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transformers 
 
 

Abstract. This paper is divided into two sections. In the first section, different experimental methods for determining magnetically nonlinear iron core 
characteristics of transformer are described and evaluated. In the second section the obtained characteristic were used in nonlinear dynamic model 
of a single-phase transformer. The comparison of the measured and by the dynamic model calculated results is given for the case of transformer 
steady state operation at rated load and for the case of switch–on of unloaded transformer.  
 
Streszczenie.  Artykł jest podzielony na dwie części: w pierwszej doświadczalne metody są opisane i ewaluowane, w dtugiej otrzymane 
doświadczalnie charakterystyki są uzyte w modelu jednofazowego transformatora. Porównanie pomierzonych i obliczonych z modelu wartości 
zostało przeprowadzone dla warunków pracy ustalonej i dla przypadku właczenia transformatora do sieci. (Porównanie różnych metod 
doświadczalnych dla okresślenia charakterystyki magnetycznie nieliniowego rdzenia transformatora) 
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Introduction 
 This paper deals with determining parameters of a 
magnetically nonlinear dynamic model of power 
transformer. The paper focuses on determination of 
magnetically nonlinear iron core characteristic (i). It is 
determined by the classical methods based on no load test 
and by the alternative methods based on numerical 
integration of measured currents and voltages [1-3]. A 
power grid and linear amplifier were used as a voltage 
source. The linear amplifier was used to generate 
sinusoidal and stepwise changing voltage waveforms. A 
comparison of magnetically nonlinear characteristics 
determined by the different methods is presented. The 
magnetically nonlinear dynamic model of power transformer 
is evaluated through a comparison of measured and 
calculated currents and voltages under different operating 
conditions [4], [5]. 
 

Description of applied methods 
 Classical method based on no load test: Magnetically 

nonlinear characteristic (i)of a single-phase transformer is 
determined at no-load in the steady state, where the voltage 
u and the current i are periodical functions. Harmonic 
analysis can be performed on a periodical function. The 
voltage and current can be expressed in the form of Fourier 
series (1): 
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where, M is the highest order of harmonic component, h is 
the order of the harmonic component, T is the period for 
one cycle of fundamental frequency,  = 2/T, while Au0, Ai0, 
auh, aih, buh and bih are the Fourier coefficients of the voltage 
u and the current i. If we consider only the fundamental 
harmonic components of the voltage and the current 
expressions (2) can be written: 
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where Z is the impedance, U and I are the voltage and the 
current RMS values, while P is the active power. L is the 

inductance while R is the ohmic resistance. The 
magnetically nonlinear characteristic (i) can be determined 
by (3) with a set of test. 
 

(3)  ( )i Li   2i I  
 

Classical methods based on no load test consider only the 
fundamental harmonic component of the voltage and the 
current. This may lead to error in determined magnetically 
nonlinear characteristic (i), when the current contains 
higher harmonic components. 
 

 Alternative method based on numerical integration 
and step-wise changing voltage: At no-load the test 
object is supplied by the stepwise changing voltage. The 
amplitude of voltage has to achieve such a value that the 
measured response of current reaches the state of 
saturation, and at the same time covers the entire range of 
operation. The stepwise changing voltage and current are 
measured, as it is shown in Figs. 1 and 2.  
 

 
Fig. 1: The stepwise changing voltage. 
 

 
Fig. 2: The stepwise changing current. 
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The magnetically nonlinear characteristic (i) can be 
determined after the numerical integration (4). 
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Where (0) is the initial condition due to the remanent flux, 
while u is the voltage and i is the current. R is the ohmic 
resistance that can be calculated easily by the steady-state 
voltage and current at the end of step-change. 
 
 Alternative method based on numerical integration 
and sinusoidal changing voltage: This method is similar 
to the already described alternative method. The only 
difference is in the form of the periodically changing voltage. 
The applied voltage is in this case sinusoidal. This method 
could be useless if the ohmic resistance R varies during the 
measurement. When a sinusoidal voltage is applied, there 
is no stationary state, where the true value of ohmic 
resistance could be determined. 
 In this case, two tests were made. Single-phase 
transformer was supplied by the sinusoidal voltage of the 
fundamental frequency 50 Hz and by the sinusoidal voltage 
of the frequency 1 Hz (Figs. 3 and 4). 
 

 
Fig. 3: The sinusoidal changing voltage. 
 

 
Fig. 4: The sinusoidal changing current. 
 

The magnetically nonlinear iron core characteristics (i) 
determined by the classical method based on no-load test 
and by the alternative methods based on the numerical 
integration are shown in Fig. 5. 

If the tops of individual magnetically nonlinear iron core 
characteristics determined by numerical integration (Fig 5) 
are connected then the characteristic shown in Fig. 6 is got. 
 

 
Fig. 5: Magnetically nonlinear iron core characteristic (i) 
determined by: a) classical method based on no-load test, b) 
alternative method based on numerical integration supplied by 
step-wise changing voltage and c) alternative method based on 
numerical integration supplied by sinusoidal changing voltage 
 
Nonlinear dynamic model of a single-phase transformer 
 This section deals with the magnetically nonlinear 
dynamic model of a single-phase transformer. The voltage 
balance in a single phase transformer, whose iron core 
behaves magnetically nonlinear, is described by voltage 
equation (5): 
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where u1, u2 and i1, i2 denote the primary and the secondary 
voltages and currents, R1 and R2 are the primary and 
secondary resistances, 1 and 2 are the primary and 
secondary leakage flux linkages, while 1 and 2 are the 
primary and secondary current-dependent flux linkages. 
The leakage flux linkages can be expressed by the constant 
primary and secondary leakage inductances (6). 
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The main flux  depends on the magneto motive force , 
which can be expressed by the magnetizing current im (7): 
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When the magneto motive force is expressed by the 

magnetizing current  = N1im and a new symbol for the 
primary flux linkage is introduced as 0 = N1, d1/dt and 
d2/dt can be expressed by (8). 
 

(8)  

01 1 2
1 2

1

02 2 1 2
1 22

1

1

m

m

d di di
N N

dt N i dt dt

d N di di
N N

dt i dt dtN





      
      

 

 
By inserting (6) and (8) into (5), the voltage balances in 

the primary and secondary windings can be expressed by 
(9): 
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where 0 / im is the dynamic inductance Ld(im). In order to 
simplify (9), the expression (10) can be introduced. 
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where L1 is the self inductance of the primary winding, L2 is 
the self inductance of the secondary winding, while L12 is 
the mutual (magnetizing) inductance. If (10) is considered in 
(9) it yields (11). 
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The obtained expression (12) is appropriate to be solved 

by the explicit integration methods. 
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The formulation (12) gives us the basic equations of the 

nonlinear model of a single phase transformer. Based on 
these equations a block scheme in Matlab / Simulink 
environment was composed for simulation purposes.  
 

 
Fig. 6: Magnetically nonlinear iron core characteristic (i) 
determined by: a) classical method based on no-load test, b) 
alternative method based on numerical integration supplied by 
step-wise changing voltage and c) alternative method based on 
numerical integration supplied by sinusoidal changing voltage. 
 
Results 
 The test object is a small single phase laboratory 
transformer. Its data are shown in the Table I. All 
simulations are performed in the program package 
Matlab/Simulink using the dynamic model of a single-phase 
transformer given by equation (12) and the magnetically 
nonlinear iron core characteristics shown in Fig. 6 c. 
 
Table 1: Testing transformer data 

N1 The number of primary turns 425 
N2 The number of secondary turns 1722 
R1 The primary resistance 11 Ω 
R2 The secondary resistance 141.8 Ω 

1L  The primary leakage inductance 33 mH 

2L  The secondary leakage inductance 33 mH 

 
Fig. 7 shows the measured primary voltage u1 applied 

during the no-load test and load test. The same voltage is 
used in the dynamic model. Its amplitude is 136.7 V at the 
frequency of 50 Hz. 

Fig. 8 shows the comparison of measured and 
calculated transformer currents in the different operating 
conditions. In all the figures presented, the measured 
currents are marked with im1, while the calculated ones are 
marked with i1. 
 
Conclusions 

This paper presents a magnetically nonlinear dynamic 
model of the transformer. The different methods of 
determining the parameters of that model are given and 
also evaluated. This model allows the calculation of the 
dynamic and steady state operating conditions of a 
transformer in one and two-sided power supply. It is also 
possible to set the initial value of the magnetic flux 
(remanence). The presented dynamic model of the 
transformer was evaluated by the comparing of measured 
and calculated currents under different operating conditions.
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Fig. 7: The primary voltage u1 measured during the no-load and load test. 

 
 
Fig. 8: The comparison of measured and calculated transformer currents during the no-load and load test. 
 
 

REFERENCES 
[1] S. Calabro, F. Coppadoro, and S. Crepaz, “The measurement 

of the magnetization characteristics of large power 
transformers and reactors through d.c. excitation,” IEEE Trans. 
Power Delivery, vol. 1, no. 4, pp. 224–232, 1986. 

[2]. C.V. Jones, The Unified Theory of Electrical Machines. London, 
U.K.: Butterworths, 1967. 

[3]. A. E. Fitzgerald and C. Knigsley, Electric Mechinery. London, 
U.K.: McGraw-Hill, 1961. 

[4]. G. Štumberger, S. Seme, B. Štumberger, B. Polajžer, D. 
Dolinar, “Determining Magnetically Nonlinear Characteristics of 
Transformers and Iron Core Inductors by Differential Evolution,” 
IEEE Transactions on Magnetics, vol. 44, no. 6, June 2008 

[5]. S. Seme, G. Štumberger, “Comparison of responses obtained 
by the magnetically nonlinear transformer model using variable 
dynamic and static inductances”, EUROSIM 2007 

 
 
Authors: Sebastijan Seme, Institute of Power Engineering, 
Smetanova 17, 2000 Maribor, E-mail: sebastijan.seme@uni-mb.si; 
red. prof. dr. Gorazd Štumberger, Institute of Power Engineering, 
Smetanova 17, 2000 Maribor, E-mail: gorazd.stumberger@uni-
mb.si; 
 
 

 
 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-200

-100

0

100

200

t [s]

u 1 [
V

]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

0.5

1

t [s]

i 1, 
i 1m

 -
i 1 [

A
] i

1 i
m1

 -i
1

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-0.4

-0.2

0

0.2

0.4

0.6

t [s]

i 1, 
i 1m

 -
i 1 [

A
]

i
1 i

m1
 -i

1



<<
  /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


