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Optimal Design of Line-start Permanent Magnet Motor for High efficiency Performance with
double-barrier rotor design
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Abstract This paper examines an design of double-barrier rotor
structure for improving the efficiency performance in a single-phase line-start
permanent magnet(LSPM) motor. By utilizing the advantages of
double-barrier rotor design that by increasing reluctance torque generation to
compensate magnet torque production, the copper loss reduction is achieved.
The optimal approach of response surface methodogy(RSM) is performed for
determining a optimum double-barrier rotor structure. The improving of
efficiency performance is confirmed by finite element method(FEM) and test.

1. Introduction

The single-phase line-start permanent magnet(LSPM) motor operates with
commercial electricity without additional power electronic switching devices
and position sensor, therefore having higher maintenance than other inverter
fed electrical motors[1],[2].

Compare to the conventional single-phase induction motor, the LSPM
improves the torque characteristics by adding permanent magnets to the
rotor part. Therefore, the LSPM motor has attributes of both induction
motor(IM) and interior PM(IPM) synchronous motor. For having a better
torque performance, the conductor bars are buried inside the rotor core,
which  products  asynchronous starting torque at the beginning
operation[2],[3].

Compare with the inductance motor, the LSPM motor can improve
efficiency performance obviously, although the buried conductor bars
inevitably produce additional copper loss[2].

Moreover, the efficiency performance of LSPM motor can also be
improved by applying double-barrier structure to the rotor design as
proposed in this paper. As some reports of the multi-barrier rotor design in
synchronous reluctance motor, that the increasing barrier design benefits to
reduce flux leakage and improve the rotor saliency[3]. Correspondingly, the
advantage on efficiency performance over the conventional single-barrier
rotor design is achieved. The double-barrier rotor design is adopted in the
optimal design of rotor structure for practical consideration, that as
simplicity for manufacturing, the easiness of inserting PM into the rotor
core and the mechanical robustness[4],[5].

In this paper, a popular optimization approach of response surface
methodogy(RSM) is performed to search optimal design variables, which
deal with multiple objective functions with considering the interaction effect
between each others[6]. For increasing reluctance torque generation, the
higher rotor saliency is desired in the rotor design. The increased reluctance
torque helps to lower the dependency of magnet toque, which closely relates
to the copper loss in the stator windings and benefits to the efficiency
improvement[5].
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<Fig. 1> Single-phase IM and LSPM motor configuration
2. Analysis Model and Design Approach

2.1 Prototype LSPM motor

An exiting induction motor(IM) used as compressor in air-condition is
introduced as the analysis model, as Fig. 1(a) shows. And, another designed
LSPM motor model with the same stator structure of the induction motor is
built as Fig. 1(b) given, in which the permanent magnets are buried inside
the rotor core with single-barrier design.

2.2 Double-barrier rotor structure

For improving the efficiency performance, a double-barrier rotor structure
is adopted with using the same amount of PM. The base model of
double-barrier rotor structure is given in Fig. 2, where all the design
variables and assumptions for optimal design are marked.

<Fig. 2> Base model of double-barrier rotor structure

2.3 Optimal design

By using the RSM, the design high saliency rotor structure is . As is
well known, that the Back EMF is proportional to the magnet torque
production and the higher the rotor saliency, the reluctance torque generated.
Therefore, for simplicity consideration, the characteristics of Back EMF and
rotor saliency ratio at main operation point[3000(rpm)@Ia=3(A),3=40"] is
chosen as the objective functions in RSM to change the balance of magnet
torque and reluctance torque. As the analysis above, for increasing the
reluctance torque generation, the high saliency rotor is designed according to
the optimization analysis by RSM. With satisfying the torque characteristics,

the optimal model is determined and its objective characteristics of
Back EMF and saliency ratio are verified by FEM.
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<Fig. 3> Optimization analysis of objective functions

(a) Results comparison of Back_EMF characteristic
(b) Results comparison of Saliency characteristic
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<Fig. 4> Objective functions confirmation by FEM
3. Results and Discussion

The  exiting induction motor is test, as Fig. 5 illustrated, and its
performances are compared with the simulation results by FEM. Take the
test data as standard, the results by FEM is well verified as Fig. 6(a)
shows.

Then, the improvement of efficiency performance by adopting
double-barrier rotor design is confirmed by the characteristic comparisons
between the induction motor, single-barrier LSPM motor model and the
optimal double-barrier design LSPM motor model, as the Fig. 6(b)
illustrated. With satisfying the same output torque characteristic, that
including average torque and maximum torque, the double-barrier design
model shows an improvement efficiency performance (region 1), since the
decrease of copper loss. The copper loss is reduced with the decrease of
armature current(region 2), which corroborating the change of balance
between the magnet torque and reluctance torque in the hybrid torque
production. The reluctance torque generation is increased with the enlarge of
rotor saliency, and the magnet torque was compensated by the reluctance
torque. Finally, the improving of efficiency by adopting double-barrier
design in LSPM motor with the same amount of PM is proved.
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<Fig. 5> Experiment setup of Induction motor test
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(a) Results comparison of Induction Motor
(b) Comparison between IM, prototype single-barrier LSPM
motor and optimal double-barrier LSPM motor
<Fig. 6> Motor characteristics comparison(by test and FEM)

4. Conclusion

This paper presented a optimal design of double-barrier rotor structure
for improving the efficiency performance of a Single-phase Line-start
permanent magnet motor. The efficiency improvement is achieved since the
copper loss caused in the stator windings was reduced by lowering the
magnet torque production, which was compensated by the increased
reluctance torque generation due to a higher rotor saliency created by the
optimal designed rotor structure. As a conclusion, the double-barrier rotor
design is a effective approach to improve efficiency performance based on
changing the hybrid torque characteristics without additional PM usage.

[Reference]

[1] Mircea Popescu, T.J.E.Miller,“Asynchronous Performance Analysis
of a Single-Phase Capacitor-Start, Capacitor-Run Permanent Magnet
Motor”, IEEE Trans. On Energy covers. vol.20, NO.1, March 2005.
[2] Timothy J. E. Miller, "Single-Phase Permanent-Magnet Motor
Analysis", IEEE Trans. on Indus. Appl., Vol.IA-21, No.4, May1985

[3]Shigen Morimoto, Masayuki Sanada, and Yoji Takeda,
“Performance of PM-Assisted Synchronous Reluctance Motor for
High-Efficiency and Wide Constant-Power Operation,” IEEE
Transaction on Industry Applications, vol.37, no.5, SEPTEMBER
/OCTOBER 2001

[4]T. Ohnishi, Takahashi “Optimal Design of Efficiency IPM motor
Using Finite Element Method,” [EEE Transaction on Magnetics,
vol.36, no. 5, SEPTEMBER 2000

[5]Suk-Hee Lee, Liang Fang, Jung-Pyo, “High Efficiency Design of
IPMSM for the Refrigerator Compressor Considering Operating
Point,” KIEE Summer Annual Conference 2007.

[6]Raymond H. Myers, Douglas C. Montgomery, “Response Surface
Methodology: Process and Product Optimization Using Designed
Experiment”, A Wiley-Interscience Publication John Wiley & Sons,
INC.

- 769 -




<<
  /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


