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An Improved Mayr-Type Arc Model Based on
Current-Zero Measurements

Pieter H. Schavemaker, Member, IEEEand Lou van der Sluis, Senior Member, IEEE

Abstract—In this paper it is shown that the Mayr-type arc
models can be used to describe the arc behavior before current
zero exactly. Based on this analysis the different types of ‘modified’
Mayr arc models can be explained. As a result of the theory, an
improved Mayr-type arc model - with a constant time parameter
and a cooling power which is dependent on the electrical power
input - is introduced and used to reproduce current zero measure-
ments successfully.

Index Terms—circuit breaker, current zero measurement, arc
modeling, Mayr-type differential equation, transients.

I. INTRODUCTION

H IGH-VOLTAGE circuit breakers play an important role
in transmission and distribution systems. They must clear

faults and isolate faulted sections rapidly and reliably. In order
to be sure of its capabilities, the breaker must be tested in a
High-Power Laboratory.

Arc models give the possibility to extend the information ob-
tained during the tests in a High-Power Laboratory. When a
model has been developed that shows good correspondence with
the circuit breaker behavior as observed during the tests, addi-
tional information such as limiting curves can be obtained from
computations.

Therefore, arc modeling has a rich history. From the moment
that O. Mayr and A.M. Cassie introduced their differential equa-
tions for describing the dynamic arc behavior [1]–[3] a lot has
been published about the application of arc models. Even more
publications are devoted to modifying arc models in order to fit
measured data. A summary on the different type of arc models
and its applications can be found in [4].

II. THEORETICAL INVESTIGATION OF THEMAYR ARC MODEL

The Mayr arc model is described by the following equation:
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g the arc conductance
u the arc voltage
i the arc current
� the are ‘time constant’
P the cooling power
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The ‘time constant’� and cooling powerP can be either con-
stant or can be assumed to be functions of the electrical quan-
tities conductance, current or voltage. A lot of varieties can be
found in literature and a comparison of these variants is given by
Haupt [5]. In order to find the possible relations between the pa-
rameters of the arc model and the electrical quantities, assump-
tions are made to acquire a system with as many equations as
there are parameters to be determined:

• Amsinck [6] assumes the parameters to be equal at points
of equal conductance (therefore, a reignition is required to
obtain the parameters)

• Hochrainer [7] assumes the parameters to be equal at
points of equal current (therefore, a reignition is required
to obtain the parameters)

• Zückler [8] assumes the parameters to be equal in two
following time steps (therefore, no reignition is required)

• Sporckmann [9] and other authors seek to the parameters
as a function of the time by using polynomials (note that
the higher the degree of the polynomial, the more equa-
tions are needed)

In fact, all of the above mentioned methods can lead to good re-
sults. However, it will become clear from the following analysis
that there is not one unique relation between electrical quanti-
ties and arc parameters.

Equation 1 can be rewritten at a certain time instantk as:�
�

d lng

dt
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�
= 1 or Ax = b (2)

Equation 2 is an underdetermined system [10]: it consists of
one equation and two unknowns. There is not a unique solution
vector x for this equation. A particular solution to the system (2)
can be found easily:xTp [0 uijk]. The solution to the homoge-
neous systemAxh = 0 has at least one nontrivial solution (i.e.
xh 6= 0) because the number of equations is smaller than the
number of unknowns. Since the matrixA has one row, there is
only one nontrivial solution which is called the nullspace ofA.
The solutions of equation 2 can now be written as a sum of the
particular solution and a solution to the homogeneous system:

x = xp + c � xh (3)

c arbitrary number
It is easy to verify that, for everyc, this is a solution of the
underdetermined system (2):

Ax = A(xp + c � xh) = Axp + c �Axh = b+ c � 0 = b (4)

Therefore, there is not one unique combination of(�; P )-values
to describe the measured current and voltage traces. This
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Fig. 1. Measured current and voltage traces before current zero.

explains why there are so many variations on the Mayr-type arc
model that can be used successfully in simulations.

III. A PPLICATION OF THETHEORY

The theory as described in section II will be applied
to Short Line Fault (SLF) measurements performed on a
245kV/50kA/50Hz/single unit SF6 puffer circuit breaker. The
voltages and currents were recorded with a 10MHz/12 bit
measuring system at the KEMA High Power Laboratory in the
Netherlands. A sample of a recorded voltage and current trace
for a 90% SLF is shown in Fig. 1.

From the measurements, the particular and homogeneous so-
lution can be determined for each sample point. Therefore, by
choosing a certain relation for the time parameter� , the arbitrary
numberc in equation 3 is prescribed at each sample point and so
is the cooling powerP . When the time constant� is chosen to
be constant (� = 0:27 �sec), the cooling powerP is computed
at each sample point such that equation 3 is fulfilled. With these
parameters, the measured voltage trace as shown in Fig. 1 can
be recomputed exactly when the following equation is solved:

1

g

dg

dt
=

d ln g

dt
=

1

�

�
imeasured

2=g

P
� 1

�
(5)

In Fig. 2, the ‘exact’ computed cooling powerP is shown
versus the electrical power input of the are. From this figure it is
evident that the cooling power shows a very strong linear rela-
tion with the electrical power input. Therefore, a new arc model
is proposed with a constant time parameter r and the cooling
power a function of the electrical power input:
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P0 cooling constant in Watt
P1 cooling constant

The arc model with the cooling power dependent on the
electrical power input is a mathematical arc model but it does
have a relation with arc physics as the cooling power is built
up of two components. The cooling constantP0 represents
the cooling power originating from the design of the circuit
breaker (i.e. nozzle layout, pressure etc.). The cooling constant

Fig. 2. Cooling powerP versus the electrical power input.

Fig. 3. Computed (equation 6) and measured current and voltage traces.

P1 regulates the influence of the electrical power input on the
cooling power and therefore embodies the pressure built-up
in the breaker caused by ohmic heating of the extinguishing
medium by the arc.

The parameters are determined from a least squares fit:� =
0:27 �sec,P0 = 15917 W andP1 = 0:9943. The approximate
cooling powerP0+P1ui, is shown in Fig. 2 for the above men-
tioned parameters as well. The measured and computed (see sec-
tion V) arc currents and voltages using the differential equation
(6) with the above mentioned parameters, are shown in Fig. 3.
It is evident from Fig. 3 that in the high current area the arc
voltage is lower than the measured one. This can be improved
by adapting the arc model in the following way.
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Uarc the constant arc voltage in the high current area; when
this value is set to zero equation 6 results

In the high current area, equation 7 reduces to the following
differential equation.
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Fig. 4. Computed (equation 7) and measured current and voltage traces.

Fig. 5. ‘Measured’ (grey o’s) and computedd lng=dt-curves.

This equation shows a clear conformity with the Cassie arc
model [1], which has proven its validity in the high current area.
At current zero, equation 7 (and equation 6) reduces to the fol-
lowing differential equation.
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This is exactly the Mayr arc model [2], [3], which has proven
its validity in the current zero region. After current zero the con-
stantP1 is set to zero (the arc has been extinguished) and equa-
tion 9, i.e. the Mayr arc model, is used.

The measured and computed (see section V) arc currents and
voltages using the differential equation (7) with the same pa-
rameters as mentioned earlier and the constantUarc = 1100 V,
is shown in Fig. 4.

IV. A DVANTAGES OVER EXISTING (MAYR-TYPE) ARC MODELS

What are the advantages of the proposed arc model over other
existing Mayr-type arc models? To answer this question, we
shall compare the proposed arc model with the two following
widely applied arc models [5]:
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Advantages compared to the model in equation 10:

• the proposed arc model only has three free parameters to
be determined (i.e.�; P0; P1; usingUarc is optional and
not necessary) while for the model in equation 10 four pa-
rameters must be determined. This results in serious faster
arc parameter determination, because there are no expo-
nents involved.

• After current zero, the proposed arc model has two con-
stant parameters in the denominators of the differential
equation (i.e.� andP0 in equation 9). The arc model in
equation 10 has power functions of the conductance in
the denominators. After current zero, this conductance be-
comes very small (in case of a successful interruption) and
therefore must be limited in its value to avoid numerical
errors.

Advantages compared to the model in equation 11:

• the deviation from the measured curves is much larger than
in the case of the proposed arc model as shown in Fig. 5.
Both curves have been computed by applying curve fit-
ting techniques. It is evident from Fig. 5 that the arc model
with current dependent cooling power (equation 11) ‘fits’
thed lng=dt, as computed from the measured data, much
worse than the proposed arc model. Although the predic-
tive value (successful/unsuccessful interruption) of the arc
model is the most important property, acceptance of an arc
model is very much based on the conformity between mea-
sured and computed curves.

V. NUMERICAL COMPUTATIONS WITH THE PROPOSEDARC

MODEL

The proposed arc model is incorporated into the new transient
program XTrans, which is developed at the Delft University of
Technology [11], [12]. The program was developed especially
for analysis of arc-circuit interaction involving nonlinear ele-
ments (such as arc models) in relation to stiff differential equa-
tions. Therefore, the program is based on the use of Differential
Algebraic Equations (DAE’s). The calculations are performed
with a variable stepsize and adjustable accuracy of the computed
currents, voltages and conductances. The program has been ver-
ified by comparing computations with the well-known EMTP.

The program runs on a Windows computer and uses dynamic
link libraries (dll’s) that contain the compiled code of the ele-
ments. Therefore the models are separate from the main pro-
gram, which made it easy to create the new arc model and use it
in the main program. The program structure is shown in Fig. 6.

The synthetic test circuit used in the High-Power Laboratory
consists of a current supply circuit with generators and a parallel
current injection circuit to supply the transient recovery voltage
after current interruption. The parallel current injection circuit
and the artificial line used for the 90% SLF-test are shown in
Fig. 7 (the current supply circuit is not shown). A successful
interruption has been recomputed with the transient program
and the arc model with the previously mentioned parameters
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Fig. 6. Transient program structure.

Fig. 7. Parallel current injection circuit.

(� = 0:27 �sec,P0 = 15 917 W andP1 = 0:9943; see Fig. 3).
The arc model predicts the successful interruption and the cal-
culated post-arc current is shown in Fig. 8. In the measurement
data, however, no physical post-arc current can be detected and
therefore, the computed post-arc current can not be compared
to the ‘real’ one. Furthermore, an unsuccessful interruption has
been recomputed with the following parameters obtained from
the corresponding measurement:� = 0:57 �s,P0 = 24281 W,
P1 = 0:9942 andU

arc
= 1135 V. The arc model predicts the

reignition. Both measured and computed voltage and current
traces around current zero are shown in Fig. 9.

Both computations show good correspondence between the
measured current and voltage traces and the ones resulting from
the transient program. Furthermore, the model is able to repro-
duce both successful interruptions and reignitions.

VI. CONCLUSIONS

In this paper an improved Mayr-type arc model—with a con-
stant time parameter and a cooling power which depends on the
electrical power input—is proposed with three free parameters.
The parameters of the arc model are obtained from current-zero
measurements. Numerical computations in the XTrans transient
program show that the proposed arc model gives good corre-
spondence with the measured voltage and current traces and is
able to reproduce the measurements successfully.

Fig. 8. Computed post-arc current.

Fig. 9. Measured and computed currents and voltages for a reignition.
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