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Scaling and design of miniature high-speed
bearingless slice motors

M. Schuck IEEE, P. Puentener IEEE, T. Holenstein IEEE, J. W. Kolar IEEE

Recent years have shown a development of electrical drive systems toward high rotational speeds to increase the power density. Ap-
plications such as optical systems benefit from rotational speeds at which conventional ball bearings suffer from high losses, excessive
wear, and decreased reliability. In such cases, magnetic bearings offer an interesting alternative. This work presents a universally appli-
cable design procedure for miniature bearingless slice motors intended for rotational speeds of several hundred thousand revolutions
per minute. Design trade-offs are illustrated and facilitate the selection of Pareto-optimal implementations. An exemplary motor pro-
totype for rotational speeds of up to 760000 rpm with a rotor diameter of 4 mm and a suitable inverter featuring an FPGA-based
controller are demonstrated briefly.
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Skalierung und Auslegung von lagerlosen Miniatur-Scheibenldufermotoren fiir hohe Drehzahlen.

Um die Leistungsdichte elektrischer Antriebssysteme zu erhéhen, existiert seit einigen Jahren ein Trend hin zu héheren Rotationsge-
schwindigkeiten solcher Motoren. Anwendungen wie beispielsweise optische Systeme profitieren von hohen Rotationsgeschwindigkei-
ten, bei denen konventionelle Kugellager mit hohen Verlusten, iberh6htem Verschleil3 und verringerter Zuverldssigkeit behaftet sind.
In solchen Féllen bieten Magnetlager eine interessante Alternative. Die vorliegende Arbeit prasentiert einen universell einsetzbaren
Designprozess fir lagerlose Scheibenldufermotoren kleiner BaugréBe, die fir den Einsatz bei Drehzahlen von mehreren Hunderttau-
send Umdrehungen pro Minute vorgesehen sind. Eine Veranschaulichung der bei der Auslegung solcher Maschinen einzugehenden
Kompromisse erméglicht die Realisierung von Pareto-optimalen Designs. Ein beispielhafter Prototyp eines Motors fiir Drehzahlen von
bis zu 760000 U/min und einem Rotordurchmesser von 4 mm sowie ein geeigneter Umrichter mit FPGA-basierter Regelung werden

kurz beschrieben.
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1. Introduction

Several applications, such as turbocompressors [15], machining spin-
dles [14], flywheels and reaction wheels [9, 37], as well as generators
for micro gas turbines [8], have fueled a trend toward the miniatur-
ization of electric drive systems. To deliver the desired power level
at a small size, a high power density of the employed electric ma-
chine is required, which can be achieved by operation at high rota-
tional speeds [28, 38]. Independent from the requirement of obtain-
ing high power densities, applications such as optical systems that
feature rotating polygon mirrors [7] and lightweight reaction wheels
for attitude control of small spacecrafts [13] directly require high ro-
tational speeds of up to several hundred thousand revolutions per
minute (rpm) for small-scale machines.

At these rotational speeds, the use of conventional ball bearings
entails significant disadvantages, such as excessive wear, decreased
reliability, and a shortened lifetime. The application of gas bearings,
in which the spinning rotor is supported by a fluid film [16], to minia-
ture motors is limited by unfeasible production tolerances.

Active magnetic bearings (AMBs) support the rotor without me-
chanical contact by means of magnetic forces and do not exhibit
these disadvantages [32]. However, their use results in an increased
size and overall complexity of the electric drive system, as gener-
ally all degrees of freedom of the rotor have to be actively stabilized
[1]. For a conventional machine design with a shaft rotor, the achiev-
able rotational speed is commonly limited by the critical frequency at
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which bending of the rotor occurs [4]. AMBs further limit the minia-
turization potential of such machines due to the required complex
rotor construction.

Slice motors feature a rotor length that is smaller than the rotor ra-
dius and do not exhibit these drawbacks. Due to the geometry of the
motor, the rotor is passively stable in the axial and tilting directions
and only the radial degrees of freedom have to be stabilized by an
AMB [29]. The rotor can consist of a single diametrically-magnetized
permanent magnet (PM) and the achievable rotational speed is ulti-
mately limited only by the mechanical stress due to the centrifugal
force that the rotor material can withstand. Highly compact designs
are possible by employing the same magnetic circuit and the same
stator windings for generating the motor torque and magnetic bear-
ing force [20, 27]. Such a topology is referred to as bearingless. Initial
designs of slice motors employed slotted stators to accommodate
the machine windings. The slots result in eddy current losses due to
stator harmonics, particularly at high field frequencies as required
for achieving high rotational speeds. Therefore, a slotless stator de-

Schuck, Marcel, Power Electronic Systems Laboratory, ETH Zurich, Technoparkstrasse 1,
8005 Zurich, Switzerland (E-mail: schuck@lem.ee.ethz.ch); Puentener, Pascal, Power
Electronic Systems Laboratory, ETH Zurich, Technoparkstrasse 1, 8005 Zurich, Switzerland;
Holenstein, Thomas, Power Electronic Systems Laboratory, ETH Zurich,
Technoparkstrasse 1, 8005 Zurich, Switzerland; Kolar, Johann W., Power Electronic
Systems Laboratory, ETH Zurich, Technoparkstrasse 1, 8005 Zurich, Switzerland


http://crossmark.crossref.org/dialog/?doi=10.1007/s00502-019-0718-8&domain=pdf
mailto:schuck@lem.ee.ethz.ch

Stator core

Stator winding

Current [

Rotor magnet \

/ Y T Conducting

area A, T

Fig. 1. Schematic view of the slotless bearingless slice motor topol-
ogy

sign with toroidally-wound coils as shown in Fig. 1 is considered in
this work.

Several motor prototypes that use this topology and reach rota-
tional speeds above 100 000 rpm have been presented in the litera-
ture. In [21] a rotational speed of 115000 rpm was reached with a
rotor diameter of 32 mm in a compressor application. A rotational
speed of up to 140000 rpm is reported in [33] in a textile spinning
application. Recently, a demonstrator system reaching 150 000 rpm
with a rotor diameter of 22 mm has been presented [26]. Further
miniaturization of this design to a rotor diameter of 4 mm has been
reported in [30], where it was shown that uniform scaling of all
machine dimensions is not possible for such miniature motors due
to mechanical tolerances. This was also encountered in [34], which
considers the miniaturization of the motor presented in [35].

This paper outlines the scaling laws of electrical machines with a
focus on miniature bearingless slice motors. The key design chal-
lenges are identified and a novel unified optimization procedure
based on analytical models for the motor properties and losses as
well as 3D finite element method (FEM) simulations is presented. An
exemplary motor design with an outer diameter of less than 30 mm
and the corresponding inverter are briefly presented. Potential appli-
cation areas of the demonstrated machine are small size flywheels
and reaction wheels, optical systems, as well as hyper-gravity sci-
ence.

2. Scaling laws

This section outlines the scaling laws that govern the torque and
power generation of an electric motor and their particular implica-
tions for millimeter-scale bearingless slice motors are discussed.

2.1 General scaling laws of electric machines

For the purpose of deriving the general scaling laws, the electric
machine with PM rotor shown in Fig. 1 is considered. Non-idealities,
such as stray fields, are neglected at this point. The motor has an
outer surface area Ay = 272, + nrmhm and volume Vi = 12 A,
where rn, and hy denote the outer radius and axial length, re-
spectively. If the machine is scaled uniformly with the ratio of all
dimensions remaining constant, it is sufficient to consider a single
dimensional scaling factor xq, yielding An o<x§ and Vi o<x§. The
achievable angular rotational frequency of the rotor w =27 f = v(/ry,
where r, denotes the rotor radius, is ultimately limited by the cir-
cumferential speed v. that the rotor material can withstand be-
fore mechanical failure due to centrifugal forces occurs, resulting
iN Nmax ocxg1 for the maximum rotational speed.
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Table 1. Loss Model Parameters of Metglas 26055A1

1.94 x 10" W/(m3HzT?)
5.6 x 1073 W/(m3 Hz2 T2)
5.2 x 107" W/(m3Hz">T")

Cn 0.94W/AM3HZ*TA) Ky,
« 1.53 Ked
B 1.72 ke

The current / that flows in the stator windings of the machine to
generate a torque can equivalently be considered to be distributed
across the cross-sectional copper area A, inside the stator bore, as
schematically depicted in Fig. 1. Consequently, the resulting conduc-
tion losses can be obtained as

. h
Peu =R with R=pcuAﬂ oxy !, (1
cu

where pc, denotes the resistivity of copper and h¢y is the axial length
of the conducting surface.

Additional losses occur in the stator core, which can be modeled
using the empirical Steinmetz equation

Pe = G V2B, )

where Gy, «, 8, and V. denote the Steinmetz coefficients and the
volume of the stator core, respectively. For the fundamental fre-
quency of the magnetic field focxd’1 holds, as outlined above. For
the miniature high-speed motors considered in this work, Metglas
2605SA1 amorphous alloy [19] constitutes a suitable material for
the stator core as it features significantly lower core losses com-
pared to conventional sheeted electrical steel at high field frequen-
cies. The Steinmetz coefficients for this material are listed in Table 1.
The overall core losses are comprised of hysteresis losses Py, eddy
current losses Peg, and excess losses Pe, where the latter stem from
microscopic phenomena in the ferromagnetic material. Employing a
loss model that considers these components separately [2] results in

Pe = kny Ve fB? +keg Ve F2B% + ke V2B . ?3)
—_—
Phy Ped Pe

Commonly, B/ =2 is assumed, which corresponds to an approxima-
tion of the actual hysteresis loop by an ellipse. The values of the
constants kpy, keq, and ke for this case have been added to Table 1.
Consequently, the scaling laws for the individual loss components
can be derived as

Pry X3, Ped0<Xg, and Peocx}®. )

It can be seen that the eddy current losses constitute a higher por-
tion of the overall core losses for smaller machines, while the hys-
teresis losses become less relevant. The differences between the ab-
solute values of the loss components, however, are less pronounced,
as keg and ke are four and two orders of magnitude smaller than kp,,
respectively.

In addition to the aforementioned losses, windage losses P,, due
to air friction occur at the cylindrical surface of the rotor and at its
faces (base of the cylinder) and can be expressed as

Pw,c = erfPairﬂwafhr (5)
and
1
Pb = zerfPairwgrsl (6)

respectively. Here, k;, G, pair, and h, denote the roughness coeffi-
cient of the rotor surface, an empirically obtained friction coefficient,
the density of air, and the axial length of the rotor, respectively. It can
be seen that P, o<x§ holds. However, models for obtaining C; for
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Fig. 2. Geometrical design parameters of the motor

various flow conditions of the surrounding air usually contain further
geometrical parameters of the motor [3, 5].

The admissible overall losses of the motor are limited by the heat
transfer rate Q. between the machine and its environment. Heat
transfer occurs across the surface area, resulting in Oc o<x§. The
stator core needs to be designed such that the core losses P are
sufficiently low and a suitable material that features low eddy cur-
rent losses (low sheet thickness/power ferrite) has to be used for
high speed machines. The most critical scaling behavior is exhibited
by the resistance of the machine windings (R o<xd’1). To fulfill the
condition Pey < Qc, the admissible current is limited to / o< x>, By
considering the Lorentz force resulting from the interaction of the
radial component B, , of the PM flux density in the airgap with the
current /, the motor torque can be obtained as

T =B, rlhsP o33, 7)

where /o x> has been used and hs, 7 denote the height of the sta-
tor core and average radius of the stator windings inside the bore,
respectively. The output power of the machine is given as P = Tw.
Using the aforementioned scaling law for w results in P o<x§-5. Con-
sequently, the power density is obtained as

o= i O(XJO'S (8)

m

if the considered machine is operated at the maximum admissible
circumferential speed of the rotor. This shows that small-scale ma-
chines operating at high rotational speeds are favorable for achiev-
ing high power densities.

2.2 Application to bearingless slice motors

Due to lower bounds on the achievable mechanical tolerances, it
is not easily possible to scale all dimensions of the machine by the
same factor for miniature motors. Figure 2 shows a cross-sectional
view of the bearingless slice motor topology including its geometri-
cal parameters. The parameters w, and ws denote the width of the
coil and the stator core in the radial direction, respectively. The radii
ra, I, and rs; denote the inner radius of the coils, the inner radius
of the stator core, and the outer radius of the stator core, respec-
tively. The mechanical air gap 8nech Of bearingless machines cannot
be reduced arbitrarily, as it has to accommodate a stator wall with a
certain minimum thickness w,. This wall is required as the motor is
not equipped with backup or touchdown bearings. This means that
the rotor is attracted to this wall once the active magnetic bearing
that stabilizes the radial degrees of freedom is turned off. Without
a stator wall, the rotor would get in direct contact with the stator
windings, resulting in potential damage. Moreover, in a slotless mo-
tor topology, sufficient space for the windings needs to be provided
between the rotor and the stator core, resulting in a large magnetic
air gap mag-

Table 2. Scaling of design parameters for slotless bearingless slice
motors

d Smech he/re hsthy Smag/lt Nmax
[35] 102mm 2 mm 0.29 083 0.19 20000 rpm
[26] 22mm 14mm 082 089 0.41 150000 rpm
[30] 4mm  1Tmm 1 0.75 0.88 760000 rpm

To analyze this dependency, Table 2 lists the relevant dimensional
ratios of three slotless bearingless slice motors published in the liter-
ature. It can be observed that the mechanical air gap §mech remains
relatively constant, despite a significant reduction of the rotor di-
ameter. Moreover, the height-to-radius ratio of the rotor increases,
which requires careful consideration of the passive stability prop-
erties as outlined in Section 3. The most pronounced increase can
be observed for the ratio between the length of the magnetic air
gap and the rotor radius (8mag/rr), Which reaches values that are
unusually high for electric machines at small rotor diameters. Con-
sequently, scaling is not straightforward as the value of 8mag signifi-
cantly influences the passive and active motor properties. Instead, a
comprehensive design procedure that considers the dependency of
the magnetic field on the air gap length is required.

3. Design equations

The operating principle of slotless bearingless slice motors has been
described in [21, 35], which can be referred to for details. In this
section, the design equations that are used in the optimization pro-
cedure described in Section 5 are outlined. Analytical models are
used where possible, as they allow for the rapid assessment of a
large number of design variations. In the cases where an analyti-
cal solution to the underlying problem cannot easily be obtained,
e.g. for the passive properties of the motor, 3D FEM simulations are
used.

3.1 Mechanical stress and rotor diameter
During rotation the maximum mechanical stress omax occurs along
the axis of rotation and can be calculated as

Omax = Csprwzrz, 9)

where Cs and p; denote a shape constant and the density of the
rotor material, respectively. Various constructive means to increase
the mechanical strength of the rotor, such as applying a titanium
sleeve [38] or carbon fiber bandage [21], have been presented in the
literature. However, their application becomes increasingly difficult
at decreasing rotor size due to low mechanical tolerances and is,
therefore, not considered in this work. For a disk-shaped rotor with
hr<re

3+v
G= 3 (10)

holds, where v denotes the Poisson’s ratio [11]. The aforementioned
geometrical constraint hy < ry is not fulfilled for small-size slice mo-
tors. However, an assessment by means of mechanical 3D FEM sim-
ulations shows that for NdFeB PM material (v = 0.24) the solution
obtained by (10) is less than 5% lower than the actual value for
hr = ry, thus providing a sufficiently accurate estimate.

Using o5 ~ 80 MPa for the tensile strength of the rotor material
and p; = 7500 kg/m3 [12] yields a maximum achievable circumfer-
ential speed of vc ~ 160 m/s. Consequently,

1 8o

rr<; (3+v)por (an
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Fig. 3. Passive axial stiffness (a) and tilting stiffness around the axis
of magnetization (b)

has to hold for a desired rotational speed in order to prevent me-
chanical failure.

3.2 Passive stability properties

The passively generated stabilizing restoring forces due to an axial
deflection (see Fig. 3(a)) or tilting (see Fig. 3(b)) of the rotor are
quantified by passive stiffnesses defined as

dF,
== (12)
in the axial direction and
dr, _dTg
ka——d—a andkﬂ——ﬁ (13)

in the tilting directions, where « and B denote the tilting angles
around the magnetization direction (d-axis) and perpendicular to
the magnetization direction (g-axis) of the rotor, respectively. For a
rotor with a single pole pair k, < kg holds, as the change of the
axial component of the magnetic field is smaller if the rotor is tilted
around its d-axis. Consequently, k, has to be considered during the
design procedure of the machine. The passive stiffness k, has to be
sufficiently high to support the weight of the rotor (for a vertically
aligned motor) and the application-dependent axial load. Providing
a lower bound for the tilting stiffness is not straightforward as it
strongly depends on the application conditions. A pure tilting move-
ment of the rotor during operation is usually prevented by the gy-
roscopic effect, especially at high rotational speeds. Instead, weakly
damped precession movements may be observed [22].

In addition to the aforementioned stabilizing forces, destabilizing
passive radial forces act on the rotor if it is displaced from its equi-
librium position in the radial center of the stator. The corresponding
stiffnesses along the d- and g-axis are defined as

kd = —ddi; and kq = —C(ij—l;_;,
respectively, where kq < k4 holds. If the active radial magnetic bear-
ing is turned off, the rotor is pulled against the stator wall with a
force Fy that depends on the design of the motor. The value of ky
has to be sufficiently low, such that the rotor can safely be detached
from the stator wall by the magnetic bearing force Fymp during the
start-up process of the motor, i.e. Famp > Fw has to hold.

The attainable bearing force depends on motor design param-
eters, such as the number of turns of the stator windings, but is
essentially limited by the current driving capability of the employed
inverter. As the start-up process is short, high coil currents can usu-
ally be tolerated from a thermal standpoint. Therefore, a conclusive
assessment also requires knowledge of the inverter properties.

(14)

3.3 Magnetic field

The magnetic field inside the motor has to be obtained separately
for the regions of the magnetic air gap and the stator core. The flux
density in the air gap is used to calculate the motor torque, while
the field distribution in the stator core is used to obtain the stator
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losses. In accordance with [17], it was found that the magnetic field
inside the motor with an air-gap winding is mainly caused by the
rotor PM, while the influence of the stator field can be neglected
for the calculations. An overview of existing analytical models that
consider the field distribution in a radial plane inside a slotless ma-
chine is provided in [25]. For the subsequent calculations, a relative
permeability of ur = 1 in the magnetic airgap, the simplifying as-
sumption of u; — oo for the stator material, and a rotor angle of
y =0 are considered.

The components of the magnetic flux density in the magnetic air-
gap region (r; < r < ryj) are calculated as

2 N2

Bas(r o) = Brzem (:—;) : [1 + (%) ]cos«p). (15)
2 N2

Bolr, )= 22 (}) .[1 - (%) ]sin«p), (16)

where r, ¢, and Brem denote the variables of a cylindrical coordinate
system and the remnant magnetic flux density of the rotor magnet,
respectively. The components of the magnetic flux density as caused
by the PM in the stator core (rsi <r <rs,) are obtained as

2 2
Bsr(r ) = (rirefrr;) : [1 - <f57a> ]cos«p), a7

2 2
Bs o(r, ) = (rirefr;z) . [1 + <rSTa> ]sin(w). (18)

3.4 Motor torque

Based on the interaction of the radial component of the magnetic
flux density in the air gap (15) with the stator current, the electro-
magnetic torque is obtained as

2 Isi
T—he f / KikuBa, (r, o)) dr d, (19)
0 ra

where ks and k, denote the fill factor of the windings and the wind-
ing factor, respectively. The current density caused by the drive cur-
rent can be written as J(g) = ]cos(zp). Solving (19) yields:

2 B3
T=h e (5 e dn| 525 4 20| 0)
2 \[r 3

4. Loss models

Models of the occurring losses in the motor are necessary to calcu-
late the efficiency of a design. The most relevant loss components
for the considered motor topology are copper losses P, in the wind-
ings and losses in the stator core P. due to eddy currents and hys-
teresis.

4.1 Copper losses
The copper losses are constituted of conduction losses due to the
ohmic dc resistance of the winding

Pey = 6,0cu(9)/Aqur2ms' @n

where pcu(0), I, and Acy denote the temperature-dependent resis-
tivity of copper, the wire length per coil, and the copper area per
coil, respectively. The winding temperature is estimated by a ther-
mal model (see below). Additional losses occur in the windings due
to the skin and proximity effects, which are caused by eddy currents
mainly due to the PM field of the rotor penetrating the windings.
These losses can be assessed by using the methodologies presented
in [10, 24] and obtaining the values of the magnetic flux density in
the windings based on (15) and (16). The overall copper losses are
minimized during the machine design by choosing a litz wire with a
suitable strand diameter and number of strands for the stator coils.
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Fig. 4. Flow diagram of the design procedure

A trade-off between low eddy current losses and a decreased fill fac-
tor ks causing higher conduction losses for smaller strand diameters
exists.

4.2 Core losses
Losses in the stator core are calculated by using (17) and (18) in the
Steinmetz equation and integrating over the stator volume:

27 rsa N
Pc= ths/ / f*BPrdrde. (22)
0 Isi

4.3 Other losses

Losses in the stator and the rotor also occur due to manufacturing
tolerances and current harmonics. The latter result in magnetic field
components that do not rotate synchronously with the rotor, there-
fore, inducing eddy currents. An analytical approach for calculating
the resulting rotor losses has been presented in [18]. Models for
obtaining the stator losses caused by harmonics have also been pre-
sented in the literature, e.g. in [6] and [31]. As these losses largely
depend on the modulation scheme and the switching frequency of
the applied inverter system, they are not considered in the subse-
guent optimization.

4.4 Thermal model

The overall losses are ultimately limited by thermal constraints. The
temperature 6 of the stator is estimated based on a thermal model
that accounts for heat transfer between the motor and its surround-
ing by convection and radiation. The model used for the design eval-
uation in Section 5 considers free convection for a vertically-aligned
cylindrical motor and can easily be adjusted for other operating con-
ditions, such as forced convection. Details regarding the heat trans-
fer coefficients for such an arrangement under various conditions
can be found in [36].

5. Design optimization

The design equations and loss models presented in Sections 3 and
4 are used to obtain an optimized motor design by following the
procedure outlined in Fig. 4. The rotor diameter dy, rotor height
hr, and required mechanical air gap 8mech are used as geometrical
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Fig. 5. Efficiency and power density of various motor designs includ-
ing the Pareto front (Color figure online)

input parameters of the design flow. For a design with an a priori re-
quirement for the rotational speed nmax, d can be obtained by (11).
Design constraints are imposed by also providing the maximum ad-
missible motor temperature 6max as well as the material properties,
including the saturation flux density Bsat of the stator. Constraints
imposed by the maximum output current of the employed inverter
system can be taken into account by providing the value for the
current density in the coils according to J = lmax/Acu. If the minimum
required passive axial stiffness that the intended application imposes
on the motor design is known, its value can also be input as a design
constraint.

Initially, the height of the stator core is chosen as hs = h;. For this
design, the coil width wc and the width of the stator core ws are var-
ied within a meaningful range. Results can rapidly be obtained for a
large number of designs based on the presented analytical models
while taking the temperature dependency of the loss components
into account. The calculation results yield a Pareto front in the per-
formance space consisting of the power density p and the motor
efficiency 7.

In a subsequent step, the passive motor properties of selected
designs can be assessed by means of 3D FEM simulations. An addi-
tional optimization of the passive axial stiffness k, and tilting stiff-
ness k, can be carried out by adjusting the height of the stator
core hs. The iteration process of w, and ws can then be repeated
for the new value of hs as indicated by the dashed arrow in Fig. 4.

Figure 5 shows the results for an exemplary miniature high-speed
motor that were obtained for the parameters listed in Table 3.
Motor designs with power densities p € [10 kW/m?3, 20 kW/m3] in
steps of 0.2 kW/m3 (50 linearly distributed data points) were eval-
uated. For each of the power densities, the coil width was varied
as we €[0.125-r,, 1.5 - ry], corresponding to w¢ € [0.25 mm, 3 mm]
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Table 3. Design parameters used to obtain the results shown in Fig. 5

Parameter Value Parameter Value

Nimax 750000 rpm J 5 A/mm?
dr 4 mm Omax 65 °C

hr 2 mm Bsat 1.56 T[19]
Smech 1 mm

for the chosen design parameters, in 50 logarithmically distributed
steps. The value of ws was adjusted accordingly for each data point
as a dependent parameter. In total, 2500 different designs were
evaluated. It can be observed that the achievable power density is
limited by thermal constraints, which are more restrictive than the
limitation imposed by saturation of the stator core. The performance
is only limited by saturation in a narrow range for high efficiencies.
The efficiency is limited by the achievable passive axial stiffness of
the motor designs, which is shown by the color scale.

Based on the schematic cross-sectional geometries of the motor
designs, which are shown in the insets of Fig. 5 and labeled A-E,
at different locations in the performance space, the basic design
relations can be observed. Design A features high volumes of the
stator core and coils, resulting in low core losses and low copper
losses and, consequently, in a high efficiency. However, the power
density is low and the large value of w, causes a large magnetic air
gap that results in a low value of k. Moving from design A toward
design B, the power density is significantly increased while the effi-
ciency remains approximately constant. The increased power density
is achieved by a lower volume of the stator core, while the coil vol-
ume is not altered significantly. This shows that the contribution of
the core losses to the overall losses is low for designs that feature
high efficiencies. However, reducing the core volume further results
in saturation. While design B represents a significantly better trade-
off compared to design A, it still features a low axial stiffness. By
reducing wc and keeping the core volume similar to that of design
B, design C that attains a higher value of k; is obtained. This is
achieved by a decreased magnetic air gap. Due to increased copper
losses, the efficiency of this design is lower than that of designs A
and B and a further increase of the power density is not possible
due to thermal constraints. The designs labeled D and E feature a
higher axial stiffness, which is achieved by further reducing the cop-
per volume, thereby decreasing dmag. This comes at the cost of a
significantly decreased efficiency due to high copper losses.

The outlined dependencies show that for a fixed set of input pa-
rameters, only low motor efficiencies can be obtained if a high axial
stiffness is required by the intended application. In such applications,
the usage of a different motor topology might be beneficial.

6. Prototype implementation
A prototype that was designed based on the outlined optimization
procedure is presented in this section.

6.1 Motor

The motor design was first introduced in [30], which can be re-
ferred to for details regarding the implementation. The prototype is
shown in Fig. 6(a). The rotor is a commercially available diametrically-
magnetized N45 grade NdFeB cylindrical magnet with a diameter of
dr =4 mm [12]. The achievable rotational speed is mechanically lim-
ited to Nmax &~ 760000 rpm. Most mechanical parts, including the
stator wall, were manufactured using 3D printing technology, which
yields a compact design with an outer motor diameter of less than
30 mm, as shown in Fig. 6(b).
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Fig. 6. Annotated photograph of the implemented motor prototype
(a) and detailed view of the stator and the rotor (b)

Power PCB  DC-link  Motor
input  connector

Sensor
interface
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Fig. 7. Annotated photograph of the implemented inverter hardware

In [30], stable levitation was presented up to a rotational speed
of 160000 rpm at losses below 1 W. Even though the overall losses
were at a low level, separation into their individual components by
using the models provided in Section 4 shows that a large portion
of the losses can be attributed to a significant harmonic content of
the drive current. The achievable rotational speed was limited by the
control bandwidth.

6.2 Inverter

These limitations imposed by high current harmonics and an insuffi-
cient control bandwidth require design considerations beyond those
for the motor. The employed inverter is an essential part of the
drive system and should feature a high power density to achieve a
compact overall system. Design considerations for inverters of high-
speed machines are presented in [31]. An exemplary inverter de-
sign intended for the use with the implemented motor prototype is
shown in Fig. 7. It is based on six integrated half bridges of the type
MPQ8039 [23] that drive the currents in the stator coils and allow for
switching frequencies of several hundred kilohertz. By choosing the
switching frequency sufficiently high compared to the synchronous
rotational frequency (12.7 kHz at 760 000 rpm), the harmonic con-
tent and the associated losses can be reduced. The power electronics
PCB is designed to fit on top of a control PCB. The latter comprises
a field-programmable gate array (FPGA) that provides the required
switching signals for pulse-width modulation along with fully digi-
tal implementations of the necessary motor controllers and sensor
interfaces in hardware. Such an implementation allows for a high
control bandwidth as required for achieving rotational speeds in the
range of the mechanical limit of the rotor.

7. Conclusion

The slotless bearingless slice motor topology is well suited for minia-
turization and achieving high rotational speeds. Direct scaling of the
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