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Abstract: The 15-winding and 3-column autotransformer supplying an 18-pulse rectifier
circuit was developed. Presented methods can be used also for the autotransformers of
other topologies supplying different kinds of converters. Presented methods make it pos-
sible to exactly calculate main and leakage inductances of the multi-winding autotrans-
former. The presented analysis of the eigenvalues and eigenvectors of the inductance
matrix makes it possible to identify the influence nature of individual modes on the
inductance matrix, and to compare the calculation results obtained using the presented
methods. Frequency dependence of autotransformer parameters was shown. Also modes
of the impedance matrix of the multi-winding autotransformer was investigated, this
made it possible to identify the influence nature of individual modes on the inductance
matrix. Using presented methods one can exactly calculate main and leakage inductances
of the autotransformer. Thanks to this, one can design in optimal way autotransformers
for supplying, for example, rectifier circuits, THD coefficients. The results of the measu-
rements and simulations were also shortly presented at the end of the article.
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1. Introduction

Impedance matrix of the autotransformer was calculated with the use of the 3D finite
elements method at mono-harmonic voltage supply [1-3]. Eddy current losses in winding
copper as well as in core iron were taken into account, what made it possible to study leakage
inductances versus pulsation. Mono-harmonic calculations were performed assuming linearity
of the magnetic core.

2. Impedance matrix of the autotransformer
at the mono-harmonic voltage supply

For the assumed vector of winding supply voltages, the corresponding winding current
vector was calculated, and the results were placed in relevant columns of [U] and [/] matrices:
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[1=[21"- [U]

{[Z] ~[o1-ur M
[(Z]=(w]-[D]- W]’

where: [Z] — impedance matrix of the autotransformer; [W], [D] — eigenvectors and eigen-
values of matrix [Z]

In the presented method the inverse matrix of [Z] is calculated. Therefore small leakage
inductances are calculated more accurately due to numerical reasons.

It is impossible to create the FEM model which could consider in a direct way the
magnetic core lamination, because of the practical reasons. However, eddy current losses can
be considered in mono-harmonic analysis by introducing complex tensor of the magnetic
permeability ﬁ and electric conductivity 7. Figure 1 is the base of introduction of those para-
meters for core sheets.

a) BiL b)

4z 0 e’

Fig. 1. a) The magnetic core sheet with eddy currents, b) magnetic flux and eddy current density in the
core sheet (direction z)

Magnetic permeability fz and electric conductivity 7 tensors are shown in formulas:
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Considering the structure the core sheet, the magnetic complex permeability s from the
formula (3) was responsible for eddy currents in x, y directions from figure la. In z direction,
the eddy current was the result of electric conductivity in x, y directions in electric conducti-
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vity tensor;% from formula (2). Considering the structure of winding area, only the magnetic

permeability tensor & was taken into account.

The following system of equations was solved in FEM 3D calculations:

14
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The third equation is the voltage equation for the windings, where the stream y; was
counted in a way given in the last equation. VectorJ is the winding current density. To
identify the position of the winding i the vector T,; was introduced, where density of its coils
is shown by equation rot (f i )- In presented method the proximity effect was simulated.

3. Eigenvalues and eigenvectors of inductance matrix [Z]
of autotransformer versus frequency

Eigenvectors of inductance matrix of the autotransformer show weak variability due to
pulsation. Therefore, they can be considered as a spatial transformation matrix between the co-
ordinates of the system: the current flow in autotransformer windings, and coupled fluxes in

these windings.
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First two rows of the Table 1 present the eigenvalues of the impedance matrix (real and
imaginary part). Below there are eigenvectors placed in columns, related to these values, re-
spectively. These eigenvectors are divided into six groups. First one (gf) consists of two
vectors related to the main magnetic flux, the third vector (group a) is related to the zero com-
ponent of the magnetic flux. Following four three-vectors groups (b, ¢, d, e) are related to the
leakage magnetic flux. Vectors in these groups are characterized by similar acting and close
values of eigenvalues related to them. Vectors from group b acts similarly on each magnetic
column and thus is similar in a way to the zero component vector, while vectors from groups
¢, d and e are concentrated each on one column only.

Table 1. Eigenvalues and corresponding to them eigenvectors (with an accuracy to the factor +1)
of the autotransformer impedance matrix [Z], (for frequency lower than 4 kHz), A, B, C are denotations
of autotransformer columns

1.0396e-2 4.01e-3 4.86e-4 4.722¢-5 4.699e-5 3.70e-5 1.24e-5 1.17%-5 1.02e-5 6.19¢-6 5.582e-6 3.86e-6 3.792e-6 3.27e-6 1.704e-6

-]

6.9412e-5 4.14e-5 1.33e-6 9.754e-8 9.664e-8 8.79¢-8 2.66e-8 2.529e-8 2.17e-8 131e-8 1.186e-8 8.15¢-9 8.043e-9 6.94e-9 3.604e-9

arwwflgl  2gl " 3a " 4b b 6b " % 8c 9 " 0d  11d  12d 1Be  1de 15¢

0.1824 -0.3159 || 0.2753 || -0.4582 -0.1625 -0.2399|| 0.4697|-0.0529 0.0231 | 0.3828| -0.0031 -0.0146 0.3556 0.0002 -0.0001
0.1826 -0.3162 |10.2727 || -0.3250 -0.1150 -0.1596-0.0326{ 0.0049 -0.0049 |-0.3838 0.0046 0.0298 -0.7062 -0.0002 -0.0000
4110.1828 -03164 ||0.2645 || -0.0490 -0.0168  0.0020 ||-0.5923 | 0.0663 ~0.0295 [-0.3732| 0.0024 -0.0216 0.5459 0.0003 -0.0001
0.1830 -0.3165 || 0.2490 || 0.2939 0.1047 0.1917]|-0.3617| 0.0330 -0.0040 | 0.6841|-0.0067 0.0082 -0.2650 -0.0003 0.0002
0.1830 -03162 |10.2246 || 0.5428 0.1915 0.3067|| 0.5303|-0.0667 0.0347 |-0.3141] 0.0073 0.0044 0.0709 0.0009 -0.0015

-0.3643 -0.0000 10.2830 || 0.3055 -0.2440 -0.3824] -0.0229 0.0380( 0.4894| -0.0045 0.0050 |-0.3978| -0.0157 -0.0014 -0.2968
-0.3647 -0.0000|10.2782 || 0.2139 -0.1702 -0.2550] -0.0004 -0.0008(-0.0699| 0.0028 -0.0036 | 0.4765] 0.0191 0.0021 0.6462
B|1-0.3651 -0.0000]|0.2663 || 0.0316 -0.0234 -0.0066] 0.0258 -0.0442|-0.6101| 0.0056 -0.0058 | 0.2557] 0.0096 0.0004 -0.5948
-0.3653 -0.0000)10.2456 || -0.1907 0.1548 0.2819] 0.0228 -0.0350{-0.3153| -0.0029 0.0046] -0.661() -0.0262 -0.0024 0.3572
-0.3654 -0.0000|10.2149 |-0.3528 0.2832 0.4628| -0.0129 0.0266| 0.5261| -0.0053 0.0045| 0.3327] 0.0142 0.0024 -0.1135

0.1824 03159 [10.2755 || -0.0030 0.4673 -0.2781] -0.0561|-0.473§ 0.0310 -0.0055 |-0.3868| -0.0024 -0.0003 0.3426 -0.0001
0.1826 0.3162 |10.2728 || -0.0018 0.3308 -0.1859] 0.0035] 0.0411]-0.0059 0.0042 | 0.4056] 0.0052 0.0008 -0.6942 -0.0000
C|l0.1828 03164 [(0.2645 || 0.0006 0.0501 -0.0012| 0.0707| 0.5956|-0.0394 0.0056 | 0.3468| -0.0017 -0.0003 0.5589 -0.0002
0.1829 03164 [10.2489 || 0.0036 -0.2970 0.2160| 0.0488] 0.3491)-0.0100 -0.0078 |-0.6806| -0.0026 -0.0002-0.2861 0.0003

0.1830 03162 [|0.2244 || 0.0059 -0.5484 0.3501 |-0.0547 [-0.5286| 0.0438 -0.0007 | 0.3194| 0.0077 0.0012 0.0800 -0.0016

4. Autotransformer equivalent circuit

Autotransformer equivalent circuit using LR ladder networks for modeling frequency de-
pendencies of autotransformer parameters was built. The eddy current losses in the magnetic
core were simulated by the windings, placed on each column, shorted through the ladder cir-
cuits. The frequency dependence of the autotransformer leakage parameters was also simula-
ted in calculations by means of ladder networks supplied by current system after transforma-
tion by frequency invariable eigenvectors matrix. Also the magnetic hysteresis losses were in-
cluded in simulations [4-6]. Optimization methods were used for calculating the length of the
magnetic columns of the ladder network in Figure 4. Figure 5 presents comparison of the fre-
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quency dependency of the eigenvalues related to main magnetic flux computed in mono-har-
monic calculations with the same eigenvalues calculated from the synthesized equivalent circuit.
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Fig. 3. Three-column equivalent circuit of the autotransformer simulating eddy current losses
in the magnetic core by impedances Z, and Z,
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Fig. 5. Eigenvalues (1 and 2 solid line) related to main magnetic flux (real and imaginary parts),
calculated from matrix [Z] according to formula (1) and from the synthesized equivalent circuit in figure
5 — marked 1s i 2s (dots)
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5. Measurement and simulation results

5.1. The arrangement order of the autotransformer windings at the core column

The way of arrangement of the autotransformer windings in the window affects the values
of leakage inductances of those windings. The simulation of the examined 18-pulse rectifier
circuit was made for the various arrangement orders of the autotransformer windings on the
core column. The summary of simulation results is presented in Figures 6 and 7.

As one can see, for various combinations of the windings arrangement, the THD of the
converter mains currents was obtained in the range of 4 to 8%, in addition the number of
“bad” arrangements is comparable with the number of “good” arrangements. So, the problem
of the windings arrangement order appears to be essential. Figure 7 confirms that fact.

The proper order of arrangement of the windings on the autotransformer core can reduce
THD coefficient of the converter mains currents.
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Fig. 6. The histogram of the mains currents THD coefficient obtained for various arrangements of the
autotransformer windings and for small inductance of the power grid

250

—— THD = 3.9%
— THD = 5.9%
—— THD=8.0% |_

200

1501

100
501
o}
_50}
-100}
-150 1
-200f
-250

0 0002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Fig. 7. Mains currents of the converter obtained using leakage inductances calculated for three different
orders of arrangement of the windings on the autotransformer
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5.2. Experimental model

Developed methods and results were used to design 50 kW autotransformer for 18-pulse
rectifier circuit. Figure 8 presents the picture of the autotransformer prototype at the measure-
ment station.

Fig. 8. Autotransformer prototype at the
measurement station

A number of simulations were carried out. The eigenvalues numbered 6 and 5 from the
Table 1 are worth of notice. Their enlargement makes THD coefficient getting worse even
much more than the enlargement of zero component (eigenvalue at number 3). Eigenvectors
of these values shows, that in order to suppress them, the windings of the triangle should be
placed in outermost places at the core columns.
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Fig. 9. a) pl — measurements and s1 — simulations of the load voltage from the load current; similarly p2
and s2 but with additional mains chokes 0.3 mH; b) THD coefficient of the mains currents: p1, sl —
measurements and simulations without mains chokes, p2, s2 with mains chokes 0.3 mH

Figures 9a and 9b present results of the measurements and simulations of the external
characteristics and THD coefficient of the mains currents with and without mains chokes 0.3
mH versus load current.

6. Conclusion

The autotransformer leakage inductance calculation methods of different degree of comp-
lexity was presented and compared. The zero component related eigenvalue of the leakage in-
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ductance matrix is not calculated correctly in 2D methods. However after applying adequate
correction, leakage inductances obtained with these methods can be used for converter simu-
lations. The mono-harmonic calculations showed that the leakage inductances of the auto-
transformer remain constant for frequencies up to 4 kHz. This justifies the use of these in-
ductances obtained in static calculations in the AC/DC converter simulations. The method of
equivalent circuit creation of the autotransformer that uses LR ladder networks for modeling
frequency dependencies of its parameters was presented.

References

[1] Gotebiowski L., Golgbiowski M., Mazur D., Noga M., Modelowanie macierzy indukcyjnosci trans-
Jformatorow wielouzwojeniowych, trojkolumnowych w funkcji czestotliwosci. XVIII Seminarium
Technicznego, KOMEL, Katowice (2009).
[2] Dhomane G.A., Suryawanshi M.H. Mitigation of harmonics in three-phase ac system using current
injection technique for ac-to-dc converter. Electric Power Systems Research 79: 1374-1383 (2009).
[3] Choi S., Won C.-Y., Kim G.-S. 4 New Three-Phase Harmonic-Free Rectification Scheme Based on
Zero-Sequence Current Injection. IEEE Transactions on Industry Applications 41(2): 627-633
(2005).

[4] Villablanca Miguel E., Felipe A. Cruzat et al., 4 buck-type low-power rectifier with high-quality
waveforms. Electric Power Systems Research 78: 1899-1905 (2008).

[S] Zakrzewski K. Overloss coefficient for dynamo sheet during axial magnetization with nonsinusoidal
Sflux. Archives of Electrical Engineering XLVI(3): 355-365 (1997).

[6] Nan X., Sullivan C.R. 4An equivalent complex permeability model for Litz-Wire windings. IEEE

Transactions on Industry Applications 45(2): 854-860 (2009).




<<
  /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 /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 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


