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Abstract: The article discusses the limitations of the Mayr and Cassie linear mod-
els and of the Mayr generalized model accompanying the precise mapping of elec-
tric arc column within a wide range of changes in bipolar current. The research 
involved the development of new non-linear hybrid models of arc by the asso-
ciation of linear and non-linear models, the creation of arc hybrid macromod-
els and the verification (utilising the MATLAB-Simulink software programme) 
of the efficiency of dynamic voltage-current characteristics through simulations 
of processes in a simple circuit with electric arc.
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Introduction
The mathematical Mayr model of electric arc is 
used to represent processes occurring in circuits 
characterised by low current values. In cases of 
bipolar current, the extreme values of voltage in 
the neighbourhood of current passage through 
zero are not directly determined by a static char-
acteristic but also result from the value of the 
time constant of the model. The above-named 
constant aims to relatively accurately represent 
waveforms also within the range of relatively 
high current values. The adoption of the line-
ar model of electric arc constitutes significant 
simplification in view of the fact that experi-
mental tests revealed the strong non-linearity 
of the damping function depending on current 
[1, 2], which, in turn, implies the limited possi-
bilities of the approximation of arc discharge by 

simple linear models of arc. In addition, the use 
of only low values of the time constant might fa-
vour the instability of computational processes. 

One of the solutions to the problem of the 
accurate representation of the waveforms of 
electric quantities within the entire range of 
changes in low bipolar current is the general-
ised Mayr model [3]. However, similar to the 
ordinary Mayr model, the generalised Mayr 
model is incapable of accurately representing 
processes within the range of high current val-
ues. For this reason, this study recommends the 
application of the same procedure as in the case 
of the ordinary Mayr model, where, because 
of the limited application-related possibilities, 
the modification of the model, i.e. the hybrid 
model, was developed (by the parallel associa-
tion with the Cassie model) [4]. 
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This publication aims to create and test the 
properties of mathematical hybrid arc mod-
els formed through the association of the gen-
eralised Mayr model with the Cassie models 
(where the non-linear damping function was 
used). The further expansion of the approxi-
mating possibilities of the hybrid model takes 
into consideration the power dissipated by arc 
column radiation. 

The initial stage of experimental tests and 
of the modelling of electric arc involved the 
determination of the values of near-electrode 
voltage drops, usually performed using vari-
ous direct or indirect methods [5]. Knowing 
the values of the above-named drops, it is pos-
sible to eliminate their effect on plasma col-
umn characteristics. To this end, it is possible 
to use an appropriate electronic compensator 
[6]. In terms of the computer-based version of 
the measurement system, it is convenient to 
use the computational method of the compen-
sation of near-electrode voltage drops and to 
obtain a momentary voltage drop on the col-
umn of arc alone. 

Mayr and Cassie Models and the 
Generalised Mayr Model of the 
Electric Arc Column 
The Mayr model of the electric arc column can 
be described using the well-known linear dif-
ferential equation 

where g – column conductance, S; PM – Mayr 
constant power, W; θM – time constant of the 
Mayr model expressed in millisecond frac-
tions. The model corresponds to the static volt-
age-current characteristic

The effect of processes in the column on the 
waveform of voltage in the neighbourhood of 
the passage of current through zero values can 

be taken into consideration using equation [3] 
in the following form

where GW – characteristic conductance of the 
generalised Mayr model, S; PW – constant 
power of the generalised Mayr model, W; IW – 
constant component of the current of the gen-
eralised Mayr model, A. The above-named 
model corresponds to the following static 
characteristic 

In terms of arc having a quasi-flat static char-
acteristic, dynamic processes are relatively well 
approximated by the Cassie model describing 
(using a differential equation) time changes of 
the conductance of plasma g 

where UC – constant value of the Cassie model 
voltage; θC – time constant of the Cassie mod-
el. In the case of excitation triggered by direct 
current, the model corresponds to the static 
characteristic 

Ucol=±Uc (6).

Equation (5) can be transformed into the most 
frequently used non-linear form 

Considerations concerning some high-cur-
rent electric arcs or arcs in high-pressure gas-
es take into account the rise in voltage-current 
characteristics within the range of high current 
values [7, 8]. Then, the modified Cassie model of 
such arc has the form of the following non-lin-
ear differential equation 
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The advantage of linear models over non-lin-
ear models results from the relatively easier de-
velopment of the effective spectral and integral 
methods of the experimental determination 
of parameters [6, 9]. The above-named meth-
ods [10] were developed only in some cases of 
non-linear models. 

Generalised Mayr-Cassie Hybrid 
Model of Electric Arc 
The creation of the hybrid model required the 
parallel combination of two elements having 
conductances described by the Mayr (1) and 
Cassie (7) models 

where I₀ – value of current corresponding to 
the fuzzy changeover between the models ac-
tivated by tapering function ε depending on 
current [4]

Depending on the type of electric current and 
the required accuracy of approximation, func-
tion ε can take various analytical forms [11]. Be-
cause of the significantly varying values of the 
time constants of the models and due to the 
physical non-linearity of the damping function, 
it is necessary to introduce its approximations 
leading to the obtainment of a resultant formu-
la for the hybrid model 

where Gmin – minimum value of conductance, in 
the generalised Mayr model corresponding to 
conductance GW. In publication [4], the damp-
ing function depends on current θ(|i|). 

Taking into account the generalised Mayr 
model (3), useful within the limited range of 
current changes 

in the association with the conductance of arc 
described by the Cassie model (10) 

the generalised Mayr-Cassie hybrid model is 
obtained in the following form 

or 

The hybrid arc model associating the Mayr 
sub-model (1) and the modified Cassie sub-mod-
el (8) has the following form

In turn, the hybrid arc model associating the 
generalised Mayr sub-model (3) and the mod-
ified Cassie sub-model (8) can be presented in 
the following form 
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or 

Simulation Tests of Electric Arc 
Hybrid Models
To test the possibilities concerning the use of 
hybrid models when representing the dynam-
ic voltage-current characteristics of arc, it was 
necessary to build their macromodels using the 
MATLAB-Simulink software programme. The 
macromodels were included in a simple electric 
circuit containing the source of sinusoidal cur-
rent having amplitude Im = 300 A and frequen-
cy f = 50 Hz. In addition, the model of arc took 
into consideration near-electrode voltage drops 
(UAK = 16 V), assuming the use of identical elec-
trodes (cathode and anode), corresponding to 
symmetric static and dynamic characteristics. 
The damping function could be preset in the 
non-linear form depending on current [4]

where α > 0, θ₁ >> θ₀ – constant approximation 
coefficients. However, according to Pentegov 
and Sidoretz [12, 13], more physically justified is 
its dependence on the conductance of column
 ( )g

di
dQg θ

θ

=2 , where Q – plasma enthalpy. Such

functions are used in non-linear models of arc 
[10]. In the case under consideration, the sim-
ilar approximation of the damping function 
could be used

The assumption involved the tapering function 
expressed using the Gaussian curve 

Figure 1a presents the results of simulations 
of processes in the circuit with the generalised 
Mayr-Cassie hybrid model of arc (15) with the 
damping function having the form of formu-
la (20), while Figure 1b reffers to the damping 
function (21). The selected values of the mod-
el and circuit parameters corresponded to the 
relatively weak effect of the value of addition-
al variable IW on the shape of the characteris-
tics, which, in turn, affected the selection of 
the form and parameters of the tapering and 
damping function. 

Figure 2a presents the results of simulations 
of processes in the circuit with the generalised 
Mayr-Cassie hybrid model of increased radi-
ation arc (18) and with the damping function 
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Fig. 1. Dynamic characteristic of electric arc described 
by the generalised Mayr-Cassie hybrid model 
(PW = 160 W; IW = 1,5 A; UC = 40 V; I₀ = 4 A): 

a) with the damping function depending on current (20) 
(θi0 = 1∙10-⁴ s; θi1 = 5∙10-⁴ s; αi = 0.001 A-1); 

b) with the damping function depending on conductance (21) 
(θg0 = 1∙10-⁴ s; θg1 = 5∙10-⁴ s; αg = 0.02 S-1)

(19).

(20),

(21).

(22).

a)

b)
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having the form of formula (20). The character-
istic of radiation-dissipated power [14] can be 
approximated using the following dependence

Prad(i)=a₁|i|+a₂i² (23),

where constant coefficients are a₁ in V; a₂ in Ω. 
The selection of the values of the above-named 
coefficients enables the easy representation of 
the voltage waveform in the high-current range. 
In turn, Figure 2b presents the results of simu-
lations of processes in the circuit with the gen-
eralised Mayr-Cassie hybrid model of increased 
radiation arc (18) and with the damping func-
tion described by the dependence (21).

Conclusions
1. The newly created arc hybrid models asso-

ciate relatively simple unidimensional models, 
each of which satisfies the requirements con-
cerning the accuracy of representation within 
the restricted range of excitation current. Such 
features are used in the hybrid model making 
it possible to control the activity of each model. 

2. Although new arc hybrid models are rel-
atively complex, they enable the shaping of 
dynamic voltage-current characteristics in 
a relatively flexible manner. 

3. The use of combined models can improve 
the accuracy of arc representation but at the 
same time it impedes the physical interpreta-
tion of simulation results and the experimen-
tal identification of model parameters. 
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