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SUMMARY

This paper describes the finite element method investigation of the permanent magnetic bearing (PMB) and spin
tests of the PMB rotor suspension system. In order to increase the radial stiffness of the PMB, the Halbach-array
configuration of the permanent magnets was used. The magnetic flux density of the PMB was investigated due to
airgap. The test rig with the passive magnetic suspension is provided by one radial PMB on one end of the rotor.
The rotor spin tests are performed for different desired unbalance, and rotor vibrations were presented.
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PASYWNE £OZYSKO MAGNETYCZNE O KONFIGURACJI TABLIC HALBACHA
JAKO DYNAMICZNY UKLAD STABILIZACJI WIRNIKA

W pracy przedstawiono analize parametrow pasywnego foZyska magnetycznego, wykonanq za pomocq metody ele-
mentow skonczonych oraz zaprezentowano wyniki badan eksperymentalnych pasywnego zawieszenia magnetyczne-
go wirnika w ruchu obrotowym. W celu zwigkszenia sztywnosSci promieniowej foZyska zbudowanego z magnesow
trwalych zastosowano tablice Halbacha. Zaprezentowano rozklad strumienia magnetycznego dla roznych szeroko-

sci szczeliny powietrznej tozyska. Wykonano testy dynamiki pasywnego zawieszenia magnetycznego.

Stowa kluczowe: pasywne fozysko magnetyczne, tablice Halbacha, zawieszenie magnetyczne

1. INTRODUCTION

Nowadays, permanent magnet types of magnetic bearings
are applied in many applications e.g. non-contact suspen-
sions or bearingless drive systems. The passive magnetic
bearings despite their instability (Earnshaw 1842); not re-
strict their technical use, especially in a clean environment
and bio-compliance appliances. The most important ad-
vantage of passive magnetic bearings is “zero power” con-
trol (Fremerey 1988, Yakushi et al. 2000). The solid magnet
type of application has a small size, null friction, and light-
weight, high power-factor, high reliability, and efficiency. In
opposite to active magnetic bearings, the permanent-ma-
gnets built bearings have no ability to stiffness control be-
cause of the static magnetic field. However, they overcome
the active magnetic bearings by an unlimited bandwidth.
In the active magnetic bearings, which have negative stiff-
ness, energy is consumed to ensure the bias point. While this
biasing tends to linearize the actuator, the bias current field
itself does no work. Therefore, in many applications passive
magnetic bearings provide the bias field, where external di-
sturbances are controlled by magnetic forces generated by
actively controlled electromagnets (Wilson and Struder
1981, Maslen et al. 1996). The primary advantage of this
configuration is the elimination of power loss which is asso-
ciated with the generation of the bias field. Other applica-
tions are compact-structure active magnetic bearings with
solid magnets e.g. homopolar active magnetic bearings
(Ehman et al. 2004). The other rotational machines consist
of bearingless electric motors, e.g. permanent magnet syn-

chronous bearingless motors (Satoh et al. 2000, Ohsawa et
al. 2000, Redemann et al. 20002, Redemann ez al. 2000b).

In this paper the finite element method model of the pas-
sive magnetic bearing (PMB) and the spin tests of the rotor
magnetic suspension system based on the PMB were per-
formed. The test rig with the magnetic suspension provided
by one radial permanent magnetic bearings on one end of
the rotor is presented. The dynamic model of the radial per-
manent magnetic bearing is shown. Next, the discrete mo-
del of the PMB is investigated by using the finite element
method (FEM). The finite element model was analysed by
using COMSOL Multiphysics software. The magnetic flux
loss and airgap flux density in the case of airgap change are
presented for the Halbach configuration. Also, the nonline-
ar effect of the discrete 3D model of the PMB was analyzed.

This work mainly refers to the dynamic stability of passi-
ve magnetic suspension and rotor vibration control by the
permanent magnetic bearing. The spin test of the rotor is
conducted due to the transient stability of permanent ma-
gnets type of the rotor suspension. The rotor was success-
fully operated to speed of 4000 rpm. The load capacity of
the passive magnetic bearing and the vibration damping is
depicted due to the desired unbalanced mass of the rotor.
Finally, the experimental tests, analytical calculations, and
finite element results were compared and carried out.

2. MODEL OF PERMANENT MAGNETIC BEARING

The passive magnetic bearing is designed based on Hal-
bach-arrays configuration. The Halbach-array is a special
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setup with the configuration of the permanent magnets, so
there is a possibility to get the concentration of the magnetic
flux in the specific, desired items, and remove it from less
important or unwanted places (Halbach 1980). The exami-
ned passive magnetic bearing is composed of four pairs of
the Neodymium-iron-boron (NdFeB) magnets rings. These
rings are axially magnetized, which means that magnetic
poles are placed on the flat circle sides of the magnets. The
scheme of the radial PMB based on the Halbach configura-
tion is shown in Figure 1. The well-known relations of the
passive magnetic flux density and the forces for solid ma-
gnets are given by:

B=(M+H)py, B-V=0 (1)
M =M, +yH ?)
where:
B — flux density,
M — magnetization of the material,
M, — residual magnetization,
W, — vacuum permeability,
X — susceptibility (x = p,— 1),
W, — permeability of the material.

Fig. 1. PMB with a Halbach configuration

Force F interacting between two permanent discs of ma-
gnets can be calculated by numerical methods for following
relation (Bassani 2001, 2007):

dF = Bx jds 3)

where the surface equivalent currents j cross the material
along elementary circuits s.

The magnetic dimensionless force F” between two discs
of the magnets in the z direction (see Fig. 1) is expressed as
a function of B under condition (Bassani 2007):

Lo . . o
=0 jijy ="M, M, =——B,B,, )
47 47
and equals (Bassani 2006):

F

F'Z = 2 (1) 2 (5)
BrlBrZ(Re )
4o

where Rél) =g/g' and Rgl) =e/e' for airgap g’ and ec-
centricity e’.

The FEM investigation of the discrete model of the PMB
is concentrated on the magnetic flux distribution in the case
of the geometry and the size change of the airgap. The air-
gap flux density was investigated in the case of an airgap
change. The airgap flux density is described by following
equation:

o =, ©
(nn +1gn)S
where:
l,, — normalized permanent magnet thickness,
l,, — lines of constant airgap length,
B, — remanent flux density,

S — permanent magnet area,
S’ — segment area.

Fig. 2. 3D mesh model of PMB

In order to calculate the flux density and to predict the
radial stiffness, the passive magnetic bearing 3D mesh mo-
del was built in COMSOL (COMSOL 2010). It consists of
over 1 million nodes. The finite element model was made
for permanent magnet rings and is shown in Figure 2. There
are two mesh models for airgap and magnetic material, re-
spectively. Mesh density increased in the airgap between
the outer and inner discs. The flux density distribution over
the airgap of the PMB was calculated by FEM of COMSOL
and is presented in Figure 3a and Figure 3b. The airgap is
equal to 1 mm (Fig. 3a) and 2 mm (Fig. 3b), respectively. In
Figure 3a, the maximum magnetic flux density located in
the airgap is equal to 1.2 T. For the airgap increase, magne-
tic field loss is significant, and radial stiffness goes down
(see Fig. 3b). However, the airgap can not be too small be-
cause of possible mechanical contact e.g., at high rotor
unbalance. Therefore, the airgap of 1 mm is a nominal va-
lue. The radial stiffness curve found by FEM calculations
fits the experimental one (Mystkowski and Ambroziak
2010). The slope of the stiffness curve is 1.28:10° N/m. Fi-
nally, for the magnetic and geometric parameters calculated
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above and in the work (Mystkowski and Ambroziak 2010),
the prototype radial passive magnetic bearing was built and
presented in Figure 4.
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Fig. 3. Flux density due to airgap width: a) 1 mm; b) 2 mm

force
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Fig. 4. The PMB in the test rig

3. SPIN TESTS RESULTS

The experimental studies allowed for the verifying of the
finite element model of the PMB in the aspect of magnetic
radial force generation and the ability to rotor vibration con-
trol. The spin tests are performed by using test rig, which
was designed, built, and described in the work (Ambroziak
2010). The lab stand is shown in Figure 5. The rotor of mass
1.07 kg and total length 0.4 m is supported by the self-ali-
gning ball bearing and passive magnetic bearing with the
Halbach configuration. The rotor is driven by an electrical
motor with an inverter. In order to measure the magnetic
radial force in one direction, the tensometer force sensor
was assembled. The radial displacement of the rotor was

measured in two directions x—y by using two inductive sen-
sors. For more information about the test rig and the measu-
rements please refer to (Ambroziak 2010).

| force
sensor

~ unbalance

disc

aligning
bearing

Fig. 5. Test rig

Spin testing consists of linearly increasing the rotor spe-
ed, where speed is increased to 4000 rpm. The rotor speed
was limited at this point because of the rotor unbalance and
for safety (there was not any shielding around the rotor-
bearing system). The rotor vibrations level was recorded.
The passive magnetic bearing smoothly compensated the
rotor vibrations and following resonances over the entire
speed range. The orbit plot of the geometrical centre of the
rotor for the sample rotational speed of 1160 rpm is shown
in Figure 6. The rotor speed of 1160 rpm is near to the initial
rotor resonance.

5.4 T T

x [m] x10*

Fig. 6. Orbit plot at 1160 rpm

In order to evaluate the maximum bearing ability to di-
sturbance compensation and load capacity, rotor unbalance
was increased. Other spin tests were conducted with the ad-
ded unbalanced mass via an unbalanced disk mounted on
the rotor. The initial unbalanced mass was 35 g and the di-
stance to the geometrical centre of the rotor was 30 mm,
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next the unbalanced mass value was increased to 70 g. The
corresponding orbit plot is presented in Figure 7. The maxi-
mal amplitude (peak rotor unbalance equals 15% of rotor
mass, but the rotor vibrations -to-peak) does not exceed
0.14 mm, which means 7% of the airgap. When the rotor
speed was increased to 4000 rpm, peak-to-peak amplitude
equalled to 0.16 mm (Ambroziak 2010).
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Fig. 7. Orbit plot at 1160 rpm with extra unbalanced
mass of 70 g

4. DISCUSSION

Based on the design and calculations, permanent magnet
types of magnetic bearings were built and tested due to vi-
bration control at a prepared rotor suspension lab rig. The
spin tests were conducted to 4000 rpm, and the rotor vibra-
tes in a stable mode. Passive bearing load capacity depends
on the arrangement/configuration, the energy density of the
magnetic material and the geometry of the solid magnets.
However, the implementation of the passive magnetic be-
aring requires a careful analysis of the magnetic field gene-
rated by permanent magnets, and assesses their material
aspects. The introduction of the Halbach-arrays allows us to
orient the magnetic field adequately, and to reduce the nega-
tive impact of the active component forces. Finally, the
experimental results show the effectiveness of the passive

bearing system in minimizing radial instability and rotor vi-
brations with limited unbalance force.

References

Ambroziak L. 2010, Project and application of passive magnetic bearing,
Master thesis, Faculty of Mechanical Eng., Bialystok University of
Technology (in Polish).

Bassani R. 2001, Permanent magnetic levitation and stability, Find. Trib.
Micro-Macro, Kulver, pp. 547-554.

Bassani R., 2006, Earnshow S. (1805—1888) and Passive Magnetic Levi-
tation, Meccanica 41, pp. 375-389.

Bassani R. 2007, Dynamic stability of passive magnetic bearings, Non-
linear Dyn, No 50, pp. 161-168.

COMSOL ver. 3.3 2006, AC/DC Module model library, User guide,
COMSOL AB.

Earnshaw S. 1842, On the nature of molecular forces which regulate the
constitution on luminiferrous ether trans, Cambridge Philos. Soc., 7,
pp. 97-112.

Ehmann C., Sielaff T., Nordmann R. 2004, Comparison of active magnetic
bearings with and without permanent magnet bias, Proc. of the Ninth
International Symposium on Magnetic Bearings, Lexington, KY,
USA, Aug.

Fremerey J.K. 1988, Radial shear force permanent magnet bearing system
with zero-power axial control and passive radial damping, In Proc.
Ist Internat. Symp. on Magnetic Bearings, ETH Zurich, Springer-
-Verlag, pp. 25-32.

Halbach K. 1980, Design of permanent multipole magnets with oriented
rare earth cobalt material, Nucl. Instr. Meth., vol. 169, pp. 1-10.

Maslen E.H., Allaire P.E., Noh M., Sortore C.K. 1996, Magnetic bearing
design for reduced power consumption, ASME Journal of Tribology,
vol. 118, No. 4, pp. 839-846.

Mystkowski A., Ambroziak L. 2010, Investigation of passive magnetic
bearing with Halbach-array, Acta Mechanica et Automatica, vol. 4,
No 4.

Ohsawa M, Mori S., Satoh T. 2000, Study of the induction type bearingless
motor, Tth Int. Symposium on Magnetic Bearings (ISMB), Zurich,
pp. 389-394, August 2000.

Redemann C., Meuter P., Ramella A., Gempp T. 2000, Development
and prototype of a 30 kW bearingless canned motor pump, IPEC,
Japan, April, pp. 377-382.

Redemann C. et al. 2000, 30 kW bearingless canned motor pump on the
test bed, 7th Int. Symposium on Magnetic Bearings (ISMB), Zurich,
August, pp. 189-194.

Satoh T., Mori S., Ohsawa M. 2000, Study of induction-type bearingless
canned motor pump, Institute of Electrical Engineering of Japan
(IEEJ), International Power Electronics Conference (IPEC), Tokyo,
Japan, April 3-7, pp. 389-394.

Wilson M., Studer P.A. 1981, Linear magnetic bearings, 5th Int. Work-
shop on Rare Earth—Cobalt Permanent Magnets and their Applica-
tions, Roanoke, Va, 7-10 June 1981.

Yakushi K., Koseki T., Sone S. 2000, Three degree-of-freedom zero power
mag-netic levitation control by a 4-pole type electromagnet, In Proc.
Internat. Power Electronics Conference IPEC, Tokyo.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /PLK ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


