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Design and Development of a 26-Pole and 24-Slot Bearingless Motor
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Several processes in chemical, pharmaceutical, biotechnology and semiconductor industry require contactless levitation and rotation
through a hermetically closed process chamber. A highly interesting topology for these applications is the ‘“bearingless slice motor” con-
cept, where already some research has been done in the past. This paper presents the design, optimization and development of a 26-pole
and 24-slot bearingless motor, which promises high acceleration and bearing performance and an ultra-compact setup. A prototype with
a large rotor diameter and a large air-gap has been built to verify the simulation results by experiments.

Index Terms—AC motor drives, bearingless slice motors, magnetic levitation, permanent magnet motors, synchronous machines.

1. INTRODUCTION

OWADAYS, several processes in the chemical, pharma-
N ceutical and semiconductor industry are demanding for
ultra-clean environments [1]. In these applications, bearingless
motors offer a good possibility to guarantee a high cleanness,
since no particles are produced by wear of friction and no lubri-
cants are needed. By contactless levitation and rotation through
an enclosure the process can be hermetically encapsulated from
the drive and bearing electronics. Even though these motors are
characterized by higher costs due to complicated assembly and
control they are frequently employed in the aforementioned
areas due to their superior performance. Several different
setups for bearingless motors have been presented so far, such
as bearingless induction machines [2], consequent-pole-type
bearingless motors [3], switched reluctance bearingless motors
[4], bearingless brushless DC motors [5] and bearingless slice
motors with homopolar bearings [6].

Advanced concepts with high pole numbers have been
proposed, which achieve superior performance results, such
as a 8-pole 12-slot bearingless motor in [7], a 16-pole slotless
self-bearing motor in [8] or a multi-consequent-pole bearingless
motor in [9]. This paper presents the design and development
of a new bearingless motor with 26 rotor poles and 24 slots,
which is highly interesting for a large rotor diameter and large
air gap. The proposed concept guarantees a very high level of
compactness and superior suspension and torque performance,
which is achieved by the specific fractional slot/pole ratio along
with an appropriate winding scheme.

As known from literature, a fractional ratio z, of the number
of stator-teeth ¢ (which is equal to the number of stator slots)
and the number of poles 2p [10] can be used to reduce the cog-
ging torque of synchronous machines practically without lim-
iting the drive torque [11]-[13]. However, these asymmetric
winding configurations often produce undesirable radial forces
[14] in conventional machines, which result in stresses on the
mechanical bearings. The proposed bearingless motor concept
takes advantage of this fractional ratio to intentionally control
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the suspension forces in addition to the motor torque in a de-
coupled manner. If appropriate winding configurations for the
drive and bearing units are chosen, a highly compact setup with
excellent performance can be achieved with this concept. This
bearingless motor concept can be used to actively control three
degrees of freedom of a rotor: the deflections along the two
radial axes of the rotor x and y and the rotation angle «. By
using an auxiliary passive bearing (cf. slice motor concept [6])
or by combining two of these stator elements and an additional
thrust-bearing (cf. bearingless canned motor [15] and [16]) the
remaining three degrees of freedom, namely the tilting angles
¢, and ¢, and the deflection along the axial direction z, can be
stabilized.

II. PRINCIPLES OF THE BEARINGLESS MOTOR CONCEPT

The proposed bearingless motor consists of a stator, which
holds the bearing and drive windings as well as the position
and angular sensors, and a rotor with 2p permanent magnets.
Three degrees of freedom are controlled actively, namely the
radial displacement Az and Ay by the bearing windings and the
rotational angle a by the drive windings. The remaining three
degrees of freedom, the tilting angles ¢, and ¢, and the axial
deflection Az, are stabilized passively by reluctance forces of
the bearingless slice motor, as proposed in [6]. This allows a
very compact setup, as no additional thrust bearing is needed
and the maximal height of the bearingless motor is therefore
given by the stator height h. Although the bearing and drive units
can be integrated on the same stator, the drive torque Tp and
the bearing forces I, and Fy can be controlled in a decoupled
manner, as will be shown.

The key parameters of the setup are the number of stator teeth/
slots ¢, the number of rotor poles 2p and the fractional ratio
of these two parameters, respectively

o= ey
as well as the number of drive and bearing phases mq,, and
Mg, Tespectively. Each of the g stator teeth carries either a
drive winding or a bearing winding, whereby only concentrated
windings in an alternating drive/bearing sequence are consid-
ered in this paper. With this, the winding configurations for both
drive and bearing windings can be chosen in dependence on pa-
rameters ¢, p, Mdry and Mypg.
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Fig. 1. Motor (a) and bearing (b) winding concept of the bearingless slice motor
with ¢ = 24 slots and p = 13 pole-pairs.

A. Permanent Magnet Synchronous Drive

As known from literature the unwanted cogging torque can
be reduced by choosing a fractional ratio x, of the number of
stator teeth/slots and the number of rotor pole-pairs [11], [12].
If an appropriate drive winding scheme is chosen, a resulting
drive torque T'p can be achieved by applying a current with a
90 degree phase shift with respect to the permanent magnet flux
in the corresponding drive phase, as known from state-of-the-art
field orientated control for permanent magnet synchronous ma-
chines. This is shown exemplarily in Fig. 1(a). The parasitic ra-
dial forces generated by the drive currents can never produce a
resulting displacement force, as the parasitic radial forces gen-
erated by the two opposite stator teeth cancel each other, if the
rotor with the permanent magnets and the stator with the wind-
ings are designed perfectly symmetrical, as depicted in Fig. 1(a).
The resulting drive torque Tp can be calculated by the simpli-
fied equation

Mdrv

2 : kT : Ndrv . jdrv (2)

Tp =

where k is the torque:current-factor, Ngrv the number of drive
windings per phase, I4,, the peak current of the mg,, drive
phases.

B. Active Radial Magnetic Bearing

For an appropriate combination of ¢ and p, the rotor perma-
nent magnets are perfectly aligned to the stator teeth front faces.
The suspension forces F, and F, can be generated by an appro-
priate winding scheme (being different from the drive winding
scheme), where the opposite stator teeth carry reverse windings.
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Therefore, the radial forces generated by the currents of one of
the my,,,; bearing phases do not cancel each other but summa-
rize, because they point into the same direction, as depicted in
Fig. 1(b). On the other hand, the bearing windings can never
produce a resulting torque for any angular rotor position. For
the symmetrical case, the levitation force component F, in ra-
dial z-direction can be calculated by

Fo(6) = 3%

kp - Npng -fbng - cos(6) 3)

where kr is the force-current-factor, /Vi,,,, the number of drive
windings per phase, fbng the peak value of the ac currents
ibng(cv) in each of the my,,, bearing phases with a phase shift
of 360 deg/ming and ¢ the angle of the desired force with
respect to the z-axis. The force component F), in y-direction
can be calculated analogously. Since the phase currents depend
on the angular rotor position «, this angle has to be measured
precisely to control the direction of the resulting bearing force.
Experiments have shown, that for stable operation the mea-
sured angular position must not differ more than 420 electrical
degrees.

The radial displacement force F,. caused by the negative ra-
dial stiffness k,. according to

F, =Ar-k, @)

has to be counteracted actively by appropriate bearing forces
F, and F,. The following equation has to be fulfilled in order
to guarantee a stable operation of the active magnetic bearing
in radial direction within the maximal allowed radial deflection
ATH]&X
kr . A’rmax

kp > ang ' Ibng. @)
For a stable passive bearing in z-direction, also the following
equation has to be fulfilled:
m-g
Az

where m is the rotor weight and Az the maximal allowed axial
deflection of the rotor. A similar condition must be fulfilled for
the passive tilting forces with the tilting stiffness k., and the
maximal allowed tilting angle A¢p.

k. > (6)

III. SPECIFIC SYSTEM PARAMETERS AND WINDING CONCEPT

The key parameters of the system discussed in this paper have
been chosen as following: the number of stator teeth ¢ = 24,
the number of rotor permanent magnets 2p = 26, the number
of bearing and drive phases my,,; = 3 and mq,, = 3. Different
concepts have been analyzed, but the above mentioned topology
has emerged as the most promising one in sake of drive and
bearing performance and control effort for the intended maximal
rotational speed of 7, ;ax = 1500 r/min and the target outer
diameter of the system dgsgator = 500 mm, and a mechanical
air-gap of 6 = 7 mm.

Fig. 1(a) shows the drive winding concept for the chosen pa-
rameters ¢, p and mgq,. The flux is equally attenuated or am-
plified in the two opposite air-gaps, therefore no radial force is
resulting, for any currents in the drive phases Dy, Dy and Ds.
This reduces the controlling effort, as no parasitic radial forces,
which could influence the bearing have to be considered in the

Authorized licensed use limited to: ETH BIBLIOTHEK ZURICH. Downloaded on December 21, 2009 at 09:31 from IEEE Xplore. Restrictions apply.



4596

60 ~ Tp,16000 A-turns [NmM]
T 0N
E a0\
E 30 \ 100- Teogging [Nm] 78000 Avums [N
B I N\ e ———————
TN T 4000 Avums [N
< 20 <  T.4000 Aums [Nm]
S — -
10 e
~.< oo
15 20 25 30 35

Wigon [mMm]  —»

Fig. 2. Influence of the stator tooth width w;,otn on the cogging torque
Teogging and the drive torque Tp for different ampere-turns.

drive controlling scheme. Thus the control of the drive system is
a state-of-the-art field-oriented control of the permanent magnet
synchronous machine.

Fig. 1(b) shows how a radial suspension force F), can be gen-
erated by applying a current in the bearing windings for the spe-
cific system with ¢, p and my,,. For the depicted exemplary sit-
vation with the angular rotor position « and a bearing current
Iy, applied to phase B; (wound around the stator teeth 1, 7,
13 and 19), aradial force F). in negative z-direction is resulting.
The magnetic flux generated by the current in the phase B in
the right sided stator tooth 1 weakens the permanent magnet flux
in the air-gap, while in front on the opposite tooth 13 the flux
generated by the current in phase 31 accumulates to the perma-
nent magnet flux. Therefore, a region of dense air-gap flux is
generated on the left side while a sparse flux region is generated
in the air-gap on the right side, thus a radial force is resulting
towards the left side. With this, a suspension force in any de-
sired direction can be achieved for every possible angular rotor
position by air-gap-flux oriented control of the three bearing
phase currents B1, Bs, and Bs. An appropriate control scheme
is given in [17].

IV. PARAMETER OPTIMIZATION

After choosing a system topology with the key parameters
q, P, Mpng and mq, the remaining design parameters have to
be defined, namely the radial magnet length liagnet, the stator
and rotor height h and the stator tooth-width w;qotn. These de-
sign parameters can be found by optimization through simu-
lation tools. The goal of the optimization here is to find a pa-
rameter set with optimal acceleration and bearing performance,
which means maximizing the drive torque 7’p and the bearing
forces I, and Fy, as well as the axial stiffness & and the tilting
stiffness k., while the radial stiffness &, should be minimized.

3D-FEM simulations for all these design parameters have
been undertaken to find an optimal design. Fig. 2 shows ex-
emplarily the influence of the stator tooth width wioot, ON
the performance parameters drive torque Tp and cogging
torque Tcogging. Simulations with wieotn varying from 15 mm
to 35 mm have been undertaken for different ampere-turns,
whereby the number of drive windings Ng,, per phase has
been optimized to minimize the acceleration time %,cc,0—1500
in each case (since sufficient stator space is available, the
current densities of the windings in the stator slots are not the
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Fig. 3. Influence of the stator tooth width w¢,.¢n On the radial and axial stiff-
ness k.- and k., and the suspension force F.. for different ampere turns.
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Fig. 4. Photo of the experimental prototype.

limiting parameter). It can be seen that the drive torque Tp
is increasing with increasing tooth width, while the unwanted
cogging torque Teogging 18 decreased. For tooth widths above 25
mm the drive torque can no longer be increased significantly.
Similar simulations for the bearing performance have been
made for the same values of wyootn. In Fig. 3 it can be seen
that by increasing wiooth, both the negative radial and positive
axial stiffness are increased. The increased radial stiffness has
to be counteracted by higher levitation forces, which are also
increasing with wyootn for a specific number of ampere-turns.
Apparently, k, has a stronger rise than the levitation force F.
From this point of view, a smaller value of w;,oth S€ems to be
preferable for the bearing stability, which is contradictory to
the wyootn for optimal drive performance. As a compromise,
for the prototype the stator tooth width has been chosen as
Wiooth = 20 mm, as this promises a high torque as well as a
high axial stiffness and a reasonable low radial stiffness.

Similar simulations have been made to find optimal values of
the stator height Agtator and the radial magnet length liagnet-
The chosen values are given in Table .

V. EXPERIMENTAL PERFORMANCE OF THE PROTOTYPE

A laboratory prototype with the optimized design parameters
has been built, which is depicted in Fig. 4, where also the most
important parts are labeled. Also the most important achieved
performance results are given at the end of Table I, and com-
pared to the simulated values.

For a maximal drive current I ;v max,rRMs = 10 A, accelera-
tion from O r/min to 1500 r/min lasts 1510 ms, which is in very
good accordance to the analytically calculated value (1495 ms)
based on simulation results of the drive torque. Fig. 5 shows the
drive and bearing currents /4., and Iy, of one phase and the
radial deflection Ar during acceleration and deceleration. The
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TABLE 1
PROPERTIES AND PARAMETERS OF THE LABORATORY PROTOTYPE

parameter symbol  value' value’ unit
Number of stator teeth / slots ¢ 24

Number of drive teeth Garv 12

Number of bearing teeth Ging 12

Number of rotor poles 2p 26

Number of bearing phases Mipng 3

Number drive phases My 3

Number of drive windings N 200 turns/phase
Number of bearing windings  Npng 400 turns/phase
Maximum rotational speed Ay max 1500 r/min
Stator tooth width Wiooth 20 mm
Permanent magnet length nagnet 20 mm

Stator iron height Pstator 20 mm

Stator outer diameter Astator 500 mm

Rotor weight Myoror 4.2 kg
Mechanical air-gap J 7 mm

Axial stiffness k. 20.1 N/mm
Tilting stiffness k, 4.7 Nm/deg
Radial stiffness k, 70.0 75.9 N/mm
Force-current factor kr 18.5 25.8 mN/(A-turns)
Torque-current factor kr 3.1 mNm/(A-turns)
Acceleration time tace.0-1500 1495 1510 ms

Rated torque Tp 13.1 Nm

Rated drive current Iprms 10 A
Maximum power Priax 1.6 kW
Maximum bearing force Frax 155 N

Ang. pos. sensor accuracy Aa +3.5 electrical deg

value' gained from 3D-FEM simulations and value® gained from experi-
mental results of the laboratory prototype
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Fig. 5. Acceleration and bearing performance of the prototype from O r/min
to 1500 r/min. (scales: CHI1: n,, 2000 r/min/div, CH2: I4,,, 10 A/div, CH3:
Ar,50 pm/div, CH4: I, 10 A/div.).

maximal radial deflection of 69 pm during acceleration is ac-
ceptable for the intended applications in process industry and in
standstill it is even smaller than 10 pm.

VI. CONCLUSION

This paper describes a new bearingless motor with 26 rotor
poles and 24 stator slots, which is of high interest for several
industry branches, where spin processes in a high-purity envi-
ronment have to be performed. The proposed concept features
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high acceleration capability and an ultra-compact setup with
low control effort. In this paper, the functionality of the mag-
netic bearing and the permanent magnet synchronous drive is
explained and guidelines for the optimization of the design are
presented. Finally, the theoretical considerations and simulation
results have been verified by measurements of the achievable
bearing and acceleration performance on a prototype.
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