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Abstract

Bearingless permanent magnet motors are very cttmgrad favorable for high speed
designs. Especially the bearingless slice motangua permanent magnet excited rotor disc)
features a mechanically simple and very cost effedully magnetically levitated system by
stabilizing some degrees of freedom by permanegneti reluctance forces.

This work focuses on constructional possibiliiesapply the slice rotor principle with its
passive stabilization without any permanent magiretbe rotor part. As a matter of fact, the
permanent magnets are necessary and are therefoméed in the stator. Possible stator
compositions are outlined and separated into hotaoamd heteropolar permanent magnet air
gap flux types. The definition of performance paetens allows evaluating the operational
behavior of the two considered bearingless relwetatice motor types (one with hompolar and
one with heteropolar air gap flux distribution).

The composition, optimization and constructionafrototype are outlined in the last
section. Measurements are conducted to show thpeprfunctionality of the bearingless
reluctance slice motor prototype.

1 Introduction

During the last few years a lot of research has e to work out different concepts for bearisgldrives and
bearingless motors in particular [1]. Bearinglesstars are capable of creating radial bearing foraed drive
torque with one common lamination stack. Therefarery compact magnetically suspended systems can be
designed that are well suited for high speed ojmrd®], [3] and for high purity environments by rheetically
sealing the rotor from the stator [4]. To reducstesn complexity, a very simple mechanical designtmaachieved
using bearingless slice motors, where the axialtipasand tilting effects are passively stabilizey permanent
magnetic reluctance forces [5]. The permanent maghat produce the air gap field (necessary fabibtation,
bearing forces and motor torque) are normally ledain or in the rotor [6], [7].

However, in some applications the rotor is a disyiate (e. g. in medical blood pumps) or can beceang hot.
For this reason permanent rotor magnets are urdbl®due to their high price and temperature litioitess. Thus, in
this work bearingless slice motors without any negnmaterial in the rotor are studied, leadingtdantly to
bearingless reluctance motors, which are biaseu ftator permanent magnets, to create the passlivetance
forces for the stabilization of some degrees aédiem.

Bearingless reluctance motors are well known terditure [8]-[10]. They are reported to posses®riait
advantageous features such as fail safe, robustlmwgscost and possible operation in high tempeegtior in
intense temperature variations. Torque is prodigechagnetic attraction of rotor and stator poles] a significant
amount of radial force can be produced in the m®ce

There are also reluctance rotor drive systems withventional mechanical bearings, featuring peenan
magnets in the stator. They are called alternabe-dlvitching or (hybrid excitation) doubly salie(germanent
magnet) machines [11]. They are of interest dubdeo simple and robust rotor design and their haglque density.
However, up to now no bearingless reluctance sfiotor design was reported in literature.
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2 Constructional Examples

This section deals with possible design variantsbigaringless reluctance slice motors. Whereasttseonly a
small variety in rotor designs, the compositionhaf stator can be manifold.

2.1 Reductance Rotor Variants

The rotor topology for bearingless slice reluctanuator relates to the rotor of common switched yorchronous

reluctance drives. Basically there are only twdedént rotor types. The left cross section in Bighows a rotor that
features flux barriers to create the saliency. dhter surface of the rotor can be circular in ttaése. The rotor
depicted on the right-hand side features an altieignair gap to create the rotor angle dependdnctance which is

needed for torque generation.
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Figure 1: Common reluctance rotor topologies, featufour pole pairs

2.1 Stator Variants

In contrast to the classical approach, bearingiése reluctance motors must incorporate the peemamagnets in
the stator and not in the rotor. In this case teem@anent magnet air gap bias flux density mighubipolar or
bipolar around the circumference. The followingteets discuss different stator design variants.

24.1 Heteropolar air gap flux distribution

Stator compositions that possess alternating pegntanagnet bias flux distributions in the air gaps referred as
heteropolar bearingless reluctance slice motoggrgi2 and 3 show possible variants of this kintexringless rel-
uctance slice motor. The permanent magnetic fluesliclose in two dimensional planes normal to tbeomaxis.

Referring to common electrical drives, the righiss section in Fig. 2 is called alternate fluxtshing drive.
In this drive the permanent magnets are buriechéindtator, whereas on the left-hand side the sf@omanent
magnets are surface mounted. Both cross sectiahgéfour stator teeth, each holding a concemtraiading. The
permanent magnets create two alternating magneliés pn each stator tooth. An excitation of a wdlil strengthen
one permanent magnetic pole, while simultaneoustgkening the other magnetic pole of the statorhto®his
leads to a rotor angle dependent generation ofilrddiaring forces and motor torque. It is also obsithat the
permanent magnetic induced voltage in the statits ace varied by the rotor angle dependant rehcda

Alternative stator setups are visualized in FigTBese motor cross sections are often referregistdoubly
salient permanent magnet machines. In the depictess sections, the stators feature concentris e@mund around
one stator tooth. In contrast to the previous desig Fig. 2, there exists only one magnetic pae gtator tooth.
With reference to first finite element investigat$p these motors do possess strong reluctancesfdige to the
stator currents and are therefore hard to coniiobre are some further possible types of heterogigaringless
reluctance slice motors. Some of these can be foufi2].
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Figure 2: Cross sections of two heteropolar bedgggreluctance slice motor variants.
The permanent magnets create two opposing polesamstator tooth.
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Figure 3: Cross sections of two heteropolar besgggreluctance slice motors.
Each stator tooth features one permanent magratc p

24.1 Homopolar air gap flux distribution

In order to reduce iron losses especially at végh Bpeeds, a homopolar magnetic bias flux is ofteed in active
magnetic bearings. Such a flux distribution caro de achieved in bearingless reluctance slice moteigure 4
shows two different examples. In contrast to hgtelarly biased motors, a three dimensional fluxriiation
mostly along radial and axial direction becomeseseary. The homopolar bearingless reluctance sfictor
features two air gaps, an outer and an inner gapele® rotor and stator. The flux lines penetragertitor from the
outer air gap and leave the rotor by the innelgap. Thus, the outer and inner air gap featuresnaopolar flux
distribution. Both air gap fields create stabilgireluctance forces in axial and tilting directigh.sealing of the
rotor into a tight hermetic chamber might be moiffadiit compared to the heteropolar designs due tihio air
gaps.

The left design in Fig. 4 is a so-called templeionoThe stator teeth are bent in axial directiod ¢he stator
coils are wound around these axial parts. An axiathgnetized permanent magnet cylinder in the eargates the
bias flux in the air gaps. A cover plate on topghef magnet leads the flux from the stator intortiter part.

An axially more compact homopolar bearinglessesheotor design variant is depicted on the right s
Fig. 4. The coils are placed on the stator teethaifial direction. In contrast to the temple motasign, the
electromagnetic coil flux is kept within planes mal to the motor axis. The bias flux is createddnyaxially
magnetized permanent magnet ring on the statotéy gide.

The basic magnetic characteristics as well asatoe and torque generation capability are quitgaépr both
illustrated concepts.
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Figure 4: Composition of two different homopolaakagless reluctance slice motor designs.
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3 Control of the Bearingless Slice Motor

This section focuses on the theoretical backgranfnthe combined force and torque generation by @sramon
winding system in bearingless slice motors. Attfitke mathematical model is derived. The separatiobearing
forces and motor torque by a proper excitatiorhefdoils is outlined. Finally, performance paramsetege defined.

3.1 Forceand Torque Generation

It is known from [13], that by the help of the Magllvstress tensor for any motor in centered rotsitpn the
resulting radial forceB, andF, together with the motor torquie can be described generally by

FX (¢r) isT lem Ole
I:y (¢r) = lem isT lem TQ (¢r)is+TL (¢r)is+TN (¢r)’ (1)
TZ (¢r) lem lem isT

whereis represents the stator coil current vector compaddtie m phase current®y. specifies a zero matrix of
the subscripted order ang] describes the rotor angle. Nonlinear effects (Blguration or demagnetization) are
neglected in this modeling.

However, in (1) there is a term with a quadrafig(@,)), a linear T.(#)) and no Tn(#r)) dependency on the
stator current vectoiT o(¢@;) represents the reluctance forces and torque altleet stator currents aridy(¢;) the
reluctance forces and torque due to the permanegnets. NormallyTy(#;) is small and can be neglected or
compensated. A Taylor series development of firstep at zero phase currents leaves only the licearent
dependency of the bearing forces and motor torque

_Ey(ﬁg)g =T, (4,)i.. @

This linearization is only valid, when the forcemldorque created by the stator currents even wualeideration of
the To(@r)-term remain approximately linear. That is onlg tase when the quadratic force and torque componen
is much smaller than the linear term. For surfaceimbed rotor magnets but also for a lot of buried aset rotor
permanent magnets this assumption holds true.
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To obtain the entries of the matifx(¢;) one phase has to be energized with a constamet@yotive force.
The linear motor torque and the resulting lineacds inx.- andy,-direction, which are exerted on the rotor over a
full electric period, represent the data of oneuoot in the matrix (referring to the chosen statorent). For a
symmetric stator arrangement and a winding systghere the neighboring phases are shifted by a média
angle of

rT=—om, 3)
m

the entries off .(¢;) are not independent from each other. This preitionds very often fulfilled. Thus, the whole
matrix can be computed from one column by the dsevo coordinate transformations. The first considthe
geometric displacement of the phases, the secdwed the different rotor angle positions with refere to each
phase into account. The phases representation of this matrix

Tll ¢r T21 ¢r T31 ¢r Tml ¢r
T (¢,) = To(2 ) Told) Told T ol & (4)
T13 ¢r T23 ¢r T33 ¢r Tm3 ¢r

can be computed from the first row for all] N|1s n < mby

106 ) |<| snlrin-3)  oofrln- 3] 4 Tafe-rau(o- ) ©
' 0 0 Ts(@ -7, (n_l)

Tnl%;bré cosér(n— :I); - sif{r(n-}) T.(4, -7p, (n-1)

n3

It is assumed that all neighbouring phases ardddda ascending order over the circumference efstator. Using
(5) to compute all entries of (#) from one column reduces the needed computatitmal for finite element
simulations drastically. However, it is importantdonsider that a computation of forces and totou@ (¢g,) will
only lead to valid results for negligible influenoé the nonlinear effects and @fo(¢;). For reluctance rotors,
especially the latter condition is not necessadrilg (as it is nearly always in permanent magneitea rotors) and
must be checked carefully.

3.2 Decoupling of Forceand Torque

The matrixT (¢&;) gives the relation of the bearing forces andriwor torque generated by the energized stator
coils. For the control scheme, the inverse relagameeded. To allow an inversion,

T (8K (8) =1, 6)

has to be true. By the help Kf (¢;), the currents can be computed, which have taripeassed into the coils for
creating a defined bearing force and motor torgye,

FXE¢rg
i,=K_(¢,) F (4 )| (7)
T

.(#:)

A possible solution for this problem is given by thseudo-inverse (Moore-Penrose-inverse) [14] nigiimg the
copper losses and yields

K (8)=T.(¢) (TL ()7 (4, )T) : ®)
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3.3 Performance Parameters

To judge the operational behavior of the bearimgie reluctance motor performance parameterseeified.
For this reason a force factiqrand a torque factdg are defined. The force factor represents the taiaveen the
maximum phase force and the minimum overall forfcthe whole motor (contributed properly by allphases) for
a maximum allowed current linkage per coil. Theytar factor describes the same ratio for the morgue. When
k.ij(#r) stands for the entry of the matKx (¢;) in columni and rowj, the referring force factor is defined by

k _ Fovera]l,n'in _ . l
0= =min 9)
thase‘mx i=1,2 %ax kL,ij (¢, )|
and the torque factor yields
T .
k[ — overall,mn __ l (10)

Tphase,max B nraxl I(L,3j (¢I’ )|

accordingly. It is obvious that the factors mustsbaaller than or equal tm, the total phase number. Referring to
common drives with mechanical bearings and idemissiidal induced voltage, the torque factor is redlyrmm/2.

4  Homopolar Bearingless Reluctance Slice M otor

4.1 Principleof Operation

In homopolar bearingless reluctance slice motoesftince generation works similar to permanent magiesed
active magnetic bearings. The bias flux is stremggld or weakened by the electromagnetic flux cdebteone
stator coil, leading to a radial pull or push fortcevards the energized concentric stator coil [I3]e to the
reluctance of the rotor the resulting force is oohstant over the rotor angle. Normally, thereril/@ negligible
force component in tangential direction of the gimyd stator tooth.

The variation in the permanent magnet bias flugrdtie rotor angle and its dependency on the w@abget lead
to a variation in the flux linkage of the statoils@nd, therefore, to an induced voltage and tergeneration. In a
first approximation this torque characteristic tenmodeled sinusoidally. Figure 5 depicts the anoed force and
torque behavior of one phase over the rotor arggle tonstant current linkage.
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Figure 5: Bearing force and torque characteridtien® phase of a homopolar reluctance slice matoomstant
current linkage. The force is separated in radid tangential direction with reference to the ergegj coil.
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It can be seen that the curves have been norrdalizeey are related to their maximum value andthos
within a range of -1 and 1.

4.2 Performance Comparison

The force and torque curves in Fig. 5 are represeby the entries of one column of the mafriXg,). Using (5),
the overall matrix can be computed. Thus, &g@g,) and furthermore also the performance paramétensdk, can
be derived. It is obvious that they are all depenaa the number of rotor pole papsand the number of stator
teeth, which is equal to the number of motor phasés the considered case. For reluctance motorsitingber of
pole pairs is defined as the number of inductipityiods over one full mechanical rotation.

Table 1 contains the performance parameters fartftonine phase machines with rotor pole pairmftao to
eight. It is clearly visible that some combinatiqfesaturing higher performance factors) lead toesigp machines.
A torque factoik, of zero indicates single phase characteristibefdrive system, which can be acceptable for some
applications. The motors, whose performance faaoesplotted in faded numbers, refer to unlikebtat phase to
rotor pole pair combinations due to geometricalrigtfons.

p=2 p=3 p=4 p=5 p=6 p=7 p=8
kf:1.0 kf:0.4 kf:1.0 kf:0.4 kf:1.0 kf:0.4 kf:10

M4 =00 k=04 k=00 k=04 k=00 k=04 k=0.0
m=5 k=16 k=16 k=04 k=13 k=04 k=16 Kk=1.6
k=2.1 k=2.1 k=05 k=00 k=05 k=2.1 k=2.1

=6 kf:2.l kf:2.l kf:21 kf:0.5 kf:1.6 kf:0.5 kf:21
k=29 k=0 k=29 k=06 k=0.0 k=0.6 k=2.9

=7 kf:2.3 kf:2.3 kf:25 kf:0.5 kf:1.8 k(:05
k=3.2  Kk=3.2 | k=35 Kk=0.6 k=0.0 k=0.6

=8 kf:2.5 kf:2.5 kf:30 kf:0.6 k(:21
k=0.0 Kk=4.0 k=4.0 k=08 k=0.0

9 k=3.0 k=3.0 k=32 k=0.7

k=4.0 k=43 k=45 k=0.8

Table 1: Performance parameters of the homopokmirggess reluctance slice motor

When taking a closer look at Table 1 it becomeardiat a choice o= p, +2 for m> 4 will lead to favorable
designs concerning high force and torque factdnes@ designs are marked by the grey backgrour iohart.

5 Heteropolar Bearingless Reluctance Slice M otor

Concerning the heteropolar bearingless reluctaliwe motors, a lot of different stator variants areginable [12].
Unfortunately, they do not feature a unique beaforge and torque characteristic. The two desigepjcted in
Fig. 3, show a very strong reluctance term duééocurrents, which leads to the fact, that thealiization (2) is not
a valid description.

The next sections concern (and hold true) forkdbaringless reluctance drives visible in Fig. 2eyfieature
nearly the same approximately linear operationatatteristic. So (2) is an applicable mathematleakription.

5.1 Principleof Operation

The linear force and torque characteristic of tkarimgless reluctance drives featuring two permaneagnetic
poles on one stator tooth are illustrated in Figlife torque characteristic is approximated byraisiidal curve.
The force orbit is ellipsoidal, which is very comm@ permanent magnet excited bearingless sliceomndi6].
Unique is the deflection of the orbit in tangentditection (with reference to the energized statoil). This
behavior results from the fact that each statothtdeatures a permanent magnetic pole pair. Thetreleagnetic
flux of one coil therefore weakens and strengtitbegpermanent magnetic poles of one stator toathlsneously,
resulting in a radial and tangential force.
The curves of Fig. 6 have been normalized andrarerelated to their maximum value.
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Figure 6: Bearing force and torque characteridticn® phase of the considered heteropolar reluetalwe motors
at constant current linkage.

5.2 Performance Comparison

With the help of the bearing force and torque cttaristic the performance parameters can be cormdpiate
different rotor pole pair and stator phase comliamst Table 2 contains all the performance parammdte four to
nine stator phases combined with rotor pole painnftwo to nine.

p~=2 p~=3 p=4 p=5 p,=6 p~=7 p~=8 [
k=0.0 Kk=0.0 k=0.0 k=1.0 Kk=0.0 k=0.0 k=0.0

M4 k=00 k=00 k=0.0 k=13 k=00 k=00 k=0.0
o5 k=00 k=1l k=ll k=00 k=11 k=00 k=11 k=1.1
k=0.0 k=12 k=12 k=00 k=17 k=0.0 k=12 k=1.2
s k=00 k=15 k=14 k=13 k=00 k=14 k=00 k=1.0
k=0.0 k=0.0 k=3.0 k=15 k=0.0 k=20 k=0.0 k=0.0
7 k=17 k=15 k=17 k=15 k=0.0 k=15 k=0.0
k=3.5 k=17 k=35 k=17 k=0.0 k=2.3 k=0.0
8 k=2.0 k=19 k=2.0 k=18 k=0.0 k=1.8
k=0.0 k=4.0 k=4.0 k=20 k=00 k=27
g k=2.0 k=23 k=2.3 k=2.0 k=0.0
k=2.3 k=45 k=45 k=2.3 k=0.0

Table 2: Performance parameters of the consideztdpolar bearingless reluctance slice motor.

Designs that fulfillm=p, -1 or m= p, +2 with m>5 will result in promising designs concerning higitde and

torque generation capability with respect to onasgh The most advantageous designs are indicated dogy
background in the table.

It is visible in Table 2 that there are combinatideaturing single phase characteristic in thguerand also in
the bearing force. All combinations, that possessd factors of zero, are not able to work as ngéess motor
properly and are marked with red backgrounds. Dugdometrical restrictions some motor combinatians
unfavorable, their performance factors are faded.

Comparing Table 1 and 2 it becomes obvious, thatforce factors of the favorable homopolar bedeiss
motors are higher than for advantageous heteropotdor types. In contrast to that, the torque feciare in a
comparable range.

Considering four phase machines, the heterop@aritgless slice motor with five rotor pole paiestures an
outstanding performance in both force and torquefas, all bearingless motors (with permanent magxeited
rotors) with only four concentric coils in the stahave possessed single phase torque characteribtiis is not the
case with the considered heteropolar bearinglésstamce slice motor with, equal to five.
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5.3 Prototype Motor

With the help of Table 2, a prototype design wassen. It was stated before that a heteropolar rgass
reluctance slice motor with only four stator te@thd therefore only four coils) in combination wiHerromagnetic
rotor with five salient poles looks very promisingigure 7 shows the selected interior stator arériex rotor
design. The bias air gap flux is generated frommaerent magnets that are mounted on the surfadeeastator
teeth. Two magnets with opposing radial magnetimadiirection are placed on each stator tooth.

stator

rotor
magnet

iron

stator
iron

stator
coil

Figure 7: Drawing of the optimized heteropolar regless slice motor with external rotor.

The various geometric design parameters were gtarwith the help of finite element simulationstkedded
in a multi-criteria genetic algorithm. Optimizaticeriteria were the cogging torque, the permanengmatc
reluctance forces, the motor torque and the bedoirogs [17].

The setup of the optimized bearingless motor pyp®is depicted in Fig. 8. The stator and rotokeyavere
wire cut from V270-35A laminated steel stacks. Ther concentric coils were manually wound arounel skator
teeth and connected in star. The permanent made&tsre a remanence flux density of 1.2 T and vessily
adjusted and fixed on the surface of the statar. iho-between the two magnets that are locatechersame stator
pole, a teflon block was placed acting as auxiliaearing. The reluctance rotor was embedded inl@miaum
housing to allow the use of eddy current sensohictware located inside the stator slots. Additilynan acrylic
glass hood was mounted on the rotor. It holds enpeent magnet, which enables the detection ofrialar rotor
position by an integrated Hall sensor circuit.

angle sensor

position sensor
rotor with acrylic
glass hood

stator
coil

sensor signal lines stator
coil endings permanent
magnets

Figure 8: Picture of the manufactured prototype.
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A proper control scheme or stabilizing the rotosifion and controlling the torque is given in [1BJmakes use
of the matrixK (¢;) and is based on nonlinear feedback control irotd linearize the plant and allow the use of
well known linear and time invariant control desigethods. Concerning the realization and implentiemtaf the
control scheme in hardware, a 16 bit fixed poiwgitdi signal processor was employed. The softweaae written in
C-code to alleviate modifications or extensionse Tontroller is capable to perform up to 150 MiREwing a
sampling time of 100 psec. The controller systerwadi-integrated in a power electronic circuit, whioperates
with a supply voltage of 70 V DC, featuring fourfhiaridges controlled with a 30 kHz PWM signal aisdcapable
of delivering a maximum output current of 10 A plannel.

54 Measurements

To confirm the results obtained by the simulatimeasurements have been carried out with the ppeatyive. For
this purpose, the bearingless reluctance slice mwas fixed on a test bench, which is equipped witbad cell for
measuring the bearing forces. One coil was enatgimastantly exerting a current linkage of 1000rAtu The
resulting bearing force acting on the rotor ishlisiin the left illustration of Fig. 9 for certaintational angles. The
measured orbit points are compared with the exgdestepe derived from the finite element simulatiofise
difference between the two dimensional finite elatn@mulations and the measurement is relativelgllsand
originates in the axial leakage flux and materiatertainties. As expected, the orbit is shifted afuthe origin in a
way that is also shown in Fig. 6.

Additionally, the torque generation capability wesamined. This was achieved by measuring the edluc
voltage of a stator coil, when the rotor was medataly suspended and driven externally at conssaeted by a
direct current machine. Dividing the measured irdueoltage value by the rotational speed deliveestérque per
current ratio. As visualized in the right-hand sidd-ig. 9 the simulated and measured curves atlkeo§ame shape
and therefore show a very good correlation. Therésragain within a range of 15%.
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Figure 9: Comparision of measurement and simulatsnlts of the phase force and torque.

6 Conclusion

In this paper a new type of bearingless slice maioe bearingless reluctance slice motor, is intoedl. The
mechanical composition of this bearingless motaelatively simple. The rotor carries no permanaagnets and
is therefore cheap and robust. Several possibigri®ariants are considered. A distinction betweempolar and
heteropolar bearingless reluctance motors is mBdeormance factors are defined and computed fiderdnt
machine types to evaluate the different designs.

A prototype bearingless reluctance slice motohwitternal rotor design was designed, optimizedprndnto
operation. It features only four stator poles vatmcentrated windings. Due to its unique charasties concerning
the bearing force generation, the single phaseutottghavior, which is typical for comparable beglgss slice
motors with permanent magnets in the rotor, is dewi First measurements approve the theoreticaidermations

10
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and finite element simulation results. The novedrbegless drive shows the expected behavior in bottor and
bearing performance.
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