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Calculation of end-winding forces of inverter fed drives

Abstract. End-winding forces can be approximated applying the Biot-Savart law. Usually constant speed and ideal sinusoidal currents are assumed.
Applying these constrains a simulation of the forces for one electrical period is sufficient. However, for inverter fed drives, the harmonic content of
the current is dependent on the operational load and speed. In this case the forces for each time step of the drive cycle of traction drive have to be
calculated individually. This paper proposes a superposition of so called unit-current forces for each current harmonic. Still, the forces are calculated
for one electrical period with unit-current amplitude based on Biot-Savart’s law. The calculation of the resulting forces is performed by means of a
current superposition. This allows for a computational cost effective simulation of end-winding forces taking current harmonics due to inverter supply,
speed and load dynamic operations into account.

Streszczenie. Sity w pofgczeniach czotowych moga byz wyznaczane przy uzyciu prawa Biota-Savarta. Zwykle przyjmuje sie statg predko$¢
obwodowg i sinusoidalny przebieg pradu. Te zatozenia sq wystarczajgce dla symulacji sit w jednym okresie elektrycznym. Jednakze w sytuacji gdy
naped zasilany jest przeksztaftnika i wystepujg zalezne od obcigzenia i predko$ci harmoniczne sity musza byc¢ obliczane indywidualnie dla kazdego
kroku czasowego w cyklu trakcyjnym. W artykule proponowana jest metoda superpozycji sit od jednostkowych pradéw dla kazdej harmonicznej
pradu. Wéwczas sity mogg by¢, podobnie jak dla przebiegéw sinusoidalnych, obliczane w jednym okresie elektrycznym z wykorzystaniem prawa
Biota-Savarta. Obliczanie sity wypadkowej wykonywane jest poprzez superpozycje pragdéw. Procedura taka pozwala na uwzglednienia predko$ci i

obcigzenia w obliczeniach sit w potgczeniach czotowych. (Obliczenia sit w pofgczeniach czotowych napedow zasilanych z przeksztaftnika).
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Stowa kluczowe: metoda Biota-Savarta, silnik indukcyjny klatkowy, sity elektromagnetyczne, potgczenia czotowe.

Introduction

End-winding forces can mechanically damage the
winding system. Classically, end-winding forces are
investigated for large generators. On the one hand, these
generators rotate at a constant speed and on the other
hand they are designed to generate sinusoidal currents with
a very low harmonic content. The start-up and breaking is of
low importance in this application. Therefore, a simulation of
the end-winding forces taking only one specific current
shape into account is sufficient. This allows for the
application of computational time cost expensive models,
for example relying on three dimensional finite element
method (3D-FEM). However in case of induction motors,
where the start-up is of great importance, the computational
effort prohibits to apply 3D-FEM. Further on, the
development of high power converters yields to their
application in large drives. The dynamic operation over a
wide speed range increases the risk of exciting mechanical
resonances with the end-winding forces. Additional
significance of the end-winding forces is also given due to
the higher harmonic content in the supply current. Not only
current harmonics, which are generated by the machine
itself, but also harmonics caused by the inverter switching
can lead to additional forces. Machines, where end-winding
forces are relevant, are usually driven with low switching
frequencies in the range of several hundred hertz up to 1
kHz. These low switching frequencies lead to forces, which
may be in the frequency range of mechanical resonances of
the end-winding. Purpose of the presented research is a
model for the simulation of end-winding forces in dynamic
operation. 3D-FEM is known to deliver very accurate
results, allowing for the consideration of the exact geometry
and material parameters, but yields to unacceptable
computational efforts for the investigation of the
acceleration of an induction motor. The classical Biot-Savart
approach assuming linear material properties allows for a
good approximation of these forces [1]. In this paper a
computational efficient procedure to calculate the end-
winding forces is presented, relying on Biot-Savart’s law.
The idea of the presented approach is to take the
advantage of the linear modelling into account. A
superposition of all current harmonics is proposed. The
force calculation is then performed in frequency domain by
means of convolutions. Thereby, the computational effort
can be reduced, because the forces acting on the end-

winding are only calculated for a unit current, i.e. a current
with an amplitude of 1 A and a frequency of 1 Hz.

Superposition of Unit Forces

The first step is the setup of a line conductor model for
the estimation of the end-winding forces. The
electromechanical forces are calculated analytically based
on this model of the end-winding geometry using Biot-
Savart’s law and Lorentz forces [1-3]. To obtain a unit force
distribution, the forces are calculated once with this
approach for one electrical rotation of the machine with a
sinusoidal current of given amplitude 7 and frequency f;. A
Fourier transformation vyields the amplitudes 4 of the
harmonic force waves with fundamental frequency 1, [4]

K-1
(1) ap(t)=2dpﬂk -cos(k‘ZﬂfOt—(pajk)
k=0

The appearing frequencies of the force waves arise from
the multiplication of the current signal in the time domain
which corresponds to a convolution in the frequency domain

[5]
) LAi[n]-i{n]} = ITF]*1[r JIVNZ [s]-1[r - s].

Since a linear time invariant model is used, the resulting
forces can be normalized to the amplitude of the given
current. With

(3) F~1?

the unit force a, kP, in point P, is consequently determined
by

a
Pk
(4) a,

The electromagnetic forces for various current patterns
can be determined using weighted superposition of unit
forces, taking into account the phasing of the current's
frequency components. As in (1) the Fourier transformation
of the squared current signal yields

M-1
(5) £(t) = Zim -cos(m-2xnft-g,,),
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with fundamental frequency f; and phase angle @, ,,,m. The
electromagnetic force Fp,(?) in one specific point P, caused

by a current i(z) is then given by the convolution
K-1M-1

(6) F, ®= z Zae,kﬂ q -cos(m 2rfit— (%,k +0,, ))

k=0 m=0

Eqg. (5) and (6) reveal, that the frequencies of the forces
can be calculated by the summation and derivation of the
occurring current frequencies. The described procedure
allows for the determination of forces generated by arbitrary
current patterns. It solely relies on the calculation of the
force responds obtained based on a unit current.

Fig.1. Forces calculated in 3D-modell, direction and amplitude
indicated by arrows.

Further on, the forces can be mapped to specific current
harmonics.

In order to obtain the spacial distribution, which is
presented for one time step in Fig. 1, of the forces the
described approach has to be conducted for all significant
points of the end-winding. Doing so, it allows defining a ring
on the tip of the end-windings. By the application of a
second Fourier transformation the forces can be
represented as one dimensional waves. These waves can
be represented by

7 Fun)=

1J-1

Zﬁu cos(i- 27 fit — jx — )

i=0 j=0

whereby i represents the temporal frequency order and j the
spacial one. The spacial order 2p (i.e. the number of poles
is dominant).

Application and results

In order to prove the proposed concept to calculate the
end-winding forces, an induction motor with a rated power
of 1 MW is investigated. The winding is a classic double
layer winding with ¢=2 slots per pole and phase. The
number of poles is 2p=4. As an example the
electromagnetic forces in radial direction acting on the end-
winding are calculated based on the classical Biot-Savart
and the proposed unit-current force superposition approach.
A constant load and speed is assumed for this example.
Special focus is on the consideration of current harmonics.
Measured currents are used for the approximation of the
occurring end-winding forces. The time signal of the

investigated current and its Fourier transformation are
shown in Fig. 2 and Fig. 3. In the investigated case, the
fundamental current frequency is f,=106Hz. The most
significant current harmonic has the frequency f;=530Hz.
The forces are calculated based on the presented
superposition approach. In order to evaluate the proposed
approach, the obtained results are compared to the
classical Biot-Sarvats’ approach. The results of both
approaches are presented in Fig. 4, which shows the
obtained force distribution represented in frequency domain
for one point at the tip of the end-winding next to a phase
change. Both approaches show a good agreement in
amplitude and phase of the estimated forces.

Current (Aflyax)

Time (s)
Fig.2. Phasecurrent applied to the investigated machine.
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Fig.3. Fourier decompisition of applied phasecurrent.
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Fig.4. Comparison of the calculated forces. Presented is the force
acting on the tip of the middle coil of one coil group.
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As predicted from the theory, the forces occur with the
sum and difference of the current harmonics. Here, the
double fundamental frequency f;=212Hz is dominant. The
current harmonics generate additional force excitations with
the frequency f;=656Hz. The coupled force at f;5.,=426Hz is
also dominant. These additional force waves can be
mapped to the third and fifth harmonic of the phase current.

In Fig. 5 the absolute deviation between the classical
Biot-Savart's approach and the superposition approach is
presented in amplitude and phase. A maximum deviation in
the amplitude of 2.2 N is obtained, i.e. less than 5 %. The
phase deviation is 3° in maximum.
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Fig.5. Deviation of the calculated forces, results of the unit-force
model in relation to the classical Biot-Savart model. Presented are
the force acting on the tip of the middle coil of one coil group.

Next steps and further prospects

In the presented work the proposed method is
compared to classical approaches. The results are in good
agreement. So far, only steady state operation is
considered. However, the advantage of the presented
approach is the consideration of speed and load dynamic
operation. The proposed method is to be applied to defined
test cycles in order to evaluate all important operation
points. In combination with a modal analysis of the end-
winding, electromagnetic excitations in the range of the
mechanical resonances are to be indentified and thus to be
reduced.

Fig.6. Forces calculated by the unit-force superposition model,
direction and amplitude indicated by arrows.

In the presented work the end-winding forces are
investigated at one specific coordinate. However the forces
are calculated at all important points of the end-winding.
The results of one time step are presented in Fig. 6. The
results are stored in matrices. The deviation between the
superposition model and the classical Biot-Savart's model
for the non presented points are in the same range.

Summary

A unit-current force-superposition method is proposed
as an easy to handle, time-efficient method to determine the
electromagnetic forces on the end-winding of electrical
drives. The proposed approach only requires the force
calculation for one electric revolution. As excitation a
current with a unit amplitude, for example 7A, and a unit
frequency, for example 1Hz, is applied. In order to obtain a
linear time invariant system, which is required for the unit
force superposition, linear material properties are assumed.
The conducted investigations have shown that this
assumption is a valid simplification in the investigated case.
The presented approach allows for the time efficient
calculation of the end-winding forces for dynamic operation
of the machine taking various current patterns into account.
It is found that even small amplitudes of current harmonics
can result in large force amplitudes. Since mechanical
resonances are unavoidable for speed variable speed, a
detailed knowledge of the excited forces is mandatory. An
approach for mapping of the generated forces and the
exciting current harmonics is presented. This mapping
allows for the systematic reduction of specific force
excitations.

REFERENCES

[1] Drubel O., Kulig S., Senske K.: End Winding Deformations in
Different Turbo Generators During 3-Phase Short Circuit and
Full Load Operation, Electrical Engineering, Springer Verlag,
vol. 82, pp. 145-152, 2000.

[2] C.J. Carpenter, The application of the method of images to
machine end-winding fields, Proceedings IEE Part A, Vol.107,
pp.487-500, 1960.

[3] S. Exnowski, Transientes Verhalten des Wickelkopfes groRer
Turbogeneratoren bei unterschiedlichen
Betriebszustdnden, Dissertation  Universitat
Dortmund, 2009

[4] R. Hoffman, Grundlagen der Frequenzanalyse, Renningen,
Expert Verlag, 2005

[5] C. McGillem, G. Cooper, Continuous and Discrete Signal and
System Analysis, New York, Holt, Rinehart and Winston, 1984

Dortmund,

Authors: Dipl.-Ing. David Franck, Dipl.-lng. Tjorven Jansen,
Univ.-Prof. Dr.-Ing. habil. Dr. h. c. Kay Hameyer, Institute of
Electrical Machines, RWTH Aachen University, SchinkelstralRe 4,
D-52062 Aachen, Germany,

E-mail: david.franck@jiem.rwth-aachen.de;
tiorven.jansen@rwth-aachen.de;
kay.hameyer@iem.rwth-aachen.de

PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 88 NR 7b/2012 15




<<
  /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


