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Abstract. This paper presents a rotor design for high starting performance of a line-start single-phase permanent-magnet motor. Two-dimensional 
time-stepping finite-analysis has been used to successfully predict the starting performance of the proposed motor with the new rotor configuration. 
The comparison of the starting performance between experimental and proposed motors was done. It was found from the simulation and 
experimental results that the proposed motor has the excellent synchronous pull-in characteristic under rated torque. 
 
Streszczenie.  W pracy przedstawiono projekt wirnika szybko startującego jednofazowego silnika z ze startem liniowym. Zastosowano w tym celu 
analizę elementowo-skończeniową. Przeprowadzono porównanie początkowego działania dwóch urządzeń,  Odkryto podczas symulacji 
komputerowej, że proponowany silnik posiada doskonałą charakterystykę. (Projekt wirnika szybko startującego jednofazowego z magnesami 
trwałymi) 
 
Keywords: single-phase permanent-magnet motor, high starting performance, time-stepping finite-element analysis, high-efficiency. 
Słowa kluczowe: projekt wirnika szybko startującego jednofazowego, szybko startujące  działanie, analiza elementowo-skończeniowa w 
dziedzinie czasu, wysoka efektywność.  
 
 
Introduction 

Self-starting single-phase permanent-magnet (PM) 
motors [1, 2] are suited for application in home appliances, 
such as refrigerator compressors. In the single-phase 
motors, where the auxiliary winding is supplied through a 
capacitor, the operation has been complicated by the 
imbalance between the main and auxiliary winding voltages. 
In particular, the negative sequence field causes the 
negative average torque as well as the PMs at 
asynchronous speed. Because of this, the pull-in torque of 
the single-phase capacitor-start PM motor is lower than that 
of a self-starting three-phase PM motor. Therefore, the 
optimal design to improve the pull-in torque has been 
needed.  

This paper presents a rotor design of the line-start 
single-phase PM motor which has the excellent pull-in 
characteristic. The rotor configuration of the proposed motor 
and the line-starting performance are shown. A comparison 
of starting performance between experimental and 
proposed motors was done. It was found from the 
simulation and experimental results that the proposed motor 
has the excellent synchronous pull-in characteristic under 
rated torque and that the synchronous performance is the 
same as that of the experimental motor. 
 
Method for Analysis 

The analysis for taking the eddy currents into account, in 
general, becomes essential to solve the three-dimensional 
problem. In this paper, it is assumed that the eddy currents 
flow approximately in the axial direction, because the 
experimental rotor is equipped with end rings. This reduces 
the analysis to a two-dimensional problem. The effect of the 
eddy current for the rotor ends is taken into account by 
multiplying the conductivity of the rotor bars by the 
coefficient [3]. The fundamental equations for the magnetic 
field are represented in the two-dimensional rectangular co-
ordinates as 
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where: A– z-component of magnetic vector potential A, J0 – 
stator-winding current density, Je – eddy current density, Jm 
– equivalent magnetizing current density, Mx, My– x and y 
components of the magnetization M, respectively [4],  –  
conductivity,  – reluctivity.  

The value of  in the PM is assumed the same as the 
reluctivity of free space 0. Jm is assumed zero outside the 
PM. 

The effect of the eddy current for the rotor ends is taken 
into account by multiplying by the coefficient kc as described 
below. It is done to reduce the analysis to two dimensional. 
The equivalent resistance R2 for the rotor bars including the 
rotor end rings can be given below if the bars are distributed 
at equal intervals in the rotor [5]. 
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where:  Rb – resistance of a bar, Re  – resistance of end 
rings, Z2  – number of rotor slots, p – pole pair number. 

Therefore, kc [3] is given by 
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This coefficient kc is found effective to take into account 
the rotor-bar current for the foundamental space harmonic. 
Moreover, it has been found that the agreement between 
computed and measured results of the starting performance 
characteristics in the experimental motor is good [1]. 
Therefore, it is considered that design use of the kc is 
acceptable, even if the higher space harmonics exists [6].  

Fig. 1 shows the circuit of the experimental motor [1]. 
The voltage and current equations are given as 
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where: v–terminal voltage, rm– resistance of main winding,  
Lm –end-winding leakage inductance of  main winding,  ra– 
resistance of the auxiliary winding, La – end-winding 
leakage inductance of auxiliary winding, rs  – resistance of 
PTC. 

em is given by the line integral of the vector potential 
round cm which is along the main winding, similarly, ea is 
given by the line integral of the vector potential round ca 
which is along the auxiliary winding. i.e., 

ea is given by the line integral of the vector potential 
round ca which is along the stator windings of phase a [2] 
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where: At – A at time t,  ∆t– time step, N– is number of 
slices. 

cm (k) and ca 
(k) are the vector potential rounds of the kth 

slice, respectively [1].  
The dynamic equation is given as [7] 
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where: B0– friction coefficient, Tl– load torque. 

T(k) in the kth slice is calculated by using the Bil rule [8]. 
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r is given by 
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One obtains the following equation by substituting (14) 

in (12): 
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In this paper, the forward difference method is used to 
obtain the rotational angle at time t because the vector 
potential, currents and rotational angle at time t- t are all 
known. 
We have 
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One obtains the following equation by substituting (16) 

and (17) in (15) [7]: 
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In the case when the effect of the friction is negligibly 

small, (18) can be represented simply as follows: 
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Fig. 1. Circuit of a single-phase capacitor-run PM motor 
 

(a) 
 

 
(b) 

 
Fig. 2. Cross section (a) Experimental (prototype) rotor (b) Proposed
rotor 
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One can obtain the vector potential, currents and 
rotational angle by solving (1), (6)-(9), and (15) using the 
time-stepping finite element technique [1]. 
 
Steady-state synchronous and transient performance 

In this paper, a 50Hz, 100V two-pole single-phase 
capacitor-start squirrel-cage induction motor [1] was used 
for testing the experiment and proposed motors. The rated 
torque and output power are 0.225 Nm and 70.7 W, 
respectively. The stack length of the stator was 32.0mm. 
The starting capacitor is 150 μF and the running capacitor is 
14 μF.  

Fig.2 shows the cross sections of the experimental and 
proposed rotors, respectively.  

Oxygen-free copper (Cu) and pure aluminum (Al) is 
chosen as the rotor-bar material of the proposed motor, 
respectively. Really, the rotor with the oxygen-free copper 
bars was built. The rotor-bar configuration and positions of 
the PMs are designed from the simulation results of the 
steady and transient performance analysis by using the 
time-stepping finite-element technique [1]. Of course, the 
configuration of flux barriers has been changed for reducing 
the leakage flux in the rotor. Furthermore, the configuration 
and dimensions of the rotor with oxygen-free copper are the 
same as those of the rotor with pure aluminum. The 
material of the end ring is also the same as that of the rotor 
bar. However, the length of the end ring is changed to keep 
the value of R2 of (4) constant.  

Fig. 3 shows the flux distribution of the experimental and 
proposed motors caused by PMs.  

Fig. 4 shows the computed results of the speed-time 
responses for the experimental and proposed motors under 
a constant rated torque, respectively. It was found from Fig. 
4 that the proposed motor has the excellent synchronous 
pull-in characteristic.  

Fig. 5 shows the computed results of the load 
performance characteristics. It can be seen from Fig. 5 (a) 
that the maximum torque decreases slightly, however the 
load angle  at rated torque is the same as that of the 
experimental motor. It was found from Fig. 5 (b) that the 

efficiency at rated output increases slightly. On the other 
hand, it is clear that the starting performance capability is 
largely improved as described above. 
 
Experimental results 

In the experiment, the applied voltage v is given as by 
using phase angle  1. 
 

(20)  12 sinlv V t    

 

where:Vl – rms of terminal voltage,  –angular frequency. 
 

Fig. 6 and Fig.7 show the photograph of the proposed 
rotor and the experimental setup, respectively. 

Fig. 8 shows the experimental results of the speed 
versus time responses when 1=180  from no load to 140% 
of rated torque.  

We confirmed by using the proposed rotor that the start-
up and synchronous pull-in characteristics are realized at 
130% value of the rated load torque.  

 
(a) 

 

 
(b) 

 
Fig. 3. Flux distribution caused by PMs (a) Experimental Motor (b)
Proposed Motor 
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Fig. 4. Computed results of speed-time responses 
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(b) 
Fig. 5. Computed results of load performance characteristics (a)
Average torque versus load angle . (b) Efficiency versus output 
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Fig. 9. Experimental results of efficiency versus output 
 

Fig. 9 shows the experimental results of the efficiency 
versus output powers at 100V. It can be seen that the 
efficiency of the proposed motor is higher than that of the 

experimental (original) motor. The efficiency of the 
proposed motor at rated output was 75.1% and 2.5% higher 
than that of original motor. 

 
Conclusion 

A successful rotor design for high starting performance 
of a line-start single-phase PM motor was developed. The 
configuration and dimensions of the rotor were determined 
from the simulation results, where time-stepping finite-
element analysis has been used to successfully predict the 
dynamic and transient performance of the proposed motor. 
It was found from the simulation and experimental results 
that the proposed motor has the excellent synchronous pull-
in characteristic under rated torque and that the 
synchronous performance is the same as that of the 
experimental motor. 
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Fig. 6. Proposed rotor 
 

 
 
Fig. 7. Experimental setup. 
 

 
Fig.8. Experimental results of speed versus time responses. 
 



<<
  /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


