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Abstract—Recent developments in electrical drive systems have
shown a trend toward higher power densities at increased
rotational speeds with application areas in high speed spindles,
turbocompressors, ﬂywheels and reaction wheels as well as optical
systems. As conventional ball bearings suffer from excessive wear
and decreased reliability at such speeds, contactless magnetic
levitation offers an interesting alternative. This work presents
the concept, design and implementation of a millimeter-scale
bearingless slice motor featuring a rotor diameter of 4 mm. To
the knowledge of the authors, this is the smallest published bearingless motor to date. The slotless stator topology is optimized by
means of 3D ﬁnite element method electromagnetic simulations.
Initial experimental results demonstrate a rotational speed of
160 000 rpm at losses below 1 W.
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I. I NTRODUCTION
In recent years, there has been a trend in electrical drive
systems toward higher rotational speeds to increase their
power density [1], [2]. This development has been fueled
by application areas such as turbocompressors [3], machining
spindles [4], ﬂywheels and reaction wheels [5], [6], as well
as generators for micro gas turbines [7]. Some applications,
such as rotating mirror optical systems [8], directly require
very high rotational speeds.
This has led to miniaturization of electric machines with
rotational speeds reaching levels at which the application of
conventional ball bearings entails signiﬁcant disadvantages,
such as excessive wear, decreased reliability and a shortened
lifetime. As a consequence, frictionless magnetic bearings, in
which the rotor is levitated and rotated without any mechanical
contact to the stator, can beneﬁcially be applied to such
machines. The advantage achieved by the use of magnetic
bearings depends on the type of mechanical contact to the
rotor as required by the considered application.
While a number of studies, such as [9], have concentrated
on the beneﬁts of contactless magnetic bearings in high purity
or harsh environments, this work is focused on their potential
in high speed electrical drive systems. An overview of systems
employing magnetic bearings with published measured results
of rotational speeds beyond 100 000 rpm is shown in Fig. 1.
In [4], a spindle reaching 150 000 rpm for mechanical drilling
is presented, which employs two separate (non-integrated)
reluctance-force-based active magnetic bearings (AMB). The
same topology was used in [10] to reach 121 000 rpm. A
self-bearing machine, which uses separate windings for the
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Fig. 1: Overview of high speed electric drive systems employing magnetic bearings with measured rotational speeds above
100 000 rpm.

drive and magnetic bearing but a common iron circuit has
been presented in [11]. This motor uses a long cylindrical
shaft rotor (length  diameter) and is capable of reaching
500 000 rpm, which is the highest rotational speed achieved by
a synchronous machine employing magnetic bearings to date.
Besides the mechanical strength of the rotor, the achievable
rotational speed is also limited by the critical frequency at
which bending of the rotor occurs [12], [13]. In such machines
it is necessary to actively stabilize all degrees of freedom,
which not only requires a comparatively high control effort and
number of AMBs but also complicates the rotor construction,
thereby limiting its miniaturization potential.
To overcome these limitations, a bearingless slice motor
topology as shown in Fig. 2 can be used in which the
degrees of freedom in axial and tilting directions are passively stabilized, only requiring an AMB in radial direction
[9]. Moreover, the critical frequencies (bending modes) of
the short rotor are well above the mechanical limit due to
centrifugal loading. This has been demonstrated in [14], where
a rotor was accelerated to 115 000 rpm until mechanical failure
occurred (cf. Fig. 1). In [15] a rotational speed of 140 000 rpm
was reached, but no information about the rotor diameter is
provided.
To demonstrate the feasibility of downscaling and the accompanying high speed potential of this topology, the design
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Fig. 2: Topology of the presented high speed millimeter-scale
slotless bearingless slice motor.

Fig. 3: Passive stiffnesses (a) and active torque and radial
bearing force generation (b) in the chosen motor topology.

and implementation of a millimeter-scale bearingless slice
motor is outlined in this work.
Obtaining sufﬁcient passive stiffnesses is particularly challenging for small scale systems and the achievable drive torque
is signiﬁcantly lower than in a motor with a shaft rotor.
In order to actively control the rotor in radial direction, its
position needs to be measured, which is demanding due to
the conﬁned space available around the rotor. The low inertia
of the rotor, with its mass being in the range of a few hundred
milligrams, requires fast and accurate control in order to
facilitate stable levitation.
These challenges are systematically addressed in this paper.
Potential application areas of the proposed motor design are
in small size ﬂywheels and reaction wheels, optical systems
as well as hyper-gravity science.
The remainder of this paper is organized as follows: Section II describes the operating principle of the employed
motor topology, while Section III brieﬂy outlines the losses
occurring in the motor. Section IV details the mechanical
and electrical design of the motor by means of 3D ﬁnite
element method (FEM) electromagnetic simulations as well as
the used sensor systems. Experimental results obtained from
a prototype that verify the performance of the machine are
presented in Section V. Finally, Section VI concludes the
paper.

A. Passive Stability

II. O PERATING P RINCIPLE
A slotless topology referring to a ring-shaped stator without
teeth to guide the magnetic ﬂux towards the rotor is used in this
work. It is particularly suitable for operation at high rotational
speeds, as it features reduced eddy current losses due to the
absence of stator harmonics. The coils are wound toroidally
around the stator core. The operating principle of the slotless
bearingless slice motor has been described in [14] and [16].
For a better understanding of the subsequent simulations and
experiments, the key principle and properties are discussed in
this section.

Due to the disc shape (height < diameter) of the
diametrically-magnetized permanent magnet rotor and a similar height of the ferromagnetic stator core, the rotor is
passively stable in axial (z) and tilting (α, β) directions. Axial
displacement or tilting causes an increase of the magnetic
air gap length, resulting in a restoring reluctance force or
torque as shown in Fig. 3(a), respectively. The positive passive
stiffnesses
dFz
dTα
dTβ
kz = −
, kα = −
and kβ = −
(1)
dz
dα
dβ
can be deﬁned, where α and β denote the tilting angles around
the d (magnetization direction) and q (perpendicular to the
magnetization direction) axis of the rotor, respectively.
Contrarily, the unstable and, therefore, negative passive
radial stiffnesses along the d and q axis are deﬁned as
kd = −

dFd
dd

and

kq = −

dFq
,
dq

(2)

respectively. For a rotor with a pole pair number ppm of 1,
such as used in this work, kα < kβ and kq < kd holds.
B. Active Radial Bearing and Drive
The rotor has to be stabilized actively in radial direction by
an AMB. To generate a radial force, a magnetic ﬁeld with a
pole pair number of pbng = ppm +1 = 2 needs to be generated,
which is achieved by applying a bearing current of magnitude
Iˆbng in the same direction to coils on opposite sides of the
stator as shown in Fig. 3(b).
To provide a semi analytic expression of the bearing force,
the ﬂux density generated by the rotor in the air gap is
approximated by
 pm ≈ B̂pm cos(ϕ − ϑ)er ,
B

(3)

where ϕ, ϑ denote the polar angle in cylinder coordinates and
the rotor angle, respectively. This approximation is justiﬁed
by the constant magnetic air gap length δmag being distinctly
smaller than the distance between the magnetic poles along

the circumference of the rotor. The magnetic ﬁeld in the air
gap generated by the stator coils can be written as
 s ≈ B̂s cos(2ϕ − ϑ − Δϕ)er ,
B

(4)

where Δϕ denotes a phase shift between the rotor angle and
the applied coil currents. The radial bearing force is then
obtained as

2π
hrs,i



 pm + B
 s )2 dϕ ,
Fbng = h
(Jbng × Bpm )dA +
(B
2μ0
0
Acu




 
Maxwell force

Lorentz force

(5)
where Acu , Jbng , h, rs,i denote the cross sectional area of the
coils, current density in the coils, height of the air gap, and
the inner radius of the stator (cf. Fig. 3(b)), respectively. By
solving (5), the bearing force can be rewritten in Cartesian
coordinates as




Iˆbng,x
cos(Δϕ)
ˆ

Fbng = kF · Ibng
= kF · ˆ
.
(6)
sin(Δϕ)
Ibng,y
Using a line current density model and only considering its
fundamental component, an expression for kF can be found as
3 sin(γ) rs,i πkB
+
γ
μ0

Nh
kF =
2

B̂pm ,

(7)

with γ, N being the angle occupied by a single coil and
number of turns per coil, respectively. The factor kB =
B̂s /(N Iˆbng ) is a measure for how much stator ﬁeld is generated per current and can be determined through simulations
or analytical calculations [17].
To generate a drive torque, a magnetic ﬁeld with a pole pair
number of pdrv = ppm = 1 is generated by applying a drive
current of magnitude Iˆdrv in opposite directions to coils on
opposite sides of the stator as shown in Fig. 3(b). The drive
torque, which is only caused by the Lorentz force, can be
calculated as

 pm dA,
r × Jdrv × B
Tdrv = h
(8)
Acu

resulting in T = kT · Iˆdrv . The torque constant kT is obtained
to be
γ
6N hrm
sin
B̂pm ,
(9)
kT =
γ
2
with rm being the mean radius of the coils. For the design of
the motor, it is desirable for kF and kT to be as high as possible
for achieving a high bearing force and torque, respectively. The
drive and bearing currents can be written as two virtual three
phase systems as
⎡

⎤

ibng,A
⎣ ibng,B ⎦ = K(ϑ) ·
ibng,C



Iˆbng,x
Iˆbng,y



⎡

⎤

idrv,A
⎣ idrv,B ⎦ = K(ϑ) ·
idrv,C



0
Iˆdrv


,

(10)

where

⎡

sin(ϑ)
K(ϑ) = − ⎣ sin(ϑ − 2π
3 )
sin(ϑ + 2π
3 )

⎤
cos(ϑ)
⎦
cos(ϑ − 2π
3 )
cos(ϑ + 2π
)
3

(11)

denotes the Park (dq) transformation matrix between the rotor
and stator coordinate systems. To make best use of the tightly
conﬁned space in the air gap, combined windings for drive
torque and bearing force generation (cf. [14], [16]) are used
in the presented motor. Consequently, the coil currents are
calculated as
i1 = ibng,A + idrv,A
i2 = ibng,B − idrv,C

i4 = ibng,A − idrv,A

i3 = ibng,C + idrv,B

i6 = ibng,C − idrv,B ,

i5 = ibng,B + idrv,C

(12)

where the coils are labeled as shown in Fig. 3(b). These
currents can be divided into two physical three phase systems
with ﬂoating star points, as
i1 + i3 + i5 = 0 and

i2 + i4 + i6 = 0

(13)

hold.
III. L OSSES
The losses in the considered slotless machine topology
mainly consist of copper losses Pcu in the windings, core
losses Pfe in the ferromagnetic material of the stator core, and
air friction losses Pair at the surfaces of the rotor due to high
speed rotation. Rotor losses caused by induced eddy currents
are generally considered to be low in slotless machines [18],
[19] and are not examined further here.
A. Copper Losses
The copper losses can be subdivided into conduction losses
Pcu,R due to the ohmic resistance Rdc of the windings and
eddy current losses Pcu,ed due to the alternating magnetic ﬁeld
penetrating the windings. As the ﬁeld generated by the stator
is small compared to that of the rotor, Pcu,ed can be obtained
in good approximation by only considering B̂pm . For the
same reason, copper losses due to the proximity effect can be
neglected. Moreover, skin effect losses can be neglected due
to the small wire diameters used. Based on these assumptions,
the copper losses in coil k can be calculated as [20]
Pcu,k

π 3 N pd4cu σcu f 2
=
+
32
   

Ik2 Rdc
Pcu,R


L

2
B̂pm
dl ,


(14)

Pcu,ed

where, p, dcu , σcu , f denote the number of parallel conductors
per coil, the wire diameter, the conductivity of copper and
the rotational frequency, respectively. The integration along
the complete wire length L of each turn is performed to
account for ﬂuctuations of B̂pm along the axial direction of
the machine and to consider that parts of the windings above
and below the air gap are also penetrated by the rotor ﬁeld
[21]. For slotless machines with shaft rotors, the integral term
2
h [22].
is frequently approximated by B̂pm

B. Core Losses
Losses in the stator core are mostly due to the magnetic ﬁeld
of the rotor and are calculated using the Steinmetz equation
as an integral over the core volume Vfe

Pfe =
Cm f α B̂ β dV ,
(15)
Vfe

where the Steinmetz coefﬁcients of the used Metglas 2605SA1
amorphous alloy stator core material [23] were obtained to be
Cm = 1.90 W/m3 , α = 1.45, and β = 1.67.
C. Air Friction Losses
For a disc-shaped rotor, such as the one used in this study,
the air friction losses can be expressed as


4
5
dr
dr
3
Pair = Cf ρair ω πhr
+
,
(16)
2
2
where ρair is the mass density of air and hr is the rotor height.
The ﬁrst and second summand in parentheses correspond to
the contributions of the cylindrical and the two face surfaces
of the rotor, respectively. It can be seen that these losses scale
cubically with ω = 2πn/60, making them particularly relevant
for high speed machines, and that the small rotor diameter
has a favorable inﬂuence. Cf denotes an empirically obtained
friction coefﬁcient dependent on the Reynolds number, which
is a measure for how laminar or turbulent the ﬂow is. As
the value of Cf varies signiﬁcantly with the conditions under
which it was obtained, accurate prediction of the air friction
losses proves to be difﬁcult. The most conservative value for
Cf found in the literature [24] was used in this study to provide
an estimate which is considered to be an upper bound.
IV. M OTOR D ESIGN
This section outlines the mechanical and electrical design
of the proposed millimeter-scale bearingless disc drive and
describes the used sensor systems.
A. Rotor
The occurring stress inside the rotor due to centrifugal
loading depends on its rotational speed and material density
ρr . The stress that the material can withstand is determined
by its tensile strength σs . Therefore, the achievable rotational
speed is governed by the tensile strength to density ratio of the
rotor material. A measure for this property is the achievable
circumferential speed vc , which is independent of the rotor
diameter. The maximum stress occurs at the center of the discshaped rotor and is pointed in radial direction. Its value can
be calculated as
3+ν
ρr vc2 ,
(17)
σmax =
8
where ν denotes the Poisson’s ratio of the material and
vc = ωdr /2 [25]. The rotor consists of an N45 grade
NdFeB permanent magnet, for which the values ν = 0.24,

ρr = 7 500 kg/m3 , and σs = 80 MPa are provided in the material datasheet. Using these values in the further considerations
yields a maximum achievable circumferential speed of

m
8σs
vmax =
≈ 160 ,
(18)
(3 + ν)ρ
s
resulting in the curve added to Fig. 1. To increase this value,
and thereby the achievable rotational speed, it is possible to
prestress the rotor towards the insight by using a titanium
sleeve [2] or to apply a carbon ﬁber bandage [14]. Due to
the small geometry and the accompanying low mechanical
tolerances, this has not been considered in this study.
A rotor diameter of dr = 4 mm was chosen, for which
the mechanical limit of the achievable rotational speed is
given as nmax ≈ 760 000 rpm (cf. Fig. 1), corresponding
to a fundamental frequency of the rotating drive ﬁeld of
12.7 kHz. This rotor size still allows for mounting loads, such
as small-scale rotating mirrors for optical systems [8]. The
rotor height is constrained by the passive stability requirement
of the magnetic bearing and was chosen as hr = 2 mm.
Sufﬁciently well balanced permanent magnets of this size are
readily available.
B. Stator
The stator core was optimized to provide high passive
stiffnesses and good active properties for the chosen rotor
geometry, where priority was given to the former. The optimization was carried out using 3D FEM electromagnetic
simulations. Metglas 2605SA1 was used for the core material
as it features lower core losses than conventional sheeted
electrical steel, especially at high ﬁeld frequencies. In an initial
step, the height of the stator core was optimized to yield high
values of kz and kα , while not compromising the torque and
bearing force generation. The results are shown in Figs. 4
and 5, from which a stator core height of hs = 1.5 mm was
selected.
Further simulations were carried out assessing the effect
of the inner stator core diameter. The results showed a rapid
drop of the passive and active motor properties for an increase
of ds,i , thus emphasizing the importance of choosing it as
small as possible. This is particularly challenging for small
scale machines, as the air gap does not easily scale down
with the rest of the motor dimensions, resulting in the choice
of ds,i = 7.5 mm. Consequently, the air gap length δmag is
1.75 mm, which amounts for about 44 % of the rotor diameter.
The mechanical air gap length between the rotor and the inner
stator wall is 0.5 mm and only 0.75 mm of radial space is
available for the windings. To offer sufﬁciently small bending
radii and ﬂexibility for ﬁtting into this narrow winding window
and to limit high frequency copper losses, the coils consist of
litz wire.
The dimensions of the designed motor are listed in Table I,
and Table II lists the simulated electromechanical properties
of the motor.

TABLE II: Electromechanical Properties of the Prototype
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Fig. 4: Simulated passive stiffness parameters of the motor for
varying heights of the stator core.

Passive Properties
Radial stiffness in d-axis
kd
Radial stiffness in q-axis
kq
Axial stiffness
kz
Tilting stiffness around d-axis
kα
Tilting stiffness around q-axis
kβ
Active Properties
Torque constant
kT
Radial bearing force constant
kF

Value
−0.43 N/mm
−0.30 N/mm
0.13 N/mm
2.08 μNm/deg
4.06 μNm/deg
6.7 μNm/Awdg
1.7 mN/Awdg

outputs four currents that are proportional to the centroid
position of the incident light on its active area. A displacement
of the rotor in radial direction results in a displacement of
its shadow cast onto the sensor, which in turn affects the
location of the centroid. To obtain a high contrast projection,
an infrared LED is used to shine light onto the rotor from
above. The sensitivity and bandwidth of this system are mainly
dependent on the subsequent operational ampliﬁer circuit used
for signal conditioning. The latter was dimensioned to have
a cutoff frequency of a few kilohertz, which is well above
the radial dynamics of the rotor (a few hundred hertz) and
allows for sufﬁcient oversampling and ﬁltering. The rotor
angle is obtained by high bandwidth Hall sensors measuring
the stray ﬂux of the permanent magnet. The generated signals
are sampled and fed into a digital controller hardware.
V. E XPERIMENTAL R ESULTS

0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

Fig. 5: Simulated torque and active radial bearing force
constants for varying heights of the stator core.
TABLE I: Dimensions of the Prototype
Parameter
Rotor diameter
Rotor height
Rotor mass
Moment of inertia
Stator core height
Magnetic airgap length
Overall motor diameter
Overall motor height

dr
hr
mr
J
hs
δmag
dm
hm

Value
4 mm
2 mm
188 mg
376 · 10−12 kg m2
1.5 mm
1.75 mm
29 mm
10 mm

An experimental prototype was implemented based on the
results of Section IV. The rotor is a commercially available
permanent magnet with pole pair number pr = 1. All mechanical parts were manufactured using 3D printing technology
and the stator core was fabricated using wire cutting. The
rotor is levitated inside a hollow plastic cylinder to protect the
stator windings. The six stator coils are connected to form two
three phase systems, each with a separate ﬂoating star point.
The employed power electronic converter for controlling the
drive and bearing currents consists of six PWM-modulated
switching half bridges with a dc-link voltage of 48 V. An
annotated photograph of the implemented prototype and its
rotor is shown in Fig. 6.
A. Rotational Speed

C. Sensor Systems
The radial position and angle ϑ of the rotor have to be
measured to facilitate active control of magnetic levitation and
rotation. As shown in (10), the drive and bearing currents both
have to be rotated dependent on ϑ. Placement of the required
sensors is complicated by the small motor geometry.
Position sensor systems, such as the one presented in
[10], cannot be used as the rotor is not long enough to
be inserted through the excitation coil of an eddy current
sensor. Therefore, the radial position is measured using an
optical photo sensitive device (PSD) sensor, which is placed
below the rotor as shown in Fig. 2 (cf. [26]). The sensor

After stable levitation was attained, acceleration tests to a
rotational speed of 160 000 rpm were conducted, for which the
rotor ﬂux signal measured by one Hall sensor is displayed in
Fig. 7 (blue trace). The same ﬁgure also shows the measured
position signal and the current in one of the coils at the
same rotational speed. It can be seen that the position signal
(green trace) is very stable. The observable high frequency
noise component is electromagnetically coupled in from the
switching of the power electronics and is not correlated to
an actual movement of the rotor. This component is removed
via digital ﬁltering and does not affect the stability of the
rotor. Contrarily, the obtained coil current (red trace) is not
sufﬁciently accurate due to the high frequency of the drive
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Fig. 7: Oscilloscope screenshot of relevant signals at a rotational speed of 160 000 rpm.

current required for such high rotational speeds (2.67 kHz
at 160 000 rpm for pr = 1) and causes the rotor to become
unstable. This issue is caused by the employed off-the-shelf
power electronics and controller, allowing for less than 10
PWM cycles per revolution of the rotor. Consequently, the
sharp current jumps and signiﬁcant deviation from an expected sinusoidal waveform observed in Fig. 7 result. To
reach higher rotational speeds closer to the stress limit of the
rotor at 760 000 rpm, a faster (e.g. FPGA-controlled) power
electronic converter offering higher PWM switching frequency
and shorter control loop times is required.
B. Levitation Stability
To assess the stability of magnetic levitation, the rotor
position was logged during acceleration from 5 000 rpm to
162 000 rpm. The result is shown in Fig. 8, which also
contains a depiction of the maximum allowable displacement,
corresponding to the rotor touching the stator wall. It can be
observed that the rotor orbit is larger for low rotational speeds,
which is attributed to the relatively low tilting stiffnesses
as obtained in Section IV. At higher rotational speeds the
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Fig. 8: Measured rotor orbit during acceleration to
162 000 rpm. The blue circle represents the maximum allowable displacement, at which the rotor touches the stator wall.

tilting movement is additionally stabilized by the angular
momentum of the rotor, which limits displacements to values
below 25 μm up to 160 000 rpm. At about 162 000 rpm the
rotor becomes abruptly unstable due to the aforementioned
controller limitations.
C. Losses
The losses were measured at the input terminals of the motor
using a Yokogawa WT1804E high precision power analyzer.
The rotational speed was increased in steps of 5 000 rpm from
10 000 rpm to 160 000 rpm and the measurement was taken
after steady state had been reached. The motor losses were
calculated from the four measured line to line voltages and
currents as
Pmeas = u15 i1 + u35 i3 + u26 i2 + u46 i4 ,

(19)

where the indices denote the respective coil numbers. The
result is shown in Fig. 9, which illustrates that the overall
motor losses are below 1 W even for a rotational speed of
160 000 rpm. To separate the overall losses into their individual
components, the models provided in Section III were used.
The conduction losses in the coils were obtained by inserting
the measured rms phase currents in (14). As expected, these
losses constitute the highest portion of the overall losses,
caused by the narrow winding window and the consequent
small wire diameter. The core losses Pfe and eddy current
losses in the coils Pcu,ed are found to be at negligible levels.
This is due to the relatively low magnitude of the ﬂux density
inside the stator core and the small wire diameter, respectively.
The increasing portion of the losses that is not covered by
the presented models is attributed to harmonic effects due
to the low switching frequency of the converter (see current
waveform in Fig. 7). The latter generate additional losses in the
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Fig. 9: Measured motor losses and separation into their components based on the presented loss models.
stator core, windings and rotor. Nevertheless, due to the low
absolute losses, the motor is thermally stable with maximum
temperatures of the windings, which are the hottest parts of
the motor, below 45 ◦ C after several minutes of operation at
160 000 rpm.
VI. C ONCLUSION
The design and implementation of a millimeter-scale slotless
bearingless slice motor has been presented. The employed
rotor has a diameter of 4 mm and a height of 2 mm. To the
knowledge of the authors, this is the smallest bearingless motor
published to date. The chosen slotless topology is particularly
well suited for high speed operation. A rotational speed of
160 000 rpm was reached at motor losses below 1 W, making
the designed machine particularly interesting for low power
applications such as optical systems. The rotational speed is
currently constrained by the employed power electronic converter. By overcoming this limitation, the achievable rotational
speed can be increased further toward the mechanical limit of
the presented machine at 760 000 rpm.
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[21] D. Steinert, I. Kovacevic-Badstübner, T. Nussbaumer, and J. W. Kolar,
“Loss investigation of slotless bearingless disk drives,” in Proc. IEEE
Energy Conversion Congress and Exposition (ECCE), Sep. 2015, pp.
4418–4424.
[22] A. Borisavljevic, Electromagnetic Modeling of Slotless PM Machines.
Springer Berlin Heidelberg, 2013, pp. 29–70.
[23] 2605SA1 Magnetic Alloy, Metglas, 4 2011.
[24] J. W. Daily and R. E. Nece, “Chamber dimension effects on induced
ﬂow and frictional resistance of enclosed rotating disks,” ASME J. basic
eng, vol. 82, no. 1, pp. 217–230, 1960.
[25] A. I. Lurie, Theory of elasticity. Berlin: Springer, 2005.
[26] M. Schuck, D. Steinert, and J. W. Kolar, “Active radial magnetic bearing
for an ultra-high speed motor,” in Proc. 18th European Conf. Power
Electronics and Applications (EPE’16 ECCE Europe), Sep. 2016, pp.
1–10.

