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1. ARSTRACT

The evailability of rare-earth magnets has made magnetic
bearings and load suspension systems truly feagible. Their
technelogical signifiecance is expected to grow, considering the
present development of wvery high-speed rotating machines sueh as
motors, ultra-centrifuges and turbomolecular pumps, and of
magnet-¢ushion railroads.

fg part of an effort to develop mathematicel design tools
for such devices =nd & testing capability, we built & test stand
capable of measering twe erthogonal components of the forces
between magnets of any shape in pairs, or between & magnet and a
soft magnetic part. This was used ta determine such forces on
several cylindrical and ring configurations typical of passive
rotary bearings. Demagretizatien curves were measured on each of
the magnets used, Boc that quantitative compariegoms with
computerized model caleulations could be made.

This paper deseribes Che instrument and methed, and it
reports results of axiel and radizl force messurements 53 &
function ef the magnet separation, axial offset and tilt between
the magnets of a bearing, These are cempared with computer-aided
apalytical forece calculations,

Discrepancies were found betweer predictions and
measurement, and between measured forces in ettraction and in
repulsion., These are small for good, square-loop REPM or
ferrites, but significant for magnets of low Hy and for mixed
material paire. The influence of material properties on the
different force functions amd the limitations of simple
mathematical models are explored. Our results are put in
perspective to theoretical and experimental force data published
by other workers.
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II. INTRODUCTLION

The idea that petrranent magnets could be used in bearinge
znd other weight support systems 1is ':@13':‘-1“'9213" old. For
example, two papers published in 1960 and 19814 9% Jegeribe the
basic approach to the design of passive magnecic bearings and
point aut many theoretical advantages cf such bezring systems
over conventional mechanicsl {(ball, reller, or zlesve) besrings.
By allowing an object sueh as a rotating shaft, or even a moLor
vehicle, to "fleoat™ in o magnetic field, material concect is
avaided, thus reducing frict&on and wear and elimigating the need
for lubriceticn and cooling.

There exist some epplications in which magnetic bearings
are the onrly reasonable choice. They can be employved in
sitvarions requiring wery high rocationsl speeds, or im a vacuum
with no fear of centamination From the lubricants or danger of
geizing because of ail deterioracion.” This cype of magnetie
bearing applicsetion is particularly uessful in navigational
systems of space sstellites, as well as in other military andfor
space applications.

The further develeocpment snd ilncressing avsilability of
REFH'e will allow the design of better and larger magnetic
pearings and load support systems. In order to most effectively
wtilize these expensive magnets, but slso ferrites, in zuch
systems, betber design and analysis tools must be developed to
enable the engineer te properly predict the forces penerated.
The work reported in this psper is pert of a project at the
Iniversity of Davton to develop a capability for the Ee_sg.gn of
varicus types of magnetic bearing and coupling systems. 1 We
have built an instrument which ensbles us te test the accuracy of
computer-aided force caleulations through the actual measurement
of such forces, Magnet geometries of intevest to designrers of
retating passive permenent-megnet bearings were tested,  Eadizl
and axizl forces between two magnets of eylindrical symmetcy were
measured &5 a function of magnet separation, axial offset, and
tilt between the magnets. Some of these measurements were
compared to computer-aided force celeulations, while others went
beyond our present analvtical capability., Generally, the
apreement belween znalyticsl end measvured dsta was good, Some
discrepancies were found, and possible explanation: for these
zre described.
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11I. EIXPERTMEMTAL EETUP

An appsratus was designed and built which sllows the
simultsnecus measurement of [wo mutvally perpendicular force
components between pairs of permanent magnets or bhetween 2 magnet
and # softmegnetic part, This is not restricted fo pacts or
pairs of cylindrical symmetry. It incerporates trenslation
stages, load= ¢ell force transducers, an appropriate electronics
package, and voltmeters. A previous University of Dayton student
nad constructed & ginplcr device af this kind which measured
axial forces only, It gserved as a "backbone" for the new,
improved system described here. A& photograph of the force-
measuring apparatues is shown in Figure 1.

Several criteris were establiashed for the design of this
instrument. [t was essential that any part of the structure
coming in c¢lose proximity (perhaps within 10-15 eml to the
magnets tested should be made of nonmegretic materials. Spuriocus
forces due to a permanent magnet”s abtractiom to a steel or ivon
part would certainly falsify the [force measurement. Aluminum and
nonmagnetic steinless steal perts were used wherever possible,
The use of some structural parts made of magnetic steel was
uwnavoidable: care was taken to adequately separate these perte
from the permanent magnets.

The horizontsl and wvertical treanslation steges necessary to
accurately position the magnets are commpercial items. They are
constructed almost entirely of nommagnetic materials, Both
steges are equipped with scales end werniers whieh allow reading
the position te within 0.1 me,

Because both axial and rzdial forces (as referenced to
cylindrical coordinates) are of importance in rotary bearing
gesign, =& method of accurately measuring both these force
components simultanecusly had te be deviaed, Strain-gage
transducers are empleved for both directions. There ave twe
separate "lead cells” which measure these forces ocn the lower,
quasi=stationary magnet. The cell for measuring the axial
fvertical} force is mounted on & rigid and heavy support
structure sitting on &= "sled" that can move only herizoncally,
The displacement (beam deformatien) of either load cell when
fully loaded is leas than 0.05 me, This was considered to be
negligible compered to the magnet-to-magnet distances of
intereat. The translation stages could thus be emploved azs the
prim}ry pasitinning and position-reading devices, making Lhe
previously employed” complex optical position-messuring devices
UNTECESSATY .,
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Figure 2. Electronics Svstam
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More complicated was the design of the radial-force-
measuring pertion of the system, Sipce two separate load cells
are used for the axial and radisl force measurecents, it is
important that esch lead cell "see'™ only o foree which is
gssentially perpendicular to its load arm. Significant
Lransverse force components can severely distort a losad-cell’s
reading. Therefore, it was essential in the design of this
instrument that the axial and radial force components be
saparated and channeled to the eppropriste load cell.

The measurement of the radial (herizental) force component
iz affected by the inescapsble friction forces. In order to
reczin the integrity of the force meassurement, the friction force
must be reduced zs much as pessible. For this reason, the
support stage "sled" was placed on & pair of bell bushings
gliding upon parallel sheft rails mounted on a heavy,
stationary aluminum=alley base plate. Ip this structure, the
shafts and the balls are made of magnetic steel, We
experimentally determined the minimum distance needed betwean
these =nd the lower magnet to make the spuriecus attraction f[orce
negligibly samall { <001 grem). The actual distance was chosen
larger still., The vertical-force load cell and the lewer cest
magnet rest upon & heavy aluminum support bleck which can slide
virtuelly friccionless on the ball bushings, The radial-force
load cell is then meunted between this sliding support bleck and
a stationary support, with one end fitmly attached to either.
The horizontal force on the magret ie now fully transferred to
the load eell, and can elsc be measured with cnly a minimal
displacement of the sliding bleck., The sample displacements
under full laad in the axial or che transverse directions can
thus be ignerved.

IV. EXPERIMENTAL FROCEDURE

Before any forces could be measured, several preparatory
steps were necesgary. All test magnets were [irst axially
magnetized in a pulse cherger with a peak field of 100 ke, One
magnet was then glued {with Duco cement) to an aluminum plate
mounted on tep of the axial=force load cell, and the other was
zlued to the movable zluminum megnet count located directly below
the scale of the horizental translation stage {(see Figure 1)L
For teats invelving tilt, the lower magnet was mounted on an
aluminum wedge whieh was then glued to the plate on the axial-
force losd cell.

Fefore each measurement, the load cells” electronice aystem
had to be preperly cslibrated., The op-amps were zeroed (i.e. the
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offsets were resoved), the bridge circuit wes balanced, and the
gain was adjusted agsinst a standard calibration resistor.

Fhotographs cof the mechanical setup end of the electronics
system are showe in Figures | and 2, Because the lover magnel
romained in & fixed location in every measurement, the position
of its top pole face was employed as the wvertical reference
positien. This was deme by placing a piece af vigid pheraliec of
precisely known thickness snugly between the two magnets. The
position of the upper magnet’s lower pole fece was read from the
scale on the vertical stage, snd the thickoess of the phenolic
was subtracted from this reading to ehtain the position of the
lower magret { 2 = 0.0 cm). The magnets were axizlly sligned by
bringing them very close snd then adjusting the upper magnet’s
horizontal positicn until zero radial force was obtained., This
corresponds to maximum axial ferce. Such "magrecic centerimg"
will, of course imply geometric centering only if the magnets
beve uniform properties and true cylindrical symmetry.

For tests in whick the magnets were axizlly aligned, the
pesition of minimum possible separation was the starting point.
The axial force between the magnets was then measured for
increasing sepsration between them. For tests in which the
radial ecffset U was the iodependenl variable, the desired axial
separation I was set and then the magnets were axially aligned.
Measurements were then made fer increasing radial offset. For
tests invelving cilt, U = 0.0 em was taken to be the relative
pesition yielding the maximum axial force while meintaining the
minimum possible separation, This is clearly not the position
where the the geometric centers are exactly above each other.
The same methed was used to provide sn initial position for the
radial sweep tests.

V. FXPERIMERTAL RESULTS

Force measurements were made on a wide variety of magnet
peometries emploving several different permanent magnet
materials, Here we shall enly discuss those results we considered
te be most ioteresting. The original gosl was teo test the
accuracy of a computer pmgra:’-h written by HMr. Steven Dellinger,
& University of Dayton student *, which eslculates the axial and
radial forces generated between permanent magnet pairs. Figures
3Ca) and (b) describe the results of twe such tests, both
emploving the ssme set of identical SmCeg vings. Their dimensions
znd relative pesitions are shown in the insert sketches. Figure
3{a} shows both attractive and repulsive axial forces measured as
a function of sxial separstien {E) with the magnets axially
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aligned, Figure 3(k} shows axisl and redial forces for the
repulsive mode measured as & function of radial offset (U} with Z
held constant.

The computer-generoted force predictions, in each case,
focllow the general curve shape of the measured data. Fowever, in
some cases the force magnitudes were off by several percent.
This is especislly true for amall separation in the repulsive
made. These errors can be attributed to several sources &nd can
be clessified inte two categeries: errors inhevent in the
computer program and errors inherent in the measurement
techniques.

The errors attrihutab‘ig to the program are discussed in
detail in Dellinger’s paper.” 4As seen in Figures 3(al and (bl,
the measured sttractive-mede forces were considerably larger than
the repulsive-mode forces for very small axial separations. This
iz due primarily to the shifting of the magnets™ operating points
aleng the M wva., B cerve., If the computer program Essumes a
gingle, constant value for ¥, it cannot take inta account this
variation of the magnetization which occurs when the top of the
M vs., H curve is not perfectly flat. In using the program to
caleulsate the forces of Figures 3(a) and (b) . we estimated the
gpen cireuit demagnecizing factor of the rings and used this to
obtain an overall "sverage" magngtizetion wvalue Erom the M ws. H
curve, We chose ¥ = 560 emufem”, corresponding to approximately
90% of the remanent magnetizsticn ¥_. Through a more refined use
af the magnet’s messured M ws, H curves, it is pessible te
obtain a becter fit between the calculated force curves and Che
measered values for attrsctive and repulsive forces. This is
done by using different M walues read from the demagnetization
curves at an estimated wvalue of the Eppré:upriate (average)
external field te which the msagnet is exposed.

Any inhomogeneity of a real magnet”s salient properties
throwghout its volume cannet be taken intoc account in our present
computer program, and this can also lead to errers. When breught
close together in Che repulsive wmode, the magnets could
experience significant local demagnetization on the side facing
either msgnet., Some of this induced nonunifermity of M is
reversible, and gome is irreversible, when the magnets are
separated again., When axially miszligned and clese together, the
magnets can alsc impose upon each other large transverse fields
which might alter the magnet’s usual direction of magnetizatien.
For these ressons, the computer-generated force predictions are
consistently larger than the actually measured repulsive-mede
forees., These discrepancies are small for magnets having high
coercive force, a flat demagnetizatien curve and wvery high
anisetropy (stiff magnetization wector). Heost REFM and certain



ferrite grades fulfill these conditions, and thus the
calewlations yield good results, while Alnico magrnets certainly
do not,

The incengruity of messured =nd predicted forces bebween the
magnets is not whoelly attributable to the insufficient
description of the magnetization state z2nd Lo errers within the
computer program. A4 degree of uncertainty in the cagnets”
relative peositions 1s caused by the small displacement of the
load cells” load arms {assumed te be less than 0.1 mml). The
translativn stages are alse slightly deformed when the magnets
exert large forces. These errors are magnified at emall axial
and radial displacements, when the uncertainty in the magnet
pesitiaon is comparable to Z or U, The electrenic foree
messurenent technigue, though £ar more aceurate than our previcus
mechanical measurements 5. could be further improved through the
use of cathetometers, or some other optical sensing device, to
more accuretely determine the magnet pesitions,

tlorizontal friction forces, though minimized in the design
of the instrument, werse unavaidsble., They affect the transverse
{or radial) force component. As seen in Figure 3{b), the
computer program predicted values slightly higher than the
messured radial forces. This could be due te a small friction
farce component oppesing the Crue radial force between the
magnets. This errer is dependent upon the total weight of the
sliding support block, 5 well ss the magnitude of the axial
force between the magnets, so it 1§ net constant. Friction
forces and errors could hsve been reduced by lewering the mass of
the sliding support bleck. However, the block weight must be
lerger then the greatest axial attraction farce to He measured.

Impreper pre-measurement celibretion of the load cells is
znother possible scurce of experimental etror. Electronie deift
present in the instrumentation system’s circuil components is
unaveidable (though we minimize sueh drift by allowing the
electronics to warm up overnight). It, too, contributes tao
inaccuracies.

Many other interesting measurements wete performed which zre
not compared to analytical resulte. One sueh test, the resulte
of which are shown in Figure &, measured the axial foree, as a
functicn of Z, between identical 5mCee rings, non-identical SmCoy,
rings, and a ring and a disk (both BmCoc). In each czse, the
magnetic moment vectors were in the same direction, suggesting an
attractive force (positive in Figure 4). While the force
profiles in the first two cases (identical and nen-identical
rings) were of the same general shape and magnitude and the force
was always positive, the ring and disk actually repelled =ach
other at small axial separations. The feoree then became
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sttractive s Z was incressed and recained fairly constant over a
larne range of Z. Though the force prefile in this case wee very
interesting, the magnitedes of the forces generated between the
ring and the disk were quite small -- limiting the practical use
of such a besring configuration.

Sevpral measurements were made with the lower magnet tilted
at various angles, Figure 3 compares the exial forces between
two identical SmCog rings, in the attractive made, for three
cases: with the lower magnet untilted, at a L0® eilt, =nd at a 23®
tilt. The force magnitudes for & given anial separation
deeroase as the degree of tilt is increased. YNote that the three
cutves are for the same distance, 2, of closest axial approach.

Figures 6{a) and (b} show the axial and radial forces, as a
furction of radisl offset U, becween identical SmEaS rings in the
attractive made, again with the tilt of the lower magnet as the
parameter. The solid curves (no tilt) were actually discrete
megsurements similar Co the othera, but the individual points
were connected by a solid lire for esse of comparison. The curve
shapes are sipilar for the no-tile, 10 cilt, and 23 rile cacsea,
with relative maxima and minima occurring st sppreoximetely the
samé locations. Again, the peak force values tend to decrease as
the degree of lower magnet tilt increases. Yet, while the ne-
tilt force profiles are symmetric about the point of no redial
offset (U=0.0), the tilced cases do not show such symmetry,
reflecting the fect that cffset in the plane of the tilt changes
the lecal relative geometry differently for pesitive and negative
values of U. It would be interesting to see analytical force
predictions of these tilted bearing geometries.
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