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In this paper, a new skewed PM poles structure for reducing the cogging torque for flux concentrated transverse flux PM disk 

generator (FC-TFPMDG) with soft magnetic composite core is proposed.  The frequency spectrum of cogging torque is analyzed to 
find the dominant component, and then to determine the skew degree of PM poles. The cogging torque and the no-load electromotive 
force are calculated and analyzed by 3D FEM and further verified by experiment. 
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I. INTRODUCTION 

RANSERSE FLUX permanent magnet machines (TFPMMs) 
and their applications in direct-drive system, especially in 

direct-drive wind power system, have attracted much interest 
due to their higher power density, the decoupling between 
electrical and magnetic circuits, and the modular structure [1, 
2]. A novel flux concentrated transverse flux PM disk genera-
tor (FC-TFPMDG) with soft magnetic composite (SMC) cores 
is introduced by authors as shown in Fig. 1 [3]. The prototype 
of this machine is manufactured as shown in Fig. 2, which has 
higher space and PM utility than conventional TFPMMs and 
expands the topology of TFPMMs. However, the cogging 
torque of the initial design machine is much larger by experi-
mental analysis. This torque can bring more vibration and 
noise when the machine rotates. 

In this paper, a novel FC-TFPMDG with SMC cores is in-
troduced with the merits of the higher power density in tradi-
tional TFPMMs and the compact structure at axial direction in 
disk-type machines. Moreover, the frequency spectrum of 
cogging torque is analyzed to determine an effective method 
to minimize the cogging torque of FC-TFPMDG by skewing 
the PM poles. The cogging torque and the no-load EMF are 
calculated and analyzed by 3D FEM and then verified by ex-
periment. 

 

 
Fig. 1. Structure of single-phase FC-TFPMDG.  

II. COGGING TORQUE ANALYSIS OF FC-TFPMDG 

A. Cogging torque 

The cogging torque of any permanent magnet machine 
(PMM) including TFPMMs can be calculated by the total 
stored co-energy Wco and the rotor angle θ of machine, which 
can be expressed as, 
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It is assumed that the stator and rotor cores of machine are 
ideal without saturation. The co-energy in airgap and PMs are 
the dominant of the total stored co-energy in PMM. However, 
the flux density in airgap of this studied machine, FC-
TFPMDG is difficult to obtain by using analytical method due 
to its complex flux path distribution. The 3D FEM software 
Ansys is adopted to calculate the cogging torque. 

The stator cores and the PMs of FC-TFPMDG prototype 
shown in Fig. 2 are manufactured by SMC and NdFeB respec-
tively. The rated power (single-phase) and the speed of this 
machine are 50W and 600r/min respectively. The main pa-
rameters are listed in Table I. 

 
(a) (b) 

Fig. 2. Prototype of single-phase FC-TFPMDG. (a) rotor. (b) stator (one side). 

 
TABLE 1. Main parameters and dimensions of FC-TFPMDG 

Dimensions Values 
Number of poles 24 

Inner radius (mm) 35 
Outer radius (mm) 55 

Radial length of inner teeth (mm) 7 
Radial length of outer teeth (mm) 5 

Air-gap (mm) 1 
Axial length (mm) 24 

T 



Axial length of stator teeth (mm) 6 
Number of turns (one side) 210 

Circumferential length of PM (mm) 5 
Rated voltage (V) 50 

Remanence of PM (T) 1.26 
Coercivity of PM (kA/m) 865 

SMC type Somaloy 500 

 
The cogging torque of this single-phase module prototype is 

calculated by 3D FEM as shown in Fig. 3(a). The amplitude of 
the cogging torque for every phase module is approximately 
0.65Nm. For a three-phase one, the entire cogging torque of 
machine is the superposition of every phase value by shifting 
120 electrical degree between each other. The cogging torque 
amplitude of the three phase machine is about 0.36Nm. More-
over, to verify the calculated results, an experiment is carried 
out to measure the extreme values of cogging torque by using 
weight method, as shown in Fig. 3(b). The error between the 
calculated and measured values is mainly caused by the as-
sembly and experiment tolerance. 

 
(a) 

 
(b) 

Fig. 3. Cogging torque versus mechanical angle. (a) Cogging torques of Phase 
A, B and C respectively. (b) Calculated and measured cogging torque. 

B. Frequency harmonic of cogging torque 

For this proposed FC-TFPMDG, the electrical period and 
the cogging torque period are 30 and 15 degree respectively 
due to its unique core and the PM arrangement. In order to 
reduce the cogging torque, the Fast Fourier Transformation 
(FFT) method is adopted to analyze and the find the dominant 
component of the cogging torque, as shown in Fig. 4. 

 
Fig. 4. nth order component of cogging torque of single-phase FC-TFPMDG 
by FEM. 

III. COGGING TORQUE REDUCTION BY SKEWING PM POLES 

Due to its specific structure of FC-TFPMDG, it can adjust 
the angle of PM in rotor easily to form the skewing PM poles. 
In this study, the relation between skewed angle and the 
frequency harmonic is described to find the selected skewed 
angle to reduce the cogging torque effectively. The cogging 
torque of three-phase machine is shown in Fig. 5. The 
amplitude of the cogging torque after optimized skew poles 
can reduce to about 0.2Nm, which is smaller than the initial 
one approximately 0.6Nm. 

 
Fig. 5. Three-phase cogging torque without and with PM poles skew. 

IV. CONCLUSION 

In this paper, a new PM poles skew method to reduce the 
cogging torque of FC-TFPMDG is proposed. The detailed 
analysis and calculation will be given in the full text. 

REFERENCES 
[1] J. Lee, S. Chung, D. Koo, and C. Han, “Comparison of transverse flux 

rotary machines with different stator core topologies,” J. Magn., vol. 19, 
no. 2, pp. 146–150, Jun. 2014. 

[2] K. Lu, P. O. Rasmussen, and E. Ritchie, “Design considerations of 
permanent magnet transverse flux machines,” IEEE Trans. Magn., vol. 
47, no. 10, pp. 2804–2807, Oct. 2011. 

[3] J. Yan, Q. Li, H. Lin and Y. Feng, "Electromagnetic design and analysis 
of a novel flux-concentrated transverse flux permanent magnet disk 
generator," Electrical Machines and Systems (ICEMS), 2014 17th 
International Conference on, Hangzhou, 2014, pp. 453-457. 

0 1 2 3 4 5 6 7 8 9 10

0.2

0.4

0.6

0.8

1.0

Harmonic order

P
er

ce
nt

ag
e 

of
 h

ar
m

on
ic

 c
om

po
ne

nt

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

0 5 10 15

C
og

gi
ng

 to
rq

ue
 (

N
m

)

Mechanical angle (degree)

Optimized initial



<<
  /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


