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Abstract—This research studies the forces on the windings of 
transformer due to magnetic inrush current. These forces are 
compared with the corresponding forces due to short-circuit of 
the windings. Three dimensional finite element computation of 
three-phase power transformer is carried out based on the 
maximum permissible magnetic inrush current value where its 
amplitude is the same as the rated short-circuit current. To verify 
the computation results, they are compared with those obtained 
using Ansys software simulation. 
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I.  INTRODUCTION  
One of major reason for fault in power transformers is 

deterioration of winding and insulation of conductors due to 
the oscillations resulted from the electrodynamics forces. The 
over-current and rated current result in the above-mentioned 
forces. Therefore, the transformers coils must be protected 
mechanically and connected to each other by ribbon and 
wedges. The structural criterion for this support is generally 
those forces that are generated by the maximum possible 
current [1]. A large transient current during a short-circuit 
apply abnormal electromechanical forces upon the windings of 
transformer that may damage the whole windings. Short-circuit 
forces and resultant stresses must be predicted in the design 
stage. These forces must be in the range that is specified by 
manufacturer.  

Inrush currents are frequently encountered during the 
switching process of transformers. These currents may reach 
very high magnitudes and can only be avoided by proper 
timing of the process and elimination of residual magnetization 
in the transformer core prior to switching [2]. The main objects 
of this study are three-dimensional computation of the forces 
on the coils of a three-phase power transformer. The results are 
then compared with those obtained with a short-circuited 
winding. Before such calculation, inrush current is analyzed 
and the fundamental equations are derived. The computation 
results are compared with those obtained by application of 
finite element method. 

II. CAUSE OF INRUSH AND SHORT-CIRCUIT CURRENTS 

INRUSH CURRENT 

After a transformer is connected to current pass a transient 
mode and then reaches the steady-state mode [3]. Voltage 
waveform, instant of closing the switch, amplitude and 
direction of the magnetic residual are the factors that can last 
the transient mode [4]. The primary current with secondary 
open-circuit may rise to several times the rated current of the 
transformer [5]. Ignoring the winding’s resistance value, the 

relationship between the voltage tsinEm ω and flux ( )tφ  is 

described in (1) 

( )
dt
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φω 1sin =                            (1) 

where N1 is the number of turns in the primary winding, ( )tφ  

is obtained as 
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where c is a constant. 

When 0=t , then ( ) ( ) rt φφφ == 0 , thus (2) becomes 

 ( ) mrm tt φφωφφ ++−= cos                      (4) 

where rφ  is the remanence in the iron core. 

The inrush current can be presented as   

     ω= tdtsinE
L

i m
in

in
1

                           (5) 

During the period of transient inrush current, since the 
transformer’s core normally enters a state of saturation, the 
magnitude of inductance is reduced, the current increases 
quickly due to the decrease in inductance. This phenomenon 
has the some dangerous effects. Instant in time when voltage is 
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zero during continuous operation. This is the point in time 
where both flux and winding current are at their negative 
peaks, experiencing zero rate-of-change (d /dt = 0 and di/dt = 
0). As the voltage builds to its positive peak, the flux and 
current waveforms build to their maximum positive rates-of-
change, and on upward to their positive peaks as the voltage 
descends to a level of zero, it is shown in Fig. 1. 

 

Figure 1. Flux and winding current at their negative peaks. 

A.  Short-Circuit Current 
Short-circuit current can be obtained from the short-circuit 

equivalent of transformer as follows (A-PHASE) 
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Assuming rSC/LSC = 0, SCi does not diminish, the worst case 
appears when  is equal to zero 
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III. PREPARE FINITE ELEMENT METHOD FOR FORCE 
COMPUTATION 

Maxwell stress tensor is used for force computation by 
finite element method Finite Element Meshing of three-phase 
power transformer [6] with specifications given in Fig. 2. 

 
Figure 2. Finite element meshing of the three-phase transformer. 

Maxwell forces sign [7] on the winding of the three-phase 
transformer with specifications given in Fig. 3. 

 
Figure 3. Maxwell forces sign on the windin of the three-phase transformer. 

Maxwell stress tensor is obtained from Maxwell equations. 
The force is equal to the surface integral of the Maxwell stress 
tensor as follows 
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Magnetic analysis is carried out by creating the physical 
environment, meshing the model, determining the physical 
properties of each region, applying the boundary conditions, 
solving the problem and deriving the results. Magnetic force 
computation is carried out by creating the physical 
environment, meshing the model, determining the physical 
properties of each region, applying the boundary conditions. 
The force is equal to the surface integral of the Maxwell stress 
tensor as follows 

{ } { } { } { }( )dV
V

BJNF ×=
T

                   (11) 

where { }N is shape function matrix, { }B  is the magnetic flux 
density, { }J is current density.  

Axial force of a disc coils is 

iBRF ravavz 2=                             (12) 

where avR  is average radial of the disc coil, ravB is average 
radial magnetic flux density of the disc coil, i is current of the 
disc coil. 

Variation of winding short-circuit force with time is  

++−= −− ttFtF kkkk LtrLtr
sm ωω 2cos

2
1

2
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A. Inrush Current Force 
To verify the validity and reliability of above algorithm, 

some experiments on SZ11-31500/66, such as switching 
unload transformer, switching unload transformer with a small 
turn-to-turn fault as well as turn-to-turn fault during normal 
running, are completed on an Yn/ -11 transformer bank. The 
other experiments, such as the saturation of current transformer 
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when switching unload transformer, are carried on another 
Yn/ -11 transformer bank. The parameters of the former are 
given as follows, rated capacity 40000 kVA, rated voltage in 
primary winding 66 kV, rated voltage in secondary winding 
10.5 V, rated current in primary winding 275.6 A, steady 
magnetizing inductance 5.37 H. Fig. 4 shows the Inrush current 
in different case. Switching angle is zero (t = 0.058 s), remnant 
magnetism of three-phase are (A-phase=0.8 Wb/m2, B-phase = 
-0.4 Wb/m2, C-phase = 0.4 Wb/m2). 
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Figure 4. Inrush current and its waveform pu. 

The changes of force on bilateral windings during dynamic 
state are shown in Fig. 5 and Fig. 6. 

 
Figure 5. Upper end of winding. 

 

Figure 6. Lower end of winding. 

B. Short-Circuit Force 
There is little electrodynamics force in axis direction of 

both inner and outer windings. Moreover, there exists pushing 
force between adjacent pies or turn of windings. Especially, the 
enormous short-circuit electrodynamics force will make the 
windings distorted, the HV voltage winding phase currents 
during two-phase short-circuit is shown in Fig. 7. 
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Figure 7. HV voltage winding phase currents during two-phase short-circuit 
(phase b and phase c). 

Axial short-circuit forces sign on the HV winding of the 
three-phase transformer with specifications is given in Fig. 8. 

 
Figure 8. Distribution of radial magnetic force of  the HV voltage winding (-
- no diviation of the HV  winding, -* uprising diviation of the HV winding). 

IV. CONCLUSIONS 
Three-dimensional finite element analysis of a three-phase 

transformer has been carried. Maxwell forces in the windings, 
with maximum value of the inrush current similar to the rated 
short-circuit current, have been determined. The purpose of this 
paper is to present an investigation of these forces as a result of 
inrush currents. While both situations might seem identical, 
they vary significantly from the core magnetization viewpoint. 
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Moreover, during a transformer short circuit condition high 
currents flow in both primary and secondary windings. On the 
other hand, during an inrush current situation these condary 
winding might be open circuited and, thus, totally unloaded. In 
this paper, particular interest has been directed toward the 
estimation of inrush current force magnitudes and orientations 
as well as the differences between these forces and those 
resulting from a short circuit state. Using the magnetizing 
inrush model, an inrush current value can be estimated before 
the transformer is manufactured. Moreover, in the future, this 
model can provide the power system with a more thorough 
transient analysis. During this research, the inrush currents are 
simulated using the circuit model from ICAP/4. Fourteen 
actual transformers, each with a different winding structure, are 
used for demonstration. Experiments and simulations are 
carried out to examine the proposed method. It is important to 
analyze the fault of transformer. 

 

REFERENCES 
 

[1] J. H. Brunke and K. J. Frohlich, “Elimination of transformer inrush 
currents by controlled switching theoretical considerations,” IEEE Trans. 
Power Delivery, vol. 16, no. 2, pp. 276-280, 2001. 

[2] A. A. Adly, “Computation of inrush current forces on transformer 
windings”, IEEE Trans. Magn., vol. 37, pp. 2855-2857, 2001. 

[3] C. M. Arturi, “Force calculation in transformer windings under 
unbalanced mmfs by a nonlinear finite-element code,” IEEE Trans. 
Magn., vol. 28, no. 2, pp. 1363-1366, 1992. 

[4] K. S. Smith, L. Ran, and B. Leyman, “Analysis of transformer inrush 
transient in offshore electrical systems,” IEE Proceedings on Generation, 
Transmission and Distribution, vol. 146, no. 1, pp. 89-95, 1999. 

[5] J. Takehara, M. Kitagawa, T. Nakata, and N. Takahashi, “Finite element 
analysis of inrush currents in three phase transformers,” IEEE Trans. 
Magn., vol. MAG-23, pp. 2647–2649, 1987. 

[6] D. Dolinar, J. Pihler, and B. Grcar, “Dynamic model of a threephase 
power transformer,” IEEE Trans. Power Del., vol. 8, no. 4, pp. 1811–
1819, Oct. 1993. 

[7] C. E. Lin, C. L. Cheng, C. L. Huang, and J. C. Yeh, “Investigation of 
magnetizing inrush current in transformers,” IEEE Trans. Power Del., 
vol. 8, no. 1, pp. 255–263, Jan. 1993. 

 
 

 

236



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


