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Abstract

The complexity of a bearingless motor offers a multi-
tude of freedom in constructive design because differ-
ent motor setups may even have nearly the same dy-
namic behavior and may differ only slightly in some
operation characteristic. However, the mechanical
setup often has a very strong impact on the power
inverter topology and the volt-ampere requirements
and, thus, affects the system costs significantly.

This paper focuses on design aspects of bear-
ingless slice motors with permanent magnet excita-
tion and presents a methodical evaluation approach
based on performance indexes.

Introduction

During the last few years several industrial prod-
ucts that are based on bearingless motor technology
have successfully been launched on the market [5],
[6]. Today development of bearingless motors has
reached a state where integration of this technol-
ogy into mass products becomes feasible. However,
for high volume products commercial aspects be-
come almost as important as technical ones. There-
fore, cost-effective bearingless motor designs are ab-
solutely required.

A bearingless motor design that offers advan-
tages in regard to the costs of the mechanical setup is
the bearingless slice motor [1]. This motor is char-
acterised by a disk-shaped rotor so that three de-
grees of freedom are stabilised passively by means of
the reluctance forces of the permanent magnet disk.
Owing to the rotor design the bearingless slice mo-
tor is well suited for applications that do not demand

high stiffness in axial direction.
In contrast to conventional motors the mechan-

ical setup of a bearingless motor offers much more
freedom in constructive design. In some cases the
design parameters substantially influence the char-
acteristics as well as the system costs of a bearing-
less drive. For this reason it is obvious that differ-
ent applications require different designs. To find
the most suitable motor design for a certain appli-
cation, several performance indexes are introduced.
These performance indexes relate to the overall sys-
tem comprising both the bearingless motor and the
power converter.

Analytical force and torque model

For a concept study, normally, many different con-
structions of bearingless motors have to be eval-
uated. A methodical evaluation approach should
preferably be based on suitable performance indexes
and an estimate of the production costs. An addi-
tional requirement for the evaluation process is that
it generally has to be carried out within a short pe-
riod of time. For this reason complex calculation
methods like FEM analysis are not useful for deriv-
ing the performance indexes required. An alterna-
tive to numerical methods are analytical ones that
offer sufficient accuracy and need only a fractional
amount of time.

The force and torque model of a bearingless mo-
tor provides the basis for the performance indexes
that are presented in this paper. A very general ap-
proach to an analytical force and torque model can
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be derived from theMaxwell Stress Tensor [10]

TM = µ
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where TM denotes the Maxwell stress tensor, H is
the magnetic field intensity and µ is the permeabil-
ity. The mechanical stress σ that acts on a surface
element of the stator can then be calculated with

σ = TMen, (1)

where en represents the vector perpendicular to the
stator surface. Taking into account that the per-
meability of the ferromagnetic stator is much higher
than the permeability of air, the tangential compo-
nent of flux density in the air gap can be neglected
and (1) can be evaluated to

σ =


B2
1n

2µ0
B1nAs

0

 ,

where B1n is the normal component of flux the den-
sity in the air gap and As is the current density
distribution on the stator surface. The force acting
on the rotor of the bearingless motor is determined
by the surface integral

F =

I
f

σdf ,

where f is referred to as the area of the stator sur-
face. When both the current density distribution on
the stator surface As and the normal component of
the flux density in the air gap B1n are expressed in
terms of the stator currents i1 and the flux density
of the permanent magnet, the simplified force and
torque model results in [8]

Fr =

 iT1 0

0 iT1

 MQx(xr,ϕ)

MQy(xr,ϕ)

 i1 (2)

+ML(xr,ϕ)i1 +MC(xr,ϕ)

Tr = iT1NQ(xr,ϕ)i1 +NL(xr,ϕ)i1 . (3)

Fr and Tr are the vector of the levitation forces in
the stator coordinate system and the electromag-
netic torque, respectively. The stator currents of
the m phase stator winding system are represented
by

i1 =
h
i1 i2 · · · im

iT
.

The rotor position in radial direction is written as

xr =

 xr

yr


and the rotor angle is denoted by ϕ. When the in-
vestigation is restricted to bearingless motors that
employ rare earth permanent magnets, the elements
of the matrices MQx, MQy and NQ become small
in comparison with the elements of the other matri-
ces. Therefore, these terms can be neglected and the
levitation force and torque model is simplified to

Fr = ML(xr,ϕ) i1 +MC(xr,ϕ) (4)

Tr = NL(xr,ϕ) i1 . (5)

Normally, the matrix MC in equation (4) becomes
zero when the rotor is in the centred position. In
this case equations (4) and (5) can be combined into
one expression

Q = Tmi1, (6)

with

Q =


Frx

Fry

Tr

 , Tm =

 ML(xr,ϕ)

NL(xr,ϕ)

 .

For further simplification it can be assumed that the
position of the rotor is stabilised by means of an
appropriate position controller. Accordingly, it can
be supposed that it stays in the centred position and
therefore the matrix Tm can be linearised about the
operating point. As a result, Tm is only a function
of the rotor angle ϕ

Tm(ϕ) =

 ML(ϕ)

NL(ϕ)

 .

For the operation of a bearingless motor in a
closed control loop it is necessary to supply the mo-
tor phases with such currents that desired radial
forces and torque are generated. In a mathemati-
cal sense this requires that equation (6) has to be
solved for the phase currents i1. However, a unique
solution of the form

i1 = T−1m Q

can only be found if the bearingless motor has three
phases. Unfortunately, the bearingless motors that
are under consideration in this paper have more than
three phases. This means that any desired radial

Ninth International Symposium on Magnetic Bearings, August 3-6, 2004, Lexington, Kentucky, USA



force and torque might then be realised by many
different sets of phase currents. Since many solu-
tions might be possible it is the task to find a set
of currents that generates the required radial forces
and torque in the best way. One feasible solution
of finding the best set of currents is to minimise the
resistive power losses. This leads to the following
optimisation problem:

min
i1
iT1R1i1

subject to
Tmi1 −Q = 0 ,

whereR1 is the matrix of the phase resistances. The
solution to this optimisation problem yields [9]

i1 =Km(ϕ)Q , (7)

with the decoupling matrix

Km(ϕ) = TTm
¡
TmT

T
m

¢−1
.

For some of the motor conceptions that are con-
sidered in this paper star connection of the motor
phases leads to a simplified inverter topology. For
these types of bearingless motors the sum of the
phase currents is restricted to zero for any mode
of operation. To meet this additional requirement
it is possible to impose an extra constraint on the
optimisation problem of the formh

1 1 · · · 1
i
i1 = 1Ti1 = 0

to force the sum of the phase currents to zero. Solv-
ing the optimisation problem leads to the following
decoupling matrix

Km(ϕ) =

µ
TTm −

1

m
11TTTm

¶
.

.

µ
Tm

µ
TTm −

1

m
11TTTm

¶¶−1
.

Performance indexes

The freedom in constructive design has brought about
many new conceptions of bearingless PM motors re-
cently (e.g. [2]). In many cases, the required torque
and bearing forces can be generated by motor de-
signs that differ in the winding configurations, the
number of poles, and even in the number of phases.
Furthermore, the motor design also has an impact
on the inverter topology. The evaluation of the dif-
ferent motor conceptions is hardly feasible without
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FIGURE 1: Equivalent circuit of a polyphase bear-
ingless motor

the availability of appropriate performance figures or
performance indexes. For this reason some numeri-
cal values are introduced in this section that enable
the design engineer to find the most suitable motor
construction for a certain application.

A measure that is closely associated with the ef-
ficiency of the motor is the resistive loss in the wind-
ings. The instantaneous value of the resistive power
is obtained as

pL = iT1R1i1.

Substituting Eq. (7) into the above equation gives:

pL = QTKT
m(ϕ)R1Km(ϕ)Q . (8)

Assuming that the demanded bearing forces and tor-
que are constant - this is the case at steady-state op-
eration of the bearingless motor - the instantaneous
resistive power is only a function of the rotor angle.
For evaluation purposes, however, the average resis-
tive power at steady-state operation is a more mean-
ingful value than the instantaneous power. This fig-
ure can be calculated from (8) as

PL =
1

2π

2πZ
0

QTKT
m(ϕ)R1Km(ϕ)Q dϕ . (9)

Another very useful figure for the comparison of
different motor conceptions is the peak phase volt-
age that is required for a specified load condition.
According to the equivalent circuit of the bearing-
less motor, shown in Fig. 1, the phase voltage is
given as:

v1 = R1i1 +TTm(ϕ)

 ẋr

ω

+ L1 i̇1 , (10)
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where ẋr denotes the velocity of the rotor in radial
direction, ω is the rotational speed, and L1 is the
inductance matrix. In this equation the three terms
on the right-hand side represent the resistive voltage
drop, induced emf and inductive voltage drop, re-
spectively. With (7) the time derivative of the phase
currents results in:

i̇1 =
d (Km(ϕ)Q)

dt

i̇1 =
∂Km(ϕ)

∂ϕ
ωQ+Km(ϕ)

dQ

dt
. (11)

A simplified expression for the phase voltages can
be found when the resistive voltage drop R1i1 is ne-
glected and when it is assumed that the velocity of
the rotor in radial direction is ẋr small in magnitude.
Moreover, when the phase voltages are calculated at
a steady-state operating point the generalised force
vector Q is constant. Thus, the time derivative term
ofQ in Eq. (11) vanishes and the vector of the phase
voltages, then, is

v1 = TTm(ϕ)

 0

ω

+ L1
∂Km

∂ϕ
ωQ . (12)

The peak value of the phase voltage is a very help-
ful figure for the required DC-link voltage of the in-
verter. However, it has to be taken into consider-
ation that for dynamic operation a higher DC-link
voltage is required. This additional voltage is mainly
affected by the required dynamics of the bearing part
of the bearingless motor. A detailed derivation of the
voltage requirement for dynamic operation of mag-
netic bearings can be found in [7].

For the selection of the power semiconductors the
volt-ampere requirement of the inverter is an impor-
tant figure. Analyses of the VA rating for different
types of motors were made by several authors (e.g.
[4]) in the past. Different definitions for the VA rat-
ings were established, such as the inverter peak VA
rating and the VA rating in terms of inverter peak
voltage and rms current. In the context of bear-
ingless motors which are mainly used at higher ro-
tational speed, the VA rating in terms of inverter
peak voltage and rms current is more meaningful.
Because power electronic silicon die sizing is based
on thermal considerations and device losses rather
than on peak currents. Mathematically, the VA rat-
ing of the inverter can be written as:

PV A = VT
1peakI1rms , (13)

whereV1peak is the vector of the peak phase voltages
that can simply be evaluated from Eq. (12) and

I1rms is the vector of the rms currents resulting from
Eq. (7).

Assessment of bearingless motor de-
signs

In this section, different embodiments of bearing-
less slice motors should be assessed with regard to
the performance indexes presented in this paper.
The target application which the bearingless motor
should be employed in is specified by the maximum
rotational speed, the rated torque, and the maxi-
mum bearing force. For the design of the different
types of bearingless motors the following assump-
tions are taken:

• Rotor diameters and the stator bores are the
same for all motor designs.

• The volume of the magnetic material is the
same.

• Current density in the windings is equal at
rated torque.

• Flux density in the stator core caused by the
permanent magnets is the same.

The bearingless motors that are considered are
shown in Fig. 2 and should be referred to as follows:

(a) Bearingless motor with four concentrated coils
and four-pole PM rotor.

(b) Bearingless motor with five concentrated coils
and two-pole PM rotor.

(c) Bearingless motor with six concentrated coils
and two-pole PM rotor.

(d) Same as (c), but with separate bearing and
motor windings.

It is the characteristic of the motor embodiments
(a) to (c) that only concentrated coils are used which
contribute to force and torque generation at the same
time. In contrast, motor (d) features a separate
winding system for force and torque generation. The
corresponding inverter topologies for the different
motor embodiments are shown in Fig. 4.

The scaled resistive power loss of the different
motor embodiments is depicted in Fig. 3 for rated
output power and as a function of the bearing forces
required. The scaling factor that is used in this fig-
ure is the resistive power loss of motor (a) at rated
power and when no bearing forces are demanded.
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Motor (a) Motor (b) Motor (c) Motor (d)

Copper mass 233 g 414 g 421 g 456 g

Number of half bridges 4 5 6 6

TABLE 1: Figures that affect the system cost

The VA requirement in terms of peak phase volt-
age and rms current scaled to the rated mechanical
power of the motor is shown in Fig. 5 for the dif-
ferent motor designs. In this figure the efficiency of
the motor is not taken into account, and additional
phase voltages for dynamic operation are neglected.
Since the peak phase voltage is contained in the VA
requirements this performance index is not consid-
ered separately.

When the bearingless motor should be used for
mass products commercial aspects become almost
as important as technical ones. For this reason two
additional figures that have a strong impact on the
ststem cost are given in Table 1. The first is the mass
of copper needed for a specific motor setup. The
second concerns the inverter, namely the number of
half bridges of the inverter.

Conclusion

By means of the performance indexes which are de-
fined in this paper, it becomes feasible to find a de-
sign of a bearingless motor that best meets the re-
quirements of a certain application. Additionally,
it is even possible to find the most cost-effective
motor design that just suffices for the application.
However, application of the performance indexes is
only possible when the required forces and the rated
torque are exactly known. This requires for in-depth
knowledge of the application which the bearingless
motor should be employed in.
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