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Abstract - Two years ago we presented a magnetic
thrust bearing consisting of two stationary sets of coils
located between two rotating planar repulsive Halbach
arrays. We will present here a small modification of
these bearings by purely passive elements, which
increase the restoring stiffness by a factor of up to ten.
This modification is particularly suitable for constant
speed applications.

Index Terms —Passive magnetic bearings, Halbach
arrays, electrodynamic bearings, rotating machinery,
constant speed.

I. INTRODUCTION

A. State of the art of passive low-l@dsctro-
dynamic bearings

The described passive electrodynamic thrust beasing

composed of a stationary set of coils located betweo
rotating planar repulsive Halbach arrays. Generathe
coil set links the magnetic field in the air gaptvieen
Halbach arrays. The coils are connected in serigh @m
appropriate polarity) and then short-circuited. tine
centered position no voltage is induced within tods,
thus no losses are present in this case. Only gluriial
excursions restoring forces are created.

In general, for proper operation of an electrodyigam

magnetic bearing a certain phase shift betweemtheed
voltage and coil current have to be present; uggmttater
than 45 degrees, ideally close to 90 degrees. e tzat
this angle is small, a braking torque will prevawer
restoring forces, which is not desired. At highetational
speeds the coil reactance preponderates
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Fig. 1: General layout of two coupled LCR circuits.

over the coil ohmic resistance. Although the phasegle
between voltage and current approaches the desilad

of 90 degrees, the increased impedance causes an
asymptotic limitation of the coil current and thestoring
forces. When the speed is further increased, thmeem
remains almost constant.

The phase angle depends on the rotational speetthend
inductance-to-resistance ratio, i.e. on the cotiise
constant. This time constant is governed by the coil
geometry and therefore, due to a limited spacelahai
bounded in a rather narrow range. The detailed ii¢iser
of the passive electrodynamic bearing construatim be
found in [1].

[I. DESCRIPTION

A. Proposed new device and its

principle

operating

In order to decrease the coil reactance and thus to
increase the current, a condenser may be connécted
series with the coils, thus compensating the pasiti
reactance with a negative one. The maximum current
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Fig. 2 One unit of a multipolar planar Halbach wiiraa repulsive mode (cross-section). Spatialmaion is given by arrows and the shape of the
magnetic field is showra) In both coil sets Land L, an alternating voltage may be induced (generagmtuator).b) Only in the coil set La
voltage may be induced (generator); not in thd_séactuator).

will be achieved near the resonance, however, tese and L), as shown in Fig. 2a. Both coil sets produce

angle will be shifted close to zero, which is nesidable. restoring forces.
By means of introducing a second coil set into the
system, two coupled LCR circuits may arise (Figatj Configuration 2) During axial excursion an altemngt

thus, due to appropriately chosen condenser’'s saluevoltage is only induced in the coil set, Isee Fig. 2b. Note,
proper phase shift can be achieved. The coil's apaetis that both coil sets are split in two in this calse,(L;» and
suppressed and along with this the phase angledbean L,j, L,,). Depending on geometry, the restoring forces are
moved into the desired range. By means of this ate{m  created mainly in the seb.L
comparison with a simple electrodynamic bearing)
restoring forces can be dramatically increaseda(ligctor Configuration 3) Only the coil set;lis located within
of about ten); however, with an in the titte mentéd the bearing air gap (not shown). The other ses$ Isituated
requirement of a constant rotating speed. The wifitihe  outside the bearing magnetic field and does notritrte
speed range for proper operation depends on tleeitcir to the creation of restoring forces. This set caasslely
figure of merit Q-factor: reactance-to-resistance ratio). At of one coil; in order to increase the coil inducerand
other speeds the restoring forces are progressigdlyced reduce its resistance (and losses) a ferrite caag be
and eventually touch-down bearings have to come intused. Thus an arbitrary coil's time constant can be
operation. achieved. All restoring forces are due to the senlthis
case.
B. Possible coil configurations
Note that the coils denoted; land Ly (together with its
There are at least three possibilities of coilresistances Rand B) in the Fig. 1 represent the whole set
configurations: of a plurality of coil units uniformly distributediong the
stator circumference (e.g. eight or more units) &meh
Configuration 1) During an axial excursion in bathil  connected in series. In the Fig. 2 two cross-sestiof
sets an alternating voltage is induced (the votaaye in  these units are depicted. As you see, one unit beay
phase). Note, that coils of the setdre split in two (k; composed of three or more coils (some of them dehby
a double subscript).
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Phasor diagram of a special case, wiggre 45° and g, = 90°. a) Voltage phasor diagram with referencadtageu; = 1 V (bold line)

andu, = 0. Note that magnitudes and directions of reactanesqisu,, (full line) anduc, (dashed line) are almost equal. These two phasers
not depicted to scale; their magnitudes are 5.4584/4.916 V, respectivelyp) Current phasor diagram.

C. Evaluation of condenser values

Although properties of the coupled LCR circuit are
easily analytically computable, we have used irtktea
simple Monte Carlo programme (if coil parameters ar
given, then for desired phase angles both condenser
values C1 and C2 can be obtained). Then with another
programme a phasor diagram is generated and
afterwards, in order to check for the phase andges,
“PSpice Transient Analysis” is executed.

D. Construction notes

According to experience, it is not recommended to
use wires with a diameter greater than 0.3 mm.hé&s t
coils are located within a strong alternating maigne
field, eddy currents induced in the bulk of the ewwill
get rather excessive (even at the rotor centered
position!). If larger wire cross-sections are nekde
HF-litz has to be used.

In order to conceive the coil system, a ratio ol co
inductances Lo/L1 should be chosen (somewhere
between 3 and 20). As the inductance value of the
second coil is higher than that of the first onegrea
small current in it will produce an appreciable meic
flux. Therefore, a proper adjusting of the phasdeagg
between the current in the second ¢piénd the induced
voltageus in the first one will be more influential than
the phase anglg; of the first coil. The angle should be
somewhere between 45 and 135 degrees.

As soon as the geometry of coil sets is determined,
the coil's inductance can easily be calculated with
known approximate formulae for air-coils. As thése
some weak inductive coupling among the coils, the
calculated value of the coil set's inductance sticag
slightly corrected to a higher value. By estimatadrihe
coil's resistance a copper filling factor betweedh énd
60 percent has to be taken into account. Then tlis co
time constant and the individual circuit’'s figurkroerit
Q will follow (the influence of condensers onto the
circuit’s quality may be neglected).



The coil's figure of merit should be kept rather low
(say, between 3 and 20). For higher circuit's digai
the band-width will get too narrow (i.e. the rangke
rotational speeds for proper operation  will
correspondingly shrink). For a given geometry and
desired coil's time constant, the circuit’'s qualidgnnot
be freely designed. But there exists a possibildyv to
influence the circuit's qualities: external resistecan be
connected parallel to one or both coil sets. Theeefio
this case, the coils are incompletely short-ciexliiand
the original principle of passive electrodynamic
magnetic bearing will be partially restored (seg).[1
There are still no additional losses due to thesistas,
provided the rotor remains at the centered position

As stated before, the desired value of the phagke an
(91 and¢o) is 90 degrees, but it is impossible to achieve
this value in both coils simultaneously (as reactiv
currents cannot transfer any energy!). Thereforeeso
compromise has to be chosen.

E. Some further improvements

When the second phase angig is greater than 90
degrees, then the first phase angjecan be greater than
45° and can even approach a value close to 90°., Thus
proper resonance can be attained, i.e. the positile
reactance will be completely compensated by the
condenser’s negative one.

An example of a phasor diagram with = 45° and
@2 = 90° is shown in the Fig. 3.

An evaluation of success can be done by means of an
improvement factory/ig, i.e. by a ratio of the resulting
currentio and a curreniy, whereig is the current in that
case, where the condensers are absent and theamils
short-circuited.

. RESULTS
A. Basic data

For the sake of a numerical example we present the
following case:

up=1V (in a real case this voltage will be rfauc
higher than 1 V)

up=0; f=500Hz; bilL1=5; ¢1 =45° ¢o=90°
Q1=4 and @=20.

Coil inductances:L.= 10 mH; L, =50 mH
Coil resistances: R1=R2=7.86
Coil reactances: 4 =31.42Q; X 2=157.1Q

B. Calculated condenser values

Condensers: £=13.55uF; G = 2.25uF
Condenser reactances: ¢cX=-23.49Q ;
Xc2=-1415Q

Note that the second reactance absolute valyesand
Xco are approximately equal.

Currents: 1=16.46 mA; £1=25.85mA;
i =34.76 mA

Note further that the second currénts greater than the
first currentiq .

Short-circuit current (when both condensers arer)s
ip=5.287 mA

Short-circuit flux (when both condensers are aBsent
®p = (L + L) *ip=0.317 mWb

Improvement factor: Jig=6.59

Coil magnetic fluxes: @1 =1L;*i1=0.165 mWb
Pr=L,*ip=1.738 mWb

Flux improvement factordy/ @1 = 10.56
IV. CONCLUDING NOTES
A. Attainable improvements

This example was chosen for the sake of simplicity,
because the second curréptis fairly higher than the
first current i1 and the circuit evaluation is
straightforward. For other parameters more suitable
results can be achieved. But be cautious; thereames,
where the above defined improvement factor is oy v
predicative and not only comes the second coil into
operation. Therefore, some combination of both coil
influences has to be taken into account. The ciscuit
performance depends on the shape of coil setsgspac
available for them and also on the ratio of theimber
of turns.

Improvement factors greater than 10 are readily
attainable compared to the setup without condensers
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Fig. 4 Multi-frequency version with CMOS switches.

There are many applications of magnetic bearingrevhe range a relatively large number of switches willneeded.
only a constant speed is required, e.g. in turbeoudr Some trade-off between costs and high effectivehasgo

pumps, compressors, beam choppers, etc. be taken. Although such extended circuit containimes
(active) semiconductors, no feedback is needed, feeld-
B. Multi-frequency circuit forward is present. Therefore, stability problemsinea
happen.
As an information about the rotational speed isleas
attainable (e.g. with an optical sensor), it isdewit that by REFERENCES

means of sequentially changing condenser values by
switching proper operation at an arbitrary speed lsa [1] J. Sandtner, H. Bleuler: “Electrodynamic Passive
attained (Fig. 4). Magnetic Bearing with Planar Halbach Array®toc. of
The number of switches depends on the LCR circuit®" International Symposium on Magnetic Bearings
qualities. For a smooth operation within a wideyfrency ISMB9 Lexington, Kentucky, USA, Aug. 3-6, (2004),
Paper #5
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