As = 81. If § # 0 the integration of the notch states xp; is slowed down, acting
against both the increase in orbits and a perfect harmonic suppression.

2. Using the similarity transformation F; for the /-th harmonic and its time derivative

eletI 0

O e_letI i:Nl(t)y

xni(2) = FjXn (1) =

(6.7)
&ni(0) = FEng (0 + Fiién (0 = AniEi¥n () + Fiing (1),

and defining ¢, = ¢.Q/]Q)|, it is possible to reformulate expression (6.6) using Xy;(?)
instead, resulting in

< v 1 « . je_letI
Xni(0) = —AsXNni (D + F " Byju(t) = =0Xni () +Cc |7 . 10, | (D),
_]e] t[

jlot
2

e

Yni1(0) = Cn FiXn(£) =

e )

3. Considering Euler’s formula, the complex exponentials are expressed only in terms of
pure real numbers and trigonometric functions sin(/Q¢) and cos(/Q 1) as follows

—cos(IQnI

X )=-0X% t C
X (1) Xni(6) +Cc sin(1Q0]1

u(1),

(6.9)
yai0) = [sin(Qn1  cos(Q01] Eni (),

and as graphically represented in Fig. 6.1.d.

4. The system is discretised using Euler’s method and the sampling frequency f; of the
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controller, resulting in

—cos(IQt) 1

singQryr |

0 Ce
Englk+1] = (1— E)icN,[k] +%

yilkl = [sin(Qeo1  cosUQu)T| &Lk

(6.10)

5. The discrete-time equations are combined for the [ € {1,2,..., n;} harmonics to be
suppressed using (6.5).

Interestingly, it can be observed that expressions (6.9) and (6.10) correspond to a similar
formulation to the one previously presented in [123], which is defined in Appendix 6.1.1, but
considering no gain matrix, i.e. having a fixed structure being Tr = O and T = I, and using as
input to the filter the controller’s output u instead of input y.

6.2.2 General Stability Condition

Considering the interconnections of the closed-loop scheme shown in figure 6.1.b, with TFMs
P4(s), R(s) and N¢(s) for plant, controller and notch dynamics, the loop TFM L(s) of the
configuration results in

L(s) =Pq(S)R(S)(I+Nf(S)R(S))_l. (6.11)

The stability is then guaranteed if the closed-loop sensitivity TFM, calculated as
S(s)=(I+L(s) ™ =+ Py(s)R(s) + Nf(s)R(s))_l, (6.12)

has no poles located in the right half-plane (RHP). The proposed notch TFM Ny (s) can be cal-
culated from the state-space representation using Ny¢(s) = Cy(sI — A ~) !By, and considering
here [ =1 for simplicity, which results in

CcQ2

Nf(s) = ————1,
f(s) 82+Qz

(6.13)

being ¢, = ¢.Q/]Q]. Substituting into (6.12), the closed-loop poles are calculated from the
characteristic polynomial of S(s), resulting in

0= det(I + P4 (s)R(s) + Nr(s)R(s))
=det((s* + Q%) - &QR()(I+ Py (s)R(s))™H) (6.14)
=det((s*> + Q%) + jE.QjR(5)S(s)).

Note that (I + Pq(s)li’(s))‘1 is the sensitivity TFM of the closed-loop system without notch filter,
and to simplify the notation it is denoted here as S(s) = (I + Pq(s)R(s))‘l.

It can be seen that if ¢, = 0 the closed-loop system is stable, having a set of poles over the
imaginary axis s = + jQ. As ¢, is chosen small enough to guarantee a sufficient narrow band of
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the generalised notch filter, following the procedure performed in [123], it is possible to obtain
a general condition of stability for each rotor speed Q by linearising the resulting closed-loop
poles around s = +jQ for ¢, = 0.

The closed-loop is stable for sufficiently small convergence rates of the proposed notch filter
¢c < Q if for each speed Q it is satisfied that

0s(Cc)
aéc ¢.=0

1 3
= -5 eigJRGDS(Q) <0. (6.15)

When comparing to the stability criteria obtained in [123] for the conventional generalised
notch filter, it is possible to identify the parallelisms with the results derived here. As previously
mentioned, the proposed configuration corresponds to an open-loop notch filter dynamics of
Ny defined in [123] but with a fixed gain matrix structure T = jI. Furthermore, the different
arrangement of Ny in the closed-loop results in a stability criteria depending on jR(j Q)S(j),
instead of Ty(Q)S(jQ) in the conventional notch filter.

Whereas the results obtained here define a theoretical stability condition for the closed-loop
system, its formulation can be difficult to use in practical applications. For this reason, the
dynamics of the closed-loop system are particularised hereafter for the studied magnetic
bearing system, providing a detailed stability analysis for the fully active magnetic bearing
motor here investigated.

6.3 Stability Analysis for Studied Magnetic Bearing System

Before implementing the proposed generalised notch filter into the real system, it is necessary
to study in more detail the stability of such an harmonic disturbance rejection technique for its
configuration. It is first necessary to define the equations of each element of the closed-loop
system.

As detailed in chapter 3, it is possible to select the level of complexity and considered aspects
in the closed-loop simulation model. To simplify the initial stability analysis procedure, the
following assumptions have been considered:

* The current control loop is considered fast enough to have an influence on the position
control, i.e. R..=1.
* The reference set point for the position control loop is always zero, i.e. X.¢ = 0.

* Linear and ideal bearing and position sensor models are considered, i.e. the models
defined in equations (3.10) and (3.11) are used, respectively.

* Due to the previous assumption, radial and axial dynamics are completely decoupled,
allowing a decoupled radial and axial position control design.
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¢ As external disturbances in the generalised force vector f, only unbalance forces are
considered, which are purely radial.

The closed-loop scheme presented in figure 3.4 can then be simplified to the one graphically
shown in figure 6.1.b. The dynamics of the plant P, controller R and generalised notch filter
Ny, can be expressed in state-space representation as

tp(1) = Apxp(1) + Bpu(t) + Bpug (1),
p, - &p(t) = Apxp(t) + Bpu(t) + Boug(1) (6.16a)
y(@) =Cpxp(1),

. = A B — y
o ) KR = ARxR(D)+ Br(y(£) = yy (1) (6.16b)

u(t) = Crxp(t) + Dr(y (1) — y N (1)),

Y N=A t B 1),
Ny xN(0) = ANxn(8) + Byu(t) (6.16¢)
Yy =Cnxn(D),

being u the bearing currents, y the sensor measurements, x the state vector and A, B,C,D
the state-space matrices with the subscripts B, R, N referring to the plant, controller or notch,
respectively. Input u; accounts for unbalance or any other harmonic disturbance force acting
on the rotating system.

Considering the interconnections between elements, being y(t) = y(t) — y (1), the excitation
harmonic forces u,4(t) as input, and the the rotor displacements measured by sensors y(#) or
actuating currents u(f) as outputs, the stability and general behaviour of the system can be
analysed. These closed-loop systems can be viewed as a sensitivity transfer function from an
input disturbance to plant’s output Sy or to controller’s output Sy;,.

The closed-loop systems S, and S, both feature the state-space vector x = [x},, xp, %]
and their state-space representations are defined as

Xx(t) = Ax(t) + Buy(t), x(t) = Ax(t) + Buy(1),
SMJ’ = ¢ , Suu = d (6.17)
(1) = Cyyx(1), u(t) = Cyyx(1).

Note the similar state-space equations for both dynamic systems, only differing on the output
equation. The resulting state-space matrices for both systems are

Ap+BpDrCp BpCr  —BpDprCy B}, Cuy :[Cp 0] O],
A= BrCp AR —BrCn , B=(0O],
ByDgrCp BNyCr An—BynDgrCy 0] Cuu :[DRCP Cr _DRCN]'

(6.18)

The closed-loop system will be stable if no eigenvalues of matrix A are located in the RHP. In
the following sections, the structure of each component of the closed-loop system shown in
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figure 6.1, i.e. rotordynamics equations Pg, the controller dynamics R, and generalised notch
filter N¢, will be particularised and its stability analysed for some cases.

To simplify the notation the dependency on time (¢) will be dropped in the following expres-
sions.

6.3.1 Rotordynamics Model: P

As previously developed in chapter 3 for the four and five degrees-of-freedom models, the
rotor is considered as a rigid body with mass m, non-vanishing polar and transverse moments
of inertia I, and I, suspended over two compliant bearings b and b, with stiffness k, and
non-rotating and rotating damping coefficients d,, and d,.

For convenience, the equations of motion described in chapter 3 are repeated here. Consid-
ering the generalised coordinate vector g = [r,¢.] " in complex coordinates, the linearised
equations of motion from expression (3.6) and ideal sensor models from (3.11) are
Mg+ (Dg+Gg(Q) g+ (Kg+ Hy(Q) g =Ugu+ Vy(Qug,
y=Wuq

(6.19)

being M, the mass matrix, D, the passive damping matrix, G4(€2) the gyroscopic matrix, K,
the passive stiffness matrix, H,(Q) the circulatory matrix, U, the ideal bearing force matrix,
V4(Q) the unbalance or harmonic disturbance matrix, and W, the sensor output matrix. To
simplify the analysis, matrix V,; only accounts for unbalance forces as defined in [108], and
thus u,; = e/, but could be generalised to account for any other harmonic disturbance.

Finally, the state-space representation of the equations of motion in (3.3) results in the state-
space matrices

Ap = 'Aqu Apgg _ 0 1

[Apgq  Apgq| |—Mg'(Kq+Hg() —Mg'(Dg+Gy()]’

[ Bpq 0 ;| Bp 0 (6.20)
Be=\p,. | = |M-1u, | Bp= 15| =ty |

| PPg qg “a Pg q Va)
Cr=|Crq Cpg|=|wy 0],

being the state vector xp = [q ', 4 '] .

6.3.2 Controller: R

Considering the multi-variable state feedback controller defined in chapter 3, with state-pace
observer with matrix gain Lsr and controller with matrix gain Ksr, and the model of the
system dynamics to be controlled in equations (6.16a) and (6.20), it is possible to express
the resulting dynamic system of such a controller in state-space representation as defined in
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(6.16b).

Due to the use of a digital processor, such as a digital signal processor (DSP), the controller
needs to be implemented in discrete-time. Firstly, the design of the controller is performed
in discrete-time, and secondly, for the stability analysis, a zero-order hold is considered for
converting the discrete-time controller into the continuous-time equations defined in (6.16b).

Employing a first-order forward Euler discretisation of the rotordynamics model P, in equation
(6.20) with sampling period Ts, including process w and measurement v noise the resulting
discrete-time system dynamic model P, is defined as

(6.21)

P {xp[k+ 11 = Apxplk] + Bpulk] + wik]l = (I + TsAp)xplk] + TsBpulk] + w(k],
=

ylkl = Cpxplk] + v[k] = Cpxp[k] + v[K].

If an integral error e, the estimated position § and velocity z; are included into the controller
AT &T . .

state vector xg = [e}, qT, q 1T, the controller gain Kgr can be separated in Ksr = [Kj, Kp, Ky4l,

being K;, Kj, and K the integral, proportional and derivative gain matrices, and the observer

1T

gain in Lgr = [L;,L; with only proportional L, and derivative parts L;. The resulting

controller state-space matrices are

xplk+1] = Agxglk] + Brylk] =

o I (0] (0]
—BpgKi Apgq—BpgKp—LaCpg Apgg—BpgKy—LaCpg Lg

ulk] = Cpxplkl = [~K; —K, —Ka|xlK.

(6.22)
Note that as done in chapter 5 for the hybrid magnetic bearing system analysis, R considers
both controller and observer dynamics.

The design of observer Lsr and controller Ksr gain matrices is then done by solving the
linear-quadratic-gaussian (LQG) problem for optimal control as follows:

* Linear-quadratic regulator (LQR), KgF: the infinite-horizon discrete-time linear-quadratic

controller gain Kgr is calculated by minimising the cost function

min{ Y (xplk1Qrxg(k] +u' [k]Rxulk] +2x 5, [k Nxu' (k) } ) (6.23)
k=0

subject to the plant dynamics (6.21) and u[k] = —Ksrxg[k]. For this case the weight
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Table 6.1 — Closed-loop system parameters of rotordynamics Py, LQG controller R and generalised
notch filter Ny employed for stability analysis.

System ‘ Param. ‘ Value H Param. ‘ Value H Param. ‘ Value

m 0.071 kg k11 |-0.3 kN/m d, 0 Nsm
I 18.9 kgmm?| k3 |-0.1 Nm/m d, 0 Nsm

P, I 23.8 kgmm? || ko -1 Nm/rad|| «r 0.4 N/A
Iy +0.03 m € 10 pm X 100 prad
Is +0.04 m
drp 10° m?/s? qra | 10° m?/s* r. 107 m?

R qki 102 m™2s7?|| gkp | 10° m™2 grxa | 10% s?/m?
rx 102 A2

-7
Ny | e Jwom- o | 8- |

matrices Qg, Rx and Nk are chosen as

gxil (0] (0] (0]
QK: 0] quI O , Rg=rxgl, Ng=10]|. (6.24)
O O qxal 0

e Kalman filter or linear-quadratic estimator (LQE), Lsr: the infinite-horizon linear-
quadratic estimator or Kalman filter with gain Lgr is calculated such that the steady-state
error between real x and estimated £ is minimised, i.e.

min{klim E[x[k] —.f?[k]]}, (6.25)

subject to the plant dynamics (6.21) and assuming that the additive process w and
measurement noise v in plant dynamics and measurement equations (6.21) follow a
normal distribution with zero mean and covariance matrices

quI 0]

Elw w)= =
| I=Q O qral

, E[v'w]=R.=rI, E[lw'v]=0, (6.26)

being g; and r; the weighting factors of optimisation (6.25), defining the variance of
process and measurement noise.

The design of the controller Ksr and estimator Lsr gains is performed by simply choosing the
associated weighting factors g and r in matrices (6.24) and (6.26).

Other control techniques can be considered for the stabilisation of the rotor’s position, such
as pole-placement for another centralised position control or a simple PID for a decentralised
controller, as described in [50].
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(a) Closed-Loop Poles: CL with P;-R (b) Closed-Loop Poles: CL with P;-R-Ny
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Figure 6.2 — Closed-loop poles of controlled system without (left) and with proposed notch filter (right)
with detailed zoom of poles located close to imaginary axis.

6.3.3 Closed-Loop Stability

Having defined the structure of all matrices in equations (6.16a) for the plant dynamics Py,
(6.16b) for the controller R and (6.16c) for the generalised notch filter Ny, it is possible to
analyse more precisely the behaviour of the closed-loop system of the studied fully active
magnetic bearing motor by using the analysis tools described in chapter 3. As mentioned in
chapter 3, due to the assumption of slow varying rotor speed Q, the linear parameter-varying
(LPV) system can be studied by considering a linear system dynamics for each rotor speed.

Firstly, the closed-loop system is stable if no eigenvalue of the state matrix A in (6.17) is
located at the right half-plane (RHP). Secondly, the performance of the closed-loop system
can be verified by calculating the unbalance response of the sensitivity functions defined in
expressions (6.17), which yields the rotor displacements y and actuation currents u of the
system excited by a harmonic disturbance corresponding to the rotor unbalance. The studied
system, including dynamics, controller and notch, features the parameters included in table
6.1.

It is worth mentioning that, even though the poles of the open-loop generalised notch filter
Ny are located at +j1Q, as clearly visible from the notch state matrix Ay in (6.4), its use in the
closed-loop system will slightly deviate the poles from the imaginary axis.

To simplify the initial controller design, it is considered that the controller Ksr and estimator
Lgr gains are calculated for each speed Q in the range from —20 krpm to 20 krpm. In practice,
a gain-scheduling approach with a few set of matrices is calculated off-line and stored in mem-
ory as a look-up table, allowing fast switching in real-time between controllers for different
speeds.

A stable configuration with and without the proposed generalised notch filter is obtained
choosing the weighting factors as specified in Table 6.1, resulting in the closed-loop poles
shown in figure 6.2.a for R and in figure 6.2.b for Nr. Note the change in scale used for the
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(a) Unbalance Response Sy (b) Unbalance Response S,
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Figure 6.3 — Unbalance response of closed-loop system for rotor displacements at sensor planes (left)
and bearing currents (right) with and without the proposed generalised notch filter.

x-axis to clearly visualize the impact of the closed-loop in the notch filter poles.

The resulting poles of Ny in the closed-loop are curved into the left half-plane (LHP) for lower
speeds and subsequently approach the imaginary axis for higher speeds. At sufficiently high
speeds, the notch poles will eventually crossing to the RHP if the estimator and controller poles
are not fast enough. This can be observed in figure 6.2.d in the pole branch that bends towards
the imaginary axis, which will eventually cross to the RHP for |Q| > 20krpm. This situation
could be avoided if other position control technique is employed, such as decentralised
PID control, as shown in [50], but it is not deemed necessary for this case as the stability is
guaranteed for the whole speed range of the system.

Even though the controller poles sy do have a minor effect on the notch closed-loop poles,
the main limiting factor of the stability is the location of the observer poles s;. This effect can
be seen as a delay between the estimated states and real states due to the rate of convergence
of the state estimator, resulting in instabilities at higher speeds.

The unbalance response of the closed-loop system with the state feedback controller is also
included in figure 6.3, showing the exact same behaviour with notch as the closed-loop system
with PID controller for both displacements y and currents u. To prevent infinitely big orbits,
in practice, the notch filter needs to be enabled for |Q| > Q.

To simplify the explanation of the results, only the radial dynamics have been analysed here. An
equivalent study has been performed for the axial dynamics to choose the position controller
and observer parameters for a stable operation with and without the proposed notch filter. In
this case, due to the lower amplitude of the third harmonic for axial dynamics, it is chosen to
suppress only two harmonics nj, = 2.

After studying the stability of the closed-loop system, the designed controller, estimator and

109



Chapter 6. Harmonic Disturbance Suppression for Magnetic Bearings

generalised notch filter are implemented into the real system, and the effectiveness of the
proposed harmonic force rejection technique is experimentally quantified by measuring the
reduction in vibrations and actuator currents. These results are detailed in section 7.

6.4 Conclusions

In this chapter, a highly stable harmonic disturbance suppression technique for magnetic
bearing systems has been presented and validated. The proposed approach considerably
reduces the stability problems shown in other unbalance control techniques, not requiring
a time-consuming gain matrix nor phase shift fine-tuning for yielding a stable closed-loop
system, and thus being easily extended to suppress multiple harmonics.

The main contributions of the chapter are:

¢ An harmonic force rejection force control technique is proposed, which features the
following characteristics:

Due to its adaptive nature, it does not require any predefined noise nor vibration
model.

It requires an estimation of measurement of the rotor speed.

Its internal structure does not have any gain nor phase parameter that needs to be
adapted to guarantee stable operation over a broad speed range.

It is based on an unbalance and resonance control approach originally developed
for rotating machinery employing active piezoelectric bearings, with stable open-
loop dynamics.

¢ The general stability condition for a closed-loop system with the proposed harmonic
force control is derived.

— Asopposed to the rotordynamics case with piezoelectric active bearings, no uncon-
ditional stability is obtained due to the unstable open-loop dynamics of magnetic
bearings.

— The stability condition sets the boundaries for controller design to guarantee a

stable closed-loop system.

* The proposed vibration rejection technique is successfully implemented and tested
on the studied fully active magnetic bearing system. Experimental validation of the
approach is included in chapter 7.
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d Experimental Results and Validation

Having performed the analytical developments of a novel micro-vibration measurement tech-
nique for active magnetic bearings, closed-loop magnetic bearing models, electromagnetic
force and torque models for active and passive magnetic bearings and motors, machine op-
timisation and harmonic force suppression techniques, it is now necessary to validate such
developments experimentally.

In this chapter, the experimental results and validation for all the analyses presented in
previous chapters are shown. Firstly, in section 7.1, all test benches employed for the validation
of the different models are introduced and described. Secondly, the current-to-force micro-
vibration measurement technique, proposed in chapter 3, is validated in section 7.2, by
comparison to a state-of-the-art micro-vibration characterisation measurement equipment.
Afterwards, the proposed electromagnetic models for active magnetic bearings defined in
chapter 4 are validated in section 7.3. Subsequently, the experimental measurements of the
optimisation results of the studied fully active magnetic bearing system, as performed in
chapter 5, are described in section 7.4, consisting of the quantification of the main force and
torque characteristics and the machine’s efficiency. Finally, in section 7.5, the micro-vibration
characterisation of the studied machine is performed, including the experimental validation
of the harmonic force suppression technique proposed in chapter 6.

7.1 Experimental Test Benches

For the validation of the different analytical models or designs presented in the previous
chapters different equipment has been employed. Due to the different nature of the model or
design, several configurations need to be tested using various measurement set-ups. In this
section, the employed equipment for the experimental validation of the previously presented
models and techniques is detailed.
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(a) Spokeless Reaction Wheel (b) Spoked Reaction Wheel

Figure 7.1 — Spokeless and spoked reaction wheel rotors of studied fully active magnetic bearing system.

7.1.1 Measured Equipment

The basic configuration of the studied fully active magnetic bearing system is presented in
chapter 2, which corresponds to the initial state as detailed in [104]. During the development
of the present thesis, several modifications or additions are performed to improve different
characteristics of the fully active magnetic bearing system or to study new features for a more
complete understanding of the system.

In terms of hardware, the following options will be available for comparison in the upcoming
sections:

1. Rotors: to characterise the closed-loop behaviour for rotors with different mass and
inertia and to identify some possible rotor-dependent vibration sources, two main rotor
configurations are studied.

* Spokeless Reaction Wheel: rotor with solid inertial disk as shown in figure 7.1.a.
Due to the flat axial surface in the disk, this rotor allows the use of a more precise
eddy-current axial position sensor.

* Spoked Reaction Wheel: rotor with solid inertial rim, linked to the rotor shaft by
six spokes as shown in figure 7.1.b. This rotor is controlled using the axial position
derived from the magnitude of the stray flux measured by Hall sensors.

2. Stators: two main configurations have been studied for performance and efficiency
comparison between different skewed, rhombic and hexagonal windings.

* Original Machine: stator parts as described in chapter 2 and [104], consisting of
skewed radial bearing and motor windings with heteropolar side with back iron,
and homopolar side without iron.

e Optimised Machine: stator parts resulting from the optimisation described in
chapter 5, consisting of hexagonal and rhombic radial bearing and motor windings
with back iron in both heteropolar and homopolar sides.
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Figure 7.2 — Dedicated force and torque measurement test bench featuring a six-component force/-
torque sensor and three-axis linear positioning stage.

Having two rotors of each type and considering the efficiency limitations of the original
machine, the studied configurations are the following:

* Configuration 1: original machine with first spokeless reaction wheel rotor.

* Configuration 2: optimised machine with first spokeless reaction wheel rotor.

* Configuration 3: optimised machine with second spokeless reaction wheel rotor.
* Configuration 4: optimised machine with first spoked reaction wheel rotor.

* Configuration 5: optimised machine with second spoked reaction wheel rotor.

7.1.2 Measurement Set-Ups

In order to validate the models or quantify the impact of the design and optimisations de-
scribed in previous chapters, the following test equipment is employed:

* Active electromagnetic force and torque: test bench consisting of a positioning stage and
a six-component force and torque sensor capable of measuring the exerted forces and
torques of magnetic bearings and motor.

* Micro-vibration characterisation: test bench consisting of a multi-component dynamome-
ter employed for measuring the generated vibrations of the machine during operation.

Force and Torque Measurement Test Bench

A dedicated set-up for the measurement of the winding forces and torques has been developed
and it is shown in figure 7.2. The test bench consists of fixed stator, where the studied windings
are located, and a Thorlabs XYZ positioning stage, over which a 6-component ATT Mini 40-
E force and torque sensor is mounted. Over the FT sensor a rotor with the diametrically
magnetised or axially magnetised permanent magnets is fixed. After centring the rotor, a

113



Chapter 7. Experimental Results and Validation

.eg Multi-Component
3 - 4
. . £ Dynamometer
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Figure 7.3 — Micro-vibration measurement test set-up featuring a multi-component dynamometric
platform, a big seismic mass over pneumatic isolators as isolation table and the studied fully active
magnetic bearing system.

rotating current, with a varying phase angle €,, € [-m, 7], is impressed in the winding using a
Celeroton CC-AMB-500 power converter, and the force and torque applied to the rotor are
measured and logged using a ATI IFPMSC-4 multi-sensor interface.

Micro-Vibration Characterisation Test Bench

For validating the proposed current-to-force method as well as the simulated micro-vibrations
of the developed closed-loop model, a state-of-the-art multi-component dynamometer is
employed. This set-up is commonly employed for the qualification of equipment for space
applications and its working principle has been introduced in chapter 3.

To summarise, the test bench consists of four three-component piezoelectric sensors fixed
on one side to a big seismic mass and isolators for removing possible perturbations from the
environment, and on the other fixed to the equipment to be characterised. The test set-up
available at CSEM is shown in figure 7.3. The vibrations generated by the excitation forces gen-
erate a mechanical stress on the piezoelectric sensors, of type 9047C and 9048C by Kistler, and
combined with a 5080A charge amplifier, also by Kistler, for signal conditioning, it is possible
to measure three components of both force and torque. The voltage signals are sampled at
20 kHz for high-order harmonic disturbance identification by a dSpace MicroLabBox system
with 16-bit A/D converters.

The mechanical design of the multi-component dynamometer is performed such that the
first resonance mode of the structure is located at frequencies >1kHz, guaranteeing a clean
frequency spectrum up to 1kHz. This design specification is given by the standard micro-
vibration requirements for micro-vibration qualification is space applications [126]. This is
achieved by the appropriate design in terms of dimensions and materials of the custom-made
bottom and top plates of the dynamometer and the selection of high-stiffness piezoelectric
transducers.
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Figure 7.4 — Dynamic response H(w) of micro-vibration characterisation test bench composed of
multi-component dynamometer and studied fully active magnetic bearing system.

Furthermore, the resonance mode of the pneumatic isolators with the seismic mass is chosen
to be at approximately 3 Hz to isolate low-frequency disturbances from the environment and
surrounding laboratories.

7.2 Current-to-Force Measurements and Validation

To validate the proposed current-to-force micro-vibration measurement technique, a compar-
ison with the micro-vibration level measured by an external state-of-the-art multi-component
dynamometric platform shown in figure 7.3 is performed. This measurement validation
set-up has been selected because it is extensively used for qualification and micro-vibration
characterisation of space equipment, as mentioned in chapter 3.

7.2.1 Dynamic Characterisation of Measurement Equipment

It is first needed to guarantee that the measurement equipment does not greatly influence the
vibration measurements. If there is a structural resonance in the studied frequency range, it
would be necessary to also consider the dynamic response of the structure in the comparison,
as done in [44].

Considering that the proposed current-to-force method directly measures the forces and
torques supported by bearings f, and that the reference multi-component dynamometer
directly measures the forces supported by its transducers f,, the transformation from one to
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the other can be defined as the transfer function matrix H(w)

[Foi] [Hexw) 0 0 0 0 | [Fus]
Fy, 0  Hpyw 0 0 0 Fyp
fi=|Fut| = 0 0 Hp,(w) 0 0 F.p| =Hwf, (7.1
Tyt 0 0 0 Hryy(w) 0 Txp
[ Ty,c ] 0 0 0 0 Hry@)] [Typ]

The dynamic response of the structure H(w), composed by the measurement equipment and
the measured item, can be investigated by experimental modal testing using, for instance, a
miniature impact hammer to excite the structure [44]. In this case, as the excitation forces
are directly measured by means of the actuator currents during levitation, it is also possible
to extract the dynamic response of the structure by comparing the current-to-force and
dynamometer measurements at stand-still. This transfer function H(w) is shown in figure 7.4.

As opposed to the situation presented in [44], the employed measurement set-up presents
a considerably higher stiffness, featuring its first resonance mode at 1.6kHz, and thus not
disturbing the investigated frequency range up to 1 kHz. For this reason, and also due to the
considerable noise in the measured H(w), it is assumed that the structure has no effect on the
excitation and measured forces, i.e. H(w) = I, and thus current-to-force and dynamometer
micro-vibration measurements can be directly compared, and all subscripts b and ¢ will be
dropped hereafter.

7.2.2 Micro-Vibration Level Comparison

The validation is performed by covering the complete speed range of the fully active magnetic
bearing system, from —20 krpm to 20 krpm in steps of 0.2 krpm, and measuring simultaneously
the forces by both methods: current-to-force and dynamometric platform.

Furthermore, two hardware configurations are studied for a more complete validation: con-
figurations 3 and 4 defined in section 7.1, i.e. the optimised machine stator combined with
a spokeless or spoked reaction wheel rotor. Due to the thermal limitations of the original
machine stator, it is not possible to cover the complete speed range for the heavier spoked
rotor, and thus this validation is not possible. The current-to-force comparison with the
original machine and spokeless rotor is performed in [44].

For the current-to-force method, the analytical bearing force constants x , obtained by the
electromagnetic models described in chapter 4, are employed. The exact values for the
optimised machine are included in table 7.4.

The same analysis procedure presented in chapter 3 is performed for both dynamometer and
current-to-force measurements to perform the comparison: the force and torque measure-
ments in the time domain for each constant speed step are transformed to the frequency
domain by a fast Fourier transform (FFT). The force and torque amplitude for each speed and
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(a) Dynamometer Waterfal Plot (Fy) (b) Current-to-Force Waterfal Plot (Fy)
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Figure 7.5 — Waterfall plot comparison between multi-component dynamometer and current-to-
force micro-vibration measurements for configuration 4 (spoked reaction wheel rotor and optimised
machine).

Table 7.1 — Roor mean square (RMS) absolute and relative difference between the proposed method
and the reference dynamometer’s measurements for configurations with spokeless and spoked rotors.

RMS €Fx €ry €rz €Tx ery
[mN] [mN] [mN] [mNm)] [mNm)]

Spokeless | 36.29 28.67 3.289 1.5888 1.6635
RWRotor | 5.01% 3.50% 1.85% 17.76% 17.24%

Spoked 10.76 1093  33.874 0.78628 0.30318
RWRotor | 8.95% 10.95% 7.68% 9.47% 4.71%

frequency is then merged in a waterfall plot, as shown in figure 7.5 for both dynamometer
and current-to-force methods. All forces and torques are expressed under the motor centre of
mass reference frame, with axes parallel to the ones shown in figure 7.3.

To better compare both approaches, a worst-case plot is employed, where the maximum force
and torque amplitude for all speeds at each frequency is taken, as shown in figure 7.6. In the
top row, the comparison between dynamometer and current-to-force is performed for the
configuration with a spokeless reaction wheel rotor, and with spoked rotor in the bottom row.

For both methodes, it can clearly be seen that the current-to-force micro-vibration measure-
ment method provides a force and torque magnitude similar to the one given by the state-of-
the-art multi-component dynamometric platform. To quantify the accuracy in all force and
torque components, the root mean square (RMS) of the difference between dynamometer and
current-to-force in absolute magnitude or relative to the maximum peak of each component
is included in table 7.1.

In these quantitative results it can be seen that whereas the current-to-force measurements
better match the micro-vibration measurements for the three components of the force for the
spokeless rotor, from 2 % to 5 % of difference, the torques present a much higher deviation,
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) (a) DYN and C2F Forces Worst-Case Plot (Conf. 3)

(b) DYN and C2F Torques Worst-Case Plot (Conf. 3)
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Figure 7.6 — Current-to-force micro-vibration measurement method validation results for configura-
tions with spokeless and spoked reaction wheel (RW) rotors. Worst-case plots comparing dynamometer
(DYN) and current-to-force (C2F) measurements of configurations 3 (top), with spokeless RW rotor,
and 4 (bottom), with spoked RW rotor, for forces (left) and torques (right).

around 17 %. This situation may be due to the reduced axial length of the spokeless rotor,
imposing a reduced resolution for the torques. Regarding the spoked rotor, a more consistent
deviation is measured, being between 5% and 11 % of relative difference.

In any case, the current-to-force method shows to be considerably accurate when compared
with a state-of-the-art micro-vibration multi-component dynamometer. This method en-
ables the possibility of considering an on-line micro-vibration measurement that could be
employed during operation for possible fault detection or even control parameter adjustment
if a deterioration of the performance is seen.

It is worth highlighting the notable difference in the magnitude of the forces in axial direction
when employing the eddy-current or hall sensor axial position measurement. The higher
sensitivity and reduced disturbances in the eddy-current axial sensor allows for a much lower
magnitude of axial vibrations, as it can be seen in figures 7.6.a and 7.6.b.
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7.3 Active Force and Torque Models Validation

In this section, the electromechanical models for slotless motors and magnetic bearings pre-
sented in chapter 4 are validated. The experimental measurement of the force and torque
using a dedicated test bench is performed to validate the proposed models for the differ-
ent studied configurations. Furthermore, the computational efficiency and accuracy of the
proposed approach is compared to other analytical methods.

7.3.1 Force and Torque Magnitude Validation

All force and torque models are validated by comparing the experimental measurements taken
using the dedicated test bench in figure 7.2 with the model calculations. For all validations the
same test procedure is used:

1. Rotor is fixed to force/torque sensor with fixed orientation. Its magnetisation direction
is considered to be along the X-axis.

2. The stator with the winding type to be tested is fixed to the measurement test bench.

3. A rotating current of amplitude i; = 1A is applied, whose electric phase angle €, is
varied in 41 steps to cover a whole revolution €, € [-m, 7].

4. All six components of forces and torques are measured and logged using the Force/-
Torque ATT sensor.

5. The previous steps of the test are replicated using the models defined in chapter 4,
including reluctance forces for all radial bearing windings and radial torques of motor
windings from (4.25).

6. Comparison between measured and analytical forces/torques is performed.

All forces and torques are expressed under the winding’s reference frame, shown in figure 4.2.
For validation, the following combinations of field distribution and winding types have been
studied:

» Skewed winding: the cases of the original machine as per [104], i.e. heteropolar motor
and radial bearing with back iron, and homopolar radial bearing without iron.

* Rhombic winding: the cases for which hexagonal winding is not possible to be manu-
factured, i.e. homopolar radial bearing with and without back iron, due to the reduced
length of this winding.

* Hexagonal winding: all possible cases where manufacturing is possible with available
tools, i.e. heteropolar motor and radial bearing winding with and without back iron.

* Axial winding: only the original winding as per [104], i.e. homopolar without iron,
and a new winding (with modified dimensions in order to fit inside back iron) at the
homopolar side with back iron.
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Figure 7.7 — Analytical and experimental forces and torques for skewed, rhombic and hexagonal
windings. All plots are arranged in rows with windings for the same function: (a) and (b) homopolar
radial bearing windings, (c) and (d) motor windings, and (e) and (f) heteropolar radial bearing windings.

A comparison between original (skewed) and new (rhombic or hexagonal) windings with the
same functionality is included in figure 7.7. As only the most representative cases are included
in figure 7.7, a quantitative comparison between models and experimental measurements for
all combinations (winding types on hetero- and homopolar sides with and without back iron),
is included in Table 7.2.

Due to the importance of winding resistance for the estimation of losses in machine design
and optimisation, the analytical value obtained using the calculation described in (5.3) is
compared to the resistance of each phase measured experimentally in Table 7.2 for 20 °C.
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7.3. Active Force and Torque Models Validation

Table 7.2 — Analytical (an.) and experimental (exp.) data for validation of F/T models for all manufac-
tured test windings. Units with superscript * represent motor torque measurements in mNm/A. All
resistance measurements are taken at 20°C

Winding Stator Fi Kg, KT (N/A) Err. Ryn () Err.
Type p, | Side Iron 8 Exp. An. (%) | Exp. An. (%)

Sk. 1 Het w/ 7.7.c | 1.299* 1.338* 3.0 | 0.70 0.68 2.9
Motor | Hx. 1 Het w/o - 1.192*  1.106* 7.2 | 0.79 073 7.6
Hx. 1 Het w/ 7.7d | 1.648* 1.509* 84 | 0.79 073 7.6

Funct.

Sk. 2 | Het w/ | 77e]| 0364 0387 63 | 153 143 65
Hx. 2 | Het wlo | - 0524 0523 02 | 21 197 62
Radial | Hx. 2 | Het w/ | 7.7f| 0541 0574 61 | 21 197 6.2
Bearing \ gy 1 | Hom wio | 7.7.a | 0411 0408 07 | 258 260 08
Rh. 1 | Hom w/o | - 0515 0.495 39 | 3.0 298 07
Rh. 1 | Hom w/ |77b | 0608 0567 67 | 3.0 298 0.7
Axial | Ax. - | Hom w/o | - 0991 1.004 13 | 19 181 4.8
Bearing | Ax - Hom  w/ - 0.891 0.948 6.4 9.7 96 1.0

» Skewed winding: the measured windings correspond to the system as defined in pre-
vious publications, i.e. [104]: 1 pole-pair radial bearing winding on homopolar side
without back iron, figure 7.7.a, 1 pole-pair motor winding on heteropolar side with back
iron, 7.7.c, and 2 pole-pairs heteropolar radial bearing winding with back iron, 7.7.e.

The main novelty in the skewed winding model estimations, with respect to [101] and
[44], relies on the ability of estimating force and torque asymmetries and the consid-
eration of reluctance forces for radial forces and torques, as more clearly seen in Fig
7.7.a and 7.7.c. This is mainly due to the relatively high thickness of both heteropo-
lar motor and homopolar radial bearing windings, making each phase’s layer thick,
and thus increasing the winding asymmetries causing the force and torque ripple and
disturbances.

It can be seen in both figure 7.7 and table 7.2 that the model accurately predicts, not
only the magnitude of force xr and torque x r constants, but also the force and torque
asymmetries, specially for figure 7.7.a.

* Rhombic winding: for this type of windings, only the forces generated by the radial
bearing winding with p,, = 1 for the homopolar side without and with back iron are
measured, included in figure 7.7.b for the latter.

As in the previous case, both figure 7.7 and table 7.2 show an accurate matching between
the model and the measured forces. It is also noticeable in this case, thanks to the high
symmetry of the rhombic winding, that both the variation of force magnitude with the
phase angle €, and axial forces are drastically reduced when compared to the equivalent
skewed winding in 7.7.a.

Being the radial bearing winding next to the back iron, the effect of the reluctance forces
are considerably noticeable for this case, resulting in an increase of about 40 % with
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respect to the Lorentz forces alone.

* Hexagonal winding: as previously stated, the following configurations have been mea-
sured: 1 pole-pair motor winding in the heteropolar side without and with back iron
and a 2 pole-pairs radial bearing winding again in the heteropolar side without and with
back iron. The cases with back iron are shown in figure 7.7.d and figure 7.7.f, while the
numerical results for all cases are included in Table 7.2.

Like in the previous cases, the results show a good matching between the model and
the measurements. It is worth highlighting again the identified effect of the back iron in
the measured forces and torques: while a considerable increase in the torque constant
K1 (=38 %) and reduction of radial torques for the motor winding (=11 %), this effect is
much less intense for the radial bearing force constant x ¢ (increase of =4 %), due to the
relatively high distance to the back iron as the motor winding lies between them.

* Axial winding: two different windings with different dimensions and number of turns
had to be used for performing the test with and without back iron due to the difficulty
of holding the two halves of the winding. Furthermore no figure is included due linear
behaviour of the winding, creating only axial force proportional to the input current and
no radial force. The comparison between the model and experimental measurements
in included in Table 7.2. It can be seen the positive effect of the back iron in the mea-
surements: even if a reduction of 49 % in the number of turns (and thus wire length and
resistance), the bearing force constant x g is only slightly reduced (—10 %).

7.3.2 Computational Efficiency

A key element of the electromagnetic models of the magnetic bearings and motor that defines
their computational requirements is the magnetic flux density distribution employed for
calculating the force and torques. As previously mentioned, one of the main advantages of the
proposed models is the use of accurate and computationally efficient 3D flux models that rely
on the use of elliptic integrals, as described in chapter 4. In this section the proposed models
are compared to other analytical approaches such as 2D models [116] and 3D models based
on Fourier series expansions [113]-[115].

All approaches are implemented in MATLAB using built-in functions, apart from EIFuni8tool-
box presented in [127] for elliptic integral calculations. The execution time of each approach is
measured using the same computer and taking the average of five repetitions, running 64-bit
Windows 10 Pro, 64-bit MATLAB R2020a and featuring an Intel Core i7-8565U CPU, being all
results summarised in table 7.3.

As the 2D model and 3D model with Fourier-Bessel series expansions are targeted for configu-
rations with back iron, not all comparisons can be performed. In all cases, the 2D model is the
fastest to execute, in the order of tens of millisecond, followed by the proposed 3D model with
elliptic integrals (3D EI), in the order of seconds, and lastly the 3D model with series expansion
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Table 7.3 — Accuracy and execution time comparison between analytical models for magnetic flux
density distribution: two-dimensional (2D), three-dimensional with elliptic integrals (3DEI) and with
Fourier-Bessel series expansion (3DFB). For execution time calculations, columns with A include the
execution time of (4.9). Values with superscript * represent motor torque measurements in mNm/A.

Funct Winding Stator Kp, KT (N/A) Execution time (s)
: Type p, | Side Iron| Exp. 2D 3DEI 3DFB| 2D 2DA 3DEI 3DEIA 3DFB
Sk. 1 | Het w/ |[1.31* 1.22* 1.29* 1.30* |0.02 1.70 1.06 3.38 11.3
Motor | Hx. 1 | Het w/o|1.19* - 1.11* - - - 1.05 - -
Hx. 1 | Het w/ [2.15% 1.99* 2.14* 2.15* |0.02 197 122 338 11.8
Sk. 2 | Het w/ | 038 035 042 0.42 |0.02 2.23 254 5.05 28.2
Hx. 2 | Het w/o| 0.52 - 0.52 - - - 2.51 - -
Radial | Hx. 2 | Het w/ | 0.64 0.56 0.68 0.67 |0.02 230 253 499 26.3
Bearing| ¢\ 1 |Hom wio| 039 - 038 - - - 248 - -
Rh. 1 |Hom w/o | 0.52 - 0.50 - - - 2.88 - -
Rh. 1 |Hom w/ | 0.59 - 0.60 0.60 - - 2.54 487 10.4
Axial | Ax. - |Hom w/o | 0.99 - 1.00 - - - 084 - -
Bearing| Ax - |Hom w/ | 0.89 - 0.90 0.90 - - 080 291 3.48

(3D FB), in the order of tens of second when considering 50 harmonics. On the accuracy side,
the 3D FB and 3D EI show equivalent results, whereas the 2D model shows a greater difference
with respect to the experimental measurements. In general terms, the proposed 3D EI model
proves to have the broadest applicability and a great accuracy while being computationally
light, enabling the possibility of including such models into a numerical optimisation for

actuator design.

Note that different windings have been employed for some cases in this comparison with
respect to the previous validation of the force and torque in table 7.2.

7.4 Final Electromagnetic Design Measurements

In this section, the properties of the magnetic bearing machine resulting from the optimisa-
tions presented in chapter 5 are experimentally validated. Two analyses are performed for
validating the optimisation results: firstly, the generated forces and torques, as well as winding
resistances are measured and compared with the analytical results, and secondly, the power
consumption during operation is measured to quantify the resulting machine efficiency.

7.4.1 Force and Torque Measurements

The dedicated set-up for the measurement of the winding forces and torques, shown in figure
7.2, is employed. For all windings the same test procedure was used:

1. Rotor is fixed to force/torque sensor with fixed orientation. Its magnetisation direction
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Table 7.4 - Experimental measurements of original and optimised winding properties, including bearing
Kp and motor Ky constants, force xr and torque x r constants, winding phase resistance Ry, and
force and torque ripple rr, rr and disturbances dr, dr, for homopolar axial and radial bearings, and
heteropolar radial bearing and motor. Values with superscript * represent motor torque measurements
in mNm/vW or mNm/A.

Funct. o Stato.r Fig. Kp, Ky | Kg, KT | Rpp rg, rr | dp, dr
Winding  Side Iron (N/VW) | (N/A) | () (%) (%)
Axial | ©ri- (Ax)  Hom  w/o - 0.227 0.991 | 19.0 | 1.89 1.83
: Opt. (Ax) Hom  w/ - 0.286 0.891 | 9.70 | 3.77 1.59
Bearing
| Relative Difference (%): | +25.8 | —10.1 | -48.9 | +1.88 | -0.24
Radial | OFig Sk) Hom wio | 7.7.a | 0239 0.394 | 273 | 14.06 | 39.81
. Opt. (Rh.) Hom w/ | 7.7b | 0.343 0.594 | 3.00 | 3.54 1.33
Bearing

| Relative Difference (%): | +43.76 | +50.6 | +9.8 | -10.5 | -385

Orig. (Sk.)  Het w/ 7.7.c 1.409* 1.312% 0.87 0.66 42.60
Motor | Opt. (Hx.) Het w/ 7.7d 1.964* 2.152* 1.20 0.09 16.64

| Relative Difference (%): | +39.4 | +64.1 | +385 | -0.6 | -25.9

Orig. (Sk.)  Het w/ 7.7.e 0.286 0.380 1.77 7.07 1.71
Opt. (Hx.) Het w/ 7.7f 0.413 0.644 2.43 3.89 1.20

Radial
Bearing

| Relative Difference (%): | +44.5 | +69.6 | +37.7 | -32 | -05

is used as the reference X-axis for the measurements (¢, = 0).

2. The stator with the winding type to be tested is fixed to the measurement test bench.
The windings tested are skewed, rhombic, hexagonal and axial (concentrated) windings.

3. A rotating current of amplitude 7 = 1A is applied, whose electric phase angle €, is
varied in 41 steps to cover a whole revolution €¢,, € [—7, 7].

4. The six components of forces and torques applied to the rotor are simultaneously
measured using the Force/Torque ATI sensor.

All forces and torques are expressed under the winding’s reference frame, being X- and Y-
components radial and Z-component axial. Furthermore each winding phase resistance is
measured using a digital multimeter.

The measured forces for all windings were shown in figure 7.7 for the validation of the elec-
tromagnetic models of the bearings and motor. The original windings correspond to the left
column of plots, i.e. homopolar radial bearing with skewed windings in figure 7.7.a, heteropo-
lar motor with skewed windings in 7.7.c, and heteropolar radial bearing with skewed windings
in 7.7.e. The optimised windings results are shown in the right column of plots, i.e. homopolar
radial bearing with rhombic windings in figure 7.7.b, heteropolar motor with hexagonal wind-
ings in 7.7.d, and heteropolar radial bearing with hexagonal windings in 7.7.f. Furthermore,
the quantitative results of bearing/motor constant (K, Kjs), force/torque constant (kg, K1),
winding phase resistance (Rpj), force/torque ripple (rg, rr), and force/torque disturbance
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(dp, dr), are summarised in table 7.4.

As analytically calculated, a considerable increase in efficiency for all actuators is measured,
ranging between 25 % and 45 % with respect to the original actuators [104], showing the great
accuracy of the analytical models. This drastic increase is a result of the combined action of
more efficient windings for motor and radial bearing windings, and the addition of back iron
for the radial and axial homopolar bearings. Furthermore, as shown in the force magnitudes
in figure 7.7, both disturbances and ripple in force or torque are also considerably reduced for
all cases where possible (with the exception of the axial bearing where a marginal increase is
experienced).

7.4.2 Power Consumption Measurements

To quantify the effect of the efficiency increase during operation, the power consumption
of the magnetic bearing system is experimentally measured using a ZES Zimmer LM G670
power analyser. This power analyser is able to simultaneously measure the three-phase or
single-phase voltage and currents of a single actuator and calculate its active P,,, reactive Q,,

and apparent |S,,| = \/ P2, + Q2, power consumption. A tachometer signal is also fed into the
power analyser to synchronise rotational speed and power consumption measurements.

In order to fully characterise the power consumption of the machine, the following test plan is
undertaken:

1. Connect a single actuator (bearing or motor) of a machine to the power analyser.

2. Position the machine in horizontal orientation, with gravity actuating in radial direction.

3. Apply a speed profile from —20 krpm to 20 krpm in steps of 0.5 krpm and acceleration
of 500 rpm/s while logging tachometer and power consumption at a sampling rate of
10Hz.

4. Repeat steps 2-3 for vertical orientation, with gravity actuating in axial direction.

5. Repeat steps 1-4 for all actuators: heteropolar radial bearing, heteropolar motor, ho-
mopolar radial bearing and homopolar axial bearings.

6. Repeat steps 1-5 for the remaining machine, to cover both original and optimised
machines.

The results are then separated in steady-state and transient power consumption, measured at
constant speed in figure 7.8 and during acceleration in figure 7.9, respectively. It can be seen
that for all actuators and configurations an important reduction in power consumption is
obtained as a result of the optimisation described in chapter 5, and thus considerable increase
in efficiency.

A quantitative comparison of the power consumption is included in table 7.5. All maximum,
minimum and average values for all speeds of active P, reactive Q,, and apparent |S,,|
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Figure 7.8 — Active P, reactive Q,, and apparent |S,,| power consumption measurements at constant
speeds for all actuators in original and optimised machines in two orientations: (a)-(c)-(e) horizontal,
with gravity in radial direction, and (b)-(d)-(f) vertical, with gravity in axial direction.

power consumption is shown for both original and optimised machines, including the relative
improvement resulting from the optimisation. Furthermore, the comparison is performed
for each actuator independently as well as the total power consumption resulting from the
combination of all actuators. Due to the different load acting on each actuator depending on
the working conditions, such as constant speed/acceleration or horizontal/vertical orienta-
tions, the values included in table 7.5 correspond to the condition in which the actuator is
more demanded. More specifically, the comparison for each actuator is performed under the
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Figure 7.9 — Active, reactive and apparent power consumption measurements during acceleration from
—20krpm to 20 krpm for all actuators in original and optimised machines in two orientations: (a)-(c)-(e)
horizontal, with gravity in radial direction, and (b)-(d)-(f) vertical, with gravity in axial direction.

following conditions:

* Heteropolar Radial Bearing: steady-state and horizontal orientation (SS Hor).

* Homopolar Radial Bearing: steady-state and horizontal orientation (SS Hor).

* Homopolar Axial Bearing: steady-state and vertical orientation (SS Ver).

* Heteropolar Motor: transient and horizontal orientation (Tr Hor) during acceleration
from 0 krpm to 20 krpm.
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Table 7.5 — Power consumption comparison between original and optimised machine in steady-state
conditions for all actuators and total consumption. SS and Tr denote steady-state or transient condi-
tions, while Hor and Ver horizontal or vertical configurations, respectively. In dark green and red the
values with relative difference greater than 50 % are highlighted.

P (W) Q (var) ISI (VA)
Act. Case . . .

max min avg max min avg max min avg

Her | Orig(SSHor | 280 205 227 | 029 021 024 | 2.82 206 229

Radiy | OPt(SSHoy | 133 082 095 | 018 005 010 | 135 082 0.96

| Diff. (%): | -524 -60.0 -58.2 | -36.5 -765 -60.3|-522 -60.1 -58.2

Hom. | OrigSSHon | 303 216 239 | 014 008 010 | 3.03 216 239

| Opt(SSHor) | 2.02 145 1.60 | 022 008 013 | 203 145 16l
Radial

| Diff. (%): | -33.5 -32.7 -33.1 [#55.0 +0.66 +35.8 | —33.1 -32.6 —32.9

Hom, | Orig(SSVen | 773 645 736 | 0.74 070 073 | 7.76 649 740

Axia] | OPt(SSVer) | 481 423 462 | 0.53 0.50 0.52 | 484 426 4.65

Diff. (%):

Orig (TrHor) | 4.14 -0.58 1.62 126 015 077 429 067 202
Motor | Opt (TrHor) | 3.36 -0.72  0.61 0.68 0.02 0.27 3.43  0.08 1.07

Diff. (%):

Orig (SSHor) | 7.06 450 5.46 144 044 097 738 457 571
Opt (SSHor) | 4.22 231 291 0.68 0.16 0.39 430 233 299

Diff. (%): —-40.2 -48.7 -46.7 | =52.6 -64.2 —59.7‘—41.8 —-49.0 -—47.7

Orig (SS Ver) | 9.43 7.86 8.33 1.51 0.80 1.23 9.65 7.96 8.55
Opt (SS Ver) 6.35 4.90 5.28 0.99 0.56 0.74 6.44 4.94 5.37

| Diff. (%): | -32.7 -37.6 -36.6 | -34.2 -30.3 -39.7 | -333 -38.0 -37.1

-37.8 -344 -37.2

—-28.6 -29.3 —28.6‘—37.7 -34.4 -37.1

-18.8 +23.8 -62.6

-46.1 -86.6 —65.0‘—20.0 —-88.2 -—47.1

Total

* Total: steady-state for both horizontal and vertical orientations (SS Hor and SS Ver).

From table 7.5, it can be seen that there is a considerable improvement in efficiency and
power consumption for all actuators, and more importantly for the total consumption of the
machine during operation. As the windings of the actuators represent mainly resistive loads,
the total apparent power is mainly composed of active power, with the only exception of the
motor windings.

The biggest reduction is obtained for the heteropolar side of the machine, resulting in a radial
bearing with an average reduction of almost 60 % in power consumption, and the motor,
whose consumption is reduced in 50 % to 65 %. For the homopolar side, the power reduction
ranges from 37 % of the axial bearing, to 33 % of the radial bearing, with the only exception of
the reactive power on the homopolar radial bearing, due to the inductance increase as a result
of the optimisation. The power consumption is mainly resistive, and thus the impact of the
reactive power is minimal for the studied machine. Regarding the total power consumption,
an average reduction of 47 % is obtained in horizontal, and of 37 % in vertical orientation.
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(a) C2F Waterfal F, Plot w/o Notch (Conf. 3) (b) C2F Waterfal F, Plot w/ Notch (Conf. 3)
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Figure 7.10 — Waterfall plots of current-to-force (C2F) micro-vibration measurements without (left)
and without (right) the proposed generalised notch filter for configuration 3 (optimised machine with
spokeless RW rotor).

7.5 Micro-Vibration Measurements

In this last section, the characterisation of the generated micro-vibrations by the studied fully
active magnetic bearing system is performed. As mentioned in section 7.1, different hardware
configurations need to be tested to quantify the influence of the different rotors and stators in
the magnitude of the exported micro-vibrations. The characterisation is then performed with
both current-to-force and multi-component dynamometer micro-vibration measurement
methods, as the former accounts only for the active electromagnetic forces, i.e. Lorentz forces,
whereas the latter also accounts for passive stiffness or other passive electromagnetic and
mechanical forces.

Furthermore, the effect of the harmonic force suppression control proposed in chapter 6
is measured for each configuration by comparing the measured micro-vibrations with and
without the generalised notch filter. The multi-harmonic suppression technique is enabled
for the first three harmonics n; = 3 in radial direction, and two nj = 2 in axial direction for
rotational speeds above a certain threshold |Q| > Q;j = 4krpm.

As a result of the much higher efficiency of the optimised machine, as shown in the previ-
ous section, only this stator is capable of covering the complete studied speed range, from
—20 krpm to 20 krpm, with any rotor with and without generalised notch filter. All studied
configurations are defined in section 7.1. Only the most representative cases will be graphically
shown, completed by the quantitative results summarised in table 7.6.

Due to the multiple combinations of hardware to test, the analysis of the generated micro-
vibrations is investigated as follows: first, the effect of the proposed generalised notch filter is
verified, followed by a study of the influence of the employed stator and rotor.
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(a) C2F Forces Worst-Case Plot (Conf. 3) (b) C2F Torques Worst-Case Plot (Conf. 3)
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Figure 7.11 - Current-to-force (C2F) micro-vibration measurements of forces (left) and torques (right)
with and without the proposed generalised notch filter for configurations 3 (top), with optimised
machine and spokeless RW rotor, and 4 (bottom), with optimised machine with spoked RW rotors.

Effect of Generalised Notch Filter

Firstly, the effect of the proposed generalised notch filter using the current-to-force method is
analysed, which directly considers the actuator currents, and thus show the effect on the signal
that is used as input to the filter. As analytically shown in chapter 6, the proposed technique
should completely suppress any component at the desired harmonics.

As shown in the waterfall plots comparing the current-to-force measurements for configura-
tion 3 with and without generalised notch filter, in figure 7.10, and in the worst-case plots for
configurations 3 and 4, in figure 7.11, the proposed generalised notch filter successfully sup-
presses any narrow-band actuator current with a frequency at any of the first three harmonics.
This behaviour matches the analytical results described in chapter 6. The same behaviour is
seen for the remaining configurations.

When considering the micro-vibration measurements taken by the multi-component dy-
namometer, as shown in figures 7.12 and 7.13 for the waterfall plots of configuration 3 and 4,
and in figure 7.14 for the worst-case plots of configurations 3 and 4, it can be seen that some

130



7.5. Micro-Vibration Measurements
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Figure 7.12 — Waterfall plots of multi-component dynamometer (DYN) micro-vibration measurements
with and without the proposed generalised notch filter for configuration 3 (optimised machine with
spokeless reaction wheel rotor).

residual harmonic forces are still present in some cases.

On the one hand, for axial forces, the filtering of the axial position controller currents shown
in the current-to-force measurements results also in a complete suppression of the generated
axial vibrations measured by the dynamometer, as shown in figures 7.12.c and 7.12.d.

On the other hand, for radial forces and torques, the filtering of radial position controller
currents is not translated into a complete suppression of radial vibrations, as it can be seen
in figures 7.12.a and 7.12.b, for example. Whereas all unbalance forces and higher harmonic
disturbances are completely removed, a residual first harmonic of constant amplitude can

now be seen.

The effect of the proposed generalised notch filter is quantitatively summarised in table 7.6,
where the maximum amplitude of the first, second and third harmonic forces and torques
measured by the multi-component dynamometer for |Q| > Q;j, and all studied configurations
is shown. It can be seen that the proposed harmonic force suppression control technique
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Figure 7.13 — Waterfall plots of multi-component dynamometer (DYN) micro-vibration measurements
with and without the proposed generalised notch filter for configuration 4 (optimised machine with
spoked reaction wheel rotor).

successfully reduces considerably the magnitude of the exported forces and torques, generally
achieving at least one order of magnitude reduction.

For every studied configuration, the current-to-force measurements at standstill Q = Orpm
or very low speeds show that the first harmonic currents do not feature zero amplitude, but
a small ripple is present, as shown in figure 7.11 at 0 Hz. A rotating system under unbalance
forces, a quadratic dependency with speed is expected, as described in chapter 3, and thus
showing a disturbance with amplitude proportional to Q2. This ripple amplitude at ~0rpm
measured by the current-to-force method corresponds to the first harmonic disturbance
measured by the dynamometer when the notch filter is enabled.

This implies that the closed-loop position controller is actively compensating an angle-
dependent passive disturbance in the system, such as a shaft bow or an angle-dependent
bearing force constant x r. When the notch filter is enabled, this compensation is suppressed
due to its appearance at a frequency equal to the rotation speed. It can be seen though, that
the amplitude of such disturbance varies with the considered configuration, and thus, the
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(a) DYN Forces Worst-Case Plot (Conf. 3) (b) DYN Torques Worst-Case Plot (Conf. 3)
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Figure 7.14 — Multi-component dynamometer (DYN) micro-vibration measurements with and without
the proposed generalised notch filter for configurations 3 and 4 (optimised machine with spokeless
and spoked reaction wheel rotors).

effect of the stator and rotor on these residual vibrations is investigated hereafter.

It is worth highlighting the impact of the employed axial displacement sensor on the level
of exported vibrations. For configurations 1-3 that use the eddy-current position sensor, the
level of disturbances is considerably low, and they can be easily suppressed by the proposed
generalised notch filter, as shown in figures 7.12.d and 7.14.a. For configurations 4-5 that
employ the hall-effect position sensor, not only the general magnitude of disturbances is
higher, but there are also many more components, e.g. up to four harmonics, parallels to
these harmonics or even constant-frequency disturbances, which reduces the impact of the
proposed notch filter for reducing the maximum vibrations. Even though the first and second
harmonics are successfully suppressed, many other disturbances still remain.

This situation could be improved by simply adding a conductive flat surface, e.g. an additional
metallic disk-shaped sheet over the rotor spokes, to preserve the high inertia-to-mass ratio of
the rotor, while enabling the possibility of employing the eddy-current axial position sensor.
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Table 7.6 — Maximum amplitude of each harmonic of micro-vibrations measured by multi-component
dynamometer (DYN) for all studied configurations with and without generalised notch filter. The
definition of the configurations is available in section 7.1.

Fy Fy F, T, T, T,
System | Harm. Notch ™) ™) ™) mMNm) (mNm) (mNm)
1 w/o | 02969 0.2254 0.0709 | 2.8744 3.3561  0.4757
1 w/ | 0.0745 0.0778 0.0044 | 0.9510  1.0094  0.4439
C"l“f' 2 w/o | 0.0490 0.0501 0.0324 | 1.9282 1.9786  0.4802
2 w/ | 0.0086 0.0073 0.0068 | 0.2475  0.3028  0.1702
3 w/o | 0.0576 0.0370 0.0236 | 1.1053 2.4119  1.1771
3 w/ | 0.0076 0.0041 0.0071 | 0.1046 0.2258  0.0893
1 w/o | 03868 0.3697 0.0244 | 4.7255 4.2299  0.5556
1 w/ | 00717 0.0771 0.0024 | 1.0038  1.2018  0.3324
C°2“f' 2 w/o | 0.0927 0.0541 0.0262 | 1.8083 2.3167  0.6045
2 w/ | 0.0022 0.0052 0.0077 | 0.0754 0.0759  0.0643
3 w/o | 0.0934 0.0481 0.0706 | 1.3350 5.3547  1.4910
3 w/ | 0.0038 0.0081 0.0074 | 0.1554 0.1720  0.0930
w/o | 07223 0.8150 0.1779 | 8.9477  9.6489  0.4386
w/ | 0.0708 0.0846 0.0021 | 0.6832  0.8052  0.1413
C‘;“f' 2 w/o | 0.0742 0.0235 0.0136 | 0.9848 22534  0.4456
2 w/ | 0.0019 0.0033 0.0087 | 0.1017  0.0469  0.0722
3 w/o | 0.0134 0.0130 0.0058 | 0.9796 1.1779  0.1767
3 w/ | 0.0068 0.0050 0.0045 | 0.0646  0.1325  0.0537
w/o | 0.1188 0.0998 0.4412 | 83018 6.4377 1.5764
w/ | 0.0159 0.0163 0.0500 | 0.4820  0.5139  1.9068
C°4“f' 2 w/o | 0.0385 0.0188 0.1756 | 1.0616  1.2248  0.2957
2 w/ | 0.0036 0.0061 0.1592 | 0.3608 0.1324  0.3348
3 w/o | 0.0453 0.0457 0.2438 | 1.0969 0.7611  0.4566
3 w/ | 0.0577 0.0379 0.2139 | 0.6256  0.3089  0.4289
w/o | 0.0939 0.0806 0.1384 | 6.4006 5.1149  1.3028
w/ | 0.0311 0.0347 0.0534 | 0.8801 0.8729  1.0838
C°5“f' 2 w/o | 0.0376 0.0587 0.2263 | 1.0509 0.7837  0.3064
2 w/ | 0.0040 0.0063 0.1589 | 0.1434 0.1893  0.1021
3 w/o | 0.0362 0.0599 0.2716 | 1.4445 0.6323  0.2604
3 w/ | 0.0346 0.0253 02896 | 0.6992 0.2361  0.2371
Effect of Stator

Unfortunately, due to the limited efficiency of the original machine, it is not possible to
perform all possible stator comparisons. Only the first spokeless reaction wheel rotor can
be fully tested with both stators, being configurations 1 and 2 for the original and optimised
machines, respectively.
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7.5. Micro-Vibration Measurements

As a linear-quadratic-gaussian (LQG) position controller is used, it is not possible to use
the exact same controller parameters, as there are different bearing force constants for both
stators. Furthermore, the thermal limits of the original stator forces the selection of a less stiff
controller, resulting in lower unbalance forces, as it can be seen in table 7.6 for the magnitude
of the first harmonic without notch for configurations 1 and 2.

It can be seen that the use of a more symmetric windings in configuration 2 considerably re-
duces the axial disturbances resulting from cross-couplings between radial and axial bearings.
This effect has been clearly identified by comparing the homopolar radial bearing forces of the
original machine with skewed windings in figure 7.7.a with the ones of the optimised machine
with rhombic windings in figure 7.7.b.

When comparing the residual radial disturbances with the notch enabled between configu-
rations 1 and 2, no noticeable difference can be seen, implying that the main source of such
disturbances is not the possible asymmetries of windings or negative stiffness of the machine.
Due to the addition of back iron on the homopolar side in the optimised machine, the negative
stiffness is considerably increased, but this is not translated into an increase of residual first
harmonic disturbances.

Preliminary comparisons between both stators with the remaining rotors show the equivalent
results, implying that the stator does not influence significantly the residual first harmonic
disturbances.

Effect of Rotor

Focusing now on the influence of the rotors on the generated vibrations, many more compar-
isons can be performed. Using the optimised machine for all comparisons, it is possible to
study all four available rotors, corresponding to configurations 2 to 5.

The first obvious difference in all comparisons, as shown in figures 7.12 and 7.13 and table 7.6,
is the unbalance vibrations when no harmonic force suppression is enabled due to different
rotor unbalance. For conventional ball bearing motors this magnitude is the main factor that
defines the level of generated vibrations. As proven here, the use of magnetic bearings enables
the possibility of suppressing this component by means of a generalised notch filter.

When the proposed harmonic suppression technique is enabled, as shown in table 7.6, the
use of different rotors shows a noticeable effect on the residual first harmonic disturbance.
The main possible causes of such behaviour are a possible shaft bow, which would generate
a first harmonic disturbance of constant amplitude, as described in [108] and chapter 3, or
an asymmetric magnetisation of the permanent magnets, which would generate an angle-
dependent variation of the bearing force constant x r.

Due to the imposed geometric tolerances on the rotor by design, manufactured from a single
titanium block, the shaft bow is deemed unlikely to be the cause of these vibrations. The
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harmonic vibrations caused by shaft bow are a combined actuation of a physical curvature
of the rotor shaft and stiffness of the bearings. To create a force of such magnitude, the shaft
bow would have to be of considerable magnitude due to the very low magnetic stiffness
characteristic of slotless machines. Furthermore, previously mentioned, no considerable
influence is seen on the residual first harmonic when employing a different stator with different
stiffness.

A preliminary study of the permanent magnet magnetisation has been undertaken, making
use of an external three-axis hall probe and centring system, showing an important deviation
from the ideal magnetisation, specially for the axially-magnetised permanent magnets of the
homopolar side. Whereas a more in depth analysis needs to be performed to fully charac-
terise such behaviour, knowing that a possible source of disturbances is the magnetisation
of the employed permanent magnets, to overcome this limitation for the most demanding
applications, a more strict manufacturing and magnetisation process could be imposed, or if
a magnet characterisation test bench is available, a selection of the most symmetric magnets
on a given batch could be performed.

In any case, all the performed modifications in the system, such as the use of more efficient and
symmetric winding types or the implementation of a multi-harmonic vibration suppression
technique, significantly reduce the magnitude of the generated forces and torques by the
system, achieving an improvement of one order of magnitude for the majority of cases.

7.6 Conclusions

In this chapter, the experimental validation of the models, optimisations and control tech-
niques presented in the previous chapters is performed.

The main contributions presented in this chapter can be summarised as follows:
* The experimental validation of the proposed current-to-force micro-vibration measure-
ment method presented in chapter 3 has been performed.

¢ The electromechanical models of slotless active magnetic bearings and motors, pre-
sented in chapter 4 have been experimentally validated.

* The optimisation of the fully active magnetic bearing system described in chapter 5
has been experimentally analysed by measuring the key efficiency and force symmetry
figures of merit of the resulting machine.

» The effect of the generalised notch filter proposed in chapter 6 has been experimentally
quantified, showing a significant reduction in the magnitude of the generated vibrations.
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Conclusions

8.1 Summary

Throughout the development of the present thesis, a study of the main aspects of magnetic
bearing systems for space applications has been performed. The availability of very-low
disturbance and intelligent actuators are a strategic goal identified by the European Space
Agency (ESA) to enable the development of novel high-precision platforms for future high-
performance scientific and Earth observation missions. Magnetic bearings (MB) are identified
as a key technology to achieve these goals in actuators such as reactions wheels (RWs) em-
ployed for attitude and orbit control systems (AOCS) for satellites. The contact-less and
friction-less operation of magnetically levitated rotors results in a virtually infinite lifetime,
with no maintenance required and no need of lubrication. Moreover, the absence of con-
tact also reduces the emitted micro-vibrations during rotation by the suppression of most
bearing-related disturbances, and if intelligent control techniques are employed, also the
main speed-dependent vibrations, such as unbalance forces.

A compact ultra-high-speed magnetic bearing and motor topology has been proposed and
developed by the Swiss Federal Institute of Technology in Zurich (ETHZ) and Celeroton AG,
with promising capabilities for space applications. The topology of this actuator is a dual
hetero/homopolar, slotless, self-bearing and permanent-magnet synchronous motor (PMSM).
The fully active, Lorentz-type magnetic bearing consists of a heteropolar self-bearing motor
that applies motor torque and radial forces on one side of the rotor’s axis, and a homopolar
machine that exerts axial and radial forces, allowing the active control of all rotor’s six degrees
of freedom. This machine is the basis in which the work of this thesis is based on, focusing
on the analysis of the key aspects for space applications, such as micro-vibrations, machine
efficiency and system complexity.

As a result of the complexity of magnetic bearing systems, and specially of active magnetic
bearings (AMB), which require sensing, actuation and computational power to stabilise the
otherwise unstable dynamic system consisting of a rotor levitated by electromagnetic forces,
multiple factors simultaneously interfere and influence the system under levitation. These

137



Chapter 8. Conclusions

factors can be as diverse as sensor noise, high-frequency disturbances due to pulse-width
modulation (PWM), permanent magnet (PM) magnetisation imperfections and asymme-
tries, inhomogeneous back iron material, manufacturing imperfections and asymmetries in
windings, rotor unbalance, computation delays, or fixed-point rounding errors, among many
others.

Through modelling and measurement of the studied fully active magnetic bearing system,
some of these factors and disturbances can be analytically or experimentally quantified. In
order to be able to account for such a wide variety of disturbances and assess its possible
impact on the rotor behaviour and generated vibrations, a modular closed-loop simulation
model for magnetic bearing systems is developed. Depending on the specific analysis or
needs, different level of abstraction and simplification is possible for the different elements
of the closed-loop systems, such as position and current control, bearing, motor, sensor and
rotordynamic models. For instance, such a model can be employed for controller design in
its most simplified form, with all linear and ideal elements, or for stability and performance
assessment of different implemented controllers or unbalance force rejection techniques
before its implementation on the real system, facilitating and boosting development phases.

Whereas the micro-vibration characterisation is regularly performed in space applications to
guarantee that the actuator’s noise signature does not compromise the mission’s objectives
and payload performance, it usually requires an extensive measurement campaign using
costly state-of-the-art equipment, consisting of a multi-component dynamometric platform.
Due to the limited availability of such equipment, this characterisation is generally performed
in late stages of development, which could be greatly penalising for complex systems such
as magnetic bearing actuators, which could profit from early identification and corrections
to minimise development risks. For such systems, and specially for fully active magnetic
bearings, where all bearing forces are known due to the active control of all rotor’s degrees of
freedom, it exists the possibility of extracting the mechanical vibrations of the actuator during
operation by measuring the actuator’s currents.

Even though this proposed micro-vibration measurement technique, named current-to-force
(C2F) method, would not substitute the conventional characterisation using a dynamometer
(DYN), it enables the possibility of measuring the systems vibrations from early development
stages without any external equipment, as only internal current measurements are required,
which are usually already available for control purposes. This current-to-force micro-vibration
measurement technique is presented, implemented and validated by comparison with a
conventional multi-component dynamometer, showing great accuracy to be employed as
reference measurements to quantify the impact of any design or control modification in the
magnitude of the generated vibrations. Furthermore, it allows the possibility of monitoring the
behaviour of the system during operation and if necessary adapt certain control parameters
for optimal performance.

As common in rotating machinery, the main source of vibrations is the residual unbalance
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of the rotor, which generates a synchronous rotating vibration with magnitude proportional
to the square of the rotor speed. Due to the physical contact between rotor and stator in
conventional motors, the magnitude of the generated vibrations is directly linked to the rotor
unbalance and thus any improvement can only be achieved through better rotor balancing.
In magnetic bearings, this limitation no longer exists as a result of the magnetic levitation of
the rotor, which allows the free rotation of the rotor about its main axis of inertia, preventing
any reaction to the rotor unbalance. The techniques to achieve this are commonly known
as unbalance force rejection control (UFRC) which rely on the injection and removal of
synchronous harmonic signals into the control loop. If the residual rotor unbalance is perfectly
known, it is possible to directly adapt the reference position of the position controller in order
to force the force-free rotation of the rotor. It is not only really difficult but also considerably
time consuming to accurately measure the residual unbalance of each tested rotor, and for
this reason, the most extended techniques rely on some adaptation of amplitude and phase of
the injected harmonic signal.

One of the most extended adaptive unbalance force rejection techniques is known as gen-
eralised notch filter due to its structure, similar to a notch filter but with a gain matrix that
allows improved stability. Nevertheless, the difficulty in finding stable values for this gain
matrix or phase shift generally requires the implementation of a gain-scheduled technique
to achieve a stable closed-loop over broader speed ranges. To overcome these limitations,
a new generalised notch filter, originally proposed for piezoelectric active bearings, which
does not require any parameter adaptation to guarantee stability, is successfully implemented
and tested in the studied fully active magnetic bearing system. These improved stability
properties greatly simplify the implementation of multi-harmonic force rejection control to
suppress not only unbalance forces but also higher harmonic disturbances. The stability of
such configurations is studied for magnetic bearing systems and its implementation results in
areduction in generated vibrations of at least one order of magnitude.

Having considerably reduced the magnitude of the micro-vibrations during operation, other
crucial aspect to consider in magnetic bearings for space applications is the machine efficiency,
due to the maximum power consumption limitations from the satellite. For conventional
motors the maximum power consumption is defined by the maximum torque at maximum
speed that the actuator is capable of providing, but for magnetic bearing systems, also the
power consumption of the bearings during levitation needs to be accounted for. Whereas the
machine power consumption for levitation in orbit is negligible due to the micro-gravity con-
ditions, the magnetic bearings need to counteract any external effort, such as the gyroscopic
forces appearing on the rotor during satellite manoeuvre. Furthermore, the magnetic bearing
need to have sufficient load capacity to levitate and operate the rotor on-ground to be able to
perform the required qualification tests, at least in some constraint conditions.

All these conditions define the constraints and requirements imposed on the magnetic bearing
and motor design and dimensioning. For this reason, it is desired to achieve a maximisation
of the machine efficiency by minimising the machine losses during operation. For fully active
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magnetic bearing motors, the formulation of such an optimisation problem requires finding
a global optimum between the different actuators that usually share resources, greatly com-
plicating the manual selection of the multiple variables for all magnetic bearings and motor.
A global optimisation technique for magnetic bearing systems is proposed and successfully
employed to maximise the efficiency of the studied machine. This optimisation procedure
seeks the maximisation of the weighted sum of all the considered actuator’s bearing and motor
constants, defined as the ratio between the applied force or torque and the Joule losses in the
windings. The advantage of employing such a definition of efficiency is its general applicability,
being independent on the load cases and working conditions, and the possibility of deriving it
analytically from the electromagnetic models of each actuator.

For slotless machines, the winding type greatly limits the maximum efficiency that the machine
can achieve, and thus it is of crucial interest to perform a careful analysis for its selection. The
original studied machine featured skewed winding types for all radial and motor actuators,
which showed limited efficiency due to the fact that its geometry is fully determined by the
overall winding dimensions, being the axial component of the wire, the one that determines the
effective force and torque, defined by the winding’s pole pairs and axial length. Furthermore,
the micro-vibration analysis of the studied fully active magnetic bearing reveals that the
residual vibrations remaining after suppression of the unbalance forces are mainly a result of
magnetic bearing disturbances, including permanent magnet and winding asymmetries and
manufacturing imperfections. As a result of the higher symmetry and additional degrees of
freedom in the winding geometry, rhombic and hexagonal slotless winding types are identified
as the most promising options for both increasing machine efficiency and improving both
force and torque symmetry, and thus reducing bearing-dependent disturbances.

In order to accurately choose the winding properties through the optimisation, it is necessary
to develop a electromagnetic models of all actuator types, including different permanent
magnet arrangements, with and without back iron, and different winding types. These models
need to be computationally light in order to be able to employ them in the developed optimisa-
tion. For this reason, the proposed models for slotless magnetic bearings and motors are based
on the analytical evaluation of the magnetic flux density distribution, required for the Lorentz
force calculation, using elliptic integrals, for which efficient algorithms exist. This formulation
allows the evaluation of the three-dimensional flux in the machine airgap, achieving greater
accuracy than common two-dimensional approximations and being capable of estimating
some force and torque disturbances and asymmetries.

In parallel to the model definition, a manufacturing process to produce such types of windings
in-house is developed, enabling the possibility to physically manufacture and test such wind-
ings in the studied machine. The resulting optimisation of the studied fully active machine,
including the limitations in the newly-developed manufacturing process, yields considerable
machine efficiency increases, ranging from 25 % to 45 % depending on the actuator when
measuring the bearing and motor constants, and resulting in average power consumption
reductions from 30 % to 60 % during operation. These results could be further improved if
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some of the manufacturing limitations are overcome, such as the maximum opening angle of
the rhombus and hexagon that defines the maximum flux linkage that the winding can capture,
which could result in additional 10 % to 20 % efficiency increase, as analytically estimated by
the available models.

Although the achieved performance and efficiency results proven throughout the thesis, in
some applications, the necessity of actively controlling all rotor degrees of freedom, and its
associated actuator, sensing and computational power, may result in a system complexity and
cost that will not make such a configuration attractive. An alternative is to consider the passive
stabilisation of some degrees of freedom which would result in a much simpler actuator that
could retain a significant part of its performance and even increase its efficiency. For these
reasons, in space applications, hybrid magnetic bearing (HMB) systems, that combine both
active (AMB) and passive (PMB) magnetic bearings, are the most extended configuration.
Therefore, a HMB configuration is proposed, which guarantees the high performance and low
vibrations due to the actively-controlled radial degrees of freedom, keeping a configuration
equivalent to the heteropolar side of the studied machine, while passively stabilising the axial
displacements and radial tilting by means of a single arrangement of permanent magnets in
the rotor rim. Such a configuration would result in a much compact actuator, with reduced
axial length, allowing higher inertia-to-mass ratio for space applications.

The design of such a hybrid system is performed employing the available magnetic flux density
distribution models based on elliptic integrals to estimate the passive stiffness properties.
Moreover, the viability and performance of the hybrid magnetic bearing actuator is analysed
and proved employing the modular closed-loop magnetic bearing simulation model, showing
very promising stability and performance results, encouraging the further development of
such a system.

As detailed before, in the present thesis a comprehensive study of some of the key aspects of
magnetic bearing systems for space application is performed, such as vibrations, efficiency
and system complexity. The obtained results highlight the great possibilities that magnetic
bearing systems can create for space applications, making very-low disturbance and high-
performance actuators.

Finally, it is worth highlighting that even though the studied modelling and modifications
are mainly focused on the studied dual hetero/homopolar, slotless, self-bearing and PMSM
configuration, the proposed electromagnetic and closed-loop models, optimisation proce-
dure, current-to-force micro-vibration measurement technique and multi-harmonic force
rejection control can be employed in most magnetic bearing configurations. More precisely,
the electromagnetic models can be employed for any slotless magnetic bearing or motor,
whereas the remaining contributions are broadly applicable to any rotating machine featuring
magnetic bearings.
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8.2 Outlook

Having analysed the identified key aspects of magnetic bearings for space applications, some
open points should be investigated to further strengthen the research and results obtained
throughout the present thesis. These open points can be summarised as follows:

* Fully active magnetic bearing system scaling. The analysis and modifications undertaken

in this thesis have been performed maintaining the same machine overall dimensions
in order to have a fair comparison with the original machine and directly quantify
their impact. Nevertheless, some high-performance missions where magnetic bearings
would be of most interest would require a reaction wheel of bigger size, and thus the
scaling of such system is currently being investigated.

Analysis of residual vibrations. Whereas the use of high-symmetric winding types and the
proposed multi-harmonic force rejection control is proven successful in considerably
reducing the emitted micro-vibrations, by at least one order of magnitude, some residual
vibrations are identified. It is identified that the permanent magnet imperfections
greatly affect the magnitude of these remaining vibrations, and a detailed investigation
is on-going.

Experimental testing of hybrid magnetic bearing system. Due to the successful simulation
validation of the proposed hybrid magnetic bearing system, a detailed design and
manufacturing of such a configuration needs to be performed to experimentally analyse
its behaviour and make its development progress.

As mentioned in [15], an on-going collaboration between the German space equipment
manufacturer Astro- und Feinwerktechnik Adlershof GmbH (AFW), the Swiss high-speed drive
manufacturer Celeroton AG (CEL), and the Swiss Center for Electronics and Microtechnology

(CSEM), targets the design of a magnetic bearing reaction wheel that can profit from the results

presented in this dissertation and address the main open points mentioned before.
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.\ Elliptic Integrals

The complete elliptic integrals of the first, K(m), second, E(m), and third kind, [1(n, m) em-
ployed for the definition of the magnetic flux density distribution generated by permanent
magnets are

/2 1

K(m) = f —dt, (A.1a)
0o V 1—msin?t
/2

E(m) = f V1-msin? tdt, (A.1b)
0
/2

1
II(n,m) = f dr.
5 (1-nsin? )V 1— msin? ¢

(A.1c)

Furthermore, the derivatives of the elliptic integrals with respect to their parameters m and n
are defined as follows

0K 1 1

—(m)=— [—E(m) —K(m)] , (A.2a)

om 2m|1-m

OE 1

—(m)=—[E(m)-K(m)], (A.2b)

om 2m
o1l 1 [ n n®-m ]
—(n,m) = E(m)+ K(m) + II(n,m)|, (A.2¢)
on 2n(n—-1) |m—n m-n

11 1
%(n,m) = = [m— 1E(m) +II(n,m)|. (A.2d)

For the evaluation of the elliptic integrals, the MATLAB toolbox EIFuni8 presented in [127]
is employed, which allows a much faster evaluation of the functions than MATLAB’s own
implementation, specially when employing matrix arguments, as required for numerically in-
tegrating the magnetic flux density expressions for evaluating force and torque in the magnetic

bearings.
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Slotless Windings Parametrisations

In order to complete the description of the current density distribution and Lorentz force for
slotless skewed, rhombic, hexagonal and axial windings, as generally described in chapter
4, the unitary directing vector e, infinitesimal winding volume dV, area A; and phase wire
length L, and the volume integration limits V need to be defined.

To summarise, having the definition of the winding parametrisation vector for skewed v**(p, ¢, a),
rhombic v""(p, ¢, @), hexagonal v"*(p, ¢, ) and axial v%*(p, ¢, @) windings as performed in
chapter 4, the integration limits p € [p;, po|, ¢ € [pi, o] and a € [a;, @,] to cover the whole
winding volume, the unitary directing vector e,, the infinitesimal winding volume dV, the
area A and phase wire length L, can be calculated using the following general expressions

V=pi, po] x [¢i Po] x i, ao], (B.1a)
, ov

e, = v,(p'¢’a) =% (B.1b)
[Vl oz
0(vx, vy, Vz) ov

= | = -—do|, B.1

‘ 300, @) dpdopda ‘(pdaxdp) 0¢d¢ (B.1c)
1T av

Ai:éffT' (B.1d)
pi @i ’% d¢

d¢dp, (B.1e)

ov
Ocp

Po Po
h:
P po—pi

Pi (/)l'

where the factor 1/2 in A, is included to consider that two overlapping wires need to share a
given volume, and the average winding loop length for the winding thickness p € [p;, po] is
employed to calculate the phase wire length Lj,.

Furthermore, the resulting integral for calculating the generated Lorentz force F and torque
T by each winding type is also defined hereafter.
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Appendix B. Slotless Windings Parametrisations

B.1 Skewed Windings

The integration limits p € [p$¥, p5¥], ¢ € [¢3F,¢5F] and a € [a3F, a$F], the unitary directing
vector e3F, the infinitesimal winding volume dV*¥, the area Aik and phase wire length L; kh for
a skewed winding as defined in (4.17) results in

Ryo—Ryi Ryo—Ryi
sk k sk _ . wo wi ) wo wi
Vnh_[pz ’po % ,(X ]— sz+—w/n » Dy Mol (n+1) B.20)
27 2nn 2hm b4 27N 2hn b4 <
x [0, — | x + - , + + ,
Pw MmwpPw Pw MypPpw MypPw Pw mwypw
] —psin(¢p + a)
ef=—— | pcosip+a) |, (B.2b)
wlw)? Puwlw
p2 + (p i ) iT
avsk = P2 45 dadp, (B.2¢)

where it has been considered, due to the manufacturing process, that each phase is in an
independent layer in radial direction, and thus occupying each one third of the thickness.

Considering each winding phase, n € {0,...,m;, — 1}, and pole, & € {0,..., py, — 1}, volume
v ’71 and summing up for all of them, the total Lorentz force and torque can be expressed by
substituting all previous expressions into (4.1a) and (4.1b) resulting in the form

1 mw—l Pw—l —psin(¢p + a)
FSk [ff pcos(p+a) | x B(p,¢,a)dpdadp, (B.3a)
= 5 /i2 + pwan
1 mw_lpw _pSin((/)+a)
Tik—— fff v**(p,p,a) x | pcos(p+a) | x B(p,p,a)dpdadp,
w - /8

(B.3b)

being B(p,¢,a) = B(v""(p,$,a)), the flux B evaluated at each position identified by the
winding parametrisation v**, and the current density magnitude J** as generally defined in
(4.16). The choice of sign in e, will depend on the value of ¢ as per (4.18).
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B.2. Rhombic Windings

B.2 Rhombic Windings

The integration limits p € [p/", p7""], ¢ € [p!",¢1/'] and a € [a!", a})*], the unitary directing
vector ', the infinitesimal winding volume dV"", the area Aih and phase wire length L; 7! for
a skewed winding as defined in (4.19) results in

Vih= [ ot o1, 00| x [, @] = (Rut, Buol x [0, 205]
27m+h7r_ n/2 2mn hn+ /2 ] (B.4a)

X

) )
my Pw MypPpw My Pw MypPw

X Fosin(v}" (¢, a))
’h=—2 tpcos(uii (¢, ) |, (B.4b)
L, ﬁ
Ve (5) 9.
L
dvh = ('de(/)pdadp, (B.4c)
Ly L Lw\?
i T ¢R§,o+(—’”) _\/ (_W) , (B.Ad)
Z(Pspwmw ¢bs ¢
2puwN¢s Lw L (Lw)2
L= Ruwo\| R2,0 + L og | R+ [ B2+ (22
ph = Rwo sz wo (,bs % ( wo wo (,bs
(B.4e)

2 2
— Rui\|R2, + (L—) ——Lglog Ryi+ R2.+(L—’”) :
¢ bs vt s

Substituting in this case all previous expressions into (4.1a) and (4.1b), integrating over each
phase and pole winding volume V ’ZL and summing up all their contributions, the total Lorentz
force th and torque Tzh generated by a rhombic winding is

Fpsin(v) (¢, @)

1 "’lw_lpw_1 ( ].)h]rh
th f[f— J_rpcos(v(:,h(gb,a)) x B(p,¢,a)d¢dadp, (B.5a)
n= 0 h=0 ifp_w

Fp sin(v&,h((/), a))

1 mw_1 Pw_l (- l)h]rh
Tzh == fff —vrh(p,(p, a) x ipcos(v;h((p, a))| x B(p,¢,a)d¢pdadp,
n= 0 h=0 Lz ¢2 + 3

(B.5b)

being B(p,¢$,a) = B(v" h(p, ¢, a)), and the current density magnitude J" h as generally defined
in (4.16). Note the change in polarity in the current for every pole of the winding included in
factor (—1)". Again, the choice of sign in e, will depend on the value of ¢ as per (4.20a) and
(4.20b).
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Appendix B. Slotless Windings Parametrisations

B.3 Hexagonal Windings

The 1ntegrat10n limits p € [p*, ph*], p € [p*, )] and a € [a¥, a/¥], the unitary directing

vector e'*, the infinitesimal winding volume thx the area ATC and phase wire length LZZ
for a hexagonal winding as defined in (4.21) results in

2mypw

h hx 4 h h h
Vn);l_[pl ’pO lx’ gy x Ox
2nn  hn n/2 2an  hn /2 (B.6a)
= [Rwiv Rwo] X [0) 2¢S] XN——F+— y — +t—+ ’
my Pw Mwpw My Pw MpyPw
. Fpsin(vy" (¢, @) 0
el? = — tpcos(ug*(@a) |, el =0, (B.6b)
L,—-L
AV = =2 Zdgppdadp, dV* =dgppdadp, (B.6¢)
S
hx _ 7(Ly — Ls) 2 Ly — L 2 2 Ly—Ls 2 hx _ n(R%uo_Rfui)
Alg=r—"— R;,,+ - Rwi+ —| |, Aly=—F7"
2¢0spuwmy 0N ON

(B.6d)

Ly—Ls\*> (Ly—Ls)\? Ly —Ls)?
Rwo\/Rf,,o+( W(PS 5) +( w(!)s S) log Rw0+\/R§UO+( W(PS s))

¢ l.+(Lw¢:Ls)2_(Lw¢:Ls)zlog(Rwi+WJ (T)) |

Lh}‘l =4p,NL;

2w N
+ PuwN@s

Rwo_ wi

(B.6e)

To facilitate the calculations for this winding type, it is assumed that the whole winding volume
is occupied by wire, resulting in a different current density for the axial and diagonal segments

hx ;

of the hexagon due to a different phase belt area. The normal vector of these surfaces e}}* is

separated in two domains: diagonal, &, and straight (axial), ., segments defined in (4.22a).

In a similar way to the previous windings, the total Lorentz force F ?x and torque T"* generated
by an hexagonal winding can be calculated by

mw—lpw
F’Zx_l fff( 1"y he"* (o, p, @) x B(p, ¢, @) V", (B.7a)
n= O h=0
n lm‘“_lp"’ hx . I h h
TLx_— f[ (=D ph* o, o, ) x ey (p,¢,a) x B(p,p,a)dV". (B.7b)
n=0 h=0

,h

In this case /¥, e/* and dV"* change not only in sign but also in magnitude, as defined in
(B.6d), (B.6b) and (B.6c¢), respectively, depending on the value of ¢ as per (4.22a) and (4.22b).
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B.4. Axial Windings

B.4 Axial Windings

The integration limits p € [p%*, p5*], ¢ € [p?*,¢5*] and a € [a?*, @3], the unitary directing
vector ej”, the infinitesimal winding volume dV“%*, the area A7* and phase wire length L;’;l
for a skewed winding as defined in (4.23) results in

L, L
V= (it 06" ] x [0, ¢67] x [af, ag™] = [Ruwi, Ruol x 0,27 x | ===, == |, (B.8a)
—sin(¢)
ei = | cos(¢) |, (B.8b)
0
dV* =d¢ppdadp, (B.8c)
Ajl_x = Ly (Rwo — Rwi), (B.8d)
27N(R%,— R? )
L% = “i (B.8e)
ph Rwo_Rwi

The total Lorentz force and torque generated by an axial winding is calculated as follows

—sin(¢)
ng = fo[]“xp cos(¢) | x B(p, ¢, @) dpdadp, (B.9)
yax 0

where the factor 2 is considered to include the force and torque generated by both ring coils
that compose the axial winding.
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1 Geometric Transformations for Pas-

sive Stiffness Calculation

In order to calculate the attraction or repulsive force and torque between a pair of permanent
magnets as a function of a given relative displacement, it is necessary to define the geometric
transformations that converts the magnetic flux density distribution generated by one per-
manent magnet expressed under the other’s reference frame. This transformation allows the
evaluation of the volume integral integral defined in expressions (4.31a) and (4.31b).

For all the considered geometric transformations, four different reference frames are de-
fined: two inertial (fixed) frames centred at stator and bearing centre, S{C’, X', Y’, Z'} and
S{0',x',y', z'}, respectively, and two non-inertial reference frames linked to the rotor centre
of gravity and bearing, S{C, X, Y, Z} and S{O, x, y, z}, respectively. In the following expres-
sions only the lower pair of PM rings will be shown, but equivalent transformations can be
performed for the bearing’s upper pair of rings.

C.1 Axial Displacement

The position in Cartesian coordinates of any point P, defined by the cylindrical coordinates
(r,¢, 2), of the integration volume V (rotor’s permanent magnet), subject to an axial displace-
ment Az, as shown in figure C.1, with respect to the stator-linked bearing reference frame
S${0',x',y’, z'}, can be simply expressed by

’ / L
I, oS, IpCOSPp r=r
P(Az) = rl’a sin(p’p = |rpsing, | = {¢' =9, (C.1)
/
Zp Zp+Az Z =z+Az.

When considering this axial displacement, the purely axial magnetisation vector M,,; =
[0,0,—M.]T of the rotor permanent magnet ring remains unchanged and thus the projection of
the external field over the magnetisation direction B); and its gradient in Cartesian coordinates
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Appendix C. Geometric Transformations for Passive Stiffness Calculation

Figure C.1 — Schematic cross-section of axial displacement with reference frame definition.

can be simply computed by

0 B:(r',Z') cos ¢’

Bu(r,¢,2) =Myo;*Bse=| 0 |- |Br(r',2)sing’ | =-M_B.(r',2)), (C.2a)
_MZ Bz(r,,zl)
%(r’,tp’,z')cosq)’—%%(r’,(p’,z’)sintp’ %(r’,z’)coscp’
VB (1, 9,2) = %(r’,(p’,z’)sintp#%%(r’,(p’,z’)coup’ =-M, %l:,z(r’,z’)sin(p’ ,
B (r',¢',2) E(r',2)
(C.2b)

with r’, z" as defined in expression (C.1), the partial derivatives as in (4.30a), (4.30b), (4.30c),
and (4.30d), being then the force at an infinitesimal permanent magnet volume dV

dF, %137 (r',z")cos¢’
dF(A2) =V (Mro; Bo)dV = [dFy | =—M. | & (', 2)sing’ | dV. (C.3)
sz/ %(r/le)

The total force F applied to the rotor magnets subject to a given axial displacement Az is
calculated by substituting expression (C.3) into (4.31a). Note that due to the symmetry of the
problem, only axial force will be present after the integration, and no torque is generated in
this case.

C.2 Radial Displacement

In the case of experiencing a radial displacement Ax, as shown in figure C.2a, the position
in Cartesian coordinates of any point P, of the rotor’s PM ring, with respect to the stator PM
reference frame S{O', x', ¥/, z'}, can be expressed by performing the transformation graphically
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C.2. Radial Displacement

o

(a) Schematic cross-section for radial displacement. (b) Reference frames for radial displacement.

Figure C.2 — Geometric transformation for radial displacement.

shown in figure C.2b as

' ' r'=+/r?+Ax?+2rAxcos
I, COS @, IpCos@,+Ax v e ¥,
— I o3 ! — : ! _
P(Ax) = rpsing), | = rpsingy =< —atan(—rcoswa), (C.4)
!/
Zp Zp Z =z.

When considering this radial displacement Ax, the magnetisation vector M, ,, = [0,0,—M,] "
of the rotor permanent magnet ring remains unchanged and thus the projection of the external
field and its gradient can be simply computed by

0 B (r',z') cos¢’

By(r,,2) =Myot-Bsy=| 0 |-|B,(r',2)sing’ | =-M,B,(r',2), (C.5a)
-M, B,(r',z")
‘?%(r’,q)’, z')cos¢’ — %%(r’,q)’, z")sing’ %f,z (r',z")cos ¢’
VB (1, ¢,2) = %(r’,tp’,z’)sinw%%%’%(r’,qo’,z’)cosw’ =-M, %éf(r’,z’)sinw’
%(r’,(p’,z’) %gf(r',z')
(C.5b)

with 7/, ¢, z’ as defined in expression (C.4), the partial derivatives as in (4.30a), (4.30b), (4.30¢),
and (4.30d), and the force at an infinitesimal permanent magnet volume dV

dFy 66}37 (r',z')cos¢’
dF(AX) =V (M- Bs)dV = |dFy | = -M, | 22/, 2)sing’ | dV. (C.6)
dF, 8B:(r',2))

As before, the total force F applied to the rotor magnets subject to a given axial displacement
Az is calculated by substituting expression (C.6) into (4.31a). Due to the radial displacement
towards x direction, only force in x direction and no torque will be present.
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Appendix C. Geometric Transformations for Passive Stiffness Calculation

7'z
C
Ay
L
Y I
zp|-_| " 7 7
!/ 7 f
Z/) Pl/: r!
nop ,
o o ?} x X
(a) Schematic cross-section for radial tilting. (b) Reference frames for radial tilting.

Figure C.3 — Geometric transformation for radial tilting.

C.3 Radial Tilting

In the case of experiencing a tilt A¢, as shown in figure C.3a for a rotation about Y’-axis,
another geometric transformation is also required. This tilting is not defined at the bearing
centre (point O), but at the rotor centre of gravity (point C). Thus, by considering a rotation
about axis Y passing by the rotor centre C, the position in Cartesian coordinates of any point
P of the rotor’s permanent magnet, with respect to the stator-linked bearing reference frame
S{0',x',y',z'}, can be expressed performing the transformation shown in figure C.3b as follows

’r;, cos ), cos¢py, 0 sing, | [rpcosg, 0
P(A¢y) = | rpsing), | = 0 1 1 rpsing, | + [0 =
z —sin¢g, 0 cos¢ zy—L L
P ’ e .7
I'pCOS@p CosApy + (zp — L) sinA¢y,
= p sin(pp s
| L—rpcos@psinA¢gy + (zp — L) cos Ay,

resulting in the following transformation (r, ¢, z) — (', ¢’, 2/)

r'= \/(r Cos @ Cos Ay + (z = L)sinA¢y)? + (rsing)?,

_ rsing
P(A([)y) = (/), = atan ( rcos@cosAdy+(z—L) sinAgby) ’ (C.8)

Z' = L—rsingsinA¢, + (z— L) cosAg,,.

In this case, the magnetisation vector M,,; = [0,0,—M .17 of the rotor permanent magnet ring
is rotated by A¢, about Y, and thus the projection of the external field and its gradient can be
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C.3. Radial Tilting

computed as follows

cosA¢p, 0 sinA¢, 0 B, (r',Z')cos¢’

Buy(1,9,2) = Myo;- Bgt = 0 1 1 0 |-|Br(r,Z)sing’ | =
—sinA¢y 0 cosAdy| |-M; B,(r'2) (C.92)
= —M_(sinA¢, B, (r',z) cos¢’ + cos A¢py B, (r', 2)),
6£¥(r’ @', Z)cosg' — %%(r’,w’,z’) sing’
VBuy(1,9,2) = aBM(r @', Z)sing’ +},%(r',(p',z’)c05(p’ =
6BM(r 0.2
- - 12 !/
cos ¢ (smA(,byM cos¢ +cosA<,byaBza(:,'z)) + B0 ’Zr),sm 2 sinA¢),
=—M; [sing (smA(,byMcosqo +CosA(,byaB%(:,’z)) _ b ’Zzi,smztp sinAgy | »
8B, (r',2) 0B, (r',2)
smA(,by—cosq) +Cos Ay —57—

(C.9b)

with r/,¢’, z’ as defined in expression (C.8), the partial derivatives as in (4.30a), (4.30b), (4.30c),

and (4.30d), resulting in the force and torque at an infinitesimal permanent magnet volume
dv

dF,
dF(A([)y): dFy’ :V(Mrot'Bst)dVZ
dF,

. Iz 1t B.(r'.z)sin2¢' .
cos ¢’ (smAgby% cos @' +cos A, 2020 ) 4 BULZISNG iy £y,

=—M; | sing (smA(,byMcos<p’+cosA¢yaBZ(r 'Z))— B2)sn2¢ ginag, | AV,

or’ 2r!
smA(/)yM cos ¢ +cosA(pyaBza(—Z’Z’)
(C.10a)
dTy ' cos¢’ dFy r'sing'dF, — (2 — L)dF),
dT(A¢y) = |dTy | =r' xdF(A¢y) = | r'sing’ | x |dF, | = |-r'cos¢'dF, + (z' — L)dFy
dT, Z—-L dF, r'cos@'dFy —r'sing'dFy
(C.10b)

The total force and torque is obtained by substituting expressions (C.10a) and (C.10b) into

(4.31a) and (4.31b), respectively. In this case, due to the problem’s symmetry, only d T}, will be
non zero.
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