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Abstract—The ongoing miniaturization trend of electric machines increases the demand for higher rotational speeds to
provide a required power level at decreased size. The goal
of this project is to push the limits of rotor miniaturization
by researching new concepts for bearingless machines with
ultra-high rotational speeds exceeding 25 million rotations per
minute (Mrpm). Using a simple machine stator consisting of
air coils limits the achievable rotor torque, which results in
acceleration times of several hours until the aforementioned
rotational speeds are reached. This study outlines the torque
generation mechanisms of the machine and investigates the stator
losses, from which improved stator designs, based on a ferrite
core, are derived. The latter signiﬁcantly increase the motor
torque at decreased losses and facilitate fast acceleration of the
rotor.
Index Terms—induction machine, magnetic bearing, spinning
ball, stator design, ultra-high speed.
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I. I NTRODUCTION

Fig. 1: Setup of the ultra-high speed motor.

Increasing the rotational speed of an electric machine allows for decreasing its size for a required power level, thus
increasing its power density. This has led to a miniaturization
trend of electric drive systems with rising rotational speeds
of up to 1 Mrpm [1]. The achievable rotational speeds are
mainly limited by friction losses, which need to be reduced
to acceptable levels. An effective way of reducing mechanical
bearing friction is the contactless levitation of the rotor by
magnetic bearings. As the drag acting on the rotor due to air
friction increases signiﬁcantly at high rotational speed, acceleration needs to be performed inside a vacuum to overcome
this limitation.
A rotational speed of 23.16 Mrpm has already been reported
in 1946 [2] and was achieved with a steel sphere of 0.8 mm
in diameter, which was magnetically levitated and accelerated
inside a vacuum chamber. At this speed, the ultimate limit,
which is imposed by the tensile strength ot the rotor material,
was reached and the rotor exploded due to the occurring
centrifugal forces. To reach even higher rotational speeds,
smaller rotors need to be used to decrease centrifugal loading.
The goal of this project is to push the limits of miniaturization of the rotor with an ultra-high speed motor reaching
rotational speeds beyond 25 Mrpm. Ultimately, it is targeted
at demonstrating the highest possible rotational speed ever
achieved with an electric motor. At the aforementioned scales
of the rotors, further limits as imposed by the controllability
and precision of the employed magnetic bearing systems need
to be overcome to reach this aim. The conducted research helps

to extend the limits of electrical machines and to overcome the
challenges in regard to power density, mechanical stress and
controllability of highly dynamic systems.
The developed motor setup, in which the rotor (a small
solid steel sphere) is levitated inside a glass vacuum tube by
an axial active magnetic bearing (AMB), is shown in Fig. 1.
It is accelerated by the magnetic ﬁeld which is generated by
four radially-placed drive coils based on the principle of a
solid rotor induction machine [4]. These coils are also used
to implement an AMB in radial direction by superimposing
the bearing currents onto the high frequency (≤ 1 MHz) drive
currents. The rotor position is measured optically in all three
dimensions and the control is implemented digitally by using
an FPGA for sufﬁcient bandwidth. For simplicity and to avoid
high frequency core losses, air coils have been used for the
stator in the past. However, the achievable rotor torque is
very small, causing the acceleration to rotational speeds of
25 Mrpm to take several hours, during which the rotor has
to be stably levitated and external disturbances need to be
avoided.
This paper presents improved stator topologies which use a
ferrite core and overcome the aforementioned limitations by
allowing acceleration of the rotor within minutes at decreased
losses. Before outlining the design process and providing a
comparative analysis of the different topologies, the underlying mechanism of torque generation and the drive current
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inverter in block commutation.
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Fig. 2: Magnetic ﬁeld of the drive coils for torque generation.

Consequently, to achieve fast angular acceleration of the rotor,
a high torque is desirable. This can be accomplished for a
given rotor size and material by

modulation scheme are described brieﬂy. Moreover, analytical
models for calculating the occurring stator losses are provided.

1) optimizing the magnitude of the ﬂux density B0 at the
rotor for high values to achieve a high breakdown torque,

II. T ORQUE G ENERATION
A torque is exerted on the rotor of the solid rotor induction
machine due to the interaction of eddy currents ﬂowing inside
 The latter
the sphere with the external magnetic ﬂux density B.
can be approximated by a rotating vector of magnitude B0
and is generated by the drive coils as schematically shown in
Fig. 2. The slip frequency is denoted by ω and is the difference
of the mechanical angular rotating frequency of the rotor ωr
and the angular frequency of the magnetic ﬁeld ωf . To generate
a rotating ﬁeld, the currents in the coils denoted by 2, 3, and
4 are phase shifted with respect to the current in coil 1. In the
depicted case, the ﬁeld vector is pointing in the +x direction,
corresponding to the instant when the currents in coils 1 and 3
reach their maximum and minimum values, respectively, while
the currents in coils 2 and 4 are zero.
The rotor torque in such a setup has been analyzed in detail
in [5] and can be expressed as
√
2+ 2
3πa3 B02

√
√
e ,
(1)
T =
√
μ0 ω z
1 + 2 μ0
√Cs
   2 + μ0 ω + Cs



Tbd
ξ

where a denotes the rotor radius. The breakdown torque
denoted by Tbd is the maximum achievable torque for a given
rotor radius and magnetic ﬂux density, which is scaled by
the factor ξ dependent on the rotor properties and the slip
frequency. The sphere constant Cs contains the characteristic
rotor parameters and is given as

1 μr
,
(2)
Cs =
a σ
where μr and σ denote the relative permeability and the electrical conductivity of the rotor material, respectively. A rotor
material typically used in the experiments is the chrome steel
100Cr6 (μr ≈ 4, σ ≈ 4.5 MS/m), yielding Cs ≈ 1.7 × 103 .
The angular acceleration of the spherical rotor with given
mass moment of inertia I is described by the relation
ω̇r =

T
.
I

(3)

2) choosing ω such that a scaling factor as close to 1 as
possible is obtained.
Option 1 is constrained by how well the magnetic ﬂux density
of the drive coils can be guided towards the rotor and the
achievable drive current. Option 2 is constrained by the fact
that ωf , and consequently the frequency of the drive currents,
has to be higher than the desired rotational speed. In both
cases, the stator and rotor losses represent an upper bound,
while the latter are usually more critical due to the lack of
contact-based cooling possibilities.
III. D RIVE C URRENT M ODULATION
The torque model of (1) is based on the assumption of
 which
a uniformly rotating external ﬂux density vector B,
corresponds to sinusoidal drive currents. To achieve rotational
speeds exceeding 25 Mrpm, a magnetic ﬁeld with a frequency
ff > 400 kHz and drive currents of equally high frequency are
required. For such frequencies it is cumbersome to generate
sinusoidal currents, as the desired output frequency is in the
range of the switching frequency fsw of the power electronic
converter and common modulation schemes, such as described
in [6], cannot be used. Instead, a standard full-bridge inverter
is used in fundamental frequency commutation. The obtainable
discrete voltage levels across the coils are +Vdc , −Vdc , and
0 V, with Vdc denoting the dc-link voltage. The resulting output
voltage and current waveforms are displayed in Fig. 3. The coil
current is directly related to the voltage at the terminals of the
drive coil with inductance L as

1
iL (t) =
(4)
vL (t)dt,
L
where the dc resistance of the coil has been neglected. Consequently, the achievable peak current magnitude is given as
Imax =

Vdc
,
2Lfsw

(5)

where the frequency of the output current is equal to the
switching frequency. If saturation effects are neglected, which
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is adequate for the ﬂux densities at hand (see Section V), the
relation
B0 ∝ Imax
(6)

FOM ∝

N


sgn(bk ) · b2k · ξ

(10)

k=1

to assess the dependency of the rotor torque on p. The value
of this sum, evaluated up to N = 20 and normalized to its
maximum value at p = 1, is shown in Fig. 4 for varying
values of p. The maximum torque is achieved for p = 1 as
expected. Decreasing p to 0.8, and thereby reducing the peak
magnitude of the drive current by 20 % and the occurring
core losses by almost 40 % (see Section IV), corresponds to
a decrease in torque of less than 10 % and can, therefore, be
beneﬁcial.
IV. S TATOR L OSSES
Losses in the drive system occur in the stator and the rotor.
Yet, an improved stator design can be developed independently
of rotor loss limitations by considering the achievable torque

0.8

1

  
  

0.8

0.6

0.6

0.4

0.4

0.2

0.2



holds, which illustrates that for a given Vdc the inductance
L should be small in order to achieve a high current and,
consequently, a high ﬂux density at the rotor.
To employ the model of (1) for the obtained non-sinusoidal
drive currents, a Fourier series-based analysis of the currents
is performed to assess the contribution of each harmonic
component to the torque generation. The waveform as shown
in Fig. 3 (red) can be represented by
⎧
2A
⎪
t ∈ 0, p π2
⎨πt


xtri (t) = pA
t ∈ p π2 , 1 − p2 π
⎪




⎩
p
pA − 2A
t ∈ 1 − p2 π, π
π t− 1− 2 π
(7)
in the time domain, where the factor p ∈ (0, 1] scales the
maximum amplitude A, which is equivalent to Imax . The
coefﬁcients of the Fourier series are calculated for its standard
notation
∞
a0 
[ak cos(k(ω0 t − φ0 )) + bk sin(k(ω0 t − φ0 ))] ,
x(t) = +
2
k=1
(8)
where k, ω0 , and φ0 denote the harmonic order, the fundamental frequency corresponding to 2πfsw , and a phase shift
angle, respectively. The function has zero average value and
is odd, resulting in a0 = 0 and ak = 0. The coefﬁcients bk
have been derived as

π 
4A   π 
−
sin(kπ)
−
sin
n(p
−
2)
,
sin
kp
bk =
(πk)2
2
2
(9)
which is equal to the standard triangular waveform for p = 1.
A positive contribution of the k th harmonic component to
the overall torque is obtained if bk > 0, which corresponds
 rotating in counterclockwise (mathematically positive)
to B
 rotating in
direction. Contrarily, bk < 0 corresponds to B
negative direction for the considered harmonic, thus generating
a decelerating torque. By taking (1) and (6) into account, a
ﬁgure of merit (FOM) can be deﬁned as
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Fig. 4: Normalized FOM for varying values of p as well as
calculated and simulated scaling of overall stator core losses
(see Section IV for explanation).

relative to the resulting stator losses. For stator topologies
with obtainable operating conditions exceeding the allowable
rotor losses, the drive currents can be reduced to maintain an
allowable operating range.
In a stator consisting of air coils, the only occurring losses
are conduction losses in the employed copper windings. Additional losses occur if a ferromagnetic core is used, which can
be subdivided into hysteresis losses, eddy current losses, and
residual losses, such as resonance losses [7].
A. Copper Losses
The average ohmic losses originating from the resistance
Rc of the drive coil can be obtained as
Pr = pr (t) =

Rc
Tsw

t0
+Tsw

i2L (t)dt.

(11)

t0

They can equivalently be calculated based on the provided
harmonic analysis as
Pr = Rc ·

∞ 2

b

k

k=1

2

,

(12)

which makes it possible to analyze the contribution of each
harmonic component.
The overall resistance Rc of the drive coil is comprised of
its dc resistance Rdc and its ac resistance Rac , where the latter
is caused by the skin and proximity effects
Rc = Rdc + Rac,skin + Rac,prox .

(13)

Rdc is calculated as
Rdc =

4l
,
σw πd2w

(14)

with l, σw , and dw being the length of the used coil wire, its
conductivity, and its diameter, respectively. Detailed models
for estimating the ac losses have been presented in the literature [8], [9]. For the construction of the ultra-high speed
motor, litz wire is used, which has a higher dc resistance than
a single copper wire of equal overall diameter but effectively
minimizes the contribution of the ac resistances to negligible
levels. Thus, the overall coil resistance can be approximated
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TABLE I: Ferrite 3C90 Material Characteristics
Parameter
Value

μi
≈ 2300

C
0.94

α
1.52

current and ﬂux waveforms, as discussed in Sec. III, this yields
α

4fs Bt,pk
β−α
.
(19)
Pc,iGSE = Vc Ci p(2Bt,pk )
p

β
2.68

as
Rc ≈ Rdc .

(15)

B. Core Losses
Using a ferromagnetic stator core is beneﬁcial as it offers
the possibility to guide the ﬂux density toward the rotor.
Moreover, it reduces electromagnetic compatibility (EMC)
issues by decreasing stray ﬁelds.
For the required frequencies of the drive ﬁeld in the range of
several hundreds of kilohertz, a stator core made from ferrite
material is the only feasible option. Other core materials, such
as laminated steel, which are commonly used in standard electrical machines, would suffer from excessive eddy current and
hysteresis losses at such high frequencies. For the subsequent
analyses, the example ferrite core material Ferroxcube 3C90
[10] is considered, as it was available in suitable geometries for
implementing the desired stator geometries. Generally, many
other ferrite materials are available with similar properties,
and the choice about which material is most suitable has to
be made based on the occurring frequency and magnitude of
the ﬂux density, as well as the temperature of the core.
The overall losses for a core volume Vc can be modeled by
the Steinmetz equation for various materials
β
Pc,SE = Vc Cfsα Bs,pk
,

(16)

where C, α, and β are material-dependent Steinmetz parameters. These have been calculated from the datasheet of the
3C90 material and are listed in Tab. I, where μi denotes
the initial relative permeability. The frequency and peak
magnitude of the magnetic ﬂux density are denoted by fs
and Bs,pk , respectively. The relation of (16) is only valid
for sinusoidal variations of the magnetic ﬂux density and
excitation currents. As the currents vary in a non-sinusoidal
manner in the considered case, a generalized model has to
be used. The improved general Steinmetz equation (iGSE)
considers arbitrary variations of the ﬂux and is given as [11]
Pc,iGSE = Vc Ci fs (ΔB)

β−α


Ts 
 dB α

 dt,
· 
dt 

(17)

0

where ΔB denotes the peak-to-peak variation of the magnetic
ﬂux density and Ts is the period of its variation. The absolute
value of the derivative |dB/dt| considers increased core losses
due to high slew rates. The constant Ci is related to the
previously considered Steinmetz parameters by


√
Γ 2+α
C π
2 

Ci =
·
,
(18)
(2π)α · 2β−α Γ 1+α
2
where Γ denotes the gamma function. For the trapezoidal

To assess the inﬂuence of the non-sinusoidal excitation on the
overall core losses, the ratio
Pc,iGSE
(20)
ζ=
Pc,SE
has been calculated for Bt,pk = Bs,pk . This corresponds
to an identical peak value of the sinusoidal waveform, as
used for comparison, to the maximum occurring value of the
trapezoidal waveform. By using ζ as a correction factor, the
core losses can be calculated analytically for the occurring
waveforms based on the well-documented material properties
for sinusoidal excitation. The ratio ζ is displayed in Fig. 4
for different values p. It can be observed that the overall
core losses are lower for the trapezoidal waveform than
for a sinusoidal waveform with identical peak magnitude.
The calculations are in good agreement with the values as
obtained by transient 3D FEM electromagnetic simulations.
Slight deviations, particular at low values of p, result from
an underestimation of the losses by the iGSE, as it neglects
losses due to dc bias and relaxation effects. Analytic models
for taking these losses into account have been presented in the
literature [12] but require additional modeling complexity.
V. S TATOR D ESIGN
The goal of the improved stator design is to generate a high
motor torque, which can be achieved by generating a high ﬂux
density magnitude at the rotor. A design only consisting of air
coils, such as displayed in Fig. 1, is considered ﬁrst, followed
by two designs with ferrite cores.
A. Air Coil Design
An advantage of air coils is their relatively low inductance
value as compared to a design comprising a ferromagnetic
core. This allows for high drive currents, even with limited
available dc-link voltage. To maximize the ﬂux density at the
rotor, a conical coil shape, such as displayed in the inset
of Fig. 5, is chosen in which the individual windings are
located closer to the rotor than with a cylindrical coil. Yet,
the increased radii of the windings which are located further
away from the rotor also increase their inductance values.
Exact analytic solutions for the magnetic ﬁeld as generated by
conical helix coils have been presented in the literature [13].
However, these results do not allow for an analytic assessment
of the problem due to their complexity. Therefore, the coil
is approximated by multiple separated concentric loops. The
magnitude of the ﬂux density along the axis of the coil, as
generated by these loops, can be calculated by the Biot-Savart
law as
μ0 · il · rn2
,
(21)
Ba,n =
2(ln + rn2 )3/2
where il , rn , and ln denote the current ﬂowing in the loop,
the radius of the loop, and the distance from the center of the
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Fig. 5: Ratio ν for the nth winding and geometrical parameters
for the conical air coil design with distribution of the magnetic
ﬂux density (inset).
loop to the center of the rotor for the nth loop, respectively.
The inductance of a single loop can be approximated by [14]
 


8rn
−2 ,
(22)
Ln ≈ μ0 rn ln
rw
where rw denotes the wire radius. If multiple loops are
combined to a conical coil, the distances to the center of the
sphere and the radii of the individual loops are obtained as
rn = r0 + 2a · n · sin(α)

(23a)

dn = d0 + 2a · n · cos(α),

(23b)

where r0 and d0 denote the radius and distance of the ﬁrst loop
and α is the semiangle of the cone. The minimum distance d0
is determined by the requirements of the setup, such as the
geometry of the optical path for the position sensors and the
vacuum system, and should be chosen as small as possible.
For each ring n, the ratio ν = Ba,n /(il · Ln ), which relates
the generated ﬂux density at the rotor to the inductance of
the winding, has been calculated for different values of α.
The results are shown in Fig. 5, which illustrates that ν
decreases for windings which are further away from the rotor,
as expected. This decrease is less rapid for higher values of
α.
For the practical implementation, a compromise between
high ﬂux density at the rotor, low inductance, and relatively
low coil current was found by implementing a conical coil
with a semiangle of 15◦ and three layers of 15 windings each.
The resulting ﬂux density distribution has been obtained for
a magnitude of B0 = 5 mT at the center of the motor, without
the rotor in place, by 3D FEM simulation and is displayed in
the inset of Fig. 5. A rotor of 1 mm in diameter has been
added to the ﬁgure for size comparison.
B. Ferrite Core Design
By inserting a ferrite core into the center of the drive coils,
the coil inductance is signiﬁcantly increased due to the high
relative permeability μr of the core material. This decreases
the achievable drive current, but a signiﬁcantly better guidance
of the magnetic ﬂux toward the rotor is achieved. Based on
(16) and (17), it is apparent that the core volume should be

(a)

(b)

Fig. 6: Stator designs with cylindrical ferrite rods (a) and
ferrites with square cross section and back iron (b).

kept as small as possible to limit the volume-proportional core
losses. At the same time, the volume has to be sufﬁciently large
for guiding the magnetic ﬂux without saturation due to ﬁeld
elevations and to guarantee mechanical stability.
The two considered designs which use a ferrite core are
shown in Fig. 6, where a spherical rotor of 1 mm in diameter
has been added for size comparison. Particular attention was
paid to the producibility of the designs, as ferrite material is
very brittle and, therefore, difﬁcult to machine. The ﬁrst design
without a back iron is based on commercially available ferrite
rods of 6 mm in diameter and 25 mm in length, which are
inserted into cylindrical coils. A ﬂat area was ground to the
sides of the rods, as shown in Fig. 6(a), yielding a width of
the stator teeth facing the rotor of 2 mm. This concentrates
the magnetic ﬁeld close to the rotor and increases the air gap
between adjacent poles, thus decreasing short-circuiting of the
magnetic ﬁeld. The height of the stator teeth facing the rotor
of 6 mm ensures a constant torque for different axial rotor
positions. The distance between two opposite poles has been
chosen such that sufﬁcient space for the vacuum tube and the
sensors is provided. The second design, as shown in Fig. 6(b),
including a back iron is based on ferrites with a square crosssection of 6 × 6 mm and 25 mm in length. The poles have the
same geometry as in the ﬁrst design and the back iron was
assembled by stacking multiple ferrites. The back iron allows
the ﬂux lines of the magnetic ﬁeld to close inside the high
permeability stator material rather than the surrounding air,
which yields a further increase of the ﬂux density magnitude
at the rotor.
VI. C OMPARATIVE A NALYSIS
In order to select the most suitable stator design for the
ultra-high speed motor, a comparative analysis of the previously demonstrated designs is carried out. The assessment is
performed based on the achievable magnitude of the magnetic
ﬂux density at the rotor per required coil current and occurring
stator losses.
For this purpose, the different stator designs have been analyzed using 3D FEM simulations. The achievable magnitude
of the magnetic ﬂux density per stator current in ampere-turns
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TABLE II: Comparison of characteristic values for the stator
designs - refer to text for explanation
Air Coils
a)
b)

9.17 μT/AT
10.1 pNm

Individual
Ferrite Cores
73.6 μT/AT
1.1 nNm

Ferrite Cores
with Yoke
255.7 μT/AT
14.3 nNm

designs, eddy current simulations have also been carried out
for a coil current of 25 AT in all designs. The results are listed
in row b) of Table II, and demonstrate a signiﬁcant increase
of the drive torque (without taking any breaking torques into
account), which results from the quadratic dependency of
the torque on the magnitude of the magnetic ﬂux density as
outlined in (1).
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Fig. 7: Comparison of losses for the different stator designs.
(AT) at the center of the motor has been obtained and is
listed in row a) of Table II. These simulations were carried
out without the rotor in place to exclude its inﬂuence on the
ﬂux density. It can be seen that the lowest ratio is obtained by
the air coil design, while a signiﬁcant improvements can be
achieved by using ferrite cores.
In a second step, the occurring stator losses were studied
using eddy current simulations at a drive frequency of fs =
500 kHz, corresponding to a synchronous rotational speed of
30 Mrpm. To allow for easy comparability of the results, the
simulations were carried out for a ﬂux density magnitude of
B0 = 5 mT at the center of the motor (see Section V) for all
designs. The results are shown in Fig. 7, where the conduction
losses have been obtained by using a conductivity for copper
of 58 MS/m and the currents have been assumed to be evenly
distributed over the winding windows of the stator coils (see
inset of Fig. 5). The practically encountered losses will likely
be higher, due to ﬁll factor limitations and higher resistance of
the employed litz wire. Nevertheless, good relative correctness
for comparison of the designs is obtained. It is apparent that
the overall losses can be signiﬁcantly reduced with the ferrite
core designs and that the set operating conditions are likely
unattainable with the air coil design, due to excessive copper
losses. In accordance with the listed value of row a) in Table II,
a current of about 545 AT is required in the air coils to obtain
B0 = 5 mT. Moreover, it can be seen that the losses are shifted
towards the core for the design with the back iron (higher core
volume) in comparison to the design using individual ferrite
cores. However, the overall losses are within the same range.
It should be noted that the outlined losses were obtained
for sinusoidal drive currents, which is sufﬁcient to provide
a relative correctness of the values, and have to be scaled
dependent on the actual current waveform and value of p as
outlined in Section IV.
To provide a comparison of the achievable drive torque
for operating conditions that are attainable for all presented

The relevant models for developing an improved stator
design for an ultra-high speed motor have been presented.
One stator design based on air coils and two designs based
on ferrite cores have been considered and evaluated through
3D FEM simulations. It has been shown that designs using a
ferrite core are favorable, as they feature higher achievable
drive torque while signiﬁcantly reducing the overall stator
losses. The use of ferrite-core-based stator topologies for ultrahigh speed machines has not widely been considered in the
literature and exceeds the scope of [2], [4]. The obtained
results are universally applicable and facilitate acceleration of
the rotor in the considered ultra-high speed motor to rotational
speeds beyond 25 Mrpm within minutes instead of hours.
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