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Abstract. Since the interlamination short-circuits in stator cores can cause major damage to electrical machine a great emphasis is placed to detect 
such faults. ELCID (Electromagnetic Core Imperfection Detector) test is nowadays often used for testing of interlamination insulation in stator cores 
of large electrical machines. To investigate this relatively young method a laboratory model of stator core was built, which enables measurements 
and analyses of intentional short-circuits in the core. Interlamination faults were also simulated and analysed using FEM. 
 
Streszczenie. Ponieważ  zwarcia międzywarstwowe w rdzeniach stojanów mogą spowodować istotne awarie maszyn elektrycznych jest sprawą 
wielkiej wagi detekcja takich zwarć. Test detektorem uszkodzeń rdzeni magnetycznych jest współcześnie często używany dla testowania izolacji 
międzywarstwowej w rdzeniach stojana dużych maszyn elektrycznych. Do zbadania tej relatywnie nowej metody zbudowany został laboratoryjny 
model rdzenia stojana, który umożliwia pomiary i analizę celowych zwarć w rdzeniu. Uszkodzenia międzywarstwowe były także symulowane i 
analizowane za pomoca MES. (Analizy i testy zwarć międzywarstwowych) 
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Słowa kluczowe: detector uszkodzeń rdzenia elektromagnetycznego, zwarcia międzywarstwowe, rdzeń stojana 
 
 
Introduction 
 A traditional method for detection of interlamination 
faults is the High Flux Ring Test, often referred to as a 
Thermal Loop Test. The rotor is removed from the machine 
and the stator core is magnetically excited by a high voltage 
high current temporary winding. Magnetic flux produced in 
stator yoke should be near to that normally applied in 
service. Hot spots are detected by a variety of means 
including thermal cameras. Because of the required 
dismantling of the machine, high voltage excitation winding, 
high power source, that method is not very convenient. 
 One of contemporary methods is ELCID test [1], which 
is nowadays often used for testing of interlamination 
insulation in stator cores of large electrical generators and 
motors. The main advantages of the ELCID method are that 
the core is excited with just 4% of the rated flux and 
detection of damaged areas is sometimes possible even 
when the rotor of the machine is not removed. Positions 
and strength of the faults are determined with a 
measurement of leakage fluxes produced by the fault 
currents. 
 Investigation of the test method on a real working 
machine is difficult or almost impossible to perform, 
moreover the faults cannot be generated on purpose. To 
investigate the influence of the fault position and strength 
on measurements we performed several simulations of 
interlamination faults using FEM and compare them with 
measurements on a laboratory test core which enables 
measurements and analyses of intentional short-circuits in 
the core. 
 
Laboratory test core 
 To verify the results obtained using FEM and to test 
different sensing coils we carry out measurements on a real 
model of stator core (Fig. 1 and 2). All measurements were 
performed without a rotor in a stator bore. Since the model 
consists of separated sheets which are not welded together 
or fasten with building bars, the interlamination faults can be 
simulated using short-circuit turns. 
 In Fig. 3 an electrical scheme of the laboratory model is 
shown. It is similar to short-circuit of a transformer but in 
this case only a part of the ferromagnetic core is short-
circuited. Separated sheets and short-circuit turns enable 
also the investigation of the fluxes in the core, since every 
part of the core can be embraced with a test winding. 
 A length and position of the short-circuit turn can be 
arbitrary chosen, while the value of the fault current can be 
determined using an external resistor. Furthermore, the 

fault current can be simply measured and used as a 
reference value for results of a testing device. Introducing of 
artificial shorts at different places on the test core has been 
already presented in [2] where the core was intentionally 
irreversibly damaged. In such case the fault current could 
not be directly measured or changed. 
 

 
Fig. 1. Test core for investigation of interlamination short-circuits for 
different positions and strength. 
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Fig. 2. Short-circuit turn at the top of the tooth and a pick-up coil. 



116                                                PRZEGLĄD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 87 NR 3/2011 

A

R

A

~

Ie

It

Short-circuit turn Excitation

 

Fig. 3. Electrical scheme of the laboratory model. 
 

Using a pick-up coil the induced voltage is measured. 
The positioning of the pick-up coil on stator teeth is shown 
in Fig. 4. If the short-circuit turn exists, the measured 
voltage should be proportional to the fault current in the turn 
[4]. 
 

It

U It  

Fig. 4. Position of pick-up coil on stator teeth. 
 
FEM model 
 Since the interlamination fault is a genuine 3D problem, 
a 3D FEM model would be adequate for simulation. In spite 
of that the investigation of ELCID core testing was 
performed using a 2D FEM model. The geometry of the 
model was simpler and the calculation of parametric 
analyses was not time consuming. Before the FEM model is 
introduced let us get familiar with the problem definition. 
Figure 5 shows the structure, which has to be calculated 
using FEM (figure does not include the excitation). Short-
circuit turn does not embrace the whole cross-section of the 
core. Length of the core is lc, while lt is length of the short-
circuit turn. The total magnetic flux in the core  can be 
written as the sum of a turn flux t and remaining core flux 
c. Since the excitation is sinusoidal, all mentioned 
magnetic quantities are complex. 
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It

 
Fig. 5. Problem definition of interlamination short-circuit for FEM 
simulation. 
 

 Considering some negligible simplifications, a magnetic 
circuit of such magnetic structure is shown in Fig. 6, where 
can be noticed a flux source f in a branch t, which 
represent a flux produced by a short-circuit current It.  
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Fig. 6. Magnetic circuit of core model with interlamination short-
circuit turn. 
 

Having the magnetic circuit in mind a FEM model can be 
introduced. Figure 7 shows the geometry, material 
properties and boundary conditions of the model. 
 The material properties were linear and eddy-current 
(AC) solver was used. Instead of the whole iron core only 
slots around the fault were included in the model. Since the 
fault (short-circuit turn) can have a variable but specific 
length, two parallel ferromagnetic branches were introduced 
also in the model geometry. The first branch (lower core) 
represents the core embraced with the short-circuit turn, 
while the second (upper core) represent a remaining stator 
core. 
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Fig. 7. FEM model with boundary conditions and material 
properties. 
  

As can be seen the geometries of both branches are 
equal. Furthermore, the model does not change if the length 
of the short-circuit turn changes. Different cross-sections of 
both magnetic branches are considered with applying 
appropriate permeability for the second branch. 
Permeability  that defines the magnetic property of the real 
ferromagnetic core is assigned for the first branch, for the 
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second branch a new fictitious permeability c has to be 
calculated:  

(1)        1c
c

t

l

l

 
     

 
 

where lc is the length of the whole core and lt is the length of 
the short-circuit turn. In such a way only permeability c has 
to change when we analyse conditions at different fault 
lengths. Because the FEM model is two dimensional, 
different fault lengths can only be used to analyse the core 
fluxes and fault current values but not to find the influence 
of the length to induced voltage in the pick-up coil.  
 Excitation of the model was not a sinusoidal current 
source but a prescribed sinusoidal magnetic vector potential 
A at the lower boundary of the model (see Fig. 7). 
Considering relation B = curl A, the magnetic vector 
potential A for a specified magnetic flux density Bc is:  

(2)        cA B h   

where h is the height of the stator core (see Fig. 7). Using 
such boundary condition it was assured that the flux 
through the core is constant what is also the case in a real 
core.  
 Interlamination short-circuits were modelled as short-
circuit turns at different positions and with different material 
properties. The FEM model consists of 10 conductors at 
different positions and one outer conductor as return path 
outside the core. If we would like to simulate a real 
interlamination fault the position of the short-circuit turn 
should be at the edge but in the ferromagnetic core. Since 
an insulated wire was used to make a short-circuit turn in 
the laboratory model, same position and properties were 
used also in FEM model.  
 Only one pair of conductors was included in every 
calculation. The pair consists of one conductor at specific 
position (1 to 10) and the outer conductor. Figure 8 shows 
the positions and numbers of conductors and the defined 
lines (1-2, 2-3, 3-4) along which the integrals Hdl were 
calculated. Positions and labels of the defined lines were 
used also for positions of pick-up coil during the 
measurements on a test core.  
 
Fault position 
 A fault position can be recognized by analysing the 
voltage induced in the pick-up coil, considering also results 
from the neighbouring teeth. Since the pick-up coil is 
actually a Rogowski coil [4] the measured voltage is 
proportional to derivative of the fault current. In conditions 
where the current is sinusoidal or almost sinusoidal and the 
frequency is constant we can simplify that and just say that 
the voltage is proportional to the current. Therefore, the 
results obtained from measurements on the laboratory 
model are simply presented as voltages, while the results 
obtained using FEM are presented as integrals Hdl along 
the defined lines between the stator teeth (Fig. 9, 10). We 
just compared the models therefore the absolute values 
were not so important. 
 In both measurements and calculations the induced 
voltage due to excitation flux was deducted from the 
obtained signal so we could analyse only a "clear" signal 
caused by the fault current. The influence of the fault length 
was not included in the investigation since the FEM model 
was only a 2D model, while the faults on the laboratory 
model were 40 mm long and much longer than the pick-up 
coil dimensions. Therefore, the end effect was neglected. 
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Fig. 8. Positions of the faults and defined lines between teeth. 
 
 Figure 9 shows that we can only determine whether the 
fault is at the top of the tooth (positions 8-10) or in the slot 
(positions 1-7), while the exact position can not be 
specified. Authors [1], [3] describe that also the fault at the 
vertical edge of the slot can be determined (position 6 or 7 
in the model, see Fig. 8), but results of our calculations and 
measurements do not show that. On the laboratory model 
only three fault positions were examined (1, 5 and 10) and 
comparison of the measured results with the calculated 
values shows good agreement (Fig. 10). 
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Fig. 9. Calculated Hdl along defined lines at different fault positions 
using FEM. 
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Fig. 10. Magnitudes of measured voltages using a pick-up coil at 
different fault positions. 
 
Fault strength 
 Using the FEM model the power losses of 
interlamination faults during the ELCID test can be simply 
calculated and investigated. The resistance of the short-
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circuit turn in the model represents a contact resistance 
together with resistance of lamination in a real stator core. 
The obtained results for different conductance of short-
circuit turn were used just to show that the fault current, 
which can be recognized and evaluated by the ELCID test, 
can not be a measure for the fault strength (Fig. 11). 
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Fig. 11. Power losses in short-circuit turn for different conductance 
of the turn. 
 
Conclusion 
 Laboratory test core and FEM model offer a lot of 
possibilities for investigation, evaluation and research in the 
field of diagnostics of laminated stator cores. Tests and 
calculations showed that the interlamination faults can be 
recognized using ELCID testing, but the fault strength can 
not be easily determined. There are possibilities to combine 
ELCID with additional methods, such as described in [5], to 

diminish the disadvantages of ELCID. Our goal is to 
develop a measuring device with the sensing coil which will 
automatically scan the whole circumference of the stator 
bore. The scan results would be used for generation of a 
"flux image" of the stator bore which could be a 
replacement for thermal image obtained from thermal 
camera at Thermal Loop Test. 
 

REFERENCES 
[1] J. Sutton, "EL Cid: an easier way to test stator cores", Electrical 

Review, 207 (1980), No. 1, 33-37 
[2] J. Stein, "Generator core investigation and the importance of 

good lamination contact at the back of the core", Iris Rotating 
Machine Conference, Santa Monica, 2003, (paper obtained 
from 'http://www.irispower.com/techpapers'). 

[3] D. B. Paley, "Current Low Power Core Testing Using EL CID", 
Adwel International Ltd., April 1999 (paper obtained from 
'http://www.adwel.com/technical.html'). 

[4] D. A. Ward, J. La T. Exon, "Using Rogowski coils for transient 
current measurement", Engineering science and education 
journal, June 1993, 105-113 

[5] G. B. Kliman, S. B. Lee, M. R.Shah, R. M. Lusted and N. K. 
Nair, "A New Method for Synchronous Generator Core Quality 
Evaluation", IEEE Transactions on Energy Conversion, 19 
(2004), No. 3, 576-582 

[6] Z. Posedel, "Inspection of Stator Cores in Large Machines with 
a Low Yoke Induction Method - Measurement and Analysis of 
Interlamination Short-Circuits", IEEE Transactions on Energy 
Conversion, 16 (2001), No. 1, 81-86 

 
 
Authors: Danilo Makuc, E-mail: danilo.makuc@fe.uni-lj.si, Maks 
Berlec, E-mail: maks.berlec@fe.uni-lj.si, Damijan Miljavec, E-mail: 
damijan.miljavec@fe.uni-lj.si. All authors are with University of 
Ljubljana, Faculty of Electrical Engineering, Department of 
Mechatronics, Trzaska 25, 1000 Ljubljana, Slovenia. 

 



<<
  /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


