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Abstract

YBRID magnetic bearings are widely used in mechatronics, covering
H various applications. For instance, they substitute conventional ball
bearings in electric machines, enabling ultra-high rotational speeds due to
eliminating friction, which usually causes wear and tear and excessive heat
generation. Additionally, their air gap permits decoupling two subsystems
with a barrier. Therefore, they are employed in machines for clean environ-
ments to prevent contamination between two subsystems while transferring
and converting electrical power from the stator to the rotor into mechanical
work.

This thesis proposes a magnetic levitation platform (MLP), in the form
of an axial hybrid magnetic bearing, with the target of enlarging the air gap
between the permanent magnets (PMs, located in the stator and mover) con-
stituting the passive part of the MLP. Compared to existing drive systems
employed in industry, which are characterized by an air gap being orders
of magnitude smaller than the most extensive system’s dimension (i.e., the
characteristic dimension), the air gap achieved in this thesis is about half
the characteristic dimension of the MLP. This air gap enlargement permits
the extension of the mentioned application of decoupling two subsystems
where the conventional limited air gap is problematic and, eventually, enables
entirely new applications.

The challenge regarding the enlargement of the air gap is overcome by
optimizing the PMs’ dimensions achieved with an analytical method that
calculates the magnetic forces between PMs. The resulting MLP is based on
a steady PM (stator) and an axially stacked levitating PM (mover), which
is repelled by the stator, creating an air gap of 104 mm, determined by the
balance of the vertical magnetic force with the mover’s gravitational force. In
addition, the proposed analytical calculation method ensures that three out
of six mover’s degrees of freedom (DOFs) are passively stable. Stable axial
magnetic forces passively hold the mover at the given distance. In contrast,
radial magnetic forces destabilize the mover from the radially centered posi-
tion. Therefore, they must be actively compensated by forces generated with
electromagnets (EMs) placed at the stator level that constitute the active part
of the MLP. The EMs are designed to control the mover at a given distance
from the center while minimizing the power consumption and restricting
their size to get a compact system. The assembly of stator and EMs determines
the characteristic dimension of the MLP, which results in 207 mm. Further-
more, the mover can rotate around all axes while levitating. The rotation
around the radial axes occurs due to destabilizing radial displacements and
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Abstract

due to control actions by the EMs. This rotation is passively stable because
of counteracting magnetic torques holding the mover parallel to the stator.
The rotation around the axial axis can be initiated by external torques and
cannot be influenced by magnetic or electromagnetic torques due to the axial
symmetry of the MLP. This rotation is marginally stable, and an active control
is disregarded in this thesis.

The challenges that follow the enlargement of the air gap are connected
to the active position control of the mover, which must be controlled in the
radial direction. In this context, a sensing system able to measure the mover’s
position at large distances is required to close the position control loop. More-
over, the sensor must operate irrespective of the material used to separate
the two subsystems (stator with EMs and mover) for applications of the MLP
in clean environments. These two requirements are satisfied by employing a
force sensor capturing the reaction forces on the stator and EMs caused by
the mover’s radial displacement, rotation around the radial axes, and control
actions. Due to the superposition of the mover’s radial position, angle, and
EM current on the sensed signal, a sophisticated control algorithm is required.
First, an observer extracts each quantity from the measured reaction force.
Then, a controller regulates the mover’s radial position and actively damp-
ens the mover’s rotation around the radial axes, which is poorly damped by
passive magnetic interactions because of the relatively large air gap. The
observer relies on a dynamic model of the complete MLP, including the force
sensor. The dynamic model is proven with measurements and augmented to
include and/or compensate undesired disturbances in the observer to estimate
the mover’s position and angle better, achieving stable levitation.

The levitation performance of the MLP using the force sensor is finally
compared to the performance obtained with a custom eddy current sensor,
which is more commonly employed in conjunction with MLPs but cannot be
applied when the barrier separating the mover from the stator is electrically
conductive. The electromagnetic coils within the eddy current sensor are
designed to sense the mover’s radial position with maximal sensitivity. Their
arrangement is carefully chosen to enhance their electromagnetic coupling,
which is influenced by the electrically conductive components of the MLP,
such as PMs and EMs. The eddy current sensor requires the same observed-
based controller structure since the measured signal contains the mover’s
position and angle. However, the observer implementation is simplified due
to the larger sensor’s bandwidth and a sensed signal less prone to distur-
bances. Therefore, the levitation performance using the eddy current sensor
is improved by a factor of eight. In quantitative terms, the achieved standard
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Abstract

deviation of the mover’s radial position from the radially centered position is
(0.15mm, 0.26 mm) for the two radial axes.

Furthermore, the eddy current sensor permits the investigation of dy-
namical position tracking with and without additional weight on the mover,
demonstrating the potential applications of the investigated MLP for trans-
porting objects with the mover.
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Sommario

cuscinetti magnetici ibridi sono ampiamente utilizzati nella meccatronica,
I coprendo diverse applicazioni. Ad esempio, sostituiscono i convenziona-
li cuscinetti a sfere nei motori elettrici, consentendo velocita di rotazione
molto elevate grazie all’eliminazione dell’attrito, che di solito provoca usura
ed eccessiva generazione di calore. Inoltre, il loro traferro (ovvero, lo spazio
d’aria fra le proprie componenti) permette di separare due sottosistemi con
una barriera. Pertanto, vengono impiegati in motori elettrici per ambienti
sterili al fine di prevenire la contaminazione tra due sottosistemi durante il
trasferimento e la conversione di potenza elettrica dallo statore al rotore in
lavoro meccanico.

Questa tesi propone una piattaforma a levitazione magnetica (MLP), sotto
forma di cuscinetto magnetico ibrido assiale, con I'obiettivo di ingrandire il
traferro tra i magneti permanenti (PMs, situati nello statore e nel fluttuatore)
che costituiscono la parte passiva del MLP. Rispetto ai sistemi tradizionali
impiegati nell’industria, caratterizzati da un traferro che é ordini di grandezza
inferiore rispetto alla massima dimensione del sistema (cioé la lunghezza
caratteristica), il traferro ottenuto in questa tesi € approssimativamente la
meta della lunghezza caratteristica del MLP. Questo allargamento del traferro
permette di estendere I’applicazione di separare due sottosistemi in cui il
limitato convenzionale traferro € problematico, ed eventualmente consente
applicazioni completamente nuove.

La sfida relativa all’ingrandimento del traferro viene superata ottimizzan-
do le dimensioni dei magneti, ottenute con un metodo analitico che calcola le
forze magnetiche tra magneti. Il risultante MLP si basa su un magnete fisso
(statore) e su un magnete levitante sovrapposto assialmente (fluttuatore), che
€ respinto dallo statore, creando un traferro di 104 mm, determinato dall’equi-
librio tra la forza magnetica verticale e la forza gravitazionale del fluttuatore.
In aggiunta, il proposto metodo di calcolo analitico assicura che tre dei sei
gradi di liberta (DOFs) del fluttuatore siano passivamente stabili. Le stabili
forze magnetiche assiali sospendono passivamente il fluttuatore alla distanza
desiderata. Al contrario, le forze magnetiche radiali destabilizzano il fluttuato-
re dalla posizione radialmente centrata. Pertanto, devono essere attivamente
compensate da forze generate con elettromagneti (EMs) posizionati a livello
dello statore che costituiscono la parte attiva del MLP. Gli elettromagneti
sono progettati per controllare il fluttuatore ad una determinata distanza dal
centro, minimizzando il consumo di energia e limitando le loro dimensioni
per ottenere un sistema compatto. L’insieme dello statore ed elettromagneti
determina la lunghezza caratteristica del MLP, che risulta essere di 207 mm.
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Sommario

Inoltre, il fluttuatore puo ruotare intorno a tutti gli assi mentre levita. La
rotazione intorno agli assi radiali avviene a causa di spostamenti radiali de-
stabilizzanti e delle azioni di controllo degli elettromagneti. Questa rotazione
€ passivamente stabile grazie ai momenti di forza magnetici contrastanti che
mantengono il fluttuatore parallelo allo statore. La rotazione intorno all’asse
assiale puo essere innescata da momenti di forza esterni e non puo essere
influenzata da momenti di forza magnetici o elettromagnetici a causa della
simmetria assiale del MLP. Questa rotazione ¢ marginalmente stabile e un
suo controllo attivo non viene considerato in questa tesi.

Le sfide che seguono I'ingrandimento del traferro sono legate al controllo
attivo della posizione del fluttuatore, che deve essere stabilizzato nella dire-
zione radiale. Per raggiungere cio, € richiesto un sensore in grado di misurare
la posizione del fluttuatore a grandi distanze al fine di chiudere il circuito di
controllo della posizione. In aggiunta, il sensore deve funzionare indipenden-
temente dal materiale utilizzato per separare i due sottosistemi (statore con
elettromagneti e fluttuatore) per le applicazioni del MLP in ambienti steri-
li. Questi due requisiti vengono soddisfatti impiegando un sensore di forza
che cattura le forze di reazione vincolari sullo statore e sugli elettromagneti
causate dallo spostamento radiale del fluttuatore, dalla sua rotazione intorno
agli assi radiali e dalle azioni di controllo. A causa della sovrapposizione della
posizione radiale del fluttuatore, del suo angolo e della corrente elttroma-
gnetica nel segnale rilevato, € richiesto un sofisticato algoritmo di controllo.
Inizialmente, un osservatore di stato estrae ciascuna grandezza dalla forza
di reazione vincolare misurata. Successivamente, un controllore regola la
posizione radiale del fluttuatore e smorza attivamente la rotazione del flut-
tuatore intorno agli assi radiali, che & scarsamente smorzata dalle interazioni
magnetiche passive a causa del relativamente ampio traferro. L’osservatore di
stato si basa su un modello delle dinamiche all’interno del MLP, compreso il
sensore di forza. Il modello delle dinamiche viene dimostrato con misurazioni
e ampliato per includere e/o compensare disturbi indesiderati nell’osservatore
di stato per stimare la posizione e ’angolo del fluttuatore in modo migliore,
al fine di ottenere una levitazione stabile.

Le prestazioni di levitazione de]l MLP utilizzando il sensore di forza vengo-
no finalmente confrontate con le prestazioni ottenute con un sensore induttivo
a correnti parassite (principio “eddy current”) personalizzato, che & piu co-
munemente impiegato in combinazione con gli MLPs ma non puo essere
applicato quando la divisione che separa il fluttuatore dallo statore é elet-
tricamente conduttiva. Le bobine elettromagnetiche all’interno del sensore
induttivo sono progettate per rilevare la posizione radiale del fluttuatore con
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massima sensibilita. La loro disposizione ¢ attentamente scelta per migliorare
il loro accoppiamento elettromagnetico, che ¢ influenzato dalle componenti
elettricamente conduttive del MLP, ossia i magneti e gli elettromagneti. I sen-
sore induttivo richiede lo stesso sistema di controllo basato sull’osservatore
di stato poiché il segnale misurato contiene la posizione radiale e ’angolo
del fluttuatore. Tuttavia, I'implementazione dell’osservatore di stato & sem-
plificata grazie alla maggiore larghezza di banda del sensore e ad un segnale
rilevato meno suscettibile a disturbi. Pertanto, le prestazioni di levitazione
utilizzando il sensore induttivo sono migliorate di un fattore di otto. In termini
quantitativi, lo scarto quadratico medio della posizione radiale del fluttuatore
rispetto alla posizione radialmente centrata é di (0.15 mm, 0.26 mm) per i due
assi radiali.

Inoltre, il sensore induttivo consente di studiare il tracciamento dinamico
della posizione con o senza peso aggiuntivo sul fluttuatore, dimostrando le
potenziali applicazioni dell’esaminato MLP per il trasporto di oggetti con il
fluttuatore.
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Introduction

LREADY in the late 1980s and 1990s, studies on hybrid magnetic bearing
technologies (“bearingless motors” utilizing passive and active stabi-
lization of the degrees of freedom of the moving part/rotor) were carried out
at D-ITET/ETH Zurich and constituted a key research topic. These works are
early precursors of this thesis, which aims to extend the levitation distance
between permanent magnets (PMs) constituting the passive part of magnetic
levitation platforms (MLPs), i.e., axial hybrid magnetic bearings. This ambi-
tious objective has rarely been researched despite its potential for exciting
applications in mechatronic systems.

Within the framework of previous projects conducted at the Power Elec-
tronic System Laboratory (PES) of D-ITET, research in the fields of hybrid
magnetic bearings was pushed further with a focus on specific applications.
Fundamental properties were clarified, multi-objective optimizations were
performed, and demonstrator systems were realized. Research results include
magnetic bearings enabling ultra-high rotational speeds (up to 500 krpm [1])
of permanent magnet synchronous machines, as used in turbocompressors,
machining spindles, gas turbine generators, flywheels, and scanners; mag-
netically supported drives used in hermetically sealed chambers for wafer
processing in the semiconductor industry [2]; and bearingless slice motors in
exterior rotor construction employed for mixing solutions in bioreactors in
pharmaceutical, chemical, and food industries [3] (see Fig. 1.1 (a)). However,
research in this area was limited to systems with air gaps one to two orders
of magnitude smaller than the system’s characteristic dimension, defined as
the largest dimension of the MLP’s mechanical components.

MLPs featuring exceptionally large air gap distances, i.e., distances in the
same order of magnitude as the system’s characteristic dimension, would
extend current applications, such as the contactless support, transport, or
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Chapter 1. Introduction

rotation of objects within hermetically sealed process chambers. The extraor-
dinary large air gap allows levitating the object far from the chamber’s walls
or enables the use of thick walls, or the considerable magnetic force allows
equipping the levitated magnet with heavy additional payloads. However, to
overcome the limitation concerning the air gap width by at least one order of
magnitude, completely new design and modeling approaches are required,
which motivate this thesis. Besides the electromagnetic design of the contact-
less MLP, the development of a suitable position sensor system represents a
unique challenge since the operation must be ensured without direct sight of
the levitated magnet.

In general, commercially available “magnetic levitation modules” as
shown in Fig. 1.1 (b) are formed by

> two axially arranged PMs designed to achieve specific passive bearing
forces,

> position sensors that detect displacements of the levitated PM, and

> a set of electromagnets (EMs) that generate additional magnetic flux
density components, which generate forces on the levitated PM and
accordingly allow controlling its position.

These commercial products typically achieve air gap length to characteristic
dimension ratios below 1:4, which should be increased to at least 1:2 in this
thesis. Different sensing concepts are employed today depending on the
distance between the two PMs. Hall effect sensors [6] are often used for
relatively small air gaps since they offer sufficient sensitivity for the active
position control of the levitated PM (mover). However, considering the
substantial decay of the magnetic field strength with increasing distance, a
significant amplification of the sensed signal would be required for larger
air gaps. On the contrary, large amplification is not applicable due to the
high magnetic field near the steady PM (stator) for preventing saturation.
Therefore, other sensing techniques are used, such as optical [7] and eddy
current sensors [8]. Optical sensors are more precise than the other sensing
methods but cannot be employed in cases where obstacles such as shields,
walls, or enclosures used to isolate the mover from the rest of the system are
present in the air gap. In comparison, eddy current sensors can be applied
in a more extensive variety of systems, given that the separation surface
between stator and mover is non-conductive. This thesis must conceive a
different positioning concept that enables stable levitation at large distances,
irrespective of the material inserted in the air gap. Furthermore, the payload
2
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Fig. 1.1: (a) Magnetically coupled mixer from [4] used in pharmaceutical, chemical,
and food industries. (b) Commercially available magnetic levitation module from [5]
showing the core components and the relevant dimensions of the investigated axial
MLP.

that commercial MLPs can handle is limited to about four times the mass of
the mover. Therefore, substantially larger levitation forces must be generated
to levitate and eventually manipulate heavy objects at large levitation heights
inside a hermetically sealed process chamber.

1.1 Challenges

In the first step, the interaction and optimal design of the MLP’s PMs will be
investigated in detail. According to Earnshaw’s theorem, it is impossible to
passively stabilize all degrees of freedom (DOFs) of the mover. Depending on
the PMs’ dimensions, different stability regions for a set of DOFs and stability
types, i.e., axial, radial, or rotation stability, are observed. Hence, besides
aiming for the maximum physically achievable levitation height, the stability
type resulting in the maximum number of passively stable DOFs is pursued.
This stability type is characterized by restoring axial forces and radial torques
that passively prevent the mover from displacing along the axial axis z and
rotating around the radial axes x, y. Consequently, only the mover’s radial
displacement is passively unstable, implying that the realization effort of
the position sensing and the related active control are minimized. For the

3
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active position control of the mover, an appropriate actuation system must be
designed to efficiently generate the required stabilizing force, even over large
distances. Therefore, the amount, shape, position, and design of actuator
coils must be optimized. Moreover, the relation with the power electronic
converter impressing the required actuation current must be considered in
this context.

An attractive position-sensing solution is to capture the position of the
mover by measuring the reaction forces between the levitated and stationary
PMs. A three-axes force sensor supporting the stator measures the radial
forces due to the unstable mover’s radial displacement and the axial force in
case of dynamic payload changes on the mover. A mover’s rotation around the
x, y axes is always coupled with the radial displacement due to destabilizing
magnetic and stabilizing electromagnetic forces, contributing to the total mea-
sured force. Therefore, a sophisticated control algorithm is required, where
an observer based on the dynamical model of the complete MLP extracts the
radial position from the sensed forces so that it can be actively regulated.
However, due to the considerable relative levitation height, more than the
passive dynamic damping of the mover’s rotation is required to achieve a
complete system’s stability. Hence, the position controller is augmented
to actively enhance rotation damping with the already available observed
mover’s angle.

Finally, the performance of the MLP is evaluated and compared using the
force sensor and a custom eddy current sensor. The main design challenge
for the eddy current sensor is achieving sufficient magnetic field coupling
within its electromagnetic coils. The coupling diminishes with greater dis-
tance between the coils, whose dimensions are limited by the components
constituting the MLP to have a fair comparison with the force sensor system.
Moreover, the neighboring electrically conductive components (stator, mover,
and EMs) influence the magnetic field distribution in space, necessitating an
accurate placement of the eddy current sensor’s coils.

1.2 Aims and Contributions

As already highlighted, the primary goal of this thesis is to elaborate a new
sensing concept for the mover’s position to achieve a functional levitation
in situations where the mover is encapsulated in an electrically conductive
sealed chamber and levitated at extremely large distances from the stator.
The MLP system should be designed, realized, and experimentally verified in
hardware as the ultimate goal. The contributions of this thesis to enrich the
4
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understanding of axial MLPs featuring large levitation heights are listed in
the following.

> Chapter 2 presents an analytical method to calculate the static mag-
netic forces and torques between PMs in three-dimensional space. This
fast calculation method enables a rapid multi-objective optimization
of the PMs’ dimensions. In the same context, scaling laws of PMs to
enhance the air gap or improve the payload capability are presented,
permitting the redesign of the PMs from the results of a single opti-
mization process.

> In Chapter 3, the novel usage of a force sensor for the mover’s position
sensing and control dictates a deep investigation of the complete MLP.
The dynamics of the mover, EMs, and force sensor are modeled to
permit the implementation of an observer for extracting the mover’s
radial position and angle from the sensed forces. A measurement
method to verify the proposed model is presented. Finally, a position
controller design that regulates the mover’s radial position and actively
dampens the mover’s rotations around the radial axis is discussed and
experimentally verified.

> Chapter 4 highlights the differences between the force sensor and an
eddy current sensor, both used for the position control of the mover in
the same MLP. The sensors are compared regarding their sensing prin-
ciples, implementation challenges within the MLP, and performance,
calculating the standard deviation of the mover’s position from a static
reference. Furthermore, the eddy current sensor shows the controller’s
dynamic position tracking capability and the MLP’s operation with
a payload on the mover. Finally, the theoretical considerations are
comprehensively verified experimentally.

Chapter 5 concludes the thesis by summarizing the findings and looking
at further research on the analyzed MLP.

Additionally, Appendix A analyzes the positioning and design of the
EMs, knowing the optimized PM geometry and the voltage/current ratings of
the power electronic converter.

1.3 List of Publications

Key insights presented in this thesis have already been published or will
be published in international scientific journals, conference proceedings, or
5
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presented at workshops. The publications created as part of this thesis, or
also in the scope of other related projects, are listed below.

1.3.1 Journal Papers

> R. Bonetti, D. Bortis, L. Beglinger and J. W. Kolar, “Exploring the Phys-
ical Limits of Axial Magnetic Bearings Featuring Extremely Large
Vertical Levitation Distances,” IEEE Transactions on Industry Applica-
tions, vol. 57, no. 6, pp. 6931-6943, November-December 2021. DOI:
10.1109/TIA.2021.3096170.

> R. Bonetti, L. Beglinger, S. Miri¢, D. Bortis, and J. W. Kolar, “Reaction
Force-Based Position Sensing for Magnetic Levitation Platform with
Exceptionally Large Hovering Distance,” Actuators, vol. 13(3), no. 114,
pp. 1-31, March 2024. DOL: 10.3390/act13030114.

> R. Bonetti, S. Miri¢, and J. W. Kolar, “Comparative Analysis of Force and
Eddy Current Position Sensing Approaches for Magnetic Levitation
Platform with an Exceptional Hovering Distance,” Actuators, vol. 13(4),
no. 122, pp. 1-22, March 2024. DOI: 10.3390/act13040122.

Moreover, the author had the pleasure to contribute to the following journal
paper:

» P. Niklaus, R. Bonetti, C. Stiger, J. W. Kolar, D. Bortis, “High-
Bandwidth Isolated Voltage Measurements with Very High Common
Mode Rejection Ratio for WBG Power Converters,” IEEE Open Jour-
nal of Power Electronics, vol. 3, pp. 651-664, September 2022. DOL
10.1109/0OJPEL.2022.3208693.
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Chapter 2. Exploring the Physical Limits of Magnetic Levitation Platforms

Chapter Abstract
This chapter provides an analytical method, based on the Ampeérian model of permanent
magnets (PMs), for a fast calculation of the magnetic flux density in three-dimensional
space applying Biot-Savart’s law and the calculation of the forces using Lorentz’s law. The
applied approach enables the characterization of forces, torques, and stiffnesses of the
levitating PM for any arbitrary position in space. Furthermore, it permits the extension of
the investigation to any shape and configuration of ironless magnetic levitation platforms
(MLPs). To demonstrate the simple use of the analytical model, the dimensions of an ironless
MLP employing PMs are optimized with a multi-objective Pareto analysis, which reveals the
physical limits concerning the maximum achievable levitation height under given constraints
on the required axial/radial and rotational stiffnesses, and the axial robustness defined by the
maximum allowable payload on the levitating magnet. Moreover, the optimized MLP and
a corresponding test bench are realized to validate the proposed model with experimental
results. For completeness, it should be mentioned that in a later stage, the optimized MLP can
be scaled with simple scaling laws if the demanded specifications change, e.g., concerning

| desired maximum levitation height or payload capability. |

2.1 Introduction

Magnetic levitation platforms (MLPs) consisting of axially arranged perma-
nent magnets (PMs) and/or electromagnets (EMs) are used, e.g., in suspension
devices [9], in blood pumps [10], or in positioning applications where objects
are levitated in the vertical direction [11], and in certain cases with extremely
large levitation heights [7,12] (see Fig. 2.1). Future applications could, e.g.,
be found in the non-touch charging of drones and robotics or in manipu-
lating objects inside a hermetically sealed process chamber. Such PM/EM
arrangements have been analyzed in the literature [13-23], where analytical
equations for the resulting axial forces are derived. However, these closed-
form equations are only valid for symmetric arrangements. Investigating
the passive system’s stability, stiffness, and robustness is not possible when
analyzing purely symmetric arrangements since the forces and torques at a
certain radial displacement must be known for these calculations. Therefore,
time-consuming 3D FEM simulations have to be performed, where different
possible MLP geometries are iterated to obtain the optimal MLP design.

As an alternative, in this chapter, a simple analytical method based on
the Biot-Savart law is proposed in Section 2.2, which allows calculating the
resulting forces and torques for any ironless non-symmetric 3D PM/EM ge-
ometry by substituting all PMs with equivalent current-carrying coils, so that
8



2.1. Introduction

Fig. 2.1: General MLP arrangement with ring-shaped PMs, where the equivalent
current-carrying coils are shown.

the magnetic flux density distribution is replicated with sufficient accuracy.
In contrast to [24], where the Ampérian model is successfully applied to a
simple linear Halbach array, the shape of the PMs does not constrain the
suggested method since the path of the Ampérian model coils is discretized
into short linear segments. Nonetheless, it is applied to an ironless mag-
netic levitation platform constituted by PMs with axial magnetization, as
illustrated in Fig. 2.1. For instance, a similar arrangement with PMs and
electromagnets, which could be analyzed with the proposed method, is found
in motors featuring ironless coil units [25] where the back iron parts are
explicitly omitted to eliminate attraction or cogging forces between PMs and
iron cores and to achieve superior positioning precision and fast dynamics
with high acceleration and deceleration capabilities. Further applications are,
e.g., found in weight-optimized ironless flywheels where Halbach arrays are
employed [26]. Moreover, the considered analytical model could be combined
with the method of images [27] to determine the magnetic forces and torques
in magnetic bearings and motors incorporating PMs and simple structures of
magnetic materials. For example, the method of images was applied in [28] in
combination with the surface charge model of PMs [27] to calculate the radial
and axial magnetic forces in a magnetic bearing of a highly reliable fan, or
it is used to design a suspension system for a micro-lithography application
where precise movements are required [29].

In this thesis, the purpose of using PMs in the MLP is to generate large
passive vertical forces, which result in an efficient levitation of the levitating
PM, hereinafter called mover. However, as stated by Earnshaw’s theorem [30]
(Section 2.3), a passive stabilization of each degree of freedom (DOF) of the
mover is not possible. Therefore, a proper integration of EMs is essential
to actively control the remaining unstable DOFs of the mover and stabilize

9



Chapter 2. Exploring the Physical Limits of Magnetic Levitation Platforms

its position. The design of the EMs is not further discussed in this chapter;
however, in Section 2.4, it is shown that the selected dimensions of the MLP
and the relative magnetization direction between the two PMs define which
and/or how many DOFs remain unstable. Hence, different passive stability
types depending on the number of passively stable DOFs and stiffnesses are
defined in Section 2.4.

To demonstrate the simple use of the analytical model, in Section 2.5,
the MLP is optimized such that the maximum possible levitation height is
achieved for given constraints as the rotational stiffness and the maximum
payload the mover can carry. As shown in Section 2.6, for a minimum rota-
tional stiffness of 1mNm/° and a demanded payload capability of 50 times the
mover’s weight, the optimized MLP features a maximum diameter of 130 mm,
i.e., the characteristic dimension of the passive MLP, a maximum magnet
height of 21 mm, and a payload capability of 17 kg. Moreover, it is found that
a characteristic dimension-related levitation height (CDRLH) close to 1.0 is
achieved, outperforming existing commercial systems, which show CDRLHs
around 0.6 [7], where the levitation height is only 60 % of the characteristic
dimension.

Further, in Section 2.7, the performance of the MLP is tested on a 6 DOF
platform, where the stationary PM (stator) is brought into different positions
and distances relative to the mover to verify the analytically calculated forces
and torques experimentally.

For completeness, instead of iterating through all possible combinations in
the Pareto optimization, in Section 2.8, scaling laws are derived from the ana-
lytical equations which directly allow calculating the resulting forces, torques,
stiffnesses, and levitation height for a scaled version of the characterized
MLP.

2.2 Analytical Model Description

2.2.1 Amperian Model of Permanent Magnets

As described in [31] and applied in [22, 24], to replicate the magnetic field
generated by the axially-magnetized ring-shaped PMs, current-carrying coils
with the same inner and outer radius and the same height as the PMs can
be used (see Fig. 2.1). The polarity of the PMs gives the current direction,
whereas the amplitudes I; and I, are determined with Ampére’s law as [32]

Hg; - hy

I =
1 Nl

with i = {s,m}, (2.1)

10



2.2. Analytical Model Description

where H,;; is the coercive field (955 kA /m for the investigated Neodymium-
Iron-Boron magnets), h; is the height of the PM, and N; is the number of turns
of the model coil.

In the following, a lumped single-turn coil (N; = 1) located at the center
of the height h; is assumed for the approximation of the PM’s magnetic
flux density (see Fig. 2.2 and Fig. 2.4 (a)). This choice leads to the lowest
computational effort with sufficient accuracy for the far-field calculation. To
improve the accuracy of the near field calculation, a distributed multi-turn
coil along the total height h; is possible (Fig. 2.4 (b)), which consequently
implies an increased computational effort.

2.2.2 Simplified 2D Analysis

The internal radii 1y i and rgje of the two ring-shaped PMs are assumed
to be zero to introduce the proposed analytical method. Hence, the most
simple MLP configuration with two disc-shaped PMs is obtained as depicted
in Fig. 2.2 as a cross-section view.

For this axially symmetric arrangement, a simplified 2D analysis can be
conducted, where each of the two PMs is substituted by two straight and
infinitely long conductors carrying the same current [j; = I, in opposite direc-
tions. Based on Ampere’s law, the magnetic flux density generated by each of
the two stator conductors is determined for each position in space and decays
with 1/r, where r is the distance from the considered stator conductor to the
magnetic flux density evaluation point. Based on the right-hand rule, the
magnetic flux density always points in the tangential direction with respect

a2 !

! é) /11‘12 Z rZI‘\\ % !
;Isl il 7s yé—ac {Ihs s Isz“

Fig. 2.2: Cross-section view of two disc-shaped PMs (see Fig. 2.1 with ry, jnt = 7'sint =
0), explaining the Lorentz forces acting on the mover coils. Both conductors modeling
the stator PM generate a force on both conductors modeling the mover PM, whose

direction is determined by the right-hand rule.
1
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to r (see Fig. 2.2). Hence, the Lorentz force acting on each mover conductor
is directly determined by the superposition of the two force components
resulting from the two stator conductors. There, the force vector always lies
in the connection line between the considered stator and mover conductors
and, depending on the current directions, results in an attractive or repulsive
force (see Fig. 2.2). Consequently, the total force acting on the mover is
the sum of each force contribution, i.e., Fiot = Fy; + Fiz + Fo; + Fyy. For this
symmetric case, the total force only acts in the axial direction because the
xy-force components cancel each other out. However, in a more general
case, where the mover is displaced from the center in the x direction, Fio
results in a net force component acting in the x direction. In addition, the
z-force components acting on each of the two mover conductors are not
equal, meaning that a torque in the y direction is created. Consequently, the
mover experiences a horizontal displacement in the x direction while rotating
around the y axis.

The 2D analysis of this general case is only valid for infinitely long and
straight conductors and can be applied to approximately calculate the forces
for axially symmetric arrangements. Hence, to investigate arbitrary configu-
rations with displaced or rotated movers, an analytic 3D analysis has to be
performed.

2.2.3 3D Analysis, Magnetic Flux Density Calculation

In a homogeneous medium, the Biot-Savart law allows calculating the mag-
netic flux density vector B at any point in 3D space generated by a conductor

carrying the current I as
Idl
Bzifgxf, (2.2)
ar Jo r? r

where p = pppig = o is assumed in the following. There, dl is the vector rep-
resenting an infinitesimally small piece of conductor pointing in the direction
of the current I;, and r is the distance vector between the considered piece
of conductor and the evaluation point of the magnetic flux density. In the
case of a circular conductor, the solution of (2.2) contains elliptic integrals
that need to be evaluated with numerical integration [33-35]. According
to [36], the approach used in this chapter is to approximate the integral of
(2.2) with a finite sum of field components, such that the magnetic flux density
generated by any current-carrying conductor can be calculated. Accordingly,
the single-turn mover and stator coils are discretized in a finite number Ny
12



2.2. Analytical Model Description

of conductor segments with length Al;, which are represented by their corre-
sponding center points as shown in Fig. 2.3.

Hence, to calculate the magnetic flux density at the center points of each
mover segment, the magnetic flux density contribution of each stator segment
has to be evaluated as

_ Ho LA, r

X -, 2.
2 X (2:3)

AB;

T 4nm r

where the length of the vector Al is given by the linear distance between two
adjacent center points on the stator winding, and its direction is determined
by the direction of the current I at the corresponding center point, i.e., always
tangential to the circular winding. The distance vector r equals the distance
between the considered center points.

Accordingly, the total magnetic flux density acting on one mover seg-
ment’s center point is given by

Npts

B= ZAB Zptjerzl x;. (2.4)

2.2.4 3D Analysis, Force and Torque Calculation

Knowing the magnetic flux density at each mover segment’s center point,
the Lorentz force Fy acting on each mover segment (Fig. 2.3) is calculated to

ALy

Mover winding Conductor

Stator winding segment

Discretization
point

Fig. 2.3: Discretization of the Amperian model coils of Fig. 2.1 for rm int = rgjnt = 0
and Ns = Ny, = 1, where the magnetic flux density, forces, and torques are reported.

13



Chapter 2. Exploring the Physical Limits of Magnetic Levitation Platforms

determine the total force applied the mover as

Npts Npls

Fiot = / Lodl, X B ~ Z F) = Z L,Al, X B. (2.5)
k=1 k=1

Accordingly, the total torque referenced to the center of the mover is calculated
by summing the radius-force products of each mover point, i.e.,

Npts Npts
Tt = ) T = ) tm X Fy, (2.6)
k=1 k=1

where rp, is the radius vector pointing from the center of the mover to a
discretization point on the mover winding.

The number of discretization points N; determines the precision of the
finite sum approximation and the required computation time. For Ny > 1,
the force/torque error decays exponentially with N,. Instead, the computa-
tion time grows quadratically with N,s because for the magnetic flux density
calculation of each mover segment, each stator segment has to be considered.
Consequently, a discretization of Nj;; = 100 was chosen, which reveals a
sufficient accuracy at a moderate computational effort.

2.2.5 Further Considerations

In a case where the stator and mover are realized as ring-shaped PMs, four
model coils with radius 7gjnt, 7sexts "m,ints a0d ' ext are required, where the
currents in the inner and outer coil of each ring-shaped PM are pointing in
opposite direction (see Fig. 2.1). In the simplest case, where single-turn coils
are considered (Fig. 2.4 (a)), the calculation of the forces and torques has to
be conducted for all combinations of coil pairs, where a stator and a mover
coil constitute a pair.

As already mentioned, the accuracy of the simulated magnetic flux den-
sity distribution depends on the coil’s number of turns N; and the distance
h between the PMs (see Fig. 2.4). Especially in the near field region, a
distributed multi-turn coil (Fig. 2.4 (b)) results in a more accurate field cal-
culation compared to the lumped single-turn coil (Fig. 2.4 (a)). Hence, the
multi-turn approach must be used for relatively small distances h compared to
h; (h < hs, hy,). Thus, the forces and torques between each stator and mover
turn have to be calculated, which means that the computational effort for the
14
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hs
(b)
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(c) Number of turns Ny = Ny,

Fig. 2.4: Magnetic flux density distribution of the stator PM in a 2D plane for the
case h < hg, hy, with (a) single-turn model coils Ny = Ny, = 1 and (b) multi-turn
model coils Ny = Ny = 4. (c) Example of force calculation for different numbers
of model turns N and Ny, considering the same MLP, where it is visible that the
single and double-turn models define the bounds for all other force calculations with
Ns = Ny > 3.

multi-turn winding approach increases by N; - Ny, compared to the single-
turn approach. For the considered MLP, where extremely large levitation
heights are pursued, i.e., h > hg, hy,, the single and the multi-turn models
result in a similar far-field distribution; thus, similar forces and torques are
obtained as shown later in Fig. 2.6, Fig. 2.14 and Section 2.6. This justifies
the described procedure, where the single-turn coil approach is used for a
coarse Pareto optimization to speed up the computation time, whereas in
a second step, the force and torque calculation is refined to obtain precise
results (see Fig. 2.14 (b)-(d)).

Furthermore, there is an interesting fact that the single-turn (N; = N, = 1)
and the double-turn model (N5 = Ny, = 2) define the bounds for the calculated
forces and torques, whereas the multi-turn models with Ny = N, > 3 yield
values between these bounds. The calculation error decays with an increasing
number of model turns as it is shown in Fig. 2.4 (c) for a particular case with
randomly selected values for h, hg, and h,, and as verified later for the force
calculations of the optimal MLP (see Fig. 2.14).
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2.3 Passive Stability

The derived analytical method enables an extensive analysis of the mover’s
behavior in 3D space. Therefore, in the first step of the design process, the
passive stability of the mover, i.e., the DOFs that are already passively stable
only due to the presence of the PMs, is analyzed for its nominal operating or
levitation position. As stated by Earnshaw’s theorem [30], not all six DOFs
of the mover (see Fig. 2.5 (a)) can be stabilized passively. However, as shown
in the following, depending on the selected dimensions of the MLP, different
stability types with different numbers of passively stable DOFs or different
properties concerning stiffnesses are obtained. In the end, a stability type
that enables a high levitation height and minimizes the sensing and control
effort of the EMs to control the remaining unstable DOFs actively should be
selected.

2.3.1 Displacement Method

The method to determine the passively stable DOFs of the mover is to displace
the mover from a nominal levitation position and to compute all forces and
the torque for this position. These values determine the corresponding force
and torque gradients for each DOF. A negative gradient value, i.e., a force
or torque acting in the opposite direction to the displacement or rotation, is
associated with a stable equilibrium. In contrast, a positive gradient value
indicates an unstable equilibrium. The magnitude of the gradient is defined
as stiffness, which characterizes the dynamic behavior of the mover around
the equilibrium. A gradient that equals zero means that the equilibrium is
marginally stable, i.e., neither stable nor unstable.

The axial force gradient dF,/dz, is determined by calculating the change
of force dF, for a certain displacement dz,, of the mover in the z direction

Qm,z g %

Om.y dF \Uy
/d\\, ' & \ X
Mover o b\dlm \\ Eem,y

a) Orm,x (b) () x

Fig. 2.5: (a) Ilustration of the mover’s six DOFs with its local coordinate system
spanned by (x, y, z), where a translation and a rotation along each axis is possible.
(b) Axial displacement of the mover needed to calculate the gradient dF,/dzp,. (c) Ro-
tation around the y axis of the mover needed to calculate the gradient dTy /dfm,y.
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(Fig. 2.5 (b)). Similarly, to calculate the torque gradient of a rotational DOF,
the mover is rotated as illustrated in Fig,. 2.5 (c) to obtain the torque gradient,
as shown for dT;, /0y, ;. For calculating the radial force gradient, the mover’s
rotation around the radial axes must be considered because magnetic torques
rotating the mover around the x, y axes occur for radial positions different
from zero. When rotational stability is ensured (negative torque gradient),
dFy/dxp, is calculated by displacing the mover in the x direction by dxy,
and rotating it around the y axis by the angle 0,y that cancels the torque
in the y direction. When the mover reveals rotational instability (positive
torque gradient), dFy/dxy, is calculated by displacing the mover by dx;, and
assuming that the mover is kept horizontal (0, ; = 0) with active control. The
two procedures to calculate dFy/dxy, assume that the mover’s axial position
remains unchanged for the displacement dx,, and the eventual rotation 0y, y,
but ensure that the force gradients are calculated under the real mover’s
rotational behavior.

2.3.2 Passive Stability Types

The force and torque gradients and stiffnesses are now analyzed for the MLP.
If the mover is located at its nominal radially centered position xp, = ym =0
at a certain height h (the MLP is axially symmetric), the following holds

Fi=F,=0 (2.7) dF,/dxy = dFy/dym (2.10)
Ii=T,=0 (2.8) dT,/d0nx = ATy /dOn,y (2.11)
T,=0 (2.9) dT,/day,, = 0. (2.12)

In contrast to the general case, (2.10), (2.11), and (2.12) imply that the stability
properties for the axially symmetric MLP can be derived with a reduced com-
putation time, since only three gradients have to be determined, i.e., dFx/dxp,
dF,/dzp, and dT;;/d0y, y. Another direct implication of (2.12) is the marginal
stability of the torque in the axial direction. Thus, the rotation around the
axial axis (indicated by the angle a, ;) is marginally stable and must not be
stabilized actively at the cost of a continuous rotation around the z axis once
initiated.

Furthermore, as explained in [30] and applied in [9,13, 14, 28], the diver-
gence of the force vector between permanent magnets in a homogeneous
medium is given as

dF, dF, dF,
+

V-F= —
dxm  dym  dzm

=0, (2.13)
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which in combination with (2.10) results in

dF, dFx
=-2

dzm, Dy

(2.14)

It is essential to mention that (2.13) and (2.14) hold for axially symmetric MLPs
where the mover is kept parallel to the stator, i.e.,, where O x = Oy = 0,
which is only possible when active control regulates the mover’s angle. The
proposed analytical model does not rely on axial symmetry assumptions;
however, the relations (2.7)-(2.14) have been observed as a result of the calcu-
lations.

Consequently, when the angles 6, x and 0y, are controlled to zero ac-
tively, (2.14) excludes simultaneous stability of all three force components, i.e.,
passive force stability is only possible either in the axial or radial direction. A
passive stability type with only rotational stability is possible when the mover
is free to rotate because the corresponding active control is disregarded, i.e.,
(2.14) is invalid. Accordingly, considering the restrictions given for axially
symmetric MLPs with both magnets radially centered, five types of passive
stability exist:

I. (F,): the mover is stable against axial displacements (one DOF is passively
stable, and four DOFs must be controlled actively);

Il (Fyy): the mover is stable against radial displacements if Oy = Oy = 0
(two DOFs are passively stable, and three DOFs must be controlled
actively);

L. (Ty): the mover is stable against rotations around the y, x axes (two
DOFs are passively stable, and three DOFs must be controlled actively);

IV. (F,, Ty): in addition to (F,), the mover is stable against rotations around
the x, y axes (three DOFs are passively stable, and two DOFs must be
controlled actively);

V. (Fyy, Tyy): the mover is stable against radial displacements if 0, x = Oy =
0 and it is stable against rotations around the x, y axes (four DOFs are
passively stable, but the rotation must be actively controlled to zero and
one DOF must be controlled actively).

(Fxy» Ty) exhibits four passively stable DOFs; however, the condition O x =
Omy = 0 must be met to ensure that the mover is stable against radial dis-
placements, meaning that active control of the two passively stable rotational
18
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DOFs must be implemented. Therefore, the stability type (Fyy, Txy) reduces
to (Fxy) since active control of three DOFs (the axial displacement and the
rotations around the radial axes) is required.

As a result, (F,, Tyy) offers the lowest number of DOFs that must be con-
trolled actively, translating to a simpler design of the active controller.

2.4 Dependence of Levitation Properties on
MLP Dimensions

Now, the question is how the MLP must be designed to obtain a specific
stability type with a high stiffness. This section addresses this question
with a design example of two disc-shaped PMs with opposing magnetization
directions. The mover’s external radius ry, ext is used as a variable, whereas
the other dimensions are chosen as rgext = 50 mm, rgint = Fmint = 0mm,
hs = 10 mm, and h;, = 5mm. In the following, it is shown that different
stability types are obtained with different 7, ext. Furthermore, it is highlighted
that the passive rotational stiffness of the mover improves using ring-shaped
instead of disc-shaped PMs.

2.4.1 Stability Regions and Levitation Height

The first step of the design example is to determine the stability type obtained
for different ry ext and levitation heights A combinations, while the mover’s
radial position is always kept to zero. Fig. 2.6 (a) shows the resulting stability
types derived with the displacement method for each ry ext-h combination.
It is visible that the preferred stability type (F,, Iyy), in the orange region, is
obtained for rpy ext > 36 mm. It should be mentioned that the colored regions
have been generated with the fast model (N5 = Ny, = 1), and the boundaries
between the regions have been proven to be satisfyingly precise with the
multi-turn model Ny = Ny, = 4 as indicated with white lines. To complete
the picture, the levitation height h at which the mover passively settles is
found for the case where the axial force F, is equal to the gravitational force
Fy of the examined PM, i.e., F, = Fg, as indicated in Fig. 2.6 (a) with a dashed
curve. With the smallest considered mover’s radius ry ext = 1 mm, the largest
levitation height of A,y = 137 mm is achieved. At this design point, only
F, is passively stable, meaning that rotations and radial displacements of
the mover must be actively controlled. Moreover, only low axial forces F,
and low MLP stiffnesses are achieved. Therefore, it is beneficial to choose a
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design point in the orange region (F,, Tyy), where at the expense of a certain
levitation height reduction (at least 11.7 %), passive rotational stability in the
x, y directions is gained, such that only the mover’s radial displacements in
the x, y directions must be actively controlled.

With a further increase of rp ext, the levitation height h continuously
decreases and for 96 mm < 7y ey < 118 mm, two operating points with F, = F
are found. To explain this behavior, Fig. 2.6 (b) illustrates the calculated
axial magnetic force F, with respect to h for ryext = 110 mm. The mover is
only passively stable in the axial direction at the levitation height A; since the
axial force increases at lower h < hy (F, > F;) and, therefore, would lift the
mover again. The axial stability at h; is also indicated by the negative force
gradient dF,/dzy, around this operating point, whereas around h;, the force
gradient is positive (unstable). With the above considerations, the mover’s
radius is chosen to be rm ext = 63 mm for the design example, meaning that the
levitation height is maximized for the stability type (F,, Tyy) (see Fig. 2.6 (a)).
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Fig. 2.6: (a) Stability regions for different levitation heights h depending on the
mover’s radius rmext for two radially centered disc-shaped PMs with rgext = 50 mm,
hm = 5mm, and hs = 10 mm. Two stability types are observed in the striped yellow
and violet region, depending on whether the mover’s angles (6m,x and 0 y) are
actively controlled. (b) Axial magnetic force versus axial position of the mover with
'mext = 110 mm, where the levitation positions for F, = Fg are highlighted. The
gradient of F, reveals that the passive levitation is axially stable at hy, whereas it is
unstable at hy.
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For completeness, it should be mentioned that the other regions where
three DOFs must be regulated actively, i.e., where the stability types (Fxy, Tyy),
(Fxy), and (Tyy) are found, are relatively narrow and are characterized by
lower levitation heights compared to the stability type (F;, Tyy). Therefore,
only MLPs exhibiting the stability type (F,, Tyy) are pursued and investigated
further in this thesis.

2.4.2 From Disc-Shaped to Ring-Shaped PMs

A further possibility to increase the levitation height h is reducing the mover’s
weight and, therefore, the gravitational force F; by increasing the mover’s
internal radius rmyint, i.€., by passing from a disc-shaped to a ring-shaped
mover PM. At the same time, a decrease of the axial force F, is expected
since the needed additional model coil placed at the mover’s internal radius
(Fig. 2.1) generates an attractive force in combination with the stator coil
due to its opposite current direction, compared to the external mover coil.
As derived in Section 2.8 and shown in Fig. 2.7 (b), even though F; reduces
with the square of ryint and the axial force F, decays proportionally with
m.int, the levitation height h decreases with increasing rm int (see Fig. 2.7 (c)).
This levitation height reduction occurs because F, is always lower than Fg, as
highlighted in Fig. 2.7 (b). However, the major advantage of a ring-shaped
mover compared to a disc-shaped mover (ryint = 0 mm) is the substantial
increase of the rotational stiffness (magnitude of the torque gradient) with
increasing 7m int (Up tO Fmint = 46 mm as illustrated in Fig. 2.7 (d)). Assuming
a minimum required rotational stiffness of 1mNm/°, an optimum mover’s
internal radius of ryin = 26 mm is found. This 35 times larger stiffness
compared to the disc-shaped mover PM comes at the expense of a levitation
height reduction of only 3 mm, i.e., a decrease of 2.5% (cf. Fig. 2.7 (a) and
(©)

The same sensitivity analysis is conducted for the stator’s internal radius
I's.ints While a disc-shaped mover with ry, eyt = 63 mm is assumed. For the ring-
shaped stator, an additional model coil with opposite current direction has to
be considered, which reduces the axial force F,. Since the mover’s dimensions
are kept constant, F; of the mover remains constant. Consequently, the
levitation height decreases with increasing r ot as shown in Fig. 2.8 (a). As
already observed for the variation of ry, int, the rotational stiffness increases for
a ring-shaped stator (see Fig. 2.8 (b)). However, to reach the same stiffness as
with a ring-shaped mover, the levitation height drops substantially by 34 mm,
i.e., 28 % compared to a disc-shaped stator.

21



Chapter 2. Exploring the Physical Limits of Magnetic Levitation Platforms

5
150 (Fz Txy)
)7 = Fg ~ _rrzn,int
2100t (F) £
g g 25
= h=121mm 3 F,~ ~7m,int
= 50 oo
Fm,ext = 63 mm
0 0
1 50 100 0 30 60
(a) T, ext (nlm) (b) Tn,int (mnl)
~ 0
120 1 -25% g
Z -3500 %
£ )
g h=118mm /7 ~—1
7 100} i nt = 26 mm g
R R (FToy) T |dTy/dony =N\l mNm)
[ Tm,int = 26 Mm
R
0 30 60 0 30 60
(C) T int {(mm) (d) " int (mm)

Fig. 2.7: MLP design example starting from two disc-shaped PMs with fixed dimen-
sions rgext = 50mm, rgin; = 0mm, hg = 10mm, and by, = 5mm. (a) Levitation
height versus mover’s external radius with 7y jnt = 0 mm (same as the dashed line in
Fig. 2.6 (a)). With the optimal radius rmext = 63 mm, the largest levitation height for
the stability type (Fy, Txy) is obtained. Trends of (b) the axial and gravitational forces,
(c) the levitation height h, and (d) the rotational stiffness with respect to the mover’s
internal radius 7y int. 7m,int is selected to be 26 mm such that a rotational stiffness of
1mNm/° is ensured and the levitation height reduction is small.

Besides changing the inner and outer radii of the PMs, their heights h;
and hy, are varied. Starting with the variation of the stator’s height h, while
keeping the other PM dimensions constant (rsext = 50 mm, rsint = "mint =
0mm, rmext = 63 mm, and Ay, = 5mm), it is expected (and mathematically
derived in Section 2.8) that the axial force increases linearly with hy. Based on
(2.1), the equivalent coil current and, thus, the Lorentz force increase linearly.
This means that the levitation height h increases as the gravitational force of
the mover remains unchanged. However, as already observed in Fig. 2.6, the
stability type changes depending on the levitation height h. Consequently,
the stator’s height must be limited below hs = 10 mm for the design example
to maintain the desired stability type (F,, Txy) (see Fig. 2.9 (a)).

Now, fixing the stator’s height to hs = 10 mm, the mover’s height h,,
is varied to address the corresponding stiffness sensitivity. As detailed in
Section 2.8, all forces and gradients scale linearly with hy,. The rotational
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Fig. 2.8: MLP design example starting from two disc-shaped PMs with fixed dimen-
sions rgext = 50mm, hs = 10 mm, hy = 5mm, ryine = 0mm, and ryext = 63 mm.
(a) Resulting levitation height h and (b) rotational stiffness depending on the stator’s
internal radius rg jnt. To achieve a rotational stiffness of 1mNm/° by varying rgint, a
much stronger levitation height reduction has to be accepted, compared to the case
where ry, jnt is varied.

stiffness increases as depicted in Fig. 2.9 (b) for increasing hy,. Since F,
increases and Fy reduces with the same linear factor dependent on hy,, the
mover’s vertical position (indicated by zy, in Fig. 2.3) remains the same,
indicating that the effective levitation height h = z;,, — hs/2 — hy, /2 decreases
with increasing mover’s height. Thus, hp can finally be used to tune the
stiffnesses, while a slight levitation height reduction has to be accepted.
Concluding this section, the design example showed that the effective
levitation height h cannot be increased by reducing the weight of the mover,

g'\ 0
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,g \ E/ dTy/dOny ~ A
= $ & h=121mm >
= 100 hg = 10mm & \
K < -0.1
| (Fz’ Txy) %%
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(a) hg (mum) (b) hm (mm)

Fig. 2.9: MLP design example starting from two disc-shaped PMs with fixed dimen-
sions rsext = 50 MM, 7gint = Fmint = 0 mm, and rm eyt = 63 mm. (a) Levitation height
h with respect to the stator’s height hs, where the mover’s height is fixed to Ay, = 5 mm.
An improvement of the levitation height for increasing h; is observed but is limited
by the stability type region. (b) Linear trend of the rotational stiffness versus mover’s
height hpy,, where the stator’s height is hs = 10 mm.
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i.e., by increasing its internal radius ryint. However, with a ring-shaped
mover, a strongly enhanced rotational stiffness is gained at the expense of a
slight levitation height reduction. Similarly, the rotational stiffness increases
with a ring-shaped stator, but the levitation height reduction is much more
substantial. In contrast, the stator’s height hs increases the levitation height
only up to some extent, determined by the stability type of the levitation
point. Finally, the mover’s height Ay, linearly tunes the stiffnesses, affecting
the levitation height by —h,, /2.

2.5 Optimization Process

In the example above, only one dimension has been varied at a time to analyze
the sensitivity of the levitation height on different design parameters and to
determine the passive stability properties. In the following, an optimization
is performed where all mentioned dimensions are varied iteratively, and the
resulting characteristics of the levitation points are determined to find the
optimal MLP arrangement for the given application requirements.

2.5.1  Optimization Targets

In the design process, the resulting levitation height h is determined for a
given geometry, where the mover is assumed to be radially centered and
F, = F; (see LP; and LP, in Fig. 2.10 (a)). Afterwards, the gradients of
three mover’s DOFs, i.e., dFy/dxy, dF,/dzy, and dT; /d0n, y, at these levitation
heights are calculated, such that the stiffnesses and the stability properties
are obtained. Due to the axial symmetry of the MLP, the remaining gradients
are evaluated with (2.10)-(2.12). For the optimization process, only designs
with the stability type (F,, Tyy) are considered (LP; in Fig. 2.10 (a)), whereas
designs with other stability types are discarded (LP; in Fig. 2.10 (a)). A further
essential aspect is the achievable robustness, which measures the magnitude
of the external disturbance or the maximum displacement/rotation that the
mover can withstand, maintaining the same stability properties as in the
original levitation point, and is divided into three categories.

The axial robustness is defined as the maximum axial force F, may that can
be applied to the mover, i.e., the maximum payload capability (Fig. 2.10 (a)).
For example, the mover levitating at LP; can be loaded with an additional
payload. Consequently, the levitation height reduces until the minimum
levitation height Ay, is achieved for the maximum payload. The stability
properties change for levitation heights below Ay, meaning that the active
24
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Fig. 2.10: (a) Illustration of the axial robustness where the mover exhibits the stability
type (Fz, Txy) at LP1. The mover can be loaded with an additional payload up to
F,max before the stability properties of the original levitation point are violated.
(b) Hlustration of the rotational robustness for the levitation point LP; of (a). When
the maximum torque Ty max is exceeded, the torque gradient becomes positive, i.e.,
the mover loses its ability to reject external torque disturbances.

control has to be changed.

The rotational robustness is defined as the maximum torque in the x, y
directions that the mover can withstand such that the same stability type
as in the horizontal position is maintained (Fig. 2.10 (b)). Rotations with
angles larger than 0O,y max cause the mover to lose its ability to stabilize
rotational disturbances. The shown torque curve versus the rotation angle
is an odd function since the mover is radially centered; therefore, it holds
em,y,min = _em,y,max and Ty,min = _Ty,max-

The radial robustness is related to the maximum displacement X max of
the mover from the radially centered position in the x direction until the
mover loses its initial stability properties, obtained at the levitation point
with xn = 0 (Fig. 2.11). The initial levitation position is indicated with LPy,
where the mover exhibits the stability type (F,, Tyy), it levitates horizontally
(Omx = Omy = 0), and it is radially centered (x, = ym = 0). For each
investigated position (xp, > 0), the new axial force and torque equilibrium
must be found, in which the mover still exhibits the stability type (F,, Tyy). The
equilibrium is found in two steps: the angle 6y, , has to be determined such that
the y torque becomes zero (Ty (X, Omy) = 0), while the new levitation height
is found with F, (xm, Om;y) = Fy. Hence, compared to the axial and rotational
robustness, the computational effort is larger due to the iterative computation
to find the equilibrium for each position xp,. It should be mentioned that for
(F,, Tyy) stable MLPs, it is essential to have a wide range of radial robustness
since this allows the mover to deviate from its nominal radially centered
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Fig. 2.11: Cross-section view of the passive MLP with the mover initially positioned
at the levitation point LP; of Fig. 2.10 (a) and subjected to a radial displacement in
the x direction to determine the radial robustness. For each position xp, the angle
Om,y has to be determined such that Ty = 0 and F, = Fg. For xm > Xm max, the mover
loses a stable component of the initial stability type (F,, Tyy).

position, and gives the sensor and the position controller enough headroom
to sense a position change and bring the mover back to its original levitation
position.

2.5.2 Multi-Objective Optimization

As mentioned, the proposed geometry optimization is conducted by varying
the dimensions of the PMs and calculating their levitation points, stability
properties, and robustnesses. The relative magnetization direction between
the stator and the mover gives additional freedom. For two disc-shaped
PMs, a repulsive force is only obtained for PMs having opposite polarities.
However, when at least one PM is realized as a ring-shaped PM, both relative
magnetization directions can result in a repelling axial force depending on
the PMs’ dimensions. Therefore, in the optimization process seven design
parameters could be iterated: rgint, 7sexts fiss m,ints 'm,ext> im, and the relative
magnetization direction. In the following, the stator’s external radius is fixed
to rsext = 50 mm to reduce the computational effort. As shown in Section 2.8,
based on the derived scaling laws, the resulting optimum MLP can be scaled
to any other stator’s external radius in a post-processing step. For the same
reason, the mover’s height is fixed to hy, = 5mm since the forces and torques
can be scaled linearly with the mover’s height hy, in a post-processing step
(see Section 2.8). Hence, the optimization is constrained to the remaining
26
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five design parameters: rgnt, fs, "m,int, 'm,ext. and the relative magnetization
direction.

2.6 Optimization Results

In Fig. 2.12 (a), the optimization results of all geometries, which result in a
stability type (F,, Ty) are represented as a 3D Pareto plot, where the character-
istic dimension-related levitation height (CDRLH) is evaluated with respect to
the relative payload capability F, max/F; and the stable (negative) torque gradi-
ent dT;,/d0p, y (same as dTy/dfy, x due to the axial symmetry). In addition, the
color bar highlights the gradient of the unstable (positive) x force component
dFy/dxy (same as dFy/dyn), which is related to the required magnetomotive
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Fig. 2.12: Pareto plot of (a) all geometries, which result in the stability type (Fz, Txy)
and (b) remaining designs with minimum relative payload capability of Fmax/Fg = 50
and minimum rotational stiffness |dTy/dfmy| = 1mNm/°. The color bar corresponds
to the gradient of the unstable radial force component dFy/dxm, which has to be
compensated by the magnetomotive force (MMF) of the EMs.
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force (MMF) generated by the EMs, i.e., the amount of current fed to the
EM:s to control the mover’s radial position actively. It should be mentioned
that the radial robustness is not considered in the Pareto plot; however, it is
calculated for a set of optimal design candidates in a post-processing stage.
Fig. 2.12 shows that larger CDRLHs result in lower relative payload
capability and radial/rotational stiffnesses since the magnetic flux density
strength and, consequently, the forces decrease. A maximum CDRLH around
1.5 would be possible; however, in these cases, the axial/rotational stiffness
and robustness approach zero, which is unacceptable for an actual MLP design.
Therefore, the optimization results are restricted to a range with a minimum
relative payload capability F,max/Fg = 50 and a minimum rotational stiffness
|dTy/dfyy| = 1mNm/°. The Pareto plot of the remaining design points is
shown in Fig. 2.12 (b). There, designs with considerable gradients dFy/dxy,
are discarded since a low MMF is desired for the subsequent EM design (the

Tab. 2.1: Optimal MLP dimensions and calculated performance characteristics of the
optimal geometry highlighted in Fig. 2.12 for single or multi-turn model coils.
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Mover Value | Stator Value
T'm,ext 65mm | Igext 50 mm
T'm,int 36mm | rgint 28 mm
hm 5mm | hg 21 mm
Weight my, 0.35kg | Weight ms 0.86 kg
Mag. direction  Down | Mag. direction Up
Parameter Ny =Ny =1 Ns =Ny, =10
h 123.2 mm 123.8 mm
CDRLH 0.948 0.952
dF,/dxm 33.6N/m 33.7N/m
dF,/dzy, —65.8N/m —66.0N/m
dT,/dO,y —1mNm/° —1mNm/°
Ty,max 13.4 mNm 13.7mNm
Ormy,max 18° 18°
Xm,max 16 mm 16 mm
Fymax/ Fy 55.8 50.7
Payload capability 19.1kg 17.4kg




2.7. Experimental Verification

color scale shows N/m instead of kN/m shown in Fig. 2.12 (a)). With the
mentioned constraints, a high CDRLH around 0.95 is still achievable, which
is outperforming existing commercial products with CDRLHs around 0.6 [7].
Moreover, a ten times higher payload capability is obtained.

Tab. 2.1 presents the mover’s and stator’s dimensions of the optimal
design highlighted in Fig. 2.12 and the corresponding performance char-
acteristics, where similar results are obtained for the single and multi-turn
coil approach. The optimum mover’s external radius rpy eyt is larger than the
stator’s external radius 7 ey; thus, it defines the characteristic dimension of
the passive MLP t0 2 - ry, ext = 130 mm. The levitation height is A = 123.8 mm,
the mover can be rotated up to 18° around the radial axes, and a maximum
radial displacement of 16 mm is allowed until the mover becomes unstable.
Furthermore, the mover can carry a maximum payload of 17.4 kg, significantly
reducing the passive levitation height.

2.7 Experimental Verification

A test setup to measure the forces and torques acting on the mover is built to
validate the analytical model, as illustrated in Fig. 2.13. In the test setup, the
stator can be precisely moved against the fixed mover in the x and z directions
using a positioning stage, and a 6 DOF sensor records all forces and torques
applied to the mover. In contrast, the mover freely levitates above the fixed
stator in the final MLP setup.

In the test setup, both PMs with the dimensions listed in Tab. 2.2 are
realized with many small rectangular PMs stacked together in a 3D-printed
housing, achieving an approximation of the optimal PMs dimensions dis-

Tab. 2.2: Dimensions of the PMs used for the experimental verification of the analytical
model.

Mover Value | Stator Value
Fm,ext 64.6 mm | rgext 50 mm
m,int 35.9mm | rgint 26.5 mm
hm 5mm | hg 20 mm
Weight mp, 0.43kg | Weight m; 0.91kg
Mag. direction Down | Mag. direction Up
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Mover

Stator

Fig. 2.13: Test setup showing the essential components, where the stator can be
precisely moved against the fixed mover in the x and z directions with a positioning
stage. The mover is mounted to a 6 DOF sensor (Rokubi of BOTA Systems), which
records all forces and torques applied to the mover with a resolution of 0.15N and
5 mNm, respectively. Stator and mover are realized with a 3D-printed housing where
many small PMs (quality N45) are inserted.

played in Tab. 2.1. Due to the free space between the individual rectangu-
lar PMs, the magnetic volume of the stator and mover PM is reduced (see
Fig. 2.14 (a)), meaning that lower forces and torques are obtained. The PM
volume reduction corresponds to a proportional decrease of magnetic dipoles
in a given stator’s and mover’s volume; thus, based on Ampére’s law given in
(2.1), it results in an equivalent reduction of the stator’s and mover’s coercive
field strength H, s and Hin, assuming a constant stator’s and mover’s volume.
The reduction factors are determined from the volume ratio of the discrete
PMs and the originally calculated ring-shaped PM volume, and they result
in 78 % and 74 % for the built stator and mover, respectively. The magnetic
30
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force scales with Hi s - Heim and, therefore, reduces to 58 % with respect to
the optimal ring-shaped PMs. Since the gravitational force of the mover does
not scale with the same factor as the magnetic force - it scales proportionally
with the mover’s volume - the scaling laws derived in Section 2.8 cannot be
applied, meaning that the new MLP characteristics have to be recalculated
by using the reduced H;s and Heip, in the analytical model. Therefore, the
performance characteristics listed in Tab. 2.1 differ from those presented in
the following due to the PMs volume reduction.

The corresponding calculated and measured axial forces with respect
to the distance h are shown in Fig. 2.14 (c) for a radially centered mover
(*m = ym = 0). The axial force monotonically increases with reduced height h,
indicating that all levitation heights are at least (F;) stable depending on the
additional payload. The axial force derived with the multi-turn model always
lies between the forces calculated with the single and double-turn model. For
the given setup, the calculation error between the single and multi-turn model
is below 6 %, as shown in Fig. 2.14 (d), also at low distances h. Furthermore,
all models provide a good correspondence with the performed measurements.

Even though the mover is not actively levitated in the test setup yet,
the levitation point is found by comparing the axial force with the mover’s
gravitational force and results in h = 88 mm. The total mover’s weight is
mm = 0.43 kg considering the set of small PMs, the 3D-printed housing, and
the screws for the assembly. The axial force gradient at the levitation point
is obtained as dF,/dz;, = —94 N/m. The axial force measurement also deter-
mines the maximum payload capability of 6.3 kg at the minimum achievable
levitation height of h = 12 mm, which is limited by the 3D-printed housing’s
thicknesses of the stator and mover (h is intended as the distance between
the PMs’ surfaces to be consistent with the definition used in this thesis).

At the levitation point A = 88 mm, the realized MLP with radially centered
mover is also characterized concerning its rotational stiffness and robustness,
where the torque Ty is calculated and measured for different rotation angles
Om,y as depicted in Fig. 2.14 (b). The results obtained with the single and
multi-turn models agree with the experimental measurements. However, at
large angles, a small difference is noted due to the limited accuracy of the setup
regarding angular adjustments. Therefore, additional FEM simulations have
been performed to verify the results of the analytical model. Furthermore,
the maximum rotation angle before the system without payload becomes
unstable, i.e., the gradient becomes positive, is determined as 6y, y,max = 27°
where a maximum stabilizing torque of |Ty min| = 72.8 mNm is achieved. The
rotational stiffness is found with the torque gradient at 0,, — 0, which
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Fig. 2.14: (a) Top view of the PMs’ schematic realization of Fig. 2.13, where discrete
magnets instead of ring-shaped PMs are utilized. (b) Comparison of the calculated
and measured torque for a rotated but radially centered mover at the levitation height
h = 88 mm, where the rotational stiffness and robustness are verified. (c) Comparison
of the calculated and measured axial force on the mover (radially centered) that is
displaced in the axial direction to determine the levitation point (LP) and the maximum
payload capability. (d) Calculation error between the single and multi-turn models.

leads to |dTy/d0ny| = 2.5 mNm/°. Therefore, the performed measurements
show that the designed MLP achieves the stability type (F;, Tyy) for the shown
levitation point. Moreover, the same stability type has been observed by
performing simulations for levitation heights (i.e., larger payloads) down to
h =12 mm, and radial displacements up to xmmax = 44 mm, starting from the
levitation point A = 88 mm.
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2.8 Scaling Laws

With the performed Pareto optimization in Section 2.6, the optimal dimen-
sions of the PMs were found, which for the defined design space resulted in
a calculated maximum levitation height of 123.8 mm and payload capability
of 17.4kg. Assuming that the demanded specifications would change, e.g.,
concerning the desired maximum levitation height or the payload, one would
not repeat the complete optimization routine. Instead, the scaling laws de-
rived in this section could be used to determine the new PM dimensions, such
that the new requirements concerning levitation height, forces, torques, or
stiffnesses are met.

2.8.1 Proportionality Factors

For the derivation of the scaling laws, proportionality factors (4; and A;)
between different design variables (stator’s radius rs, mover’s radius ry,, and
levitation coordinate z,,, i.e., the vertical distance between the stator’s and
mover’s center of mass) are introduced such that the resulting flux density,
forces, and torques are expressed with a reduced number of variables

m = AT (2.15)
Zm = Aot (2.16)
|x| oc 7. (2.17)

Furthermore, the equivalent Amperian current of a PM, given in (2.1), is
directly proportional to the height of the corresponding PM

I < h; with i = {s,m}. (2.18)

Accordingly, the magnetic flux density |B|, derived in (2.4), is related to the

defined quantities as
Li-re-rs h
|B| o S—;S o« =, (2-19)
rs Ts
which means that the magnetic flux density is directly proportional to the
stator’s height and inversely proportional to the stator’s radius.
Furthermore, from (2.5) and (2.19), it follows that the force |Fo| is directly
proportional to the height of both PMs and to the proportionality constant 4

In-rm-h
[Frot| oc D oAb, (2.20)

s
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meaning that the ratio between the PM radii impacts the force magnitude.
The torque |Tyot| is characterized by combining (2.6) and (2.20) as

| Tiot] ¢ rmhmhsAs = hmhsrs/llz. (2.21)

Finally, the mover’s gravitational force Fy, which is of fundamental importance
to determine the levitation height A, is determined as

Fy o hirly = ht223, (2.22)

which is proportional to the volume of the mover.

2.8.2 Scaling Laws

The dimensions of the already characterized MLP can be scaled based on the
derived proportionalities between forces, torques, and MLP size. It is assumed
that the original mover’s radius ry, and stator’s radius rs are scaled by the
same factor g; to the new mover’s radius r;, and stator’s radius r; as

P = G1m (2.23)

ri = aprs. (2.24)

In the general case, where the PMs are ring-shaped magnets, mover’s and
stator’s radii must be scaled by the same factor a;. The scaling of the PM
heights hy, and hg are found under the condition that the axial force, given
by |Fiot|, scales with the same factor as the gravitational force F,. Hence, the
original stator’s height hs scales with a?, whereas for the original mover’s
height hy,, an arbitrary scaling factor a; is selected

h: = a?hg (2.25)

S

h. = axhm. (2.26)

Consequently, applying the scaling factors a; and a; to the force and torque
equations given in (2.20), (2.21), and (2.22), it follows for the new forces |Fyot|”,
Fg and torque [ Tiot|™

IFtot|* = a%az |Ftot| (2'27)
Tl = afaz [Tiot (2.28)
Fg = a;aFy. (2.29)
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Both force equations scale with the same factor a?a;, whereas the torque scales

with af a;. Furthermore, based on (2.16), the original levitation coordinate zy,
scales as

Zp = A1Zm. (2.30)
Thus, the new levitation height h* is found as

* * h: h;kn afhs a2hm
W=z g — g am -

(2.31)

Finally, the force and torque gradients are obtained by deriving (2.27) and
(2.28) for a small displacement or rotation as

grad(F)* = aja; - grad(F) (2.32)
grad(T)" = a’ay - grad(T). (2.33)

For completeness, the mover’s and stator’s weight scale as

my, = a%azmm (2.34)
mi = a;ms. (2.35)
(2.36)

As a simple and useful conclusion of the scaling laws, it is stated that if
only the mover’s height hy, is scaled with the factor a,, all forces, torques,
and corresponding gradients scale linearly with a,, whereas the levitation
coordinate z,, remains the same since it only depends on the factor a;. Further,
if ay is increased, the forces and torques scale with a and a?, respectively.

2.8.3 Example

To demonstrate the effectiveness of the scaling laws, the optimized MLP
designed in Section 2.6 should be scaled to a new MLP, which achieves a
maximum levitation height of 4 = 150 mm and features a payload capability
of 50 kg. Based on (2.31) and (2.29), the two scaling factors are directly found
as a; = 1.25 and ay = 1.84. Tab. 2.3 shows the dimensions and performance
characteristics of the scaled MLP.
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Tab. 2.3: Dimensions and performance characteristics of the scaled optimal geometry
of Tab. 2.1 obtained applying the scaling laws for the case Ny = Ny, = 10. The
correctness of the values has been verified with simulations.

Mover Value | Stator Value
Text 81.3mm | 17 62.5 mm
r;,im 45 mm r:int 35 mm
hy, 9.2mm | hj 32.8 mm
Weight m;, 1kg | Weight m; 2.1kg
Mag. direction Down | Mag. direction Up
Parameter Value | Factor Value
h* 150 mm | a; 1.25
CDRLH* 0.923

(dFy/dxm)* 77.6N/m | aja, 2.3
(dF,/dzy)* —151.9N/m | aa, 2.3
(dTy /dOm,y)* —3.6 mNm/° afaz 3.6
T max 48.2mNm | d’a, 3.6
Oy 18°

X max 20mm | a 1.25
E} max/Fy 55.8

Payload capability* 50 kg
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2.9 Conclusions

This chapter presents a simple analytical method to calculate the 3D magnetic
forces and torques between permanent magnets (PMs). The PMs are first
substituted by model coils based on the Ampérian model, and with a dis-
cretization of the Biot-Savart law, the 3D field is calculated. This model allows
the calculation of all forces and torques of any arbitrary geometry based on
the Lorentz law. Furthermore, stiffnesses in all six degrees of freedom (DOFs)
are determined with the displacement method.

Taking an axially symmetric magnetic levitation platform (MLP) as an
example, it is shown that depending on the selected MLP dimensions, different
stability types are obtained, and ring-shaped PMs outperform disc-shaped
PMs concerning achievable stiffnesses by several orders of magnitude; how-
ever, lead to a slightly reduced axial levitation height. With the performed
Pareto optimization, it is shown that a characteristic dimension-related levita-
tion height (CDRLH) of around 1.5 can be achieved. However, if a minimum
payload capability of 50 times the mover’s weight and rotational stiffness
of dT; /d0r,y = 1mNm/° are considered, the maximum CDRLH reduces to
around 1, which is still almost a factor of two higher as obtained with com-
mercially available products, even with a more stringent constraint on the
payload capability.

Furthermore, the forces calculated with the proposed analytical approach
are verified on a 6 DOF test setup, which reveals a good matching between
calculations and experimental results independent of the chosen number of
model windings.

As a final consideration, one can extend the proposed analytical 3D model
to calculate the forces between electromagnets (EMs) and PMs and to any
ironless MLP (e.g., with radially arranged PMs or systems featuring Halbach
arrays) since in the magnetic flux density and force calculation process, no
assumptions on the shape or any symmetries are made. As long as one can
substitute the PMs and EMs in the system with current-carrying coils ar-
ranged such that their magnetic flux density distribution is replicated, the
presented discretization and summation process for calculating the magnetic
forces can be conducted. With further investigation, the forces in simple
MLPs employing iron core structures could be calculated with the method of
images. However, in this case, one has to consider the effort for building the
model, its time performance, and precision compared to the commonly used
FEM simulations.
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Reaction Force-Based Position
Sensing for Magnetic Levitation
Platform with Exceptionally Large
Hovering Distance

This chapter summarizes the most relevant findings of the investigation
of magnetic levitation platforms regarding their dynamic behavior and the
employment of a reaction force sensor for their closed-loop control that are
also published in:

> R. Bonetti, L. Beglinger, S. Miri¢, D. Bortis, and J. W. Kolar, “Reaction
Force-Based Position Sensing for Magnetic Levitation Platform with
Exceptionally Large Hovering Distance,” Actuators, vol. 13(3), no. 114,
pp- 1-31, March 2024.



3.1. Introduction

Chapter Abstract

This chapter introduces a novel sensing concept based on reaction forces for determining the

position of the levitating magnet (mover) for magnetic levitation platforms (MLPs). Besides
being effective in conventional magnetic bearings, the applied approach enables the operation
in systems where the mover is completely isolated from the actuating electromagnets (EMs)
of the stator (e.g., located inside a sealed process chamber) while levitating at an extreme
levitation height. To achieve active position control of the levitating mover by properly
controlling the stator EM currents, it is necessary to employ a dynamic model of the complete
MLP, including the reaction force sensor, and implement an observer that extracts the position
from the force-dependent signals, given that the position is not directly tied to the measured
forces. Furthermore, two possible controller implementations are discussed in detail: a basic
PID-controller and a more sophisticated state-space controller that can be chosen depending
on the characteristics of the MLP and the accuracy of the employed sensing method. To
show the effectiveness of the proposed position sensing and control concept, a hardware
demonstrator employing a 207 mm outer diameter (characteristic dimension, CD) stator with
permanent magnets, a set of electromagnets, and a commercial multi-axis force sensor is

| built, where a 0.36 kg mover is stably levitated at an extreme air gap of 104 mm. |

3.1 Introduction

In the literature, various types of Magnetic Levitation Platforms (MLPs) are
investigated, which can be divided into two groups: (1) systems where the dis-
tance h between stator and mover (i.e., the levitation height) is much smaller
than the characteristic dimension of the system (i.e., the largest dimension
CD of the system in Fig. 3.1), and (2) systems where the levitation height is
comparable to the characteristic dimension.

The first type of MLPs features a very small air gap and is generally used
in industry for fast and precise motion with different degrees of freedom
(DOFs) [37-41], such as pick-and-place machines, wafer scanners, electron
microscope inspection systems [42], vibration isolation systems [43], in-
line surface inspections [44], surface morphology measurements [45], and
photolithography in semiconductor manufacturing [46]. Depending on the
application, the mover is mainly levitated over the stator/electromagnets to be
easily accessible and eventually loaded or placed under the stator to facilitate
the intended task. A precise position measurement system for these MLPs
with a smaller air gap is required to enable a precisely controlled motion and
vibration compensation of all DOFs. Therefore, laser, inductive, or capacitive
sensors are mostly employed, detecting displacements of the mover with an
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accuracy down to the nanometer scale [47].

The second type of MLPs features a large air gap [6-8, 48-51] and is ap-
plied, for example, in wind tunnels where large distances between the object
under test (or mover) and the surrounding levitating system are required.
The largest structure of this kind offers a cylindrical space with a diameter of
1m [52], where the levitated object under test is equipped with permanent
magnets on the inside, and electromagnets (EMs) are placed around it, en-
abling a contactless magnetic suspension and balance with the help of optical
sensors for the position control [53]. Accordingly, any other mechanical
structure that would be needed to hold the object under test in place can be

Mover
\ R
[

EMy ~ Stator EMy; wey

%gtlorfting ~ *" "TForce sensor
plate (u(F), u(Fy),u(F,)) x4

Fig. 3.1: 3D rendering of the magnetic levitation platform (MLP) considered in this
thesis with a reaction force sensor used to determine the mover’s x, y position, actively
controlled with the help of electromagnets (EMs), which are driven with a power
converter that is controlled with a system-on-a-chip (SoC) where an observer-based
position controller (cf. Section 3.5) is implemented.
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omitted, avoiding changes in the airflow around it. Furthermore, in systems
where a lower number of DOFs are actively controlled, on the one hand, the
mover is suspended under the stator and/or EMs [54]. The advantage of this
configuration is a reduced control effort since only a single unstable DOF
(vertical dimension) has to be actively stabilized, which comes at the expense
of reduced accessibility for loading the mover. On the other hand, in another
type of system, the mover levitates above the stator, offering easy accessibility
(see Fig. 3.1), but this configuration necessitates active control of at least
two DOFs (x, y position). Various patented methods for position sensing can
be found for the latter systems depicted in Fig. 3.1. For example, in MLPs
with relatively small levitation heights (yet comparable to the characteristic
dimension CD, i.e., stator outer diameter), the mover’s position is mostly
measured with Hall effect sensors [6]. Another sensing technique consists of
stationary sensing coils placed on the stator level that are inductively coupled
to a target coil placed on the mover [8]. Also, for large levitation heights,
optical sensors are often employed [7].

The studied MLP consists of a passive part with permanent magnets (PMs)
and a set of electromagnets (EMs) mounted on the stator. The PMs of the
mover and the stator (see Fig. 3.1) provide the largest levitation force compo-
nent by compensating for gravitational forces, whereas the EMs are actively
driven to stabilize the levitating mover to a desired position and, typically,
steer it in a horizontal and/or vertical direction. The analyzed MLP features
an extreme levitation height & = 104 mm relative to the characteristic dimen-
sion CD = 207 mm (i.e., the CD-related levitation height exceeds o.5). For
the position control of the levitating magnet and/or mover, a novel position
sensing concept is employed that uses a load cell (i.e., force sensor in Fig. 3.1)
mounted to the stator to capture the reaction forces on the stator caused by a
displacement of the mover. In contrast to optical or inductive sensors, the pro-
posed position sensing method can advantageously also be employed when
there are obstacles in the air gap (as long as the mover can freely levitate)
or the mover is completely isolated from the rest of the system, e.g., if it is
levitated in a separated sealed stainless steel process chamber. A Hall effect
sensor is not applicable for such an MLP because of the substantial decay of
the magnetic field strength with increasing distance. A significant amplifi-
cation of the sensed signal would be required for large air gaps to detect a
change in magnetic field due to a displacement of the mover. However, high
gain is not applicable as it would lead to saturation of the measuring circuit
output due to the high magnetic field near the stator PM.

Force sensors are typically used for validating [55] and generating [56]
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models for MLPs. However, to date, they are not used for the feedback control
of the position in MLPs. Nevertheless, force sensors have already been used
for position estimation in other research areas. For example, in robotics,
a force/torque sensor placed between the robotic arm and hand is applied
to estimate the position of a contact point with an object and monitor the
contact state of the hand with the grasped object [57]. Additionally, a single
force/torque sensor placed on the base frame of a manipulator is used to
estimate the contact force and position at the end effector that interacts with
humans and/or other robots [58]. Furthermore, in a micro gripper, the sensed
forces on both end effectors are used to determine their position [59]. Lastly,
in advanced motion control of vehicles, a Kalman filter is applied to real-time
lateral tire force measurements for estimating sideslip and roll angles of a
car [60].

For the MLP analyzed in this thesis, the mover is free to rotate around
the x, y axes (see Fig. 3.1), and the PMs, which provide the levitation force
component compensating gravitational forces, are designed so that the axial
movement (in z direction) and the rotation around the x, y axes are passively
stable Chapter 2. Accordingly, when the mover is placed radially centered
with the stator, it naturally settles to a horizontal orientation (parallel with
the stator) at a vertical distance h from the stator without active control. How-
ever, a motion in the x, y plane caused by disturbances would be unstable due
to radial magnetic forces, which accordingly must be actively compensated
using time-varying forces generated by EMs mounted on the stator. For a
similar arrangement of magnets, researchers claimed that a single unstable
radial DOF of the mover is achievable [51]. However, this implies using two
straight and (infinitely) long stator rails placed along one radial axis (e.g., in
the direction of the y axis) to obtain a marginally stable mover motion in the
same direction as the orientation of the magnetic rails. As stated in [51], the
claimed stability can be achieved with a finite length of the rails, which is
approximately four times larger than the achieved levitation height. However,
active control of the marginally stable DOF is also required; otherwise, a
minimal displacement in the uncontrolled direction caused by external dis-
turbances induces a constant movement towards the ends of the rails that
cannot be stopped since there are no counteracting magnetic forces.

MLPs with a similar arrangement of PMs and EMs, as analyzed in this
thesis, have only been sporadically and lightly analyzed in the literature. Ref-
erence [48] reports the dimensions of a tuned commercially available system,
static simulations that show the passively stable and unstable DOFs of the
levitating magnet, two generic equations of motion for the forces and torques
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in the system, a proportional-derivative control law based on readings coming
from two Hall effect probes, and the corresponding results during steady-state
levitation and under an external disturbance. A more sophisticated control
strategy for the same system as [48] is described in [49]. However, the torque
equations describing the rotational motion of the mover around the x, y axes
are intentionally omitted. Nevertheless, the controller considers the mover’s
rotation as a disturbance in the sensor readings. Both cited systems work
without complex observer/controller structures, as described in the following,
because the rotational stiffness is large enough to compensate for the electro-
magnet’s torque on the mover. This characteristic is generally observed for
systems where the levitation height is small compared to the dimensions of
the electromagnets Section 2.6. However, in systems with extreme levitation
heights with relatively low passive stiffnesses, careful attention must be taken
in modeling the mover’s motion and, therefore, is comprehensively examined
in a first step in the following.

The chapter is structured as follows. Section 3.2 initiates the analysis of
the MLP, which is characterized by a large levitation height of h = 104 mm
relative to the characteristic dimension CD = 207 mm, and employs EMs for
stabilizing the radial position of the mover (x, y direction). The derivation
of the MLP’s dynamic model is shown in Section 3.3 using simulations and
static measurements. Its validation is conducted in the subsequent chapter
(Section 3.4) with dynamic measurements, where the mover position is con-
trolled with the help of an optical sensor. A force sensor mounted to the stator
plate and ultimately used to stabilize the mover records the reaction forces
acting on the stator. The position and rotation of the mover are extracted from
the sensed forces by an observer (Section 3.5) based on the system’s model
derived in the previous sections and tuned considering deviations of model
and measurements. This finally enables the implementation of a controller
for the radial stabilization of the mover with additional active damping of
the rotation around the radial x, y axes with the same set of EMs. In Sec-
tion 3.6, the experimental MLP hardware implementation is discussed with
short insights into the amplifier for the force sensor and the tuning of the
controllers, followed by experimental results about the stable levitation of
the mover. Section 3.7 concludes the chapter.

3.2 Magnetic Levitation Platform Overview

The MLP analyzed throughout the thesis consists of two axially symmetric
PMs designed following the optimization proposed in Section 2.5, which
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leads to the dimensions listed in Tab. 3.1, where the target is to maximize
the levitation height h under constraints on the number of passively stable

Tab. 3.1: Dimensions and characteristics of the MLP considered in this thesis. The
characteristic CD dimension is defined as the largest dimension of the components in
the MLP, in this case, the width of the stator with the EMs, i.e., the diameter of the
stator mounting plate (see Fig. 3.1).

Mover PM external radius m,ext 64.6 mm
Mover PM internal radius Pmint 35.9mm
Mover height hm 5 mm
Stator PM external radius Tsext 50 mm
Stator PM internal radius Ts.int 26.5mm
Stator height hs 20mm
Mover weight M 0.36kg
Stator weight my 0.91kg
Mover moment of inertia Jm 0.58 gm?
Total MLP weight Munlp 3.6kg
Levitation height h 104 mm
Characteristic dimension CD 207 mm
Radial stiffness kepm 32.8N/m
Displacement torque const.  krgisp 0.25Nm/m
Rotational stiffness ktpm 1.6 mNm/°
Rotational damping kd.rot 2 uNms/°
Rotational force const. kErot 4.4mN/°
EMs force const. krem 65mN/A
EMs torque const. kTEM 0.93mNm/A
Force sensor damping kares 0.04Ns/m
Force sensor stiffness ksrrs 694KkN/m
Force sensor el. conv. const.  ky 13.3 uV/pm
Force sensor amplifier gain  kyga 10V/mV

44



3.2. Magnetic Levitation Platform Overview

DOFs, the stiffness related to each DOF, and the robustness of the passive
magnetic levitation platform. In the configuration depicted in Fig. 3.1 as
rendering of the final system and in Fig. 3.2 (a) as 2D section view, the mover
has six DOFs since it can move along and rotate around all axes x, y, z. The
PMs are designed such that the axial position and the rotations around the
radial axes x, y are passively stable, i.e., three DOFs are stable under passive
magnetic forces. Only the radial movement in x, y direction (two DOFs) must
be actively controlled to fully stabilize the system. The remaining DOF, which
is the rotation around the vertical axis z, is marginally stable (neither stable
nor unstable), which indicates that active control of this DOF is not manda-
tory, hence, not considered in this chapter. Design optimization of stiffness
for various DOFs was conducted in Chapter 2. The used method is to set a
lower bound on the rotational stiffness of the mover so that it is less prone
to rotations due to external disturbances or during the active control of the
radial movement, whereas for the radial stiffness, a low value is beneficial for
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Fig. 3.2: (a) Section view of a radial displacement of the mover under destabilizing
magnetic forces without active control. (b) The forces that the mover experiences can
be measured as reaction forces on the stator and converted with a linear equation to
extract the mover’s position for the active position control. For the sake of illustration,
the EMs’ return current path (see Fig. 3.1) is not shown, and the levitation height is
shown reduced compared to the other dimensions, which are drawn to scale.
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the active control since less radial force is needed to keep the mover radially
centered. However, trade-offs were faced when choosing those two quantities
since increasing the rotational stiffness leads to a reduction of the levitation
height, and a reduction of the radial stiffness leads to a proportional reduction
of the passive axial stiffness that is required to be large for improving the rejec-
tion of external disturbances acting in a vertical direction. Another important
aspect to consider during the PMs design is the robustness that can be inter-
preted as the maximum displacement or angle that the mover can experience
from the natural orientation and position (horizontal and radially centered)
without changing its passive stability properties. To illustrate the concept of
robustness applied to a radial displacement, we consider the designed mover
that has three passively stable DOFs at LP; (x, h) = (0,104)mm in Fig. 3.2 (a)
(the axial z-movement and the rotations around both radial axes x, y). The
mover can shift to (Xm max, Amin) = (55, 65.5)mm while maintaining the same
passively stable DOFs. Correspondingly, the axial robustness is measured
by displacing the mover towards the stator starting from LP; until a passive
stability change is observed. This change occurs at h = 2.5 mm, where an
axial instability is observed (the mover gets attracted by the stator). Knowing
this levitation height and calculating the corresponding axial force determines
the maximum payload the mover can carry, resulting in 8.16 kg. Regarding
the rotational robustness at LP; (without payload), the mover can be rotated
around the radial axes x, y up to 25°. For larger angles, the passive rotational
stability is lost. These large robustness bounds allow to stabilize the mover
with the same control architecture under external disturbances and different
payloads added to the mover; however, for the sake of demonstration, this
chapter focuses on the active control of the mover using a force sensor in
a preferably small range around the natural levitation point LP;, where the
mover is unloaded and radially aligned with the stator.

When moved from the center, the mover is tilted as depicted in Fig. 3.2 (a)
without active control. From the natural position LP; (x = 0,y = 0,h =
104 mm), where the radial forces are theoretically zero, the levitating magnet
starts moving along the colored trajectory, e.g., due to a slight asymmetry in
the construction of the PMs, which is arbitrarily chosen to be in positive x
direction. The radial magnetic force on the mover is positive, meaning that
the mover keeps rolling away from the initial position and simultaneously
rotates by the angle 0, around the perpendicular axis y due to a passive
magnetic torque acting in this direction. Taking a snapshot of the mover’s
displacement and rotation (e.g., at position LP3), it can be observed that there
is only the force Fpnx > 0, whereas the torque acting on the mover is T, = 0,
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making it stable against rotations around the radial axes. Accordingly, the
mover keeps a steady-state angle 6y, if controlled at a certain radial position
xm # 0. Therefore, the use of a force sensor for determining the mover’s
position is an attractive option because of the linear relationship between
radial force and radial position as depicted in Fig. 3.2 (b) for a relatively broad
radial range, considering that the mover is typically controlled at x,, = 0
and yp, = 0. The magnetic force that the mover experiences when it is not
radially centered is also observed as reaction force on the stator with equal
magnitude but opposite direction, meaning that the mover’s position can be
indirectly measured with a force sensor, e.g., placed underneath the stator
(see Fig. 3.1). The force sensor discussed in this chapter is a three-axis load
cell employing strain gauges that measure the change of resistance due to the
elongation and/or shortening of the gauges, which are glued to the deflecting
aluminum elements of the sensor. With this sensing principle, the stator
(placed above the sensor) must be able to move when radial forces are acting
on the mover as illustrated in Fig,. 3.2. To allow only a radial movement of the
stator with preferably minimal rotation, rubber supports are mounted below
the stator mounting plate and fixed to a steady structure, and their impact on
the dynamics of the stator is modeled and calibrated with measurements (see
Section 3.4).

Furthermore, the EMs used for the mover’s active stabilization are placed
on the stator level to preserve the large levitation height h and are attached to
the stator PM mounting plate so that the electromagnetic forces between EMs
and the stator PMs do not act on the force sensor. Otherwise, if the EMs were
placed near the stator PMs but mechanically decoupled, large electromagnetic
forces between EMs and the stator PMs could saturate the force sensor.

3.3 Dynamics Modeling

This section shows a theoretical model of the MLP for the active position
control on the radial axis x for y = 0; the same considerations hold for the
other radial y axis (and x = 0) since the MLP is axially symmetric. The only
differences, as explained in Subsection 3.4.2, are due to the asymmetrical
construction of the force sensor.

3.3.1 Radial Motion Dynamics

As already observed in Fig. 3.2 (b), the magnetic force Fpy acting on the
mover for a positive radial displacement is positive and it is shown over xp,
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in Fig. 3.3 (b) as dotted red curve using the calculation method proposed
in Section 2.2. In a neighborhood of the wanted levitating point for the
mover, x, = 0 and yy, = 0, the simulated curve is linearized by a tangent line
(centered in the origin and having the same slope as in x;, = 0) that defines the
radial stiffness, i.e., the proportionality constant between displacement and
magnetic force kppp = |AFpp/Axm |, whose value is given in Tab. 3.1 (note
that kppy indicates missing natural stability). The force Fry generated by the
electromagnets is measured with a force sensor by positioning the mover
radially centered with the stator and varying the control current with the
result shown in Fig. 3.3 (c). Both EMs that can generate a force in x direction
are used with opposite currents I ; and L » (see Fig. 3.3 (a)), where one drags,
and the other pushes the mover, with the convention that a positive force
causing a positive movement x,, > 0 is generated by a positive current. For
the given position of the mover, the linearization to find kpgp = |AFppm /Al
is not needed since the EMs’ magnetic flux density on the mover is directly
proportional to the current (Biot-Savart law), and the corresponding Lorentz
force is in turn directly proportional to the magnetic flux density Section 2.2.
Another contribution to the total radial force experienced by the mover is the
force Fyo related to the mover’s rotation 6y, e.g., due to the unstable radial
motion (see Fig. 3.2). The curve obtained with the model Section 2.2 shown
in Fig. 3.3 (f) is linearized around x,, = 0 and 6, = 0 to obtain the constant
kerot = |AFrot/ Abm|. Accordingly, the linear equation of motion that describes
the radial displacement of the mover under magnetic and electromagnetic
forces in a neighborhood of x;,, = 0 and 6, = 0 can be written as

mmjc.m(t) = FPM(t) + FEM(t) + Frot(t)
= kppmXm (£) + kpemI (8) + KprotOm (1),

(3.1)

where my, is the mover’s mass and ¢ indicates the time. To derive the transfer
function of the mover’s radial dynamics, we set 0, = 0 and apply Laplace’s
transform to (3.1) with the complex variable s, we find

Xm(s) _ krem/mm
T o) - )
that shows the instability of the model for the radial movement due to the
presence of a real right-half-plane (RHP) pole p = +/kppm/mpy. In fact, if a
positive current step is applied to the system with the mover initially centered,

the trajectory xn () gets positive due to the positive electromagnetic force
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Fig. 3.3: (a) Section view of the MLP where the mover is in the center xpy, = ym = 0,
and the force/torque vectors acting on the different parts of the MLP when a current
I is injected into the EMs are shown. (b)-(g) show the linearizations of different
simulations and/or measurements performed on the MLP according to Tab. 3.1 to
build a model in the neighborhood of xy, = 0, ym = 0, and 6y, = 0.

and will keep increasing exponentially as time passes due to the positive
magnetic force. For completeness, the block diagram of (3.1) (also valid for
small ;) and the Bode diagram of (3.2) (only valid for 8, = 0) can be found
in Fig. 3.4 (b), where also the natural frequency of the radial displacement of
the mover is shown and defined as

1 krpm
isp = — 1| —— = 1.52Hz. .
fn,dlsp Py o (3:3)

The basic model described by (3.2) could be used to design a controller if
the mover’s position is measured directly with a position sensor (see Subsec-
tion 3.4.1).

3.3.2 Rotational Dynamics

The force sensor’s reading also depends on the mover’s rotation ;,,. Therefore,
a more sophisticated model of the mover’s motion is required because the
mover could get too far from the reference center point and start to tilt around
the y axis as depicted in Fig. 3.2 (a). In particular, the tilting can lead to a
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wrong reading of the radial position, meaning that a wrong compensation
force is generated with the EMs, which could finally lead to an instability
of the mover. Due to the low rotational stiffness, the mover also could start
tilting due to the torque generated by the EMs while trying to keep the
radial position to zero. The current dependent torque with proportionality
constant ktgym = |ATgm/AlIl, shown in Fig. 3.3 (e), is calculated using the
model Section 2.2 extended to the EMs and is also proven with a different
technique described in the following, where the difference between the two
methods lies within 8 %. The latter approach involves fixing the mover (in the
radially centered position) on the y axis so that it can only freely tilt around
that axis without displacements and injecting constant currents in the EMs.
For each current, the mover settles to a certain angle 6y, because it is stable
against tilting and/or rotations around the radial axes, and 6y, depends on
the rotational stiffness, which is defined as the slope ktpy = |ATpp /A | of
the dotted curve in Fig. 3.3 (d) around the origin. In the reached equilibrium
position, the tilting angle can be measured, and the EM torque can be found
knowing that it is compensated by the PM torque (i.e., |Tem| = |Tpm|), which
is calculated as described in Section 2.2. Another contribution to the total
torque experienced by the mover is the torque Ty, related to the mover’s
radial displacement x,,. Correspondingly, the curve depicted in Fig. 3.3 (g)
is linearized around x, = 0 and 0, = 0 to obtain the constant krgsp =
|ATgisp/ Axm|. Accordingly, the linear equation of the mover’s rotation around
the radial axes, under PM and EM torques, in a neighborhood of x,, = 0 and
Om = 0 can be written as

JinOm (1) = =Ton(£) — Tom(t) + Taisp (1)

: (3.4)
= _kd,rotem(t) — ktpMOm () — kremI () + deispxm(t),

where Ji, is the mover’s moment of inertia, and kq o is a strictly positive
damping constant for the rotation, which is given by the magnetic interaction
between stator and mover that gives rise to eddy current and hysteresis losses
in the PMs [61]. In the s-domain, (3.4) with x;,, = 0 results in

Om(s) _ ktEM
I(s)  JumS? + kdrots + ktpm

(3-5)

and shows that the model for the rotation is stable because of the positive co-
efficients in the denominator (Routh-Hurwitz criterion). However, depending
on the constant kq o, the rotation can be underdamped as shown in the Bode
diagram of Fig. 3.4 (a), meaning that oscillations can occur at the natural
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Fig. 3.4: Complete block diagram of the MLP where the dynamics of subsystems are
also represented with Bode diagrams: (a) mover tilting and/or rotation, (b) mover
displacement, (c) force sensor’s sensing element mechanical characteristic, and (d)
force sensor mechanical-to-electrical signal conversion, amplification, and filtering.

Parameter values specified in Tab. 3.1.
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With this extension of the mover’s dynamic model, a controller that sta-
bilizes the mover in radial direction and dampens eventual rotary oscillations
can be designed given the position x;, and the rotation 6y, as will be shown
in Subsection 3.5.2.

3.3.3 Force Sensor Mechanical Dynamics

When the force sensor is used for position sensing, a further extension of
the MLP’s dynamic model is required to include the force sensor’s dynamics,
which is presented in the following. As already illustrated in Fig. 3.2 (a),
when the mover is radially displaced with respect to the center position, there
is a reaction force acting on the stator that can be assumed to be linearly
dependent on the displacement for small deviations, i.e., —Fpp; = —kpppmXm- In
addition, two more forces are acting on the sensor, i.e., the reaction force from
the electromagnets —Fgy and a force due to the tilting of the mover —F,ot, as
depicted in Fig. 3.3 (a). The electrical signal provided by the force sensor is
proportional to the elongation and/or shortening of the strain gauges and,
therefore, proportional to the movement of the sensing side of the force sensor
(see Fig. 3.3 (a)) defined here as x;, which is caused by the total dynamic
force

Frps = —Fpm — Fem — Frot- (3-7)
The transfer from applied force Frgs to the linear movement of the force
sensor can be modeled as a mass-spring-damper system (as commonly done
in literature [62-64]) with the following equation of motion

MmipXs(t) = Fres(t) — kares¥s(2) — ksrrsxs () (3:8)

where my,, = 3.6 kg is the total mass applied to the force sensor that includes
the mass of the PM stator, four EMs, the mounting plate, and the mover, k4 grrs
models the viscous damping for the force sensor and is a strictly positive
constant, and ks rrs is the stiffness of the force sensor that determines how
much the sensing elements bend under constant loads. In the s-domain, (3.8)
results in
Xs(s) _ 1

Frrs(s)  Mumips® + karrss + ksrrs
and shows that the model of the force sensor is stable because of the positive
coefficients in the denominator. Also, in this case, the sensor is prone to
oscillations at its natural frequency

(3-9)

1 ks rs
Jares = — -

= 69.9Hz (3.10)
2r Mmlp
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that depend on its damping constant kqggs as illustrated by the peaking in
the Bode diagram of Fig. 3.4 (c). In addition, the total force acting on the
force sensor causes a tilting of its sensing part and of the whole mounting
plate, which is attenuated with the rubber supports shown in Fig. 3.2 (a).
This hardware assembly slightly increases the stiffness of the force sensor
since the low stiffness of rubber is added to the large stiffness of aluminum,
and most importantly, avoids a more complex model for the rotation of the
PM stator and EMs around the radial axes. Both stiffnesses are included in
the coefficient value in (3.8).

3.3.4 Force Sensor Electrical Dynamics

The electrical signal provided by the force sensor depends on the sensitivity
of the strain gauges for a given mechanical stiffness, the gain of the electrical
circuit, and the optional electrical filter used to attenuate high-frequency noise
or electrical disturbances in the system. Therefore, a first-order low pass filter
transfer function combined with an inverting amplifier gain kyga is used for
the model, together with the mechanical-to-electrical signal conversion that
is modeled with a constant gain k,, which leads to the following transfer

function
Usie(s) _ kv - kvea

X,(s)  Trs+1’ (311
where the cutoff frequency is equal to
1 1
fafilt = o Tf = 38 Hz. (3.12)
For completeness, the time-domain representation of (3.11) is given as
Trtige (1) = —ky - kvoaxs(t) — uge(2), (3.13)

and depicted in Fig. 3.4 (d). The gain k, can be determined by displacing the
mover in the vicinity of the levitating point x, = ym = 0 by Axy, with I =0
and 0, = 0 while measuring the electrical response Auay, of the force sensor.
With the prior knowledge of the sensor’s stiffness ks rrs, the mover’s radial
displacement stiffness kppy, and the electrical amplification factor kyga, the
gain is obtained as

Augmp 1 ks rrs

v =

(3-14)

Axm | kvoa  kepm
Strictly speaking, the gauges have specific dynamics since their stretch can-
not happen instantly. However, these dynamics are simplified here with
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the constant k, since, according to the design, the stretching occurs almost
simultaneously with the bending of the sensing element [65], which is limited
by the frequency f;rps. The electrical amplification is simplified with the con-
stant kyga since the chosen cutoff frequency of the filter f, 1 is much lower
than the electrical bandwidth of the used amplifier, which lies in the mega-
hertz range [66]. Furthermore, it is important to note that the overall sensor’s
bandwidth, i.e., the —3 dB frequency of the transfer function Ug);(s)/Frrs(s),
must be sufficiently larger than the other characteristic frequencies in the
system (fn,disp and f rot) in order to correctly measure the position and tilting-
dependent forces of the mover without excessive phase shift. Otherwise,
wrong estimations of xp, and 0, can occur, leading to incorrect EM forces
defined by the controller that would ultimately destabilize the system.

3.3.5 Summary of the Dynamics

The dynamic equations (3.1), (3.4), (3.7), (3.8), and (3.13) are shown in the
form of a block diagram in Fig. 3.4, where the single input is the current I
through the EMs and the single output is the amplified and filtered voltage of
the force sensor ugy. In the diagram, a simplification can be done assuming
that the movement of the stator is negligible compared to the mover’s radial
movement (red dashed connection in Fig. 3.4). Strictly speaking, Fpm =
kepm (xm — x5) holds, assuming that the sensing side of the force sensor moves.
However, given any mover’s position x,, = Fpyn/krpm and knowing that the
same magnetic force acts on the stator, its displacement can be calculated as
xs = —Fpm/ksrrs = —kepm/ksrEs - Xm = —4.7-107° X, with the constants given
in Tab. 3.1. Therefore, the stator’s displacement contribution to the magnetic
force is small and can be neglected, i.e., the simplification Fpp = kpppxny is
justified. Correspondingly, the complete and simplified model of the MPL is
expressed with the following state-space equations

x(t) = Ax(t) + Bu(t) (3.15)
y(t) = Cx(1) (3.16)

with the input, output, and state variables
u(t) =1(t) (3.17)
y(t) = ugi (1) (3-18)

x(t):[ém(t) em(t) xm(t) xm(t) xs(t) xs(t) uﬁlt(t)]T (3-19)
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and the corresponding matrices

-_ kd,mt _ k’rpM deisp

T T 0 Th 0 0 0
1 0 0 0 0 0 0
0  moog ko 0 0
My Mm
A=| 0 0 1 0 0 0 0 (3.20)
0 ke g _kewm ks ke
Mmlp Mmlp Mmlp Mmlp
0 0 0 0 1 0 0
kyk 1
0 0 0 0 0 —% -7 ]
[k k k T
B= |-l 0 fmeoo jmoo o (3.21)
c=[0 0 0 0 0 0 1. (3-22)
The Bode diagram of the transfer function
Ut (s)
Giot(s) = R 2
als) = (523)

for currents through the EMs with different frequencies while the mover
levitates around the center position is shown in Fig. 3.5. In addition, the
poles (seven in total) of the transfer functions (3.2), (3.5), (3.9), and (3.11) are
shown with their real and imaginary part. The diagram clearly shows two
magnitude peaks at f, rot and f; rrs, resulting from poles that possess a larger
imaginary component relative to their real component. Additionally, the
noticeable dip near f, rot is attributed to a pair of zeros located very close to
the poles indicated by green dots.

3.4 Dynamic Model Verification and Tuning

To validate in a first step the complete dynamic model of the system, a
measurement of the total transfer function Gy, = Ugy/I has to be performed,
where the stator PM and the EMs are mounted on the force sensor, and the
mover levitates at the reference operating point while being able to move
and tilt freely. For this purpose, an optical position sensor with sufficient
bandwidth (at least ten times higher than wy = 27 - 2Hz, e.g., 2.5kHz [67])
directly measures the mover’s position and feeds the signal to a position
controller that stabilizes the mover. In addition, sinusoidal currents are
injected into the EMs, which excite the mover’s radial x position around the
levitating point. At the same time, the electrical output of the force sensor is
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being recorded. This method verifies the total transfer function depicted in
Fig. 3.5 (cf. with Fig. 3.8).

— Giot=Uniit/I
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Fig. 3.5: Bode diagrams of the model for the MLP (see Fig. 3.4) with an inset showing
the location of the seven poles of the system in the complex plane. A single pole is in
the RHP and corresponds to the radial displacement of the mover (see (3.2)), whereas
the poles describing the mover rotation and the force sensor dynamics are stable but
show a relatively large imaginary part that implies oscillations in the system. The
magnitude and frequency axes have a logarithmic scale.

3.4.1 Mover’s Position Controller

A position controller that actively stabilizes the radial position of the mover
is required for levitation at the desired operating point. Furthermore, the
method for the position sensing has to be preferably independent of the
mover’s tilting around the radial axes such that only the part of the model
of Subsection 3.3.1 describing the radial motion, e.g., along the x axis, can
be used to design the controller. Consequently, if a tilting of the mover
still occurs, it does not influence the sensor readings detrimentally and is
naturally damped by passive magnetic interactions. The proposed approach
depicted in Fig. 3.6 is to use a PD-controller that stabilizes the mover’s radial
displacement along the x axis by shifting the unstable pole to the left-half-
plane (LHP) combined with a PI-controller that enables steady-state reference
tracking. To verify the dynamic model of the complete system, including
the force sensor, the position signal xy, is directly measured with an external
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optical sensor (Baumer OM70-Po140.HHo130.V], [67]) and filtered with a
first-order low pass filter Gg;. With the straightforward method proposed in
the following to design both controllers, a phase margin of about 52° at the
desired crossover frequency is guaranteed. Nevertheless, other approaches
can be implemented to get the desired system response, e.g., implementing
and tuning a single PID-controller. The stabilization can be achieved by
measuring the position xy,, deriving it to obtain the mover’s velocity, and
injecting a stabilizing current Ipp into the EMs proportional to these two
quantities so that (3.1) with the simplification 8, = 0 is extended to

Mm¥m () = Fpm(t) — Fempp (t) + Fempr(t)

) (3-24)
= kppmXm (1) — krem (kp1%Xm (1) + kp1xin (£)) + kppmlpr(t),

where kp; and kp; are the proportional and derivative gains of the PD-
controller, respectively. It must be ensured that the measured mover’s position
and speed are equal to the actual ones, i.e., Xm meas = Xm and Xm meas = Xm, for
frequencies below the force sensor’s bandwidth (or the cutoff frequency of the
measurement filter Ggy;), which should be ten times higher than the natural
frequency of the mover’s dynamics f; gisp as a commonly used guideline in
control systems. Therefore, in the following analysis, it is assumed that the
sensor’s dynamics have no impact on the design of the controller. In the
frequency domain, the transfer function from the EMs’ current to the mover’s

PI-controller PD-controller ~ Radial position plant

jc'mla'cmlxm
‘E s

kFPM‘

| Gt

IPD n le J.Cm,meas E‘—
i

Xm,meas

Fig. 3.6: Block diagram of the mover’s position control built with a PD-controller that
stabilizes the unstable radial dynamics and a reference tracking PI-controller.
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position can be expressed as

Xm(s) _ krgm/mm
T 2 4 kemko kremkp: —krpm
Ipi(s) 524 o PLs + 1

M

(3-25)

and has two stable poles if and only if the coefficients in the denominator
are strictly positive (Routh-Hurwitz criterion), meaning that the minimal
requirements kp; > 0 and kp; > kppm/kppm must be satisfied. This also
shows that a derivative controller must be implemented; otherwise, when
kp1 = 0, either an unstable real pole still exists for kp; < kppm/krem, or two
purely imaginary poles are obtained if the mentioned requirement for the
proportional gain is fulfilled, leading to an oscillatory behavior. Furthermore,
comparing the denominator of (3.25) with the standard form of a second-order
systems

s? + 20 wos + a)g, (3.26)

where wg = 27 fy > 0 is the natural frequency, and { > 0 is the damping ratio,
expressions for the PD-controller gains can be obtained

2
WMy + kepm

kpy = . (3-27)
FEM
2Cwompy
kpy = {k—o. (3.28)
FEM

It can be seen that the aforementioned basic requirements are satisfied re-
gardless of the chosen natural frequency and damping ratio, meaning that
a stabilization of the mover is theoretically always possible for each pair
(wo,¢) > (0,0). For the sake of simplicity, the PI-controller
kpy
ki kp(1+ kfs)

Grreu(s) = kpz + == = % (3-29)
is designed so that its corner frequency is the same as the chosen natural
frequency for the stabilized plant given by (3.25), i.e. kiz/kp2 = wo, and its
constant gain is the inverse constant gain of (3.25), leading to the following
equations for the controller gains

2
keemkpr — kepm  @pMm

k = = .30

P2 pa—y pa—y (3.30)
wim

kiz = wokpy = ko Ly (3-31)
FEM
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Eventually, multiplication of (3.25) and (3.29) considering the corresponding
gains (3.27), (3.28), (3.30), and (3.31), the expression

2
s+ wo ;g

GoL(s) =

.32
s s2 + 20 wos + 0} (332)
is obtained. To show that the above stated phase margin at the desired
crossover frequency can be achieved, the damping ratio has to be chosen as

{=1 (3-33)

so that a critical damping of the PD-controller stabilized plant (3.25) is ob-
tained, meaning that no overshoots or oscillations while stabilizing the
mover’s position are expected. Accordingly, (3.32) can be rewritten as

w5
GoL(s) = ———. .
oL(s) SGra) (3-34)
The crossover frequency w. is found at the frequency where the magnitude
of (3.34) is unity substituting the complex variable s = jcw,, i.e., solving
2
)

— | =1 (3-35)
]wc(]a)c + 0)0)

|Gor (jwe)| =

for w., where the only positive and real solution that can be found is

V5-1
V2

which means that the crossover frequency is linearly dependent on the natural
frequency that can be arbitrarily chosen. Consequently, the phase of the open-
loop transfer function at the crossover frequency can be calculated as

e = - wo = kyy - wp ~ 0.786 - wo, (3-36)

£(GoL(jwe)) = =90° — tan""(k,,) ~ —128.2° (3.37)

and it is independent of the chosen crossover or natural frequency, meaning
that the phase margin is always given as

pm = Z(GoL(jwe)) +180° ~ 51.8°. (3-38)

Finally, the closed-loop transfer function that defines the response of the
controlled system is given as

xm(s)  GoL(s) w}

GeL(s) = — = =
ci.(s) xm(s) 1+ Gor(s) sz+w0s+w§

(3-39)
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and shows a typical second-order system response when comparing its de-
nominator with (3.26), where the natural frequency (or bandwidth) is wg, and
the damping ratio is 0.5, meaning that an overshoot in the mover’s position
is expected when the controller is trying to track, e.g., a step reference signal
X

In summary, the only parameter that has to be chosen with the proposed
design technique is the bandwidth of the closed-loop system wy, and together
with the requirement (3.33), the four controller gains (3.27), (3.28), (3.30), and
(3-31) can be calculated. Note that a trade-off between fast dynamics and
required control current has to be faced since choosing a large bandwidth
automatically leads to an increased EM current because all controller gains
are dependent on wy, and they determine the required current depending on
the mover’s position and velocity, as can be seen in Fig. 3.6. Therefore, the
maximum achievable bandwidth depends on the current limit, which should
not be exceeded to ensure a proper controller function and is usually given
by the power electronics that supplies the current to the EMs.

3.4.2 Dynamic Model Proof and Adaption

For the verification of the dynamic model of the system, a measurement of the
transfer function in the frequency domain from the EM current to the force
sensor output is performed on the x and y axis individually, where the mover
is free to travel on the investigated axis while its movement is restricted on the
other axis with a customized barrier that allows a sliding with little friction
(see Fig. 3.7 (a)). For this preliminary test, the mover is actively controlled on
the investigated axis in the radially centered position with an optical sensor
[67] placed at the mover’s level, which allows measuring the position with
10 um accuracy. The controller is implemented with the structure discussed
in Subsection 3.4.1, where the only design parameter is the closed-loop
bandwidth, and it is chosen to be wy = 27-2 Hz. Higher controller bandwidths
up to 5Hz have been tested, but the system was more prone to vibratory
behavior. To record desired transfer functions, sinusoidal currents iy at
different frequencies are added to the control currents and injected into the
EMs (see Fig. 3.7 (b)) to cause a displacement of the mover in a neighborhood
of the levitation point of the investigated axis, and all reaction forces on
the stator are measured with the force sensor. As schematically shown in
Fig. 3.7 (a), the electrical signals coming from the force sensor are amplified,
filtered, and stored on the SoC as ugyx and uoyy (the subscript letters x and
y are introduced to distinguish the quantities between the axes). Ideally, the
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Fig. 3.7: (a) Top view of the measurement setup to verify the MLP’s dynamic model
in x direction, where the mover’s position is controlled based on an optical position
measurement and sinusoidal currents are injected into the EMs to cause a displacement
of the mover and, consequently, a reaction on the stator measured with the force
sensor while the y position is kept constant at yy, = 0 with sliding barriers. (b) Block
diagram of the control system from Fig. 3.6 that levitates the mover while currents
Iexc are summed to the control currents to verify Giot x from Fig. 3.5 by measuring

Gmeas,x-

voltage uoutx should be determined by the multiplication of the theoretical
system’s transfer function with the EMs’ current (i.e., without disturbances
aisix = 0 in Fig. 3.7 (b), Upux(5) = Ustex(5) = Grox(s) - Li(s)). The voltage
Uouty should ideally be zero for all frequencies with the assumption that
no cross-coupling between Iy and ug,,y, exists. Additionally, the current is
considered to be the mean value between the individual EM currents, i.e.,
L = (Ix1 — L2)/2, where the negative sign is due to the opposite directions
of the currents in the two coils of an axis (see Fig. 3.1) to generate a force on
the mover in one direction.

The resulting measured system’s transfer function of the preliminary test
on the x axis is shown in Fig. 3.8 (a) as a series of cyan points in the frequency
range 0.1Hz — 200 Hz, where the gain and phase have been calculated over
at least eighteen periods for the lowest frequency and up to fifty for the
largest frequency. When comparing the measurement with the theoretical
transfer function (solid red line) already shown in Fig. 3.5, a good agreement
can be observed from the natural frequency of the mover’s rotation (tilting)
farot = 2Hz up to the force sensor’s natural frequency fyres = 69.9 Hz. At

61



Chapter 3. Reaction Force-Based Position Sensing for Magnetic Levitation
Platform with Exceptionally Large Hovering Distance

= 100} i - v
EN % _
= 0.01+ — Giotx = Uttt/ Ix modeled

S . Gineas,x measured |
5 xf — Giotx+Gdistxx implemented
g 4 1 1
A r._._._,_._._.—./_r

< -

<

A~ 37k | | |

10" 100 101 102

(@) Frequency (Hz)

g 100 = Glist xx —fitted - measured ]

E 10F ™ Gdist,yx = Out,x/Iy

g 1

o]

© 01 , i .

<5 0 i T T

g

- -

(5]

é’ =2t

&~ 3 i | .

107! 0° 100 e
(b) Frequency (Hz)

Fig. 3.8: (a) shows the frequency responses of the model, measurement, and distur-
bance corrected x axis force sensor output to an input current in x direction (with
mover levitating), whereas (b) shows the model disturbance Gyt v With the cross-
coupling between y current and x sensor output Ggjstyx (Without mover). Please
note that the measured phase lies within [—7, 7] but has been unwrapped for the
representation (i.e., adjusted by adding or subtracting 27 to targeted phase values to
ensure a continuous and smooth representation without discontinuities).

these resonant frequencies, the constants kqrot, kqrrs, and ksres are finely
tuned to match the measured peakings, resulting in the values reported in
Tab. 3.1. While performing measurements in this frequency range, the mover
has a small displacement from the radially centered position up to 1 mm for
the lower frequencies, where also a rotation around the y axis can be observed,
and a vibratory behavior from 6 Hz up to 10 Hz. The mover holds the centered
position for larger frequencies because of its large inertia that does not allow
larger movements, meaning that only the reaction forces caused by the EMs
are applied to the force sensor, as PM forces would only occur for a finite
displacement and/or rotation of the mover. For frequencies lower than 2 Hz,
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where the mover is displaced up to 4 mm from the center, there is a mismatch
between the model and the measurements. The dip in the transfer function
at 1.96 Hz due to the cancellation of all reaction forces described with the
help of Fig. 3.5 is still visible, but the increasing gain connected to a phase
equal to zero in the lowest frequency region could not be measured in the
real system. Another discrepancy with the model is found at frequencies
larger than 70 Hz due to a vibratory mode of the whole mechanical system,
where a peak near 130 Hz is prominent. This behavior is commonly found in
complex mechanical structures involving multiple parts [68]. In summary, the
important characteristics of the theoretical model are visible in the measured
transfer function. However, some deterministic behavioral differences must
be addressed before the force sensor signal can be used for the feedback
control of the mover.

These differences are visible when performing a second measurement,
where the mover is removed from the system, and sinusoidal currents are
injected into the EMs (as during the first measurement, the axes are considered
individually). Following the model of Fig. 3.4, the force sensor should not
register forces since all reaction forces from the mover (Fpyp, Fgym, and Frot) are
zero. Accordingly, the electrical signal uou:x should be zero regardless of the
injected current. However, as shown by Fig. 3.8 (b), transfer functions with a
gain comparable to the modeled transfer function Giotx are measured. Ggist xx
represents the disturbance on the modeled function Giotx and is obtained by
injecting L in the EMs and measuring uoutx without a mover. Therefore, it
differs from the measurement Gpeasx With the mover levitating reported in
Fig. 3.8 (a). Nevertheless, it can be seen that the two peaks around 70 Hz and
130 Hz are still visible, indicating that forces are acting on the force sensor,
which originate from the electromagnetic forces between the EMs and the
PM stator. They generate a displacement of both objects (EMs and PM stator)
on the stator mounting plate due to the poor mechanical mounting, finally
resulting in a movement of the force sensor’s sensing side. This effect is
also observed at the lowest frequencies, explaining the relatively large gain
compared to the model. Furthermore, in the frequency range above 1Hz,
another effect that directly affects the strain gauges is observed, namely,
induced voltages that are summed to the force-dependent voltages and are
caused by the time-varying magnetic fields from the electromagnets. The
origin of both disturbances can be proven by removing the PM stator from the
system, where only the induced voltages can be measured with a phase of /2
with respect to the current in the EMs. Eventually, fitting the measurement of
Gaist.xx With the transfer function estimation tool provided by MATLAB® and
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adding the obtained frequency response to the model transfer function Giotx,
the measurement performed with the mover levitating can be reproduced
with better accuracy (cf. Gmeasx With Giotx + Gdistxx in Fig. 3.8 (a)). The error
that remains between the transfer functions can be attributed to the fact that
the two measurements (with and without mover) are performed separately
and that the model parameters also present an error originating from their
measurement and/or simulation. Another behavior that is hard to model
but is prominent in the output of the force sensor, as shown in Fig. 3.8 (b),
is the cross-coupling between the axes, which is indicated by the transfer
function Ggjgt,yx, for the force sensor output uoutx due to a current Iy, where
the system is excited without the mover. For this measurement, the same
disturbances as for Ggjs; xx are visible, where the movement of the stator and
EMs in the y direction causes a false reading in the x direction and vice versa.
For this measurement, the amplitude of the disturbance on the sensor output
is slightly above the noise level for the lower frequency range. Between 10 Hz
and 25Hz only noise is measured, as can be seen by the distribution of the
measurement points, especially in the phase plot.

The same measurement procedure is performed to characterize the y axis
of the sensor where similar results are expected due to symmetry. However, a
small difference is observed in the sensor’s natural frequency (fursy = 62.2 Hz
compared to fyrsx = 69.9 Hz) due to the different stiffness of the sensing
elements, and a 25 % higher damping coefficient is recognized. Therefore, an
adaption of the theoretical model (3.15) regarding the sensor’s parameters is
performed, leading to an accordingly different model transfer function G,y
Furthermore, a comparable yet dissimilar disturbance profile is recognized,
resulting from the above described disturbance influences. Finally, a transfer
function Gyig,yy is used to consider the model disturbance on the y axis from
the y current and Ggjstxy for the cross-coupling originating from the x current.

3.5 Observer and Controller Design

3.5.1 Observer

The proposed position sensing method uses a force sensor that detects the
forces due to the mover’s motion, which are then turned into the position
using the model and calibrated disturbance transfer functions. These calcula-
tions are performed by an observer that estimates the states of the system
depending on the input variable, i.e., measured EMs’ current leasx, using
(3.15). Moreover, the observed states are corrected with a state correction
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architecture (which is required to deal with model mismatches and noise) by
comparing the calculated output (3.16) to the measured output uguex. If the
observer and the real system react the same way to an input current, the error
between the estimated output and measured output would be zero, meaning
that the calculated mover’s dynamic behavior is the same as in the real-life
hardware demonstrator. However, as seen in Fig. 3.8 (a), there are relatively
large mismatches due to the disturbances between the theoretical model and
measurements. Thus, a correction of the observed states has to be performed
so that, ultimately, the output of the observer matches the measured output.
Therefore, to minimize the observer’s state errors, a dynamic model that
matches the measured transfer function of Fig. 3.8 (a) has to be implemented
on the SoC. As argued in Subsection 3.4.2, the disturbance of the model
Gaistxx is completely decoupled from the mover’s dynamics. Hence, it can
be used to better estimate the real output of the force sensor by summing its
response to the response of the original model Gyotx, as schematically shown
in Fig. 3.9. This way, the original seven states are still corrected with the feed-
back architecture of a Kalman filter as described in [69], whereas the model
disturbance is used as a feedforward block that directly affects the observer’s
output Uy x. Furthermore, the cross-coupling function is incorporated in
the observer as an additional feedforward block to enhance the tracking of
the states since best all non-ideal disturbances are added to calculate the
estimated x axis force sensor output depending on the currents on both axes.
The same observer structure is implemented for the y axis with the discussed
calibration-based improvements of the model, like the measured disturbance
and cross-coupling transfer functions. Accordingly, the observed outputs for
both axes are written in the s-domain as

ﬁout,x(s) = (Grotx(s) + Guistxx (5)) - L(s)
+ Gaistyx (s) * Iy (s)

Usuty (5) = (Groty (5) + Gastyy (5)) - Iy (s)
+ Gistxy (5) - I(s).

(3-40)

(3.41)

3.5.2 Mover’s Position Controller and Rotation Damping

As discussed in the previous sections, the magnetic levitation platform re-
quires at least active control of the mover’s radial x, y position since it is
intrinsically unstable. However, an active contribution to damping other
stable DOFs might also be required, especially when the mover oscillates
due to poor passive damping. In addition to stabilizing the mover’s radial
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position like the one described in Subsection 3.4.1, the proposed controller
actively dampens eventual rotary oscillations. Therefore, the mover’s position
xm and tilting angle 6, must be measured. As seen before, to stabilize the
radial position, the velocity %y, is required, whereas for the active damping of
the rotation, the angular speed 6, is necessary; advantageously both can be
found from the derivative of the position measurements x,, and 6y, over time.
The proposed approach is a state-space (or time-domain) stabilizing controller
based on a reduced state-space representation of the MLP that only considers
the mover’s dynamics. The force sensor’s mechanical and electrical dynamics
must not be controlled since the movement of the sensing side is relatively
small and has practically no impact on the magnetic forces. Accordingly, the

model assumes that the observed quantities (X, Xm, Omm, Om) are equal to the
real-life quantities (xmy, Xm, Om, Om) and it is expressed as

xctrl(t) = Actrlxctrl(t) + Bctrlu(t) (3-42)
YCtrl(t) = CenXeur (1) (3-43)

with the input, output, and state variables

u(t) =1(t) (3-44)
Vel (1) = xm () (3-45)
. ) T
Xewl (1) = [Qm(t) Om(t)  Xm(2) xm(t)] (3.46)
and the corresponding matrices
kot ke Kmis

1 0 0 0
Al = 0 Kerot 0 Kepm (3-47)

My My

0 0 1 0

ktem krem T

Betn = [—]—m 0 o 0] (348)
Can=1[0 0 0 1]. (3.49)

This representation can be used independent of the position sensing method
as long as the position x,, and the rotation 6y, are obtained. As already
mentioned, the mover’s velocity %, and angular velocity 6y, can be calculated
by deriving the position and the angle. The controller in the form of a matrix
K uses all available information, in this particular case, coming from the
observer (see Fig. 3.9) and calculates the current

u(t) = —Kxem(t) = — [kl ko ks k4] Xetrl (1) (3:50)
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that stabilizes and dampens both mover’s dynamics (note u(t) = I(t), see
(3.17)). The value of the controller gains can be found, for example, using the
linear quadratic regulator (LQR) algorithm [70], which is widely used in the
literature [71-73] and results in the optimal input u(¢) following the control
strategy (3.50) that minimizes the cost function

V= / %1 (D0xan(t) + u(HRu(t)dLr, (351
0

where Q is a symmetric and positive definite matrix, and R is a strictly positive
weighting constant. The state-space matrices A.yy] and By, Q and R define the
control matrix K by solving the continuous-time algebraic Riccati equation
for the matrix P as

1

AP+ PActn — R PBBl,P+Q =0 (3.52)
1

K= BiP. (3.53)

For the design of the stabilizing controller component, a choice of weights
has to be performed and is shown in Subsection 3.6.2, where the single
states and the input variable can be penalized in the cost function such that
the algorithm finds a controller that ensures strong damping of the rotation
while maintaining the mover stable in the radial direction. As a consequence,
the unstable pole due to the radial magnetic forces is taken to the LHP, as
well as decreasing the imaginary component of the rotation-related poles so
that all four poles lie on the negative real axis or as close as possible to it, as
shown by the violet crosses in the complex plane of Fig. 3.5. Furthermore,
the stabilizing controller component is extended with a reference tracking
system [74] consisting of a proportional and an integral part as illustrated in
Fig. 3.9 that allows following a reference radial position x;,, which is normally
set to zero so that the mover is kept radially centered, considering that the
position signal x,, has no offset. Conversely, rotation (tilting) tracking is
not implemented since the reference mover’s angle is zero and corresponds
to the natural angle when centered. The proportional controller consists of
a constant H that is chosen so that at steady-state (i.e., when %.;1(t) = 0),
the position of the mover is equal to the reference value with the extended
control strategy

u(t) = —Kxe (1) + Hxp (1). (3.54)
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Therefore, the set of equations

0 = (Actrl = BetrtK)xen (1) + Bctrle:;(t) (3-55)
y(t) = x;(t) = Cctrlxctrl(t) (356)

has to be solved for H leading to the result
H= _(Cctrl (Actrl - BctrlK)_chtrl)_l- (3~57)

The integral controller is required to ensure that the reference signal is tracked
without steady-state errors and extends the control strategy to

u(t) = —Kxan(1) + Hy (0) + ki / () — (DAL, (3.59)

where ki is the integral gain, which should be chosen relatively low to not
interfere with the stabilizing controller during transients that can occur due
to external disturbances on the mover position. The resulting values for the
control matrices and constants are listed in Tab. 3.3.

3.5.3 Inverter Stage

So far, it has been assumed that the current in the EMs is readily available and
can be directly adjusted by the position controller and active tilting damper.
However, in reality, a voltage U must be first applied to the EMs’ terminals
that together with the resistance Rgy and inductance Lpy determines the
transient behavior and steady-state value I of the current. Therefore, a current
controller that dynamically sets the proper voltage depending on a reference
current value I*(t) = u(t) coming from the position controller and active
tilting damper has to be designed. This can be achieved with a cascaded
structure as shown in Fig. 3.9, where it must be ensured that the bandwidth
of the inner current loop is sufficiently higher (e.g., ten times larger) than
the bandwidth of the position controller and active tilting damper so that the
dynamics of the current control must not be considered during the design
of the position controller and active tilting damper, for which we assume
I(t) = I*(t). In the simplest case, the voltage applied to the EMs is the
average value of a switched voltage generated with an inverter block (e.g.,
a full-bridge inverter) that allows generating positive (+Upc) and negative
(-Upc) voltages out of a constant voltage source Upc as indicated in Fig. 3.1.
However, due to the large do/dt that modern power semiconductors can
generate while switching, a filter at the output of the inverter stage is required.
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Without the filter, the high-frequency components of the switched voltage
(Uiny in Fig. 3.10) would drive a high-frequency current igp, which finds a low
impedance path through the parasitic capacitance of the EM. The return path
for this current is via the EM cables, modeled by the impedance Zg iy, and via
the ground connection of the position measurement circuit, modeled with the
impedance Zg meas, Which includes the aluminum body of the force sensor, the
conductive shield of the force sensor’s cables, and the reference potential for
the measurements. Due to their close placement, the position measurement
circuit is coupled with the parasitic capacitance C, to the corresponding EM
and is tied to the common ground on the inverter. Furthermore, the time-
varying common-mode voltage ucm(t) = (ups1(f) + ups2(t))/2 induces a
common-mode current icy in the cables of the EM that charges and discharges
the coupling capacitance C,, see Fig. 3.10. Both currents, iyp, and icy, can
generate an error in the position measurement since the analog voltage,
which is then sampled by an ADC, is not only determined by the amplifier
circuit modeled by the gain kyga, but also by an error voltage, i.e., Uamp (t) =
kvGa - tsens(t) + Zgmeas - (inr2(t) + icm(t)). To minimize these noise issues,
we employ a passively damped LC filter that reduces the amplitude of the
high-frequency current flowing through the EMs that eventually reaches
the position measurement circuit because of their close placement within
the MLP by offering a low impedance return path via the filter capacitors
Cr and Cgg. We furthermore add a common-mode choke that increases the
common-mode impedance of the load at the output of the inverter to reduce

I ICfd CM
] ] Cr
Iiny —|_ Req choke 1

Upc 7
Uinv L LC filter e
f

U

)

B) 5

Rem /HF M
TCem
Remd BLEm
L I S
uDSJ,l | ups2. ERfd Zginy IHF 1
== =C
B 5 T T

Zg meas IHF,2+iCM

Fig. 3.10: Electrical system consisting of a full-bridge inverter that drives the EM of
an axis. The passively damped LC filter is inserted to reduce the disturbance igg; that
can affect the position measurement circuitry due to coupling denoted by C. with the
EM, which is modeled by four lumped elements. Similarly, the common-mode choke
helps reduce the amplitude of the high-frequency common-mode current icp;.
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the amplitude of the common-mode current. For the design of the filter,
we follow the commonly used guidelines described in the literature [75] to
optimally dampen the filter and avoid resonances with the driving converter.
The first consideration is to get a large high-frequency attenuation (> 40 dB)
at the switching frequency f;, reported in Tab. 3.2, meaning that the design

frequency given as
1

27 - VLfo’
has to be at least ten times lower than the switching frequency since the

filter’s roll-off is —40 dB/dec. Second, for strong resonance damping, a large
ratio

forc = (3-59)

e
n= —fd
Cr

is favorable in combination with the optimally designed damping resistor
calculated from [76] as

_ |L n+1 2(n+1)(n+4)
Rfd‘\/gf n \/(n+z)(3n+4)' (3.61)

Regarding the controller design, the proportional and integral gains of a
PI-controller are calculated with the MATLAB® function “pidTuner” where

(3.60)

Tab. 3.2: Parameters of the inverter, LC filter, and EM equivalent circuit shown in
Fig. 3.10.

Inverter

Unc 40V | fi 100 kHz
LC filter

L 22uH | Ry 10
Cs 22pF | Cqy 88 uF
forc 72kHz | n 4
Electromagnet

Lem 18.6 mH | Rpm 5.5Q
Cem 87pF | Renmd 85kQ
Resonant freq. 125kHz
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the closed-loop bandwidth wi, given in Tab. 3.3 of the inner current control
loop is selected according to the transfer function of the designed filter from
inverter voltage to the inverter current G| (s) = Iiny(s)/Uiny (s). As indicated
in Fig. 3.9, a filter Gg)¢(s) on the feedback path of the inner current controller
is used to approximate better the current in the EM I(s) = Grcgm(S) * Uiny(s)
from the measured current [,y (s). To minimize the phase shift, its cutoff
frequency should be larger than the wanted bandwidth w;,. For the controller
design, the filter for the current is included in the open-loop transfer function
Gel(s) - Gaie(s), and care is taken especially for achieving a sufficient phase
margin that avoids overshoots in the EMs’ current.

As additional notes, the minimum required DC voltage of the inverter
depends on the required control bandwidth wy, and on the current amplitude
I that has to be driven to counteract displacements of the mover, where
the relation I = kppy/kpem - xm holds. For the selected wi, = 27 - 20 Hz
and current amplitude [ = 4.5 A corresponding to Xy, = 10 mm, a minimum
dI/dt = I - wiy, = 571.8 A/s is calculated, and must be achieved to get the
desired dynamics of the current. This is related to the DC voltage applied
to the EM, i.e., Uncmin1 = Lem - dI/dt = 10.6 V, assuming a purely inductive
EM (see Fig. 3.10 and Tab. 3.2). To finally achieve the maximum value I of
the current at steady-state, a minimum DC voltage Upcminz = Rem I=25V
must be available at the EM’s terminals. Further, the switching frequency
should be chosen to maximize the efficiency of the inverter considering the
switching and conduction losses of the power transistors during operation
and has no impact on the operation of the MLP as long as it is ten times higher
(as a rule of thumb) than the largest bandwidth in the system wjy,, otherwise,
a proper current control cannot be achieved. The selected inverter voltage
and switching frequency listed in Tab. 3.2 satisfy these requirements.

3.5.4 Position Sensor Offset Compensation

In cases where the measured or observed mover’s position signal has a con-
stant or slowly fluctuating offset, e.g., due to temperature dependencies, the
proposed controller would position the mover with a deviation of the ref-
erence position. Therefore, an outer current control loop (see Fig. 3.9) is
required to compensate for this offset. When the mover reference position is
zero, the EM’s current should also be zero since there are no radial magnetic
forces that destabilize the mover. Otherwise, a control mechanism should
drive the current to zero by setting a reference position for the mover that
eliminates the position offset. This is done with a slow integral controller that
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adjusts the mover’s position reference so that the error between the reference
current I; . at the desired mover’s position and the measured current is
zero. This works for any desired mover’s position since the required current
that compensates for the radial magnetic force is known (either measured or
calculated with a model). In the linearized model of Subsection 3.3.1, for the
design of the controller gains, a plant with a constant relation between the
mover’s reference position and the current flowing in the EMs

I(s) _ _kepm
Xm(s) krem

(3.62)

can be considered with the requirement that the outer current controller’s
bandwidth is much lower than the dynamics of the position controller. Please
note that the negative sign in (3.62) originates from the fact that a negative
current must be generated to compensate a positive magnetic force observed
for a positive radial position. To fulfill the mentioned prerequisite, the integral
controller is designed such that the closed-loop bandwidth wqy results as
significantly lower (e.g., ten times lower) than the lowest bandwidth in the sys-
tem (see Tab. 3.3), i.e., the closed-loop bandwidth of the mover displacement,
leading to
kFﬂ Wout

GI,out(s) = —kFPM ’ s (3-63)

The closed-loop transfer function shows a typical first-order low-pass filter
behavior with cutoff frequency (bandwidth) weyt

I(s) 1
L () 1+5s/wou

GeLout(s) = (3-64)

With this design and the constraint on the bandwidth, there are no concerns
about the phase margin and eventual dynamic overshoots since the assumed
plant (3.62) is characterized by a constant value, and with an integral con-
troller, the phase margin is at least —90°. However, when the bandwidth of
the outer loop has to be increased for a faster dynamic application, care must
be taken in the model of the plant (3.62) and the corresponding controller
design by considering the dynamics of the position controller and eventually
the response of the inner current loop.

Furthermore, even with the proposed offset compensation for the posi-
tion sensor, a positioning error that originates from an offset in the current
measurement can still exist. Considering an error due to a constant offset in
the position sensor Xerr,pos and a position error due to a constant offset in the
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current sensor Xerrcurr = KrM/krpM - Lerr, the current error that leads to the
same position error can be found as Ierr = Xerrpos + krpm/krem. Considering
the case at hand and assuming that the position error is Xerr,pos = 1 mm, the
equivalent error of the current sensor would be I, = 0.5 A, therefore, an
outer control loop is beneficial because most commercial sensors with current
ratings being orders of magnitude larger than I, are more accurate. The
used shunt resistor-based current sensor achieves an accuracy of 60 mA with
a measuring range of 10 A, i.e., 0.6 % accuracy.

3.6 Hardware Demonstrator Realization

This section provides a detailed practical investigation of a MLP hardware
demonstrator equipped with a (reaction) force sensor for the mover’s posi-
tion sensing that proves the effectiveness of the previously discussed model,
observer, and controller design. The properties of the passive part of the MLP,
resulting from the design of the PMs according to Chapter 2 and determining
the mover’s levitation height, and most importantly, the radial destabilizing
force that has to be counteracted by the EMs, have been discussed in Sec-
tion 3.2. The design and optimization of the EMs is equally important since
they define the final size of the MLP and the power consumption for achieving
a stable levitation, i.e., the copper loss per unit of radial displacement and
unit of height. The dimensions of the EMs are chosen so that a preferably
large controllable range in the radial direction of the mover is possible while
trying to maintain the dimensions of the overall MLP as restricted as possible,
while in addition trying to maximize the force generation with the smallest
possible amount of current (i.e., power losses of the EMs). For more details,
see Appendix A. Each of the four employed EMs (two for each radial axis)
is driven with a corresponding full-bridge power electronics inverter (see
Fig. 3.10) with Upc = 40 V and a maximum output current of I,,x = 6 A that
provides the required voltage to the EM’s terminals, which is calculated using
a SoC featuring a CPU (where the observer and controller are implemented)
and an FPGA that provides the gate signals to the power transistors of the
inverters and records the signals from the force sensor.

3.6.1 Force Sensor

The device used to sense the mover position in the MLP featuring extreme
levitation heights is a force sensor. It is composed of a three-axis (x, y, z)
strain gauge load cell [77] rated for a maximum force of 100 N on each axis.
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Theoretically, only two axes x, y would be necessary to regulate the mover’s
radial position. However, the additional sensing axis z is required for future
applications, not discussed in this chapter, where the mover is loaded with
a payload, and the levitation height can be determined by measuring the
system’s total weight. Consequently, a force sensor with a notably high
maximum force rating (100 N) was selected. This sensor is perpetually sub-
jected to a load of 35.3N due to the mass of the stator mp, (refer to Tab. 3.1
for numerical values). As a result, a margin of 64.7 N is available to accom-
modate both inertial forces and any additional payload. The force sensor
provides an electrical signal of 1mV/V at the rated force, meaning that for
the chosen excitation voltage of 3V applied to the strain gauges, a maximum
signal of 3mV can be measured at the sensing terminals. For a displacement
of the mover by 1mm from the center, the magnetic force that has to be
sensed is 0.03 N, which corresponds to a voltage difference of 0.94 pV. Ac-
cordingly, an amplifier featuring very low noise levels is required to get a
signal measurable with an analog-to-digital converter (ADC). The amplifier
circuit depicted in Fig. 3.11 consists of a buffered very low noise constant
voltage reference (LTC6655 [78]) used to excite the strain gauges, which are
arranged as a Wheatstone bridge for each axis, and three variable gain ampli-
fiers (VGA) [66] that amplify and filter the differential signal coming from the
gauges bridges. The cutoff frequency can be set with an external capacitor

Buf.|
Epe |
u
—= Uexc LTC6655
Strain __[= |
gauge == | D
(a)
—_—F
>_‘ Raie| | = Chit
gl
Usens kyGA> | |use { ADC SoC
|
[>J Reii = Cfilt
) L -

Fig. 3.11: (a) Excitation of the strain gauges, glued to the force sensor for a single axis,
with a buffered constant voltage reference. (b) Schematic circuit diagram of the force
sensor amplifier for a single axis, constituted by a manual offset correction stage, a
variable gain amplification, and an analog-to-digital conversion.
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Cqie = 440 nF that builds a first-order low pass filter with the internal feed-
back resistor Rg = 9.5kQ. The voltage gain can be dynamically tuned from
the SoC for applications where the mover changes levitation height (due to
different payloads). In these cases, the amplification has to be changed to
avoid saturating the VGAs’ outputs since larger radial x, y forces, i.e., signals,
are observed when the mover approaches the stator. Before the amplification,
a manual offset compensation is implemented and is required to set the force
sensor output signal to zero when the forces acting on the force sensor are
zero, as the strain gauges forming a Wheatstone bridge could have slightly
different resistances that would already cause a saturation of the output due
to the large VGA’s gain. Finally, the amplified and filtered analog signals are
digitized by a multi-channel ADC [79] communicating with the SoC. It should
be noted that, for static applications, the implemented amplifier enables mea-
suring forces with a resolution of 2.3 mN, which translates to a limit of the
positional accuracy of around 74 pm for the investigated MLP.

3.6.2 Controller Tuning

With the correctly estimated quantities (Xp, Xm, Om, 9m) that describe the
mover’s motion, a state-space controller as described in Subsection 3.5.2 is
implemented for both axes x and y, in the same way, since it only depends on
mover’s parameters that are equal for x and y axes due to symmetry. For this
purpose, the choice of the weighting matrix Q and the constant R for the LQR
controller tuning has been carried out so that the mover’s rotation (tilting)
around the x and y axis is strongly damped choosing a relatively large Q)
constant, leading to a reasonable closed-loop pole’s distribution. Indeed, with

0129 0 0 0
0 0.002 0 0

Q=1 0 0002 0 (3.65)
0 0 0 0.002

R=1 (3.66)

all poles of the closed-loop transfer function (i.e., the eigenvalues of the matrix
Actrl — Bewl - K) lie on the negative real axis between 0.52 Hz and 3.29 Hz as
indicated in the s-plane shown in Fig. 3.5 with violet crosses and reported
in Tab. 3.3 as p1, p2, p3s, and ps. Further, the integral gain that completes
the mover’s position and rotation control law (3.58) is chosen to be equal to
one-tenth of the smallest pole in the stabilized system (to not interfere with
the stabilizing controller component), i.e., k; = 27 - 0.15 A/ms. Additionally,
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Tab. 3.3: Parameters of the outer current controller, position and active rotation
damping controller, and inner current controller.

Outer current controller Gy oyt

Wout 2m-0.05Hz

Position controller (3.50)

ky —0.04 As/° | k; —43A/)
ks 283.5As/m | ky4 3.09kA/m
H 536.8 A/m | ki 271 -0.15A/ms
P 2m+-0.52Hz | py 27 -3.29Hz
p3 2m-318Hz | py 2m-1.74Hz

Inner current controller Gpyi,

Win 2m-20Hz

the LC filters for the inverter outputs (see Fig. 3.10) are designed taking into
consideration the volume of the passive components and the design guide-
lines introduced in Subsection 3.5.3, leading to the values listed in Tab. 3.2.
The design frequency is fo1c = 7.2 kHz and leads to an attenuation of 46 dB
on the EM voltage at the switching frequency (100 kHz). The impact of the
output filter on the EM current dynamics is very small as the impedance of
the capacitors is at least 10 times larger than the one of EM coils within the
current control bandwidth of wy, = 27 - 20 Hz. The bandwidth w;, has been
chosen to be as low as possible (i.e., about ten times higher than the highest
frequency pole of the position controller) in order not to trigger vibrations of
the mechanical structure since the output signal of the force sensor could be
heavily disturbed with oscillations around 130 Hz (see Subsection 3.4.2). A
measure that has been proven to work with a higher current loop bandwidth
(e.g., 100 Hz) is a moving average filter on the current reference signal calcu-
lated by the position controller and active tilting damper. The number of data
points considered for the average is chosen to eliminate current components
that would trigger a vibration of the structure. Due to relatively large noise on
the force sensor signals and their slowly fluctuating offset, an outer current
controller that drives the current to zero so that the mover is centered is
implemented following Subsection 3.5.4 with a closed-loop bandwidth of
Wout = 277 - 0.05 Hz. The reported implementation works well for both axes,
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i.e., the mover never experiences rotary (tilting) oscillations, and its radial
X, y position is stabilized.

3.6.3 Results

The demonstration of the stable levitation is depicted in Fig. 3.12, where the
mover is levitated with an air gap of 104 mm above the stator. The calculated
standard deviation of the position recorded over ten seconds during the course
of levitation is 1.3 mm for the x position and 1.6 mm for the y position, indi-
cating that the mover experiences a certain deviation from the center and that
the performance on both axes is similar. Furthermore, the effect of the con-
troller that eliminates the force sensor’s offset is visible, comparing the mean
values of the mover’s position and EMs’ currents in the xy plot in the oscillo-
scope and in Fig. 3.12 (b) and (c). The first is (xm, ym) ~ (—2.2 mm, —2.2 mm)
also depicted in Fig. 3.12 (b). The second is (I, I;) = (-0.6 A,—0.1A) also
depicted in Fig. 3.12 (c). Therefore, even though the observer calculates a
position with an offset originating from the force sensor, the mover will be
controlled in the center’s vicinity where the magnetic forces and, hence, the
mean values of the control currents are zero.
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Fig. 3.12: (a) Picture of the complete system showing the mover’s stable levitation
above the stator with 104 mm air gap. The force sensor is not visible because it is
placed underneath the stator and is connected to the VGA that amplifies and filters
the force-dependent signals and delivers them to the observer implemented on the
SoC. The DC-link supply is used for the EMs, whereas the auxiliary supply provides
power to the SoC and the force sensor. (b) and (c) show the 2D plots of the observed
mover’s position and control current, respectively, which are also found in (a) on the
oscilloscope with a different scaling factor.

3.7 Conclusions

This chapter presents a novel method for sensing the position of the mover in
a magnetic levitation platform (MLP), where a force sensor is used to detect
the reaction forces on the stator. The force sensor enables the operation of
the MLP in situations where the mover is encapsulated in a hermetically
sealed chamber and levitated with an extreme air gap. An observer extracts
the mover’s radial position and angle from the measured forces, which also
depend on the control actions to achieve closed-loop position control of the
mover. For this purpose, a dynamic model of the MLP, including the force
sensor, is developed and accordingly augmented to compensate for unwanted
disturbances with a calibration procedure. Finally, based on the developed
model, a state-space controller allows controlling the mover’s position and
actively dampens eventual rotary (tilting) oscillations around the x or y axis.

With the proposed methods, a stable levitation of the mover is achieved,
where the air gap is 104 mm, the characteristic dimension is CD = 207 mm,
and the passive radial stiffness of the MLP is 32.8 N/m. The performance
is evaluated during centered (x;, = ys = 0) steady-state levitation by cal-
culating the standard deviation of the mover’s position, which results in
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(0(xm), 0(Ym)) = (1.3 mm, 1.6 mm).

In the course of further research, eddy current measurements will be used
alternatively for determining the mover’s position, and a comparative evalua-
tion of the position control performance of both concepts will be provided.
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This chapter summarizes the most relevant findings of the comparison be-
tween two sensors, the reaction force sensor and the eddy current sensor,
used for closed-loop control of magnetic levitation platforms that are also
published in:

> R. Bonetti, S. Miri¢, and J. W. Kolar, “Comparative Analysis of Force and
Eddy Current Position Sensing Approaches for Magnetic Levitation
Platform with an Exceptional Hovering Distance,” Actuators, vol. 13(4),
no. 122, pp. 1-22, March 2024.



4.1. Introduction

Chapter Abstract

This chapter provides a comparative analysis between a force sensor and an eddy current

sensor, focusing on their usability to determine the position of a circular levitating permanent
magnet (PM) mover within an axially symmetric magnetic levitation platform (MLP) with an
exceptionally large air gap. The sensors enable closed-loop control, which is essential for
accurately and stably maintaining the mover’s radial position. For the considered MLP, a
change in radial position in principle results in a tilting of the mover, i.e., a deviation from
the parallel alignment relative to the stator. As both the radial position and the tilting angle
affect the sensors’ (force and eddy current) output voltage, an observer must deduce the
radial position from the output sensor’s voltage, requiring a comprehensive MLP dynamic
model and calibration of the models for both sensing approaches. The chapter discusses
the advantages and weaknesses of each sensor concept, exploring operational principles
and performance in levitation tests. The force sensor exhibits versatility, proving functional
across various application scenarios, such as when the mover is sealed in a conductive, non-
magnetic chamber. In contrast, due to its high-frequency operation, the eddy current sensor
is more straightforward to characterize, simplifying its behavior relative to the mover’s
slower dynamics. Measurements are conducted to validate the models, showing the eddy
current sensor’s robustness against disturbances and imperfections in the MLPs and its
immunity to cross-axis interference. Conclusively, in levitation experiments where the
mover is vertically distanced at 104 mm from the stator, the eddy current sensor achieves
a position tracking precision about ten times better and a ten times higher signal-to-noise
ratio (SNR) compared to the off-the-shelf force sensor, confirming its better performance
and reliability, but it cannot be used in applications where conductive objects are present in
the air gap. Furthermore, additional experiments are conducted on the MLP using the eddy
current sensor to show the controller’s robustness and dynamic reference tracking capability,

| with and without a payload. |

4.1 Introduction

Magnetic levitation finds applications in various fields such as transporta-
tion, aerospace, civil, biomedical, chemical, architectural, and automotive
engineering, as detailed in [80]. Within this extensive range of applications,
magnetic levitation platforms (MLPs), which are characterized by the ab-
sence of mechanical contact between the levitated platform (mover) and the
steady base (stator), serve as vibration isolation systems for high-precision
manufacturing [81, 82], dynamic supporting structures for mirrors in optical
pointing and scanning applications [83], and zero-power gravity compen-
sation systems [84], e.g., nanometer-scale positioning [85], ground-based
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testing of large optical equipment for space use [86], and cleanroom conveyor
systems [87].

The theoretical and practical implementation of an axially symmetric MLP
potentially suitable for zero-power gravity compensation applications has
been analyzed in Chapter 2 and Chapter 3 with the aim of extending the
vertical air gap (i.e., the levitation height h in Fig. 4.1) between the stator and
mover. Similar systems based on commercially available levitation modules
have been sporadically analyzed in the literature regarding structural opti-
mizations and closed-loop control [48, 49,88-91].

Such MLPs are formed by a hybrid structure of permanent magnets (PMs)
and electromagnets (EMs), which constitute the passive and the active part
of the system, respectively. Stator and mover PMs generate the vertical force
that compensates for gravity. EMs only generate the stabilizing forces that
hold the mover at the zero-power point, i.e., the radially centered position
x = y = 0, resulting in lower volume and losses. The PMs are designed so that
the mover has three passively stable degrees of freedom (DOFs), achievable
with the axially symmetric geometry presented (see Fig. 4.1). Specifically,
the axial (z direction) displacement and the two rotations around the radial
axes x, y are stable due to restoring magnetic forces and torques. The radial
(%, y direction) displacement is passively unstable due to magnetic forces that
pull the mover away from the center x = y = 0. Therefore, an active control
of these two DOFs is strictly necessary. The axial symmetry of both PMs
contributes to marginal stability in rotation around the z axis. This means
there is no strict need for active control to manage this rotation; therefore,
this chapter does not address it.

The adoption of closed-loop control is essential to stabilize the mover’s
unstable radial positions, denoted by x,, and yy,. This necessitates an effective
method for obtaining the position of the MLP’s mover, especially in scenarios
demanding high versatility, such as, e.g., operation within stainless-steel
(non-magnetic) process chambers where traditional optical position sensing
is infeasible. Consequently, Chapter 3 introduces a novel position measure-
ment methodology that relies on observing the reaction forces exerted on the
stator by the mover’s movements, called reaction-force-based position sensor
(RFS). This approach is notably beneficial for facilitating the automated man-
ufacturing and manipulation of objects, enabling robot arms to seamlessly
navigate through the air gap between the stator and the mover. However,
the accurate implementation of an RFS necessitates meticulous modeling of
the MLP’s dynamics to convert reaction forces into position data precisely.
While the complexity and noise inherent in the force sensor may impact
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Fig. 4.1: Magnetic levitation platform (MLP) with the mover levitating using the
eddy current position sensor (ECS) for determining the radial (x, y axis) position. The
permanent magnet (PM) stator, which is not visible as it is covered by the excitation
and sensing PCB coils, generates axial, i.e., z direction, magnetic forces that maintain
the mover at the reported distance of h = 104 mm. The electromagnets compensate for
magnetic destabilizing forces in the radial x, y plane and maintain the mover at the
desired position based on continuous measurements captured by the position sensor.

the precision of the RFS method, the technique’s universal applicability and
ability to accommodate conductive objects within the air gap stand out. This
is a considerable advantage over other types of position sensors, such as
eddy-current-based sensors (ECSs), which require an air gap without any
conductive materials. Hence, the objective of this chapter is to meticulously
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evaluate the RFS and ECS technologies, focusing on their applicability, the
complexity of implementation and modeling, accuracy, stability, and reference
tracking capabilities. Such a detailed comparison is critical when selecting
the most appropriate sensor type for specific applications, easing decision-
making in the integration process of advanced mechatronics.

In Section 4.2, we introduce the geometry and display the operating
principles of the ECS. A brief repetition of the operating principles of the
RFS, which are extensively discussed in Chapter 3, is given in Section 4.3.
The position sensor’s dynamics modeling and verification is covered in Sec-
tion 4.4. The comparative results of steady-state levitation experiments for
both sensors are presented in Section 4.5, where we clarify that there are
more restrictions in the design of an RFS-based position control, such as a
more sophisticated dynamical model requirement and lower signal-to-noise
ratio compared to the ECS. However, the ECS cannot be used in applications
when the mover is enclosed in a conductive chamber due to Faraday’s cage
effect. Furthermore, in Section 4.6, additional tests on the MLP using only
the ECS demonstrate that dynamical reference tracking and loading the mover
with extra weight are possible. Finally, conclusions summarizing the main
findings are drawn in Section 4.7.

4.2 Eddy Current Position Sensor for the MLPs

This section first introduces the ECS, tailored explicitly for the analyzed MLP.
Next, the main properties of the RFS concept proposed in Chapter 3 are
summarized in Section 4.3, and a detailed comparison of the two position-
sensing technologies is finally performed starting from Section 4.4.

4.2.1 ECS Geometry and Operating Principle

The ECS applied to the MLP employs high-frequency electromagnetic signals
to determine the position of the mover in space. A set of four coils is used
to sense the radial x, y position and is arranged as depicted in Fig. 4.2 (a)
and (b). The excitation coil is radially centered and located directly above the
stator (see Fig. 4.2 (a)). A time-varying voltage ueyc pcs With a high-frequency
fexc is applied at its terminals (see Fig. 4.3 (a)), whose current generates a
high-frequency magnetic field that reaches and couples with the target coil
on the mover.
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Fig. 4.2: (a) Section view of the MLP that uses the ECS, where the direction of the
magnetic flux density, induced currents, and voltages is shown for a positive excitation
current. The directions of the shown electromagnetic force Fgy; and torque Ty are
given by a positive current injected in the EMs when the mover is at its natural
levitation point xpy, = 0 and 0, = 0. Additionally, the effects of displacements xp, and
Om are shown, leading to the displacement-dependent magnetic force Fpy; (unstable)
and torque Tgjsp, and the rotation-dependent magnetic torque Tpy (stable) and force
Frot. (b) Top view of the system (excluding the radially centered mover) that shows
the spatial distribution of the sensor’s coils with respect to the stator and EMs.
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The mover is equipped with a short-circuited target coil, where an eddy
current flows to counteract the coupled excitation flux (Faraday’s law of induc-
tion), generating a magnetic field with the same frequency as the excitation
frequency (denoted as “ECS target flux” in Fig. 4.2 (a)). Two sensing coils per
axis are connected in anti-series to couple the flux from the excitation and
target coil, generating a proportional voltage usens s at their open terminals.
Examining the sensing coils (e.g., the one for position measurement along
the x axis) closely, the voltage generated by the excitation coil’s magnetic
field is zero due to the anti-series connection of the sensing coils and the
equal coupling of excitation flux (a radially symmetric magnetic field does not
induce any sensing voltage). The same applies to the field from the target coil
when the mover is radially centered and horizontal. As the mover displaces
from the center (e.g., in positive x direction), the x axis sensing coil outputs a
time-varying voltage with frequency fuy. as illustrated in Fig. 4.3 (b) because
of an imbalance in the coupled target flux between the two sides of the coil.
When the sensed signal is demodulated to obtain the amplitude #gens gcs, a
linear relation between the mover’s displacement and sensed voltage valid for
small displacements is observed, i.e., fisens Ecs = —kv,disp * Xm, Where ky gisp is
the sensitivity for the radial displacement and is given in Tab. 4.1. As already
observed in Section 3.3 for the reaction force sensor, the tilting of the mover

(@ upy HUexcECS_ (b) [ECS sensing ‘
coi :
0 ; N|ECStarget_ —
coil :
u fEXC fexcl fsens
0 90° =
© fixe ol
u Usensx,ECS ~— ’N‘
\ =00
Xm N ECS excitation—"] !
0 coi |
kv,disp —90°L . f } ~
i ~ 10°  10* 10° 10° 107
0 sens,x BCS ==~ Frequency (Hz)

Fig. 4.3: (a) High-frequency excitation voltage for the excitation coil. (b) Expected
voltage output from the sensing coil ugens gcs and demodulated voltage signal disens ECs
for a positive mover’s displacement in x direction. (c) Impedance measurements of the
proposed sensor’s coils, where the target and sensing coils operate in the inductive
region at the excitation frequency fexc = 3.1 MHz, indicating that magnetic coupling
exists.
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around the radial x, y axes influences the sensed voltage. Tilting the mover
while keeping it radially centered, a linear relation valid for small angles is
observed and written as @lsens Ecs = —kv.rot * Om, Where ky ot is the sensitivity
for the rotation. Considering both, the displacement and the rotation, which
always happen simultaneously Section 3.3 during destabilization and control
action, the superimposed equation

asens,ECS = —Kydisp * Xm — kv,rot - Om (4-1)

fully describes the mover’s position in space for small displacements and
angles.

Tab. 4.1: ECS parameters, where the values of the RLC components are extracted
from the impedance measurement depicted in Fig. 4.3 (c) performed with the coils
installed on the MLP. Due to symmetry, only the x axis sensing coil parameters are

shown.
ky.disp 51.3puV/mm | ky ot 5uv/e
kips 240V/V | Tygcs 4.6ms
feEcs 35Hz | UexcECs 7.4 Vpp
Jexe 31MHzZ | feens 7.6 MHz
Rexe 95Q | Lexe 23.9 uH
Rsens 15Q | Lgens 27.2uH
Rearget 2mQ | Liarget 0.4pH
Cexc 110 pF | Csens 16 pF
Nexe 10 | Ngens 16

4.2.2 ECS Design Considerations

For the design of the ECS coils, the spatial distribution and the number of turns
are important metrics because they primarily determine the coils’ inductance
and parasitic capacitance, ultimately defining the resonant frequency. The
goal is to maximize the sensitivity ky 4isp and keep the inductive behavior and
the overall MLP’s size the same in order to facilitate a fair comparison with the
RFS. The outermost winding of the excitation coil is chosen as large as possible
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to maximize coupling with the target coil on the mover. However, the size is
limited by the placement of the PM stator and EMs because the excitation coil’s
magnetic field induces eddy currents in neighboring conductive materials,
affecting the coupling with the target coil. The distribution of eddy currents
in a conductive material is determined by the skin depth § = /p /7 fexc o tir,
which depends on its electrical resistivity p and relative permeability
[92]. Copper EMs have a much lower resistivity than NdFeB PMs (pc, =
1.68 X 1078 Qm ~ 0.12 - pngres) and a similar relative permeability (u;cy
1~ 0.93 - gy Nndres). Consequently, the skin depth in EMs is smaller than in
PMs Scy & 37 pm = 0.36 - ndres, indicating a higher eddy current density on
the material’s surface near the excitation coil. Therefore, the detrimental field
caused by eddy currents in EMs in the vertical space above the excitation coil
is more pronounced than the one resulting from eddy currents in the stator
PMs. Consequently, limiting the excitation coil’s diameter to the dimension of
the stator PM, a larger coupling with the target coil is expected, even though
the coil’s diameter is smaller than the MLP’s characteristic dimension CD.
The larger coupling between the excitation and the target coil is beneficial as
larger eddy currents are induced in the target coil, finally leading to larger
induced voltage in sensing coils and, thus, a better sensitivity. The same
principle holds for the sensing coils, where the area of the outermost winding
is maximized while minimizing the overlapping region with the stator and,
most importantly, with the EMs (see Fig. 4.2 (b)). A total diameter of the
sensing coils larger than the MLP’s characteristic dimension is disregarded to
preserve compactness. Regarding the target coil, a single-turn coil is applied
on the mover’s lateral surface so that the total weight and outer diameter
are only marginally increased while maximizing the coupling area for the
excitation coil’s magnetic field. Further, the integrated circuit (IPS2550 [93])
used to drive the excitation coil, and to amplify and demodulate the high-
frequency signals from the sensing coils, poses an additional constraint on
the coils’ design. Specifically, the excitation coil has to exhibit a resonant
frequency in the frequency range foxc = [2 MHz, 5.6 MHz] to be appropriately
excited. A high number of turns N and an operating frequency fex. close to the
maximum are advantageous for achieving a large sensitivity since the induced
voltage in the sensing coils directly depends on both design parameters
(Faraday’s law of induction). However, the coils’ parasitic capacitances Cexc
and Cgeps limit the number of turns since they increase for greater Ny, and
Niens- The proposed design features a PCB carrying the excitation coil with
Nexe = 10 turns and the sensing coils with Ngens = 16 turns, which are arranged
as depicted in Fig. 4.2 (b). The measured impedance of all eddy current sensor
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coils is given in Fig,. 4.3 (c), where the operating frequency is fexc = 3.1 MHz,
and the sensing coils’ resonant frequency is fens = 7.6 MHz. The numerical
values of the equivalent lumped elements are listed in Tab. 4.1.

The measurement bandwidth of the eddy current sensor is limited by the
IPS2550’s internal demodulation process, which removes the high-frequency
carrier signal to obtain low-frequency demodulated signals that depend on the
mover’s position. This process introduces a constant time delay of Tqy = 4 ps
valid in the whole operating frequency range. In the frequency domain, the
time delay is approximated by a first-order transfer function (TF) Hy(s) =
(2 —Tys)/(2 + Tys) [94] with a zero and a pole at f3 = 1/(7 - Ty) = 79.6 kHz.
Accordingly, the sensor’s bandwidth is defined as the —3 dB frequency of a
phase-equivalent TF ﬁd(s) =1/(2 + Tys)? and lies at fiwEcs = fi - VV2-1=
51.2 kHz. Since the approximate bandwidth is much larger than the mover’s
dynamics (maximum f;, ot = 2 Hz for the tilting as reported in Tab. 4.3 and
Tab. 3.1), we neglect the dynamics of the ECS during the MLP dynamics
analysis and the position controller design.

4.2.3 Impact of Conductive Obstacles in the Air Gap

As previously highlighted, the RFS offers a broader range of applications than
ECS, particularly due to its capability to function effectively in environments
with conductive materials within the air gap. In this subsection, we examine
how metal objects (aluminum and copper) influence the performance of the
ECS.

Considering Fig. 4.4, when the mover is manually displaced by 1mm
back and forth from the center without materials in the air gap, the sensed
voltage of the eddy current sensor varies between zero and approximately
12.3mV (blue curve). However, when a conductive sheet is inserted in the
air gap to mimic the situation where the mover is isolated and levitated in a
hermetically sealed chamber, the mover’s displacement is not recognizable in
the sensed voltage (see orange and yellow traces in Fig. 4.4). This happens
because the target coil on the mover is shielded from the excitation coil’s
magnetic field, which means that there are no eddy currents in the target coil;
accordingly, no position-dependent opposing field occurs. In contrast, the
RFS can still operate since the magnetic and electromagnetic forces acting on
the mover are always reflected on the stator and EMs.
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Fig. 4.4: ECS’s response for a manual radial displacement of the mover by 1mm back
and forth using a micropositioning stage for different mediums in the air gap. (a) and
(b) show the results on the x and y axes, respectively. When a square conductive
sheet (207 mm X 207 mm) that fully covers the PM stator and EMs is inserted in the
middle of the air gap, i.e., at about 50 mm from the top surface of the PM stator, the
magnetic coupling between the excitation, target, and sensing coils is heavily reduced
due to the magnetic flux shielding, resulting in zero sensed voltage (neglecting the
independent offsets, drifts, and noise). The copper sheet is 0.35 mm thick, whereas
the aluminum foil is 1 mm thick and perforated, with holes having a diameter of 5 mm
and a spacing of 2 mm.

4.3 Reaction Force-Based Position Sensor

This chapter briefly introduces the RFS, which is discussed in detail in Chap-
ter 3, with the help of Fig. 4.5. This position sensing method consists of
a force sensor capturing reaction forces on the stator caused by magnetic
interactions between the PM stator and PM mover and electromagnetic in-
teractions between the EMs mounted on the stator’s baseplate and the PM
mover (see Fig. 4.5 (a)).

Accordingly, a three-axis (x, y, z) strain gauge-based force sensor captures
the total reaction force Frps = —Fpnm — Fem — Frot. Four strain gauges arranged
as a Wheatstone bridge are glued to each sensing element (one per cartesian
axis x, y, z) and are excited with a constant voltage uexcrrs (see Fig. 4.5 (a)
and (b)). The total reaction force displaces the sensing side of the force sensor,
resulting in the bending of the sensing element. This bending stretches the
strain gauges, causing a change in their resistance, translating into a variation
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of the output voltage ugensrrs. The trend of usens rrs for a positive reaction
force Frrs is approximated with a linear relationship, as shown in Fig. 4.5 (c),
according to the following relations.

(a) Mover O Jm Fpm+Fem+ Frot
o) G\ ® | e
-Tegm — Tem Tdisp ‘

i h=104mm

o ix.2 Ix,l _Ix,l
® Esz @ - é_' %j © EMy, ®
/ N

—=IRrs = —FpM—FEM—Erotm

[ ]
Sensing”™ _ —
Magnet side ¢ D]
holder u Ly — Rubber
Stator sens,x,RES s support
mountin i ensing
plate & ggﬁi‘éﬁ L —" element
“~Steady side
(b) u ©) u
UexcRTS UsensRES_ ]lzv,RFS
4] 0 s,RFS
0 t 0 Frrs
(d) Fpm : (e Fem ) Ty
P
kepm njﬁx FreM ./ d AOTF kren O
“AFpn ALY I PM ™.
*;A Xm®  Xm AFEj\(/I 0 I LfAemAu\\.
® . TeM gy () Fron 'A94 """ - @ Td‘SP[(Axn?{" .....
ATEI\L/IA\\I'Q\ max g AF rot / ATdis;’)(,f"ﬂ.
.f k 9 7 k . Xm
N 0 Frot! Um 0 Tdisp
« Simulation « Measurement —Linearization

Fig. 4.5: (a) Section view of the MLP including the RFS with the corresponding x axis
sensing element and strain gauges. The same arrangement is provided for measuring
the y axis. (b) Constant voltage excitation for the strain gauges forming a Wheatstone
bridge. (c) Expected RFS voltage output for a positive reaction force Frgs acting on
the sensing side due to the mover’s motion and the electromagnetic force. (d)-(i) show
the linearizations of different simulations and/or measurements performed on the
MLP to build a model in the neighborhood of xy = 0, ym = 0, and 6, = 0.
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1. The movement of the force sensor’s sensing side x; and the bending
of the sensing element are linearly related to the applied force, i.e.,
xs = Fres/ksres, where kg rrs is the stiffness of the force sensor.

2. The stretch of the strain gauges, their resistance change, and the output
voltage variation are linearly dependent on the movement of the force
sensor’s sensing side, i.e., UsensRFS = Ky RFS * Xs, Where ky rps is a constant
representing the mechanical-to-electrical signal conversion.

From the sensed output voltage, information about the mover’s position
and tilting angle is gained since the total reaction force Frps depends on the
mover’s radial x, y position (Fpy; in Fig. 4.5 (d)) and the mover’s tilting around
the x, y axes (Fyot in Fig. 4.5 (h)).

4.4 Dynamics Modeling and Verification

Developing a dynamic model for the MLP is a prerequisite for designing a
controller capable of actively managing the mover’s position. As discussed
in Section 4.2, leveraging (4.1) reveals that the voltage signal from the ECS
contains information about the mover’s radial position and tilting angle.
Therefore, an observer is necessary to distill at least the mover’s position
from the detected voltage. Subsequently, this positional information enables
the controller to guide the mover by manipulating the system’s sole input,
namely, the EM’s currents. Moreover, due to the significant levitation height,
oscillations of the tilting angle are anticipated, which are not sufficiently
dampened by the passive magnetic interactions. In response, the controller
needs the estimated mover’s angle — deduced from the sensed voltage by
the observer - to actively mitigate any ensuing oscillations. To achieve this,
we introduce the linearized dynamic model of the system, which is used
for such observer. This model is validated by measurements and refined
with calibration through Transfer Function (TF) measurements to ensure its
robustness and accuracy (see Subsection 3.4.2 for more details on disturbance
TFs).

4.4.1 Dynamic Model

As shown in Section 3.3 and reported here again for completeness, the
mover’s dynamic model is divided into two parts that describe the tilting
around the radial axes x, y (Fig. 4.6 (a)) and the radial motion (displacement
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from center) (Fig. 4.6 (b)). It should be noted that the tilting and displace-
ment are coupled, which is modeled with constants krgis, and kgrot. For the
direct comparison with the ECS, the third-order dynamic model of the force
sensor used in Section 3.3 is depicted in Fig. 4.7 (a). This model comprises
a stable mass-spring-damper system that replicates the mechanics of the
sensing element (from Fgps to x;), the mechanical-to-electrical conversion
of the strain gauges glued to the sensing element (kyrrs), the electronic am-
plification (kyga), and a first-order low pass filter that attenuates noise and
avoids aliasing effects in the subsequent analog-to-digital conversion (from
Uamp,RFS tO uﬁlt,RFS)~

For the ECS, the high-speed dynamics of the IPS2550 are simplified with
the adjustable gain kips (see Fig. 4.7 (b) and Tab. 4.1). To ensure a balanced
comparison, the first-order analog low-pass filter is designed to mimic the
phase response of the force sensor, complemented by a corresponding filter.
Despite the difference in the orders of the two sensing systems, their phase
responses are harmonized up to 20 Hz by calibrating the cutoff frequency of

Xm=0
’;TLM \_ 16w/
e -40dB/dec
n,rbt
T 2(Op/I)
=2
—Magnitude
Phase
kegpg| Om=0
ke X/l
-40dB/dec
fn,disp ~
L (X 1)

Fig. 4.6: Block diagram of the mover’s dynamics for (a) tilting around the radial axes
and (b) radial displacement, where the different dynamics are also represented as
Bode diagrams. Here, only the displacement in x direction and the related tilting angle
around the y axis, denoted as 0y, are considered. Due to symmetry, the same model
holds for the y displacement and the tilting angle around x axis.
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Reaction force sensor (RFS) Eddy current sensor (ECS)
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1

‘ ﬁsens,ECS
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Fig. 4.7: (a) Block diagram of the RFS system dynamics with the second-order system
modeling the movement of the force sensor’s sensing side, followed by the mechanical-
to-electrical conversion of the strain gauges, amplification, and first-order active
electronic filter. (b) Block diagram of the ECS with the zero-order model describing
the conversion from the mover’s position to demodulated voltage, followed by the
amplification and the first-order passive electronic filter.

the ECS to frcs = 1/(27 - Trrcs) = 35 Hz. Nonetheless, a deviation up to 1dB
at 20 Hz in the normalized magnitude responses is observed, attributable to
the resonance peak in the force sensor’s TF.

In evaluating the modeling aspects of the two sensing systems, it is noted
that the RFS exhibits a higher level of complexity due to its second-order TF
behavior. Conversely, the ECS, characterized as a zero-order system, presents
a more straightforward modeling process. However, this simplicity is accom-
panied by practical limitations, notably the constraint against encasing the
mover in an electrically conductive capsule. Such drawback must be weighed
against the ease of modeling the ECS offers, highlighting the necessity of
a balanced assessment when considering integrating these sensing systems
into the MLP.
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4.4.2 Dynamic Model Verification and Calibration

For verifying the dynamic model of the MLP using the ECS, two measurements
of the TF injecting sinusoidal currents I in the EMs and observing the sensor’s
output Uyt (defined as the sum of the filtered voltage ugy; of Fig. 4.7 and the
eventual disturbance voltage ugs) are performed, following the procedure
described in Section 3.4. The measured system’s TF Gyeasx = Uoutx/L With
the mover levitating, free to move only along the x axis, and free to tilt around
the y axis is shown in Fig. 4.8 (a) as a series of cyan points in the frequency
range 0.1Hz — 200 Hz. Compared to the theoretical TF Giotx = Ugitx/Ix (solid
red line), the same trend of the theoretical model of Fig. 4.6 and Fig. 4.7
is visible in the measurement, namely the static gain and the peak due to
the mover’s tilting around 2 Hz. However, a significant mismatch starting
from 2 Hz must be corrected with a second measurement (calibration) where
the mover is removed from the MLP and the TF measurement is repeated by
injecting currents in the EMs, as described in Subsection 3.4.2. Following
the model of Fig. 4.7 (b), the ECS should register zero voltages ugy; x and ugy,y,
as the mover’s virtual position is zero. However, as shown in Fig. 4.8 (b),
TFs with a noticeable gain are measured, indicating parasitic couplings in the
system that must be compensated. Gg;stxx represents the disturbance for the
modeled TF Gyt and is obtained by injecting I in the EMs and measuring
Uoutx Without the mover. Adding the fitted frequency response of Ggist xx
to the modeled TF Gioty, the measurement performed with the mover levi-
tating is reproduced with better accuracy (cf. Gpeasx With Giotx + Gdist xx in
Fig. 4.8 (a)). Another disturbance, which is measured by reading the sensor
output ugy,x While the system is excited with the current I, and without
the mover is the cross-coupling between the axes, indicated as Ggjstyx in
Fig. 4.8 (b). This disturbance is neglected since the gain is about 160 times
lower than the measured system’s response Gpeasx in the lower frequency
range.

Accordingly, the observer (Kalman filter) for the ECS that extracts the
mover’s position (xy, ym) and tilting angles around x and y axes is imple-
mented considering only the calibrated model Giotx + Gaist xx- In contrast, the
Kalman filter for the RFS contains the supplemental cross-coupling correction
terms (see Subsection 3.5.1). In fact, the gain of Ggjsyx in Fig. 4.8 (b) is
not negligible compared to the calibrated model Giotx + Gaistxx shown in
Fig. 4.8 (a).
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Fig. 4.8: TFs measurements to prove and calibrate the model presented in Fig. 4.6 and
Fig. 4.7. (a) shows the frequency responses of the model, measurement, and observer
implementation for the x axis while the mover levitates from an input current in
x direction to the ECS’s output. (b) shows the model disturbance Ggjst xx and the
cross-coupling between y current and x sensor output Ggst,yx Without mover for the
ECS. The implemented TF, disturbance TF, and cross-coupling TF of the RFS seen in
Fig. 3.8 are overlapped with dashed curves.
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4.5 Comparative Results

This chapter compares the performance between the ECS and the RFS in-
troduced in Chapter 3 and briefly described in Section 4.3 for steady-state
levitation of the mover, which has been achieved using both sensing methods.
A thorough analysis and comprehensive measurements have been conducted
to understand the differences in performance and note the variations in the
hardware realizations of the sensors.

4.5.1 Steady-State Levitation Comparison

The radial coordinates’ reference is set to zero (x, = ys, = 0) for the steady-
state levitation comparison between the ECS and RFS. The results shown in
Fig. 4.9 (a) indicate the estimated mover’s position using the ECS is close
to the reference, with small fluctuations within the recorded time interval
of twenty seconds. Conversely, when the RFS is used, the mover’s displace-
ments from the centered position are larger, caused by the force sensor’s drift
over time, which is compensated with an outer current controller loop, see
Subsection 3.5.4. Despite all the disturbances and noise the RFS is facing in
this application (see Subsection 3.4.2), we manage to have a stable levitation
with deviations of up to 5.5 mm, which is 5.3 % of the levitation height.

The different performances resulting for the two sensors are also visi-
ble in 2D plots without direct time dependency shown in Fig. 4.9 (b)-(e),
where the x, y quantities (observed mover’s position, observed mover’s angle,
measured sensor’s voltage, and measured control current) are plotted over
the recorded levitating period. The standard deviation (STD), i.e., the mea-
sure of the amount of variation of the mover’s radial position relative to its
expected mean value, is calculated from the recorded data over the entire
period as a performance metric. The STD of the mover’s position for the
RFS is (0(xm), 0(¥m))res = (1.26 mm, 1.60 mm), whereas the ECS performs
better with the STD of (o (xm), 0(ym))ecs = (0.05 mm, 0.15 mm). This result
is confirmed considering Fig. 4.9 (b), where larger mover’s displacements are
visible using the RFS, and relatively smaller deviations are observed when
using the ECS.

Considering the plots in Fig. 4.9 (b)-(e) and focusing on the RFS’s traces,
it is visible that the control current has a similar shape as the inverse of the
mover’s position. In other words, a rotation by 180° around the center is
required for the plot displaying the mover’s position to see that the shape is
correlated to the current.
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Fig. 4.9: Comparison between ECS and RFS during steady-state levitation of the
mover with a reference position xy = ym = 0. (a) shows the time-domain curves of
the observed mover’s position, also reported as a 2D plot in (b). The recording time is
10 s, with 2.5 kHz sampling frequency resulting in a total of 25 000 data points. (c), (d),
and (e) show the observed mover’s tilting angle around the x, y axes, the measured
position sensors’ output voltage, and the measured control currents, respectively. The
measurement data indicates better ECS position measurement performance.
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The plot rotation corresponds to a negation of the quantities (xXm, Ym)
since a positive current is required to counteract a negative mover’s position,
as depicted in Fig. 4.2 (a) and in the block diagram of the MLP in Fig. 4.6 (b).
The mover’s angle adapts depending on the mover’s position, e.g., the tilting
angle around y axis, Oy, varies with a radial displacement along the x axis
with y,, = 0, explaining the direct correlation between the two plots (cf.
Fig. 4.9 (b) with (c) and note that 0, is shown on the horizontal axis as
Xm). Moreover, the controller cannot control the mover’s angle to a reference
value, but only actively dampens oscillations of the tilting angle around
the x, y axes occurring at the natural frequency f ot = 2Hz (see Tab. 4.3
and Subsection 3.5.2). A similar correlation must exist between the sensed
voltage and the observed mover’s position and angle, as the latter quantities
are extracted from the sensor’s signal. However, it is difficult to identify a
similar shape between the force sensor’s voltage and the observed mover’s
position and tilting angle, indicating that disturbances and/or noise are present
in the sensed signal. This statement is related to the TFs seen in Fig. 4.8 (a) and
(b), where the gain of the measured disturbance Ggjstxx and cross-coupling
Gist,yx is similar to the gain of the measured system’s TF (matched by Giotx +
Gdistxx in Fig. 3.8 (a)). Due to lower SNR, the ECS trajectories presented in
Fig. 4.9 appear relatively small; a visual correlation between the measured
quantities becomes evident in the presentation of results in Section 4.6.

4.5.2 Analysis of Performance Variance

This section highlights additional distinctions between the ECS and RFS-based
MLP systems to explain their different performances. The first difference
relates to a stronger correlation between the implemented and measured TFs
observed for the ECS, as shown in Fig. 4.8 (a). The observer implementation
for the RFS system differs from the measurements in the lower frequency
range from 0.1Hz to 0.7Hz (see Fig. 3.8 (a)). It should be noted that the
presented solution performs the best among several fine-tuning attempts to
improve the match in that frequency range by adjusting the constants shown
in the block diagram of Fig. 4.6 (i.e., changing the shape of the modeled TF).
The second difference relates to a comparative time-domain measurement
without the mover and the results are shown in Fig. 4.10. Individually, both
sensors are calibrated to zero at time 0 s using averaged data from past mea-
surements while applying zero current to the EMs and continuously switching
the 40 V DC-link voltage of the full-bridge two-level EMs’ drive inverter. Sub-
sequently, the position and current sensor signals are recorded for one second.
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The amplitude of the noise voltage from the force sensor is larger than that
from the eddy current sensor, as shown in Fig. 4.10 (a) as a time-domain plot
and Fig. 4.10 (c) as a 2D plot. In quantitative terms, the RMS noise ampli-
tude for the force sensor is (foutx, douty)RFs = (1.87 MVyms, 1.70 mV ), and
for the eddy current sensor, it is (fout,x, fouty)ECs = (0.22 MV g, 0.31mV ).
Furthermore, the same noise on the current signal is measured since the
same inverter is used for testing both sensing systems, as illustrated in
Fig. 4.10 (b) and (d). For completeness, the corresponding RMS amplitudes are
(Ix’ Iy)RFS = (13.5mAuys, 8.2 MAyy) and (Ix’ Iy)ECS = (13.4 mAppys, 8.1mA ).
The Kalman filter includes all these measurement uncertainties by consider-
ing the voltage and current noise variance to adjust the Kalman gain when
estimating the mover states. Therefore, due to the different noise levels in the
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Fig. 4.10: Comparison of static measurements performed without mover, where the
signals from the position sensors (a) and (c) and EM current sensors (b) and (d) are
recorded for one second, indicating that the output of the RFS has a higher noise level
than the ECS.
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position sensors, the estimating performance of the Kalman filter is different.

The third difference is the signal-to-noise ratio (SNR), which is calcu-
lated to investigate both sensing systems by considering the waveforms in
Fig. 4.10 (a). The calculation assumes a displacement of the mover in the
radial direction, neglects the tilting around the x, y axes (6i,y = Omx = 0), and
takes no control action (I = 0). According to the model presented in Fig. 4.6
and Fig. 4.7, the static gain from the mover’s position to the sensors’ output
is calculated and measured as

Ufilt,x,ECS

= kydisp - kips = 12.3 mV/mm (4.2)
Xm
Ufilt,y,ECS
———— = kydisp * kips = 12.3 mV/mm. (4.3)
Ym
u k
BlLORES _ TFPM . kyxRrs - kvga = 6.3 mV/mm (4-4)
Xm ks,x,RFS
Ufilt,y,RFS krpm
= “ kv,yRrs * kvga = 7.3 mV/mm (45)

Ym kv rEs

The difference between the RFS’s x, y quantities arises due to its asymmetrical
construction (see Chapter 3 for details on the constants). Consequently, the
SNR for a displacement of the mover by xy, = ym = 1 mmyys (RMS amplitude)

around the radially centered position is given as
SNR = 20 - log, (ﬂ) , (4.6)

Unoise
where g is the RMS amplitude of the sensed noise voltage due to the
mover’s displacement calculated with (4.2), (4.3), (4.4), and (4.5). Unoise iS
the RMS amplitude of the sensed voltage noise from Fig. 4.10 (a). The re-
sulting pairs are (SNRy, SNRy )rrs = (10.5dB, 12.7 dB) and (SNRy, SNRy )ecs =
(35.0dB, 32.0 dB), indicating that the mover’s displacement of 1mmyp; is
distinguishable from noise for both sensors since positive values are ob-
tained. However, the ECS measures a cleaner signal because its SNR
is higher by about 20dB. From another perspective, the lower de-
tectable limits for the mover’s displacement are calculated by equating
SNR = 0 and considering the measured noise amplitude. The results
are (Xmmin» Ymmin)REs = (0.30 MMy, 0.23 MMyys) and (Xm min, Ymmin)ECS =
(0.018 mmyyyg, 0.025 mmyyy,), indicating that the measurement with the ECS
is about ten times higher in resolution. The difference is mainly due to the
different noise level since the conversion from mover’s position to voltage
differs by about a factor of two for the ECS and the RFS (cf. (4.2) and (4.3)
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with (4.4) and (4.5)).

The difference in the sensors’ noise levels arises from various factors.
First, the amplifier for the RFS is custom-made. It consists of a buffered
ultra-low noise voltage reference [78] to excite the strain gauges, a manual
offset compensation circuit for each axis, a variable gain amplifier (VGA)
combined with an active RC filter for each axis, and a four-channel analog-
to-digital converter (ADC) [79]. Instead, the coil excitation for the ECS and
the processing of the received signal (amplification and demodulation) oc-
cur in a single integrated circuit [93]. The hardware is completed with a
passive RC filter and the same ADC as the force sensor’s one. Therefore,
fewer components can pick up noise in the ECS’s hardware. Second, the
operating frequency range and the total gain for the electrical signal of the
two sensors are substantially different. The amplifier for the RFS operates
from zero frequency up to the bandwidth of the VGA (18 MHz) with a gain
of 10 V/mV (80 dB). In contrast, the amplifier for the ECS amplifies signals
by 240 V/V (47.6 dB) only at the excitation frequency of 3.1 MHz since the
subsequent demodulation rejects noise at other frequencies. Hence, the RFS’s
amplifier enhances the probability of noise amplification. Finally, the spatial
placement of the amplifier circuits within the MLP impacts the noise at their
outputs. The sensing elements of both sensors (aluminum body with strain
gauges and electromagnetic coils) are placed in the neighborhood of the EMs,
which inevitably radiate high-frequency (HF) electromagnetic fields due to
the HF current components caused by the switched power converter. The
RFS’s amplifier is placed on the side of the assembly formed by the PM stator
and EMs. In contrast, the ECS’s amplifier is placed directly under the assem-
bly, i.e., at the same location as the RFS’s aluminum body (see Fig. 4.1 and
Fig. 4.5 (a)). On the one hand, this arrangement can be advantageous for the
RFS over the ECS because the source of electromagnetic radiation that can
induce noise in the sensed signals is farther from the sensitive electronics.
On the other hand, the analog signals must be routed over a longer distance
for the RFS than for the ECS, rendering them more susceptible to noise. Thus,
a definitive favorable placement cannot be determined in this context.

The main differences between the RFS and ECS are summarized in Tab. 4.2.
A combination with another sensing principle could be employed for future
developments on the RFS instead of using strain gauges that easily pick up
noise and suffer from induced voltages. For example, precise eddy-current or
optical sensors [95] could sense the displacement of the RFS’s sensing side
due to the reaction forces from the mover. According to Tab. 4.2, the ECS is
more robust against noise than the RFS for using an off-the-shelf force sensor.
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However, these approaches to advance the RFS increase the system’s complex-
ity and leave open challenges regarding the sensitivity and the cross-coupling
between the axes, which must be solved by the mechanical design of the force
sensor. When enhancing the force sensor’s sensitivity through optimizing its
mechanical design, reduced measurement bandwidth and lower load rating
must be considered [96]. Conversely, it is observed that the sensitivity of the
ECS does not negatively impact the measurement bandwidth. Enhancing the
sensor’s sensitivity through alternative coil designs or processing signals at
higher frequencies does not necessarily result in a reduced bandwidth, as the
IPS2550’s processing delay discussed in Section 4.2.1 remains constant.

Tab. 4.2: Comparison of the main characteristics and performances of the RFS and the
ECS. The standard deviation (o) of the mover’s position from the reference position
Xp = Y = 0 is calculated during steady-state levitation within a time interval of ten
seconds. The RMS noise (floyt) is measured at the sensors’ output voltage without the
mover levitating. The SNR is calculated using the RMS noise, (4.2), (4.3), (4.4), and

(4.5), derived from the MLP’s models given in Fig. 4.6 and Fig. 4.7.

RFS ECS
Mover can be encapsulated in a stainless steel
chamber Yes No
Trade-off between sensitivity and bandwidth Yes No
Electromagnetic and mechanical disturbances Large Small
Cross-coupling Large Negligible
o (xm) 1.26 mm 0.05mm
o(¥m) 1.60 mm 0.15 mm
Uout x 1.87mVims | 0.22 MV
douty 170 MV | 0.31mV g
SNR, 10.5dB 35.0dB
SNRy 12.7dB 32.0dB
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4.6 Additional Experimental Results for the
Eddy Current Sensor

This chapter presents additional tests conducted with the ECS employed for
position control to highlight features that can inspire new applications and
show the MLP’s servo capabilities that are not possible with the current
version of the RFS.

4.6.1 Disturbance During Steady-State Levitation

In the first experiment, an external disturbance in the form of a hand-driven
push on the mover during steady-state levitation allows for inspecting the
levitation robustness of the MLP with ECS. As shown in Fig. 4.11 (a), while
the position and outer current controller are keeping the mover in the radially
centered position, a disturbance is initiated at 5.6 s in the positive y direction.
The mover displaces 4.8 mm from the origin with an angle of 6, x = —1.9° and
an initial speed of dyy,/dt = 17.9 mm/s. The approximate push force Fyysh
is calculated from the position and current curves using the force balance
equation

d?yn

M "4

= Fpush + Fpm + Fem + Frot
(4.7)

= I'push + kepm - Ym t krem « I + kgrot - 9m,x~

The resulting impulse Fyusn = 0.19 N is counteracted by the controller, which
steers the mover back to the origin in 0.8 s after the disturbance initiation
with a speed of 14.9 mm/s.

As a consequence of the perturbation, the mover starts spinning around
the z axis. The spinning motion persists over time since this type of rotation
cannot be stopped by magnetic torques or EMs. If the system is perfectly
symmetric, the mover’s rotation around the z axis should not be reflected on
the radial quantities, such as position and tilting angle. However, the effect
of the axial rotation is visible on the radial axes as a sinusoidal waveform
with a period of about 80 s in the time-domain plot of Fig. 4.11 (a). This
observation, coupled with occasional axial rotations around the z axis during
steady-state levitation, indicates that the manufactured MLP presents certain
asymmetries.

Furthermore, the correlation between the current, the mover’s position,
and the tilting angle around the x, y axes is visible in Fig. 4.11 (b)-(e).

106



4.6. Additional Experimental Results for the Eddy Current Sensor

6 T
S~ — xm ECS
4 ~ — YmECS
/E\ 2 \\\
H .y
£ 0wy
—~ | dt
><E - . dym
_4 |Disturbance
initiation
-6 .
0 5 10 15 20 25 30 35 40 45 50 55 60
(a) Time (s)
6 — 3 T
— ECS —ECS
4 2
—~ 2 1
g <
S
o2 -1
-4 -2
) -3
-6 -4 -2 0 2 4 o6 -3 -2 -1 0 1 2 3
(b) Xm (mm) () Omy ()
75 3 i
— ECS —ECS
50 2
£ 1
- —_
= 0 < 0
£ =
-25 -1
50 -2

5 !
-75 =50 =25 0 25 50 75 3—3 -2 -1 0 1 2 3
(d) Uout,x (mV) (e) L (A)

Fig. 4.11: Experiment performed on the MLP with ECS position sensing, where
a manual push is applied to the mover. (a) and (b) show the observed mover’s
position. (c), (d), and (e) show the observed mover’s tilting angle around the x, y
axes, the measured position sensor’s output voltage, and the measured control current,
respectively. The controller counteracts the disturbance; however, it could initiate a
spinning motion of the mover around the z axis, worsening the levitation performance.
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The similarity between the mover’s position and angle and the sensed
voltage follows the model shown in Fig. 4.7 (d). A positive mover’s radial
position gives rise to a negative sensor’s voltage, and a positive tilting angle
around the x, y axes translates into a negative voltage.

4.6.2 Position Reference Tracking

In the second experiment, we fed the position controller with a time-varying
position reference signal and observed the actual mover’s position. The
outer loop current controller (see Fig. 3.9) is omitted because it would in-
evitably interfere with the position controller. The references for the x
and y axes position controllers are sinusoidal signals with an amplitude
of 3mm and a frequency of 0.1Hz, and they are phase-shifted by 90° to
steer the mover circularly within the x, y plane. The measurements are
depicted in Fig. 4.12. The mover tracks the reference with an offset of
(x,y) = (—0.98 mm, 0.60 mm) about the origin and a standard deviation
of (6(xm — Xmyref), 0(¥m — Ymret)) = (0.36 mm, 0.24 mm) compared to the
reference signals. The worse performance on the x axis compared to the
steady-state levitation is due to the asymmetry within the MLP that generates
an offset and initiates the spinning of the mover around the z axis. The spin-
ning leads the mover toward positions that are harder to control, as shown
between 90 s and 140 s in Fig. 4.12 (a) when x, is at the minimum. Moreover,
it results in a distorted circular trajectory in the 2D plot of Fig. 4.12 (b) for
negative x, and positive yp,.

Furthermore, the mover’s tilting angle around the x, y axes shown in
Fig. 4.12 (c) assumes a value depending on the radial position, and it cannot
be controlled to an arbitrary reference value with the available EMs since they
can only steer the radial position. However, active damping of the oscillations
of the tilting angle around the x, y axes is achieved because the controller
only targets the specific frequency f, ot = 2 Hz.
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Fig. 4.12: Dynamic experiment performed using the ECS, where the controller has
to steer the mover along a circular reference in the x, y plane. (a) and (b) show the
observed mover’s position. (c), (d), and (e) show the observed mover’s tilting angle
around the x, y axes, the measured position sensor’s output voltage, and the measured
control current, respectively. An asymmetry in the MLP gives rise to an offset position
and a spinning of the mover around the z axis that negatively affect the tracking
performance.
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4.6.3 Position Reference Tracking with Payload

The last presented test consists of loading the mover with an additional weight
and steering it in the x, y plane with a circular position reference to simulate
the dynamical positioning of an actuator or a payload. The levitation height
decreases to 70 mm due to the additional weight of 0.38 kg on the mover. Due
to the payload, new constants in the model of Fig. 4.6 and Fig. 4.7 (b) are
required, leading to the values listed in Tab. 4.3. With this new configuration,
the gain of the ECS kjpg is unchanged since the voltage bounds of the ADC
are not exceeded for the controllable range of the mover’s positions. The
natural frequencies of the mover’s dynamics increase to f; disp = 1.74 Hz and
farot = 2.62Hz due to a greater increase in magnetic stiffness compared to
the mass and moment of inertia. Nevertheless, the low pass filter’s time
constant (or cutoff frequency of 35 Hz) described by Tt gcs is unchanged since
it is already adequate, i.e., it is ten times larger than the mover’s natural
frequencies. New calibrations are not required since they are performed
without the mover; thus, the same transfer functions as shown in Fig. 4.8 (d)
are implemented in the observer.

The recorded data is displayed in Fig. 4.13, where the amplitude and the
frequency of the position reference signals are set to 2 mm and 0.1Hz, respec-
tively. The tracking performance is measured with the standard deviation
from the reference signals, resulting in (0(xm — Xmref) 7(Ym — Vref)) =
(0.40 mm, 0.70 mm). A large part of the error is attributed to the offset from
the center (x, y) = (-0.33 mm, —0.27 mm) arising from the asymmetry in the
MLP. The spinning of the mover around the z axis is inhibited by a manual
(contactless) control during this measurement. Otherwise, the asymmetry
combined with the spinning would destabilize the mover. For the manual
control, an additional magnet is glued on the payload, and another magnet
is brought into its vicinity to generate a compensating torque whenever a
rotation is initiated. In a final design, this very basic technique would have to
be replaced by an additional autonomous system consisting of non-axially
symmetric magnets placed on the mover, a sensor, and electromagnets, which,
however, increase the dimensions and complexity of the MLP.
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4.6. Additional Experimental Results for the Eddy Current Sensor

Tab. 4.3: MLP and ECS parameters with and without payload presence on the mover.
The mover’s mass and the payload are included in my,. The only ECS parameters that

differ from Tab. 4.1 are ky gisp and kv, rot-

Magnetic levitation platform without payload

Levitation height h 104 mm
Characteristic dimension CD 207 mm
Mover weight M 0.36 kg
Mover moment of inertia Jm 0.58 gm?
Radial stiffness kepm 32.8N/m
Displacement torque const. Frdisp 0.25Nm/m
Rotational stiffness ktpm 1.6 mNm/°
Rotational force const. krrot 4.4mNm/°
EMs force const. krem 65mN/A
EMs torque const. kTEM 0.93mNm/A
Rotational damping kd.rot 2 uNms/°
Rotation natural frequency Srot 2Hz
Radial disp. natural frequency fadisp 1.52Hz
Magnetic levitation platform with payload of 0.38 kg

h 70 mm | my, 0.74kg
kepm 88.AN/m | Jn 1.54 gm?
ktpm 7.3mNm/° | kgem 170.4 mN/A
k4 rot 20puNms/° | krem 1.4mNm/A
Jarot 2.62Hz | fodisp 1.74 Hz
Eddy current sensor

Ko disp 421.4pV/mm | Kyror 250 uV/*

111



Chapter 4. Comparative Analysis of Force and Eddy Current Position
Sensing Approaches for Magnetic Levitation Platform with an Exceptional

Hovering Distance

4
“ Xmyef 7" Ym,ref xm ECS _YmECS|
—~ 27 AL A A A\ A
é “ , \ \ | |\ || \\ \\
! el | {
\é 0 ! i I | / IRl \, ‘ !
IR AR N?
S W \\\./ / ‘ ./«
-4
0 20 40 60 80 100 120 140 160
(a) Time (s)
4 1 T
- ref —ECS
— ECS
2 0.5
El >
Eo 20
§ S8
—2 . /% —0.5
-4
-4
(b)
500
250
=
£
>: O
5
s
-250
-500 -3
-500 -250 0 250 500 -3 -15 0 1.5 3
(d) Uout,x (V) (e) I (A)

Fig. 4.13: Dynamic experiment with the ECS similar to that shown in Fig. 4.12, but
with an additional weight of 0.38 kg placed on the mover that reduces the levitation
height to 70 mm and dictates a change of the model parameters. (a) and (b) show
the observed mover’s position. (c), (d), and (e) show the observed mover’s tilting
angle around the x, y axes, the measured position sensor’s output voltage, and the
measured control current, respectively. An asymmetry of the PMs in the MLP and the
load causes a positional offset, impairing the tracking performance.
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4.7 Conclusions

This chapter comparatively evaluates the performance of a reaction force-
based position sensor (RFS) and an eddy current position sensor (ECS) in
determining the radial position of the levitating permanent magnet (PM)
mover in a magnetic levitation platform (MLP). Both sensors were inte-
grated with an observer-based controller approach, a necessity brought by
the intrinsic dynamics inherent in each sensor, and exhibited commendable
qualities for different fields of application. To ensure a fair comparison in
terms of cost and sensor complexity, we chose an off-the-shelf force sen-
sor for the RFS application. In this case, the ECS stood out for its superior
precision, demonstrating an approximately ten times higher accuracy than
the RFS during steady-state levitation. Its performance was evaluated by
calculating the standard deviation from the reference mover’s position, re-
sulting in (o(xm), 6(¥m))ecs = (0.05mm, 0.15mm) for a levitation height
of h = 104 mm. It also displayed remarkable resilience to disturbances,
noise, and cross-couplings, thus offering a 20 dB higher signal-to-noise ratio
(SNRy, SNRy )ecs = (35.0 dB, 32.0 dB) and enhanced performance reliability
compared to the off-the-shelf RFS. On the other hand, the RFS demonstrates a
unique advantage in scenarios where conductive materials are present in the
air gap, a condition that limits the applicability of the ECS. This makes the
RFS a valuable alternative for specialized applications, ensuring its relevance
and utility in the diverse operational contexts of MLPs. Furthermore, the ECS
showcased remarkable capabilities in handling static and dynamic tracking
performances despite the challenges posed by asymmetries due to manufac-
turing tolerances in the MLP, highlighting its adaptability and robustness in
various operational circumstances. In summary, while both sensors bring
valuable qualities, the ECS distinguishes itself with higher precision and a
higher SNR, making it exceptionally proficient in most MLP applications. The
RFS, however, maintains its significance by offering applicability in the pres-
ence of conductive obstructions within the air gap, ensuring its indispensable
role in specialized MLP scenarios.
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5.1 Summary

Hybrid magnetic bearings are applied in electrical machines of turbocompres-
sors, machining spindles, gas turbine generators, flywheels, and scanners,
to mention a few examples. Additionally, they are employed in drives used
in hermetically sealed chambers for wafer processing in the semiconductor
industry and bioreactors in the pharmaceutical, chemical, and food industries.
These hybrid magnetic bearings are characterized by a relatively small air
gap compared to the characteristic dimension of the drive where they are em-
ployed. In contrast, this thesis explores magnetic levitation platforms (MLPs)
featuring an air gap enlarged by one to two orders of magnitude, permitting
an extension of current industrial applications. The presented MLP controlled
using a force sensor enables the contactless support, transport, and rotation
of objects within hermetically sealed process chambers having conductive
walls.

Implementing such a system is possible starting with the proposed an-
alytical method based on Lorentz’s law to calculate the three-dimensional
magnetic forces and torques between permanent magnets (PMs) and to de-
termine the resulting passively stable degrees of freedom (DOFs). With the
performed Pareto optimization of the PMs’ dimensions, it is possible to select
a suitable arrangement of PMs under constraints on the number of passively
stable DOFs, the relative levitation height, the payload capability, the passive
stiffnesses, and eventually, the PM dimensions. Additionally, applying the
proposed scaling laws allows a fast redesign that avoids a new optimization
process if the requirements regarding the constraints mentioned above would
change. The remaining passively unstable DOFs are actively stabilized by a set
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of electromagnets (EMs) designed to control the mover in a neighborhood of
the center while minimizing the power consumption and trying to restrict the
characteristic dimension of the system to preserve the large relative levitation
height achieved with the optimal PM design.

The reaction force sensor used to determine the position of the mover
to enable its closed-loop control opens the employment of the MLP in sys-
tems where an electrically conductive wall isolates the mover. Regarding the
control algorithm, an observer first extracts the mover’s radial position and
angle from the measured forces considering their coupling. For this purpose,
a dynamic model of the MLP, including the force sensor, is developed and
accordingly augmented to compensate for unwanted disturbances. Finally, a
controller based on the developed model allows controlling the mover’s radial
position and actively dampens its rotations around the radial axes since the
rotations are poorly damped due to the relatively large air gap.

From the comparison between the force sensor and an alternative eddy
current sensor for controlling the mover, it results that the force sensor poses
more challenges than the eddy current sensor even though the same struc-
ture for the control algorithm is used. The force sensor offers an extended
range of applications but suffers from a trade-off regarding its bandwidth
and sensitivity, which are bounded by a lower and upper limit depending
on the mover’s dynamics. The need to decrease the bandwidth to a suitable
minimum to maximize the sensitivity translates in a more complex modeling
that affects the observer design. Moreover, the force sensor is prone to cross-
coupling between the axes that further increases the observer’s complexity.
Finally, electromagnetic interference originating from the power electronics
that drives the EMs constitutes a major problem for the force sensor.

In conclusion, the performance evaluation of both sensors shows that
the eddy current sensor (ECS) outperforms the force sensor (FS) in the
investigated MLP featuring a levitation height of 104 mm for a charac-
teristic dimension of 207 mm. The standard deviation of the mover’s ra-
dial position (xm, ym) from the steady-state reference (x,, yr) = (0,0) is
(0(xm), 0(Ym))Ecs = (0.15mm, 0.26 mm) for the eddy current sensor and
(0(xm), 0(Ym))rs = (2.00 mm, 1.53 mm) for the force sensor.

5.2 Outlook

The following improvements could contribute to bringing the analyzed MLP
closer to a possible industrial application.
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> Magnetic levitation platform: the assembly including stator and

EMs must be free of vibrations and movements caused by forces be-
tween the stator and EMs during control actions. Potting the mentioned
components together would avoid their movements and reduce the vul-
nerability to disturbances, especially for the force sensor. The increased
MLP weight due to the potting material would have to be considered
since it influences the bandwidth of the force sensor.

Reaction force sensor: the levitation performance could be improved
by reducing the force sensor’s cross-coupling between the axes with
an enhanced mechanical design. Moreover, its susceptibility to distur-
bances in the form of induced voltages from EM currents and coupled
electromagnetic interference from power electronics could be reduced
with an alternative approach (optical force sensor) for measuring its
bending that replaces the strain gauges. This approach would increase
the levitation reliability but increase the cost of the force sensor.

Axial rotation control: additional control of the mover’s rotation
around the vertical axis would be preferable for supporting, transport-
ing, and rotating objects connected to the mover. The object could
be directed, and its revolution enabled with such control. Within the
analyzed MLP, the axial rotation is initiated by slight asymmetries in
the manufactured PMs and cannot be stopped by the proposed EMs.
Therefore, additional PMs must be mounted on the mover, additional
EMs must be placed at the stator level, and an additional rotation sensor
with a corresponding control algorithm must be implemented. This
approach, however, would increase the complexity and size of the MLP.
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Design of the Electromagnets

This Appendix discusses the design of electromagnets (EMs) of the investi-
gated magnetic levitation platform (MLP). A spatial arrangement analysis is
conducted, equations for the multi-turn design showing dependencies on the
dimensions and electrical quantities are given, and finally, the EM realization
is considered.

As a starting point, a constraint on the positioning of the EMs is set to pre-
serve the levitation height obtained by the choice of the permanent magnets
(PMs) dimensions. The EMs can be placed in a region below the top face of
the stator in the vertical direction, e.g., around the stator as shown in Fig. 3.1
or between the stator and the force sensor. Regarding the number of EMs, at
least three are required to control the mover on the 2D plane formed by the xy
axes [97]. However, four have been chosen so that both axes can be decoupled
to ease the measurement procedure using only two corresponding EMs for
the dynamic model’s verification. For the sake of demonstration, placement
of the EMs parallel to the xy plane as shown in Fig. A.1 is investigated.

A.1 Positioning Analysis

To find the best position in the xy plane, a calculation based on Lenz’s law
is performed. The mover is displaced from the reference levitation point
x = y = 0 at the height h by a small step dx in x direction for simulating an
unstable radial motion driven by magnetic forces. In both cases, x,, = 0 and
Xm = dx, the magnetic flux density in vertical direction By, , is calculated on
the xy plane at the z position corresponding to the bottom face of the stator,
using the model proposed in Chapter 2. Consequently, the difference dBy, , is
determined and illustrated as a contour plot in Fig. A.1, where it can be seen
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that the regions with the largest change in magnetic flux density are located
near the stator (yellow and blue zones). According to Lenz’s law, a short-
circuited single-turn winding that encircles a region with a time-varying
magnetic flux density will experience an induced electromotive force (EMF)
given by

d¢ /f dBm : dAw

EMF=-—=-""———— A.

dt dr (A1)
where ¢ is the magnetic flux, dBy, is the magnetic flux density vector passing
through the area encircled by the winding, and dAy, is the elemental area
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Fig. A.1: Contour plot of the magnetic flux change in the xy plane for a simulated
movement of the mover in x direction from the radially centered position at the
levitation height h by dx. With this plot, an optimal placement of the EM can be
determined to obtain the largest possible force on the mover in the radial direction.
For example, with the displacement in the x direction of a test winding, it is shown
that its optimal location is exactly where the largest sum of dBp, ; in the winding’s
area is encircled.
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vector perpendicular to the same surface. In this case, dAy, = [0 0 dAy,,] "
since the evaluation region lies in the xy plane, and therefore, only the ver-
tical component dBy, , is considered because the radial components of dBy,
do not contribute to the EMF generation due to the scalar product in (A.1).
In addition, the time derivative is valid for the real system instead of the
displacement used for the calculation since the mover travels the distance dx
in the time span dt. As a consequence of (A.1), the largest force generated by
the radial displacement of the mover on a short-circuited winding is found in
the region that encloses the largest sum of magnetic flux density change. For
example, without constraints on the winding’s size, the xy plane with x > 0
should be encircled by the winding since all the positive dBy, , is summed with
(A.1), resulting in the maximum possible force. The same holds for the xy
plane with x < 0, where all the negative dB, , is enclosed. However, when a
constraint on the overall size of the system exists, the optimal winding should
encircle a region with the strongest dBy, , so that it experiences the largest
possible force, e.g., as illustrated by the test winding of Fig. A.1. According to
Newton’s third law of motion, the same force that the optimal short-circuited
winding experiences due to a mover’s displacement is reflected on the mover.
Therefore, by opening the terminals of the optimal winding and injecting a
current, the largest possible radial force on the mover is generated.

The relationship between the x position of a winding and the generated
force Fy on the mover due to the current I can be seen in Fig. A.1. The nor-
malized force Fy/I is calculated with the model from Chapter 2 for different
x positions of the test winding, where the maximum force is found when the
largest sum of magnetic flux density change is encircled (at x = 51.4 mm).
Thereby, this different calculation method proves that the optimal position of
a winding can be found by displacing the mover and evaluating the change
of magnetic flux density over a plane.

A.2 Multi-Turn Electromagnet

Considering the maximum achievable normalized force of the test wind-
ing Fx/I = 65uN/A, it can be calculated how much current is needed to
counteract the radial magnetic force that the mover experiences for a small
displacement like x,, = 1mm: using the linearized model of the MLP, the
absolute force that needs to be generated by the winding to keep the mover
at the chosen location is Fpy; = xiy, - kppm = 0.0328 N, meaning that a current
I = 505 A would be required. This shows that a large amount of current is
needed for compensating the destabilizing magnetic forces in a small neigh-
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borhood of the natural levitation point, and even more current would be
required to expand the controllable range of the mover, i.e., increase the
robustness of the levitation against eventual external disturbances. Therefore,
the design of a multi-turn electromagnet is discussed in the following. For this
analysis, the magnetomotive force (or Ampere turns) required to compensate
a given magnetic force with a normalized EM force is introduced and defined
as

Foum

F /T

MMF = NI = (A.2)

where N is the EM’s number of turns. This shows that mainly two degrees of
freedom are available to counteract the magnetic force, namely, the normal-
ized force Fy/I, which depends on the winding’s position and the MMF. The
MMF can be split into two variables N and I, which depend on each other,
meaning that the same MMF can be achieved with a large current and few
turns and vice versa. However, imposing limits on, e.g., the maximum current
that can be driven, a minimum number of turns can be obtained to reach a
certain MMF. Thus, depending on the constraints introduced in the following,
design limits for the EMs are derived.

As discussed, for Fy/I, it is advantageous to place the electromagnets
around the stator as shown with the test winding at its optimal position (see
Fig. A.1) and distribute the windings along the stator’s height. In this vertical
span, the picture of dBy,, is very similar because the vertical range is small
compared to the distance from the mover (i.e., the far field distribution is
approximately the same). Moreover, the closer a winding is placed to the
mover, the stronger the generated force is. Therefore, filling the vertical space
with EMs from the stator’s top face level down to the stator’s bottom face
level is convenient. When the vertical distribution of windings is not enough
to generate the necessary force, a horizontal distribution becomes attractive,
even though it partially worsens the optimal force generation, see Fig. A.1.

A choice of the vertical and horizontal span for the distribution of windings
has to be made depending on the available space. Thus, with spatial con-
straints that define the available volume for the EM, such as the requirement
of having four EMs symmetrically distributed around the stator, a maximum
diameter of the overall magnetic levitation platform CD = 2 - rpyyp, and a
minimum internal radius 7; min to avoid sharp edges that would complicate
the manufacturing process. A winding area through which the EM’s current
flows having the dimensions wgy and Agy (width on the xy plane and height
in z direction, respectively) can be defined. Accordingly, a design winding
that passes through the center of the winding area (see Fig. A.1) is used to
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approximately determine the achievable normalized force with the model
proposed in Chapter 2, and therefore, the required magnetomotive force
with (A.2) by setting a controllable range for the mover around the center
position, where Fpy = kppym - X We consider a circular wire with diameter
dy (including the insulation) to wind the EMs, and employ the orthocyclic
winding style for maximizing the compactness of the EM. The number of
turns that can be fitted inside the defined winding area is found as depicted
in Fig. A.2. The corresponding fill factor that defines the ratio between the
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Fig. A.2: Cross section view of two different electromagnet realizations applying the
orthocyclic winding style, depending on the used wire’s diameter dy, and a defined
winding area wgn - hgm. (a) shows the case where the vertical number of turns is
equal between odd and even layers, and Ny, is an odd number, whereas in (b), the
vertical number of turns is different and Ny, is an even number. The number of turns
can be determined using the equations in (c).

surface occupied by the windings and the whole available winding area is
derived and equal to
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where the best case approximated value is found by considering three wind-
ings as shown in Fig. A.2 (a) [98]. Consequently, an approximated value for
the number of turns can be written as

2 wem - hem
V3 di,

The first limiting factor that has to be considered during the design is the
current density through the EM’s windings, which is calculated as

N = (A.g)

MMF  2v3  MMF

e (A5)
kan - wem - hem y WEM - hEM

and has to be limited to a maximum current density Jmax depending on the
type of cooling employed for the EMs. Therefore, for every wire diameter
choice, a winding area, and a corresponding MMF, it must be ensured that
J < Jmax holds. Another related limiting parameter is the current flowing
through the wire, which can be calculated as

(A.6)

and has to be limited to a maximum current I, of the power electronics that
supplies the EMs. It follows that there is a maximum diameter for the wire
that can be used to wind the EMs depending on the required magnetomotive
force and the chosen winding area, i.e.

dw,max % 4 |Imax * % . WI\N/E—NI};H\A (A7)
The analysis can be extended further to determine the approximate power re-
quired to counteract the worst-case magnetic force. For this, the approximate
total length of the EM’s wire I+ has to be determined and can be assumed
to be equal to the product between the number of turns and the length of
the design winding Ly, i.e., Iyt ® N - I, since the latter is positioned in the
middle of the winding area and nearly models the mean length of the hori-
zontally distributed windings. Consequently, the resistance of the wire can
be estimated as
N - lw 8 WEM * hEM

RN
2

, (A.8)
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where p = 1.68 X 1078 Q m is the electrical resistivity of copper at 20°. The
maximum power dissipated in the EM to keep the mover at the reference
radial position is obtained by squaring the DC current (A.6) and multiplying
it with the electrical resistance (A.8) as

P n . b MME® 6, _MMF (A0)
max"p (dw)z ~P 7[\/§ W WEM'hEM’ -9
N- -] 7

meaning that it is practically independent of the wire’s diameter and only
determined by the placement of the EM. With the information about the
approximate resistance, the minimum voltage that has to be applied to the
EM to reach the required current (i.e., for counteracting force on the mover)
can be obtained by multiplying the current (A.6) and the resistance (A.8) as

ly - MMF 4 MMF
Uzp-W—Zzp';-lW-d—z. (A.10)
DR

As for the current, the voltage has to be limited to a certain value Uy, that
depends on the power electronics that supplies the EMs, i.e., a minimum
conductor diameter has to be selected and calculated as

4 MMF

dwminz _lw . A.
, P U (A1)

Finally, in this particular case where the EMs are carried on the sensing
part of the force sensor and they contribute to the reduction of the sensor’s
resonant frequency (or bandwidth) as seen by (3.10), the EM’s weight has to
be considered and can be estimated to be independent of the chosen wire’s
diameter, i.e.

T
mEMzQ~kﬁ11~wEM-hEM~l zg'ﬁ'WEM'hEM'IWa (A.12)

where o = 8.96 x 103 kg/m? is the density of the copper wire.

A.3 Hardware Realization of the Electromag-
nets
The final realization of the EMs is constrained by the current and voltage of

the power electronics inverter, the maximum RMS current density Jmax, and
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the space around the stator that has to be minimized to get a compact MLP
with respect to its large levitation height. Numerical values are summarized
in Tab. A.1. The readily available inverter board [99] used to prove the func-
tionality of the MLP offers enough integrated half-bridges (LMG5200) that
can be combined to obtain the number of required full-bridge inverters that
drive the EMs. The maximum allowed and selected voltage of the inverter
board is Umax = 40 V and the maximum current capability for each half-bridge
is 10 A. However, a maximum allowed current I,,,x = 6 A is chosen for the
design of the EMs so that cooling the power semiconductors inside LMGs200
can be avoided and their reliability is increased. Similarly, a maximum RMS
current density of Jnax = 10 A/mm? is considered for the EMs so that an
active cooling of the windings can be disregarded. It should be kept in mind
that during nominal operation, a small current is required to keep the mover
at the natural levitation point. Larger current values are required during
eventual transient periods occurring due to external disturbances.

The first important requirement for the EM design is the definition of the
mover’s controllable range in the radial direction with respect to the center
position x = y = 0, which determines the maximum magnetic force that
has to be compensated by the EMs. This is chosen to be x;,, = 10 mm to give
the sensing system enough room to be characterized and corresponds to a
force Fpp = 0.328 N. The following assumes that the EMs’ force constant
krpm is the same irrespective of the mover’s radial position within the con-
trollable range. This is confirmed by the approximately constant normalized
force generated by the test winding in a neighborhood of its optimal position
x = 51.4mm in Fig. A.1. With the fixed controllable range, the optimization
goal is to minimize the magnetomotive force by increasing the normalized
force produced by the winding (A.2) so that the current density (A.5), current
(A.6), power (A.9), and voltage (A.10) are minimized since they have to be
constrained to a certain finite value. For this purpose, an EM that includes as
much area as possible would be required, meaning that the length I, needs to
be large. However, to minimize the power, voltage, and weight (A.12), a short
total wire length is required, which partially contradicts the first optimiza-
tion target since, with a decrease in length, an automatic decrease in area
is obtained. To achieve the minimum required MMF for the shortest wire
and knowing that the final MLP’s size also has to be minimized, the radius
Fmlp that determines the characteristic dimension of the system (see Fig. A.1)
is iteratively increased until the required force can be reached without ex-
ceeding the voltage, current, and current density limits. During the iterative
process, the spatial constraints, such as the distance toward the stator and
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the adjacent EMs, are kept the same, a minimum radius i i, = 3 mm to ease
the manufacturing process is defined, and hgy = 23 mm is chosen to be equal
to the stator’s height (considering additional 3 mm of plastic for the magnet
holder) to get a compact design. Given these parameters, the width of the
EM is automatically determined. The second design variable is the wire’s
diameter, which is restricted to an approximate range given by (A.7) and
(A.11), and can be freely chosen once a feasible EM is found.

With all the above considerations, the EMs that have finally been
manufactured originate from the shown design winding in Fig. A.1 that
alone produces a normalized force Fy/I = 62.9uN/A on the mover. Its
position for the force calculation using the method in Chapter 2 is deter-
mined by the radius 7y, = 103.5 mm and the winding area (wgy = 14.85 mm,
hem = 23 mm). Accordingly, the required magnetomotive force is calculated
considering that two EMs contribute to the radial force generation since
one drags and the other pushes the mover toward the center. This leads
to the normalized force being multiplied by two in (A.2); hence, resulting
in MMF = 2.48kA. Knowing the magnetomotive force, the length of the

Tab. A.1: Parameters for the design of the EMs and their calculated characteristics.
Please note that the calculated resistance Rg)s differs from the measurement reported
in Tab. 3.2 by 1.8 %.

Design parameters

Umax 40V | Imax 6A
Jmax 10 Apms/mm? | xp 10 mm
¥i.min 3mm | hgm 23 mm
WEM 14.85mm | ryp 103.5 mm
dy 0.82mm | dycy 0.75 mm

Calculated characteristics

N 550 | Nhor 20
Nedd 28 | No 27
kan 071 | J 10.2 Apms/mm?
1 45A | Rpm 54Q
Proax 109W | mgm 0.56 kg
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design winding I, = 257.4 mm, the inverter limits, and the material of the
wire (copper), the approximate wire’s diameter range can be calculated with
(A.7) and (A.11) as 0.58 mm < dy, < 0.98 mm. Consequently, with the chosen
wire’s diameter dy, = 0.82 mm that includes the insulation, the number of
turns following the calculations in Fig. A.2 (c) results to be N = 550 with
20 horizontal layers and 27.5 vertical layers (alternating between 27 and 28
turns for the even and odd layers, respectively). For all other parameters, the
more accurate copper diameter dy, c, = 0.75 mm is considered leading to the
following values: the fill factor is kgy = 0.71, the current density results to
be J = 10.2 A/mm?, the corresponding current is I = 4.5 A, the approximate
resistance is Rgy = 5.4 Q which defines the maximum power consumption
of each EM P, = 109 W and the minimum DC-link voltage U = 24.3V,
finally, the approximate weight per EM is mgy = 0.56 kg. In practice, it has
been observed that the EMs do not run into a thermal runaway even if larger
currents as Iy.x = 5 A are used for short periods of time during transients.
Therefore, the marginally excessive current density is not an issue. Com-
paring the force generation, the manufactured EMs have a simulated force
constant kpgy = 68.6 mN/A (as reported in Tab. 3.1), which is calculated
from the sum of forces of each winding in the EM when two EMs per axis
are used for the control, whereas the designed EMs that rely on the design
winding have a slightly higher force constant that can be determined as
keem = 2 - Fx/I- N = 69.2mN/A. The small error (< 1%) on the EMs’ force
constant lies in the assumption that the spatially distributed windings of the
EM are approximated to a single design winding for the normalized force
calculation.
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