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Abstract—This paper focuses on the operational behavior of two alternating permanent magnetic air gap field. Based on that
bearingless reluctance slice motor prototypes. After a brief work, two prototype drives have been optimized, fabricated
introduction of the two systems, experiences, obtained from both and put into operation recently [6], [8]. This paper now

novel bearingless drives, are presented. On this basis,focuses on the experiences obtained from the manufactured
communalities and differences, in various areas, e.g.heteropolar and homopolar bearingless motor and points out

construction, geometric constraints, winding systems, force 10 the differences in their characteristic behaviour based on
torque ratio, power electronic utilization and efficiency, will be  aasurement results.

outlined. This will help to point out the applicability of the

reluctance slice motor concepts for industrial utilization. B. Homopolar Design
The setup of the homopolar bearingless reluctance slice
l.  INTRODUCTION motor is depicted in Fig. 1. The rotor is an iron ring featuring
four salient poles on the outer side and a circular surface on
A. Bearingless Reluctance Sice Motors the inside. The stator composition resembles a temple motor

Contactless operation and therefore, no Iubrication, ggsign [1], where the six stator teeth are bent in axial direction
mechanical wear and loss, extreme cleanness and puff)d are closed over a back yoke plate on the bottom of the
superior tightness as well as no need for seals are advant&jeem- Hence, the winding axes of the stator coils are parallel
of magnetically levitated systems. However, due to ifi@ the rotor axis. However, common temple motor designs do
relatively high cost magnetic levitation is normally used iAOt have a stator permanent magnet and the stator flux
very specialized areas and has not been implemented in | lector plate. It |s_also visible that the illustrated deS|gn_
scale mass production. A design that has the capabilityf tures two radial air gaps between rotor and stator. There is
reduce the mechanical complexity and therefore producti®fe gap between the stator teeth and the rotor and an
cost, are bearingless motors. These magnetically levitagéflitional one between the rotor and the stator flux collector
drives are very compact and combine the generation of mdi#te: The cylindrical stator permanent magnet is axially
torque and suspension force in one common unit. The pas§li)}%9”et'ZeOI and creates a homopolar bias flux in both air gaps.
stabilization of various degrees of freedom by a permané— electromagnetic flux created by the stator coils passes
magnetic flux in the air gap further reduces the complexity. In
bearingless slice motors the axial and tilting directions are , PM
passively stabilized and the radial suspension forces and the bias flux ©)
motor torque are created actively, featuring a fully NSRS

magnetically levitated system of low mechanical complexity ®
[1]. Pumps [2] and stirrers [3] are the main field of application
for this topology by now.

However, the passive air gap field is normally created by
permanent magnets located in the rotor. Thus, the rotor of
bearingless motors resembles rotors of synchronous machines,
with surface mounted, interior or inset permanent magnets [4].
Only recently, first theoretical works have been published on
bearingless slice motors that have no permanent magnets in

stator —__ N}
magnet

.‘;\ flux —|
i collector

late
the rotor, but in the stator. These designs are called bearingless i ’
reluctance slice motors. No permanent magnets lead to very .1/ stator
cheap and robust rotors. This is important especially in i tooth ®
disposables and high temperature applications. In previous i ORI
works the authors introduced theoretical considerations about - Siztﬁr\ O)

homopolar and heteropolar bearingless reluctance slice motors !

[5] H9m0p0|ar.dr'ves feature a unipolar perman_ent magneBE]ure 1. Composition of an 6/4 bearingless homoploar reluctance
field in the air gap, whereas heteropolar drives poss&fsior (featuring six stator teeth and four rotor teeth).
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sidered homopolar reluctance drive, radial suspension force
stator  and torque generation are decoupled in this bearingless drive.
magnet The prototype features twelve stator coils and a rotor with
ten poles [8]. Figure 4 depicts a picture of the manufactured
bearingless flux-switching motor. The stator iron is held in an
aluminium frame to strengthen the structure. The permanent
magnets are glued in pockets that separate the stator ele-
ments. The externally wound stator coils are easily slipped on
the stator teeth and connected accordingly.

rotor
iron

stator
tooth

stator flux
collector plate

stator @

coil

Figure 2. Rotor and stator of the bearingless homopolar reluctance
motor prototype.

suspension

over the stator teeth and the rotor. Thus, the flux collec 23 winding
plate and the stator permanent magnet are not permeated-by
the coil flux path. However, each one of the six stator coils is
capable to create coupled radial bearing forces and drive
torque in dependence on the rotor angle.

Figure 2 depicts a photo of the manufactured prototype [6].
The six concentric coils are connected in two double star ‘
systems. All phases are capable to create both radial
suspension forces and motor torque in dependence on the rotor
angle.

C. Heteropolar Design

The main and striking constructional characteristic of the
flux-switching motor, depicted in Fig.3 and 4, is the
p|acement of the permanent magnets_ They are located in Fﬂggre 3. Principle cross section of the built flm«_vitching m(_)tor .Wiﬂ
midst of the stator teeth and separate them elect%glve stator and ten rotor teeth. The arrows indicate the direction
magnetically. The flux lines of each permanent magnet clo@%gnenzatlon'
mainly over the neighbouring stator teeth and, thus, do not
penetrate the whole air gap, but only influence the air gap  ,crmanent
region close to the permanent magnet, creating two opposing  magnets
magnetic poles in the air gap and therefore a heteropolar
magnetic air gap field around the circumference. guator
Unfortunately, there is also a considerable amount of fringing iron
flux closing over the outer side of the stator. To keep this
kind of stray flux low, a small air gap length (compared to the
magnet width) is favourable and necessary.

However, the air gap flux density in flux-switching
machines is often higher than in comparable other electric
machines, leading to an increased torque capacity [9]. This is
due to the flux concentration capability of the construction.
The surfaces of the stator teeth normal to the magnetization
direction collect permanent magnetic flux and concentrate it
towards the much smaller area of the stator teeth adjoining
the air gap.

In this novel kind of bearingless motor, two separated . minum
three phase winding systems are placed. One phase consists frame
of two opposing coils. In dependence of their referring coll
turn direction, either suspension force or drive torque #Syure 4. Stator of the bearingless fliswitching slice motor prototy
created by the considered phase. Thus, in contrast to the egtheut coils (left) and fully assembled (right).
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II.  COMPARISON OF THESYSTEMS 1

o | el N
Both systems feature very different geometric sizes but are&  osf }g;(')-l; ............................ 1
driven by the same power electronics, featuring six half 2 S o6t Hal fOré'ci}- .......................... |
bridges with a DC voltage link of 300V and a maximum &£ oaf o ]
effective current of 15A. Thus, the electrical maximum input % 2 oaf i
power is the same. In the following sections certain 5 £ Tangential force F,
characteristics of the two prototypes are considered andéé ol |
discussed. Rk B S
N & M S 1
. S S 06f S 7
A. Geometric System Values gw o
The two considered bearingless reluctance slice motor~ ;1 ‘ ‘ ‘ ‘ ‘
prototypes feature a quite different geometry. Table | 0 60 120 180 240 300 360
summarizes the main values. Comparing the gap factor Rotor angle (in © el.)
> Figure 5. Resulting force and torque of one phase over the rotor angle at
g=— (1) constant current linkage for the homopolar slice motor prototype.

1

with gnom = 0.074 and g = 0.02 it becomes obvious that the
heteropolar flux-switching motor seems not very suitable for g 081
large air gaps. This originates from the distinct permanents 0.6
magnetic fringing flux paths (on the outer side of the stator),s
that rise significantly with increasing air gap. Thus, the per-2
formance of the flux-switching designs decreases strongly fo
larger air gaps. This is not the case for the homopolar design.

04t
02 F
0F

02 %

B. Force and Torque Generation o4
The generation of force and torque works very different in>

the two considered systems. As indicated in [6] for the L

homopolar motor, each single phase creates both bearing 1 w0 T 180 210 300 250

forces and motor torque. Nevertheless it is feasible to use two Rotor angle (in ° el.)

separated 3-phase systems. Concerning the heteropolar gy 6. Bearing force (of a bearing phase) and motor torque (of a torque

there is are separated 3-phases system; one for toffjdee) over the rotor angle at constant current linkage for the heteropolar

generation and another for force generation. The phal®e motor prototype.

characteristic of both systems is shown in Fig. 5 and 6. From

these phases characteristic performance factors can be derivegiowever, the following analysis enables a comparison of

that describe the overall behaviour of the drive in Comparisﬁ6m0p0|ar and heteropolar torque generation Capabmty

to the phase characteristic [5], [7]. Due to the fact that theggsyming sinusoidal flux linkage in the coils, the drive
factors are related to the phase characteristic, they canno&}p&ue

compared for different design principles, but they show that

the bearingless motor operation of both reluctance motors is 0¥, (¢) A

limited to only a few design variants. Concerning six phases T(¢):T's = N,A,,Bcos@) (2)
only the 6-4 stator-rotor teeth design is reasonable for

homopolar drives. For the six phases heteropolar fluxolds true. Considering non-saturated machines, for

switching motor a bearingless operation is only feasible for thgteropolar drives the magnetic field strength in a stator tooth
12-10 and 12-16 topologies (when single phase toraygciyates in the range

characteristics are not under consideration).

-0.6

ormalized suspension f¢
and drive torque of one phase

0.8 . .'." ~d

By <B (¢) <Bg. ()
TABLE I. GEOMETRIC ANDMATERIAL PARAMETERSS In contrast to that, for homopolar drives the field in the tooth
Variable Description Value Unit yields
hom. het.
h, axial rotor height 17 10 mm 0< B,y (#) <Bg- 4)
dro outer rotor diameter 65 150 mn|
) mechanical air gap 4.8 3 mn Thus, it becomes clear, that for the machines of the same size
dsy system outer diametef 130 280 mm  with the same material utilization the homopolar and
he system axial length 130 35 mm heteropolar mean drive torque can be estimated by the
n number of rotor teeth 4 10 relation
Ng number of stator teeth 6 12 _ _
stator and rotor material M330-50A The (¢) =200 (¢) . (5)
stator permanent magnet material N42 N38
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This impliess that for well utilized machines the torque densi

of homopolar drives will be superior to that of heteropola

motors. However, this consideration does not hold true f

force generation. About the same force densities are possi

with both machines.

C. Winding Scheme and Outline
As mentioned before the used winding schemes for t

two considered drives are quite different, although bo
systems feature a double 3-phase star connected wing

configuration. Figure 7 illustrates both of these windin

i TABLE II. KEY PARAMETERS OF THEPROTOTYPEW
Variable Description Value Unit
( hom. | het.
K, radial stiffness -60 -41.6 N/mm
k, axial stiffness 34 7.3 N/mm
Ky tilt stiffness 1 214 Nm/rad
Fip force capacity/phase 20 18 mN/Aturn
I Top torque capacity/phase 0.1 0.45 mNm/Aturn
t NS windings per coll 250 80 turns
N coils per phase 1 2
« n rated speed 1000 3000 rpm
LT, rated torque 0.65 1.6 Nm

systems. Due to the double 3-phase star connections only

currents needs to be measured for the nested curn

controllers in both prototypes.

The setting of the coil turn numbers can be consider
easier in the separated winding system of the heteropolar fl

switching motor, because the suspension and drive coils can
be designed independently and, thus, differently. In the

combined winding system of the bearingless homopolar dri

the set coil turn number influences both suspension and%

torque.

A remarkable issue of the two prototype drives is the poor

power factor because of the large stator inductivities due to
small magnetic air gap [11].

Double three-phase winding system
for combined torque and force creation

Figure 7. Winding schemes fadhe heteropolar (top) and the homop
(bottom) prototype machine.
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Figure 8. Torque-speetharacteristics of the two bearingless reluct
slice motors.

D. Operational Characteristic

The principal characteristics of both bearingless reluctance
drives is the same as in permanent magnet excited bearingless
synchronous machines. Even though the rotor has salient
poles, the force and torque dependency from the stator
currents is linear, due to the high permanent magnetic bias
flux in the air gap. The torque created by the variance of the
inductivity over the rotor angle is negligible. Force and torque
measurements can be found in [6] and [7]. Figure 8 shows the
torque-speed curve of both drives. It is clearly visible that the
heteropolar flux-switching motor features higher output
power. This is mainly because of its much larger rotor
diameter and smaller air gap.

Concerning the motor losses and their efficiency
measurements are currently conducted. First results are
presented in [10]. Regarding the idle losses it is expected that
homopolar drives are superior due to the reduced magnetic
field variation.

After putting both systems into operation successfully, it
can be claimed that their operational, dynamic and control
characteristic and behaviour is very similar to common rotor
permanent magnet excited slice motofdwus, it has been
shown that these new drive concepts represent feasible
alternatives to state-of-the-art bearingless slice motors,
especially in disposable systems and high temperature
applications.
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