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Streszczenie. W artykule przedstawiono konstrukcję jednofazowego silnika synchronicznego z magnesami trwałymi. Na podstawie jednofazowego 
silnika indukcyjnego masowej produkcji został zbudowany model polowo-obwodowy jednofazowego silnika synchronicznego z magnesami trwałymi 
w programie Maxwell wersja 14. Wzięto pod uwagę różnorodne konstrukcje wirnika. Zbadano wpływ konstrukcji wirnika na właściwości silnika. 
Zbadano właściwości rozruchowe silnika. (Wpływ konstrukcji wirnika na właściwości jednofazowego silnika synchronicznego z magnesami 
trwałymi o rozruchu bezpośrednim). 
 
Abstract. The paper deals with construction of single-phase line start permanent magnet synchronous motor. Circuit-field single-phase line start 
permanent magnet synchronous motor model based on the mass production single-phase induction motor was applied in Maxwell ver. 14 program. 
Various rotor constructions were taken into account. Influence of the rotor construction on the motor properties was examined. Starting motor 
properties were investigated. 
 
Słowa kluczowe: silnik jednofazowy, silnik synchroniczny, magnesy trwałe, rozruch bezpośredni. 
Keywords: single-phase motor, synchronous motor, permanent magnets, line start. 
 
 
Introduction 
 Single-phase induction motors are widely used in 
domestic appliances and light-duty industrial applications 
where three-phase supply is not readily available. Rated 
power of this electric motor type is limited by rated current 
of the single-phase 230 V socket which is almost always 
equal to 16 A. It follows that single-phase motor rated 
power does not exceed 3 kW. 
 In induction motors torque is developed due to slip 
between stator rotating magnetic field and rotor bars. It 
causes rotor copper loss due to flowing current through the 
rotor bars. Moreover, magnetizing current is needed to 
produce magnetic flux. It causes additional stator copper 
loss due to flowing current through the stator winding. 
In synchronous motors magnetic flux is produced by the 
excitation: electromagnets or permanent magnets. It follows 
that the whole or most of the magnetic flux can be produced 
inside the machine and no or relatively small value of the 
reactive power [and simultaneously of the magnetizing 
current] is drawn by the working motor. However, typical 
synchronous motor has electromagnetic excitation which 
needs high maintenance and additional DC supply. In case of 
permanent magnet excitation of a synchronous motor there is 
no rotor copper loss due to no slip and no DC current flowing 
through the excitation winding. The main drawback of 
synchronous motors is bad starting properties. 
 Stators of induction motors and synchronous motors are 
practically the same so the simplest way to obtain both high 
power factor and high efficiency [advantages of a 
synchronous motor] and inherent self-starting property, 
simplicity and ruggedness [advantages of an induction 
motor] of an AC motor is installation of permanent magnets 
inside the induction motor rotor saving its squirrel-cage 
[1, 2]. This type of motor is called Line Start Permanent 
Magnet Synchronous Motor. 
 In case of three-phase motors this operation is relatively 
easy because of circle rotating magnetic field. In case of 
single-phase motors the air gap magnetic field would be an 
ellipse field (because of the asymmetry of stator 
configuration) and can be decomposed into a positive-
sequence rotating field and a negative-sequence one [3]. 
The negative-sequence magnetic field produces a braking 
torque in the motor, which makes efficiency and output 
torque low, and makes the mechanism character being soft 

[4]. This phenomenon causes a big problem during motor 
starting and synchronization but it can be solved by 
additional start-capacitor in the auxiliary winding. Start-
capacitor connected in parallel with run-capacitor improves 
starting properties but simultaneously makes worse running 
properties so after starting it must be switched-off by 
centrifugal switch or time switch [3, 4]. 
 
FEM models 
 Two dimensional field-circuit models of the single-phase 
line start permanent magnet synchronous motor were 
applied in Maxwell ver. 14 program. The models are based 
on the mass production single-phase induction motor 
Seh 80-4B type with Pn=750 W, Un=230 V, fn=50 Hz, 
nn=1370 rpm. Neodymium magnet N45H type with 
Br=1.34 T and Hcb=995 kA/m was chosen for the excitation 
of the synchronous motor. Single-phase induction motor 
was changed into single-phase line start permanent magnet 
synchronous motor by replacement standard squirrel-cage 
rotor with squirrel-cage permanent magnet rotor. In the first 
model (with 22 rotor bars like in case of the original 
induction motor) rotor slots were kept without changes. End 
ring width was reduced because permanent magnets were 
installed in the end ring area. The end sheets of the rotor 
core do not contain the permanent magnet slots to avoid 
flowing hot aluminum into them during casting of the rotor 
squirrel-cage. The rotor squirrel-cage is cast in the same 
way both for single-phase induction motor and for single-
phase line start permanent magnet synchronous motor but 
in case of SPLSPMSM the end rings and the end rotor 
sheets are machined after casting to open slots for 
installation of permanent magnets. 
 In another models the rotor with 22 bars is changed for 
rotors with 18 and 26 bars. The volume of the aluminum 
and sum of the rotor teeth width are kept without changes. 
Permanent magnets width, thickness and length are kept 
without changes also, only their arrangement is changed to 
keep safe distance from the rotor bars for mechanical 
reasons. 
 Influence of the rotor slots opening is investigated. Two 
cases are determined: no slots opening and 1 mm slots 
opening. 
 Field parts of the motor model are shown in Fig. 1 and 
circuit part of the motor models is shown in Fig. 2.
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 a) 

 
 b) 

 
 c) 

 

Fig.1. Field parts of the motor models: a) 22 rotor slots, b) 18 rotor 
slots, c) 26 rotor slots 

 

 
 
Fig.2. Circuit part of the motor models 

Optimal solution 
 LSPMSM can be recommended for drives with constant 
load torque and low starting torque such as pump or fan [4]. 
The motor to drive a pump or a fan is chosen according to 
the formula (1): 

(1) 

pQ

kPmotor


  

where: Pmotor - motor power,k - reserve coefficient (k=1.1–
1.15), Q - flow rate, ∆p- static pressure, η- fan/pump 
efficiency. 
 
 On the basis of the equation (1) the motor to drive a fan 
or a pump is chosen with reserve of the power. It follows 
that in nominal conditions the motor works in the range of 
the load power (0.86–0.91) Pn. 
According to the above-cited facts in [6] the authors 
introduce basic strategy for the design of the auxiliary 
winding (number of the auxiliary winding turns and 
capacitance of the run-capacitor) to obtain the maximum of 
the motor efficiency in the range of the load power (0,86–
0,91) Pn. 
 The single-phase induction motor rated power 
Pn=750 W. SPIM is changed into SPLSPMSM by 
replacement standard squirrel-cage rotor with squirrel-cage 
permanent magnet rotor. SPLSPMSM has higher rated 
power [4, 5]. Electric motors are classified by their rated 
power with proper values. Next step in this classification for 
the motor with Pn=750 W is the motor with Pn=1100 W. For 
the investigated SPLSPMSM model the rated power was 
determined as the next step in the motor rated power 
classification so PSPLSPMSMn=1100 W. 
 Investigations in [6] show that change of the auxiliary 
winding parameters (number of the turns and capacitance 
of the run-capacitor) has influence on the motor efficiency 
curve what is presented in Fig. 3. 
 
 a) 

 
 b) 

 
Fig.3. Influence of changes of: a) the auxiliary winding turns for 
CRUN=40 µF, b) the run capacitor capacitance for NAUX=50 turns, on 
the motor efficiency 
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 According to [6] the optimal solution (in regard to the 
established criterion) is obtained for NAUXturns=50 turns and 
Crun=40 μF and this solution would be compare with the 
base SPIM for which NAUXturns=94 turns and Crun=20 μF. 
 
Running properties 
 Comparison of the SPIM and SPLSPMSM load 
characteristics is presented in Fig. 4. The obtained results 
of the SPIM and SPLSPMSM rated performance are shown 
in Tab. 1. 
 

 

 
Fig.4. SPIM and SPLSPMSM: a) efficiency, b) current in load 
domain 
 
Table 1. IM and PMSM rated performance 

motor 
P  cos 

W % - 

IM 22 opened slots 
750 

74.3 
0.97 

lagging 

IM 22 closed slots 73.5 
0,96 

lagging 
PMSM 22 opened 

slots 

1100 

84.5 
0,97 

leading 
PMSM 22 closed 

slots 
83.9 

0,98 
leading 

PMSM 26 opened 
slots 

83.7 
0,98 

leading
PMSM 26 closed 

slots 
83.2 

0,98 
leading

PMSM 18 opened 
slots 

83.5 
0,98 

leading
PMSM 18 closed 

slots 
83.2 

0,98 
leading

 
 SPLSPMSM efficiency is much higher than SPIM 

efficiency because SPLSPMSM rotor copper loss is much 
lower than SPIM rotor copper loss what is presented in 
Fig. 5. 
 

 
Fig.5. SPIM and SPLSPMSM rotor copper loss in load domain 
 
 Single-phase motors with opened rotor slots in 
comparison with single-phase motors with closed rotor slots 
obtain higher efficiency. Single-phase induction motor 
draws reactive power and single-phase line start permanent 
magnet synchronous motor produces reactive power. Rotor 
slots opening has influence on the rotor leakage flux what 
affects the reactive power absorption (in case of SPIM) or 
reactive power production (in case of SPLSPMSM) 
 
SPLSPMSM starting properties 
LSPMSM are recommended for pumps or fans because of 
good running properties and poor starting properties [5]. 
Typical pump or fan load characteristic is shown in Fig. 6. 
 

 
Fig.6. Typical pump/fan load characteristic 
 
 To investigate starting properties of the SPLSPMSM 
(with 22 opened rotor slots) pump/fan load characteristic 
was assumed. The rated load torque was equal to the 
SPLSPMSM rated torque and moment of inertia of the 
whole drive system was assumed to be five times greater 
that the SPLSPMSM moment of inertia according to the 
formula (2): 

(2) 
201.05 kgmJJ motor   

where: J – the whole drive system moment of inetria, Jmotor - 
motor moment of inetria. 
 
For the SPLSPMSM two start-capacitors was applied: 
100 μF and 150 μF. The results of starting simulation are 
presented in Fig. 7. 
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 a) 

 
 b) 

 
 c) 

 
 
Fig.6. LSPMSM starting: a) speeds, b) torques, c) currents 
 
 According to the obtained starting simulation results it 
follows that increase of capacitance of the start-capacitor 
improves starting properties of SPLSPMSM and makes 
better ability to synchronisation. Moreover, increase of 
capacitance of the start-capacitor causes a little increase of 
the starting current. 

 
Conclusions 
 Rotor slot opening in line start permanent magnet 
synchronous motor has significant influence on the motor 
efficiency. LSPMSM with opened rotor slots obtain higher 
efficiency. Moreover, rotor slot opening cause limitation of 
the rotor leakage flux so LSPMSM with opened rotor slots 
utilize permanent magnets better what is very important in 
case of the relatively high price of neodymium magnets. 
 The optimal number of the rotor bars in LSPMSM with 
24 stator slots is 22 due to the lowest rotor copper loss and 
the highest motor efficiency. 
 Starting properties of LSPMSM can be improved by the 
start capacitor with higher capacitance. 
 

REFERENCES 
[1]  Fei W., Luk P., Ma J., Shen J.X., Yang G.: A High-

Performance Line-Start Permanent Magnet Synchronous Motor 
Amended From a Small Industrial Three-Phase Induction 
Motor. IEEE Transaction on Magnetics, Volume 45, Issue 10, 
2009 p. 4724–4727 

[2]  Feng, X., Liu, L., Kang, J., Zhang, Y.: Super premium efficient 
line start-up permanent magnet synchronous motor. 2010 XIX 
International Conference on Electrical Machines (ICEM), 
Rome, Italy, 6-8 September 2010, p. 1–6 

[3]  Zhong H., Wang X., Wang D.: Analysis and Design of a New 
Type High-efficiency Single-phase Induction Motor Based on 
Negative Sequence Magnetic Field Compensation. Maszyny 
Elektryczne. Electrical Machines and Systems, 2008. ICEMS 
2008 

[4]  Gwoździewicz M., Antal L.: Investigation of line start 
permanent magnet synchronous motor and induction motor 
properties. Prace Naukowe Instytutu Maszyn, Napędów i 
Pomiarów Elektrycznych Politechniki Wrocławskiej nr 64, 
Studia i Materiały, 2010, nr 30, s. 13–20 

[5]  Lin D., Zhou P., Lambert N.: Starting Winding Optimization in 
Single-Phase. Electrical Machines (ICEM), 2010 XIX 
International Conference 

[6]  Gwoździewicz M., Zawilak J.: Single-phase line star permanent 
magnet synchronous motor, Zeszyty Problemowe - Maszyny 
Elektryczne Nr 93/2011 

[7]  Yang G., Ma J., Shen J.X., Wang Y.: Optimal design and 
experimental verification of a line-start permanent magnet 
synchronous motor. 2008. ICEMS 2008. International 
Conference on Electrical Machines and Systems, 2008, p. 
3232–3236  

 
 
Authors: M.Sc. Maciej Gwozdziewicz, Ph.D. student, Wroclaw 
University of Technology Institute of Electrical Machines, Drives 
and Measurements, 50-372 Wroclaw, ul. Smoluchowskiego 19, 
maciej.gwozdziewicz@pwr.wroc.pl, Prof. Jan Zawilak, Wroclaw 
University of Technology Institute of Electrical Machines, Drives 
and Measurements, 50-372 Wroclaw, ul. Smoluchowskiego 19, 
jan.zawilak@pwr.wroc.pl.

 



<<
  /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


