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ABSTRACT

This master’s thesis aims at developing an analytical model of a particular topology of active magnetic
bearing (AMB). This topology, called slotless homopolar hybrid AMB (SHH-AMB), presents the advan-
tage of mitigating the iron losses. This makes it an interesting candidate for a flywheel energy storage
system (FESS) application, that stores energy under a kinetic form.

After a description of the layout and a proof of concept, the global parameters of the SHH-AMB
topology are identified as the axial position stiffness k., the radial position stiffness k., the tilt angle
stiffness ky and the current stiffness k;. These stiffnesses model the electrodynamic and detent forces
acting upon the rotor of the bearing.

From these considerations, a semi-analytical magnetic model is developed based on a Fourier approach
also known as the subdomain method, which solves the Maxwell’s equations in every subdomain. This
model allows to precisely compute the distribution of magnetic flux density when the rotor of the AMB is
radially centered. The model is also extended to take a radial eccentricity of the rotor into account thanks
to a modulation function. The values of the global parameters are retrieved thanks to these distributions.
A comparison with a finite element model (FEM) demonstrates the validity of the model. A mechanical
model is also developed to assess the performances of a given bearing by computing the self-discharging
time as well as the maximum speed of the rotor.

Based on the magnetic and mechanical model, an optimization routine is set up with a view to the
building of a prototype. The objectives being to have a lightweight device with the highest self-discharging
time, this optimization uses the geometrical and electromagnetic parameters of the bearing as variables.
Constraints are added to ensure the feasibility of the device. These are of different natures: geometry,
magnetic saturation in the ferromagnetic materials, axial stability and lift-off criteria, and maximum
rotating speed. The output of the optimization consists in a Pareto fronts from which a device is selected
based on an analysis of the parameters of the machines.

A design of a prototype built on the basis of the optimization is proposed. The objective of the
prototype is to validate the magnetic model by comparing the actual global parameters of the prototype
with those predicted by the model. However, difficulties to lift off the rotor have been encountered,
making the experimental evaluation of some of the characteristics of the bearing impossible. As it does
not require the levitation of the rotor, the value of the axial stiffness is experimentally evaluated and
corresponds to the one predicted by the model.
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INTRODUCTION

In the last decades, the use of renewable energy sources has grown significantly, causing a need for
energy storage systems. These sources being driven by the natural variations, such as the wind, the water
flows or the temperature, the power production is not always in phase with the demand. To be able to
take advantage of renewables engineers resources have been invested toward the development of energy
storage technologies. Among those systems, the flywheel energy storage systems (FESSs) store energy
by converting it into a kinetic form and back to an electrical according to the power demand. The main
advantages of FESSs are their long lifespan, and low environmental impact. They can also withstand a lot
of charge/discharge cycles and can operate continuously. However, FESSs offer a poor storage duration
compared to other energy storage systems due to their high self-discharging rates.

The high self-discharging rate of FESS is due to several types of losses, intrinsic to its constitutive
elements, occurring even if the system is in standby. The traditional topology of flywheel consists in a
high inertia body, the rotor, fixed on a shaft, guided by a rolling bearing and actuated in rotation by
an electromechanical converter. The efficiency of this kind of flywheel is limited by several main losses.
Among these losses, are found the aerodynamic friction at the rotor surface and inside the converter
air gap. These losses are generally mitigated by working in a vacuum chamber. Another source of loss
is the friction inside the rolling bearing, that is mitigated by replacing the classical roller bearings by
active magnetic bearings (AMBs). AMB allows for a contactless guidance of the rotor, which removes
the mechanical wear and the dry friction. The use of AMB introduces two other sources of losses: the
Joule and iron losses, induced by the current flowing through the windings of the bearing and the varying
magnetic flux density within the ferromagnetic parts, respectively.

To improve the efficiency of AMB, Joule and iron losses are mitigated by employing different types of
AMB. Some of them tend to be more suitable for FESS. Hybrid-AMB (H-AMB) is a particular topology
of AMB that uses permanent magnets instead of windings supplied in DC to generate the polarizing
magnetic flux density, which allows getting rid of a part of the Joule losses. The paper [I] explains how
such a bearing can be obtained by modifying a classical radial AMB. The remaining significant losses
occurring in the H-AMB topology are iron losses due to the varying magnetic flux density inside the
rotor in rotation. The classical heteropolar AMB cause a switching of polarity of the polarizing magnetic
flux density in the rotor depending on its angular position. These iron losses are mitigated by using a
homopolar hybrid-AMB (HH-AMB) as explained in [2]. This particular topology provides a magnetic field
with a constant polarity in each iron tooth of the rotor. Small fluctuations in the magnetic field density
inside the rotor remain and still give rise to iron losses. These fluctuations come from the slots in which
the windings are inserted. Removing these latter would make the ferromagnetic parts axisymmetrical
and so would be the polarizing magnetic field that would not vary within the rotor, even in rotation.
Such a configuration is met in slotless homopolar hybrid-AMB (SHH-AMB) that theoretically removes
the iron losses by employing air gap windings, as explained in [3].

In this thesis, a specific topology of SHH-AMB with an additional axial stabilization of the rotor is
considered similarly as in [4]. This stabilization is obtained thanks to additional iron teeth on the rotor
that maintain it in a centered position by applying a detent force opposed to its axial displacement. The
first objective of this work is to develop a local magnetic model of such a topology to characterize it
globally, similarly to what is achieved in [5]. This bearing is designed such as it can be used as a FESS.
A model, characterizing the performances of this system, is developed to employ it in an optimization
routine that determines the best dimensions to give to the prototype that is finally built.

This document is divided into six chapters. In chapter [I] the state-of-the-art of FESS and AMB is
reviewed. The chapter [2] provides a description of the layout and the working principle of the topology.
The magnetic model of the bearing is developed and validated in chapter The chapter 4| consists in
the modeling of the flywheel with a view to an optimization, performed in chapter [5| The results of this
optimization step are finally exploited in the building of a prototype and its characterization, explained
in chapter [0}






CHAPTER 1

STATE OF THE ART

This chapter presents a review of the literature about the historical and technological aspect of flywheel
energy storage systems and active magnetic bearings that are frequently employed in these systems. The
Flywheels are presented in section [I.I] and the magnetic in [T.2}

1.1 Flywheel Energy Storage Systems

Flywheel Energy Storage Systems (FESS) stores energy in its kinetic form thanks to a rotating wheel,
known as a rotor, consisting of a heavy mass rotating at high speed. The energy is exchanged from
kinetic to electrical and vice versa by braking or accelerating the rotor. The origin of the word ”flywheel”
goes back to the industrial revolution, when flywheels were used in factories to accumulate energy, and
in steam engine boats and trains [6]. In the last decades, FESS gained significant attention as a potential
solution to store the energy for a long period to deal with the mismatch between the consumption and the
production. They also present a flexible architecture that can be adapted to optimize the performances
to the context it is used.

1.1.1 FESS among other energy storage systems

Fig. illustrates the five main categories of energy storage systems in which the different technolo-
gies are classified. The mechanical storage, which includes FESS but also pumped hydroelectric energy
storage system and compressed air storage system, stores energy in a mechanical form. Energy is stored
electrochemically in classical batteries such as Lithium-ion. Electrical storage is another solution and uses
either capacitors, super-capacitors or superconducting magnets. The energy is stored chemically using
hydrogen, synthetic natural gas, thermochemical reversible reactions and biofuels in some systems. The
energy can also be stored in a thermal form using different technologies: sensible heat storage, latent heat
storage, absorption and adsorption storage.

—’| Mechanical I—P Flywheel, pumped hydro, compressed air

—>| Electrochemical |—> Battery

Energy c
. apacitor, supercapacitor,

storage 'I Electrical |—> P percap
superconducting magnets
systems

A Hydrogen, synthetic natural gas, thermo-
—>| Chemical |—> yerogen, synthet  gas,!
chemical reversible reaction, biofuel

_,| Thermal Sensible heat storage, latent heat storage,
absorption and adsorption storage

Figure 1.1: Energy storage systems [, [8 [@].



1.1.2 Main advantages of FESS

The technologies previously mentioned come with advantages and drawbacks which make them more
appropriate for some applications than others. The performances of each technology are assessed with
different characteristics, the main ones being the power density, power quality (response time and voltage
stability), the efficiency, the lifespan, and the cycle life [§][I0]. Other metrics are important to take into
account when searching for an energy storage system, such as: the cost, the environmental impact, the
power rating and the storage duration. Among the technologies of energy storage, FESS distinguishes
from others thanks to several characteristics.

As studied in [§], FESS typically provide a lifespan between 15 and 20 years depending on the topology.
This lifespan comes with a low need for maintenance [II]. As a comparison point, typical chemical
Lithium-ion batteries perform between 2 and 20 years [8]. The technology with the longest lifespan
studied in [g] is the Nickel Iron battery, with 100 years.

The cycle life of FESS reaches up to 100000 cycles, which is globally higher than other systems in [§].
Only electrical energy storage systems like superconducting magnets and super-capacitors with 100000
and 1000000 cycles, respectively can compete. Unlike electrochemical batteries, the cycle life of FESS is
also independent of the depth of discharge of the cycles.

FESS also distinguish from others regarding the power density with performances up to 2000 kW /m3
[8]. Only electrical storage technologies can realize better performances with 4000 kW /m? for the su-
perconducting magnets and 4500 kW /m? for the super-capacitors. For typical Lithium-ion batteries, the
power density reaches 800 kW /m?.

Efficiency is obviously an important characteristic of energy storage systems. Flywheels offer an ef-
ficiency ranging from 70% to 96%, with an average of about 89% which makes it the most efficient
mechanical energy storage system [8]. These figures can be compared to Lithium-ion batteries perfor-
mances, which reach efficiencies between 70% and 100% with an average of 90% [8].

Regarding the power quality, FESS allows response times of less than 4 ms, which is by far better
than other mechanical energy storage systems and in the range of electrochemical technologies [I2]. This
feature of FESS makes it an appropriate system to enhance power quality problems such as voltage sag,
over/under voltage, supply interruptions, transients, and frequency deviation.

In terms of environmental impact, FESS induces relatively low manufacturing impacts, not significant
operational impact and relatively low disposal impact [I3, [@]. FESS do not require the management
and the disposal of any chemical substance required in chemical and electrochemical systems [I4], but
only raw materials for the manufacturing, which are metals or composites. These raw materials can be
partially recycled at disposal.

These advantages come with three main drawbacks [15] [8, [7]. FESS usually comes up with an energy
density lower than 430 kWh/m?2, which is relatively poor compared to other technologies like certain
chemical batteries that can perform two to three times better [§]. High self-discharge rate due to standby
losses is also an important drawback of flywheel systems, preventing them to be used in long-term
applications. The potential failure modes that are also dangerous. As FESS employs mechanical parts
rotating at high speed, if a failure occurs (due to wear, problem in the controller, power electronics, failure
in the bearings), the mechanical energy of the rotor is released suddenly and leads to significant damage.

1.1.3 Applications of flywheel energy storage systems

In the last decades, FESS have emerged as a promising alternative to electrochemical batteries to store
energy in a wide range of applications [16]. Depending on the domain of application, the requirements in
terms of power capacity and discharge time change, but the technology remains the same [10].

One of the most discussed applications nowadays concerns the renewable energy integration, i.e., the
use of FESS to store the energy produced by renewable energy sources, typically solar and wind energy.
FESS can be a solution to the mismatch between the production and the consumption of the energy that
these renewable sources introduce with their intermittent nature. By making use of their fast response
time, FESS can also improve the power quality that is output by the renewables via an appropriate
control strategy[I6]. They are also used to increase the energy penetration in power grids [17].



At a residential level, FESS can be used for domestic electrical installations. It can help power suppliers
to store the excess of energy produced by renewable energy sources, as previously discussed [I1]. FESS
can also provide an on-demand releasing capability, enabling power suppliers to deliver electricity during
peak hours or periods of high demand [I8]. By harnessing the stored kinetic energy, these systems can
quickly release power, helping to stabilize the grid and ensure a reliable supply of electricity. It can also
be used for power peak shaving by smoothing out fluctuations in power demand by supplementing the
grid during times of peak usage [I8]. This allows to reduce the strain on the grid and lower the electricity
costs for the consumers. Additionally, a FESS in a home can serve as an effective power backup solution
in case of power outage or disruption, allowing essential appliances and devices to continue operating
[18]. This feature can be interesting for regions with unreliable power infrastructures, as it allows an
uninterruptible power supply.

In aerospace, FESS are used to compensate for the period when low earth orbit devices can not
produce electricity from solar energy. Indeed, as stated before, the overproduction can be stored to power
onboard systems when the devices lie in an eclipse period [19]. FESS are preferred in this context than
electrochemical batteries [I1] since FESS are less heavy for equivalent capacity, which reduces production
costs as the total weight is a major concern in aerospace. Moreover, they offer a longer lifecycle that can
go up to 100000 cycles as explained before, which is higher than the best Lithium-ion batteries that can
only reach 10000 cycles [20].

In the automotive field, FESS are used to smartly reused the energy doomed to be lost. The main goal
being to recover energy to reduce fuel consumption, the FESS design depends on the kind of vehicle. For
public transport buses or garbage trucks that start and stop frequently, energy can be recovered from
braking and can be used either to power on board systems or to power when starting [21I]. The same
approach of regenerative braking energy is used for railway vehicles to improve their efficiency, to reduce
the peak power, but also allowing the vehicles to travel through areas without overhead line provision or
without power supply [22]. Regarding cars and their environmental impact, development has been put
on the hybridization [21]. Some systems have been experimented in motorsport, like the Kinetic Energy
Recovery System (KERS), first introduced in Formula 1 in 2009 [23]. KERS is used to convert the kinetic
energy that is normally lost into heat during braking, and can then provide an extra boost of power to the
car when accelerating or overtaking. However, the use of FESS in motorsport has different specifications
than for road cars. Indeed, since the driving is totally different on the road, the motorsport systems are
not adapted to every car. That is why car companies, like Jaguar and Volvo, have been investigating the
use of flywheel systems for their road cars in the last years [2I]. They managed to save around 20% of
fuel using such systems.

Among the other applications, FESS can be found in charging stations to ensure the supply of electric
vehicles when power cannot be extracted from the grid [24]. FESS can also be used for frequency
regulations to compensate for the fact that the grid load is not constant [I0]. There are other fields of
applications such as the marine, the defense, and the industries for which FESS can be used.

1.1.4 Constitutive elements

A FESS is composed of five main elements that ensure its functioning: the rotor, the motor/generator,
the guiding elements, the power electronics and the enclosure. These components are represented in fig.
Indeed, the FESS manufacturers propose different topologies as shown in table but they are all
made of these five components.

Guiding elements

Shaft

Flywheel / rotor

Cooling
System
Controller

Power
electronics

Motor generator GRID

Enclosure

Figure 1.2: Constitutive elements of FESS.



Table 1.1: Different manufacturers of FESS and their topology [25].

Piller Power Bridge

Temporal Power Beacon Power Gen 4
Manufacturer Rosseta T2 Active Power Kinetic Tractlor} Systems
Vycon Stornetic
Gyrotricity Power Thru

Amber Kinetics

7 m

N N
§§

Topology

The rotor

The rotor, also called the flywheel, is the rotating part of the system that stores the energy. More
specifically, it consists of a high inertia body that accumulates kinetic energy with its rotation. It is
mounted on a shaft and supported by guiding elements to minimize the friction and allow a smooth
rotation. The critical aspect of this element is its geometry and the material in which it is made [6 [20].
Both these parameters impact the moment of inertia I which determines the kinetic energy E that can
be stored at a given rotational speed Q [6]:

Ey = %IZSF (1.1)

Regarding the geometry, it is generally a hollow cylinder of mass motor Whose height A, inner radius
a and outer radius b influences the moment of inertia as follows [6]:

1 1
I, = immtw(b2 —a?) = §7rph(b4 —a%) (1.2)

where the mass m depends on the mass density p the height, the outer and the inner radii.

The material also determines the maximum speed the rotor can reach before failure [6,26]. The material
is subject to mechanical stress appearing with the rotation and the centrifugal effect. Characteristics such
as the density, the yield stress, the Poisson coefficient and the Young’s modulus are key elements in the
design of the rotor [27] 28]. The mechanical design of the rotor is explained in chapter

The required speed, available space and budget imposed by the application allow determining the
geometry, the dimensions, and the material of the rotor as well as the bearing type and the electrical
machine [IT]. Two categories of FESS are distinguished regarding the operational speed. If this latter
is below 10000 rpm, the flywheel operates at "low speed” and at ”high speed” otherwise [I1], [I8]. These
categories influence the technology employed in the system.

Speed limit being related to the choice of material, several materials with different stress limitations are
considered. In general, composite-based rotors offer superior performance in terms of speed, rotational
stress tolerance and energy density compared to their steel-based counterparts [29, 26]. That is why,
composite materials with lower mass densities are used for high-speed FESS while isotropic materials are
commonly used for low-speed ones. Some common materials used for rotors are detailed in table

The motor-generator

The motor component of a FESS enables a bidirectional conversion process between electrical and
mechanical energy. When excess electrical energy is available in the system, the converter acts as a motor
and converts electrical energy into mechanical energy by accelerating the rotation rotor. Conversely, a
demand for electrical power is fulfilled by slowing down the rotor with the converter, which is used as a
generator.



Table 1.2: Materials used for rotors in FESS [30].

Densit Maximum tensile strength
Material [ /Cmg]’ (azimuthal for composites) Cost [€/kg]
& [MPa]
Aluminum (isotropic) 2.7 500 2.8 (Al-6061-T6)
Steel (isotropic) 7.8 800 0.56 (AIST 4340)
E-Glass epoxy (composite) 2 1000 4.43
High strength.graphlte 16 1500 18.62
(composite)

Because of the typically high speeds associated with flywheels, the use of brushes is avoided, which
means that neither DC machines nor wound rotor synchronous machines are employed [2I]. The selection
of an energy conversion system for a FESS depends on various factors such as power requirements,
rotational speed, efficiency, control, cost, and the specific application context. Several types of technologies
are used [L10, [11]:

e Permanent magnet synchronous machine (PMSM): it is a popular choice as it offers high power
density and high efficiency. This kind of machine is expensive, implies idling losses, uses permanent
magnets that are prone to demagnetization and has a narrow optimum range of temperature. Similar
machines to PMSM are also used in FESS such as the brushless direct current machine (BLDC)
and the axial flux permanent magnet (AFPM) [29].

e Induction machine (IM): it provides less power density and less efficiency than PMSM, but it is still
widely used for FESS since it is simple, reliable, and relatively inexpensive.

o Switched reluctance machine (SRM) and Synchronous reluctance machine (SyRM): it is simple,
reliable, more efficient than IM at high speeds and not subject to demagnetization since it is free
of permanent magnet. The drawbacks are the maturity of the technology and controllability.

e Synchronous homopolar machine (SHM): it induces low idle losses and its robust structure allows
for high speed and high efficiency FESS [31].

e Bearingless machine (BM): this kind of machine is of interest for FESS since it can both act as a
motor-generator and as a magnetic bearing for guiding. The difficulty of implementation of this
rather expensive machine lies in the complexity and the controllability.

e Magnetic gear (MG): this technology can be the direct link between the flywheel and the external
load. It is simple, robust and does not require power electronics. However, MG provides less power
density than others and that the technology is not mature.

The power electronics

The power electronics unit manages the conversion and the control of electrical energy between the
FESS, the load, and the grid by allowing a bidirectional power flow. Its components and circuits are used
to enable efficient energy transfers, ensure stable operations and provide control capabilities. There exist
several layouts of power electronics converter, but the most common is the AC-DC-AC, also known as
back-to-back [I1]. This layout consists of two voltage source controllers that switch between rectifier and
inverter to allow charge and discharge modes [10]. Their current capacity determines the power rating
of the FESS. Other layouts of power electronics are possible, such as AC-AC, AC-AC matrix (without
system capacitor), DC-AC and DC-DC since some applications may require a DC link to provide an
uninterruptible power supply [I1].

The guiding elements

These guiding elements support the rotor and allow it to rotate smoothly with minimum losses. Three
types of bearings can be used depending on the specific requirements of the FESS design: mechanical,
magnetic and hybrid.

e Mechanical bearings such as ball bearings or roller bearings are a cheap alternative but induce wear,
mechanical friction losses due to the contact with the rotor and need to be lubricated [30].

e Magnetic bearings (see section [1.2)) offer advantages like no mechanical friction, high speed capa-
bility, and the ability to operate contactless but are complex [10].



e Hybrid bearings are either composed of a mechanical and a magnetic bearing or of two topologies
of magnetic bearing (passive and active, developed in section [1.2]). They imply fewer losses than
mechanical bearings alone and lower cost than magnetic bearings, but are also complex [10].

The containment

The containment refers to the protective housing or casing that surrounds the flywheel and associated
components in a FESS. This component has to ensure both the efficiency and the security. Indeed, to
reduce the aerodynamic losses from the rotational motion of the flywheel, the pressure in the enclosure
can be decreased to reach a partial vacuum with a vacuum pump [30]. It is also possible to fill the
enclosure with a gas having a lower density than air, like Helium, to improve the performances of the
FESS [30]. In terms of safety, the containment must keep the hazardous parts when the rotor fails [I1].
The containment can also help to reduce vibrations and noise and can incorporate cooling mechanisms
for thermal management.

1.2 Magnetic bearings

The appearance of magnetic bearing has opened the way to new FESS topologies allowing the flywheel
rotor to levitate and spin at high speeds without physical contact with the housing. Compared to standard
bearings, it requires less maintenance and no lubrication [32]. The increased use of magnetic bearings
in flywheel was driven by developments in power electronics, materials technology, magnetic bearing
technologies and electrical machines [I6]. Advancements in power electronics have enabled the use of
high-frequency switching to control the magnetic bearings, resulting in improved stability and reliability
of the system [6] [33]. The use of advanced materials, such as high-temperature superconductors, also
contributed to the development of more efficient and compact magnetic bearings [34]. The magnetic
bearing employed in this thesis is a particular topology, allowing to reduce drastically the iron losses
occurring within the ferromagnetic materials. This section explains how this topology is obtained starting
from the classical AMB. The SHH-AMB does not present slots in which the windings could be inserted
and uses air gap windings instead. The manufacturing method employed to implement such windings are
presented in this section. Finally, the control strategies adopted for hybrid active magnetic bearings are
presented.

1.2.1 Topologies of AMB

This section explains how and why the SHH-AMB topology is obtained from the classical AMB by
describing each intermediate topologies and by explaining their advantages and problems.

Active Magnetic Bearings (AMB)

Active magnetic bearings, allow a stable magnetic levitation of its rotor by applying forces resulting
from the interaction of the magnetic flux density with windings and ferromagnetic parts. Unlike passive
magnetic bearings, AMB require a controller, implying the measure of the position of the rotor and
external sources of current. Fig. inspired by [35], represents a classical active magnetic bearing.
Such bearings require a bias magnetic field that is generally generated by applying a DC bias current i
in the windings, added to the control currents, i.. In that way, no permanent magnets are used in the
bearing, which helps lower the cost and the complexity of manufacturing. The bias current gives rise to
Joule losses through the windings electrical resistance given by Ri? which tends to reduce the efficiency
of such bearings.

Hybrid - Active Magnetic Bearings (H-AMB)

In hybrid-active magnetic bearings [I], the bias magnetic field is generated by permanent magnets
which removes the Joule losses associated with the bias current. A H-AMB is illustrated in fig. The
permanent magnets (PM) are placed in the stator which simplifies the manufacturing of such bearings
and improves the robustness, as the PM are the most fragile part of the bearing.

Although the losses occurring within the bearing are reduced with the use of PM, the iron losses,
appearing with the rotation of the rotor, remain significant because of the heteropolar nature of the bias
magnetic field. As illustrated in fig. the magnetic field switches its polarity at each pole, which gives
rise to a varying magnetic field within the rotor and to important iron losses if high speeds are reached.



Figure 1.4: 8-pole radial hybrid active magnetic bearing.

Homopolar Hybrid - Active Magnetic Bearings (HH-AMB)

Homopolar hybrid-active magnetic bearings remove the switch of polarity by imposing only one pole
in the rotor [2]. As magnetic monopole are not achievable, the pole is duplicated and placed next to the
first pole with the opposite polarity. The two poles are linked by an axial circulation of the magnetic flux
density in the rotor and in the stator (fig. [L.6)).

HH-AMB drastically removes the iron losses occurring within the rotor, even at high speed, as the
polarity of the bias magnetic field does not switch with the position of the rotor (fig. [1.7). The iron
losses are not completely removed because of the presence of the slots in which the windings are placed
which results in asymmetry in the magnetic flux density, whose amplitude still varies with the position
of the rotor. This bearing tends to occupy more space axially than classical radial bearings because of
the duplication of the pole and the presence of permanent magnets between the poles.

Slotless Homopolar Hybrid - Active Magnetic Bearings (SHH-AMB)

Slotless homopolar hybrid-active magnetic bearings combine the advantages of the HH-AMB and re-
moves the remaining iron losses, due to the varying amplitude of the bias magnetic field, by employing

air gap windings instead of slots [3] (fig. and [L.9).
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Figure 1.5: Illustration of the air gap radial magnetic field in a radial hybrid 8-pole active magnetic

bearing as a function of the azimuthal position 6. The polarity of the magnetic flux density switches at

each pole.

Figure 1.6: Homopolar hybrid-active magnetic bearing. The circulation of the bias magnetic field is axial
between the two poles.

The length of the air gap being increased to insert the windings, the currents required to control the
rotor are generally higher for such topologies. The remaining iron losses occurring in the SHH-AMB come
from the displacements of the rotor but are kept small as this latter is controlled in a centered position.

Axial detent force

The axial detent force in hybrid homopolar magnetic bearings is obtained by adding iron teeth to
the rotor such that the circulation of the bias magnetic flux is better if the rotor is axially centered.
Such a mechanism is employed in many electromagnetic system to provide a reliable axial force without
complexifying the system. An example of a similar mechanism is explained and characterized in [36].

1.2.2 Air gap windings

As the slots in which the windings are placed in common magnetic bearings are removed in the SHH-
AMB, this topology employs air gap windings. Such windings must be kept as thin as possible to ensure a
sufficiently high magnetic flux density in the air gap. They tend thus to be a manufacturing challenge for
their creation as well as their implementation within the bearing. This section reviews the manufacturing
process and technologies of the windings employed in slotless machines (motors or bearings) and discuss
their cost and feasibility.

Self-supporting windings

Self-supporting windings are made of insulated copper wires that are wounded to form a hollow cylinder
(fig. [1.10). An adhesive material is employed to maintain the shape of the winding. The shape given
to the turns can be adapted to optimize the performances of the winding by minimizing the length of
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Figure 1.7: Illustration of the air gap radial magnetic field in a HH-AMB as a function of the azimuthal
position 8. The polarity of the magnetic flux density is always in the same direction but the amplitude
of the magnetic flux density is lower at each slot.

Figure 1.8: Slotless homopolar hybrid-active magnetic bearing.

i 2m
0 (rad)

Figure 1.9: Illustration of the air gap radial magnetic field in a SHH-AMB as a function of the azimuthal
position 6. The magnetic flux density is axisymmetrical.

the end windings. This kind of winding is widely spread in slotless BLDC motors developed by motor
manufacturing companies such as Mazon. A rectangular cross-section of the wire can be employed to
improve the fill factor of the windings, but the constant shape of this cross-section limits the performances
of the winding [37]. This manufacturing technology is cheap and adapted to mass production.

11



Figure 1.10: Self-supporting winding [38].

Flex-PCB windings

The flex-PCB technology prints the windings of the machine on a flat flexible PCB that is wrapped
to form a cylinder that can be inserted within the air gap of the machine (fig. [1.11)). In [39], this
technology is employed to optimize the windings of a BLDC motor, making use of the ability to change
the wire cross-section and to adapt the shape of the turns freely. This manufacturing technology is easy
to implement and is adapted for mass production but rather costly for prototyping.

Inner layer tracks
Outer layer tracks
Vias
by —>

Inner layer tracks

Figure 1.11: Flex-PCB winding. [39].

Laser-cuting

The laser-cutting technology cuts the conductors of the windings into thin copper plate that is foiled
to form the hollow cylinder that is placed in the air gap [37] (fig. [L.12). Similarly to Flex-PCB, this
technology gives a degree of freedom over the cross-section of the conductors, and allows for complex
shapes of the turns. It however suffers from the constant thickness of the copper plate that does not allow
to change the height of the conductors. This manufacturing technology is rather cheap and appropriate
for prototyping.

Figure 1.12: Laser-cut winding. [37].

1.2.3 Modeling of AMB

This section gives an overview of the different numerical methods that are employed to develop math-
ematical models of active magnetic bearings that characterize them locally and globally. The different
methods are presented and their pros and cons are listed.
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Finite - element analysis (FEA)

The finite element analysis is a local model that
discretizes a given geometry in a finite number of
elements to form a mesh. Equations modelling
the physics are then solved over the mesh to pro-
vide an approached solution to the equations. The
smaller the size of the elements, the more accurate
is the provided solution. The size of elements is
adapted to employ small elements where a good
accuracy is required and bigger elements where
the accuracy is not a concern limit the complex-
ity of the problem and the computation time of
the model. For magnetic bearings, the FEA solves
the Maxwell’s equations to provide the magnetic
flux density distribution in the bearing, from which
the global characteristics are extracted by integra-
tion. Fig. shows the FEA applied to a 2-
pole homopolar radial magnetic bearing detailed
in [2]. This modeling method generally presents
high computation time to reach good accuracy but
allows for modelling any complex geometry. FEA P s T oo T s e M wam
is also easy to implement if commercial software (b)
programs are employed, such as COMSOL. FEA
is often employed to model machines or to validate Figure 1.13: FEA of a radial homopolar magnetic
other models that are quicker, such as subdomain bearing [2]. The mesh is shown in (a) and the mag-
models, magnetic equivalent circuit or analytical netic flux density is shown in (b).
models.

Subdomain models

Subdomain models or Fourier based models provide a semi-analytical expression of the magnetic flux
density within the bearing by solving analytically the magnetic potential vector equation [5]. The solution
is semi-analytical because it is given as a Fourier series with a limited number of harmonics. This
model provides much lower computation time than FEA for similar accuracy and is thus employed in
optimization procedures that require numerous evaluation of the model with different parameters. This
method is more challenging to implement and is only feasible for machines presenting a symmetry in one
of the 3 dimensions. The SHH-AMB is thus particularly appropriate for the subdomain model, thanks to
the axisymmetry of the magnetic flux density distribution. The evaluation of the global characteristics
are obtained by integrating analytically the flux density distribution.

Magnetic equivalent circuit

This method models the machine by an equiva-
lent magnetic circuit (MEC) modeling the different
parts of the machine and the magnetic permeance
that links them to evaluate the magnetic flux that
flows in the different regions of the bearing [3], fig.
More complex geometry can be character-
ized by a MEC than with the subdomain method,
and the computation time is low but, the solution
does not provide the magnetic flux density distri-
bution in the air gap but only the magnetic flux
from which can be deduced the magnetic flux den-
sities if a uniform distribution is assumed. The
global values of the bearing are obtained by in-
tegration of the estimated magnetic flux density
distribution.

Figure 1.14: Magnetic equivalent circuit method ap-
plied to a SHH-AMB [3].
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1.2.4 Control strategy

The main concept of active magnetic bearings is that an external controller is required to ensure the
stability of the bearing, which is not stable in open loop due to the destabilizing radial detent force acting
on the rotor. This section explains why the bearing is not intrinsically stable, how the controller stabilizes
the AMB and presents the stability criteria. Control strategies allowing to account for non-idealities of
the machine are also explained.

Open loop stability

The open loop dynamic of the system is characterized considering a one degree of freedom - model of
the bearing, in which the rotor is only able to move in one radial direction. The position of the rotor along
that direction with respect to the center is noted A,. The radial destabilizing force F,, is modeled through
a positive radial position stiffness ke such that: F, = kcA,. The force generated by the windingsF; , is
modeled through a current stiffness k; such that F; = k;i,. The equation of the motion applied to the
rotor is given by:

mrotorA:v = kﬂz + kel' (13)
The transfer function in the Laplace domain between the input i, and the output A, is thus given by:
- AX (8) k‘l

H(S) B Im(s) B mrotors2 - ke (14)

where the characteristic polynomial of the system is given by: Mmyotors> — ke, and have two real poles,

being \/ke/Myotor and —+/ke/Mrotor. By inspection of the poles, the system is instable in open loop as
one of the poles has a positive real value, which explains the necessity to add a controller.

Position control

Fig. [1.15] inspired from [40] represents a block diagram of the controller dedicated to one axis of
actuation of the bearing. In this figure, x,.¢ represents the reference position of the rotor, generally
set at zero so that the rotor remains centered. H,(s) is the previous transfer function to which an
additional disturbance force Fy is provided. It is often assumed that the degrees of freedom of the rotor
are decoupled, which explains why the controller only considers one of the two degrees of freedom. The
coefficients of the PID controller are typically designed to ensure a good disturbance step response rather
than a good reference position step response as this latter is not subject to be different from zero over
the time.

Fy

\
>
8

Tref = 0 PID

Y

Hy(s)

Figure 1.15: Block diagram of the PID controller used in hybrid-active magnetic bearings.

The controller requires a proportional gain sufficiently high so that the destabilizing radial detent force
is compensated by this proportional action. If k. is the position stiffness of the bearing, k; its current
stiffness and k,, is the proportional gain of the controller, the following condition is required to ensure the
stability [40]:

Kpki — ke >0 (1.5)

If such a controller is implemented, has two poles located on the imaginary axis and is stable mathemat-
ically speaking but not in practice, as it behaves like a harmonic oscillator. The stability of the system
is ensured by adding a damping action to the controller that brings back the poles on the left half of the
complex plane [40]. The integral term of the controller is not required for the stability of the system but
is useful to cancel static errors occurring if constant disturbances are applied.
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Figure 1.16: Synchronous disturbance elimination: Block diagram. [40]

Unbalanced rotor

Rotating parts, in mechanics, are never perfectly balanced. Their center of mass is always not exactly
at the center geometrical center of the part. If the rotor operates at high speed, it is preferable to let it
rotate around its center of mass. As the position of the geometrical center is measured, this results in a
oscillating position of the rotor at a frequency corresponding to the rotation speed. It is required that
the controller ignore this component of the error so that it does not cancel it, which would result in a
rotor rotating around its geometrical center. A methodology allowing to get rid of this problem, called
the synchronous disturbance elimination, is explained in [40] and illustrated in fig. In this method,
the position signals = and y are post-processed to remove their undesired component. A transformation
of the position of the rotor in a coordinate frame attached to this latter is first performed. In this frame
of coordinate, the component related to the balancing non-idealities of the rotor is a DC component that
is isolated using a low pass filter giving rise to X/, and Y}, representing the position of the eccentricity
of the rotor. These new signals are then expressed in the initial frame of coordinate and subtracted to
the measured position of the rotor, giving rise to X.om and Yo, that are the signal provided to the
controller.
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CHAPTER 2
LAYOUT AND PROOF OF CONCEPT

This chapter presents the detailed layout of the SHH-AMB employed in the FESS device as well as
the parameters that describe its geometry and its configurations. The general working principle of the
bearing is explained and the main global characteristics such as its stiffnesses are identified and defined.

2.1 Detailed layout of the SHH-AMB

A schematic 3D view of the SHH-AMB and its rotor saliencies is presented in fig. The stator
is made of two ferromagnetic rings between which a permanent magnet ring with axial polarization is
inserted. The rotor is made of one hollow piece of ferromagnetic material that has two saliencies, similarly
to the stator. The rotor is inserted inside the stator such that the iron saliencies face each other and give
rise to an air gap in which two sets of four coils, one set per axis of actuation, are inserted 90° apart.
In fig. the yellow and green sets of windings actuate respectively the x and y-axis of the bearing.
The coils are connected to each other in series and anti-serie, such that the current flows in the direction
shown in the figure.

Rotor
Stator

Rpwm,i

Rw,i

v

z

Figure 2.2: Cross-sectional view of the SHH-AMB with rotor saliencies and symbols used to describe its
dimensions.
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Fig. 2.2 shows a 2D cross-sectional representation of the bearing as well as a detailed definition of each
symbol used to describe the bearing’s geometry. The stator and rotor iron teeth as well as the width of
the space that separates them axially is thus left to be possibly different for the stator and the rotor.
The parameter A, describes the axial difference of position between the stator and the rotor center,
and is defined as positive if the rotor is above the stator. The parameters describing the end winding
leave their configuration is as general as possible and can be made inset or overlapping depending on the
value of these parameters. The possible configurations of the end windings are well as their effect on the
SHH-AMB are presented in [41]. Each coil of the bearing is made of Ny spires.

2.2 Proof of concept

This section explains the intuitive working principle of the SHH-AMB and its axial stabilization and
identify the main global characteristics of the bearing.

2.2.1 General working principle

A key concept of magnetic bearings is the stability of each of the five degrees of freedom of the rotor that
need to be guided by the bearing (the axial rotation is left free and is actuated by the electromechanical
converter of the FESS). The stability of a degree of freedom around its equilibrium point is assessed by
introducing a small displacement along the concerned degree of freedom. The degree of freedom is stable
if the resulting force or torque is opposed to this displacement, and unstable otherwise. The five degrees
of freedom concerned are the translations in the x, y and z-directions as well as the rotation around the
z and y-axes. Some of these are naturally stable thanks to the detent forces and torques acting on the
rotor due to the bias magnetic flux density. Others need to be stabilized through an electromagnetic force
or torque generated by the currents flowing through the windings. From Earnshaw’s theorem, it is not
possible to have all the degrees of freedom naturally stable. It is therefore first required to identify the
stable and unstable degrees of freedom of the SHH-AMB.

The bias magnetic flux density flowing through the iron teeth, generated by the permanent magnets
in the SHH-AMB is illustrated in fig. Not considering the windings, the forces acting on the rotor
are detent forces.
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Figure 2.3: Scheme of the bias magnetic flux density lines generated by the permanent magnets.

The axial degree of freedom is first considered. Fig. shows the magnetic flux density flowing
through the SHH-AMB whose rotor is moved downward. The air gap permeance is lowered because
of the unmatching iron teeth, resulting in a decreased magnetic flux. As the detent force acts in a
direction that maximizes the magnetic flux, the rotor is pulled upward. The axial degree of freedom is
thus naturally stable thanks to the detent forces.

-: \ ‘ l */ I
Y Y
i
vy So ] ! ! ! v ! C_=72 7
N ~ I \ \ - P
\ ~__ | __- 7 S \ S s L _-- /
N R R . N - ’

-«
S
-«

Figure 2.4: Scheme of the bias magnetic flux density lines for an axial displacement of the rotor, the
resulting force is stabilizing.
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Figure 2.5: Scheme of the bias magnetic flux density lines for a radial displacement of the rotor, the
resulting force is destabilizing.

The z and y-translations, are assimilated as a single radial displacement thanks to the homopolar
nature of the SHH-AMB. Fig. shows the bias magnetic flux resulting from a radial displacement
of the rotor. The permeance of the air gap being higher where the air gap is shorter, the magnetic
flux density is higher in these regions of the air gap. The resulting detent force is thus aligned with
the displacement and tends to pull the rotor is the same way as the motion. This degree of freedom is
therefore unstable by nature and is required to be stabilized.

The role of the windings introduced in the air gap formed by the iron teeth is to stabilize the radial
degree of freedom. The magnetic flux density of the SHH-AMB when current flows in one of the windings
of one axis of actuation is shown in fig. The windings add a possibility to apply a force on the rotor
through the current that flows through them and can be used to counteract the radial detent force and
stabilize the radial degree of freedom.

Figure 2.6: Scheme of the bias magnetic flux density lines and the resulting force if current flows in the
windings of one of the axis of actuation.

The resulting forces applied to the rotor undergoing a tilt motion (rotation around the x and y-axis)
has two origins. The iron teeth of the rotor tend to have an axial motion with respect to the stator teeth,
which results in local axial forces that are unbalanced and creates a stabilizing torque that tends to bring
the rotor back to its initial position. On the other hand, the length of the air gap is also impacted by
the tilt motion that tends to make one of the iron teeth of the rotor closer to the corresponding iron
tooth of the stator ones, while the other teeth are brought further away. This configuration gives rise to
unbalanced local radial forces that result in torque that tends to destabilize the tilt degree of freedom.
The total torque, being the sum of the two effects, is either stabilizing or destabilizing depending on
the magnitude of the two effects. The stability of the tilt degree of freedom depends therefore on the
geometry of the bearing. Intuitively, bearings showing a bigger radius and shorter height are more stable
than high and narrow ones.

2.2.2 Modeling of the magnetic forces and torques

The same concept of small displacement around an equilibrium point is kept for the modeling of the
detent forces acting on the rotor. The forces are evaluated by multiplying the small displacements by
a constant to perform a linear approximation of the force around the equilibrium point. These value
of the slope of these linear approximations are called the stiffnesses as they have the same units (N/m
or Nm/rad). Regarding the forces generated by the currents flowing through the windings, the same
linearization is performed with a concept of current stiffness that has (N/A) as units. The electromagnetic
forces and torques acting on the rotor are consequently modeled by the following equations.

(2.3)

ymag = Byke —iyk;

F:L’ mag — Azke - xkz T mag — Ay k
s 9 1 (22) U, g v,
T\I/y,mag = A\Ilyk\lf

Frmag = Ack.  (2.1) {F

where Fj pqg is the magnetic force applied to the rotor along the é-axis, A; is the displacement of the
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rotor along the i-axis, k, is the axial stiffness, k. is the radial stiffness, Ty, g is the magnetic torque
applied to the rotor along the i-axis, Ay, is the tilt angle of the rotor around the i-axis, ky is the tilt
stiffness, 7; is the current flowing through the winding controlling the ¢-axis and finally, k; is the current
stiffness.

The currents ¢, and ¢, need to be computed appropriately regarding the position of the rotor in order
to stabilize the x and y degrees of freedom. An approximation is made regarding the radial displacements
where = and y motion are considered decoupled from each other, which is true only for small displacements.
The radial and current stiffnesses are not guaranteed to remain constant during the use of the bearing,
as they vary with the axial position of the rotor A, that is defined by the axial equilibrium point. The
current and radial stiffnesses must thus be evaluated for a given A, .
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CHAPTER 3
MAGNETIC MODEL OF THE BEARING

This chapter presents the model allowing to predict the electromagnetic characteristics of the bearing.
As it is meant to be employed in an optimization routine, this model is required to run quickly and to
give accurate results. To ensure these performances, a semi-analytical model based on a Fourier approach
has been selected. Despite its complex implementation, this approach provides quickly an accurate
distribution of the magnetic flux density within the bearing, from which can be extracted the desired global
characteristics with the same accuracy. The implementation of this model being challenging, this latter is
validated through a finite element analysis (FEA) by taking advantage of its easier implementation. This
chapter presents the local computation of the magnetic flux density for a centered rotor. The eccentricity
is then introduced and the extraction of the global characteristics as well as their validation are presented.
The assessment of the behavior of the model and of the bearing is finally analyzed.

3.1 Magnetic flux density distribution without eccentricity

The implementation of the semi-analytical model is fully detailed in this section. The division in sub-
domains, required for the Fourier approach, is first presented. The general expression of the magnetic
flux density distribution arising from the constitutive equation is then established. The boundary con-
ditions as well as the system of equations solved to obtain the distribution are established and, finally,
the results regarding the distributions are presented and compared to the results obtained with the FEA.
The procedure to develop this model is widely inspired from [42].

3.1.1 Division in subdomains and boundary conditions

First, a decision must be taken with regard to the coordinate system. Since the SHH-AMB is perfectly
axisymmetrical, the magnetic field distributions should not vary along the azimuthal position. The
subdomain model will therefore be a 2D model representing a cross-section of the bearing, leaving the
r and z-axis as the remaining frame of coordinates. Secondly, a periodization along the z-direction is
required to employ the subdomain method. The bearing showing no periodicity along this direction, it
is necessary to replicate it. As this artificial replication is a potential source of inaccuracy, the distance
between the replications, 2L.,; must be kept large. The polarization of the permanent magnets of these
replications might still either always be in the same way or always be opposed to each other. These
two configurations are named respectively constant and alternated. The constant polarization has been
chosen and implemented in this work in accordance to what is suggested in [42].

Fig. [3.I]represents the division in subdomains of the SHH-AMB under study. A local coordinate system
is assigned to each of these subdomains to simplify the expression of the magnetic flux distributions. The
transformation linking the local coordinate system of a region k (r, z;) with the main one, (r, z), is given
by: zx = z — Ag. To each subdomain, a period 71 is assigned. According to [42], 71 is defined as the
width of the subdomain for those bounded by ferromagnetic materials (e.g., region I or I7) and as half
of the width of the subdomain otherwise (e.g., region 111 or VII). This choice ensures the compliance of
a part of the boundary conditions introduced in section The expressions of the 7;’s and Ay’s are
given in [3.1] and [3.2] for each of the seven subdomains.
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Table 3.1: Expression of 73, for each region of the model.

Region Tk
I 2Legt +2L1 s + Lpye — Le,r — 2L1 R
I Lpr
11T Leyt + Lis + Lpn/2
IV 2Lezt
Vv Lpym
VI Lpy
VII Lewt + L1s + Lpy/2
VII o7
v o VI
> — =
Lezt
v L
T4 T5, Te
za TTT zs, 26
4 III 5. 26 ors
I N M~ | |
T1 —
77777777 Z2

Figure 3.1: Definition of the subdomains, their width as well as their local coordinates system. Grey and
red rectangles are respectively ferromagnetic materials and permanent magnets.

The assumptions performed in the implementation of the model are the following:

e Infinite magnetic permeability: The magnetic permeability of the ferromagnetic materials is
assumed to be infinite.

e Copper magnetic permeability: The magnetic permeability of the copper is assumed to be
equal to the magnetic permeability of the air.

e Windings magnetic flux density: The magnetic flux density engendered by the current flowing
through the windings is assumed negligible compared to the magnetic flux density generated by the
permanent magnets.

e Magnetic saturation: The magnetic saturation in the ferromagnetic materials is not taken into
account.

e Air in the hollow of the rotor: The magnetic flux density in the hole of the rotor is not modeled,
assuming that it does not affect the behavior of the bearing.

Table 3.2: Expression of the Ay for each region of the model.

| Region | Ay ‘

I —Legt — L1s — Lpy/2 + A, + Lpr/2+ Ligr
11 Legt + Lis + Lpym/2 + A, — L r/2

117 0

v —Leat

|4 Lemt + LI,S

VI Leyy + L1 s

VII 0
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3.1.2 General expression of the magnetic flux density

According to [43], the general equation governing the distribution of the magnetic flux density B in
the magnetic bearing is:

o A . - .
V2A - /maa—t +uo(Ux (VxA)) = —pudext — uV x My (3.1)

where A is the magnetic potential vector such that V x A=B , p is the magnetic permeability of the
medium, o is the electrical conductivity of the medium, v'is the speed vector, Jopt is the imposed current
density, Mg is the magnetization of the medium and B is the magnetic flux density. The problem being
static and the magnetic flux density generated by the windings not taken into account, the time-dependent
terms of the equation as well the one related to the current density are removed from the equation leading
to:

V2A = —puV x My (3.2)

The axisymmetry of the bearing cancelling the azimuthal component of the magnetic field, the mag-
netic potential vector only has one component in this direction such that: A= Ap €y. Regarding the
magnetization, section showed that this latter was only axial such that Mo = M, €, and constant
over the whole region in which it is not null. Working in the cylindrical coordinate system and considering
these simplifications, eq. becomes:

2

ror T@r 022 r2 8= Ho or

This equation is solved with the variable separation method to obtain the general expressions, as
performed in [42]. The resulting general expression of the magnetic flux density of a region k is presented
hereafter:

B = B, (7, z1)€r + B, i (7, 21) € (3.4)
where: .
By (1, z1) = Z[an’k,n('r) sin (nwgzg) + Brck,n (1) cos (nwy 2]
n=t (3.5)
B, (7, z1) Z 2.s.kn(T) SN (Nwizk) + By e kon (1) cos (nwizk)] + Baoko
n=1
wy, = — (3.6)
Tk

By s kn (1) = an i1 (i) + by 1 K1 (nwgr)

By ckn(r) = —cnpli(nwpr) — dn x Ko (nwyr)
B. ek (r) = an i o(nwir) — by 1 Ko(nwyr) (3.7)
B, s kn(r) = cnxlo(nwir) — diy Ko (nwgr)

B. k0 = Bko

where I, and K, are the modified Bessel functions of the first and second kind of order v and ay, i, by,
Cn.k, dn,k and By o are the unknown coefficients determined by the boundary conditions imposed in each
of the regions.
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3.1.3 Boundary conditions

Section [3:1.2] solves the magnetic potential equation in each region independently of each other. These
solutions need to be connected to each other through the boundary conditions, or to the outside of the
model through the limit conditions that appear in the model. The continuity between the domains is
imposed by a continuous boundary condition imposing that the normal and tangential components of,
respectively, the magnetic flux density B and the magnetic strength H are continuous at the interface
between those subdomains. For the subdomains that are in contact with the outside environment, two
limit conditions are applied depending on the outside medium. For subdomains interfacing with a fer-
romagnetic material (gray rectangles in fig. 7 the tangential component of the magnetic strength is
cancelled at this interface because of the infinite permeability of the ferromagnetic material. This bound-
ary condition is named a Neumann condition. The second limit condition is such that no magnetic flux
is allowed to flow through a boundary such that the normal component of the magnetic flux density is
cancelled. This condition is known as a Dirichlet condition and is employed at the inner hollow part of
the rotor (at r = Rp,q). The last boundary condition refers to the periodicity of the model and imposes
the periodicity of the magnetic flux density in subdomains that cover the whole period of the model.

Radial boundary conditions

Among the aforementioned conditions, the radial ones (parallel to the r-axis) are satisfied by the nature
of the general expression of the magnetic flux density. Eq. shows that the expression of the magnetic
flux density of a region k is a combination of sine and cosine series, for which the coefficients are functions
of r. The periodicity required by the periodic boundary conditions is thus satisfied by the definition of
the period 7 of these trigonometric functions (section|3.1.1)). Regarding the regions that are bounded by
radial boundaries of ferromagnetic materials, the graph of the sine and cosine functions are presented in
fig. -2 according to the definition of their periods in section [3:1.1] It is observed that, unlike the cosine
functions, the sine functions are always null at the two boundaries of the region (at z; = 0 and 74). The
Neumann’s condition requiring a null radial magnetic flux density at these boundaries, the coefficients of
the cosine terms in the Fourier series are imposed at zero, and the ¢ and d coefficients of these regions are
thus null. The axial component of the magnetic flux density B, is consequently only composed of cosine
terms, by inspection of the analytical expressions in eq. [3.7}

T T T
1 [ |
O [ |
sin (7-z)
o~ ain(2m N
sin () R
cos (£-2) N
_17---005(3—2’2) = 7
T l l
0 Tk/2 Tk

z

Figure 3.2: Sine and cosine functions over a 7, width (first and second harmonics) in a regions bounded
by ferromagnetic materials. The sine functions are always equal to zero at the limit of the region k.

Number of unknowns

The number of equations that need to be established being equal to the number of unknowns, it is
helpful to know what is the exact number of unknowns in the model. For the sake of clarity, it is
considered, unless mentioned, that the number of harmonics employed is the same for every subdomain
and noted as n. The solution of domains bounded by periodic conditions are composed of one constant
unknown term By, o as well as four unknown a, b, ¢, and d per harmonic. Such regions lead thus to 4n+1
unknowns. Because two coefficients of the other regions have been taken away to ensure the compliance
to a part of the Neumann conditions, these regions lead to 2n + 1 unknowns. The model being made
of two domains with periodic boundary conditions and five domains bounded by Neumann boundary
conditions, the model leads to 18n+ 7 unknowns that are determined by the boundary conditions applied
to the axial (parallel to the z-axis) boundaries of the domains.
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Full Neumann limit condition

This condition concerns the domains that have at least one of their two axial boundaries made of a
ferromagnetic material. It appears that only the region /I and its inner boundary at a radius Rp; fits
the requirements. The Neumann condition is written mathematically as:

BZ,Q(RR71‘7 Z) =0 (38)
Leading to three sub-conditions:
Bz,s,2(RR,i) =0
B, .2(Rr;i)=0 (3.9)
B,20=0

Since the first equation of these three sub-conditions is already satisfied (section [3.1.3), only the two
last are kept, leading to the n+1 useful equations:

ap2lo(pwaRRi) — bp ok Ko(pwaRp:) =0

3.10
Bao =0 (3.10)

with p € (1,n)

Full continuous boundary condition

This condition relates to the continuity of the magnetic field along an interface between two regions
covering the same axial length. Regarding the studied bearing, only the axial boundary between region
V and VI at Rpjys,; matches the requirements. Mathematically, and knowing that for any region H =

1/ (é — MOM), the continuity is written as:

By 5(Rpari, 2) = Brs(Rpari, 2) (3.11)
peB.s(Rpai, 2) = ps(B6(Rpayi) — oM 6) )

The development in Fourier series of this equation and considering regions of equal width, eq. leads
to the following sub-conditions:

Br,s,G,p(RPM,i) = Br,s,5,p(RPM,i)

Byc6,p(RpPu,i) = Bresp(Rpi)
%Bz,s,ﬁ,p(RPM,z‘) = B s5p(Bpum,i)
6

%Bz,c,ﬁ,p(RPM,i) = Bz,c,5,p(RP1\/l,i)
6

(3.12)

&

o (Bz,O,G(RPM,i> - MoMo,(s) =B, o5(Rpi)

The second and third equations being redundant, only the first, fourth, and fifth sub-conditions are
kept leading to the 2n 4 1 equations on the unknown coefficients:

an6l1(pwsRpar,i) + bpe K1 (pwsRpar,i) = apsli(pwsRpai) + bps K1 (pwsRpar,i)
% (ap,GIO(pWGRPM,i) — bp,GKO(pWGRPM,i)> = ap5lo(pwsRpur,i) — bps Ko(pwsRpar,:) (3.13)

s (BO,G - M0M0,6> = By
He

with p € (1,n)
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Combination of Neumann and continuous boundary conditions

This condition concerns the boundaries that are either in contact with multiple regions and ferromag-
netic materials, or whose axial width is not the same as the one of the single region which it is in contact
with. This condition is required at three boundaries, the two axial boundaries of region 111 at Rr . and
Rg; as well as in region VII at Rg.

Region 11, r = Rp:

The continuity of the radial magnetic flux density is first imposed between region II11 and I which
gives rise to the following equation:

n
Z( rs,1,p RR e) sin (pW121 ) =

p=1

( r,9,3,q(RR e) sin (qWSZ?)) + Br c,3 n(RR e) COs (nWSZ?)))
1 (3.14)

z € [Al,Al -I-Tl]

n

Q

As regions IIT and I do not have the same width, as suggested in [42], the terms of the equation with
a sine function of pulsation nw; are correlated over a period of region I. As a result, the sum over the
harmonics of region I disappears, which gives rise to the n sub-conditions:

n

Br,s,l,p(RR,e) = Z (Br,s,S,q(RR,e)Es,l,fS(pa (]) + Br,c,S,q(RR,e)ec,l,fi(pv Q)) (315)
qg=1

where the € functions are the correlation functions resulting from this operation and are defined as:

A +7;
€, k(D q) = = /A sin (qwrzk) sin (pw;z;)dz
9 [AFT ' (3.16)
Ec,j7k(p7 Q) = 7‘7 R Ccos (qwkzk)sm (pwjzj)dz
J J

By applying the same procedure for the continuity at the interface of regions I1 and I11, the following
n equations are obtained:

n

Br,s,Q,p(RR,e) = Z (Br,s,S,q(RR,e)fs,Z,S(pa Q) + Br,c,3,q(RR,e)5c,2,3(pv q)) (317)
qg=1

Regarding the magnetic strength, the condition requires the axial component of the magnetic strength
of region IIT to be either equal to the one of region I, to the one of region II or to zero, depending on
the z-position. Mathematically, this condition is written as:

H.1(RRre)+ H.2(Rpre) 23 € (A1,A1+71)0r 23 € (Ag, Ay +72)

. (3.18)
0 Otherwise

HZ,S(RR,G) - {

The same idea of correlation is applied to get rid of the summation over the harmonics. However,
the correlation is performed with a sine and a cosine function to obtain all the equations required. The
resulting 2n sub-conditions are written as:

n
B, s3n= %( Z B, c1,mke1,3(m,n) + B, g1Ko,1,3(n ))
1 m=1

72< Z Bz,c,2,m’{c,2,3(m; n) + Bz,O,2"{O,2,3 (n)>
m=l (3.19)
Bchn = M3 ( Z Bz c,l,chl&(m n) +Bz01<—0,1,3( ))

m=1

==
w

E|

(ZBZCQnCQQ?,(m n) + B 0,2€0,2,3(n ))

n=1

T:
¥
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all the terms of this equation being evaluated at r = Rg.. The corresponding correlation functions ¢
and k are defined hereafter:

1 Aj+;
Hc,j,k(ma ’fl) = — / COs (mwjzj) sin (nwkzk)dz
1 AVE ¥
Ko,j,k(n) = */ sin (nwy 2k )dz
(3.20)

J
A+
Ceyjk(m, ) = / cos (mw, z;) cos (nwyzx)dz
1 A+,
Co,5k(n) = —/ cos (nwyz; ) dz

Region 111, r = Rg;:

By analogy and by replacing the regions I and I by IV and V respectively, the condition imposed at
Rg; gives rise to the following 4n equations:

n
Br,s,4,m = Z (Br,s,S,nesA,S(ma n) + Br,c,S,n€c74,3(m7 n))

n=1
B.s3n = %( Z B cambcas(m,n) + Bz,0,4’<"'0v4’3(n))
4
m=1
'u - (3.21)
3
+ ;( Z Bz,c,5,m'%c,573(m’ n) + BZ’O’5/€O’5’3(”))
5 m=1
B can = ;z( Z B c,4,mCe,4,3 (m,n) + BZ’O’4CO’4’3(R))
m=1
+ ﬁ( Z Bz,c,5,ch,5,3(mv TL) + Bz70,5CO,5,3(n))

all the terms of these equations being evaluated at r = Rg ;.
Region VII, r = Rg.:

Regarding the edge of region VII at Rg ., the same analogy is performed by replacing regions /1 and
V by VII and VI respectively. However, the magnetic strength of region VI is slightly modified due to
the presence of a magnetization in this region. These conditions lead to the 4n equations:

n

Br,s,4,m = Z (Br,s,7,n€s,4,7(ma ’Il) + Br,c,77n6074,7(ma ’ﬂ,))

n=1
BT,S,G,m = Z <Br,s,7,n65,6,7(m7 n) + BT,C,?,nec,6,7(mu n))
n=1
B s %( Z B. cambcar(m,n) + Bz,0,4f€0,4,7(n))
m=1
n (3.22)
7
=+ ;( Z Bz70,6,m’fc76,7(mvn) + (BZ,0,6 - MOMO,G)HO,GJ(n))
6 m=1
Bz,c,7,n = ;Z( Z Bz,c,4,m§c,4,7(m7 n) + Bz,0,4<0,4,7(n))
m=1
7
+ g( B c.6.mCe,6,7(m,n) + (B0, — MOMO,G)C0,2,7(?”L))
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Air to infinity

This condition concerns the regions VI that is defined until an infinite-radius. As the presence of the
magnetic bearing should not give rise to infinite magnetic flux density, it is imposed that the expression of
the magnetic flux density of region V11 converges to a finite number as r tends to infinity. Mathematically,

this condition is written:
lim B,(r,z) €R

ree (3.23)
lim B,(r,z) € R

r—00

The coefficient of the Fourier series forming the expression of the magnetic flux density of region VII are
made of the contribution of two modified Bessel functions of the first and second kind. The graphs of
these functions of order 0 and 1 are illustrated in fig. and show that the modified Bessel function of
the first kind (I, (z)) tends to infinity for an infinite argument. The coefficients multiplying this function
in region VII (i.e: a7 and ¢, 7) are thus imposed to zero to keep a finite solution. Regarding the
continuous component of the axial magnetic flux density Br ¢, it is also set to be equal to zero in order to
ensure the magnetic flux conservation through the closed surface that is the hollow disk of infinite radius
located between two repetitions of the bearing. This condition therefore leads to 2n + 1 equations.

20 ; T
15} |
10 :
— I()(I)
o -~ 1@ |
_____ Ko(x)
0 | o To=—semo -== Ky] (‘T> 1
| | | | | T
0 1 2 3 4 5
X

Figure 3.3: Modified Bessel functions of the first and second kind of order 0 and 1. The first kind (7, (z))
tends to infinity with x.

Dirichlet boundary condition

This condition concerns the inner boundary of region I (Rpg,4) where the normal component of the
magnetic flux density is cancelled, leading to the n equations:

B, g1 n(RR,d) = an,lfl (nwlRR@) -+ bn,lKl (nwlRRd) =0 (324)

3954y

Ampere’s law

Applying Ampere’s law around specific closed curves establishes additional equations determining the
continuous components of the axial magnetic flux densities. The specific curves in question are rectangles
spreading over the whole period of the model at each radius where a combination of a Neumann and a
continuous condition is applied, as illustrated in fig. for one of the three possible curves. The length of
the vertical path of the curves dx tends then to zero to cancel the contribution of the radial components.
As the curve goes through a whole period of the repetition, the sine, and cosine terms of the Fourier
series are canceled in the integration leaving only the continuous components. The three final obtained
equations are presented hereafter:

Rre: A A A
1+71 B, 2+T2 B, 3+273 B,
/ —‘dz+/ —’de+0—/ Z230240=0
Ay H1 Ao M2 As w3 . 5 (3.25)
e 20 | = £27’3
K1 M3
fis,i A A A
4+7a B 5+T5 B 3+73 B
/ i"‘dzju/ ﬂdzqto-/ 2224z 4+0=0
22 2% 3
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Rs.:

Ag+Ty B AetT6 /B A B
/ i“dH/ (”—MMO,G)dHO—/ 214z 40=0

Ay Hha Ag He Mo . %7 Hr (3.27)
— 2+ (06_MOMO6> 76 =0
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Figure 3.4: Illustration of one of the three possible closed loops used for the integration in the Ampere’s
law (r = Rg).

Magnetic flux conservation

Considering the 18n+ 6 equations that are established, one additional equation is required to determine
the 18n + 7 unknowns. This equation is given by the conservation of the magnetic flux that is applied
around one of the ferromagnetic blocks appearing in the model. The sum of the flux flowing through
each of these surfaces must be equal to zero. The choice of the block around which the conservation of
the magnetic flux is applied is arbitrary, and several solutions are possible. It was chosen to consider the
left tooth of the stator.

The magnetic flux entering the stator tooth via the region IV, ¢4 is computed with the following
integral:

RS,&
¢4 = 27T/ BZ’4(T‘, T4)7’d7‘ (328)
Rs,i

that is further developed using the expression of the magnetic flux density:

n RS,e RS,e
¢4 =mBo4(RS, — RS,) + 2 Z(—l)qan/ rIo(quar)dr — (—1)qbq’4/ rKo(qwar)dr (3.29)

q:l RS,’i RS,i

where the integrals of the modified Bessel functions are evaluated numerically.

The expressions of the magnetic flux coming from regions V' and VI are obtained by analogy to the
one of region I'V:

n RS,e
¢6 = —mBog(R%, — Rpyp) — 2 Z(—l)qaq’ﬁ/ rIo(quer)dr
q=1

Rpwm,i

RS‘G
— (—1)qbq,6/ rKo(quer)dr

Rpwm,i

. . (3.30)
b5 = —nBos(Royy, — B3, — 273 (~1)ags / rIo(qusr)dr
q=1

Rs,i

Rpm,i
- (—1)qbq,5/ rKo(qusr)dr
Rs;
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The expression of the magnetic flux entering the stator tooth from the region VII is given by the
following integral:

Lexttr; g
b — 21 / R, Bor(Rs.0, 2)dz (3.31)
L

ext

that is further developed using the expression of the magnetic flux density:

- Leot+Li,s
7 = Z =27 Rg,ebn, 7K1 (nw7Rs,e)/ sin(nwrz)dz
" " (3.32)
Lext+Ly,s
+ QWRS,edn77K1(TLW7RSVe)/ cos(nwrz)dz
Leat

The expression of the flux entering the stator from region III is obtained by analogy to the one of
region VII giving:

n Legi+L1 s

¢3 = ZQWR57i(aq73]1 (qwsRs;) + bn)gKl(qngsJ))/ sin(qusz)dz
— Lext
=1 (3.33)
Lezi+Lr s

— 27 Rs,i(cq,301(qwsRs,;) + dq,gKl(qngsJ))/ cos(qwsz)dz
Lezt

The equation of the magnetic flux conservation is then obtained by summing these fluxes and equalling
the result to zero, giving:
b4+ 07+ O + 5 + 03 =0 (3.34)

Number of harmonics

It was first considered that the number of harmonics n employed in each region was the same. The more
harmonics are employed and the more accurate is the solution. However, for a same accuracy, regions
with larger 7; need more harmonics than shorter regions. Employing the same number of harmonics in
every region is thus not the mos optimized choice regarding the size of the system of equations. A more
appropriate choice is to employ more harmonics in wider regions than in shorter ones, which ensures a
similar accuracy in every region.

The number of harmonics employed in a region k in the model is set proportionally to its width 7.
As region I7 is one of the smallest regions, the number of harmonics employed in this region is left as a
parameter from which the number of harmonics employed in the other regions is determined by a law of
proportionality.

Conditioning of the matrix

The equations of the boundary conditions being linear with respect to the unknowns, they are written
under the classical form of a linear system of equation Ax = B that is solved with any numerical solver.
The accuracy of the answer provided by the solver will be affected by the conditioning of the matrix A
that characterizes the ratio of the relative error on the unknown vector x and the relative variation on
the source term B such that:

K(4) = [|A7Y] - (1Al (3.35)

where K(A) is the conditioning number of matrix A. A numerical solver taking a poorly conditioned
matrix (high K(A)) outputs an inaccurate solution due to numerical errors. The conditioning number of
A must thus be kept as small as possible.

The general form of most of the equations coming from the boundary conditions is:

alp(nwR) + bKk(nwR) = b (3.36)

They are thus generally composed of the sum of two terms multiplied by a modified Bessel function of
the first and second kind. The fig. [3.3] shows that these two functions, for a same argument, might
have output differences of several orders of magnitude, which typically degrades the conditioning of the
system. The argument of the Bessel functions increases with the number of harmonics employed in the
regions, which prevents from enjoying the increased accuracy of the increased number of harmonics.
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It is possible to increase the number of harmonics without degrading the conditioning of the matrix if
the equations are scaled over the modified Bessel functions such that:

" I (nwR) Ki(nwR)
I()(TL(JJR()) Ko(TLwRo)

where Ry is a radius that belongs to the region concerned. The equation is slightly modified to replace
the modified Bessel function by a ratio of the functions that have the same order of magnitude making
the two terms of the equation similar. The solution of such a system does not provide directly the a,
b, ¢ and d coefficients but the value of, for example, aly(nwRy) from which the value of the unknown
coefficients must be extracted. The value of Ry, should be chosen such that the two ratios of the equation
are as close as possible to each other. After trying different possibilities, the average of the outer and
inner radii of the region concerned by the equation is employed.

=0 (3.37)

Exponentially scaled modified Bessel functions

Thanks to the scaling, the value of the modified Bessel functions is not present in the equations but still
required in the evaluation of the ratios. Numerically, this leads to a problem regarding the floating point
precision of computers that does not allow evaluating the high or small values that these functions can
output for high number of harmonics. Exponentially scaled modified Bessel functions allow evaluating
the ratios required in the equations without evaluating the actual values of the modified Bessel functions.
The definitions of these functions are defined hereafter:

Ic(x)=e"I,(x)

K, (z) =e"K,(x)

These exponentially scaled modified Bessel functions can consequently be evaluated for a higher argument
before reaching the maximum or minimum floating point value of the computer, as they are less increasing

than the classical modified Bessel functions. The ratios of the two modified Bessel functions are computed
as performed in the example below:

(3.38)

IO(TLWR) _ BHWRI(L@(an) :enw(Rng) 1076(71WR) (3 39)
In(nwRy) e o]y (nwRy) In . (nwRy) '

3.1.4 Results

A test machine, whose dimensions are given
in table is created for validation purpose. Table 3.3: Dimensions of the test machine.
The distance seperating two models is set at 50

mm. The magnetic flux density distributions Parameter | value unit
over the bearing have then been evaluated with Lrs 10 mm
the Fourier model for different numbers of har- Lpm 15 mm
monics and compared to the results obtained Lir 10 mm
with a 2D Finite element analysis (FEA) in Lp.r 5 mm
which the same assumptions employed to imple- Rp.a 45 mm
ment the Fourier based model are reproduced. Rp.i 60 mm
Fig. shows the radial and axial components Rp.e 72 mm
of the magnetic flux density as a function of Rs.i 7 mm
the axial position z in the middle of the air gap Rpni 85 mm
as it is the most critical distribution regarding Rs.e 105 mm
the global values that will be extracted from D =5  mm
the model. The number given for the Fourier Brem 1.44 T

based model (FBX) corresponds to the number Hr.pM 1.05 /

of harmonics employed in region 7. Appendix
[A]shows that the limit boundary conditions are
well fulfilled by the output solution.

It is observed on this graph that, as expected, the solution given by the FB model tends towards
the results given by the FEA as the number of harmonics is increased. Although a similar model, the
convergence is slower than in [5]. The reason for this difference is the presence of 4 additional ferromagnetic
corners at the rotor iron teeth, which tend to make the axial component of the magnetic flux density
discontinuous, requiring a higher number of harmonics to be reached accurately with the Fourier series.
The difficult convergence of the model is also explained by the presence of an additional combination of a
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Figure 3.5: Air gap magnetic flux density distributions obtained with the FEA and Fourier model.

Neumann and continuous boundary condition at 7 = Rp .. As explained in appendix @, the compliance
of the solution to this kind of boundary condition depends on the number of harmonics that is employed,
which explains that more harmonics are required for the convergence of the solution. It is also noticed,
in fig. that the radial magnetic flux density amplitude tends to be overestimated for a low number
of harmonics, and decreases when this number is increased. The impact of this phenomenon is reflected

z (mm)

in the values of the global characteristics of the bearing in the next sections.
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3.2 Magnetic flux density distribution with eccentricity

The model presented in the previous section computes the magnetic flux density in the bearing for a
rotor that is radially perfectly centered with respect to the stator. Despite the position of the rotor is
controlled to remain centered, it is required to model the behavior of the magnetic flux density distribution
for a rotor incurring an eccentricity to obtain some of its global characteristics. This section proposes
a methodology that evaluates this distribution analytically without additional evaluations of the model
using a modulation function, as presented in [5] in which the efficiency of the modulation function is
demonstrated. The implementation of the modulation function is detailed and validated through a 3D
FEA.

3.2.1 Modulation function

The methodology of the modulation function consists in assuming that the air gap magnetic flux
density distribution with eccentricity is obtained by multiplying the magnetic flux density distribution
of the centered configuration by a function of the azimuthal position 6 as well as the eccentricity € to
account for the effect of this latter. This function is called the modulation function and is defined in eq.
The eccentricity of the rotor as well as the convention regarding 6 are illustrated in fig.

<70 (3.40)

Figure 3.6: Eccentricity of the rotor.

The I' function is made from two variations of the behavior of the magnetic flux density, both involving
the magnetic permeance of the air gap. One of the contribution is the variation of the local permeance of
a magnetic flux tube in the air gap. Fig. [3.6]shows that the eccentricity tends to tighten the air gap in the
direction of the eccentricity and to make it longer in the opposite direction. As the stator and the rotor
are ferromagnetic materials, the magnetic potential difference between these two latter will be the same
in the whole air gap, implying a modulation of the magnetic flux density by the length of this air gap.
The other contribution regards the global permeance of the air gap that is impacted by the eccentricity,
which changes the working point of the permanent magnets. The two contributions are defined in eq.
[B:47] illustrated in fig. [3.7] and detailed hereafter.

dPpg(€,0)
\d0 /=
P, dP,q(0)
I'(0,¢) = - 20« - 0 (3.41)
a9 e=0 a9 e=0
Pog(e)

Figure 3.7: Local and global permeance of
the air gap.
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3.2.2 Air gap flux tube permeance

Assuming a small eccentricity e compared to the internal and external radii of the stator and the rotor
Rs; and Rp ., it can be written that e(f) = e — € cos(#) where e is the length of the air gap for a centered
position of the rotor (i.e. Rs; — Rg.). The eccentricity is thus considered to be equivalent to a centered
configuration in which the stator has a radius that is a function of 6 such that: Rg;(#) = Rr. + e(6) =
Rs,; — € cos(#). By integrating from Rp . to Rg;(#) the expression of the reluctance of a local flux tube
located at a radius r, with a radial width dr, an angular opening df and an axial length L, the following
equation is obtained:

Rsi®) gy 1 Rp 1 Rg; — ecos()
AR, (0) = — ] S - 1 x 42
Rag(6) /RR,E worddL  poddL <Rsﬂ-(9)> 1o Ld0 n( Rr. ) (342)

The local permeance is found by inverting this latter expression. The assumption of small eccentricity
allows for a Taylor approximation of the first order of the denominator, such that:

uonL
Rs,i ecos(6)
In (R;,e) " "Rs,;

This function is periodic along 6 and has a period 27. As suggested in [5], a development in a Fourier
series with two harmonics is made to further simplify this expression:

2 2
N Ho Rs; € Rs,; €
dP,q(8) ~ 71 PR <ln <RR,e> + (RS,i> In (RR,e) cos(6) + <RS,i> cos(20)> (3.44)
n (RR’F’)

The approximated expression of the local permeance contribution of the modulation function is therefore
given by:

AP,y (0) ~ (3.43)

0P,y ()

21—y )L
dpagezm_ 1+Rsyiln(§;:)cos(9)+(Rgi) ln(Lsi)

cos(20) (3.45)

3.2.3 Air gap global permeance

Employing the same assumption of small eccentricity, the expression of the global permeance is obtained
by integrating eq. [3.44] over 6 from 0 to 27. The resulting expression is given by:

_ 2mpolLy s

ag — R B
In(z27)

(3.46)

This approximation not being a function of €, the contribution of the global permeance of the air gap
to the modulation function is neglected for small eccentricities. The final approximated expression of the
modulation function is consequently given by:

2
€ 1
I'f,e)= |1+ ——F—cos(0) + <> ————cos(20) (3.47)
Rs,iln (1};}? ) Rsi/) In (—RS"’ )
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3.2.4 Comparison with the Finite element analysis

The accuracy of the modulation function is assessed with a 3D FEA simulating the magnetic flux
density distribution of an off-centered configuration. The air gap magnetic field is compared to the
one obtained with the Fourier model and its modulation function inside and outside the iron poles to
assess the validity of the modulation function over the whole period of the model (see fig. . The
modulation function matches the results obtained with the FEA inside the iron pole, but the effect of
the eccentricity is overestimated by the modulation function outside the iron pole. The modulation
function being used over the whole width of the model in the evaluation of the global characteristics,
this overestimation introduces error. The amplitude of the magnetic flux density being smaller where the
modulation function is not accurate, the error committed in the evaluation of the global characteristics
is not expected to be important after the integration over the whole period of the model.

T T T T T

1l | 0.18 |- .
) )
09 1 0.16 |- .
I FEA | ||---- FEA )
—FBand I’ —FBand T
0.8 b= i - | |
—T 0 ™ 0 ™
0 (rad) ¢ (rad)

Figure 3.8: Air gap radial magnetic flux density inside (left) and outside (right) of the iron teeth of the
bearing for a rotor off-centered of 100 pum. Comparison between FEA and the modulation function.
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3.3 Global values

The previous sections present a tool capable of modelling locally the bearing and its magnetic flux
density distribution. This section explains how the global characteristics of the bearing are extracted
from this local model. The three position (radial, axial and tilt) stiffnesses presented in section are
first developed followed by the current stiffness as well as the electrical resistance of the windings.

3.3.1 Axial displacement stiffness

The Fourier model including a possibility to move the rotor axially and to compute the exact magnetic
flux density of such a configuration, the characteristic linking the axial force and the axial displacement is
directly obtained from the model. The value of the axial force is obtained by integration of the Maxwell’s
stress tensor (MST) over a closed surface The MST is defined in the coordinate system of the Fourier
based model in eq. [3:48]in which a simplification is performed by removing the azimuthal component of
the magnetic field.

1 iB? B,By B,B. 1 iB? 0 B.B.
c=—|BBy 1B} ByB.|=— 0 0 0 (3.48)
Fo\B.B, ByB. 1B2 Fo\B.B, 0 1B?

The chosen surface of integration is a cylinder aligned with the rotor and wrapping this later in the
air gap, as represented in fig. The radius of this cylinder is the average of Rg; and Rg . and its
length is the period of repetition of the subdomain model so that the contributions of the MST in the
two lateral surfaces (the disks) cancel each other. The normal vector associated to this cylinder is radial,
such that 77 = €,.. The corresponding force per unit of area on the surface of integration is thus the first
column of the MST (g - 7). which is made of a radial and an axial component. After integration, the
radial component cancels itself due to the axisymmetry of B,. The remaining component of the detent
force is axial and given by:

Ry

27’3
Frnag.» = 2m—5T / B,(Rust, 2)B.(Ruyst, 2)dz (3.49)
0

Ho

- - -

-

Figure 3.9: Hlustration of the closed surface used for the integration of the MST.

The axial force - axial displacement characteristic obtained by the Fourier model has been validated
through a 2D finite element analysis. The characteristics obtained with the FEA and the Fourier based
model with different numbers of harmonics are presented in fig. The average error committed with
the Fourier models are also given in table[3.4] considering the FEA as a reference. As expected, the Fourier
model tends to match the FEA as the number of harmonics is increased, which validates the computation
of the axial detent force. For a given configuration of the bearing, the value of the axial force given by
the Fourier based model decreases in amplitude if more harmonics are employed which is explained by
the overestimation of the radial magnetic flux density amplitude for low number of harmonics (section
3.1.4)).
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Figure 3.10: Axial displacement - Axial force characteristics. Comparison between FB and FEA.

Table 3.4: Average error commited by the Fourier model over the axial force.

y | FB5 | FB20 | FB100 |
| Relative error [%] | 959 [ 227 [ 0.80 |

3.3.2 Radial displacement stiffness

Unlike for the axial stiffness, the radial force - radial displacement cannot be obtained directly from
the model as it does not allow evaluating the exact magnetic flux density for such a configuration. The
characteristic is thus approximated by the radial stiffness by the use of the modulation function presented
in section The value of the stiffness is, similarly to the modulation function, only valid for small
eccentricities. The radial stiffness is defined by:

s OF,
ket (3.50)

The radial force F, is obtained by integrating the MST over the same integration surface employed for
the axial force characteristic (fig. [3.9). The first column of the MST is thus also considered, in which
the axial component of the force per unit of area is not of interest. The axisymmetry of the bearing not
being conserved if incurring an eccentricity, the radial component of this force per unit of area vector
allows obtaining the resulting radial force acting on the rotor after integration.

F,

1 27’3 2 B2 F 2
/ v (Barsr, 2)T(0,€) cos(0)RyrsTdfdz (3.51)
0 0

_% 5

in which I'(0, €) is the modulation function. The radial force - radial position characteristic obtained with
a 3D FEA is compared to the values of the radial stiffness obtained with the Fourier model for different
numbers of harmonics (fig. [3.11). The radial stiffness computed with the Fourier model approximates
accurately the characteristic obtained with the FEA around the centered. As it is observed with the axial
stiffness, the radial stiffness is overestimated for small number of harmonics, which is also explained by
the overestimation of the radial magnetic flux density amplitude by the model in these conditions.

3.3.3 Tilt stiffness

The tilt stiffness links the tilt degree of freedom of the rotor to the detent torque acting on it when
incurring tilt. Similarly to what is performed for the radial stiffness, the Torque - tilt characteristic is
approximated by a stiffness since the model does not allow evaluating the exact magnetic flux density in
the bearing in such a configuration. The tilt stiffness is defined as:

a Ty
by £ 0 (3.52)
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Figure 3.11: Radial displacement - Radial force characteristic of the bearing. Comparison between 3D
FEA and FB model.

Figure 3.12: Illustration of the radial (green) and axial (blue) local forces contributing to the global tilt
stiffness acting on the rotor. The axial contribution is stabilizing, unlike the radial contribution.

where W is the angle of rotation of the rotor around its center of mass. It is considered that the center of
mass of the rotor is radially centered and that the axis of rotation of the rotor goes through this center
of mass.

The resulting torque on the rotor originates from two contributions. One of the contribution is axial
and due to the azimuthal dependence of the axial local forces acting on the rotor, if this latter incurs
tilt. This contribution is stabilizing, as it generates a resulting torque opposite to the tilt. The other
contribution is radial and due to the disequilibrium of the local radial forces in the air gap if the rotor
incurs tilt. This contribution is destabilizing, as it generates a resulting torque in the same direction as
the tilt motion. The tilt degree of freedom of the rotor is stable as long as the axial contribution is greater
than the radial one. The two contributions are illustrated in fig. [3:12] and evaluated separately before
being summed to evaluate the global tilt stiffness.

Axial forces contribution

The axial contribution comes from the local axial displacement of the edges of the rotor that becomes
a function of 6 if the rotor presents a tilt angle W. This local axial displacement, linked with the axial
stiffness, leads to varying local axial forces, resulting in a torque. The axial deflection with respect to the
axial equilibrium point of the rotor of a point located in (r, ) on the rotor undergoing a small tilt angle
¥ is given by:

d(r,0) = Urcos (0) (3.53)
As the iron rotor teeth are the part of the rotor that interact the most with the magnetic flied, it

is assumed that the axial position stiffness is uniformly distributed over these teeth. An equivalent
axial stiffness per unit of surface is defined and obtained by dividing the axial stiffness k., (obtained by
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performing a linear approximation of the characteristic presented in section [3.3.1)) by the surface of the
iron teeth (i.e. m(R%, — R%;)). The local force generated by a local element of integration located in
the rotor at (r, ) is consequently:

2
dF = 5(r,0) k. rdrdd — Ur cos(#)drdf

—_— 3.54
(., — T,) (7, — I,) (3.54)

This local force, multiplied by its lever arm, is integrated over the surface of the iron teeth leading to the

resulting torque:
27 RR e 27 RR e \I/ 9 2
Ty. = / / rcos(0)dF = / / 7; SO e (3.55)
RR,i RR e RR 7,)

from which the axial contribution of the tilt stiffness is obtalned by derivation, with respect to U:

k. RAIL% e RZIL%Z
kg, = 2 e T Thi (3.56)
4 R} — Ry,

Radial forces contribution

The evaluation of the radial contribution of the tilt stiffness is obtained similarly to the axial contribu-
tion. If undergoing a tilt angle, the position of a point located on the edge of the iron tooth becomes a
function of z. This local radial displacement, linked to the radial stiffness, gives rise to unbalanced radial
forces resulting in a torque on the rotor. These local radial displacements can be assimilated to a global
eccentricity that becomes a function of z. If z. is the axial position of the center of mass of the rotor in
the frame of the model, the z-dependant eccentricity is given by:

€(z) = ¥(z — zc) (3.57)

It is assumed that the radial stiffness is uniformly distributed over the outer edges of the rotor, which
allows to define an equivalent radial stiffness per unit of area by dividing the radial stiffness by the area
of these edges. The local force acting on a point located in (r, z, 8) is thus given by:

U(z — z.)kedOdz

dF =
47TL[7R

(3.58)

The resulting torque is obtained by integrating the local force multiplied by its lever arm over the edges
of the rotor iron teeth: The radial contribution of the tilt stiffness is thus given by:

ke
6L1,R
where 21 = 2. — Lp/2 — L1 r, 220 = 2 — Lp/2, 23 = 2. + Lp/2 and 24 = 2. + Lp/2 + L; g.

kg, = ((21 — 2¢)® + (22 — 20)® + (23 — 2¢) — (24 — 20)?) (3.59)

The tilt stiffnesses obtained with the Fourier model for different numbers of harmonics are compared
to the results obtained with the 3D FEA in fig. B The tilt stiffness given by the Fourier based model
tends to match the FEA analysis and the accuracy is enhanced for higher number of harmonics. The
machine used for the validation of the model is stable in tilt, as the tilt stiffness is negative.

3.3.4 Current stiffness

The current stiffness is the value that links the current flowing through the windings to the resulting
force that is applied to a radially centered rotor. Considering one radial degree of freedom for the rotor
(the eccentricity €), the equation of the electromagnetic force is obtained by derivation of the co-magnetic
energy with respect to the eccentricity e:

F = ‘9W°ma~"° + Z @“ ZZ aij R iy (3.60)

kl]l

Where F;. is the resulting radial force, Wemag,0 is the co-magnetic energy present in the bearing if no
currents flow in the windings, ®; ¢ is the magnetic flux circled by the windings of phase £ if no current
flows in the windings, Ly ; is the inductance coefficient linking the phase k with the phase j and iy is
the current flowing through the phase k. The first term represents the detent force, which is null for a
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Figure 3.13: Tilt angle - Tilt torque characteristic of the bearing. Comparison between 3D FEA and FB
model.

perfectly centered rotor. The last term of the equation is the reluctant force, due to the variation of the
inductance coefficients of the windings with respect to the eccentricity and null for a perfectly centered
rotor, the inductance coefficients of the windings being symmetrical around the centered position. The
useful term of the equation corresponds thus to the electrodynamic force originating from the interaction
between the magnetic flux generated by the permanent magnets and the current flowing through the
windings. The current is consequently given by:

0P
T e
where ® is the total magnetic flux circled by the coils dedicated to one axis of actuation. Here, € is the
eccentricity in the direction aligned with the axis of actuation considered.

k; (3.61)

The magnetic flux circled by the windings is obtained by integrating the magnetic flux density obtained
with the Fourier model and the modulation function over the four coils constituting a phase as in the
following equation:

4 Rs,i Ow,ek
=) / d®, (3.62)
k=1

Rw,i JOw,ik

The term d®; corresponds to the flux circled by a P T
winding of infinitesimal section inside the real winding, dd
as illustrated in fig. The section of this coil is dS = il
rdrdf and contains dS Ny /Sy turns, the go conductors 2 N
are located in (r,6) and the back ones at (r, —0). The

flux caught by such a winding is given by: <\ 9

Y

dd = —dS’/ / Br(r,2)T(0, ¢)rdd’'dz (3.63)
Sw —0.J =100

where z; and z9 are the axial coordinates of the begin-
ning and the end of the coil in the coordinate system of

the model Figure 3.14: Illustration of the coil of infinites-

imal section for the integration.
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The stiffness given by the Fourier model is compared to the results of a FEA in table for different
numbers of harmonics. Even though the Fourier model tends to converge towards the FEA for an increased
number of harmonics, the error made remains above 13 % of the value obtained with the finite element
model. This error originates from the overestimation of the effect of the eccentricity over the magnetic
flux density distribution outside an iron pole in the air gap (section . As the coils circle magnetic
flux outside the iron teeth, this contribution to the current stiffness is also overestimated. The reason for
which the radial stiffness is impacted to a lesser extent by this overestimation is that the square of the
magnetic flux density is integrated for its evaluation, which reinforces the difference of magnitude of the
radial magnetic flux density outside and inside the iron poles.

Table 3.5: Current stiffnesses obtained with different numbers of harmonics and the FEA.

y | FB5 | FB20 | FB100 | FEA |
k; [N/A] 15.771 15.187 14.9519 13.126
Relative error [%)] 20.2 15.7 13.89 -

3.3.5 Windings electrical resistance

Although the electrical resistance of the windings is not a magnetic global value, this value remains
useful to evaluate the performance of the bearing. The resistance of one phase of winding is evaluated
similarly to what is done in [3], starting from the classical expression of the resistance:

R= pCT“l (3.64)

in which R is the resistance, pc,, is the electrical resistivity of the material and [ and A are namely the
length and the cross-section area of the conductor.

The length of conductor is approximated by the average length of one spire Lo, multiplied by the
number of spires in each coil Ny multiplied by the number of coils per phase, four. Considering the
geometry of the coils, the average length of one loop is given by:

Rs;+ Rw,
Lloop = LW,i + LW,e + M<z

5 > (Ow,e — Ow,i) + 29W,i> (3.65)

The cross-section of the cable used to form the windings is evaluated, considering the available space
in one "slot” dedicated to the windings, the number of turns as well as the fill factor modelling the empty
space around the conductors in the slot. The surface of one cable is consequently given by:

Seoil (QWP - HW,Z)(R?S'J - R%/V,z)
S =3t = e (3.66)

leading to the expression of the electrical resistance of one phase of winding:

16N{%VpCuLLoop

R =
n(Ow, — QW,i)(R%,i - RIQ/VZ)

(3.67)
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3.4 Analyzis

This section analyzes the results provided by the Fourier model to draw conclusions about the behavior
of the model and of the bearing. The impact of the periodization of the bearing in the Fourier model is
first assesses. The evolution of the position and current stiffnesses with respect to the axial position of
the rotor are then presented and analyzed.

3.4.1 Impact of the periodization

The impact of the periodization of the model is assessed by adjusting the length separating these
repetitions L¢;;. A model in which the periodization are separated by a long distance is more faithful
to the reality, but requires more harmonics for an accurate evaluation of the solution. Models in which
Lyt is smaller require fewer harmonics, but might not give relevant results as the periodization impacts
these latter. Fig. shows the axial detent force evaluated with the Fourier model with 20 harmonics
in region II as a function of L.;;. The value of the axial magnetic force tends to oscillate as the value
of L.y is modified, but a convergence is roughly reached once the value of 60 mm is reached, which
corresponds to 170 % of the axial width of the stator. Below this value, the periodization of the bearing
alters the results given by the model. A similar observation is made for the other global values, as they
originate from the same magnetic flux density distribution.
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Figure 3.15: Axial magnetic force obtained with the Fourier model with 20 harmonics in region I as a
function of Lgg;.

Impact of the axial position of the rotor

As explained in chapter [2] the axial position of the rotor is expected to vary once the bearing is in
operation. The axial position of the rotor A, impacting the magnetic flux density distribution, it is
interesting to assess how the global characteristics of the bearing vary with this position. Fig. [3.16
shows the radial position stiffness k. as a function of the axial displacement A,. This stiffness remains
constant as long as the axial displacement is kept smaller than 1 mm and is lowered by 16.7% for an
axial displacement of 5 mm. Compared to fig. [3.10} this roughly corresponds to the linear portion of the
axial force - axial displacement characteristic.

A similar observation is made for the current stiffness as it originates from the same phenomena as the
radial position stiffness (fig. [3.17]).

The tilt stiffness as a function of the axial displacement is provided in [3.18 It is observed that kg
strongly depends on the axial position of the rotor. This observation finds its explanation considering
that the lever arm of the radial detent force increases with A,. If A, increases, the lever arm of the
radial local forces increases as well. The tilt stiffness being the sum of the axial contribution (negative)
and radial contribution (positive), the resulting it increases similarly to an affine function.
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Figure 3.17: Current stiffness as a function of the axial displacement of the rotor A,.
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Figure 3.18: Tilt stiffness as a function of the axial displacement of the rotor A,.
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CHAPTER 4
MODELING THE FLYWHEEL

The dimensions of the FESS under development are determined by an optimization routine that aims
at optimizing the performance of the system as a flywheel. This section details the model that allows for
an evaluation of these performances and other global characteristics related to the FESS that are required
in the optimization routine. These models are meant to be executed after the magnetic model of the
bearing (see chapter|3)) and use the global characteristics obtained with this model. The evaluation of the
axial equilibrium point of the rotor is first presented, as this equilibrium point influences the value of the
other global characteristics of the bearing. The mechanical model, characterizing the maximum speed
of the rotor, is then established and the evaluation of the self-discharge rate of the system, taking into
account the aerodynamic friction as well as the electrical consumption of the bearing, is finally presented.

4.1 Axial equilibrium point

The axial equilibrium point of the bearing is the axial position that the rotor reaches when it is incurs
gravity. This position is such that the gravitational force acting downward on the rotor is compensated
by the axial magnetic detent force that pulls the rotor upward. It is required to find the value of A, such
that F,(A.) = Myotorg, Where my.s0, is the mass of the rotor and g is the gravity constant (9.81 m/s?).

This equilibrium point is obtained through a dichotomic method that iterates on the value of A, until
the condition is satisfied within a given tolerance. An initial value, A, o is arbitrary chosen as a fraction
of the length of the permanent magnets Lp,,. For this axial position, the magnetic model is evaluated
and the magnetic detent force Fj,.4,0 is obtained and an axial equivalent stiffness k. is estimated by
dividing Frag,0 by A;,0. From this axial stiffness, the axial equilibrium point A, ; is estimated such
that k. 0A. 1 = Myotorg. The magnetic model of the bearing is thus evaluated with A, ; and the same
procedure is applied until the axial equilibrium point A, ,, is such that:

|Fma9(Az,1) - mrotorg‘ < tol (41)

where tol is the numerical tolerance. The dichotomic method is illustrated in fig. The convergence of
the method is ensured by the monotonicity of the axial force - axial displacement and would not converge
if the initial axial position was chosen too far beyond the equilibrium point where the rotor is unlocked
from the stator and does not interact with it anymore.

F
A

ang<A )

Mrotorg

Ao A A,

Figure 4.1: Illustration of the working principle and the convergence of the dichotomic method employed
to obtain the axial equilibrium point of the rotor.
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After the first iteration, the model compares the estimated axial equilibrium position with the total
width of the rotor to stop the iteration process if the machine does not have a sufficient axial position
stiffness to stand the weight of its rotor. This feature is employed in the optimization routine.

4.2 Speed limit: mechanical stress in the rotor

This section explains how the speed of the rotor is mechanically limited. When the flywheel rotates
around its center of mass, mechanical stress appear inside the material due to the local centripetal
acceleration. The mechanical stress increases with the speed of the rotor and, if not properly designed,
gives rise to cracks leading to the failure. A limit upon the speed at which the rotor is allowed to rotate
is required to avoid this problem, which imitates the maximum energy that can be stored in the FESS.
The static and fatigue design leading to the evaluation of this limit is presented in this section.

4.2.1 Static design

The rotational speed of the rotor, €2, is considered constant in the first place. To evaluate the mechanical
stress in the rotor, this latter is considered as a hollow cylinder of inner radius Rpg 4, outer radius Rp .
and a height 2L; ¢ + Lp. This assumption adds matter to the real rotor and lead to an overestimation
of the actual mechanical stress in the real rotor, which acts as a safety factor on the speed limit of the
rotor. It is considered that the upper and lower surfaces of the cylinder deform themselves freely and
that the rotation of the rotor only results in radial (o,) and azimuthal (og) stresses. The appendix
inspired by [28], explains how to evaluate analytically the mechanical stress in a hollow cylinder rotating
at constant speed. The resulting radial and azimuthal stresses are given by:

P23 — 2v R%—'C,ER%%,d
o.(r) = = 1, R%,e + R%,d -z 2 (4.2)
23—, o, BRePBha (1+2v) ,
0'9(7’) = 78 11— RR,e+RR,d+ 7"2 3_ 9, r (43)

where v is the Poisson coefficient of the material and p is its density. The rotor being made of ductile
materials, the equivalent Von Mises stress is compared to the yield stress of the material, o, to determine
the speed limit of the rotor. The Von Mises stress, for a planar strain, is given by:

ovm(r) =1/o2 +o0; — 0,09 (4.4)

The static condition to avoid a failure of the rotor is:

o
max(oyp(r)) < k—y (4.5)

S
where kg is the safety factor, set to two in this application, that allows for taking into account the
uncertainty over the materials, the load or the stress concentrations that appear because of the real

shape of the rotor.

The Q2 present in the expression of the stresses is taken out of the square root, giving the following
expression for the maximum speed that the rotor can reach in static:

20y
nae = \/ks x max(oya(r)/Q?) (4.6)

4.2.2 Fatigue design

The assumption over the constant speed of the rotor is lifted in this section. Throughout its service, a
flywheel undergoes cycles of charge and discharge in which the speed first increases to a given level and
decreases until the flywheel is empty. The load introduced in the static design is thus not constant but
cyclic. The cyclic load tends to give rise to cracks appearing in the material even though the rotor is
well-designed to withstand the static load. A fatigue design must be applied to avoid the fatigue failure
of the materials. The cyclability of the FESS being one of its main advantages over classical ESS, an
infinite number of cycles is considered for the fatigue design. The methodology applied to design the
rotor in fatigue is inspired by [27].
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The endurance limit of the rotor is given by: S, = S/,CL.CcCsCrCr. Where S, is the endurance
limit in M Pa, S), is the R.R.Moore’s endurance limit in M Pa, Cy, is the load factor, Cg is the gradient
factor, Cg is the surface finish factor, Cp is the temperature factor and Cg is the reliability factor. The
values of these factors chosen for this application are given in table considering a 10% cycles before
failure which is equivalent to an infinite number of cycles before failure.

Table 4.1: Values of the factors used for fatigue design.

Factor ‘ (o)) ‘ Ca ‘ Cy ‘ Cr ‘ Cr
Values ‘ 1.0 ‘ 1.0 ‘ 0.6 ‘ 1.0 ‘ 0.753

The mean value (0,,) and the alternating value (o,) of stress level are required for the fatigue design.
It is considered that the load applied on the rotor varies between 0 and the maximum value oy p; obtained
in the static design, which corresponds to a situation in which the flywheel is fully charged and discharged
at each cycle, and is the worst case for the fatigue design. The values of ¢, and o, are thus equal to the
half of the maximum value of stress that can be achieved.

A constant-life fatigue diagram is built in fig. Oq4
The rotor withstands the cyclic load if the op-
erating point, illustrated on the graph, that moves - - Static
along the Load line as 2 is increased, remains in Oyt - - Fatigue
the green area, below the fatigue and static limit A - - Load
lines. The line on which the operating point moves S e @ Operating point
follows the equation o,(0,,) = 0, the static and Sn"~ \\ 7
fatigue limit lines are expressed by: o,(0.,) = Thal oS
oy — O and o4(op) = Sp — amg—z, respectively. O’v\::‘
The intersection between the load and fatigue lines o el
occurs at o, = Sn — amg—z and the intersection . ‘:;~,= >
between the load and static line occurs at oy, = Oy S“ Om

0y — 0m. The two solutions of these equations are

given by eq. 1.7} The minimal value between these Figure 4.2: Constant-life fatigue diagram: the oper-
two solutions is consequently chosen for the fatigue ating point must remain within the green area.
design (0 min). The maximum rotational speed

of the rotor, that allows it to stand a cyclic load,
is consequently such that ,,(Q) = o maz-

Sn
Om < 1+S5,/Su (4_7)
Om < 0y/2
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4.3 Self-discharge time

As explained in section the self-discharge of the FESS is a critical performance as it is the main
disadvantage compared to other energy storage technologies such as Lithium-ion batteries. The SHH-
AMB aiming at reducing the losses in the bearings, it is required to evaluate the duration in which the
FESS discharges itself. The self-discharge time of the FESS under study is defined by the time required
for the FESS to dissipate 50 % of the energy that was stored initially, if no power is injected or extracted
from the energy storage system. It is considered, during this test, that the power consumption of the
magnetic bearing is extracted from the flywheel such that no external power supply is connected to the
device. As the iron losses occurring in the bearing are suppressed by the use of SHH-AMB, two kinds of
losses give rise to the discharge of the flywheel: the power consumption of the magnetic bearing and the
aerodynamic friction acting on the rotor in rotation. This section explains how these two contributions
are estimated and what is their impact on the self-discharge time of the flywheel.

4.3.1 Conservation of the energy

The evaluation of the self-discharge time of the FESS requires the knowledge of the time evolution
of the energy stored in the flywheel that is obtained by deriving the law of conservation of the energy
applied to the rotor. The time variation of the kinetic energy stored inside the flywheel is equal to the
power losses that it incurs. Considering the expression of the kinetic energy of rotation of a rotating
mass, the law of conservation of energy for the flywheel is given by:

) _ 4 (”’2@)) = 200 _ byt Pacro(0(t) (4.8)

where Ej, is the kinetic energy of rotation of the rotor, I, is its inertia along its principal axis of rotation,
Q) is its rotation speed, and Pj,yuie and Paer, are namely the Joule losses and the aerodynamic losses
occurring within the system rotor and are negative. This differential equation is integrated, starting from
an initial kinetic energy Ej, o, until it reaches the half of E}, ¢ giving the self-discharge time of the flywheel.

4.3.2 Joule losses

The Joule losses come from the current flowing through the windings of the SHH-AMB, required to
control the rotor position. Given a control current i., the Joule losses are given by:

PJoule = ng (49)

where R is the resistance of one phase of the windings of the bearing (section [3.3.5]).

The control current is determined by the disturbances act-
ing on the rotor, as a not disturbed rotor does not require
current to remain in a central position. Among the distur-
bances that the rotor incurs, it is assumed the one coming
from the not perfectly balanced rotor is the most critical.
Indeed, to every manufactured rotating part constituting a
mechanical system, is associated a balance grade G in ac-
cordance with the ISO 21940 standard. The G grade of a
part refers to the radial distance A, between the geometrical
center of the part and its actual center of mass, as depicted
in fig. A well-balanced part has a small G and implies
a small distance between the two centers. Typical values of
G grades are given in [44]. A grade of 6.3 for the FESS is +  Geometrical center
advised but, this grade being a choice left to the manufac-
turer, a value of 2.5 is chosen to improve the performances of
the bearing while remaining within a realistic value, typically
used for electrical motors and generators.

® Center of mass

Figure 4.3: The rotor and its unbalanced
center of mass.

The relation linking A, to the G grade is given by:
G = QA. (4.10)

where )y is the operational rotation speed of the rotating mass. In the case of the FESS under study,
the operational speed is considered to be the speed at which the kinetic energy of the flywheel is equal
to E]“().
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The control of the rotor is such that it rotates around its principal axis of inertia (i.e. around the
center of mass) and presents a constant eccentricity A, once it is in rotation. This eccentricity, through
the radial position stiffness k., gives rise to a radial detent forces that needs to be compensated by the
control currents of the axis of actuation. The current required to compensate the radial detent force due
to the eccentricity if this latter is aligned with the concerned axis of actuation is given by:

. keAe

. 4.11
i s (4.11)

Due to the rotation of the rotor, the control current that compensates this eccentricity is an alternative
current oscillating between this value and its opposite at a frequency 2. The RMS value of this control
current and the Joule losses that it generates when flowing through the two phases of windings is given
by:

kA, K2A 2

1, RMS = <= Pjoue = Rw—3

The value of the Joule losses does not vary with time or the rotation speed and is constant during the
whole discharge of the FESS.

(4.12)

4.3.3 Aerodynamic friction

An accurate evaluation of the friction losses occurring within the bearing requires complex numerical
methods such as FEA to be performed. These models are not compatible with the optimization routine
and would slow down the characterization of the system as a flywheel and would make the quick evaluation
of the magnetic properties of the bearing useless. The problem fluid mechanics problem is thus split into
several simple problems that can be approximated analytically.

Fig. illustrates the three origins of aerodynamic friction into which the complex problem is de-
composed. The red area represents the friction occurring in the air gap. The problem is assimilated to
two cylindrical walls separated by air, one of which rotates at a rotational speed of 2. The green area
represents the friction occurring between the PM ring and the inner part of the rotor. The fluid mechanics
problem in this part is approximated similarly to the one in the red area. The orange area represents
the friction occurring on the upper and lower edges of the rotor, where a boundary layer problem is
considered.

Figure 4.4: Illustration of the different origins of aerodynamic friction occurring on the rotor.

Air gap aerodynamic friction

Similarly to [45], an incompressible Couette flow is considered within the air gap. It assumed that this
flow is turbulent as the flywheel is meant to rotate at high speed. The shear stress applied onto the rotor
surface 7,,q;; due to such a flow, is given by:

Vwall )2

5 (4.13)

1
Twall = icfpair (
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where cy is the skin-friction coefficient, pq;, is the density of the fluid and vy,q; is the speed of the surface
of the rotor in contact with the air. The expression of the skin-friction coefficient c; is given by:

K
=2 G(A,D 4.14

°f (ln Re. @, )> (4.14)
where G(A, D) is a function defined such that % + 21In % — D, A = 2In Re., D is a coefficient equal to
2(In 2k + k(C* + C)), & is the Karman constant (0.41), C7 is a universal constant equal to (5) and C is
evaluated at 2.1 through experimental approximations. The Reynold number Re, is defined as paiﬂzaif’h
where h is the axial length of the Couette flow.

)

The value of 7,4 is multiplied by the radius of the rotor and integrated over the outer surface of the
rotor iron teeth to obtain the resulting torque applied to the rotor. By multiplying this torque by the
rotational speed of the rotor, the air gap origin of the aerodynamic friction losses is obtained:

4 3
cfpairmRy L1 82
Pfriction,airgap = “ 4 < ! (415)

Aerodynamic friction between the inner part of the rotor and the permanent magnet ring

The same procedure is applied to obtain the friction torque and losses occurring in the region between
the permanent magnets and the inner part of the rotor:

Cfpairﬂ'sz{z,iLB,Rgg
4

Pfriction,PM—rot = (416)

Aerodynamic friction on the upper and lower edges of the rotor

On the edges of the rotor, a boundary layer problem is considered in which the rotating disk of the rotor
is assimilated to a moving wall in contact with ambient air. Classical boundary layer problems are applied
to a planar wall travelling at a constant speed. The disks forming the edges are thus decomposed into
an infinite number of bands of radial thickness dr travelling at a speed r to which a classical boundary
layer problem is applied. The resulting torque is obtained by integrating the shear stress obtained from
the boundary layer problem.

The friction shear stress acting on the circular band is obtained through the skin-friction coefficient
that is approximated in boundary layer problems by:
_ Twall

1/2pairu2, g
where the characteristic length x for the Reynold number Re, is the length of the considered band 27r.
The expression of 7,4 is given by:

cf ~ 0.664Re; 1/ (4.17)

7—wall(r) - 2 (418)

Vair

0.6644i,Q3/2r ( o )‘1/2

where v, is the kinematic viscosity of the air.

The resulting torque is obtained by integrating the expression of 7,,,; multiplied by its lever arm over
the disks forming the edges of the rotor. The aerodynamic losses due to this torque is given by:

Ry, — Rp 4 0.664 (21
Pfriction,edges = f 4 R,d B <V> 27?'[)95/2 (419)
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CHAPTER D

OPTIMIZATION

This chapter explains the optimization routine used to obtain the parameters of the SHH-AMB under
study, leading to the best performances as a FESS. The optimization is a multi-objective problem acting
on several variables, being the parameters of the bearing, while ensuring the compliance to constraints
that are applied to the devices encountered during the routine. The result of such a procedure is a
Pareto front whose every device is the best in one of the objectives for a given performance in the
other objectives. The algorithm that is used to solve this problem is a non-dominated sorted genetic
algorithm-IT (NSGA-II), implemented in the platform Optimeed. This chapter starts by presenting the
objectives of the optimization problem. Secondly, the variables on which the algorithm acts are listed
and explained. The constraints applied to the devices generated by the algorithm are then presented
and justified. The process through which a device goes once it is generated by the algorithm, allowing to
evaluate the objectives and the constraints, is then explained and the results of the optimization procedure
are presented and analyzed.

5.1 Optimization objectives

The objectives that are given to the optimization algorithm are meant to represent the performances of
the SHH-AMB under study as a FESS rather than as a bearing. The role of the active magnetic bearing
being to reduce the losses whose the guidance system is responsible, it seems relevant to evaluate the
self-discharge rate of the FESS, presented in section [4.3] as it is also the main disadvantage of FESS with
respect to other energy storage systems. The first objective given to the optimization procedure is thus
the self-discharge time defined as the time required for the system to dissipate half of the energy that
was initially present within the system. The amount of initial energy Ej is chosen here as the amount of
energy stored in a small battery having the following specifications: 12 V' and 100 mAh, corresponding
to 4320 J. Regarding the aerodynamic environment of the flywheel, the optimization is performed in
two configurations: at atmospheric pressure or at a lower pressure to simulate the flywheel performing
in a vacuum chamber. The considered aerodynamic characteristics in the two possible configurations are
presented in table

Table 5.1: Aerodynamic characteristics of the air in the two configurations considered.

| Configuration | Pressure (bar) | Density (kg/m®) | Dynamic viscosity (uNs/m?) |

Atmospheric 1.0325 1.292 18.03
Vacuum 0.001 0.00108 19.622

Another issue with FESS is their weight and the space they can take, especially if the self-discharge
time is aimed at being maximized. To avoid the results of the optimization simply being the heaviest
flywheel, a second objective is given to the algorithm, being the total mass of the system that is to be
minimized. The purpose of the optimization procedure is thus to find the FESS that dissipates the less
quickly its energy while being as light as possible. The optimization objectives are summarized in table
b2

Table 5.2: Optimization objectives.

’ Objective \ Target ‘

Self-discharge time | maximize
Total mass minimize
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5.2 Optimization variables

This section enumerates the variables that are given to the optimization algorithm and how they are
linked to the SHH-AMB. The variables are split in different sets regarding the nature of the effect of the
parameters. The variables affecting the dimensions of the ferromagnetic parts, the permanent magnets
and the windings dimensions are first presented. The second set of variables affects the electromagnetic
behavior of the bearing through the windings and the permanent magnets.

5.2.1 Geometrical variables

A significant part of the variables given to the optimization procedure are related to the geometry of
the bearing. It could be chosen to provide each of the parameters presented in fig. to the optimization
algorithm to let it act on the dimensions of the bearing to obtain the best performances. This choice
would lead to many devices that are not physically possible due to the random nature of the value that
takes the optimization variables in a genetic algorithm (e.g., a bearing with inner radii greater than
outer ones). Constraints could be employed to remove these unfeasible devices, but would degrade the
convergence of the algorithm. It has been decided to employ ratios rather than absolute values of the
dimensions to avoid this problem. The value of the outer radius of the stator Rg ., which is the greatest
radius for a feasible machine, is first set and the other radii are determined thanks to the ratios defined
in table [5.3] In that way, unfeasible machines are avoided without additional constraints. The value of
Rg . is not set as an optimization variable but at 130 mm, the maximum acceptable value possible for
the prototype, as it has been observed in preliminary optimizations that maximizing the self-discharge
time of a FESS leads to machines that are radially spread at a most. The same idea is employed for
the axial lengths that are determined from the value of Lp); and the ratios defined in table As no
similar conclusions can be drawn for the length of the permanent magnets Lpys, this latter is part of the
optimization variables provided to the algorithm.

Table 5.3: Definition of the ratios over the dimensions of the bearing that are employed as optimization
variables.

] Symbol \ Signification \ Expression ‘
QRp Ratio between the stator outer radius and PM inner radius Rse/Rpu.i
ORg, Ratio between the PM inner radius and stator inner radius Rpwm,i/Rs.i
Ry, Ratio between the stator inner radius and windings inner radius Rsi/Rw,
ORp.. Ratio between the windings inner radius and rotor outer radius Rp.c/Rw,
ORp., Ratio between the rotor outer radius and rotor inner radius Rr.i/Rpr.e
QORp.4 Ratio between the rotor inner radius and rotor innermost radius Rr.i/RR.d
ar Ratio between the rotor middle width and stator PM width Lp,/Lpm
arp Ratio between the rotor iron teeth width and rotor middle width Li,/Lp,

oL Ratio between the stator iron teeth width and PM width L;s/Lpm
0Ly Ratio between the winding inner width and stator iron teeth width Lw,/Lrs

To optimize the performances of the bearing, the value of the outer opening angle of the windings O,
is set at the maximum possible value: 90 °. The inner opening angle Oyy; is left as an optimization variable
from which the outer axial length of the end windings Ly is determined so that the cross-sectional area
of the windings in the (r, 8) and (r, z) planes are equal, leading to:

LW@ = Q(Sw/(Rsﬂ' — RWJ + LWJ') (5.1)

where Sy is the cross-sectional area of the windings evaluated in the (r, §) plane:

(Ow,e — Ow.i) (R%, — Ryy,)
2

Sy = (5.2)
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5.2.2 Electromagnetic variables

The other variables are related to the magnetization of the permanent magnets and the number of
turns in the windings. The number of turns in the windings Ny, impacts the current stiffness, which is
proportional to this number. On the other hand, the electrical resistance also depends on this number.
The number of turns Ny is thus provided as a variable to the optimization algorithm so that a trade-off
between high current stiffness and high electrical resistance is found by the algorithm.

To make the polarizing magnetic flux density independent of the dimensions of the bearing, a fill factor
is applied to the permanent magnet PMppr that multiplies the remanent flux density of the permanent
magnets. This factor also helps to model the real permanent magnet that is not made of one ring but of

several rectangular permanent magnets that do not occupy all the available area. This fill factor is also
provided as an optimization variable.

The optimization variables and the intervals of values the algorithm is allowed to give to these variables
are summarized in table 5.4l

Table 5.4: Optimization variables.

] Variable \ Units \ Range ‘

CRpr - [0.7 - 0.999]
O‘Rs,i - [07 - 1]
ARy, - 0.9 - 0.999]
ARy, - [0.85 - 0.999]
Ry, - [0.05 - 0.95]
ORp - 0.05 - 0.9]
LPM mm [10 - 30}
oL, - (0.9 - 1.2]
oL, - (0.7 - 1.4]
QL g - [06 - 1.3]
Ow.i ° (65 - 88]
ALy, - [0.0 - 1.1]
Nw # [20 - 300]
PMpp - [0.45 - 0.9]
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5.3 Optimization constraints

The optimization algorithm generates machines from the variables given in section Some of these
machines might not be feasible, for practical reasons. To avoid this kind of unfeasible machines being
output by the algorithm, optimization constraints are added to the problem. The machines that do
not comply with these additional constraints are removed from the Pareto front that is output by the
algorithm. In the interface used for the optimization, to each constraint is associated an expression
that is evaluated for each machine that is generated by the algorithm. The machine complies with the
constraints only if the values of all the expressions are negative. The expression related to a constraint
must be chosen carefully so that a machine that almost complies to the constraint has a value that is
slightly positive for this expression, as the algorithm considers this value to adapt the variables in the
next generation of machine. The constraints employed for this optimization are presented, justified and
grouped by their nature.

5.3.1 Geometrical constraints

The geometrical constraints groups the constraints that are required to ensure the geometrical coher-
ence of the machine that cannot be ensured by the intervals used in the optimization variables. These
constraints concern the overlapping nature of the windings and the number of turns in the coils.

Overlapping constraints

As explained in section [2.1] the parameters used to describe the bearing allow the windings to be inset
and overlapping which means the end windings are allowed to be placed inside the iron poles (inset)
and that the end windings of two coils are allowed to be placed on each other. It is required to apply
a limit over the external length of the windings Ly, to avoid the end windings to reach the other iron
pole and to leave enough space to bend the cables (fig. [5.1]). The overlapping configuration also requires
room for the end windings to be superimposed, either in the air gap or between the permanent magnets
and the stator iron teeth. Fig. illustrates the two configurations. As the results of the preliminary
optimizations show long air gaps, the windings are superimposed in the air gap.

0L _BL

Figure 5.1: Overlapping configuration. The left configuration is not feasible because of a too big outer
axial length of the winding, leaving not enough space to bend the cables.

IS0 S

Figure 5.2: Overlapping configuration: The windings are superimposed in the air gap (left) or between
the permanent magnets and the stator iron teeth (right).

These two constraints are modeled with the following expressions:

Lwe—Lis—2Lpy + 3(Rs,: — Rwi)

(5.3)
2Rs; — Rpm,i — Rwy

where the first and second lines are respectively the constraints related to the axial length of the end
windings and to the radial space available in the air gap.
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Number of turns in the coils

The number of turns in the coils Ny is left as an optimization variable. From this number, the fill factor
7 and the cross-sectional area of one coil, the maximum cross-sectional area of the conductors is evaluated.
The more turns are made, the smaller this area is. As infinitely thin cables are not achievable, a minimal
cross-sectional area of cable is added to the optimization constraints to avoid unfeasible windings:

Swn

Sc,min - NW (54)

where S¢ ;in is the minimal cross-sectional area of the conductors, set to 0.1 mm?2.

5.3.2 Saturation constraints

The model developed in chapter [3]does not take the magnetic saturation occurring in the ferromagnetic
materials into account. This is not a problem if the magnetic flux density in the ferromagnetic materials
remains under the saturation level of the material. Otherwise, the global characteristics obtained by the
model are not valid for the real bearing. Machines in which saturation of the magnetic flux density occurs
in the ferromagnetic materials must be removed from the optimization.

In the SHH-AMB under study, the magnetic saturation is likely to appear in three regions of the
bearing: The stator and rotor iron teeth and the inner part of the rotor. As illustrated in fig. the
magnetic saturation appears if the section perpendicular to the circulation of the magnetic flux density
of one of these regions becomes too small.
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Figure 5.3: Illustration of the three places at which magnetic saturation can occur in the SHH-AMB: No
saturation (upper left), saturation in the stator iron teeth (upper, right), in the rotor iron teeth (lower
left) and in the inner part of the rotor (lower right).

The model not computing the magnetic flux density inside the ferromagnetic materials, this latter is
estimated from the magnetic flux density in the air gap. As the ferromagnetic are assumed ideal in
the model, the magnetic flux entering in one of the iron teeth is conserved in the whole ferromagnetic
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part. The magnetic flux flowing through the stator teeth ®;,.on stator is obtained by integrating the air
gap radial magnetic flux density over the entry of one of the stator iron teeth. By assuming a uniform
distribution of the magnetic flux density in the iron teeth, the magnetic flux density is estimated by
dividing the magnetic flux by the surface. The most critical place is where the surface is the smaller, for
the stator, it is at the entry of the iron teeth, at » = Rg ;. The saturation constraint for the stator iron
teeth is thus given by:

(I)iron stator
J — Bsa 5.5
21RsiL1 s ‘ (5:5)

where By, is the saturation level of the ferromagnetic materials, set at 1.5 T in this optimization.

The saturation constraint for the rotor iron teeth is obtained by analogy to the stator one. The most
critical surface is at the smallest radius Rp ;:

cDiv"on rotor
) — Bsa 5.6
27TRR,dLI,R t ( )

The constraint avoiding the saturation in the inner part of the rotor is obtained by estimating the
magnetic flux density from the magnetic flux ®;ron rotor as it is conserved in the magnetic circuit that is
the rotor. This constraint is thus written:

(biron rotor
- : "~ Beat (5.7)
T (RR,i - RR,d)

5.3.3 Performances constraints

The last set of constraints regard the performances of the bearing. The optimization not aiming at
optimizing these performances, it is required to ensure that the bearing is performant enough to be used
in this flywheel application.

Axial stability

Section presented a module that evaluates the axial equilibrium position of the rotor, once gravity
is applied. If the axial stiffness is not sufficient, the bearing is not capable of sustaining its own weight
and the axial equilibrium module returns a very high unrealistic value A,. Such machines are removed
from the optimization by applying the following constraint:

Az,eq - Az,maw (58)

where A, 10z 15 a maximum value of axial equilibrium point, set at 5 mm for this optimization.

A safety factor is additionally applied to the weight that the bearing is able to heave through an
additional constraint consisting in evaluating the magnetic force developed on the rotor showing an axial
displacement being twice the value of the equilibrium point. This force is expected to be twice the weight
of the rotor, if not, it means that the rotor is unlocked from the stator and is not stable enough axially.
To account for the degressive behavior of the axial displacement - axial force characteristic, machines that
produce at least 90 % of twice the weight of the rotor are accepted by the constraint that is illustrated
in fig. 5.4} This gives rise to the following expression:

Fmag(QAZ,Sq) - 09 X 2mrotorg (59)

Lift-off current

I fthe controller of the active magnetic bearing is turned off, the rotor rests on lift-off ball bearings that
leave a free play. The rotor is not in contact with this ball bearing as its position is controlled. As the
controller is turned on, it is required to overcome the radial detent force by imposing a sufficient current
in the windings whose minimal value 4,,;, is given by:
imin = k;“ (5.10)
i

where €;,,;; is the free play left by the lift-off ball bearings, set at 1.5 mm in this optimization.
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Figure 5.4: Illustration of the axial stability constraint. The left and right machines are respectively
stable and not stable enough.

The maximum achievable current I,,,, is set by the power electronics that supplies the magnetic
bearing either by the voltage limit V4. set at 12 V or by the power limit P,,,, set at 24 W:

Vmam Pmam
R’ R

) (5.11)

tmaz = min(

The lift-off current constraint ensures that the power electronics is capable of lifting the bearing such
that 4,4, is greater than I,,;,:

Imin — ‘maz (5.12)
5.3.4 Maximum speed

The optimization objective related to the self-discharge time considers an initial energy of 4320 J stored
in the flywheel. It is thus required that the mechanical design of section [£:2] allows the rotor to rotate
fast enough to store this energy. The constraints is expressed as:

2
Fo— IZQ;M (5.13)

where 2,4, is the maximum rotation speed of the rotor.

The constraints applied in the optimization problem are summarized in table

Table 5.5: Optimization constraints.

] Constraint \ Expression (< 0) | Units |
Overlap, axial Lw,e—Lrs—2Lpy +3(Rsi — Rw,i) | mm
Overlap, radial 2Rs; — Rpum,i — Rwy mm

Conductor cross-section Se.min — SJ'VLW" mm?
. Diron,stator
Saturation, stator teeth W — Bsat T
Saturation, rotor teeth % — Bgut T
. . iron,rotor _ __
Saturation, rotor inner part 7W(R?;,i—R?a,d) Bgat T
Axial equilibrium Az eqg — Az mas mm
Axial stability Fmag (2Az,eq) —0.9 x 2m7'ot07'g N
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5.4 Optimization chart

This section presents a block diagram explaining the process through which goes a machine generated
by the algorithm to evaluate the constraints and the objective thanks to the models presented in chapters
and [4] in an appropriate order. The optimization chart is available in fig.
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Figure 5.5: Optimization chart. Models are in blue rectangles, constraints in red rhombuses and objectives

in green circles.
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5.5 Results and analysis

This section shows the results that are output from the optimization algorithm with the optimization
objectives, variables, and constraints that are presented in this chapter. The validity of the optimization
is first assessed by analyzing the variables and the value of the constraints of the machines that are
part of the Pareto front. The Pareto fronts are presented, and the methodology employed to choose the
dimensions of the prototype is finally explained.

5.5.1 Variables and constraints at the stop

Table[5.4]shows the different optimization variables and the range of value of the optimization algorithm
is allowed to give to these variables. The upper and lower limits of these intervals are called the stop. It
is important to make sure that the optimization variables of the machines of the Pareto front output by
the optimization algorithm are not at one of the stop of the interval concerned. If it is the case, the stop
applied to this interval limits the performances of the machine and the value of the stop must be called
into question. If the stop cannot be changed for practical reasons, the optimization variables are removed
from the optimization problem and are set at the value of the stop to improve the convergence of the
algorithm. The same procedure is applied to the constraints. This sections details the variables that are
subject to this concern by analyzing the results of the first optimization and explains the changes that
are applied.

Inner radius of the permanent magnets

The optimization variable agg , of the machines being part of the Pareto front tends to be at the upper
stop of its interval (1.0) giving rise to a machine similar to what is shown in ﬁg in which the permanent
magnets have the same inner radius than the stator teeth. The effect of the iron teeth is still present in
such a configuration, as the permanent magnets have a relative magnetic permeability similar to the air.
As the Fourier model does not require the existence of the region V' to be functional, the optimization
variable is removed from the problem and Rg; is set equal to Rpas,;.

Figure 5.6: Illustration of a machine whose arg, is equal to 1.0.

Radius of the hole of the rotor

The optimization variable ag, , also tends to be at its lower stop for the machine of the Pareto front
leading to rotor as radially spread as possible (fig. . This result seems obvious in the point of
view of the optimization of the self-discharge time as the inner elements of the rotor are subject to less
aerodynamic friction than the outer parts of the rotor. As room in the hole of the rotor is required for
auxiliary elements (chapter @ full rotors are not possible and a minimal value for Ry 4 is required. The
optimization variable is removed from the problem, the value of Rg 4 is set at 25mm and a constraint is
added to avoid machines presenting a Rg ; smaller than Rp 4.

Magnetic saturation

The constraint related to the magnetic saturation in the inner part of the rotor tends to be as close to
zero as possible, such that the machine of the Pareto front have a magnetic flux density inside the rotor
as close to the saturation level as possible. As the aerodynamic friction occurring between the inner part
of the rotor and the permanent magnets is taken into account, the optimization algorithm tries to move
the matter of the rotor toward the iron teeth that are really useful to limit the friction and to minimize
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Figure 5.7: Tllustration of a machine whose a g, , is at its lower stop.

the mass of the bearing. The same observation is made in the saturation constraint in the stator teeth.
The magnetic saturation constraint requiring an evaluation of the magnetic flux density distribution by
the Fourier model to obtain the magnetic fluxes, nothing can be changed in the problem to improve the
convergence.

5.5.2 Pareto fronts

Fig. [5.8 shows the results of the optimization procedure and highlights the Pareto front gathering the
optimized machines presenting a maximum self-discharge time for a given total mass. The optimization
is performed at atmospheric aerodynamic conditions and in the vacuum. As the machine resulting of the
two optimizations are similar, only the results output by the optimization in the vacuum are kept. Fig.
illustrates three machines being part of the Pareto front, the lightest machine with the smallest self-
discharge time, the heaviest machine with the greatest self-discharge time and an intermediate machine
chosen in the middle of the Pareto front.

4.0 12
Violate constraints Violate constraints
Respect constraints 11 Respect constraints 3
3.5 4% Pareto_front Pareto_front
10 A
E 3.0 < g4
©
N g
£ = s
%251 g
< = m
£ g 7
2 3
= 2.0 1 = 61
5] wn
w0
5 4
1.5 4
415
1.0 T T T T 3 T T T T T T
4 6 8 10 12 6 8 10 12 14 16
Mass (kg) Mass (kg)

Figure 5.8: Results of the optimization procedure for two aerodynamic conditions: Atmospheric pressure
(left) and vacuum (right). The units of the self-discharge time for the atmospheric is the minute and the
hour for the vacuum.

5.5.3 Analysis
Elbow in the Pareto front

The Pareto front of fig. presents an elbow. The self-discharge time of the machine increases with
respect to the mass faster for machines with masses smaller than 7 kg than for heavier machines. Such
elbow appears in optimization problems as one of the optimization variables reaches or leaves its lower

60



Figure 5.9: Machines being part of the Pareto front: Lightest machine with lowest self-discharge time
(left), the heaviest machine with greatest self-discharge time (right) and intermediate machine (center).

or upper stop, respectively. The optimization variable responsible for the elbow is identified by observing
the value of the optimization variables of the machine being part of the Pareto front with respect to one
of the objectives. The variable that leaves or reaches one of its stops when the optimization objective
reaches the value at which the elbow occurs is responsible for the elbow. Fig. [5.10] shows that the axial
length of the permanent magnet Lp); is the variable responsible for the elbow in the Pareto front.
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Figure 5.10: Lpps with respect to the mass for the machine part of the Pareto front. The variable leaves
its lower stop (15 mm) when the mass of the machine is 7kg.

The length of the permanent magnets being the responsible of the presence of the elbow translates
the trend of the algorithm to minimize the axial length of the rotor as long as it is possible to minimize
the weight as it is more efficient to add matter radially to improve the self-discharge time than axially.
Once it is not possible to add matter radially, the algorithm increases the axial size and the inertia of the
machine to keep improving the self-discharge time at a minimal weight.
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Length of the air gap

The machines being part of the Pareto front tend to show high value of air gap length (about 10 mm)
compared to what is classically observed for magnetic bearings and electrical machines (about 1 mm).
To explain the presence of such big air gaps, the performances of one machine, chosen arbitrary among
those forming the Pareto front, with respect to the length of this air gap is assessed in fig. [5.11] The
losses leading to the discharge are evaluated separately by distinguishing the aerodynamic losses and the
Joule losses. The length of the air gap is changed with the outer radius of the rotor Rp.. If the air
gap is shorter, the contribution of the aerodynamic losses is smaller than the contribution of the Joule
losses, leading to a smaller self-discharge time. Such an observation is explained by the characteristics of
the bearings presented in fig. The aerodynamic losses are reduced with the smaller air gap length
because the inertia of the rotor is increased and the speed required to store the initial energy is lowered.
The rotor operates at lower speed and incurs less friction. The Joule losses are increased when the air gap
is tightened because the radial stiffness increases faster than the current stiffness. The current required to
control the bearing is thus more important, and so are the Joule losses. The algorithm tends to minimize
the Joule losses due to their constant nature, unlike the aerodynamic losses that are more significant at
high speed than at low speed. The self-discharge time of the flywheel would be improved if the air gap
was slightly longer, but such machines do not have sufficient axial position stiffness to withstand the rotor
and are removed from the optimization.
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Figure 5.11: Performances of the flywheel with respect to the length of the air gap. The optimized
machine is at the center of the figure.

5.5.4 Choice of the dimensions

The optimization problem being a multi-objective problem, the output of the optimization algorithm
is a Pareto front whose every machine is optimal in its manner. By choosing a machine from this Pareto
front, it is ensured that no other machine with the same mass has a better self-discharge time. But
selecting one machine can still be more judicious than choosing another one. This section explains how
the dimensions selected for the prototype are obtained.

Fig. [5.10] showed that machine under 7 kg have the optimization variable Lpys at its lower stop. It
seems thus intuitive not to pick one of these machines as the algorithm was constrained to this value of
Lpps and the machines are thus not optimal compared those that would have been obtained if the lower
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Figure 5.12: Characteristics of the bearing with respect to the length of the air gap. The optimized
machine is at the center of the figure.

stop was set to a smaller value. Similarly, machines above 14 kg have Lpj; at its upper stop and are
not selected. From that point, the choice of the machine relates to the acceptable weight and the desired
self-discharge performances. The exact values of the parameters chosen for the prototype are given in
chapter [0}
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CHAPTER 6
EXPERIMENTAL VALIDATION

This chapter presents the prototype and its working environment for the experimental validation of
the SHH-AMB topology employed as a FESS. The objective of this experimental validation is to test the
feasibility of such a device, but also to assess the accuracy of the magnetic model developed in chapter
A prototype was designed based on the output of the optimization presented in chapter [5| and built to be
characterized. This chapter is organized as follows: the dimensions and characteristics of the prototype
are first presented. Secondly, the assembly of the different parts is detailed. The next section is about
the manufacturing processes tried to produce the windings. A description of the connection of the test
bench is then presented. The controller allowing the flywheel to levitate is then designed. Finally, the
resulting performances of the prototype are discussed and compared to the predictions of the magnetic
model.

6.1 Dimensions and characteristics

The dimensions and characteristics of the prototype presented in this chapter are given in table
These values are based on the results of the optimization realized in chapter [5| to offer optimal perfor-
mances. Some of these values have been adjusted for various reasons, such as Rp g, which has been
reduced to adjust the play, left between the rotor and the lift-off ball bearings. The length of the perma-
nent magnets Lpjy; was constrained by the dimensions of the available products. Regarding Ry, it has
been reduced as the windings were handcrafted and required more space, as shown in section [6.3

Table 6.1: Dimensions and characteristics of the prototype.

] Parameter \ Output of the optimization \ Reviewed value \ Unit ‘
Lis 5.378140876145302 5 mm
Rs; 121.6665788425991 121 mm
Rs. 130.0 130 mm
L, 9.747852612729723 10 mm
Lp 22.259575271463756 22 mm
Rr, 34.737440896239607 35 mm
Rpe 111.10561554554418 111 mm
RR@ 25.0 24.5 mm
Lpy 21.57223057900924 21 mm
Rpari 121.6665788425991 121 mm

PMrpp 0.7 0.7 _
Birem 1.44 1.44 T
Ly 8.047032692554037 8 mm
Ly 44.06283447725961 44 mm
Rwi 120.51058300006301 115 mm
Tw, 71.95831512482563 72 °
Tw,e 89.0 89 °
Ny 41 41 #

k. 14.32102 14.32102 N/mm
k. 0.02828 0.02828 N/pum
k; 8.53442 8.53442 N/A
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6.2 Prototype assembly

This section details the different parts constituting the prototype and the procedure to assemble them.
The parts have been designed to respect the dimensions specified in table The main assembly is
divided into two subassemblies: the rotor and the stator. An overview of the main assembly is shown in
fig. [6.1] Other parts have been designed to provide specific tools to assemble the prototype.

Figure 6.1: Total assembly within the vacuum enclosure.

6.2.1 Rotor assembly

The rotor assembly is composed of two parts, the first one being the rotor or flywheel itself and the
second part being the squirrel cage for the induction machine. The rotor assembly is shown in fig.

Figure 6.2: Rotor assembly with the flywheel in gray and the squirrel cage in green.

Rotor / Flywheel

The flywheel is the main part of the rotor assembly. It is made of steel (ST37 - s235 - 1.0037) and
weights 6.750 kg. Different views of the flywheel model as well as a real picture of it are depicted in fig.
[6-3] It is noticed that there are two grooves on the top of it that are used to put the claws of a bearing
extractor, as explained in section [6.2.3]

Squirrel cage
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