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1 INTRODUCTION 
 
Linear superconducting bearings are one possible 
application of high-TC superconductors; utilize non-
contact and passive-stable levitation by the pinning 
effect. An arrangement of permanent magnets (pm) 
works as the excitation-part of a superconducting 
bearing and determine the bearing stability depend-
ing on the excitation-design. After the superconduct-
ing bulk is cooled down below the critical tempera-
ture in the magnetic field of the permanent magnet, 
the interaction between the magnetic field and the 
vortex lines within the superconductor enable levita-
tion. 

In the mechanical design of superconducting 
magnetic bearing, such as linear transportation sys-
tem, it is important to evaluate the static and dy-
namic characteristics based on the interaction be-
tween the permanent magnet and the 
superconducting bulk. This research experimentally 
and analytically investigates statics, dynamics and 
the stability of HTS-levitation systems. Research 
teams all over the world work on superconducting 
magnetic bearings (SMB), some of them reported 
static properties (de Haas et al. 2004, Beyer et al. 
2004, Hull et al. 1999, Weinberger et al. 1990) and 
other reported dynamic and mechanical stability 
(Futamura et al. 1998, Sugiura et al. 1997) of super-
conducting levitation systems.  

In this paper a preliminary assessment of the 
functionality of substitution of the linear supercon-
ducting magnetic bearings by a harmonic oscillator 

is presented. Two apparatuses for measurements of 
static and dynamic characteristics of the levitation 
system are described and the measurement results 
are reported. The paper shows an interesting way to 
design a SMB for a special technical application and 
their requirements in four steps. 

2 EXPERIMENTAL PROCEDURE 

2.1 Force measurements 
The schematic of the experimental arrangement is 
shown in fig. 1. The excitation part consists of two 
Nd-Fe-B permanent magnets with polarization in 
opposite direction and three Fe-flux-collectors 
mounted on a computer-controlled xy-stage. 

The levitation part is made of a cubical melt-
textured YBCO bulk (30 mm in diameter and 15 mm 
in thickness) mounted on a pole, which is connected 
to two force transducers for measuring forces in y- 
and z-direction. The levitation part is moveable in z-
direction for positioning the YBCO bulk above the 
magnetic track to measure the levitation force at dif-
ferent gaps between the excitation part and the levi-
tation part. The superconducting phase at TC = 92 °K 
were activated by cooling the YBCO bulk with liq-
uid nitrogen (LN2) down to a temperature of 77 °K.  

At first the YBCO bulk has been placed in a cer-
tain cooling height (CH) above the pm-arrangement 
(PM), shown in fig.1. 
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Fig. 1: System for measuring static force and stiffness 
 

The High Temperature Superconductor (HTS) 
was then cooled down with LN2, until the HTS is 
completely in the superconducting state a series of 
vertical movements ΔzHTS = ± 0.5 mm with an in-
crement of 0.1 mm have been accomplished by mov-
ing the HTS-part. 

For lateral force measurements the YBCO bulk 
has been placed centred above the excitation. After 
the HTS is completely below its critical temperature 
at TC = 92 °K series of lateral movements 
ΔyHTS = ± 0.5 mm with a increment of 0.1 mm has 
been accomplished by moving the excitation-part in 
y-direction. The approach to calculate the stiffness is 
described in chapter 3.2.  

2.2 Damping measurement 
For dynamic measurements a separate setup has 
been used. Here the excitation-part includes the PMs 
and is mounted on a table. The levitation-part is po-
sitioned above the excitation-part. A ferromagnetic 
plate is mounted on the top of the levitation-part as 
armature disc for the electromagnet, which is placed 
on top of the armature disc, mounted on a static 
frame. This apparatus, shown in fig. 2, is designed to 
investigate the damping characteristics of the SMB. 
After the HTS in the levitation-part is cooled below 
its critical temperature within the magnetic field of 
the excitation-part the distance-plate has been re-
moved. The levitation-part is now levitating with an 
air gap due to the distance plate. To initialize the 
measurement the electromagnet will be activated to 
displace the levitation-part with Δz0. After the elec-
tromagnet is switched off the repositioning of the 
levitation-part starts and can be measured by a pie-
zoelectric acceleration transducers mounted on the 
levitation-part.  

To evaluate the measuring signal a measurement 
system with time base and FFT analyser has been 
used. The mechanical oscillation of the levitation-
part during the repositioning process due to the in-
teraction between magnetic field and the HTS illus-
trate the intensity of the magnetic flux pinning force.  
 

 
 
Fig. 2: Device for measuring damping 

3 MEASUREMENT RESULTS 

3.1 Force 
Vertical force measurements have performed as a 
function of the cooling height and working height 
(WH), which depends on the weight of the levita-
tion-part. In principle the quality of the vertical force 
between a HTS and a pm-arrangement has been in-
vestigated by zero-field-cooling and afterwards 
measuring the vertical force by reducing the gap be-
tween the HTS and the pm-arrangement. One can 
observe a repulsive force between HTS and PM 
cause of Meissner effect up to the lower critical 
magnetic field HC1 of the HTS. To design a stable 
linear SMB the behaviour of vertical and lateral 
forces due to a vertical or lateral displacement is 
very important. To improve the application in this 
point of view, which means to use the flux pinning 
effect in HTS the field-cooling-process is essential. 
The results of preliminary investigations for the cho-
sen bearing configuration yielded a maximum CH of 
8 mm for a sufficient vertical force (i.e. z-direction) 
by coexistent of a wanted lateral force (i.e. y-
direction). In fig. 3 and fig. 4, the vertical force ver-
sus the vertical displacement and lateral force versus 
the lateral displacement of the HTS around the cool-
ing position is shown as function of different CHs. 
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Fig. 3:Vertical force vs. vertical displacement 
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Fig. 4: Lateral force vs. lateral displacement 
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Fig. 5: Vertical transition-run CH to working point/ - line 
 

After the HTS is in the superconducting state and 
the distance plate has been removed, a new working 
point (WP) will be adjusted due to the weight of the 
levitation-part. According to the curve for CH = 8 
mm in fig. 3 it is possible to calculate the offset be-
tween CH and height of working point for different 
weights of the levitation-part. The measurement run 

starts at CH with a negative offset due to the as-
sumed weight. The gap has been reduced to the 
working point (force equilibrium) after this a loop 
(ΔzHTS = ±0.3 mm) around the working point has 
been started, shown in fig. 5. 

The measuring forces due to the displacements 
along the new curve characterise the SMB with the 
given parameters in weight of levitation-part, CH 
and the maximum displacement depends of the tech-
nical requirements. 

3.2 Stiffness 
The stiffness has been calculated by evaluation the 
force measurements. Fig. 6 shows the vertical forces 
versus the vertical displacements, additional a poly-
nomial fitting curve. The characteristic polynomial 
to fit the curve in fig. 6 is described as 

2y A B x C x= + ⋅ + ⋅ . 

The constants for the shown example in fig. 6 are: 

A = 0; B = -17.3 and C = 4.2. 
In this case it is required to choose the parabolic 

polynomial or a polynomial with higher order to fit 
the curve in fig. 6. The derivative of the fit is the 
stiffness-function of the SMB.  
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Fig. 6: Principle curve fitting to calculate the stiffness (i.e. loop 
measurement ΔzHTS = ± 0.5 mm at CH = 3mm, WP = 3 mm) 

 
The parabolic polynomial has been derivated and 

can be described as 

2 17.3 8.4Zy B C x F z= + ⋅ → = − + ⋅&& . 

The stiffness of the SMB is in this case a linear 
function, which depends on the CH and the maxi-
mum displacement ΔzHTS. As shown in fig. 7, the 
characteristic curves have a significant slope. There-
fore a constant for the stiffness is suitable only in 
first approximation. To describe the mechanical dy-









<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /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 300
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


