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3-D Magnetostatic Moment Method Dedicated to Arc
Interruption Process Modeling

Loic Rondot!, Olivier Chadebec?, and Gérard Meunier?
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2Electrical Engineering Laboratory, UMR CNRS 5269, Grenoble 38400, France

The behavior of arcs in circuit breakers is affected by interactions of several physics. To simulate this, a 3-D modeling system
has already been developed. It considers the arc fluid dynamics, the radiation, the plastic vaporization, the current flow within
the electrodes and the plasma, and the magnetic field generated by currents. However, to consider the influence of ferromagnetic
regions, the current simulation model has to be extended. The magnetic moment method (MoM) is an integral method where only
active regions (i.e., ferromagnetic regions in our context) are meshed. Thus, it is particularly well adapted for breaking modeling
with a few ferromagnetic regions in comparison with the whole air region. In this paper, circuit breaker principle is explained, the
arc interruption modeling is described, a nonlinear MoM model based on a point matching approach is discussed, and finally an
arc interruption process modeled with the introduction of ferromagnetic regions is presented.

Index Terms— Circuit breakers, magnetostatics, moment methods, nonlinear equations, plasma simulation.

I. INTRODUCTION

HEN a circuit breaker detects a fault current, it opens
the electrical circuit and an arc appears. The electrical
network viewed from this circuit breaker can be modeled as
follows:
dl
Ls— + Ryl = Us — Ugc (1)
dt
where Ly, Ry, and Uy are, respectively, the inductance, the
resistance, and the voltage of the system and Ug is the arc
voltage.

If the arc voltage (Ugarc) rises above the system voltage
(Uy), the time derivative of current becomes negative and
the current can decrease. This process is so-called the current
limitation [1] and is shown in Fig. 1.

Because of the limitation, the maximum current is reduced
and the zero current is obtained sooner.

To increase the arc voltage, it is necessary to lengthen and
split the arc into series of arcs by metallic splitter plates.
Thereby, the arc voltage is increased by multiple cathode and
anode falls [2]. The arc displacement during a breaking process
is shown in Fig. 2.

This displacement is due to hydrodynamic constraints and
magnetic forces. To design a circuit breaker, it is important to
have a detailed knowledge of the arc behavior.

The breaking process is fast (~millisecond) and energizing
(>kilojoules). It makes the experimentation a difficult task and
it is almost always an intrusive experimentation.

Simulations also help to obtain additional information,
which is usually not accessible by the experimental investi-
gations, and thus can reduce the time for the development of
new circuit breakers.
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Fig. 1. Current and voltage represented during a breaking process. The
prospected current is the short-circuit current obtained without circuit breaker.
The limited current is the current obtained because of the electrical arc. When
the arc voltage is greater than the system voltage, the current is limited.
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Fig. 2. Three main steps during a breaking process in a circuit breaker are
represented. (a) Ignition. (b) Growth. (c) Splitting.

II. ARC INTERRUPTION MODELING

The core of the arc system modeling [3], [4] is based on the
commercial software FLUENT. It uses a finite-volume method
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Fig. 3. Diagram of the arc interruption model. 7': temperature. P: pressure.
o: electrical conductivity.

solver to compute the fluid dynamics. Others phenomena are
considered because of user-defined functions. A nonexhaustive
list of those phenomena is given as follows.

1) Real gas model: all thermodynamic data (Cp,, C,
enthalpy, entropy, etc.,) are described as function of
the temperature (300-30.000 K) and the pressure
(0.5-16 bars) with a polynomial interpolation

Property (T, P) = Z ax (T) log(P). )
k
Each thermodynamic property is described with a
polynomial function in pressure (P) where polynomial
coefficients are described because of a cubic spline
interpolation in temperature (7).

2) Radiation: a model of net emissivity and a discrete
ordinates radiation model are used.

3) Arc root phenomena: a modified Neumann condition is
used to consider the loss of energy at the arc root.

4) Electromagnetism: the current density (J) is solved
because of the static current flow equation and the finite-
volume solver. The magnetic field (Hex;) due to the
current is computed with the well-known Biot and Savart
equation

1
Hext (1) = E/J(r) x VeG(r,x)d’r  (3)
v

where J is the current density, G is the Green function
for a Laplace’s equation, r is the integration variable,
and r’ is the position of the computation.

All these models are shown in a simplified diagram of the
modeling process in Fig. 3.

During a breaking process, the current density of the arc
leads to Ohmic heating (Joule losses > energy source) and
magnetic forces (Lorentz forces > momentum source), which
cause gas flow and energy transport within and outside the
arc.

In the case of a breaking process at low current, ferromag-
netic regions can lead to substantial increase in the Lorentz
forces on the plasma.

This paper presents a method to model the ferromagnetic
effects because of the magnetostatic moment method (MoM)
in the Schneider electric’s arc system modeling.
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Fig. 4. Nonlinear flowchart resolution where A is the solving matrix, RHS
is the right-hand side vector, and & and &7 are the tolerance parameters.

I1I. 3-D MoM

The MoM is an accurate and inexpensive numerical
approach dedicated to the modeling of electromagnetic
devices. In this method, only active regions (i.e., ferromagnetic
parts of the device) are meshed. Thus, it is particularly well
adapted for the modeling of simple radiated devices with
only a few ferromagnetic parts in comparison of the total air
region [5].

A. General Equation

For a magnetostatic problem consisted of some ferromag-
netic regions and coils supplied by currents, the magnetic field
can be expressed as the sum of the external field (Hex;) and the
reduced magnetic field (H;), which derives from the magnetic
scalar potential [6]

H= Hext + Hr = Hext - grad¢ (4)
with for the magnetic scalar potential
¢ (r') = / VieG(r,r') - M(r) d’r (5)

Vv

where M is the magnetization, r is the integration variable,
and r’ is the position of the computation.

This formulation strongly ensures Maxwell-Ampere and
Maxwell-Thomson equations. Therefore, to determine the
magnetic field H, the magnetic law behavior must also be
ensured.
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Fig. 5. 3-D nonlinear test case with a ferromagnetic plate excited by an
inductor supplied by a current (/). The magnetic field is represented in the
plate.
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on a posttreatment line and the relative error (green).

For that, the residual is defined as follows:

RM) = / (M —m (H)) - W (') &°r (6)
\%4

where m(H) is the image of the magnetic field view from the
nonlinear magnetic law and W is a vectorial test function.

B. Discrete Approximation

Several formulations exist with different interpolate func-
tions of M and different test functions. In our example,
functions are chosen to be constant by element. Therefore,
the magnetization is uniform in each cell and residual is
minimized at each cell centroid (point matching method). In
this framework and for p magnetic cells.

1) The magnetic field equation (4) becomes
H = Hex¢ + [KIM @)

where (H, H,,;, M) are 3p vector and [K] is (3p)2
matrix. The matrix [K] is a matrix of view factors

between the cells computed by reduction of singulari-
ties [7].
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Fig. 7. During a breaking process, arc is represented by three isovalues of

temperature and the magnetization in the ferromagnetic plate can be observed.

2) The residual equation (6) becomes

R (M) =m (H) — M. )
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Fig. 8.  Electrical curves during a breaking process. The current and arc
voltage are represented with or without the effect of ferromagnetic plates.

To solve nonlinear magnetostatics problem, the
Newton—Raphson process is described as follows [8]:
om (H
om (H) [K] — [1]) AM" = —R (M”*l) 9)
8HT Hr—1

where the first matrix is a diagonal bloc matrix linked with
the derivative of magnetic law, AM is the increment of the
magnetization, R is the residual vector, and »n is the iteration
number.

The flowchart of the nonlinear resolution is represented
in Fig. 4. To reduce the CPU time, the tangent matrix is
not updated at each iteration. In other words, a fixed point
(with the previous tangent matrix) and a Newton—Raphson
method are alternatively used. The presented approach has
been validated on several test cases to prove its effectiveness.

A line search has been added to stabilize the convergence
and two convergence checks are used to stop the process.

C. 3-D Nonlinear Test Case

A ferromagnetic plate excited by an inductor supplied by
a [ is studied first. The test case and the magnetic field in
the ferromagnetic plate obtained using the MoM are shown in
Fig. 5.

To control the accuracy of the solution, the magnetic field
close to the ferromagnetic plate is computed on a posttreatment
line and compared in Fig. 6 with the solution obtained from
FLUX (commercial finite-element electromagnetic software).

It can be observed that the relative error is very low and it
increases close to the ferromagnetic plate. This increase can be
further reduced by increasing the number of Gauss integration
point.

The method of MoM has been used successfully on several
test cases.

IV. CIRCUIT BREAKER APPLICATION

In a circuit breaker model, two ferromagnetic plates are
introduced close to the breaking chamber. During the breaking
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process simulation, the magnetization in plates and their
influence on the magnetic field seen by the arc can be observed
in Fig. 7.

The comparison of the global electrical data (I and Uy
arc voltage) in Fig. 8 shows the influence of ferromagnetic
parts on the breaking process. With ferromagnetic parts, the
arc displacement is improving and therefore the arc voltage
increases faster. The arc voltage being greater quickly, the
current limitation is more important. The arc voltage is slightly
smaller and does not have a zero current sooner. However, this
configuration is still interesting because the thermal stresses
caused by the flowing energy (7%¢) are reduced.

V. CONCLUSION

The MoM method is suitable and well adapted for the
breaking modeling. Compared with other approaches [9], it
avoids the meshing of the whole air region and the use of two
different meshes.

The use of the compression method is in progress (hierar-
chical matrix and adaptative cross approximation [10]) with
which a further reduction in the computation time and the
memory usage is expected.

The introduction of MoM in the arc system modeling
allows considering ferromagnetic regions position and shape
optimization. An improvement in the design of circuit breakers
is expected.

REFERENCES

[1] C. W. Brice, R. A. Dougal, and J. L. Hudgins, “Review of technologies
for current-limiting low-voltage circuit breakers,” IEEE Trans. Ind.
Appl., vol. 32, no. 5, pp. 1005-1010, Sep./Oct. 1996.

[2] M. Lindmayer, E. Marzahn, A. Mutzke, T. Riither, and M. Springstubbe,
“The process of arc splitting between metal plates in low voltage
arc chutes,” IEEE Trans. Compon. Packag. Technol., vol. 29, no. 2,
pp. 310-317, Jun. 2006.

[3] P. Chevrier, M. Barrault, C. Fievet, J. Maftoul, and J. Million-Fremillon,
“Industrial application of high-, medium- and low-voltage arc mod-
eling,” J. Phys. D, Appl. Phys. , vol. 30, no. 9, pp. 13461355,
May 1997.

[4] L. Rondot, V. Mazauric, Y. Delannoy, and G. Meunier, “Dedicating
finite volume method to electromagnetic plasma modeling: Circuit
breaker application,” IEEE Trans. Magn., vol. 45, no. 3, pp. 1262-1265,
Mar. 2009.

[5] R. F. Harrington, Field Computation by Moment Methods. New York,
NY, USA: IEEE, 1993.

[6] F. Janet, J.-L. Coulomb, C. Chillet, and P. Mas, “Simplified magnetic
moment method applied to current transformer modeling,” IEEE Trans.
Magn., vol. 40, no. 2, pp. 818-821, Mar. 2004.

[7]1 O. Chadebec, J.-L. Coulomb, and F. Janet, “A review of magnetostatic
moment method,” IEEE Trans. Magn., vol. 42, no. 4, pp. 515-520,
Apr. 2006.

[8] J. Saitz, “Newton-Raphson method and fixed-point technique in finite
element computation of magnetic field problems in media with
hysteresis,” IEEE Trans. Magn., vol. 35, no. 3, pp. 1398-1401,
Mar. 1999.

[9] M. Lindmayer and M. Springstube, “3D simulation of arc motion

including the influence of ferromagnetic material,” in Proc. IEEE Holm

Conf. Electr. Contacts, Sep. 2001, pp. 148-153.

M. Bedendorf, “Hierarchical matrix: A means to efficiency solve elliptic

boundary value problems,” in Lecture Notes in Computational Sci-

ence and Engineering, vol. 63. New York, NY, USA: Springer-Verlag,

2008.

[10]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /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 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /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 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


