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Abstract

Electrodynamic Bearings (EDBs) are a kind of passive magnetic bearings that exploit the
interaction between the induced eddy currents in a conductor and a magnetic field to provide re-
storing forces. They have been regarded as an appealing alternative to Active Magnetic Bearings
(AMBs), having the ability to provide positive stiffness passively without introducing negative stiff-
ness in any direction. Compared to AMBs, EDBs present advantages such as lower cost and higher
reliability due to simplicity of configurations. One of the most interesting features of EDBs is the
possibility to obtain stable levitation using standard conductive materials at room temperature,
requiring no control systems, power electronics or sensors. Thus EDBs could be suitable solutions
for high—speed rotating machinery such as flywheels, small size compressors, centrifuges and vac-
cum pumps.

Despite these promising characteristics of EDBs, applications are still limited because of
instability issues. The main problem is that the effect of the rotating damping force in EDBs causes
unstable behavior of the rotor. In existing solutions, stabilization is achieved mainly by introducing
non-rotating damping to the rotor with passive ways. Although stable levitation is possible, the
effectiveness of the existing methods is still limited. A hybrid solution has been proposed in this
thesis, where EDBs are combined with active magnetic dampers (AMDs). Using similar magnetic
actuators as those used in classical active magnetic bearings (AMBs), non—rotating damping forces
are applied on the rotor supported by EDBs to obtain stable operation. This system is designed to
exploit the high reliability of EDBs, overcoming the stability problem by means of controllable
AMDs. It results in increased global system reliability. In case of AMBs failure, the EDBs are able to
guarantee a stable levitation down to a certain speed considered safe for touch—down. During the
operation speed range, the AMDs provide non—rotating damping to stabilize the rotor. This non—
rotating damping can be easily tuned during rotor operation phase. At low speeds when the EDB
forces are not sufficient to support the rotor, the active magnetic actuators work as AMBs to guar-
antee stable levitation of the rotor in a wide speed range. Besides, the EDB-AMD configuration
also allows characterizing in dynamic condition, which opens the possibility to establish damping
strategy that can in perspective be implemented by totally passive means, such as eddy currents,
elastomeric mounts.

The combination of EDB and AMD forces are studied both analytically and experimentally.
An analytical model of the system, as well as a test rig, has been built. Simulations and experi-
mental tests validate the model and characterize the system. The effectiveness of the proposed
solution is confirmed. The control strategy of AMDs and stabilizing alternatives of EDBs are dis-
cussed consequently. The combination of EDB and AMD can be exploited to investigate easily dif-
ferent damping strategies.
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Sommario

| cuscinetti elettrodinamici (in inglese “Electrodynamic Bearings” da cui la sigla EDBs) sono
una tipologia di cuscinetti magnetici passivi che sfruttano l'interazione fra le correnti parassite
indotte in un conduttore ed un campo magnetico al fine di ottenere forze di stabilizzazione. Sono
considerati una possibile alternativa ai cuscinetti magnetici attivi (“Active Magnetic Bearings”,
AMBs) per la loro capacita di fornire una rigidezza positiva al sistema in modo passivo, senza
introdurre una rigidezza negativa in nessuna direzione. In confronto agli AMBs, gli EDBs risultano
vantaggiosi per il costo ridotto e la maggiore affidabilita dovuta alla semplicita delle configurazioni.
Una delle caratteristiche pil interessanti degli EDBs e la possibilita di ottenere una levitazione
stabile usando materiali conduttori standard a temperatura ambiente, senza richiedere sistemi di
controllo, elettronica di potenza o sensori. Percio gli EDBs possono essere una soluzione adatta
per macchine rotanti ad alta velocita come volani, compressori di piccole dimensioni,centrifughe e
pompe a vuoto.

Nonostante queste caratteristiche promettenti degli EDBs, le applicazioni sono ancora
limitate per problemi di instabilita. Il problema principale € dato dal fatto che I'effetto della forza
rotante di smorzamento negli EDBs causa un comportamento instabile del rotore. Nelle soluzioni
esistenti, la stabilizzazione e ottenuta principalmente introducendo uno smorzamento non rotante
al rotore in modo passivo. Nonostante la levitazione stabile sia possibile, 'efficacia dei metodi
esistenti & ancora limitata. In questa tesi si propone una soluzione ibrida, dove I'azione degli EDBs
e combinata con quella di smorzatori magnetici attivi (“Active Magnetic Dampers”, AMDs). Usando
degli attuatori magnetici simili a quelli utilizzati nei classici cuscinetti magnetici attivi (AMBs), delle
forze non rotanti di smorzamento sono applicate al rotore supportato dagli EDBs per ottenere una
operazione stabile. Tale sistema & progettato al fine di sfruttare l'alta affidabilita degli EDBs,
superando i problemi di instabilita attraverso AMDs controllabili. Questo metodo permette di
ottenere in definitiva una maggiore affidabilita del sistema globale. Nel caso di guasto degli AMBs,
gli EDBs sono capaci di garantire una levitazione stabile fino a determinate basse velocita
considerate sicure per lo spegnimento del sistema (indicato con il termine “touch-down”).
All'interno dell’intervallo di velocita di funzionamento, gli AMDs conferiscono uno smorzamento
non rotante per stabilizzare il rotore. Questo smorzamento non rotante puo facilmente essere
calibrato durante la fase di operazione del rotore. A basse velocita quando le forza degli EDBs non
sono sufficienti per supportare il rotore, gli attuatori magnetici attivi lavorano come AMBs per
garantire una levitazione stabile del rotore in un ampio intervallo di velocita. Inoltre la
configurazione EDB-AMD permette anche una caratterizzazione delle condizioni dinamiche, fatto
che apre la possibilita di stabilire una strategia di smorzamento che puo in prospettiva essere
implementata da soluzioni completamente passive, come supporti a correnti parassite o
elastomerici.



Sommario

Lo studio della combinazione delle forze di EDBs e AMDs & condotto sia analiticamente
che sperimentalmente mediante la costruzione sia di un modello analitico che di un banco prova
dedicato. Simulazioni e test sperimentali sono utilizzati per validare il modello e caratterizzare il
sistema. L’efficacia della soluzione proposta & confermata. Si discutono infine la strategia di
controllo degli AMDs e alcune alternative di stabilizzazione per gli EDBs.
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Chapter 1 Introduction

Magnetic bearings (MBs) are able to provide contactless suspension for rotors exploiting
magnetic forces. Compared to conventional mechanical bearings, MBs present several advantages
including elimination of lubrication, friction-free operation and absence of mechanical wear [1].
Therefore they are attractive for applications with high rotating speeds and high power density.
Active magnetic bearings (AMBs) are the classical magnetic bearings that have been under re-
search for years and have reached the level of industrial applications. However, the system com-
plexity and resulting high costs due to power electronics and control units limit the applications of
AMBs, although the controllability of rotordynamics in AMB systems is indeed an advantage.
Therefore, Passive magnetic bearings (PMBs) have drawn plenty of attentions. Permanent magnet
bearings, as most common kind of PMBs, have also reached a good level of development. They are
attractive for applications with constraints of cost and size. But as well known from Earnshaw’s
theorem [2], stable levitation cannot be obtained with solely permanent magnets. Thus perma-
nent magnetic bearings are always used together with other kinds of bearings. For example, in the
field of vacuum technologies, permanent magnetic bearings are used in combination with conven-
tional ball bearings or AMBs. The main drawbacks of permanent magnetic bearings are the nega-
tive stiffness which needs to be compensated and the lack of real time control and monitoring.

1.1 Electrodynamic bearings

Electrodynamic bearings (EDBs), as another kind of passive magnetic bearings, have been regard-
ed as an appealing alternative, having the ability to provide stiffness passively without introducing
negative stiffness in any direction. EDBs provide restoring force on the rotor exploiting the interac-
tion between the induced eddy currents in the conductor with relative motion in the magnetic
field. They have the possibility to obtain stable levitation using standard conductive materials at
room temperature, requiring no control systems, power electronics or sensors. Despite promising
characteristics, rotors supported by EDBs are subject to different types of instabilities [3] [4]. The
cooresponding stabilization solution is highly demanded.

1.2 Motivation

Similar to hydrodynamic bearings, EDB systems provide levitation only when the rotating speed is
above a threshold. Besides, the effect of the rotating damping force arising in the conductor on
the rotor also causes unstable behavior of the rotor. Two main solutions based on passive systems
have been proposed in literature. Filatov et al. [5] presented a solution with eddy current dampers
to introduce non-rotating damping between the rotor and the stator. Tonoli et al. [6] proposed to
introduce an elastic and dissipative element between the statoric part of the bearing and the base



of the machine. Although stable levitation is possible, the effectiveness of the existing methods is
still limited [7]. They do not allow fully levitating the rotor at low rotating speeds. Besides, the
amount of damping could only be modified during the design phase. These issues limit the applica-
tions of EDBs and require more efforts to find an optimal solution.

The advantage of AMBs over PMBs, as stated in the previous section, is the real time controllabil-
ity. The feedback control feature of AMBs can be an ideal solution to stabilize the rotor supported
by EDBs. Therefore, a hybrid solution has been presented in this thesis, where EDBs are combined
with Active Magnetic Dampers (AMDs). In this configuration, AMB systems are introduced togeth-
er with EDBs in order to provide non-rotating damping to the rotor instead of acting as bearings.
Thus the system will be called EDB-AMD system.

This system is designed to exploit the high reliability of EDBs overcoming the stability problem by
means of controllable AMDs. It could be a promising configuration to exploit the key features of
both. The proposed hybrid configuration is attractive for high speed rotating machineries due to
the following advantages:

- Compared to standard AMBs:
B With the stiffness contribution of EDB at high speeds, the AMB can be downsized.
B In case of AMB failure, the EDB could allow a smooth run down and a soft landing.

B The rotor landing on the landing bearings can occur at a relatively low rotating
speed, which allows increasing significantly the life of landing bearings. In this case, it is
possible to discard the traditional ceramic landing bearings.

B Since EDB acts as the role of bearing in nominal operation speed, the system’s relia-
bility can be increased.

- Compared to existing EDB systems:

B During the operation speed, the AMD supplies the amount of damping that is re-
quired to keep the rotor in stable operation, which is controllable.

B The AMD also provides levitation and stabilization from zero speed up to EDB'’s
working speed range, which can avoid complex mechanical structure to allow rotor take
off as used in other EDB systems.

Another purpose of the EDB—AMD study is to investigate different damping strategies for EDB
systems to reach fully passive levitation.

1.3  Objectives

The goal of this thesis is to study the EDB—AMD combination system both analytically and experi-
mentally. This has never been done in details to our knowledge. An analytical model of the system



has been built by coupling a four degrees-of-freedom rotor model together with EDBs and AMD
models. This model is crucial to study the rotordynamic stability and to determine the control
strategies for the AMD actuators in the operation speed range. A dedicated test rig has been built
to validate the analytical model and to characterize the system.

The effectiveness of the hybrid solution is demonstrated. Based on the results from dynamic anal-
ysis, stabilization of the rotor supported by EDBs is discussed. Finally, the damping strategy of EDB
systems is also discussed to find possible alternative damping solutions.

1.4  Outline of the thesis

The thesis is structured in the following way:

Chapter 2 provides an introduction to state of the art of EDBs. The different types of EDB configu-
rations, the potential applications and limitations as well as the performance of existing EDB stabi-
lizing methods are presented.

Chapter 3 introduces the hybrid solution of EDB—AMD system. AMBs are used as dampers to pro-
vide non-rotating damping force to the rotor supported by EDBs. The configuration is described
thoroughly. To validate the proposed solution, a dedicated test rig is designed and built. A detailed
description of this test rig is also presented.

Chapter 4 deals with modeling of the system. The system is composed of three subsystems: rotor,
EDB and AMD. The analytical model of each subsystem has been built and then coupled together.
Consequently, the dynamic model of the rotor coupled to electrodynamic forces and AMDs is ob-
tained. The system’s performance is also modeled with Simulink® for simulations.

Chapter 5 presents results from experimental tests and simulations. The tests start with validation
of the analytical model both with quasi-static EDB force tests and frequency response measure-
ments in AMDs. The results demonstrate the effectiveness of the EDB—AMD system.

Chapter 6 focuses on the control strategies of AMDs. Rotordynamics analysis is presented. Stabil-
ity analysis of the system is made with the validated analytical model. The controller in AMDs is
decided with simulations. Control parameters are optimized.

Chapter 7 discusses about the damping strategies for EDB systems. The required damping force
for the stable operation of the rotor is investigated, which could also be used to find possible al-
ternative solutions.

Chapter 8 concludes this thesis with a summary and outlook.






Chapter 2 Electrodynamic bearings

A brief introduction of EDBs and their characteristics is presented in this chapter. It is fol-
lowed by state of the art of EDB technologies attempting to make a clear and organized review of
the existing works. Finally, the limitations and critical issues that still preclude the applications of
EDBs in the industry are discussed.

2.1  Background

Early work on electrodynamic suspension (EDS) started in the 1930s [8]. The working principle of
an EDS system is to exploit repulsive forces due to eddy currents to produce levitation. Since the
eddy currents can be induced either by using alternating current driven electromagnets or by the
relative motion between a conductor and a constant magnetic field, the research on EDS has de-
veloped many different configurations for different applications. In the configuration by Bedford
et al. from 1939 [9], an aluminum plate can be levitated stably above two concentric cylindrical
coils that are driven with an AC current. Later on, similar concept has been used for linear induc-
tion motor and also in the field of metal melting. Known as levitation melting, this technique ex-
ploits a coil driven by high frequency AC current to levitate a metal part and achieve melting of the
material with induction heating [9]. The second concept for EDS requires relative motion between
the conductor and the magnetic field. It means the stable levitation is obtained when the velocity
of the relative motion is beyond a certain threshold value. This concept has been used in maglev
trains, such as the Japanese SCMaglev [10].

(a) S e

| —

(a) Example of a levitator similar to Bedford’s configuration: “TEAM problem 28”on www.compumag.org.

Metal sample

(b)

Magnetic
field

Levitation coil
of current

(b) Mechanism of levitation melting.

Figure 2:1 Applications of Electrodynamic Suspension.



Figure 2:2 A scheme of Japanese SCMaglev train, using Electrodynamic Suspension.

Magnetic bearings exploiting Lorentz forces that are introduced by the induced eddy currents are
called electrodynamic bearings (EDBs). EDBs are a special case of EDS, where the same mechanism
is applied to levitate rotors, controlling either the axial degree of freedom or the radial ones of a
rotor. Although EDBs can be actively controlled, in general thery are passive. It is with passive
EDBs that the present thesis is concerned, especially on radial EDBs.

Existing EDB configurations can be divided into two main categories according to the degrees of
freedom of the rotor that EDBs control: radial EDBs and axial EDBs. They are dicussed respectively
in the following sections. Most recent works of different configurations are presented to obtain
the state of the art in this field and to highlight the limitaions and existing isues of EDBs.

2.2 Radial EDBs

Radial EDBs refer to EDBs that support the radial degrees of freedom of a rotor. Firstly, same as
EDS, radial EDBs can be made with an active AC supplied coil or a passive magnetic field with a
conductor inside it. Several research groups have made some invesitgation on the AC supplied
EDBs [11] [12], which shows a big drawback of them that is the large amount of heat loss due to
eddy currents in the conductor. Thus the feasibility and application of AC supplied EDBs are quite
limited [13]. Passive EDB configurations are more feasible and thus more attractive.

In passive EDBs, the restoring forces on the rotor arise from the interaction between the induced
eddy currents in the conductor and the magnetic field made of Permanent Magnets (PMs). Most
of them are null flux configurations to reduce the Joule losses and obtain a higher power efficiency,
which means when the rotor is in the equilibriumn position it experience no varying magnetic flux
therefore no unnecessary eddy currents and losses are produced. The null flux concept was first
introduced by Powell and Danby [14] for maglev train applications.

Passive EDBs can be further classified into two groups according to the number of inversions of
the magnetic field that the conductor experiences during one turn of rotation, that is, heteropolar
bearings presenting n inversions of the magnetic field and homopolar bearings presenting no in-
versions of the magnetic field [15]. Figure 2:3 shows the representive configurations of the two
concepts.



(@) (b)

Figure 2:3 Configurations of EDBs: (a) heteropolar configuration; (b) homopolar configuration.

2.2.1 Heteropolar EDBs

Early work on passive EDBs started in 1980s with Bosore’s investigation on both homopolar and
heteropolar EDBs for the application of energy storage flywheels [3]. The null-flux configuration of
heteropolar EDB that he presented is illustrated in Figure 2:4 a. It is composed with a ring of con-
ductor placed in the middle of a magnetic field generated by permanent magnets in repulsion. In
the nominal position, the flux is in the direction of rotation, thus virtually no currents are induced
during rotation. When the rotor is off-centered, restoring forces are introduced due to the in-
duced eddy currents. But the rotational losses produced when the rotor is not perfectly centered
is too high, which makes the configuration not feasible. It is also quite sensitive to the geometry
precision of the conductor, which means thermal or centrifugal expansion does affect.
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Figure 2:4 Heteropolar EDBs. (a) Null-flux configuration proposed in [3]. (b) Radial flux heteropolar configuration using
a Halbach array of permanent magnets [16].

Post and his colleagues at the Lawrence Livermore National Laboratory (LLNL) made intensive re-
search in the field of EDB. Post and Ryutov [16] proposed a configuration of heteropolar electro-
dynamic bearings including Halbach arrays. In this configuration, as shown in Figure 2:4 b, the
magnetic field was produced by a rotating Halbach array of magnets whereas the Litz wire conduc-



tors were placed in the stator. It ensures flux cancellation at centered position thus unwanted en-
ergy losses can be strongly reduced. The stationary conductor also allows easier cooling. The mod-
eling of the system was built, coupling a simplified electromechanical model of the EDB with a
Jeffcott rotor model, to study the stability of the rotor. The introduction of non-rotating electro-
magnetic damping associated to the relative speed of motion between rotor and stator was identi-
fied as a possible solution to stabilize the rotor.

Eichenberg et al. [17] also built an analytical model of the same EDB configuration. The currents
and forces are calculated under quasi-static conditions, considering a fixed position of the rotor
and neglecting its lateral speed. Experimental results were used to validate the model showing
good agreement for force and rotational loss measurements. However, the results show clearly
the limitation in the lift and drag forces caused by the introduction of external inductively loaded
circuits in series with the stator coils.

2.2.2 Homopolar EDBs

The working principle of homopolar EDBs replies on the presence of relative motion between a
conductor and a magnetic field, which is similar to heteropolar EDBs. However, the homopolar
concept exploits a magnetic field that has no inversion in the circumferential direction of the rotor.

Eddy currents

Permanent
magnet

Rotating
conductor

Figure 2:5 Configuration of a homopolar EDB

The magnetic field is axisymmetric and the conductor should also be axisymmetricly shaped such
as a disc or a cylinder. The working condition is that the conductor is mounted on the rotor, which
rotates in a stationary magnetic field.

Homopolar EDBs provide restoring force on the rotor exploiting the interaction between the in-
duced eddy currents in the rotating conductor and the static magnetic field. As illustrated in Figure
2:6, if the rotor is centered in the magnetic field and rotating, no eddy currents are induced. If the
rotor is off-centered, eddy currents will be induced due to the relative motion between the con-
ductor and the magnetic field.



Centred position Off-centred position

Rotating :)‘/_‘ Static .
conductor magnetic field f

o N
F=0 [ -
‘ 9

Figure 2:6 Working principle of homopolar EDBs

When a conductor has relative motion in a magnetic field, the variation of magnetic flux linked to
the conductor generates an electromotive force which induces eddy currents in the conductor.
The induced currents with motion in the magnetic field produce electromagnetic forces. This me-
chanical effect is a function of the frequency. When the frequency is lower than the R—L dynamics
of the eddy currents, the force provides viscous damping, which could be applied for eddy current
dampers. On the contrary, at higher frequency, it behaves as elastic force. This force could be ex-
ploited to obtain levitation.
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WRL
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Figure 2:7 Eddy current forces developed in homopolar EDBs in the spin speed range [18]

The theory of homopolar EDBs have drawn a lot of interests in the past decade. It shows the pos-
sibility to obtain stable levitation with simple shaped conductor and permanent magnets at room
temperature, presenting the advantages of passive magnetic bearings without introducing nega-
tive stiffness in any direction. Two common possible configurations of homopolar EDBs are shown
in Figure 2:8. In the first configuration, the magnetic flux goes through the conductor in the direc-
tion parallel to the rotation axis, thus being called axial flux configuration. The second one exploits
the magnetic flux that goes through the conductor along the radial direction, which is called radial
flux configuration. So far all the configurations presented in literature are based on these two
basic concepts.
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Figure 2:8 Axial flux and radial flux homopolar EDBs

Compared with AC driven EDBs, homopolar structures are advantagenous in terms of rotational
losses, because they introduce virtually no drag torque when the rotor’s rotation axis is centered
in the axisymmetric magnetic field. In this case, the tolerance requirement of fabrication of the
conductor is not as critical as in the case of heteropolar bearings.

Another key feature of homopolar EDBs is the possibility of synchronous excitation filtering. Syn-
chronous vibration caused by residual rotor unbalance has a remarkable influence on rotordynam-
ics and stability of the whole system in rotating machineries. This issue requires dedicated damp-
ing strategy to achieve stable operation. For example, in AMB systems, Herzog [19] introduced
General Notch Filter (GNF) algorithm for synchronous vibration control. Homopolar EDBs are able
to overcome this issue because if the excitation force is synchronous to the rotation of the rotor,
the conductor still experience the same area of magnetic flux (Figure 2:9) provided that the con-
ductor is isotropic and the magnetic field of the stator is constant and axisymmetric. Therefore, no
reaction force will be produced and the dynamics of rotor is not disturbed. It means that the ho-
mopolar EDBs behave as a narrow notch filter for a force excitation synchronous with the rotating

speed (% = 1). This is an advantage of this type of passive bearing with respect to active magnetic

bearings. The heteropolar EDBs behave as a regular elastic support reacting to every input fre-
quency.

10



Synchronous whirling

| gcu]l:jstant magnetic B Rotating conductor
< ne

Figure 2:9 Scheme of a conductor rotating in a magnetic field. Synchronous whirling is illustrated.

The first work on homopolar configurations was performed by Basore [3]. In his configuration,
radial homopolar EDB was combined with axial permanent magnet bearing. The EDB consisted of
a thin conducting cylinder attached to the rotor utilizing the radial homopolar magnetic field gen-
erated by the permanent magnet bearing. The EDB’s forces were modeled considering constant
spin speed and fixed position of the rotor relative to the stator. This analytical model could be
used to predict the bearing’s performance in terms of load capacity and losses but not suitable to
predict the stability of the rotor.

Later, Murakami and Satoh [20] presented some experimental results on the properties of axial
flux homopolar EDBs which showed a linear relation between bearing forces and radial displace-
ment of the rotor for constant spin speed. However the relatively small range of speed limited the
validity of the obtained conclusions.

During last decade, several groups of researchers have made intensive work in this field. Filatov
and Maslen [21] designed a homopolar EDB configuration which combined Basore’s homopolar
concept with Pinkerton’s [22] rotating conducting loop. They made a new analytical model to in-
vestigate the EDB’s performance. In successive work, Filatov et al. [23] used their model to design
a homopolar EDB for a flywheel energy storage system, where eddy current damper was intro-
duced to obtain stable operation.

2.3 Axial EDBs

Axial EDBs exploits null flux coils to provide electrodynamic forces for levitation, similar to the
mechanism of maglev trains [24]. Post [25] presented the configuration using stationary conduc-
tors and rotating Halbach arrays of permanent magnets. This configuration was later studied by
Eichenberg et al. and Storm with numerical models and experimental tests which were used to
validate the models.
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A more recent work of axial EDB was presented by Sandtner and Bleuler [26]. The configuration of
their test rig is based on that previously proposed by Post [25]. This system was able to achieve
stable levitation of a spindle rotor for rotational speeds above 4800 rpm. Later, Sandtner and
Bleuler [27] investigated strategies to improve the bearings performance at constant spin speed.
An electromechanical model of this test rig was built by Impinna et al. [28] to study the dynamic
behaviors.

2.4 Modeling of EDBs

In all works of EDBs, modeling is necessary to understand the performances of different configura-
tions. Validated models are also useful to design a bearing and improve its performance.

Recently, amounts of efforts have also been devoted to modeling of EDBs. The first work to be
mentioned is the contribution by Lembke [29] [30].He studied accurate FE models of EDBs and
obtained the relationship of EDB mechanical properties and its geometrical parameters, which
allows improve the bearing performance. With the help of FE modeling, he developed several dif-
ferent layouts of EDBs for applications in the field of turbopumps. In addition to the FE modeling,
the rotordynamic stability was investigated using the previous proposed model by Filatov and
Maslen [5].

Kluyskens and Dehez [31] [32] have made intensive work on modeling of EDBs. In their work, a
dynamic electromechanical model was built to describe the interaction between the rotor and
stator on homopolar bearings. The rotating damping is clearly identified as the cause of instability.
The model was refined later [33] taking account of the influence of skin effect occurring in the ro-
tating conductor on the rotordynamic stability. They also studied the power consumption in EDBs
showing the influence of the rotating damping on the dissipated power [34]. This work is essential
regarding the applications of EDBs in flywheels or vacuum fields.

Amati et al. [35] presented a new modeling approach to describe the electromechanical interac-
tion between the rotating conductor and stationary magnetic field of homopolar EDBs. The equa-
tions were derived using complex notations and considering the equivalence between the state
equation of a voice coil and that of a spring in series with a viscous damper. This model is more
general than those previously presented in literature. The model was validated under both quasi-
static and dynamic conditions in their following work [6].

2.5 Technical challenges

Although a lot of work has been done by several research groups especially in the past decade, the
applications of EDBs are still quite limited. It can be noticed that, so far attempts have been made
to implement EDBs in the systems of energy storage flywheels and turbomolecular pumps, basical-
ly small sized machines. According to their features, EDBs are suitable for high speed applications
where stiffness requirement is relatively low but cost critical, which means there’re other different
potential applications that could be investigated.
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Before promoting EDBs for more applications, there is still big room of improvement in this tech-
nology. Compared to AMBs, the stiffness-to-volume ratio and specific load capacity of EDBs are
lower. Besides, similar to fluid bearings, EDBs work when the rotating speed of rotor goes above a
certain threshold. Thus it is necessary to support the rotor and keep it centered before reaching
the threshold speed which allows the EDB to work properly. The present main solution of low
speed rotor supporting is using mechanical centering structure including mechanical bearing. It is
acceptable for research prototypes, but not convenient for industrial applications since the center-
ing structure needs to be disengaged manually.

However, the main issue that precludes the application of EDBs is the instability due to rotating
damping arising in the conductor. It is well known that rotating damping causes instability in su-
percritical speed range. Different methods have been presented to introduce non-rotating damp-
ing to compensate the rotating damping and to stabilize the rotor during operation. First damping
mechanism was presented in the flywheel energy storage system by Filatov [21], where eddy cur-
rent damper was used together with EDB. He made improvement of the eddy current damper that
used in his system to achieve sufficient damping for his system and stated the effectiveness [23],
where stable operation occurred above 3400 RPM. This approach has at least the following draw-
backs: first, the magnets are attached on the rotor, which changes rotordynamic behavior; second,
the high performance magnets are usually quite brittle, which limits the rotational speed to avoid
magnets failure due to centrifugal stresses.

Later, Tonoli et al. [6] proposed another passive solution for the stabilization of EDBs. Instead of
introducing a damping between the rotor and the statoric part of the bearing, they proposed to
introduce an elastic and dissipative element between the statoric part of the bearing and the base
of the machine. In this reference paper, a comparative analysis of the proposed solution and the
eddy current damping method by Filatov is also presented based on a Jeffcott rotor model. It
shows the possibility of effectiveness and allows a reduction of the rotor mass and complexity.
However, the effectiveness of this approach still needs better investigation.

Detoni et al. [7] performed stability analysis of a homopolar EDB system with a 4 degree of free-
dom rotor model. The two existing stabilization methods are modeled and their effects are ana-
lyzed. Compared to formerly presented studies, the presented one allowed analyzing not only the
well-known cylindrical whirl instability but also an unstable conical whirl mode. The results
showed that the stabilization method where damping is introduced directly between rotor and
casing is particularly effective to stabilize the conical mode, whereas it is not so effective in stabi-
lizing the forward cylindrical mode. The second stabilization method, based on the introduction of
damping between the stator of the bearing and the base of machine showed to be less effective to
stabilize the conical mode. However it is more effective to stabilize the cylindrical mode.
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Chapter 3 EDB—AMD system

As has been stated in the previous section, so far the existing EDB stabilization methods
are both implemented in passive ways. Although the eddy current damper in Filatov’s system
could be active, in other words current driven, to increase the amount of damping, the controlla-
bility of rotordynamics was not presented.

The main advantage of AMBs is the controllability. They could be an ideal solution to control the
instability of rotors supported by other types of bearings, where the AMB functions as an active
magnetic damper (AMD). The concept of AMD has been applied in combination with bearings that
present instability issues. For example, El-Shafei and Dimitri used AMDs to control journal bearing
instability [36]. A recent work presented by Looser and Kolar [37] was to use AMDs to stabilize gas
bearings in high speed operations.

A hybrid bearing concept employing AMDs to stabilize EDBs has been proposed and is presented
in the present thesis. Using similar magnetic actuators as those used in classical AMBs, non—
rotating damping forces are applied on the rotor supported by EDBs to obtain stable operation.
This system is designed to exploit the high reliability of EDBs, overcoming the stability problem by
means of controllable AMDs. Besides, the use of an active magnetic damping system could allow
investigating in a controlled laboratory environment a damping strategy that could then find a
passive implementation.

In the present chapter, the EDB—AMD configuration is presented. A dedicated test rig has been
built to validate the proposed solution and characterize the system.

3.1 Configuration of EDB-AMD

The configuration of the EDB—AMD system is shown in Figure 3:1. It consists of two radial homo-
polar EDB units with two AMDs and one electric motor at the center of the rotor. The two EDBs
are placed with the same distance to the center of the rotor. The same symmetry is presented by
the two AMDs. The axial degree of freedom is controlled passively, using the magnetic flux closure
of AMDs as reluctance bearing. If needed, there’s also possibility to control the axial degree-of-
freedom using the center motor, which is axial flux thus could act as an axial AMB.

During the operation speed range of EDBs, the AMDs provide non-rotating damping to stabilize
the rotor. This non-rotating damping can be easily tuned during operation phase which is advanta-
geous to the system operation. The AMDs also provides levitation from zero speed up to the EDB’s
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working speed as stiffness compensation to the rotor when EDB forces are not sufficient. It results
in a feasible EDB system to guarantee stable levitation of the rotor in a wide speed range.

Electric motor

AMD 1

!
Ll

A

EDB 1 4 dof Rotor EDB 2

Figure 3:1 Configuration of the EDB-AMD system

3.2 Testrig description

A dedicated horizontal full sized test rig has been designed and built, as shown in Figure 3:2, to
demonstrate the feasibility of the proposed magnetic suspension system and to validate the ana-
lytical model. The test rig follows the designed configuration and is composed of five main parts:
(a) the frame supporting the stator of the bearings and the motor; (b) the AMDs and the sensors;
(c) the EDB units; (d) the rotor including the rotating parts of EDBs and of the motor; (e) the elec-
tronics for driving the motor and the AMD actuators.

Figure 3:2 A picture of the test rig
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Figure 3:3 Isometric view of the test rig. 1) Test rig’s structure; 2) EDB conductor disc; 3) Electric motor disc; 4) Electric
motor windings; 5) EDB statoric magnetic circuit; 6) AMD.

Figure 3:3 shows the isometric view of the test rig, where the system components as well as the
structure elements can be observed. The frame of the test rig is composed of four stainless steel
columns, which ensure a stiff construction, connected to three aluminum alloy plates. The plates
allow the different components to be assembled together. The statoric parts of both AMDs and
the motor’s stator are all fixed to the aluminum plates.

The middle plate integrates a permanent magnet motor. It is an axial flux electric motor which was
custom designed with air wound coils (Figure 3:4) and no back iron to minimize the negative stiff-
ness induced by it. The two sets of coils located at two sides of the rotor disc can be used to realize
an integrated motor-axial bearing system. The main characteristics of the motor are listed in Table
3:1.

17



Table 3:1 Data of the electric motor

Description Unit Value
Number of poles - 4
Number of phases - 3
Number of winding per coil - 24
Nominal current A 2
Nominal voltage Vv 380
Nominal speed Q Rev/min 20,000
Nominal torque Nm 0.9

Five eddy current displacement sensors are implemented in the system for the axial degree of

freedom and two radial AMDs (each AMD has two sensors for the x and y directions in its action

plane).

Figure 3:4 One set of stator coil of the electric motor. The 3D plot shows the coil and the disc of the motor.

The rotor, as illustrated in Figure 3:5, is composed of a solid steel shaft with the rotating parts of

the electric motor, the EDB units and the AMDs mounted on it.
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Figure 3:5 The rotor in the test rig.

Some parameters of the test rig are reported in Table 3:2.

Table 3:2 Parameters of the test rig.

Parameter | Description Value

w Nominal speed 20000 rpm

m, Rotor mass 4.35 kg

I Rotor length 305 mm

Jp Polar moment of inertia 0.00572 kg-m’
Je Transversal moment of inertia 0.01995 kg:m’
a,; EDB; arm 67 mm

a, EDB; arm 67 mm

b, AMB; arm 125 mm

b, AMB, arm 125 mm

3.2.1 Radial EDB units

Homopolar EDB concept is used in this system. To improve stiffness and minimize the power loss-
es, the EDBs present a double flux configuration as shown in Figure 3:6 and 3:7. Each EDB is com-
posed of four ring shaped permanent magnets magnetized axially and bonded to two back iron
discs (two magnet rings on each back iron disc). The magnets are oriented in attraction so that the
flux lines are closed as shown in Figure 3:7. The geometric parameters of the double flux EDB from
the design procedure are listed in Table 3:3. The characterization of the EDB units will be present-

ed in the following chapter concerning the modeling.
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Figure 3:6 One homopolar EDB unit in the test rig
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Figure 3:7 The double flux EDB

Table 3:3 Geometrical and physical data of the double flux EDB.

Parameter | Description Value

D Conductor outer diameter 120 mm
?, Outer permanent magnet outer diameter 120 mm
(0N Outer permanent magnet outer diameter 95 mm
de Inner permanent magnet outer diameter 89 mm
di Inner permanent magnet inner diameter 64 mm
mt Permanent magnet thickness 5.5mm
t Conductor disc thickness 8 mm

g Axial air gap 0.75 mm
B, NiFeB residual magnetic flux density 14T

3.2.2 Radial AMB/AMD units

8—pole actuators are used in the AMB/AMD units. The configuration is shown in Figure 3:8. In the
test rig, the AMDs can be used as active magnetic bearings (AMBs) to guarantee suspension for
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speeds below the EDB’s stability threshold or for speeds where EDBs are not able to provide suffi-
cient levitation forces. The AMDs act as pure damper for high speeds ensuring a stable levitation
over a wide speed range.

Two eddy current displacement sensors (Bently Nevada 3300 XL series) are placed in the two or-
thogonal directions of each AMB/AMD plane. PID architecture is used in the position control of
AMDs to provide proper stiffness and damping to the rotor. Different tuning of this controller is
performed depending on the type of test. Integral action is activated just for quasi—static charac-
terization. Pl control is used in the current loop of the AMDs.

With properly tuned control parameters of the AMDs, the rotor is able to levitate and rotate with-
in a stable speed range of 0 to 6000 rpm. Tests have been run within this speed range.

Y Position Sensor

X Position Sensor

Actuator Coils
Landing Bearing

Figure 3:8 The AMB/AMD actuator

Some geometric parameters of AMD actuators are listed in Table 3:4.
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Table 3:4 Geometric parameters of the AMDs.

Parameter

Description

Value

Outer diameter

76 mm

Inner diameter

31 mm

Pole width

10 mm

Actuator thickness

22.5mm

Number of turns

53

Wy

Wire diameter

0.63 mm

90

Radial air gap

0.7 mm

Figure 3:9 shows the control units for the AMBs/AMDs. The blue cables and boxes are for the dis-
placement sensors. The electronic architecture called Multi-Purpose Power Module (MPPM) [38]

is used in the test rig.

Figure 3:9 The control box of the AMBs/AMDs
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Chapter 4 Modeling

In order to predict the performance of the EDB—AMD system, an analytical model is built
in this chapter. The system is composed of three main subsystems: the rotor, EDBs and AMDs. The
analytical model of each subsystem will be built and then they will be coupled together. Conse-
guently, the dynamic model of the rotor coupled to electrodynamic forces and active magnetic
dampers is obtained, which is crucial for rotordynamic analysis and stability research of the system.
The system’s performance will also be modelled with MATLAB Simulink for numerical simulations.

4.1 Four degree-of-freedom rotor model

Rotordynamics studies on the rotor supported by EDBs have been made by different researchers
to understand the system stability and performance of EDBs. In these works, different electrome-
chanical models of EDBs were built and coupled to rotordynamic models. However in most of
these studies, Jeffcott rotor models were used, which neglects gyroscopic effects and only the
instability of cylindrical whirling motion was considered [7]. In order to make a more complete
rotordynamics study, especially for stability analysis, a four degree-of-freedom (4 DOF) rotor mod-
el is used in the present research. Therefore, both cylindrical and conical modes can be included in
the dynamic study, which allows a more accurate dynamics study of the whole system.

Figure 4:1 shows the scheme of a 4 DOF rotor supported by two magnetic bearings at both ends.
The rotor is composed of a gyroscopic rigid body described by its mass m, transversal moment of
inertia J;, and the polar moment of inertia J,.

The shaft is assumed to be massless and rigid, which is based on the fact that the stiffness pro-
duced by magnetic bearings is much lower than the stiffness of the shaft. The reaction forces pro-
duced by magnetic bearings are represented with Fy; and Fp,. They are positioned respectively
with distances of a and b from the mass center of the rotor, as shown in the figure. The rotor has
six degrees of freedom. However to study the flexural behavior of the rotor, under the hypothesis
of small transverse and angular displacements, it can be modeled with four degrees of freedom.
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m, J't, Jo

Figure 4:1 Scheme of the rotor supported by two magnetic bearings

The dynamic equations of the four degrees of freedom rotor are:
.. . F F
M{‘.]}— ’QG{?}L{ b}:{ "’“} (4:1)
¢ ¢ Mb Mext
where M and G are the mass and gyroscopic matrices respectively:

M—mOG—OO 4
o g 0y, @2

Here all the equations are written in two complex coordinates: g and ¢, which represent the
transverse and angular displacements respectively:

q=x+iy
=4, ¢ 4

4.2  Modeling of EDBs

The modeling of EDBs here is based on the electromechanical dynamics of a conductor in transla-
tion in a constant magnetic field. In its simplest form, a motional eddy current damper is consti-
tuted by a linear voice coil whose electric terminals are shunted by a resistive and inductive load
(Fig 4:2), where R and L are respectively the resistance and the self-inductance of the coil. It is the
same as for a purely mechanical system made of a linear spring and a viscous damper in series.
This approach was proposed by Amati et al. in [35].

24



4.2.1 Linear damper

Constant
magnetic field

Figure 4:2 Electromechanical equivalence between a short-circuited rigid coil in motion in a constant magnetic field
and a mechanical system made of a linear spring and a viscous damper connected in series.

Let us consider the simple form of a motional eddy current damper, as shown in Figure 4:2. It con-
sists of a coil of wire that moves along the x direction inside a constant magnetic field with flux
density B.The total magnetic flux linked by the coil is

A=Li+A (4:4)
The first term gives the flux linkage due to the self-inductance of the coil whereas the second term
gives the flux linked due to the external constant magnetic field. The magnetic flux generated by
the constant field and linked by the coil is

A= Nj B-ndS =K, (b-x) (4:5)

Where N is the number of turns of the coil and n represents the unit vector normal to the surface
of integration S. The coefficient K, is the coil constant and depends on the magnetic and geomet-
rical parameters of the system.

K, =NBI (4:6)
Due to Faraday’s law, the time dependence of the coil displacement x generates an electromotive
force that induces eddy currents in the coil. These currents can be determined by Kirchoff’s volt-
age law, considering the coil’s resistance and self-inductance.

dA

—+Ri=0 4.7
7 (4:7)

which can be written as :
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Ldi K, d(b—x)
4

dt dt
Thus the state equation governing the currents can be obtained:

Ri=0 (4:8)

di K

m

dt L
R . . . .
where wg;, = Tis the frequency of the electrical pole of the conductor circuit.

i-wyi (4:9)

The Lorentz force generated by the interaction between the induced eddy current and the mag-
netic field can be calculated as:

F=N[idIxB=K,i (4:10)
Substituting Equation 4:10 into Equation 4:9, we can get:

. K?
szic—a)RLF (4:11)

The input velocity to output force transfer function can be obtained as:

K2 /R
F=—"m'% & (4:12)
1+5/ @y,
It is the same as for a purely mechanical system made of a linear spring and a viscous damper in
series. The stiffness and damping coefficients k and ¢ of this mechanical analogue can be defined

as [39]:

k=K./L
c= Ki /R
In the simple mechanical system made of a linear spring and a viscous damper connected in series,

(4:13)

the state equation is obtained considering that the velocity x is the sum of the spring deformation
velocity ¢ and the viscous damper velocity. Assuming the velocity X as the input and the resulting
force F as the output, the system is governed by the following state and output equations:

] =~y q+X
(]]:_ quLq (4:14)

4.2.2 Eddy current forces due to radial motion and rotation

The general model of eddy current forces in a spinning conductor that moves radially inside an
axisymmetric magnetic field is considered. The schematic representation of this physical system is
shown in Figure 4:3. Points O and C give, respectively, the position of the axes of magnetic field
and conductor. The reference frame (0O, x, y) is fixed whereas (O, &, n) is a rotating reference frame
that rotates with the same spin speed Q as the conductor. The pairs (x., y.) and (&, n.) are the co-
ordinates of point C in the fixed and rotating reference frames, respectively. The Lorentz force
generated by the eddy currents in the conductor can be modeled as two orthogonal branches in
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the rotating frame né. Each branch is composed by the series connection of a linear spring and a
viscous damper.

& ’*]Qt

k

Az e
9, 3 Q1
Xe X

Figure 4:3 Schematic representation of EDB mechanical equivalence

Introducing the complex notation [35], the displacement of point C and the deformation of the
equivalent spring in the frame (O, &, n) can be expressed as:

Co =&+,
. (4:15)
9, =9:*Jq,
Thus the state and output equations (4:14) become:
], =—@ +C
q; R4 g, 4:16)

Fe=kq,

where the suffix r refers to the rotating reference frame.

Assuming that axes (O, x, y) and (O, &, n) coincide at t = 0 and that the spin speed is constant, the
relation between the quantities in the rotating reference frame and those in the fixed reference
frame can be written as:

— Q)
co=ze ™

e —jt | s -t
. =—jQze ™ " +ze

The dynamic behavior of the eddy current forces generated by the conductor's spin and relative

(4:17)

motion can be expressed as:
F. =k(z,~ jQz,)~F.(w, — Q) (4:18)

where Q is the spin speed of the conductor and z. represents its complex displacement. Equation
4:18 is linear and has constant parameters. It allows modeling dynamically the resistive and induc-
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tive effects on the eddy currents. Therefore the forces can be calculated provided that the equiva-
lent electromechanical parameters k and ¢ are known. These two coefficients can be identified
both by means of finite element simulations and experimentally.

For quasi-static condition, which means constant relative displacement (z.=z.,=constant) and con-
stant spin speed Q, the force produced by eddy current becomes:

F= —2 Zeo j—cg Zo=F + F, (4:19)
1+ (AL 1+(—)
Q Wy

where F|jand F. are respectively the components of the force parallel and perpendicular to the
displacement z. It has to be noticed that the perpendicular component of the EDB force is a
damping force. It is usually exploited in the field of eddy current dampers. In the case of homopo-
lar EDBs, this component has destabilizing effect since it introduces rotating damping. The force
parallel to the displacement is the restoring force that can be used to provide stiffness to the rotor.

The EDB force generated by the double flux configuration can be represented with two parallel
sets of spring and damper (Figure 4:4). Thus the double flux EDB is characterized by the parame-
ters ki, ¢1, k> and ¢, instead of k and c.

y
1 C_

Yerie—---- R
Ne W c: /G I “
A Y
C i ‘
g S
&\
0] xlc.' X

Figure 4:4 Mechanical equivalence of a double flux EDB

Therefore the force generated by the double flux EDB in quasi-static condition can be represented

as:
F=( 2 + 22 )Z,,— J( Clg + ng )20 =F +F, (4:20)
14 (2L [ (RL2)? 1+(—) 1+(—)
Q Q a)RLl a)RLZ

The mechanical equivalent parameters of the EDB units can be identified numerically or experi-
mentally in quasi-static condition. The approach is to impose a fixed eccentricity (static displace-
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ment) to the conductor of EDB and measure the generated forces along the direction of the dis-
placement and perpendicular to it. This procedure needs to be repeated for different rotating
speed to obtain a plot of EDB forces in the parallel and perpendicular directions. The simulation or
experimental results of EDB forces allow the identification of EDB coefficients by a best fitting pro-
cedure with the analytical model (Equation 4:20).

4.2.3 Quasi-static FE modeling of EDBs

The EDB forces can be obtained by Finite Element simulations. The FE simulation of eddy currents
in moving conductors can be made with different formulations. The most general method is to
simulate the relative motion between conductor and magnetic field using separate reference
frames and moving mesh in time-stepping solutions. Although general and accurate, this type of
calculation can be very time consuming. A simpler and much faster method is to make quasi-static
simulation, using the analysis of moving conductors with invariant cross section perpendicular to
the direction of motion. The stationary distribution of eddy currents can be calculated using a
common reference frame for the rotor and the stator, using only one mesh, and by only one calcu-
lation. The validity of this approach has also been confirmed in [40].

For estimation of EDBs, FE method provides the capacity of calculating the distribution of flux den-
sity B for all domains and the current density distribution J inside the conductor. The movement of
the conductor can be considered in the formulation by a term v X B, where v is the velocity field
of the conductor.

v, -yQ
v=9v, =9 X2 (4:21)
v 0

Thus the produced Lorentz forces can be obtained with volume integration over J X B within the
conductor domain.

F. =[] JxBdr (4:22)

For the present analysis, COMSOL Multiphysics® was used. Other FE softwares can also be used for
the same purpose.

29



—

air

—

Iron

0
20
-

=1
o 3

)’Ly

Figure 4:5 the three dimensional model built in COMSOL for the identification of the EDB unit.

Only half of the EDB unit was built due to the symmetry. The cross sections of the back iron, the two magnets and the
conductor are coloured and marked to show the domains in the simulation. The symmetry plane is shown in grey.
[ 4ir is the surrounding air; '}, is the back iron; I, are the magnets in the stator and ', is the conductor disc.

The quasi-static simulation was performed for a given Q and by introducing a small eccentricity €
between the EDB magnets domain [}, and conductor domain I, in the x direction such that
Z.o = €. Here, z;y is a real number, thus the Lorentz forces calculated by the FE can be directly
compared to the forces of Equation 4:20. The real component gives the force along x direction
whereas the imaginary component gives the force along y direction.

4.2.4 Quasi-static experimental identification of EDBs

Another method is to measure the EDB forces experimentally. A quasi-static test rig has been built
as shown in Figure 4:6. The test rig was designed to measure the forces developed by the EDB at
the fixed off-centered position of the rotor with respect to the stator. The structure of the rig is
composed of two aluminum alloy plates rigidly connected by four vertical posts. A 2D micrometric
Xy positioning stage is fixed to the upper plate. The rotor is fixed to the moving plate of the xy po-
sitioning stage.

The rotor is supported by two ball bearings and is driven by an electric motor through a flexible
coupling. The lower end of the rotor is connected to the copper disc of the EDB. The statoric parts
of the EDB are fixed to the plate that is connected to the case of the rig by four compliant beams.
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Figure 4:6 Quasi-static test rig for EDB identification.

Test bench characteristics and setup for quasi-static tests
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Figure 4:7 Test bench and setup for quasi-static tests

During the quasi-static tests, the conductor runs at a constant speed Q by the electric motor. The
motor is equipped with a Hohner H3363Z_4096 encoder, with five channels and 4096 pulse per
revolution for an accurate measuring of the actual rotational speed.

The quasi-static testing procedure is as follows:
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° Define a fixed radial displacement of the EDB copper disc by acting on the micro-
metric stage in one of the two degrees of freedom.

o Set a constant rotational speed Q of the motor by voltage control and speed meas-
uring with the encoder.

® Position two load cells between the statoric part of the EDB and the structure of the
test rig in two orthogonal directions to measure the radial electromagnetic forces developed
between the stator and the rotor of the bearing as a function of the rotating speed Q.

Figure 4:8 shows the force developed by the EDB unit for different speeds with a constant eccen-
tricity of 0.25 mm. The experimental results from quasi-static tests are plotted, where the circle
markers refer to the force perpendicular to the eccentricity (damping force) and the cross markers
refer to the force parallel to the eccentricity (restoring force). Full lines refer to the analytical re-
sults with curve fitting so that the mechanical parameters of the EDB are obtained.
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Figure 4:8 EDB forces according to the rotational speed with a constant eccentricity of 0.25 mm. Small circle markers
refer to the measured forces perpendicular to the eccentricity while cross makers are the parallel components. Full
lines refer to the analytical model. Bigger circles refer to FEM results.

The identified parameters of the mechanical equivalent for the double flux EDB are listed in Table
4:1.
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Table 4:1 Parameters of the double flux EDB mechanical equivalent.

Parameter | Description Value

Weps EDB electric pole 5000 rpm

k1 EDB equivalent stiffness1 200010N/m
k, EDB equivalent stiffness2 123979 N/m
c; EDB equivalent dampingl 57.7 Ns/m
C EDB equivalent damping2 349.8 Ns/m

4.3  AMB/AMD model

Active magnetic bearings exploit the attractive forces generated by electromagnets to control the
position of the rotor relative to the stator, with the feedback signals from position sensors. A gen-
eral AMB configuration is illustrated in Figure 4:9. It is a complex mechatronic system. The interac-
tion of different components like electromechanics, electronics and software is very high, so that
the modeling of AMBs is not so straightforward. Analytical models of AMBs can be built based on
linearized equations. But the parameters describing the electromechanical model need to be ad-
justed using experimental methods and the validity of the system model has to be confirmed ex-

perimentally. This work will be presented in the following chapter.

In the present section, the analytical model will be built first to be coupled with the rotor model

and then to the EDB model.

Power Amplifiers Electromagnets

D, > ) Air gap sensors
Controller ROTOR

D >

Figure 4:9 One degree of freedom AMB configuration
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4.3.1 Chracterization of AMB/AMD actuators

The force/current relationship of AMBs is inherently nonlinear. For AMB rotors with small coil cur-
rent variations under constant bias current, the nonlinear relationship can be effectively linearized
about the rotor equilibrium position and nominal perturbation current. The force of an electro-
magnetic actuator at the operation point can be linearized as [1]:

f.(x,1) = kitk x (4:23)
where k, and k; are respectively the negative displacement stiffness and the current stiffness of
the actuator.

Their analytical equations are:

k,=Q2-N)Y-u,-H-1, /g, -cos(pi/8)

(4:24)
k;=Q2-N)*-py-H-1,/ g, -cos(pi/8)

These linearized equations can be used for preliminary identification of AMB actuators, using the
parameters of the actuator, as listed in Table 4:2.

Table 4:2 Parameters of the actuator.

Parameter | Description Value

D, Outer diameter 76 mm

D; Inner diameter 31 mm

W, Pole width 10 mm

H Actuator thickness 22.5mm

N Number of turns 53

Wy Wire diameter 0.63 mm
Jdo Radial air gap 0.7 mm

1, Magnetic permeability of Vacuum | 4nx 1077H
1y Bias current 15A

FE electromagnetic simulations were also used to model and identify the AMB actuators. The 2D
model of the actuator was built with COMSOL Multiphysics®.
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Figure 4:10 FE results of electromagnetic field of an AMB actuator.

The contour shows the magnetic vector potential, whereas the coloured surface shows the current density.

In COMSOL, the current stiffness was calculated considering a small variation in the control cur-
rent, with the rotor kept centered. The displacement stiffness was calculated in COMSOL consider-
ing a virtual displacement of the rotor of 0.1mm. Figure 4:10 shows the electromagnetic distribu-
tion in the coils and rotor with coils activated in one degree of freedom.

Table 4:3 Parameters identification of AMBs.

Parameter Description Analytical results | FE results
ky Displacement stiffness -19.2 N/mm -16.8 N/mm
k; Current stiffness 9.0 N/A 8.5 N/A

The identified parameters of the AMB actuator are listed in Table 4:3. The comparison between
analytical results and FE results shows good agreement. However, due to the complexity of AMB
systems, the numerical values of these two parameters have to be verified experimentally.

4.3.2 Modeling of AMDs

The linearized equations of the AMD actuators in the fixed x and y directions can be represented

Foano {kx OHX"MD}{IC" O} ZC (4:25)
F yAMD 0 & |V 0 k Iey

where the variables xawvp, icy, Yamp and ic, indicate respectively the displacements and the control

as:

currents in the two directions x and y of the actuator action plane.
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Figure 4:11 Cross section of the rotor, which shows an action plane of the AMB/AMD
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Figure 4:12 Block diagram of position control in the AMB/AMD

A PID architecture is used in the position control of AMDs to provide proper stiffness and damping.
The transfer function between position error and reference control currents in each direction of
the AMD is:

i .
c_AMD _ K (1 + 1 +L) (426)
ol s T-s Td
_AMD i 1+<%-g
N

where s is the Laplace variable. PID control is used just for quasi-static characterization, where the
integral term is needed to keep the rotor at a reference position. While for the rest tests of the
EDB-AMD system, PD control is used, because the EDBs will not provide levitation force if the ro-
tor is centered. The corresponding stiffness kayp and non-rotating damping ¢, can be obtained
with the following equation:

kpw =K,k +k,

(4:27)
cn = Kp 'Td .ki
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4.4  Complete model: rotor, EDB and AMD coupling

The dynamic equations of the rotor, the AMDs and the EDBs will be built and coupled together to
obtain the complete model of the whole system.

4.4.1 State-space representation

State-space model is used here to represent the dynamics of the system. The most general state-
space representation of a linear system with m inputs, p outputs and n state variables is written in
the following form:

q=Aq+Bu
y=Cq+Du

where: g is the state vector, u is the input vector and y is the output vector.

(4:28)

4.4.2 State-space model of the rotor

The State Space model of the rotor with reference to the rotor center of gravity coordinates x, vy,
&y, §x could be written as following:

X x

9, 9,

y y F,

b | [-M7'QG 0 j | =M || M

¢?x =|: 4><4:| ¢x +|: :| y (429)
x Iy 04 || 0. v

4, s, M,

y y

P, 9.

X X

9, 9,

y v F,

. . M

O AR L W I P (4:30)
b X F,

¢y ¢y Mx

Yy Yy

d. P,

Where 0 and I are null and identity matrices, Q indicates the constant rotational speed of the rotor.
The mass and gyroscopic matrices M and G are:
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m 0 0 0 00 0 0

O L LD P L e/
0 0 m 0 [0 0 0 0 '
0 0 0 J 0J, 0 0

The outputs of the rotor model are displacements of the shaft. The inputs to the rotor are forces
and torques due to EDB forces, AMD forces and general external forces (Equation 4:32).

F;r F\'AMB + F;CEDB + Fviext
M _ M + M YEDB + Myfext
y FZ\?AMB + F'yEDB y_ext

Ft +F
Mx MxAMB +MxEDB +M

YAME (4:32)

X_ext

4.4.3 Transformation of coordinates

In the dynamic equations of the rotor (Equation 4:1), the reaction forces and moments generated
by the two bearings are represented by F, and M,, while the external excitation forces and mo-
ments are F.,; and M,,;. Both the excitation forces and bearing forces are assumed to act on the
center of mass of the rotor. However, in the real system, all the bearing reaction forces are applied
away from the center of mass. For example, in the simple rotor model (Figure 4:1), the bearing
forces are acted at the positions away from the center of mass by distances a and b.

Thus it is critical to clarify the relation between reaction forces at the bearing positions and force
and moment at the center of mass of the rotor. Therefore, Figure 4:13 is plotted to show the
transformation of reactions from bearing coordinates into the center of mass coordinates.
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Figure 4:13 A 4 DOF rotor supported by two bearings.

It shows the transformation of reactions from bearing coordinates into the center of mass coordinates.

The forces and moments calculated at the center of mass of the rotor are:

F =F,+F,

My =—al}, +bF,

F,=F,+F,

M, =aF, -DF,,
Here the right hand rule is followed to define positive moments. Rearrange Equation 4:33 in ma-
trix format:

(4:33)

F, F,
M F
rl=ry M (4:34)
F, F,
Mx Evl
Where:
1 01 O
-a 0 b O
T = (4:35)
0 0 1
0 a 0 -b

The similar procedure is used to obtain the relation between the displacements at the center of
mass of the rotor and those at the bearing positions. The transformation of displacements is ex-
pressed as following:
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X, x
MR 2z (4:36)
X, y
y2 ¢x
Where R equals to the transpose of T:
(1 —a 0 0
0 0 1 a r
R= =T (4:37)
1 -b 0 0
0 0 1 b

Utilizing the presented approach, the transformation matrices of coordinates can be obtained for
the EDB-AMD system. The scheme of the bearing forces acting on the rigid rotor in the XZ and YZ
planes are shown in Figure 4:14. It can be noticed that the two EDBs are positioned at both sides
of the center of mass with distances agpg and beps. The distances of the two AMBs/AMDs to the

center of mass are dans and bays.
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Figure 4:14 Scheme of the bearing forces acting on the rigid rotor in the XZ and YZ planes.

It shows the 4 DOF rotor model and the relative positions of EDBs and AMBs/AMDs.

Firstly, the transformation matrices of the AMBs/AMDs are obtained. Rays represents the trans-
formation matrix linking the generalized displacements of the rotor center of mass to the AMB
action planes. Tyys is the transformation matrix linking the forces and moments acting on the ro-

tor center of gravity to the AMB action planes.

X s 1 —-a,, O 0 X X
| [0 0 1 ag, |lo|_, 4 )
X amp2 1 by 0 0 y e y
Yo [0 0 1 =byy |4 9,
Fx 1 0 1 O F:rlAMB EVIAMB
M, | s 0 bup 0 F s 7 Faus 4:39)
Fy O 1 O 1 F;CZAMB A FVZAMB
M, 0 o 0 b || Foas Fs v
Thus Ravs and Taps are obtained:
1 -a,; O 0
Rm= 0 0 1 (4:40)
1 b,;, O 0
0 0 1 b,
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—a 0 b 0
T AMB AMB 4:41
AME 0 1 0 1 4D
0 a v 0 ~b 115

The same procedure has been made for EDBs. Rgpg represents the transformation matrix linking
the generalized displacements of the rotor center of mass to the EDB planes.

1 -ag,, 0 0
0 0 1 a
R,y = EDB (4:42)
1 by, 0 0
0 0 1 -b

EDB
The transformation matrix linking the forces and moments acting on the rotor center of gravity to
the EDB action planes is:

a 0 b 0
T — EDB EDB 4: 43
EDB 0 1 0 1 (4:43)
0 a 0 —b

4.4.4 State-space model of EDB

Equation 4:18 expressed the dynamic model of an EDB in complex coordinates. It can be written
again here to show the real and imaginary parts:

F =k(@-jQq)—F, (0, — jQ)
q=x+]jy (4:44)
Fq = Fr + .]Fvy
Separating the real and imaginary parts, the dynamic behaviors of an EDB in both x and y direc-
tions are obtained:

F, = k(x+Qy)-F, @, - F,Q
F, =k(y-x)+F,Q-F o,

The state-space representation of a single EDB can be expressed as:

(4:45)
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X
E _[—wm —QHFX}J{k 0 0 kQ}y
F, Q -w,||F] |0 k -kQ 0 ||x
Y

) (4:406)
b
F F Vv
y =12X2{ x}+02x4
{F} FT
y
Therefore, the state-space representation of the double flux EDB unit in the system can be written
as:
Xws | T 0 0 0 0 0 0 Jf*ms | [1 0]
Yeps 0 0 0 0 0 YeDB 0 1
F ks 0 kQ  —w,, —Q 0 0 Feps ki 0 || Xpps (4:47)
. = + :
FylEDB _kIQ 0 Q ~Wppy 0 0 F;fIEDB 0 k1 yEDB
szEDB 0 kzQ 0 0 ~Wpyy —-Q szEDB kz 0
szEDB L_kZQ 0 0 Q ~Wpi2 | F;'ZEDB L 0 k2 i

where the suffix EDB indicates that the forces and displacements are referred to the plane of ac-
tion of the EDB. The terms wg;1=k1/c; and wg;>=k,/c, are the poles of the two electric circuits aris-
ing in the rotating conductor. The state variables xgps and yeps in Equation 4:47 are added to cou-
ple the equation in the complete model of the whole system.

4.4.5 Complete model

The complete model of the system is built based on the rotor model coupled with EDBs and AMDs.
The block diagram of the whole system is shown in Figure 4:15. Considering a reference frame
where the z—axis represents the axial coordinate and the x, y—axes are the fixed radial coordinates,
the rotor receives the forces in x and y directions by the EDBs and AMDs. The outputs of the rotor
are the radial positions of the shaft referring to the EDBs and AMDs positions. The EDBs generate
radial forces in function of the displacements and the rotating speed as inputs to the whole system.
No axial force is produced by the EDBs. The AMDs react to the radial positions from the sensors
and generate a force proportional to the first derivative of the position error thus adding non—
rotating damping to the system.
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AMD1

Ref. position x
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AMD1 x, y
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Displacement at the sensor (AMD) j——
L—AMD2 Fx, Fy Reference position x f——F—
position y
AMD2

Figure 4:15 Block diagram of the complete model of the EDB-AMD system, showing the radial behavior of the system.

The analytical model of the whole system will be built in two steps. The first step is to build an
open loop mechanical system including the rotor, EDBs and AMDs, based on the coupling of the
three subsystems without close position loops.

The state-space representation of this system has been obtained (Equation 4:48 and 4:49), in
which the inputs are the control currents to the AMBs/AMDs and outputs are the displacements at
the two AMB planes. It is an open loop system. The second step is to close the position loops in-
cluding PID controllers.
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x1

x2

»2

(4:49)

where the notations are consistent with the analytical models of EDBs, AMBs and the rotor. It has
to be mentioned that the suffix x1, y1, x2 and y2 in the EDB forces refer to the contribution from
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two electric circuits in the same double flux EDB unit. The two EDB units are distinguished with *
in the notations. It does not matter which EDB unit it is referred to, due to the symmetry in this
case. Some more matrices have been introduced to simplify the state-space representation as fol-
lows.

RRepg is the transformation matrix that links the displacements and velocities of the rotor center of
mass to the two EDB planes:

X, 1 —a,, O 0 0 0 0 X X
b2 0 0 1 a,, O 0 0 ¢y ¢y
X, 0 0 0 0 1 -a,, O ¥ y
O 0 0 0 0 0 1 '
).’ L Aps || P, —RR,,, P, (4:50)
X, 1 b,, 0 0 O O 0 O x X
7 0 0 1 -b,,, O 0 0 0 ¢ ¢y
X, 0 0 0 0 1 b,, 0 O y v
y) 00 0 0 0 0 I by, 9,

Teps af is the transformation matrix linking the EDB forces in the two units to the forces and mo-
ments acting on the rotor center of mass:

F ks Fieps
F VIEDB F;»IEDB
F, 1 0 1 1 0 1 0 Fepp F 2eps
M} _ —Agpp 0 —Aepp bEDB 0 bEDB 0 Ev2EDB _T FyZEDB
F y 0 1 0 1 0 1 0 1 F:l EDB o F:I EDB
M x 0 Appp 0 Appp 0 _bEDB 0 _bEDB F}*l EDB Fx*l EDB
Fepp Foepp
FyzgoB FyzEDB
(4:51)
1 0 1 0 1 0 1 0
Tops o = ~Agpp 0 —agy 0 by 0 by 0 (4:52)
- 0 1 0 1 0 1 0 1
0 Arpp 0 Arpp 0 —byy 0 —byy
CCrps and DDgpg are the two matrices in the dynamic equations of a double flux EDB unit:
Fieps k0 0 k| | X — gy -Q 0 0 F ks
F;VIEDB _ 0 kl _klQ 0 yEDB I Q —Wpy, 0 0 FylEDB (4:53)
E\fZEDB kz 0 0 k2Q XEpB 0 0 — gy -Q szEDB
FyzEDB 0 &k -KQ 0 Yeps 0 0 Q —Wr;» FtszDB
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The complete close loop system is illustrated in Figure 4:16. The block “Rotor, AMD+EDB” has
been built in the state-space representation (Equation 4:48 and 4:49). The block “PID controller”
can be built using the transfer functions of the PID position controllers of the four degrees of free-
dom.

G PID I Rotor q
controller AMD+EDB

Figure 4:16 Block diagram of the close loop system

The transfer function between position error and reference control currents in each degree of
freedom of the AMB/AMD is:

1 T,-s
TFposilionJoop = Kp (1 + ﬂ dT) (455)
i 1+-2%.s
N

The two block systems can be consequently connected together to close the position loops. In
MATLAB, the function append was used to connect the two blocks and to close the loop. The sys-
tem’s performance is also modelled with MATLAB Simulink® for simulations.

4.5 Rotordynamic stability

In the present section, the rotordynamic stability of the rotor supported by EDBs is investigated,
using the obtained analytical models.

The first analysis is to see the stability of the EDB rotor without adding any additional damping, as
shown in Figure 4:17.
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Figure 4:17 A four degrees of freedom rotor supported by two radial EDBs

Thus the AMDs are removed in the present study. The state-space representation of the system in
this case becomes:

4, 4,
y Y
. .
X X
9, 9,
j/ _M7]QG O4><4 _MilTEDB_df‘ y F;c
] ¢x _ [4><4 O4><4 04><8 ¢x + {_M_]} My
F;clEDB CCEDB O4><4 DDEDB O4><4 EflEDB 012><4 E
Eos { 0,, CC ]RREDB { 0,, DD } F oo M
bl 4x4 EDB 4x4 EDB ¥ x
F;:2EDB F o eps
F y2EDB FyQEDB
F:IEDB F:IEDB
F y*lEDB F; EDB
F:;EDB F:;EDB
F y*ZEDB 3 y*2EDB (#:36)

Root locus plot is used to investigate the stability of the system. The real and imaginary parts of
the calculated eigenvalues are plotted in the complex plane, where the sign of the real part de-
cides stability. Negative real part confirms asymptotic stability whereas a non-negative value indi-
cates instability.
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The root locus as a function of spin speed (0 to 8000 rpm) is plotted in Figure 4:18. It evidences the
presence of two poles having positive real parts.

2500

2000

-500 :
-800 -600 -400 -200 0 200

o= Re(s) [1/5]

Figure 4:18 Root locus plot in function of rotational speed of a 4 DoF rotor supported by two radial EDBs

In the plot we can observe three pairs of curves. The first is given by two highly damped roots,
represented with red and yellow lines, positioned far to left in the complex plane. A second pair of
roots, represented in light blue and purple, lies in the lower part of the diagram. Finally, the third
pair is located on the right half of the complex plane, and is represented with deep blue and green
lines.

2500

1 1.5
2 [rpm] x 10°

Figure 4:19 Campbell diagram of a 4 DoF rotor supported by two radial EDBs

The first set of curves represents two roots of the system that are associated to the dynamics of
the eddy currents inside the conducting part of the EDB. These two roots are always stable. The
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identification of the rotor mode associated to each root can be done with the support of the
Campbell diagram shown in Figure 4:19. From this diagram we observe that the deep blue lines
are associated to forward modes whereas the light blue lines are associated to backward modes.
Both blue lines are related to cylindrical whirl modes, while green and purple lines are related to
conical whirl modes.

Regarding the rotordynamic stability, Figure 4:18 shows that the rotor has two modes unstable.
These modes are the forward cylindrical and conical whirl modes. In absence of external non-
rotating damping the two modes are unstable for any value of spin speed different from zero.
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Chapter 5 Measurements and results

Experimental results and simulations are presented in the present chapter. Firstly, the
test bench will be set up properly allowing system operation. A PID controller is used for prelimi-
nary tests. The analytical model of the EDB—AMD rotor system will be validated both with quasi—
static tests and with frequency response measurements. During this process, all the coefficients in
the system will be confirmed.

Once the analytical model is validated, further calculations and simulations will be exploited to
investigate the control parameters and feasibility of the system.

5.1 Testrigsetup

Before any experimental tests, the test rig needs to be set up in a proper way. The whole test
bench consists of the test rig, control electronics and power supplies for AMDs and the motor re-
spectively. Figure 5:1 shows the test rig and the control electronics of AMDs.

Figure 5:1 The test rig and control electronics of AMDs

A PID controller (Equation 5:1) in the position loop of AMDs is used for preliminary tests. In this
system, radial EDBs provide stiffness when the rotor rotates with an eccentricity or under another
disturbance force. If the rotor is levitated and perfectly centered in the magnetic field of EDBs by
AMDs, EDBs will not make contribution to levitation.
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With a PID position controller in AMDs, where AMDs are used as AMBs, it is possible to control the
value of rotor eccentricity (between the geometry axis and the axis of the axisymmetric magnetic
field). Consequently, the effect of EDBs in this system is controlled. Therefore, the system can be
controlled dynamically using PID controller of the AMDs.

Firstly, different sets of control parameters have been obtained analytically and then tested exper-
imentally to keep the rotor levitated and rotating stably in the speed range of 0 to 6000 rpm. Alt-
hough in the setup phase the analytical model of the system had not yet been fully validated, the
numerical stability analysis was applied to select proper control parameters to complete the setup.

I .

leww _geoqp Loy TS
’ T

€ amp T;-s 1+74 g

) (5:1)

The function of AMBs is eventually realized in the test bench, which is the first step and opens the
possibility of further tests of the system. Table 5:1 lists a set of PID control parameters (for Equa-
tion 5:1) that allow stable and smooth operation.

Table 5:1 Parameters of PID controller.

Parameter | Description Value

Ky Controller proportional gain 10 A/mm
T4 Derivative time constant 0.005 s
T Integral time 0.1s

N Time constant of the first order derivative filter 5

5.1.1 Adjustment of magnetic center

As a hybrid bearing system, the nominal positions of both types of bearings must be considered
and tuned properly. The offsets of displacement sensors should be set consistently with the center
of the magnetic field of EDBs. This center should be also the nominal position for AMBs. If the ref-
erence center position of AMBs are different from the magnetic center of EDBs, when the rotor
rotates EDBs produces restoring forces which will be compensated by AMBs. Thus the control cur-
rents in AMDs are influenced. Since the restoring forces of EDBs vary according to the spin speed,
the control currents in AMBs will vary accordingly.

A scheme of this effect is illustrated in Figure 5:2. It shows the interaction of different force com-
ponents in the radial plane of the rotor for a given rotational speed (Q>0 to include the effect of
EDBs). Here mg is the gravity force and 6 is the offset between AMB nominal center and the mag-
netic center of EDB. The effect of 6 on AMB force Faus is illustrated: if the offset of the two centers
are zero, AMB forces only compensates the gravity, thus Fays =mg; when 6 is positive, which
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means the restoring force of EDB is cumulative to gravity force, Fay is increased. Contrastively, if
6 is negative, Faus is reduced.

Fass

..... —

/ 0 5

Here, mg is the gravity effect force and 6 is the offset between AMB nominal center
and the magnetic center of EDB. When § is positive, which means the restoring force
of EDB is cumulative to gravity force, Fay5 is increased. Contrastively, if § is negative,
Fams is reduced.

Figure 5:2 The effect of 6 on AMB force Fay.

The adjustment of the magnetic center should be completed before any further tests to minimize
the unwanted interaction between AMBs and EDBs. The approach is based on the effect illustrat-
ed in Figure 5:2. Run the rotor (levitated by AMBs) in the speed range of 0 to 6000 rpm and meas-
ure the control currents in AMBs: if the two bearing centers are perfectly coincided, the AMB con-
trol currents should not vary according to the rotational speed; the larger the offset is, the more
AMB control currents will vary with increasing of the rotational speed.

Therefore, the experimental tests have been performed by tuning the reference positions of the
two AMBs and reduce as much as possible the changing of control currents in the speed range. In
the test rig, there are two EDBs and two AMBs positioned on the rotor shaft with different dis-
tances to the center of the rotor. This fact makes the present test not so easy, because of the in-
teraction of different planes in terms of the radial positions.

The control currents in AMB; and AMB, with the rotor centered are measured in the test rig and
plotted in Figure 5:3. It can be noticed different axes show different behaviors. The y-axis of AMB,
(named y,) shows the least effect of the offset while the x-axis of AMB, (named x;) shows relative
big offset compared to other three axes.
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Figure 5:3 Control currents in the two AMBs with the rotor centered

The corresponding EDB center offsets in the four axes x; ,y1 ,X; y2 are obtained as listed in Table
5:2.

Table 5:2 EDB-AMB center offsets

Parameter | Description Value

X; EDB center offset in x direction of AMB action plane 1 0.13 mm
Y; EDB center offset in y direction of AMB action plane 1 0.07 mm
X, EDB center offset in x direction of AMB action plane 2 0.04 mm
Y, EDB center offset in y direction of AMB action plane 2 0.24 mm

5.2  Quasi-static model validation

Quasi-static characterization is commonly used in the field of EDB parameters identification,
where the rotor is fixed in an off-centered radial position and rotates at a certain speed. The pa-
rameters of the double flux EDB has been identified both with FE simulations and experimental
tests in quasi-static condition. The reference results of EDB forces both along the direction of the
eccentricity and perpendicular to it will be used in the present test to validate the analytical model
of the system. The validation procedure is described in the following paragraph.

In the test rig, the rotor rotates with a fixed eccentricity, which is kept by PID control of the AMDs.
The EDBs produce restoring forces due to the eccentricity, whereas the AMDs are required to pro-
vide the same amount of forces with opposite direction to keep the rotor in the off—centered posi-
tion. Thus the values of EDB forces are obtained by measuring the AMD forces, which can be cal-
culated from the measured control currents (Equation 5:2). With an eccentricity of 0.1 mm in +y
direction, the control currents in AMDs are measured both in simulations and experimentally in
the speed range of 0 to 6000 rpm.
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Figure 5:4 Scheme of the quasi-static tests, which show the force of EDB due to the rotor static eccentricity and the
force of AMB/AMD to keep the rotor at the off-centered position

Sensor y

P . f(;\ h . Sensor x

Figure 5:5 One action plane of AMDs, with the directions of the xy coordinates illustrated

~Fop (5:2)
=ki +ky .

Fopg =

AMD

In simulations, gravity force is not considered to show the effect of EDBs. Whereas in experimental
tests, two sets of control currents are measured respectively with the rotor centered and off-
centered (Figure 5:6). Then the difference of the two sets of control currents are used to eliminate
the influence of gravity and to compare with simulation results.
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Figure 5:6 Control currents in the coils of AMB,. (a) The rotor is in the centre position. (b) The rotor is off-centered
with 0.1 mm eccentricity in +y direction.

Numerical and experimental results are plotted and compared in Figure 5:7, which show good
agreements.

Quasi-Static tests: Control currents in AMDs
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Figure 5:7 Control currents in the coils of one AMB with the rotor off-centered with 0.1mm eccentricity along +y direc-
tion. Comparison of simulation results and experimental ones shows good agreement.

The corresponding AMB forces are calculated with the linearized equation [1]. Consequently the
values of EDB forces are obtained, which are plotted in Figure 5:8 to be compared with analytical
results. The force comparison well validates the model. Figure 5:9 is plotted here with results ob-
tained in the quasi-static identification of EDBs in Chapter 4 (The results are divided by 2.5, the
factor between different values of eccentricities). The comparison between the two figures pro-
vides a cross validation.

It needs to mention that the current stiffness of the AMB ki is used to calculate the AMB forces in
this test, thus the numerical value of ki can be adjusted from this test. Other parameters of the
AMBs will be checked in the following section using Frequency Responses.
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Figure 5:8 EDB forces developed by a single EDB unit when the rotor is rotating with a static eccentricity of 0.1 mm.
Both analytical and experimental results are plotted to validate the analytical model.
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Figure 5:9 Results of EDB forces from quasi-static identification in Chapter 4.

Those results confirm the validity of the system model described in the previous chapter and
demonstrate the potential of the EDB—AMD hybrid system.

5.3 Frequency response

To illustrate the dynamic performance of the system, measurements of frequency responses are
carried out experimentally as well as with simulations. A disturbance current is input along one of
the axes x3, y1, X2, and y, of the two AMD action planes, the corresponding frequency response of
displacement in the same direction is measured with a frequency sweep from 10 to 500 Hz. The
scheme of this test is demonstrated in Figure 5:10.
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Figure 5:10 Scheme of the transfer function measurements along one of the AMD axis.
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Figure 5:11 Block diagram of the EDB-AMD system

The block diagram of the complete system is provided (Figure 5:11) to help understand the pre-
sent transfer function measurement tests. The transfer function between input current and out-
put displacement in the same axis is obtained with the rotor levitated by AMDs and rotating at
different spin speeds. The comparison of analytical and experimental results is shown in Figure
5:10, which shows good agreement. During the present tests, the parameters in the model has
been checked and adjusted. Since the EDB coefficients and part of AMB parameters have been
confirmed in the previous quasi-static test, they are confirmed again in this test. The adjusted pa-
rameters of the AMB are listed in Table 5:3.
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Figure 5:12 Frequency response plot along one axis of AMDs with input disturbance current and output displacement,
where the rotor is levitated by AMD and rotates at zero speed.

Table 5:3 Adjusted Parameters of AMDs.

Parameter Description Value
ky Displacement stiffness -30 N/mm
k; Current stiffness 9.5 N/A

The same transfer function is also obtained for higher speeds to show the effect of EDBs. Figure
5:13 shows the frequency response plots from numerical simulation respectively for Q=1000 rpm,
3000 rpm and 6000 rpm based on the same control parameters of AMDs. It can be observed that
with the increasing of rotational speed of the rotor, the gain between input current and output
displacement at lower frequency moves downwards, which means the overall stiffness of the
bearing system increases. It is due to the effect that EDB stiffness increases according to the rota-
tional speed.
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Figure 5:13 Frequency response plots for different rotational speeds.

5.4 PD control

In the preliminary tests, PID controller was applied to set up and validate the system. However, to
relieve the load on AMDs, the integral term of PID controller should be disabled. Consequently PD
control is used to allow EDBs work properly and to provide non-rotating damping to the rotor.

Here, the transfer function between position error and reference control currents in each direc-
tion of the AMD becomes:

i T .
c_AMD :Kp(1+d—s) (5:3)
£ 14l
The corresponding non-rotating damping ¢ is:
anKp-Td-ki (5:4)

Bode plot of the PD controller is shown in Figure 5:14.
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Figure 5:14 Bode plot of the PD controller
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The control parameters of the PD controller are listed in Table 5:3

Table 5:3 Parameters of PD controller.

Parame- o Value
Description

ter

Ky Controller proportional gain 10 A/mm

Ty Derivative time constant 0.005s

N Time constant of the first order derivative filter 5

With PD position control of AMDs, the rotor runs stably in the speed range of 0-6000 rpm. The
displacements are measured in the speed domain (Figure 5:16). It should be noticed that the rotor
is levitated from zero speed by AMDs, but not centered, because there is not integral effect in the
controller. With the increasing of rotational speed, the restoring forces of EDBs increase. There-
fore, the eccentricity of rotor reduces, which shows the contribution of EDBs. The difference in
evolutions of displacements in x and y directions is related to the effect of EDB forces, which have
different behaviors in the directions parallel and perpendicular to the eccentricity as shown in Fig-
ure 5:8.

Here the coordinates in the radial plane are shown in Figure 5:15, a cross section view of the rotor.
The results (Figure 5:16) from the numerical model and the test rig are quite consistent, which
validates again the numerical model of the system. The EDBs provide radial stiffness to the rotor
and carries the main load at high speed. The feasibility of the hybrid EDB—AMD configuration has
been demonstrated.

4 &

sensor y f;-;\ Sensor x

Figure 5:15 Scheme of the rotor in one AMD action plane
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Figure 5:16 Displacements of the rotor according to rotational speed

5.4.1 Control currents comparison

The advantage of the hybrid configuration, as has been stated at the beginning of the present the-
sis, is to exploit the controllability of AMBs to stabilize the rotor supported by EDBs. Therefore,
compared to standard AMBs, this system is expected to relieve the load on AMBs with EDBs’ con-
tribution. It means the possibility of downsizing AMB coils.

In this section, comparison analysis between PID and PD controls of AMDs in terms of control cur-
rents will be made to show the advantage of the hybrid bearing system. It is important to mention
that with PID control to keep the rotor centered, the system is basically the same as a standard
AMB system. Thus the comparison is between a standard AMB system and the present hybrid
bearing system. The control currents in the AMDs are measured with the model in Simulink.

The AMD control currents in x and y directions of the AMD action plane using PID control and PD
control are plotted respectively in the speed range (Figure. 5:17). With PID control, the levitation is
mainly provided by AMDs. They work as pure AMBs since the rotor is kept centered by the actua-
tors. Thus the control currents remain almost constant in the speed range. While using PD control
of the AMDs, the rotor is not kept centered by the actuators. The restoring force is provided by
EDBs. At low speed, the control currents are even higher compared to the case with PID control,
which is due to the fact that with rotor eccentricity there is the contribution of negative displace-
ment stiffness of AMD. Thus more control currents are required to compensate the effect of the
negative stiffness. With the rotational speed increasing, the contribution of EDB restoring force
increases accordingly. The eccentricity is getting smaller. The load on AMDs is also reduced, so
that the AMD control currents reduce according to the rotating speed. The difference in evolutions
of icy and i¢y is also due to the effect of EDB forces, which have different behaviors in the directions
parallel and perpendicular to the eccentricity. Obviously the evolutions of control currents are
consistent with the displacements variation in the speed range. At high operation speeds, the
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amount of control currents in the actuator is significantly smaller compared to standard AMB sys-
tem. The AMD actuators could be downsized in the hybrid configuration.
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Figure 5:17 Comparison of AMD control currents according to rotating speed with PID control and PD control

5.4.2 Calculated Power consumption

Consequently, the total power consumption in the EDB—AMD system can be calculated. The power
consumption in the EDB could be obtained with the product of torque and angular speed, where
the torque is due to the EDB force and rotor eccentricity (Figure 5:18). The power consumption in
the AMD is calculated directly with the obtained currents in the coils and the electrical resistances.
This calculation does not include eddy current or windage losses in the actuators since they are
relatively small in general. The total consumed power due to EDBs and AMDs in the system are
plotted in Figure 5:19. The AMB power consumption is obtained by using PID position control of
the actuators. It can be noticed that, the power consumption in EDBs is rather small compared to
that in AMDs. At low speed, AMDs consume more power compared to standard AMBs, which is
due to the effect of negative displacement stiffness in the actuators as explained in the previous
section. At high speed, the sum of power consumption in EDBs and AMDs can be reduced signifi-
cantly compared to AMBs.
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Figure 5:18: Scheme of the rotor rotates off-centered.
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Figure 5:19 Calculated power consumption of the hybrid configuration

5.5 Conclusion of the results

These results demonstrate the effectiveness of the EDB—AMD solution. The instability issues of

rotors supported by EDBs have been solved using active magnetic damping. This is an essential
scientific novelty of the present work.

This solution not only overcomes the instability, but also allows tuning the amount of damping and

even stiffness (if required) during operation. It shows the possibility of optimizing damping strate-
gies.
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The use of AMDs also allows the rotor to levitate from zero speed. It is also an advantage of this
solution. In other existing works of EDBs, mechanical supporting structures are used to allow the
rotor take off, which is not convenient.

The comparisons between PID and PD controls in terms of control currents and power consump-
tions show the advantage of this hybrid bearing system over standard AMBs. Compared to the
standard AMB, the AMDs combined with the main load carrying EDBs will be much smaller, with
significantly down-sized power electronics.

Additionally, at high speed, the EDB carries the rotor weight passively, in the sense that it does not
depend on a controller or a sensor. This provides additional operational safety in critical applica-
tions.

The following chapter (Chapter 6) will be devoted to the control strategies of AMDs, which is to
investigate the control approaches of the EDB-AMD system in order to find optimized control
strategies.

In Chapter 7, the damping strategies of EDBs will be discussed and possible alternative solutions
will be presented. The possibility of AMDs to realize a general viscous damper will also be dis-
cussed and demonstrated. It is the second essential novelty of the present work.
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Chapter 6 Control strategies of AMDs

Control strategies of AMDs are discussed in this chapter. The parameters of PD position
controller are decided according to the dynamics of the system to obtain stable and optimized
performance. This study starts with the stability analysis of the rotor supported by EDBs. The tar-
get is to exploit AMDs to provide radial stiffness at low speed, when EDBs are not able to provide
sufficient stiffness, whereas to introduce non-rotating damping in the whole speed range to
achieve stable operation and optimal performance.

6.1 Rotordynamic Stability analysis

The rotordynamic stability analysis of the system is presented in the present section to show the
dynamic behavior of the rotor supported by EDBs and AMDs.

Root locus plot is used to investigate the stability of the system. The stability analysis has also
been made on the EDB-AMD system using the analytical model presented in Chapter 4. The ap-
proach was used to define proper parameters for the AMD controllers allowing stable operation of
the system.

Figure 6:1 shows the stability of the rotor in the test rig within the rotational speed range 0 to
20000 rpm, where ¢, is 465 Ns/m. The arrows indicate the directions of the evolution of the poles
with increasing rotational speed. All the modes are stable in this case. Figure 6:2 is the plot of
Campbell diagram. The first critical speed is 183 Hz, which is much higher than the speed range for
experimental tests in the present work.

This method of stability analysis will be used in the following sections to search for the optimal
control parameters of the AMD controllers, thus to find a proper control strategy of AMDs.
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Figure 6:2 Plot of Campbell diagram

6.2  Control parameters of AMDs

Control of AMDs is performed utilizing the PD controller in the position control allowing proper
function of the hybrid bearing system. The control strategies will be discussed in this section.

In the previous chapter, the feasibility of the hybrid system has been demonstrated. However,
only a single set of control parameters was used to realize the system function. It is necessary to
investigate the control strategies of AMDs, in other words, how to decide the amount of stiffness
and non-rotating damping provided by AMDs.
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6.2.1 Amount of non-rotating damping for stability

The first analysis is to see the stability range of the PD control parameters. Stability analysis of the
system is utilized to understand the amount of non-rotating damping required to keep the rotor in
stable operation. The tests have been completed in the speed range of 0-6000 rpm. The value of
the derivative term Td in the PD controller was selected as high enough for stable operation
(Td=0.005 here, which is the value used in Chapter.5) and kept as constant. The minimum values
of proportional gain Kp for stability for different speeds have been investigated (Figure 6:3). Con-
sequently the minimum amount of non-rotating damping is obtained (c,, = K, T k;).

Simulations with the validated model are used in this analysis. Figure 6:4 illustrates the minimum
amount of non-rotating damping required from one of the AMD actuators to keep the rotor stable
for different speeds. It can be noted that this plot shows similar fashion with the rotating damping
developed in the EDB. The required damping value increases according to the rotational speed up
to its maxima, which occurs around the electric pole of the EDBs. The maximum amount of non—
rotating damping required for the rotor’s stable operation is 371 Ns/m. This curve characterizes
the damping demand in the EDB system and can be used to define the control parameters in the
AMD.
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Figure 6:3 Minimum amount of proportional gain
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Figure 6:4 Minimum amount of non-rotating damping

It should be noticed that, in the present investigation, Td is fixed and Kp is variable. It is useful to
decide the control parameters in the PD controller of AMDs for stable operation. The parameters
are fixed during the whole speed range. Thus they are not guaranteed to be optimal in terms of
efficiency.

6.3  Stability map with parameters

It is worth to see the amount of stiffness and non-rotating damping that are required from the
AMDs to keep the system stable in the speed range. In the present analysis, the stiffness from
AMD k4 and non-rotating damping c, are variables that need to be decided.

6.3.1 Simplified model

A simplified mechanical model of the hybrid system has been built, as shown in Figure 6:5, where
the AMDs are represented by a spring and damper connected in parallel. Stability analysis of such
simplified mechanical model will be made to see the amount of k; and c, that are needed for sta-
ble operation.
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Figure 6:5 Scheme of the hybrid system, where AMDs are represented as a spring and a damper connected in parallel.

6.3.2 Stability map

The previous section focused on the fixed control parameters (it means the parameters do not
change in the whole speed range of tests) in AMDs to ensure the system stability, especially the
amount of required non-rotating damping was presented. However, the AMDs not only provide
non-rotating damping, but also provide stiffness. The stiffness is essential for low speed levitation
of the rotor. Besides, both damping and stiffness of AMDs affect the stability of the system. Thus it
is important to see the stable zone of both variables.

A stability map (in the speed range of 0 to 6000 rpm) is plotted in Figure 6:6 in terms of the two
variables ky and c,,. The region above the stability line represents safe zone of k; and ¢, to keep the
rotor stable in the testing speed range. This plot opens the possibility to choose the suitable values
of stiffness and damping in the AMDs, consequently can be used to define the control strategies.
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Chapter 7 Damping strategies

The feasibility of the proposed hybrid solution has been demonstrated in previous chap-
ters. The control of AMDs has also been discussed. Based on the built model and obtained results,
the general damping strategies for EDB systems will be presented in this chapter. Alternative solu-
tions will also be discussed.

7.1 Adding non-rotating damping

As has been illustrated in Chapter 6, the rotor supported by EDBs presents instability. Thus non-
rotating damping is demanded for stable operation. Different damping methods as well as their
effectiveness and limitations have been presented in literature, which highly motivated the pre-
sent work.

The hybrid solution has been demonstrated thoroughly in previous chapters. However, the pre-
sent thesis is not only limited on the EDB-AMD solution. The target is to study damping strategies
for EDB systems and to provide possible damping solutions. Thus further damping study, based on
the validated EDB model adding non-rotating damping, will be made.

7.1.1 EDB-damper system

The analytical model of the test rig is used here for damping analysis. The AMDs in the model are
replaced with simple viscous damper, that are able to provide non-rotating damping c, to the ro-
tor supported by the EDBs. Figure 7:1 shows the scheme of such a system. In general, the position
of damper should be decided according to the rotordynamic behavior, especially for flexible rotors.
The influence of damper positions was investigated in [41], where AMDs were used to control the
vibration modes of a flexible rotor. While in the present study, only rigid mode is present in the
speed range, thus the damper position influence on the rotordynamics is not under investigation.
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Figure 7:1 EDB-damper system

The analytical model of this system has been obtained based on modification of the EDB-AMD
model. This model will be used to investigate the amount of non-rotating damping that is required
from the dampers to keep the rotor in stable operation. The state-space model of the rotor cou-
pled with dampers is:
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The analytical model of such a system will be obtained by coupling this model with EDB models
(presented in Chapter 4).

Since the rotor is expected to be fully levitated during operation speed range, the damper should
be able to introduce non-rotating damping without mechanical contact. Possible types of such a
damper will be discussed later based on the desired damping characteristics.

7.1.2 The amount of non-rotating damping

To see the possibility of alternative damping solutions, it is essential to understand the stability of
the rotor and how much damping is needed. Different from AMDs used in the test rig, which also
introduce stiffness, in the present analysis, only non-rotating damping is introduced to the rotor
supported by the EDBs. There’s no additional stiffness to be considered. Therefore, the effect of
the amount of non-rotating damping on the system stability can be investigated with stability
analysis (root locus method).

The stability thresholds of rotational speed for different amounts of non-rotating damping have
been calculated and plotted in Figure 7:2 for the experimental rotor as described in Chapter 3. This
plot shows the relationship between the amount of non-rotating damping and the corresponding
stability threshold of rotational speed. With this obtained characteristics, it is possible to design a
damper in either active or passive way to keep the rotor in stable operation in the desired speed
range. Of course, the damper is expected to be able to provide contactless damping to the rotor.

700

600 ™=

500

400
S Ht S T
R ot SRR N P

100 g2 v o R e g s g s e

Non-rotating damping required Cn [N s/m]

0 ; ; i ; j
0 2000 4000 6000 8000 10000 12000
Stability Threshod of spin speed [rpm]

Figure 7:2 The amount of non-rotating damping introduced by each damper and the corresponding stability threshold
of spin speed for the rotor in the test rig.
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7.2 Realizing viscous dampers with AMDs

The previous section presents the strategies to add non-rotating damping to the rotor supported
by EDBs. This work is based on the analytical model. Although the model has been validated and
the investigation is useful, experimental results can always be a plus if possible. The aim of this
section is to demonstrate the possibility of realizing viscous dampers with AMDs.

AMDs introduce kg and ¢, to the system. If make k; equal to 0, AMDs provide only c,. In this case,
AMDs are able to simulate viscous dampers.

1,-s K, s

i
cx_AMD :Kp(1+ ):Kp +

gxiAMD 1+7d.s 1+7ds
N

(7:4)

The approach is to choose a proper value of Kp to make k; = 0 (Equation 7:5). Then the damping
estimation can be made using AMDs by tuning the values of K; and T,.

k, =K, k +k,

c, =K,k
The same investigation of non-rotating damping as shown in Figure 7:2 can be made using the
EDB-AMD model. Here Ty is fixed (0.005), the values of the derivative gain K, to keep the rotor in

stable operation are obtained. Consequently, the corresponding values of ¢, are plotted in the
speed range (Figure 7:3).

(7:5)

By comparing the two plots (Figure 7:2 and 7:3), which are quite consistent, it can be noticed that
the AMDs can be used to achieve general viscous dampers that are used to introduce non-rotating
damping to the EDB system.

This result is remarkable due to the fact that, in the EDB-AMD test rig, similar tests can be made
experimentally to realize general viscous dampers using AMDs. It means that the EDB-AMD system
can allow investigating in a controlled laboratory environment a damping strategy that could then
find also a passive implementation.
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Figure 7:3 The same test as in Figure 7:2, but using AMDs

7.3  Damping solutions

Alternative damping solutions will be presented in this section. Based on the characterized mini-
mum damping values for different spin speeds, proper dampers could be selected to meet the
requirements. Possible solutions for such EDB system could be mainly electromagnetic dampers,
both active and passive types. This does not exclude other possibilities such as electrorheological
or magnetorheological dampers, which have been presented recently in rotordynamic applications.

In this section, the possibilities of using passive eddy current dampers and semi-active magnetic
dampers will be discussed.

7.3.1 Eddy current dampers (ECDs)

Eddy current dampers (ECDs) introduce a damping effect exploiting the Lorentz forces due to the
induced eddy currents in a conductor subject to a time-varying magnetic field, they are contact
free. The eddy currents are induced by the relative motion between a conductor and a constant
magnetic field or in a conductor experiencing a time-varying magnetic field. Therefore, ECDs can
be passive (if using permanent magnetic field) or active (by modulating the current of an electro-
magnet). We study here an example of a passive (permanent magnet) damper.
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Figure 7:4 Eddy currents induced in motional conductor within a constant magnetic field: translational ECD.

For non-rotating damping, the permanent magnet must be on the rotor and the conductor on the
stator. Figure 7:4 shows a possible configuration of ECD, where the ECD is combined with a pas-
sive magnetic bearing. The damping coefficients of the ECD depend on the magnetic field, the
geometry and the conductivity of the conductor.

Static
conductor

Figure 7:5 A eddy current damper implemented in rotordynamic application: this ECD is combined with a passive
magnetic bearing.

Modeling of ECDs is a difficult task since the damping forces derive from a dynamic interaction
between currents induced in a stationary conductor and a moving magnetic field. The calculation
of the damping of ECDs has been conducted mainly using analytical equations or finite element
(FE). However, existing analytical equations are not accurate enough [40]. While 3D time-stepping
FE simulations are accurate but cost too much computational time, for example the analysis car-
ried out in [42] required a total simulation time of 295 hours using a Pentium 4 3.0 GHz PC. Of
course, the computational time could be reduced using more powerful computer.

A systematic approach of modeling and identification of ECDs in rotordynamic applications has
been proposed by the author [40] [18]. It provides an accurate and efficient approach for identifi-
cation of ECDs. This method employs an analytical dynamic model of the ECD (same as the EDB
model in Chapter 4) and curve fitting with results of finite element (FE) models to obtain the pa-
rameters characterizing the ECD’s mechanical impedance. The details of this approach are de-
scribed in Appendix.
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Utilizing this identification approach, the ECD could be designed properly and introduced to the
ECD system to solve the instability problem. The possibility of a complete passive solution is very
attractive due to the simplicity, reliability and lower cost. Since the space and cost are two critical
factors that limits the application of magnetic bearings, EDBs combined with passive dampers, if
proved to be fully effective, are really meaningful. This could be a future work.

7.3.2 Semi-active magnetic dampers

Semi-active magnetic dampers, also called transformer eddy current dampers, exploit transformer
eddy currents. Different from active eddy current dampers, the coils in semi-active magnetic
dampers are supplied with a constant voltage and generate the magnetic field linked to the mov-
ing element [43]. Figure 7:6 shows the sketch of a semi-active magnetic damper including two
electromagnets. The motion of the moving element with speed ¢ changes the reluctance of the
magnetic circuit and produces a variation of the flux linkage. According to Faraday’s law, the time
variation of the flux generates a back electromotive force. Eddy currents are induced in the coils
and generate damping force that act against the speed of the moving element. It has to be notice
that there’s also the fixed current due to the voltage supply in the coils which introduces negative
stiffness.

Rafia*Reait | —m—————

Figure 7:6 Sketch of a two electromagnet Semi-active magnetic damper [43]

Compared with AMDs or active eddy currents, the semi-active magnetic dampers have simpler
architecture and smaller size. No feedback control is needed. Thus they could also be a solution
for the EDB system in the present thesis.

Another appealing fact of the semi-active magnetic damper is the possibility to combine it with the
axial-flux permanent magnet motor, which is used in the EDB test rig. Let’s recall the configuration
of the motor, as shown in Figure 7:7, it consists of the rotor with permanent magnets and the sta-
tionary coils.
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Figure 7:7 Configuration of the axial flux motor used in the EDB test rig. It shows the coils and the rotor with perma-
nent magnets.

Therefore, it is possible to integrate the moving part of the semi-active damper in the rotor part of
the motor, and put the coils of the damper on the stator of the motor, resulting a structure called
Motor-Damper. Figure 7:8 shows a brief sketch of such structure, where (1) is permanent magnet
and (2) is control coil of the motor, while (3) and (4) are the moving and stationary parts of the
semi-active damper respectively.
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Figure 7:8 Sketch of the Motor-Damper structure.

Two possible configurations of EDB system using Motor-Damper structures could be built for dif-
ferent applications (Figure 7:9 and Figure 7:10). In configuration 1, two Motor-Damper structures
are used to drive the rotor and to provide non-rotating damping. There are two radial EDBs, same
as the test rig in the thesis. It may be interesting for long rotor applications. Configuration 2 uses
single EDB with two Motor-Damper structures, it could be appealing for flywheel applications.
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Figure 7:9 Configuration 1 using EDBs and the Motor-Damper structure.
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Figure 7:10 Configuration 2 using EDBs and the Motor-Damper structure.

7.4  Conclusion

The present chapter discussed about the damping strategies for EDB systems and also possible

alternative damping solutions.

The EDB-AMD solution has been investigated in the present thesis and its effectiveness has been
demonstrated. It is an ideal solution to overcome the instability of EDBs and also provides levita-
tion from zero speed allowing the EDB’s take off. However, it also increases the complexity and
cost of the system, which also limits a bit the potential applications.

EDBs, as a type of passive magnetic bearings, show the possibility to achieve stable levitation using
conductors and permanent magnets at room temperature, without introducing negative stiffness.
Thus it would be very attractive if the instability issue of EDBs could be solved in passive ways.

81



That’s another purpose of the present thesis, to investigate damping strategies and to see the
possibility to reach stable levitation in a totally passive way.

Therefore, the EDB-damper model was built in the present chapter for stability analysis. Using this
analytical model, the amount of non-rotating damping needed to keep the rotor in stable opera-
tion has been analyzed. It is useful to decide proper damping solution for EDBs.

The second contribution of the present chapter is that the possibility of using AMDs to realize
general viscous dampers has been demonstrated. Therefore, the EDB-AMD system can be used to
investigate possible passive damping solutions.

Besides, two possible damping solutions have also been presented. Passive eddy current damper
could be very suitable, provided that the damper is properly designed and implemented, which
opens the possibility of pure passive EDB suspension. A systematic approach for the modelling and
identification of ECDs has also been proposed by the author, which makes the applications of ECD
more convenient and efficient.

Semi-active magnetic dampers, using transformer eddy currents, present advantages over AMBs
such as simplicity and lower cost. They also show the possibility to be combined with permanent
magnet motors and then implemented in EDB systems. Thus semi-active magnetic dampers could
be a possible solution for EDBs.

The work presented in this chapter could be very interesting for the future work in the field of EDB
stabilization.
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Chapter 8 Summary and Conclusions

8.1 Summary

The goal of the present thesis is to provide stabilizing solution to the rotor supported by Electro-
dynamic Bearings (EDBs). It is well known that the rotating damping effect in EDBs causes instabil-
ity issue, which limits the application of EDBs and thus has to be solved. Although some solutions
have been presented by different researchers, the effectiveness of those proposed methods is still
limited. This background highly motivated the present contribution.

The present thesis proposes a hybrid bearing configuration consisting of radial EDBs and radial
Active Magnetic Bearings (AMBs). In this hybrid bearing system, AMBs are coupled to EDBs to pro-
vide stabilizing damping to the rotor, thus they work as Active Magnetic Dampers (AMDs). The aim
of the research is to exploit the controllability of AMDs to stabilize the rotor supported by EDBs. At
low speed, when the stiffness of EDB is not sufficient for levitation, the AMDs can also provide
levitation and stabilization thus allowing stable levitation from zero speed, which can avoid com-
plex mechanical structure to allow rotor take off as used in other EDB systems.

An analytical model has been built using a 4 DOF rotor model coupled with EDB and AMD models
to study the rotordynamics and system stability. To validate the model, a dedicated test bench has
been built. Experimental tests have been made to validate the numerical parameters and models.
The effectiveness of AMDs has been demonstrated. Stable operation of the test rig is obtained
with PD control in the AMDs. It confirms the feasibility of the EDB-AMD system. This is the first
essential novelty of the present work: solving the instability issue of the rotor supported by EDBs
with active magnetic damping.

Based on the validated analytical model of the system, control strategies of AMDs have been dis-
cussed to set a reference of stability map, which is essential to define proper values of control pa-
rameters in AMDs.

Damping strategies for EDB systems are presented. Using the models of the rotor and EDBs of the
test rig, the amount of non-rotating damping needed to keep the EDB system in stable operation
has been obtained for different rotational speeds. It is useful to design and implement proper
dampers for the EDB system. The same approach can be used to find damping solutions for a gen-
eral EDB system. The EDB-AMD system has also been demonstrated to have the ability of realizing
viscous dampers. Therefore, it can be used to investigate in a controlled laboratory environment a
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damping strategy that could then find a passive implementation. This is another essential novelty
of this work on the EDB-AMD system.

Two possible alternative damping solutions have been presented: eddy current dampers (ECDs)
and semi-active magnetic dampers. ECDs can provide contactless damping in purely passive way.
It can be implemented in EDB systems to provide stabilizing non-rotating damping and obtain sta-
ble levitation of rotors without active control. A systematic approach of modeling and identifica-
tion of ECDs has been proposed by the author, which allows designing and identifying of ECDs in a
more accurate and efficient way. Semi-active magnetic dampers are also able to introduce non-
rotating damping to the rotors supported by EDBs. Compared to AMDs, semi-active magnetic
dampers have simpler architecture and smaller size. The configuration of semi-active dampers
shows possibility to be combined with permanent magnet motors (so called “Motor-Damper”
structure), which is another important factor that makes them attractive for EDB systems. Two
possible system configurations of EDB systems implemented with Motor-Damper structures have
been presented, which show potential applications.

8.2 Outlook

At the end of the present thesis, based on the obtained results and solutions, some suggestions of
future work are listed here:

1. “Smart control” of AMDs could be implemented. In the test rig of EDB-AMD system, a PD con-
troller is used to control AMDs. The control parameters are fixed in the whole speed range during
operation. However, it is clear that the stiffness from AMDs can be reduced with the increasing of
rotational speed, because the stiffness contribution of EDBs increases accordingly. However, the
required non-rotating damping increases when the rotor speeds up due to the increasing of rotat-
ing damping arising in the EDBs. Therefore, the control parameters could be changed in the speed
range to obtain a more efficient control. This has been investigated in Chapter 6, which shows the
stability map of the system in terms of stiffness and damping from AMDs. Therefore, the AMD
stiffness and damping can be decided according to this stability map, the control parameters can
be chosen accordingly.

2. Downsizing and simplifying of AMDs: as has been demonstrated in Chapter 5, the actuators in
the AMDs can be downsized in this application. The whole architecture of AMDs could also be
simplified. Since the AMDs are coupled with EDBs, which are a type of passive magnetic bearings,
reducing of electronic components is meaningful. Thus further work on the EDB-AMD system
could also be devoted in this aspect.

3. Realizing viscous dampers using AMDs experimentally: the possibility of this work has been dis-
cussed and demonstrated in Chapter 7. It can be very practical to investigate damping strategies
for EDBs.

4. Optimization of supporting structure that allows EDBs to take off deserves some efforts. In EDB-
AMD system, It is not an issue, since AMDs provides levitation from zero speed. However, if other
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types of dampers are used in the EDB system, we have to face the fact that the rotor needs to be
supported during its speed-up process. When the rotor arrives at a certain rotational speed, the
supporting structure has to be disengaged. So far, in the existing radial EDB systems, the disen-
gagement of the rotor supporting structure is performed manually. It is fine for laboratory proto-
types but not acceptable for industrial applications. If this part of EDB systems could be improved,
non-AMD dampers would become more appealing for EDBs. Thus EDBs may be more feasible for
industrial applications.
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Appendix

A systematic approach of modeling and identification of ECDs in rotordynamics applications has
been proposed by the author. It has been published in [18] [40], where the complete introduction,
explanation and experimental validation have been presented. Here is a brief introduction.

The proposed method uses an analytical model of the Lorentz forces arising in the conductor in
combination with a 3D FE model to obtain the radial damping properties of the ECD. The solution
of the FE model is obtained under quasi—static conditions, thus being simple to implement, and
fast to solve, in a variety of commercial FE software. Finally, the proposed method is validated
experimentally showing very good accuracy for the calculation of electromechanical parameters
and modelling of dynamic behaviour of an ECD.

Static conductor

Figure A1 ECD with passive magnetic bearing

The analytical model of eddy current forces due to the relative motion of a conductor and a mag-
netic field has been discussed in Chapter 4. In this case the interaction can be studied with two
reference frames, one fixed to the magnets, the other to the conductor.

Yy
P o C
YeIMWA—1=
- C
O
K <
g\
o X¢ X

Figure A2 Equivalent mechanical representation of the eddy current force model in a conductor in relative motion
about an axisymmetric magnetic field.

(a) The general model for a spinning conductor, usually used for electrodynamic bearings; (b) model for ECDs, where
the magnetic field rotates whereas the conductor is static.

The schematic representation of this physical system is shown in Figure A2a. Points O and C give,
respectively, the position of the axes of magnetic field and conductor. The reference frame (O, x, y)
is fixed whereas (O, &, n) is a rotating reference frame that rotates with the same spin speed Q as
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the conductor. The pairs (x., y.) and (&, n¢) are the coordinates of point C in the fixed and rotating
reference frames, respectively. In Figure A2b, the magnetic field rotates whereas the conductor is
fixed to the stator, which shows the specific model of an ECD.

Applying the method introduced in Chapter 4.2, the dynamic behavior of the eddy current forces
generated by the conductor's spin and relative motion can be expressed as:

F = k(G- jQq)~F(a, —jQ) (A1)
where Q is the spin speed of the conductor and g represents its complex displacement. Equation
(A:1) is linear and has constant parameters. It allows modeling dynamically the resistive and induc-
tive effects on the eddy currents. Therefore the forces can be calculated provided that the equiva-
lent electromechanical parameters k and ¢ are known. For dynamic modeling of the forces pro-
duced by the ECD, Equation (A:2) must be rewritten for the non-spinning conductor (Q=0):

F=kj—Fao, (A:2)
For quasi-static condition, which means constant relative displacement (g=go=constant) and con-
stant spin speed Q, the force produced by eddy currents becomes:
k . cQ
F= w, , 07/ Q
1+ (—2Ly? 1+(—)°
( a ) (w L)

R

q, (A:3)

This force is proportional to the displacement and depends on the rotor spin speed. It can be ob-
served that for values of Q much lower than the frequency of the electric pole the real component
of the force vanishes, and the imaginary component assumes the value:

F =—jcCQyq, (A:4)
Figure A3 shows how the forces evolve with increasing spin speeds and how the characteristics of
their real and imaginary components can be exploited for the purpose of identification. The fre-
guency of the electric pole wg, is clearly shown and can be used to identify the bandwidth of the
damper. It shall be noted that the real component has an asymptote equal to kqgo that represents a
perfectly elastic force. This behavior can only be exploited at values of spin speed much higher
than the electric pole frequency, and is of particular interest in the field of electrodynamic bear-
ings. At low speeds, the slope of the imaginary component near zero is given by Equation (A:4).
This equation can be used for the identification of the damping coefficient of the ECD, which be-
haves as a simple viscous damper for speeds much lower than the electric pole frequency.
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Eddy current force
o

WRL

Spin speed
Figure A3 Eddy current forces with increasing the spin speed.

The solid line is the modulus of the force along x (real) and the dotted line is the modulus of the force along y (imagi-
nary). The dash-dot line grows with the same slope as the imaginary component for Q< wg,.

Quasi-static calculation with FE method is used to obtain the eddy current forces in ECDs. The
same approach was used in Chapter 4 for the identification of EDBs. The quasi-static simulation
was performed for a given Q and by introducing a small eccentricity € between the ECD magnets
domain I, and conductor domain I, on the x direction, where q, = €. Here g, is a real number,
thus the Lorentz forces calculated by the FE can be directly compared to the forces of Equation
(A:3). The real component gives the force along x whereas the imaginary component gives the

force along y.

Figure A4 Three dimension model of a permanent magnet bearing equipped with an ECD.

The arrows indicate the different domains considered for simulation: I;,. is the air surrounding the system, I, are the

rotor permanent magnets, I, is the copper sleeve that acts as ECD, I“maff are the stator permanent magnets that are

turned off for simulation, dI, boundary of the sleeve domain

For the identification of the ECD electromechanical parameters, it is necessary to calculate the
Lorentz forces for n different values of conductor spin speed Q. The identification of parameters k
and c is performed using a curve fitting procedure. The errors between values calculated with
Equation (A:3) and the FE model are minimized using the least squares approach. The function to

be minimized is stated as:

S(k,c) =3 (F., ~Re(F)) + (o~ Im(, ))2 (A5)
i=1
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Equation (A:5) is used to search for values of k and ¢ that minimize the error between data and
model for the forces in x and y directions contemporaneously. For the present analysis this nonlin-
ear problem was solved using the MATLAB function fminimax.

If the frequencies of the lateral vibrations of the rotor are expected to be much lower than the
electric pole frequency, it is reasonable to model the ECD as a simple viscous damper. Thus the
damping coefficient c can be obtained from the results of the FE model using Equation (A:4) as:

F

Ltzy
¢, =—— (A:6)
&0
Using this equation, it is possible to calculate the damping coefficient from a single FE solution

obtained for a low value of Q. It is a very convenient method to obtain the damping coefficient.

Figure A5 shows the plot of eddy current force identification as presented in [18].

4

Eddy current force [N]

0 20 40 60 80
Spin speed [kRPM]

Figure A5 Eddy current force identification, comparison between identified model (solid lines) and finite element re-
sults (circular and diamond markers).

The present approach was validated experimentally with two different eddy current dampers in
[40] [18].
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