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Abstract

The AC magnetic suspension system using magnetic resonant coupling is dynamically stabilized by a DC
suspension mechanism operated by the power transmitted to the floator through the magnetic resonant coupling.
The target AC magnetic suspension system has a self-stabilization property; restoring force is produced without
any active control. However, it is dynamically unstable because slightly negative damping is also produced when
the stator is fixed. Therefore, it is necessary for dynamic stabilization to add positive damping to the floator. A
DC magnetic suspension is installed in parallel with the AC magnetic suspension to generate positive damping
without any active control. The developed system has a pair of AC electromagnets for positive stiffness and
another pair of DC electromagnets for positive damping. First, the coil of the DC electromagnet in the stator is
shunted. However, it is experimentally shown that negative damping is produced because the latter pair also has
a self-stabilization property; the force increases as the gap increases. Then, a bias voltage is applied to the DC
electromagnet on the stator to make the stiffness negative. As a result, stable suspension is achieved without any
active control in the developed system.

Keywords : Magnetic suspension, Magnetic bearings, Magnetic resonant coupling, Power transfer, Self-
stabilization.

1. Introduction

The alternate-current (AC) magnetic suspension using magnetic resonant coupling has been proposed (Mizuno et al.,
2014) and studied extensively (Korikawa et al., 2015) (Mizuno et al., 2016) (Rahman et al., 2000a; 2000b). In this
suspension system, the energy transfer technique using magnetic resonant coupling has been combined with the AC
magnetic suspension using a tuned LCR circuit. It has a self-stabilizing characteristic that is proper in the tuned LCR
circuit levitation (Jayawant and Kaplan, 1971) (Frazier et al., 1974) (Hagiwara, 1978). A restoring force is produced
automatically (without control): the attractive force acting on the suspended object (floator) increases as the gap between
the stator electromagnet and the floator increases or vice versa. It indicates that the suspension system is statically stable
as if the floator is suspended by a normal spring with a positive stiffness. However, it is dynamically unstable because
there is slightly negative damping (Korikawa et al., 2015). For dynamic stabilization, direct or indirect damping must be
added as in the tuned LCR levitation (Jin et al., 1994).

Meanwhile, the utilization of the power transmitted to the floator has not been discussed sufficiently. In a magnetic
levitation system with AC magnets, the current induced in the secondary coil was switched or varied according to the
motion of the floator for stabilization (Tsukamoto et al., 1988) (Hirata et al., 1990) (Mizuno et al., 2005). However, active
control was necessary in those AC suspension systems. In a magnetically suspended gyro, it was proposed to use the
transferred energy to drive a motor (Seito, et al., 2015).

In this work, the transmitted power is used to excite a DC electromagnet in the floator, which constitutes a DC
magnetic suspension mechanism installed in parallel with the AC magnetic suspension system using magnetic resonant
coupling. The developed magnetic suspension system achieves dynamic stabilization without any active control.
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Fig.1 Schematic view of magnetic suspension system proposed to achieve dynamic stabilization. The AC voltage
induced in the secondary coil is converted to a DC voltage by a full-wave rectifier and a smoothing circuit with
a capacitor. The coil of EM4 is shunted to produce damping-like force.
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Fig.2 Picture of experimental apparatus

2. Original configuration

Figure 1 shows a schematic view of the proposed suspension system. There are two pairs of electromagnets. One of
them constitutes a magnetic-resonant-coupling AC magnetic suspension. The stator electromagnet E1 is a part of a series-
resonant circuit fed by an alternating-voltage source. They constitute the primary circuit. Another electromagnet EM2 is
attached to the floator and is also a part of another series-resonant circuit. They constitute the secondary circuit. The two
series-resonant circuits are adjusted to have a common resonant frequency. The two electromagnets face each other across
a gap. Even if the gap is rather wide, a high-efficiency energy transfer is expected from the stator to the floator due to
magnetic resonant coupling. The other pair constitutes a DC magnetic suspension system. An electromagnet EM3 on the
floator is excited by the DC source that is produced by converting the AC voltage induced in the secondary coil of E2
with a full-wave rectifier and a smoothing circuit with a capacitor. Another electromagnet EM4 on the stator has a shunted
coil that is expected to produce positive damping by the voltage induced by the motion of the floator.

3. Experiments in the first configuration

Figure 2 shows a picture of an experimental apparatus. The apparatus has a seesaw-type floator. An electromagnet
for AC suspension (EM2) is fixed at one end of the floator. Another electromagnet for DC suspension (EM3) is fixed
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(a) Total force of AC-DC suspension. (b) Force of DC suspension.

Fig. 3  Relationship between attractive force and gap. The total force of the AC suspension and the DC suspension
increases as the gap increases, which indicates the stiffness is positive. It is to be mentioned that the DC suspension
also has a positive stiffness.
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Fig. 4 Displacement of floator when the coil of EM4 is closed. The vibration of the floator diverges, which indicates
that the damping is negative.

beside EM2. A weight is attached at the other end for the adjustment of static unbalance. The primary electromagnet
(EM)) is attached to a load cell fixed on the frame above EM2. Another electromagnet for DC suspension (EM4) is also
attached to another load cell fixed on the frame above EM3. Such structures enable the attractive force of the AC
suspension and that of the DC suspension to be measured individually.

Figure 3 shows the measured forces for various gaps. The total force of the AC-DC suspension system increases as
the gap increases as shown by Fig.3(a). It indicates that the suspension system has positive stiffness and is statically
stable. It is to be noted that the sole DC suspension system has also positive stiffness. If the voltage applied to EM3 were
constant, it had negative stiffness and was unstable as the normal DC suspension system. In this system, however, the
voltage applied to EM3 is produced from the AC voltage induced in EM2. The excitation frequency is set for the AC
suspension system to have a self-stabilizing characteristic, that is, positive stiffness. It indicates that the amplitude of the
induced AC voltage increases as the gap increases. Because the DC voltage applied to EM3 is produced from this voltage,
the DC voltage also increases as the gap increases as shown by Fig.3(b). In a static point of view, therefore, the DC
suspension system improves the stability.

However, the whole suspension system becomes dynamically unstable; the vibration of the floator diverges as shown
by Fig.4. The reason is that negative damping is produced by the DC suspension against expectation. If the
magnetomotive force in the DC magnet is constant, positive damping were produced as expected. However, in the
developed suspension system, the voltage applied to EM3 is the rectified and smoothed voltage of the secondary circuit
of the AC suspension (EM2). The DC suspension has a self-stabilizing characteristic (positive stiffness) as mentioned
above. When the floator approaches the stator for example, the magnetic flux flowing through the coil of EM4 decreases.
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Thereby, the induced back electromotive force tends to increase the flux. It indicates that the motion of the floator is
accelerated by the induced force of EM4. As a result, negative damping acts on the floator.

4. Modified configuration

Figure 5 shows a schematic view of the modified suspension system. A bias voltage is applied to the DC
electromagnet EM4 on the stator to make the stiffness of the DC suspension negative for the voltage induced by the
motion of the floator to produce positive damping.

Figure 6 shows the total force of the AC-DC suspension for various gaps when the bias voltage is 1.37 V. Comparing
it with Fig.3(a), we find that the force becomes larger at small gaps and decreases as the gap increases in the region of
the gap where the gap is more than 1 mm and less than 1.55 mm (1.0 mm <gap<1.55 mm). Figure 7 shows each attractive
force of the AC and DC suspensions for various gaps. The force-to-gap characteristic of the AC suspension is a typical
self-stabilizing one; the force increases as the gap increases. In contrast, the force-to-gap characteristic of the DC
suspension is an unstable one when the gap is small (less than 1.55 mm ) and becomes a self-stabilizing one when the
gap is large (remarkable more than 1.8 mm).

Figure 8 shows the stiffness of the combined (AC-DC) suspension and that of the DC suspension for various gaps;
the stiffness is calculated from the measured forces. For static stability, the stiffness of the combined suspension must be
positive. For dynamic stability (positive damping), the stiffness of the DC suspension must be negative. These conditions
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Fig.5 Modified magnetic suspension system. A vias voltage applied to the coil of EM4 to has negative stiffness.
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Fig. 6 Relation between the total force and gap in the modified configuration with a bias voltage of 1.37 V. The force

decreases as the gap increases in a small-gap region (1 mm <gap <1.55 mm) while it increases as the gap increases
in a large-gap region (1.55 mm <gap)
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are satisfied in the region where the gap is more than 1.55 mm and less than 1.8 mm (1.55 mm <gap<1.8 mm).
Figure 9 shows the responses of the floator to a disturbance acting on the floator when the equilibrium position x,
is 1.6, 1.7 and 1.8 mm which correspond to the gaps. It is found that the vibrations caused by the disturbance are attenuated
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Fig. 7 Each attractive force of the AC and DC suspensions. The force of the AC suspension increases as the gap increases.
The force of the DC suspension decreases in a small-gap region (1 mm<gap<1.8mm) and turns to increase in a large-
gap region (1.9 mm<gap).
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Fig. 8 Stiffness of AC-DC suspension (total stiffness) and that of DC suspension to gap when a bias voltage is applied to
EM4. There is a region (1.55 mm<gap<1.8 mm) where the total stiffness is positive and the stiffness of DC
suspension is negative.

1.85

1.80 (\/\/\MMW

1.75

1.70 (\/V~VAV

1.65

1.60 /\/\—‘

1.55

Gap [mm]

Time [0.5 s/div]

Fig. 9 Responses of the displacement of floator when the bias voltage is applied to EM4 and x. = 1.6, 1.7, and 1.8 mm.
The vibration of the floator is attenuated, which indicates that the suspension system is dynamically stable.
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due to positive damping. This result demonstrates that stable suspension is achieved without any active control in the
developed AC-DC suspension system.

5. Conclusion

In the AC magnetic suspension using magnetic resonant coupling, dynamic stabilization was achieved by installing
a DC suspension driven by the power transmitted to the floator through magnetic resonant coupling. The target AC
magnetic suspension system has positive stiffness but slightly negative damping. Positive damping is necessary for
dynamic stabilization. To generate such damping, a DC magnetic suspension mechanism was installed in parallel with
the AC magnetic suspension and was excited by the power transmitted to the floator through the magnetic resonant
coupling. First, the coil of the electromagnet for the DC suspension on the stator was shunted. It was experimentally
shown that negative damping was produced because the DC suspension system has positive stiffness. Then, a bias voltage
was applied to the DC electromagnet on the stator to make the stiffness negative. As a result, stable suspension was
achieved without any active control in the developed system.

A problem of the developed suspension system is the total positive stiffness of the combined suspension decreases
because the DC suspension has negative stiffness. Therefore, the operation range of the developed suspension system is
limited. This problem can be solved by introducing phase-lead compensation to the DC suspension for producing positive
damping without negative stiffness (Kobayashi et al., 2024).

Acknowledgments

This work was financially supported by Japan Society for the Promotion of Science (JSPS) KAKENHI; Grant
Number 20H02096 and 21K18162.

References

Frazier, R. H., Gilinson, Jr., P. J. and Oberbeck, G. A., Magnetic and electric suspensions (1974), pp.11-33, The MIT
Press.

Hagiwara, S., Performance and stability of a magnetic suspension device using a tuned LCR circuit, Proceedings of the
Institute of Electrical Engineers, Vol.125, No.2 (1978), pp.153-156.

Hirata, T., Hikihara, T. and Hirane, Y., Suspension characteristics of magnetic suspension system by linear induction
motor, IEEJ Journal of Industry Applications, Vol.112, No.10 (1990), pp.1091-1099 (in Japanese)

Jayawant, B. V. and Kaplan, B. Z., The development and stabilization of a new electromagnetic suspension, Journal of
Physics E: Scientific Instruments, Vol.4 (1971), pp.301-306.

Jin, J. and Higuchi, T., Dynamics and stability of magnetic suspension systems using tuned LC circuit, JSME
International Journal. Series C, Vol.37, No.3 (1994), pp.494-498.

Kobayashi, T., Mizuno, T., Takasaki, M. and Ishino, Y., Introduction of DC magnetic suspension to AC suspension using
magnetic resonant coupling, Transactions of the JSME (in Japanese), Vol.90, No. 937 (2024), DOI:
10.1299/transjsme.24-00096.

Korikawa, T., Mizuno, T., Takasaki, M., Ishino, Y., Hara, M. and Yamaguchi, D., Study on AC magnetic suspension using
magnetic resonant coupling (4th report: Evaluation of suspension characteristics), Proceedings of Dynamics and

Mizuno, T., Kishita, D., Takasaki, M. and Ishino, Y., PM-Biased AC magnetic suspension with energy transfer function,
Journal of the Japan Society of Applied Electromagnetics, Vol.13, No.4 (2005), pp.322-327 (in Japanese).

Mizuno, T., Takahashi, K., Ishino, Y. and Takasaki, M., Proposal of AC magnetic suspension using magnetic resonant
coupling, Proceedings of the 14th the International Symposium on Magnetic Bearings (2014), pp.491-494.

Mizuno, T., Takahashi, K., Ishino, Y. and Takasaki, M., Novel AC magnetic suspension using magnetic resonant coupling,
Mechanical Engineering Journal, Vol.3, No.2 (2016), pp.1-12.

Rahman, A., Mizuno, T., Ishino, Y., Takasaki, M., Yamaguchi, D., Suspension characteristics of differentially operated
AC magnetic suspension system using magnetic resonant coupling, Journal of the Japan Society of Applied
Electromagnetics and Mechanics, Vol.28, No.2 (2020), pp.94-100.

Rahman, A., Mizuno, T., Takasaki, M. and Ishino, Y., An equivalent circuit analysis and suspension characteristics of AC

© 2025 The Japan Society of Mechanical Engineers




magnetic suspension using magnetic resonant coupling, Actuators 2020, 9(3), 52 (2020), DOI:10.3390/act9030052.
Seito, A., Takasaki, M., Ishino, Y., Yamaguchi, D., Hara, M. and Mizuno, T., Development of a magnetically suspended
gyro with contactless power transfer, Proceedings of the 54th Undergraduate Student Research Presentations, The
Kanto Branch of the Japan Society of Mechanical Engineers, 506 (2015).
Tsukamoto, O., Yasuda, K. and Chen, J. Z., A new magnetic levitation system with AC magnets, IEEE Transactions on
Magnets, Vol.24, No.2 (1988), pp.1497-1500.

© 2025 The Japan Society of Mechanical Engineers





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


