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Defining and computing equivalent inductances

of gapped iron core reactors

Abstract. The paper revisits the fundamental definitions and explores computational alternatives of equivalent inductances of gapped iron core
reactors. Unlike in a transformer, the physical meaning of component inductances of a reactor is subject to uncertainty and open to different
interpretations, leading to various equivalent circuits. It is argued that a definition based on flux distribution may not be reliable and calculations

based on energy or co-energy are thus preferable.

Streszczenie. W artykule oméwiono podstawowe definicje i metody obliczania indukcyjnosci zastepczych dfawikéw ze szczelinami powietrznymi.
Uzywane sg rézne schematy zastepcze zalezne od interpretacji fizycznej. Zasugerowano definicje oparte na energii i koenergii systemu zamiast
rozktadu strumienia magnetycznego. (Definicje i obliczanie indukcyjnosci zastepczych dtawikéw ze szczelinami powietrznymi)
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The Equivalent Inductance Model of a Gapped Iron
Core Reactor

A conventional approach to defining equivalent
inductances of a reactor normally relies on a similar
argument as for a transformer and relates the component
inductances to different portions or paths of the magnetic
flux. Unlike in a transformer, however, such paths are less
clearly defined and the notions of ‘main’ or ‘leakage’ flux are
subject to uncertainty as there is only one winding and thus
mutual coupling cannot be used as the criterion. Moreover,
in a gapped iron core design, the flux often leaves and then
re-enters the core, thus the concept of which ‘flux tube’
forms the main and which the leakage portion is further
confused. Notwithstanding these difficulties, a definition
based on magnetic flux is common as it provides clarity of
the concept; this is illustrated by Fig. 1a where different flux
paths are identified as a convenient approximation. This
leads to various possible equivalent circuits with component
inductances connected in series or parallel, with the most
popular definition shown in Fig. 1b [1, 2]. In practice, the
inductance associated with the flux in the iron core may
often be neglected since it is very small (in a series model)
or very large (in a parallel circuit) as the magnetic core is
rarely saturated.
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Fig. 1. Simplified definition of flux paths (a); the most popular
equivalent circuit (b) [1, 2].

The simplistic definitions based on Fig. 1a are attractive
but unfortunately also a source of difficulties in calculating
the actual values. As mentioned already, the magnetic flux
is unlikely to follow the strictly defined paths inside or
outside the iron core and the analytical models in literature
are often reliant on various empirical correction coefficients.
The realistic field patterns are far more complicated as
illustrated in Figs. 2a and 2b.
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Fig. 2. Magnetic flux pattern in a three-limb reactor (a); a detail
showing fringing (b); energy distribution (c).
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Calculation of Equivalent Inductances

The difficulties associated with the analytical
calculations are probably best illustrated by recalling the
equations used for example in [3] based on the equivalent
circuit of Fig. 1b:
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where NN is the number of turns, Ajmp the cross-section of
the limb, Aleakage the cross-section of the leakage flux path,
[, the total length of the gaps, /; the ‘length’ of the leakage
path, kg and k; empirical correction coefficients (both less

than 1). While L4, has a reasonable chance of being
estimated correctly as dominated by the well-defined gaps
in the limbs, the calculation of the leakage inductance

Lleakage is subject to all sorts of uncertainties and inevitable
simplifications. Moreover, the parallel/series connection of
Fig. 1b may not necessarily be the best representation;
obviously a parallel connection of inductances may always
be combined as a single equivalent inductance, as can the
series connection, but the physical association with different
magnetic flux paths may be lost in the process. Finally — as
clearly demonstrated by Figs. 2a and 2b — the magnetic flux
paths cannot always be clearly identified as being purely
leakage or main flux.

An alternative association can be made between the
relevant component inductances and the energy (or co-
energy) associated with different portions of the magnetic
circuit. The total energy (which will be the same as co-
energy if the magnetic circuit is unsaturated, which is
normally the case in practical reactors) may be split into
energy associated with the magnetic core, the gaps in the
limbs and the rest of the volume surrounding the core (see
an example in Fig. 2c); this leads naturally to three
component inductances connected in series (as illustrated
in Fig. 3) with clear interpretation of the role and
contribution of each element. There is no longer a need to
be concerned about the actual flux paths. Therefore

) w=Lrr
2
3) Wotal = Wgup +Wiron + VVleakage =
1.5 1.
= 51 Ltotal = 51 (Lgap + Liron + Lleakage)

where W,y is the total energy of the device, Wy, is the
energy associated with the volume filled by air-gaps in the

limbs, W, is the energy related to the volume filled by iron
core, and Wleakage is the energy of the field in the rest of the

system, respectively. Hence Lgyp, Liyon and Liegrage are the
inductances calculated based on the energy corresponding
to these volumes.

Lleukuge Lgap Liron

UL

Fig. 3. Equivalent circuit consisting of three inductances connected
in series.

However — as noted before — the magnetic circuit of the
gapped iron core may also be described in terms of
magnetic fluxes and associated reluctances, namely by a
series connection of two reluctances, one given by the gap
and the other by the iron path of the flux, as shown in Fig.
4c. Comparing the two equivalent circuit representations of
the gapped iron core (Fig. 1b and Fig. 4c) it can therefore
be argued that there exists one unique logical
transformation of the series connection of inductances into
a parallel connection, and vice versa. (A pure electrical
circuit approach would obviously suggest that there is
infinite number of possibilities of such a transformation, all
resulting in identical total equivalent value of the

inductance, which after all is what really matters.) As the
leakage inductance (Lleakage) is always likely to be
connected in series with the rest, attention needs to be

focused on L,,, and L;,, as — depending on the model
used, energy or flux based — a series or parallel
representation may be more appropriate, respectively.
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Fig. 4. Series equivalent circuit of inductances (a); parallel
equivalent circuit of inductances (b); magnetic circuit of the limb in
terms of reluctances (c).
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The crux of the argument is therefore that the ratio of
the energies corresponding to the two equivalent circuit
representations should be preserved irrespectively of the
connection. For the connection in series we can use
inductances and associated current directly, whereas for
the parallel connection work in terms of the flux and
reluctances; thus
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where Rgap and R;,, are the reluctances of the magnetic
circuit of the reactor limb (these reluctances are connected
in series as in Fig. 4c). Therefore, the circuits in Figs. 4a
and 4c are equivalent in terms of associated energy. On the
other hand, since inductance is inversely proportional to
reluctance (obviously the square of the number of turns of
the winding needs to be accommodated at some stage), the
two reluctances connected in series can be expressed in
terms of inductances as

(5) R +R. = L + L
8 o Lgap Liron

which results in a parallel connection of the two equivalent

inductances as depicted by Fig. 4b, where Lg, and L, are
the inductance of the air-gap and the iron core of the
parallel equivalent circuit, respectively. This simple scheme
provides a unique transformation of parallel into series
connection of equivalent inductances, or the other way
round, while preserving the proportions of component
energies. The resultant inductance is of course the same:
6 1
©) Lgap + Lo = 1 1
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Finally, the relationship between the inductances of the

parallel equivalent circuit and the series equivalent circuit,
as given by the energy ratio, may be written as

1
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Consequently, equations (6) and (7) can be used to
easily convert from one representation into the other as
desired to calculate the equivalent inductances of the
gapped iron core reactor.

Simulation Results

The rated current of the gapped iron core reactor model
used in simulations is 100 A; for illustrative purposes a
particular design has been considered here but the actual
values of inductance are of no consequence, only the
relative proportions matter. The magnetic field of the reactor
was simulated using Maxwell 3D software [4] for a series of
values of the driving current from 1 A (1 per cent of the
rated current, hence magnetic circuit completely linear, well
below saturation) to 100,000 A (1000 times the rated
current, thus magnetic circuit extremely highly saturated).
For each case the equivalent inductances of the series
equivalent circuit were calculated based on the energy
values as described in the previous section (equations 2
and 3). Finally, this series equivalent circuit was converted
into a parallel equivalent circuit (using equations 4 - 7).
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Fig. 5. Variation of inductances of a gapped iron core reactor with
increasing current from completely unsaturated to highly saturated
magnetic circuit.
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Fig. 6. Variation of inductances of a gapped iron core reactor with
increasing current (as Fig. 5 but with linear scale and for smaller
values of current).

The results are presented in Figs. 5 and 6, the former
using a logarithmic scale to cover the full range of currents
used (from unsaturated to highly saturated core), while the
latter focusing on the range of currents of more practical
interest using a linear scale but still allowing some
saturation to be depicted as well. Up to about 150% of the
rated current all inductances are effectively constant as
expected in such designs. The more saturated region is
perhaps of less practical importance but nevertheless
shows interesting behaviour. Most notably, the leakage
inductance (represented in the circuit as a series
connection), and the inductance associated with the gaps in

the limbs in the parallel circuit representation, both change
very little throughout the whole range, whereas all other
inductances (in either series or parallel representation) vary
quite dramatically. As expected, the air-gap inductance
totally dominates the ‘section’ responsible for the main flux
(passing through the limbs and air gaps) below saturation
and matches well the value calculated from (1). (It is also
worth noting — which was to be expected — that the leakage

inductance Ljeakqge calculated from the simplified model of
(1) is in very poor agreement with the reality.)

For higher values of current the magnetic saturation
results in the inductance representing the iron (in both
series and parallel representation) becoming important so
that it cannot be omitted (as a short or open circuit
respectively), although in reality this inductance can never
be neglected if core losses are of interest (which in fact will
constitute the continuation of this work). Under extreme
saturation the reactor behaves like an air-cored device and
the leakage inductance takes over.

The somewhat strange behaviour of the iron inductance

L, (in the series circuit) at high saturation is perhaps
difficult to explain, as first the value rises, then reaches a
peak and finally starts to decrease, but this is simply a
reflection of the fact that highly saturated iron acts like air
and the final proportions of the ‘gap’ and ‘iron’ inductances
will be related more to geometry rather than to magnetic
properties.

The main purpose of the above numerical investigation
was to demonstrate how the energy criterion allows for
simple and unique transformation between parallel and
series representations of the gapped limb of the reactor. In
view of the recognised difficulties of defining the different
components of flux (main, leakage, gap) it is therefore
recommended that energy/co-energy is used throughout
while relevant equivalent circuits naturally linked with such
fluxes may be established ‘retrospectively’ by applying the
transformation suggested in this paper.

Finally, as already mentioned, the next stage of this
work will be to establish a reliable but simple way of
estimating iron losses in gapped iron core reactors, hence
the iron core inductance will be an important parameter. In
preparation for this next step the dependence of this
inductance on the maximum average flux density — as
established using the 3D numerical simulation described in
this paper and elsewhere [5] — has been investigated and
simple curves fitted with the aim of subsequently using
them in derivation of relevant analytical formulae. One such
curve (overimposed on the original data obtained from the
3D simulation) is shown in Fig. 7.
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Fig. 7. An example curve fitted to represent the variation of iron
core inductance as a function of flux density in the limb of a gapped
core inductor.
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Conclusions

In this paper we have argued that the equivalent
inductance of a gapped iron core reactor may be reliably
established by linking the components of this inductance
with energy associated with three distinct parts of the
device: iron core, air gaps in the limb and the rest of the
system (so that the last component gives rise to the notion
of a leakage inductance). By introducing an energy based
criterion this series equivalent circuit may be easily
transformed into a parallel circuit for the ‘iron’ and ‘gap’
components (with the leakage term added in series) which
can then be related to the otherwise unreliable definitions of
the inductance components traditionally expressed in terms
of simplistic subdivision of the flux into main, iron and gap
paths. The behaviour of all components in both series and
parallel representations of the inductance has been studied
numerically using 3D finite element simulation for a wide
range of currents encompassing both linear regime and
extreme saturation.

REFERENCES
[1] Alexander G.W., Hopkinson R.H., Welch A.U., Design and
Application of EHV Shunt Reactors, IEEE Transactions on

Power Apparatus and Systems, PAS-85 (1966), No. 12, 1247-
1258

[2] Yue Hao, Xu Yonghai, Liu Yingying, Zhu Yonggiang, Xiao
Xiangning, Study of Nonlinear Model of Shunt Reactor in
1000kV AC Transmission System, International Conference on
Energy and Environment Technology, Vol. 2 (2009), 305-308

[3] Shingo Saizen, Kazunori Hashiba, Morihiko lwagami, 500/+/3
kV 50/3 MVA Shunt Reactors for CTM Argentina, Fuji Electric
Review, Vol. 25 (1979), No. 2, 49-52

[4] Maxwell 3D Tutorial, Ansoft Online Technical Support,
WWW.ansys.com

[5] Lin D., Zhou P., Chen Q.M., Lambert N., Cendes Z.J., The
Effects of Steel Lamination Core Losses on 3D Transient
Magnetic Fields, IEEE Transactions on Magnetics, 46 (2010),
No. 8, 3539-3542

Authors: Atilla Donuk, atilla@metu.edu.tr; Mihai Rotaru,
mr@ecs.soton.ac.uk; Jan K. Sykulski, jks@soton.ac.uk; School of
Electronics and Computer Science (ECS), University of
Southampton, Southampton, UK; Atilla Donuk is now with Electrical
and Electronics Engineering Department, Middle East Technical
University, Ankara, Turkey.

PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 88 NR 7b/2012 55




<<
  /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


