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Abstract —In this paper, a new type of memory motors,
namely stator-PM flux mnemonic doubly salient motor, is
proposed and implemented. The concept of flux memory is due
to the nature that the magnetization level of the permanent
magnets of AINiCo in the motor can be online regulated by a
temporary magnetization current pulse and memorized
automatically, To  accurately analyze the variation
characteristics of flux density and field intensity of permanent
magnets in the proposed memory motor under different
magnetization current, a piecewise-linear hysteresis model is
employed in the time-stepping finite element method. Both
simulations and experimental results of the motor are given to
verify the validity of the new method.

1. INTRODUCTION

With ever increasing concerns on environment protection
and energy conservation, EVs have been identified as the
most viable zero-emission vehicles. Among different EV
motors, the stator-permanent-magnet (stator-PM) motor drive
is more feasible, since it inherently offers high efficiency,
high power density, and free maintenance[1]. Also, it takes
the definite advantage that the PMs are located in the stator so
that the thermal influence on the PMs becomes insignificant
while the rotor becomes mechanically robust. However,
because of uncontrollable PM flux, the stator-PM motor
cannot offer high-speed constant-power operation and
maintain high efficiency over wide-speed operation which are
essential for EVs. By incorporating both PMs and DC field
windings in to the stator-PM motor, the hybrid excitation
motor can retain the desired air-gap flux control while
improve the power density and efficiency[2]. Nevertheless,
the use of DC field current still causes continuous and
unnecessary power loss in the flux weakening or flux
strengthening region.

Recently, a new class of memory motors has been
proposed, which employs the property of low coercivity of the
aluminum-nickel-cobalt (AINiCo) PMs in the rotor-PM
motors [3]-[4]. By vector control techniques, the
magnetization of AINiCo-PMs can be tuned by applying
temporary negative d-axis current pulses, hence controlling
the air-gap flux efficiently. The purpose of this paper is to
incorporate the concept of online tunable flux-mnemonic PMs
into the stator-PM motor in such a way that the resulting
stator-PM flux-mnemonic doubly salient (FMDS) motor can
offer effective and efficient air-gap flux control.

II. MOTOR TOPOLOGY

Fig 1 shows the topology of the proposed stator-PM FMDS
motor. The motor adopts a three-phase 12/8-pole doubly-
layer-stator outer-rotor topology. In the stator, the armature
windings are located in the outer layer, while both the PMs of

AINiCo and the magnetizing windings are located in the inner
layer, hence achieving a compact structure. Moreover, since
the armature windings and PMs are located in different layers
of the stator, the PMs can be immune from accidental
demagnetization by armature reaction, which is a major
problem in current rotor-PM memory motors [5]. Also, since
the outer-rotor is simply composed of salient poles with
neither PMs nor windings, it is very robust and suitable for
vehicular operation.
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Fig. 1 Structure of stator-PM FMDS motor.
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III. PIECEWISE-LINEAR HYSTERESIS MODEL

The AINiCo-PMs adopted in the proposed memory motor
exhibit nonlinear demagnetization characteristics. Fig. 2(a)
shows the actual hysteresis model. A relatively low coercive
force H, of the PMs enable bipolar online magnetization. Fig.
2(b) shows the piecewise-linear hysteresis model.
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Fig. 2 Hysteresis curves of AINiCo-PM.

Since the hysteresis curves of AINiCo-PM is far different
from those of the NdFeB-PM, the traditional finite element
method (FEM) that was developed for NdFeB-PM motors is
unable to provide an accurate analysis for the memory motors
[6]. So, in this paper a time-stepping FEM coupled with a
piecewise-linear hysteresis model is proposed for the analysis
of the PM online magnetization phenomena of the motor
under different magnetizing or demagnetizing current in
details.



IV. PERFORMANCE ANALYSIS AND EXPERIMENTAL RESULTS

In order to testify the validity of the proposed model, the
proposed motor is newly designed and prototyped, which is
shown in Fig.3.

Firstly, by temporarily tuning the magnetizing current, the
PM magnetization level can be flexibly adjusted at different
levels. The corresponding magnetic field distributions at no
load are shown in Fig. 4. For experimental verification, the
back EMF wave forms at 700 rpm under same conditions are
simulated and measured, which are shown in Fig.5. As
expected, the amplitude of EMF can be effectively controlled.
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Fig. 3. The Prototype.
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Fig.4 .The magnetic field distributions.

Then, the transient responses of the back EMF at the speed
of 300 rpm subjected to a temporary magnetizing current
pulse are simulated and measured as shown in Fig. 6. Namely,
by applying a magnetizing current of about 20 A with a

duration of about 0.3s, the back EMF can be swiftly increased.

Compared with the FEM-simulated waveforms shown in Fig.
6(a), the measured waveforms shown in Fig.6(b) exhibit a
good agreement, hence verifying the accuracy and validity of
the proposed piecewise-linear hysteresis model.
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Fig. 5. The back EMF waveforms under different PM magnetization levels.
Finally, by using a negative current with a magnitude of 12

A, the PMs can be completely demagnetized and even can be

re-magnetized reversely, thus, the pole of the PMs can be
reversed efficiently. The corresponding effects are shown in
Fig. 7.
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Fig. 6. The transient responses of the back EMF waveforms.
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Fig. 7. The transient responses of the back EMF waveforms subjected to
demagnetizing current.

V. CONCLUSION

In this paper, a new stator-PM FMDS motor drive has
been proposed for EVs. By employing a piecewise-linear
hysteresis model in the time-stepping FEM, the online
magnetization characteristic of the motor are successfully
obtained. Both the theoretical analysis and measured results
not only verify the validity of the new method, but also show
that the proposed motor can retain the advantages of effective
flux control, high efficiency and high power density, which
makes the motor an interesting candidate for electric vehicles.

VL. REFERENCES

[1] K. T. Chau, C. C. Chan and C. Liu, “Overview of permanent-magnet
brushless drives for electric and hybrid electric vehicles,” IEEE Trans.
Ind. Electron., vol. 55, no. 6, pp. 2246-2257, Jun. 2008.

[2] C. Liu, K.T. Chau and J. Z. Jiang, “Comparison of stator-permanent-
magnet brushless machines,” IEEE Trans. Magn., vol. 44, no. 11, pp.
4405-4408, Nov. 2008.

[3] V. Ostovic, “Memory motor-A new class of controllable flux PM
machines for a true wide speed operation,” IEEE Ind. Appl., vol.9,
pp.52-61, 2003.

[4] H. Liu, H. Lin, Z. Q. Zhu, “Permanent Magnet Remagnetizing Physics
of a Variable Flux Memory Motor,” /[EEE Trans. Magn., vol. 46, no. 6,
pp. 1679-1682, Jun. 2010.

[5] J. H. Lee and J. P. Hong, “Permanent magnet demagnetization
characteristic analysis of a variable flux memory motor using coupled
Preisach modeling and FEM,” [EEE Trans. Magn., vol. 44, no. 6, pp.
1550-1553, Jun. 2008.

[6] S. Cincotti, “Dynamic properties of a piece-wise linear circuit model of
hysteresis,” IEEE Trans. Magn., vol. 37, no. 5, pp. 3320-3324, Sep.
2001.




<<
  /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


