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A B S T R A C T

Nowadays, many manufacturers of vacuum circuit breakers (VCB) apply the axial magnetic field (AMF) to
stabilise the electric arc diffusion during current breaking process. In many papers, various designs of contacts
are proposed to improve the AMF distribution between circuit breaker’s contacts. In the present paper, some
methodological aspects of AMF investigations have been presented and discussed. In the beginning, a short
explanation of AMF influence on arc behaviour has been presented. A simplified physical model of phenomena
considered has been applied for this purpose. The above analysis indicates that special attention should be paid
to reach possibly high value of the axial magnetic field density especially in the peripheral electrode region. An
own laboratory stand for AMF measurements has been described. Measurement and computational results of
AMF distribution have been compared. The computations have been done with a commercial software package
Maxwell (Ansoft) based on the finite element method (FEM). Good convergence of the results compared in-
dicates that AMF can be investigated in experimental as well as in theoretical way. The numerical analysis
presented enabled to select the contact configuration which ensures more stable arc behaviour during the circuit
breaking process. Images of arc behaviour registered with a high speed camera for a new contact construction as
well as contacts known from industrial practice have been presented.

1. Introduction

Nowadays, many manufacturers apply the axial magnetic field
(AMF) to stabilise the electric arc diffusion between contacts of medium
voltage vacuum circuit breakers (VCB). Recently, AMF is also employed
in prototypes of high voltage VCBs with a single break [1,2]. Due to
AMF the vacuum arc constriction is reduced and the arc disperses more
uniformly over the contact surface. It limits the contact erosion and
enlarges the number of successful breaking operations. Application of
AMF enables the VCB size reduction and increases its interrupting
ability.

Therefore, the analysis of the AMF distribution between VCB con-
tacts is of great practical importance for designers.

The literature concerning the problem in question is very extensive.
There are numerous papers, e.g., [3–16], concerning experimental in-
vestigations of VCBs with AMF. Mainly, a demountable vacuum
chamber has been applied in these articles. The wide review of these
papers was presented in Ref. [14].

There are also articles, e.g., [17–25], devoted to the numerical es-
timation of physical processes in the inter-contact gap of VCBs. Some of
these papers [17,22–24] concern the numerical modelling of arc be-
haviour (diffusion) between the contacts of VCBs. 2D axisymmetric

magnetohydrodynamics (MHD) arc models are applied in the most of
these papers, e.g., [17,22]. Unfortunately, the problem is typically 3D
because of complex geometry of the contacts considered. The 2D ap-
proach mentioned needs simplifications of contact shapes and these
simplifications cause inaccuracies in the AMF estimation. Recent ad-
vancement of computer technology and development of numerical
techniques enable to solve this problem in 3D with a simplified MHD
representation [23,24]. Such an analysis (after further development of
numerical techniques and progress in computer technology) in near
future will be probably a helpful tool for investigations of the arc
phenomenon. Nevertheless, the AMF distribution can be investigated
(for practical purpose) using much simpler methods, e.g., [20,25]. Such
an approach is presented in this paper.

Own laboratory stands and the commercial software package
Maxwell (Ansoft) for the analysis of 3D quasistationary eddy current
problems are applied here. The finite element technique is employed in
the software mentioned. The results of the numerical analysis have been
compared to the measurements taken on the laboratory stand. The
approach presented has been used to design the contact set which en-
sure more stable arc behaviour during the circuit breaking process.
These new contacts have been tested in a demountable vacuum
chamber.

https://doi.org/10.1016/j.epsr.2018.07.025
Received 6 December 2017; Received in revised form 17 July 2018; Accepted 18 July 2018

⁎ Corresponding author.
E-mail addresses: k.krasuski@iel.waw.pl (K. Krasuski), w.krajewski@iel.waw.pl (W. Krajewski), h.sibilski@iel.waw.pl (H. Sibilski).

Electric Power Systems Research 164 (2018) 123–138

0378-7796/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03787796
https://www.elsevier.com/locate/epsr
https://doi.org/10.1016/j.epsr.2018.07.025
https://doi.org/10.1016/j.epsr.2018.07.025
mailto:k.krasuski@iel.waw.pl
mailto:w.krajewski@iel.waw.pl
mailto:h.sibilski@iel.waw.pl
https://doi.org/10.1016/j.epsr.2018.07.025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2018.07.025&domain=pdf


However the beneficial influence of AMF on arc behaviour is well
known for VCB designers, the explanation of this phenomenon is de-
scribed (in the literature) rather seldom and very cursorily, e.g., in Ref.
[26]. Therefore, a simplified model accounting for the role of AMF in
vacuum arc diffusion is shortly presented in the next section of this
paper.

2. Simplified physical model accounting for the AMF influence on
arc behaviour

The contact surfaces are never perfectly flat. A high-magnification
picture (Fig. 1) shows a number of microscopic peaks and valleys on the

contact surface. Therefore, the current is conducted only through a
number of microscopic contact spots of the closed contacts. These
contact spots are randomly distributed (Fig. 2). During the contact
opening, the cathode surface has a number of bright regions named
cathode spots. The electrons emitted by cathode spots (Fig. 3) create the
vacuum arc (conducting a short circuit current).

Precise mathematical simulation of arc behaviour in the VCB’s inter-
contact space is a very complicated task that requires to solve the 3D
coupled partial differential equations of plasma magnetohy-
drodynamics (MHD) with consideration of cathode spots’ theory [26].
Fortunately for VCB’s designers, a detailed quantitative knowledge
about the arc behaviour is not necessary, however, is very useful. To
account for the influence of AMF on arc behaviour, the simplified
physical model of the phenomena can be applied. In this model, a single
charged particle (electron) emitted from the cathode spot is considered.

The basic formula describing the force acting on a electric charge, q,
in the magnetic field, B, and the electric field, E, is:

= + = + ×F F F E v Bq ( )el m (1)

The above formula contains Coulomb’s (Fel = qE) and Lorentz’s
(Fm = qv × B)forces, where v is the particle velocity.

The axial charge movement with a velocity, vz, due to the force
Fz = qEz is caused by the voltage between the contacts. The total short-
circuit current, Iz, consists of all these charges moving with velocity vz.
The above short-circuit current produces a tangential magnetic field,
BΘ, accordingly to Ampère’s law. Applying a simplification that jz is of
constant value:

=j r I S( ) /z z c (2)

(where Sc is the contact surface area) the circumferential magnetic field
mentioned can be estimated as follows:

=B r μ I r
R

( )
2πzΘ 0 2 (3)

This circumferential magnetic field, BΘ, in conjunction with the axial
charge velocity, vz, produces the radial Lorentz force:

= −F r qμ I r
R

v( )
2πmr z z0 2 (4)

where R is the radius of contact’s surface. The minus sign denotes that
the force is directed toward the contact axis. This force causes an ad-
verse arc constriction (columnar arc). The above arc constriction is
hampered by the Hall force (5) which is opposite to Lorentz’s force
under consideration.

=F r qE( )hr hr (5)

In absence of an additional magnetic field, the columnar arc radius,
rc, is stabilised when Lorentz’s and Hall’s forces are balanced:

+ =F r F r( ) ( ) 0mr hr (6)

As it was mentioned, the columnar arc causes considerable erosion
of the contact plate’s surface which shorten the apparatus lifetime.
Therefore, an auxiliary magnetic field should be produced to disperse
the columnar arc making it more diffusive. Such a magnetic field is
obtained by appropriate contact design.

In the AMF type contacts because of their geometry, the cir-
cumferential current appears. This current excites the axial magnetic
flux density, Bz, in the inter-contact gap The mentioned magnetic flux
density component in conjunction with the radial charge velocity, vr,
produces circumferential magnetic force, FmΘ:

=F r qB v( )m z rΘ (7)

The above circumferential force causes the circumferential velocity, vΘ.
Therefore, a centrifugal force appears:

Fig. 1. Sketch of high-magnification picture of contact surfaces.

Fig. 2. Cathode spots randomly distributed on contact surface.

Fig. 3. Electron (emitted from cathode spot) travelling between contacts in
presence of AMF.
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