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Abstract: - Direct current, which was one of the main means of distributing electric power, is still widespread
today in the electrical plants supplying particular industrial applications. The advantages in terms of settings,
offered by the applicants of d.c. motors and by supply through a single line, make direct current supply a good
solution for railway and underground systems, trams, lifts and other transport means.

The paper presents the calculation of the magnetic field in the arcing chamber of the current-limiting circuit
breaker of the direct current 1250 A, 750 V. Current-limiting circuit breakers play an important role in
electrical low-voltage circuits. Due to the high short-circuit currents it is necessary a very short time to switch
off the defective branch. For this the current limiting circuit breakers are conceived as elaborated solutions
especially for the arc quenching system, meaning the path of current and the arcing chamber. In this paper the
authors present few optimization solutions of some quenching systems which will lead to more performing
constructive choices. The finite element software package ANSYS is use for calculation of the magnetic field
components.

Key-Words: - arcing chamber, magnetic field, current-limiting circuit breaker, finite element method, software
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accumulator batteries are installed, which constitute
an auxiliary power supply source to be used if the
external one should fail.

It is very important that this power supply is
guaranteed since the auxiliary circuits may supply
essential services, such as: air conditioning plants,
internal and external lighting circuits, emergency
brake systems, electrical heating systems, etc.. The
applications of circuit-breakers in d.c. circuits for
electric traction in general can be summarized as
follows:

1 Introduction

Computer-aided analysis of field distribution for
evaluating electromagnetic device or component
performance has become the most advantageous
way of design. Analytical methods have limited uses
and experimental methods are time requirement and
expensive [1].

The particular torque-speed characteristic curve and
the ease with which the speed itself can be regulated
have led to the use of d.c. motors in the field of
electric traction. Direct current supply gives also the

great advantage of having the contact line consisting
of a single conductor since the rails provide the
return conductor [2]. Direct current is used above all
in urban transport that is trolleybuses, trams and
underground railways with a supply voltage of
600V or 750V, up to 1000V. The use of direct
current is not limited to vehicle traction only, but
direct current represents a supply source for the
auxiliary circuits on board vehicles. In such cases

ISSN: 1790-5060

-protection and operation of both overhead and rail
contact lines;

-protection of air compressors on board
underground and train cars;

-protection of distribution plants for services and
signaling systems;

-protection of d.c. supply sources (accumulator
batteries);

-protection and operation of d.c. motors [2].
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The software package ANSYS can be used for
investigation of the magnetic field distribution (the
magnetic flux density, the magnetic field strength
and the magnetic vector potential) and basic
electromagnetic characteristics (inductance and
electromagnetic force) of the arcing chamber of the
current-limiting circuit breaker of the direct current
1250 A, 750 V. A typical magnetic field problem is
described by defining the geometry, material
properties, currents, boundary conditions, and the
field system equations. The computer requires the
input dates, the numerical solution of the field
equation and output of desired parameters. If the
values are found unsatisfactory, the design modified
and parameters are recalculated. The process is
repeated until optimum values for the design
parameters are obtained.

This program is based on the finite element method
for solving Maxwell equations and can be used for
electromagnetic field modeling where the field is
electrostatics, magnetostatics, eddy currents, time-
invariant or time-harmonic and permanent magnets
[3].

The Finite FElements method assures sufficient
accuracy of electromagnetic field computation and
very well flexibility when geometry is modeled and
field sources are loaded [1].

3D characterization of electrical arc in circuit
breakers is made possible today from various types
of computational codes and applications [8]-[10].

2 Arcing chamber of the current -

limiting circuit breaker

This current — limiting circuit breaker is used in
urban transport that is trolleybuses, trams and
underground railways. The supply voltage for urban
transport is 600 V or 750 V up to 1000 V.

Arcing chamber of the current — limiting circuit
breaker uses for the electric arc extension through
electrode effect for arc quenching, the magnetic
blow-out system (realized with ferromagnetic
plates) [4].

The most significant advancement was the
development of the arc chamber, which is a boxlike
component device that contains a number of either
metallic or insulated plates. Additionally, in most of
the designs, when intended for medium voltage
applications, the arc chamber includes a magnetic
blow-out coil [5].

In a current — limiting circuit breaker, increasing the
resistance of the arc in effect increases the arc
voltage. Thus, to effectively increase the arc voltage
any of the following means can be used:
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1. Increase the length of the arc, which increases the
voltage drop across the positive column of the arc.

2. Split the arc into a number of shorter arcs
connected in series. What this does is that instead of
having a single cathode and anode at the ends of the
single arc column there are now a multiplicity of
cathode and anode regions, which have additive
voltage drops. Although the short arcs reduce the
voltage of each individual positive column, the
summation of all the voltage drops is usually greater
than that of a single column; furthermore, if the
number of arcs is large enough so that the
summation of these voltage drops is greater than the
system voltage a quick extinction of the arc is
possible.

3. Constricting the arc by constraining it between
very narrow channels. This in effect reduces the
cross-section of the arc column and thus increases
the arc voltage.

With both of the last two suggested methods there is
an added benefit, which is the additional cooling of
the arc as the result of the high energy storage
capacity provided by the arc chute plates that are
housed inside of the arc chamber itself [5].

Insulation .
|:'_ﬁ_-_:;_-_ﬁ_-4-:_-—'\‘—"—“—'_l
- Metal
Plates
b ! [
,a\ Contacts

Fig.1 Outline of a plain arc chamber used in low
voltage circuit breakers [5]

An arc chamber can be described as a box shaped
structure made of insulating materials. A schematic
representation of this type of arc chamber, which is
used almost exclusively in low voltage applications,
is shown in Fig.1.

Each arc chamber surrounds a single pole of the
circuit breaker independently, and it provides
structural support for a set of arc plates and in some
cases, when so equipped, it houses a built-in
magnetic blow-out coil [5].

Basically there are two types of arc chambers,
where each type is characterized primarily by the
material of the arc plates that are used. Some arc
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plates are made of soft steel and in some cases are
nickel plated. In this type of arc chamber the arc is
initially guided inside the plates by means of arc
runners, which is simply a pair of modified arc
horns. Subsequently the arc moves deeper into the
arc chamber due to the forces produced by the
current loop and the pressure of the heated gases [5].
In order to increase and to control the motion of the
arc, vertical slots are cut into the plates. The
geometrical pattern of these slots varies among
circuit breaker manufacturers, and although there
may be some similarities in the plate designs, each
manufacturer generally has a unique design of its
own. When the arc comes in contact with the metal
plates it divides into a number of shorter arcs that
bum across a set of adjacent plates. The voltage
drop that is observed across each of these short arcs
is usually about 30 to 40 volts, the majority of this
voltage being due to the cathode and anode drop of
each arc. The voltage drop of the positive column
depends on the plate spacing, which in turn
determines the length of the arc's positive column

[5].

2.1 The physical model of the arcing
chamber

In Fig.2 is presented the construction plan of the
current path which includes the output terminals A,
B, the conducting bars 1,2, the brake contacts 3
(lasting contacts) and 4 (arc brake contacts), the
slopes 5, 6 placed in the arcing chamber CS. Within
the arcing chamber there are the ferromagnetic
plates 7, the insulated plates 8 and in the outside of
it there are the ferromagnetic shapes 9.

The slopes have a smooth surface and they are made
of copper because this material gives a good
mobility and a high thermal conductivity. The
ferromagnetic shapes 9 intensify the magnetic field
and direct it to the arcing chamber so that a stronger
ascending force acting on the electric arc base
(along the slopes) and also on the electric arc, inside
of the arcing chamber, is obtained [7].

The accessional circulation of heating air and the
intensification of the magnetic field (produced by
ferromagnetic plates 7) bring the arc extinction by
direct acting on the arc core and by restrained
displacement of the arc base. Thus, the electric arc
is moving through the arcing chamber. The force
acting on the arc core, placed into the magnetic field
(generated by the electric current which follows to
be broken), is proportional to the current strength,
the magnetic field strength and the length of the arc
column [3].

Physical model partially reproduces conditions
inside of the current-limiting circuit breaker’s arcing
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chamber [4]. This model represents the current path,
made of copper, dimensions of 10x15 mm?® with
parallelepiped shape. The current path is crossed by
a 8.3310° A/m” density current. The two plates
made of a ferromagnetic material, have a shape of
trapezoidal prism, with 190 mm small end length,
250 mm length of the large end, 60 mm in height
and 3 mm thickness. Electric arc slopes are made of
copper, 30 mm width and 6 mm thickness.

Fig.2 The sketch of the current — limiting circuit
breaker [4]

2.2 Analysis of three-dimensional
electromagnetic problems by FEM

Due to the physical model asymmetry, the three-
dimensional modeling of magnetostatic field was
necessary. In a three-dimensional case it is
described by elliptic equation Laplace-Poisson.
Magnetic energy functional of magnetostatic field
has a following expression [6]:

3(a)=| UﬁdﬁJ “TA+ %(divX)z D+
> (o M)
+ (&) nsds - [1,Ads

z

The first two terms of integral on computing field
3D in (1) are directly obtained by means of general
functional in conditions of steady state magnetic
field, that means:

d/6t=0, E=D=0 andp, =0. 2)

The last term includes the condition on an eventual
discontinuity surface S form the computing field on
it is given the layer density of conduction current

Js

Issue 1, Volume 5, January 2010



WSEAS TRANSACTIONS on POWER SYSTEMS

The passing condition is [6]:

rotsﬁ = st[ﬁl =1J; and
div,B=n,-[B]=0. 3)

Equaling with zero of the first wvariation of
functional imposes:

SF(A)= [ (Hro A ~ T8 A + vdivA - divs AMD +
+ [ (i 5%)-@12 ~[T55Ads =
[ {zrotﬁ — - grad(vdivA 5 A JdD +
-]ZI{(ﬁx&K)+(6Kxﬁ)+6X~vdivK}n_de
f!{((az il )-Te b aks o

“)

where the following definition B = rotx, the
identity vectorial [6]:

Hrot A = div(5 A x H )+ 8ArotH 5)
and
vdivA - divo A =div[5 A - vdivA |-

- BKgrad(v divK) (6)

are given by the general Gauss theorem and
conservation of vector potential conservation A to
the pass of discontinuity surface S. Variation 0A is
arbitrary chosen. Equation (5) imposes:

rotH-J — grad(v divK)z 0inD (7
vdivA=0 onX (8)
ns x [} =Ts ©)

the passing condition on the discontinuity surface.
Applying the divergence operator of the first
equation (4) result:

Alvdiva)=0 (10)

Other two equations (8) and (10) demonstrate that
the function vdivA is harmonic in the computing
field D and null for its boundary. The first equation
becomes one of the first law of steady state
magnetic field validating as functional (1).
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Under the hypothesis: fix, nonlinear, anisotropic,
non-homogeneous and continuous magnetized
substituting the following equation [6]:

Hr)=v(B.1)-[B{r)-B. ()] . (11)

where v is magnetic reluctivity which is inverse of
magnetic permeability p , result the functional:

B_
squlﬂv@JxB—aym—JA+;VB$MWAf%D+
+ [(AxAsdz - [1,Ads (12)

z S
where ||V|| is canonical form of square matrix
associated to symmetrical two order tensor of
reluctivity.
In case of computing fields with fix, linear,
isotropic, homogeneous and without permanent
magnetization bodies, reluctivity v is a scalar
constant, andB;=0. The specific form of
functional is:

)] ve = — A
3,(A)= JD.{EKZ:JgradA;JZ —JA}dD—JN VA.an_EudzN

(13)

where sum refers to other three scalar components

of vector magnetic potential A.
Variation of functional given in [6] results from

(13):

834(8K)=j{v3z<grad A, -grad6-A, -], ~8-Ak)}dD—

D 1
3
- jvz A 5A,dx, =
=, k=1 N
3 3 _
j{z(mk +Jk)}dD— [v3 rada, s, —25 loaaz, +
D Lk=1 3y k=l 8n2N
3 p—
+ | vD gradA, -nx,8A,dZ, =0 (14)

b k=1

In this equation, the following vectorial identity:

gradA, - graddA, =div(dA, -gradA, ) —AA,0A
(15)

as well as Gauss theorem were taken into account.
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Equation (15) can be applied at arbitrary
variations 0A, , k=1, 2, 3 if:

AA, = —Mjk , k=
Poisson equation of vector potential which takes

into consideration the Coulomb standard calibration
condition [6]:

1, 2, 3 in D, that means only

— oA
radA -nz, =
g Ak Iy an

on Xy cCX, (16)

ZN

which is an identity so that Neumann boundary
condition:

=To(rhrex, (17)

is a condition to natural limit;

OA=0, k=1,2,3 on Xp=2-X\, this result as Dirichlet
condition is an essential condition in (14).

In 3D problems in Cartesian coordinates (X,y,Z),
functional leads to the following equation:

By By P
3,(A)= ! {*HyZ )’ (ay) +(E) —J, A Jjdxdydz—

) ong,

(18)

2D bidimensional problems of steady state magnetic
filed are by definition that problems in which the
unknown term is a vector magnetic potential. This
vector has the orientation of an axis of coordinate
system and depends on other coordinates of the
system.

2D problems in Cartesian coordinates (X,y,z) called
plan-parallel as well as the current density have the
orientation O, and the vector magnetic potential has

the structure A [0, 0, A,(xYy)]. Therefore,
functional reduces to:
OA 0
S =] G +(Lay1-0,A, dxy
» (19)

- | vgu (. y)Adr,

Iy

where the computing field called D is a surface
plane, and I}, plan boundary (form) which is
narrowed its.

Numerical simulation is realized by using a finite
element package ANSYS. This programme assumes
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three stages: preprocessor, solver and postprocessor.
The procedure for doing a static magnetic analysis
consists of following main steps: create the physics
environment, build and mesh the model and assign
physics attributes to each region within the model,
apply boundary conditions and loads (excitation),
obtain the solution, review the results.

In order to define the physics environment for an
analysis, it is necessary to enter in the ANSYS
preprocessor (PREP7) and to establish a
mathematical simulation model of the physical
problem [3].

In order to this the following steps are presented
below: set GUI Preferences, define the analysis title,
define element types and options, define element
coordinate systems, set real constants and define a
system of units, define material properties.

ANSYS includes a variety of elements which can be
used in modeling the electromagnetic phenomenon
[3]. Element types establish the physics of the
problem domain. Depending on the nature of the
problem, you may need to define several element
types to model the different physics regions in the
model.

In present application, for the modeling of the
magnetostatic field we choose SOLID97 element,
which permits three dimensional magnetic field
modeling in planar and asymmetric problems

(Fig.3).
‘

?etrahedral Option

w

W&(ﬁgu Cplion
MM OF

Pyramid Optx)rs

Fig.3 SOLID97 Element Description [3]

The element is defined by eight nodes, and has up to
five degrees of freedom per node out of six defined
DOFs; that is, the magnetic vector potential (AX,
AY, AZ), the time-integrated electric potential
(VOLT - classical formulation) or the electric
potential (VOLT - solenoidal formulation), the
electric current (CURR), and the -electromotive
force (EMF). SOLID97 is based on the magnetic
vector potential formulation with the Coulomb
gauge, and is applicable to the following low-
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frequency magnetic field analyses: magnetostatics,
eddy currents (AC time harmonic and transient
analyses), voltage forced magnetic fields (static, AC
time harmonic and transient analyses), and
electromagnetic-circuit coupled fields (static, AC
time harmonic and transient analyses). The element
has nonlinear magnetic capability for modeling B-H
curves or permanent magnet demagnetization curves
3]

After defining element types and options, if you
have laminated materials aligned in an arbitrary
manner you need to identify the element coordinate
system or systems to be used. The Global Cartesian
coordinate system is the default. You can specify a
different coordinate system by specifying its origin
location and orientation angles. The coordinate
system types available are Cartesian, cylindrical
(circular or elliptical), spherical (or spherical), and
toroidal. Once it has defined one or more element
coordinate systems, it can set a pointer that
identifies the coordinate system to be assigned to
subsequently defined elements (area and volume
elements only).

The ANSYS material library contains definitions of
several materials with magnetic properties. Instead
of defining material properties from scratch, you can
read these material properties into the ANSYS
database and, if necessary, modify them to match
the materials in your analysis problem more closely
[3].

The copper property presents temperature-
dependent resistivity and relative permeability. All
other properties are B-H curves.

Also in this phase we choose and define the
materials. For the path of current and the slopes
copper has been chosen. For the two ferromagnetic
plates, steel from ANSYS library has been chosen
with the material properties contained in the
emagM3.SI MPL, emagM54.SI MPL and
emagVanad.SI_ MPL files.

Materials with magnetic properties defined in the
ANSY'S material library are as follows Table 1.

Table 1. Materials with magnetic properties

Material Material Property File
Containing Its Definition

Copper emagCopper.SI MPL
M3 steel emagM3.SI MPL
M54 steel emagM54.SI MPL
SA1010 steel emagSal010.SI MPL
Carpenter (silicon) steel emagSilicon.SI MPL
Iron cobalt vanadium emagVanad.SI MPL
steel
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The arcing chamber along with the path of current
are put together in a box and inside of it air has been
defined as material property.

ANSYS offers the possibility of constructing the
geometric model as well as importing it from a
CAD program [3].

Next step in preprocessor phase is mesh generation
and load applying upon the elements. We used a
mesh with 3335 nodes and 1606 triangular elements.
The finite element mesh of the arcing chamber is
shown in Fig.4.

ELRMENTI

Fig.4 Meshing the model with triangular elements

You can apply boundary conditions and loads to a
2-D static magnetic analysis either on the solid
model (key points, lines, and areas) or on the finite
element model (nodes and elements). The ANSYS
program automatically transfers loads applied to the
solid model to the mesh during solution [3].

This specifies applied current to a source conductor.
The units of Jg are amperes/meter2 in the MKS
system. For a 2-D analysis, only the Z component of
Js is valid; a positive value indicates current flowing
in the +Z direction in the planar case and the -Z
(loop) direction in the asymmetric case. Current
density applies directly on the finite elements which
form the conductors (the slope). The current density
is given in SI units (A/m”). The applied boundary
conditions are Dirichlet condition, A=0.

Next, you define which solver you want to use. You
can specify any of these values: Sparse solver
(default), Frontal solver, Jacobi Conjugate Gradient
(JCG) solver, JCG out-of-memory solver,
Incomplete Cholesky Conjugate Gradient (ICCG)
solver, Preconditioned Conjugate Gradient solver
(PCQG), PCG out-of-memory solver [3].

The solver takes a set of data files that describe
problem and solves the relevant Maxwell’s
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equations to obtain values for the magnetic field
through the solution domain [1].

The primary unknowns are nodal values of the
magnetic vector potential and their derivatives are
the secondary unknowns (flux density).

3 Results

This is a graphical program that displays the
resulting fields in the form of contour and density
plots. The program also allows the user to inspect
the field at arbitrary points, as well as evaluate a
number of different integrals and plot various
quantities of interest along user-defined contours.
The path for the displayed charts is chosen between
two points placed symmetrical one from another on
the trapezoidal ferromagnetic plate at a distance of
160 mm and 15 mm spaced from the current path.
It’s also possible to save the plotted results in EMF
format (Extended Metafile).

e e ANSYS
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Fig.5 Magnetization curve of the emagM3

BH curve presents real dependency magnetic flux
density on magnetic flux intensity in ferromagnetic
materials. It is a non-linear dependency which
means higher requests for calculation process. The
nonlinear B-H curve of the ferromagnetic material
used for the slopes is presented in Fig.5, Fig.7 and
Fig.9.

Arcing chamber model along with current path are
built-in together in a box, inside of which air has
been defined as material property.

Magnetic flux density spectrum in ferromagnetic
shapes is represented in Fig.6, Fig.8, and Fig. 10 for
the three used ferromagnetic materials [7].
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Fig.6 Distribution of magnetic flux density for
EmagM3

Tahle Data BH Table Preview

(x10%%2)

T T T T T T 1
[ 1000 2000 3000 4000 £000 6000 HiAn]

500 1500 2500 3500 4800 ££00 6500

Intreruptor de curent contimu

Fig.7 Magnetization curve of the emagM54
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Fig.8 Distribution of magnetic flux density for
EmagM54
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Fig.9 Magnetization curve of the emagVanad
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Fig.10 Distribution of magnetic flux density for
Emag Vanad

In Fig.11 is shown variation of magnetic flux
density depending on the ferromagnetic material
type.

Thus, for EmagM3 steel is obtained a 2.082 [T]
maximum value for the magnetic flux density; for
EmagM54 steel maximum value is 1.933 [T] and
for cobalt-vanadium steel EmagVanad the
maximum value is 2.236 [T].

Fig.11 Variation of magnetic flux density depending
on the ferromagnetic material type
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Comparing the magnetic flux density spectrums in
the three cases we can observe that maximum blow-
out effect is obtained by using EmagVanad for the
ferromagnetic shapes. For this material we obtain an
optimal distribution for the magnetic field in the
circuit breaker arcing chamber, which leads to a
rapid movement of the electric arc towards the
ferromagnetic plates. Arc quenching and arc voltage
limiting occurs in base of the niche effect principle
along with the electrode effect [7].

AN

NODAL 30LUTION

STEP=Z
SUB =999993
TIME=Z

BEUM (A¥5)
R3VS=0

SM =.001313
SIX =2.767

— I 7]
.001313 .615951 1.231 845 7.46
.308632 .92327 1.538 7.153 2.767
Intreruptor de curent continuu

Fig.12 Distribution of magnetic flux density for the
slope angle of 120°

The distribution of magnetic flux density in the
feromagnetic plates 7 and 9 is shown in Fig.12,
Fig.13 and Fig.14 for the angle of slopes of 120°,
110° and 130°. Therefore, for the slope with an
angle of 120° a maximum value is obtained for a
magnetic flux density of 2.030 [T], for the slope
with an angle of 110° a maximum value is obtained
for a magnetic flux density of 1.275 [T] as well as
the slope with an angle of 130° a maximum value is
obtained for a magnetic flux density of 1.542 [T].
As it is observed from this analysis the magnetic
blow-out effect is conditioned as the ferromagnetic
material type used as well as the slope angle. The
rec%mmended optimum value for the slope angle is
120"

In Fig.15 is shown variation of magnetic flux
density depending on the slope angle.

The current — limiting circuit breaker analyzed in
this paper was designed and manufactured in
Romania at Research and Development Institute for
Electrical Engineering (ICPE) of Bucharest [11].
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Fig.13 Distribution of magnetic flux density for the
slope angle of 110°
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Fig.14 Distribution of magnetic flux density for the
slope angle of 130°
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Fig.15 Variation of magnetic flux density depending
on the slope angle.
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Fig.16. Current — limiting circuit breaker [11]

4 Conclusions

The obtained results by simulation using ANSYS
package confirms that this numerical computation of
magnetostatic field in the current-limiting circuit
breaker’s arcing chamber leads to an accurate result.
It’s well known that in electromechanical
construction of a switching device, the arcing
chamber along with current paths and contacts,
represents the all-important elements concerning
switching performances of these in normal operating
conditions as well as in fault operating.

Using EmagVanad for ferromagnetic plates and
value for the slope angle of 120° a maximum blow-
out effect is obtained. Therefore, an optimal
distribution of the magnetic field in the circuit
breaker arcing chamber leads to a rapid movement
of the electric arc towards the ferromagnetic plates.
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