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Abstract —A formulation of finite element methods (FEM) for
both two-dimensional (2-D) plane and axisymmetric magnetic
fields - electric circuit co-simulation is presented. The advantage
is that a unified formulation is realized for both plane and
axisymmetric fields which are coupled with arbitrarily connected
electric circuits.

1. INTRODUCTION

Finite element methods (FEM) of magnetic field
computation have been widely used in electrical engineering.
Many problems can be simplified as the study of two-
dimensional (2-D) plane field and axisymmetric field. If field
distributions have axial symmetry, axisymmetric FEM is
much more efficient compared with three-dimensional (3-D)
FEM. The basic formulation of axisymmetric magnetic field
has been reported in [1-2]. For voltage fed devices, the current
can be computed from the magnetic field simultaneously [3].
Because windings and conductors are usually connected with
other electric circuits, magnetic field and electric circuit
coupled methods are commonly required [4-5]. However,
there are hardly any publications detailing the general
formulations in both stranded winding and solid conductor
regions for transient analysis of axisymmetric magnetic field
which are coupled with arbitrarily connected external electric
circuit.

A systematic method to deduce the formulation of both 2-D
plane and axisymmetric FEM for magnetic field - arbitrary
connected electric circuit co-simulation is presented in this
paper. A unified general formulation is achieved. The
coupling ports can be stranded windings and solid conductors.

II. UNIFIED MAGNETIC FIELD FORMULATION FOR
AXISYMMETRIC PROBLEM

The basic magnetic field equation for 2-D plane problem

and axisymmetric problem can be summarized in one equation:
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where / has more general meaning, which is the depth of the
model /., for 2-D plane problem and is equal to 2nr for
axisymmetric problem. /p is multiplied to each term in (1)
such that the integral of each term on the u-v plane means the
integral on the volume. It is in line with real problems in 3-D
space. If the currents i, in stranded windings are known and
the voltage differences u,, on the solid conductors are known,
the magnetic field distribution can be obtained by solving the
magnetic field equation (1). Using Galerkin method and using
the shape function /V as the weighting function
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In 2-D plane and axisymmetric problems, A and N only have
components perpendicular to the solution plane u-v. If the
scalar variables 4 and N are the respective components in the
a,, direction:
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For axisymmetric problems:
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In (6) and (7), N, is a vector in the a,, direction.

III. FORMULATION FOR CIRCUIT COUPLING

If stranded windings and solid conductors in the magnetic
field regions are connected with an external arbitrarily
connected electric circuit, the currents i, in stranded windings
and the voltage differences u, on solid conductors are
unknown. The magnetic field equations should be coupled
with the circuit equations when deriving the magnetic field
distribution and currents/voltages in the electric circuit. Here
the circuit equations are established using the loop method.
The unknowns in the circuit part are the loop currents.

The basic equations in the regions of stranded windings and
solid conductors can be summarized as:
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The field and circuit branch equations in the magnetic field
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region can be written in the matrix format:
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where D, =C}, D, =C..
Using the backward Euler’s method to discretize the time

variable and multiply Az to the additional equation and the
branch equation, one obtains the recurrence formulas:
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The branch equation of the external circuits can be

expressed as:

[RJi.}={u.}+{P.} an
where R, is the matrix of the resistance and P, is the column
matrix associated with sources. By coupling the external
circuit, the system equation can be derived as:
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The connection of arbitrary connected electric circuits can
be expressed by an incidence matrix. Using the loop method,
the relationship between the branch current #,, and the loop

current Z is:

{iw}:[BﬂC]{iz}’ (13)
where Bj, is the loop-to-branch incidence matrix. The
Kirchhoff’s voltage law can be expressed as,
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Substituting these relationships into the system equations, we
obtain the final global equations:
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where the coefficient matrix is symmetrical.

IV. EXAMPLES

The aforementioned methods have been used to simulate
electric devices. Here an electrodynamic levitation device in
TEAM Workshop Problem No. 28 is used as an axisymmetric
example [6]. To test the proposed unified method, we
intentionally connect the windings as external circuit. The
measured stable levitation height is 11.3 mm and the
computed is 11.45 mm, as shown in Fig.1. The numerical
error is 1.3%. The computed result has very good agreement
with measurement.
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Fig. 1. Computed (1::vitati0n height

A practical application of the axisymmetric FEM for
designing a novel tubular linear PM (TLPM) motor is
presented in this paper. The steady-state and transient
performances of the TLPM machine are calculated. The
configuration is shown in Fig. 2. By using the axisymmetric
FEM, the magnetic flux line distribution under full load is
shown in Fig. 3. It can be observed that the flux lines are
smooth and most of the flux lines penetrate through both the
flux-modulation poles and the two airgaps. This structure can
effectively minimize the flux leakage, while the torque and
power are transmitted effectively between the low-speed and
high-speed movers. The calculation results consist with the
operation principle of the machine.
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Fig.2. Configuration of the magnetic gear integrated brushless PM machine.

Fig.3. Magnetic flux line at full load.

V. REFERENCES

[1] K. Preis, “A contribution to eddy current calculations in plane and
axisymmetric multiconductor systems,” IEEE Trans. Magn., vol. 19, no.
6, pp. 2397 - 2400, Nov. 1983.

[2] J. Weiss, V. K. Garg, “One step finite element formulation of skin effect
problems in multiconductor systems with rotational symmetry,” [EEE
Trans. Magn., vol. 21, no. 6, pp. 2313 - 2316, Nov. 1985.

[3] P. S. Sangha and D. Rodger, “Design and analysis of voltage fed
axisymmetric actuators,” [EEE Trans. Magn., vol. 30, no. 5, pp. 3240 -
3243, Sep. 1994.

[4] W. N. Fu and S. L. Ho, “Elimination of nonphysical solutions and
implementation of adaptive step size algorithm in time-stepping finite-
element method for magnetic field — circuit — motion coupled problems,”
IEEE Trans. Magn., vol. 46, no. 1, pp. 29-38, Jan. 2010.

[5] W.N. Fu, P. Zhou, D. Lin, S. Stanton and Z. J. Cendes, “Modeling of
solid conductors in two-dimensional transient finite-element analysis
and its application to electric machines,” IEEE Trans. Magn., vol. 40, no.
2, pp. 426-434, Mar. 2004.

[6] H. Karl, J. Fetzer, S. Kurz, G. Lehner, and W. M. Rucker, “Description
of TEAM workshop problem 28: An electrodynamic levitation device,”
[Online]. Available: http://ics.ec.lyon.fr/team.html.




<<
  /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


