
BIULETYN INSTYTUTU SPAWALNICTWANo. 3/2019 69

Antoni Sawicki

Modelling the Effect of External Disturbances in Static 
Characteristics of Unspecified and Determined Ignition 
Voltages on Dynamic Characteristics of Arc in a Circuit with 
Current Excitation. Part. 2. Simulation Test Result 

Abstract: The mapping of nonlinear current-voltage characteristics of static arc 
with unspecified and determined ignition voltage involved the use of approxima-
tion functions (various modifications of the Ayrton and Nottingham equations). 
In addition, parameters of the above-named functions (power, voltage, resist-
ance) depended on one selected disturbing parameter (length, gas mass stream, 
gas pressure). To this end, approximations based on power functions were used. 
The simulation of processes in circuits with forced sinusoidal current and elec-
tric arc involved the use of the Pentegov mathematical model. Selected param-
eters of created models were disturbed using specific rates of change. The study 
demonstrates the effectiveness of applied approximations in the form of volt-
age-current characteristics of dynamic arc.      
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Introduction 
Disturbances of the electric arc column may 
be triggered by the desirable control-related 
operations or undesired interference. The ex-
tension and the reduction of arc belong to the 
most common methods used to control the 
power of electric discharge, triggered by me-
chanical factors (movements of electrodes or 
barriers in ducts or the transverse flow of gas) 
or electrodynamic factors (activity of exter-
nal magnetic fields). Changes in the gas mass 
stream may result from the necessity of obtain-
ing appropriate temperature, gas enthalpy or 
the rate or pressure of a gas stream on the sur-
face of a workpiece. The burning of electric arc 

in environments characterised by various pres-
sure results from the use of this “tool” for the 
performance of various metallurgical processes 
in furnaces and chemical processes in reactor 
chambers. Light technique utilises arc char-
acterised by higher light (radiation) in gases  
of appropriate pressure.  

By undertaking some protective measures 
it is possible to significantly reduce the effect 
of factors disturbing the burning of arc. The 
above-named measures include the stabilisation  
of the column position through the longitudinal 
flow of gas or by means of constrictor walls, the 
thermal insulation of the discharge area, the in-
teraction of arc with laser radiation etc.  
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The knowledge of static and dynamic arc 
characteristics is needed for the optimum (in 
terms of energy) control of the power of elec-
trotechnical equipment, the maintaining of the 
adequate margin of discharge ignition, the re-
duction of investment and operating costs of 
equipment and the extension of its service life.

The first part of article [1] presents approx-
imations of disturbed static current-voltage 
characteristics of arc by non-linear (power) 
functions. Sometimes, in cases of slight values 
of percentage deviations of external disturbanc-
es of arc from specified values, also linear ap-
proximations are used [2–4]. The above-named 
approximations may refer to changes in length, 
gas flow or gas pressure. As regards numerical 
calculations, the usability of the above-named 
linearisations is not high. However, they can 
facilitate the building of control systems and 
the performance of analysis concerning the 
operational stability of certain electrotechni-
cal devices.  

Disturbed static characteristics of arc 
Experimental tests of arcs [5-8] reveal that the 
extension of column lc leads to an increase in 
the value of voltage between electrodes. A sim-
ilar effect can be obtained by increasing mass 
stream 
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 washing around 

Fig. 1. Families of static characteristics of arc during 
gradual changes of column length lc  

(l0 = 0.001 m, npl = 0.4, Pl = 60 W,  
Ul = 4 V, nul = 0.8, nrl = 0.6, Rl = 0.04 Ω, L1 – lc = 4·10-3 m,  
L2 – lc = 8·10-3 m, L3 – lc = 12·10-3 m, L4 – lc = 16·10-3 m,):  

(a) unspecified ignition voltage (A7);  
b) determined discharge ignition voltage (A8) (IM = 1 A)

a) b)
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the column. Scientific reference publications 
sometimes present results of tests including gas 
flow rate 
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where ρ – gas mass density, kg/m3. 

Figure 3 presents families of current-voltage 
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mined values of ignition voltage obtained during 
gradual changes in the pressure of gas washing 
around the column. Scientific reference publica-
tions frequently present results of experimental 
tests expressing the absolute value of pressure in 
various units, e.g. in bars (1 bar = 10⁵ Pa). 

 

Results of the simulation of 
mathematical models of arc subjected 
to stepped disturbances and 
sinusoidal current excitation 
The operation of electrotechnical arc and plas-
ma devices depends on performed techno-
logical operations and external disturbances. 
Depending on external conditions and applied 
control programmes, changes of several param-
eters of electric arc can take place at various 
rates at the same time or in a specific sequence. 
The effect of simultaneous fast two-parameter 
disturbances on the dynamic characteristics of 
arc of a selected static characteristic are present-
ed in publication [13]. In similar calculations it 
is possible to use two-parameter approxima-
tions referred to in scientific reference publica-
tions, by, for instance, Drecker and Goldman 
[14] as well as Curtis and Decker [7].  

The performance of simulation tests in-
volved the preparation of an electric circuit 
macromodel containing the macromodel of 
electric arc representing the Pentegov mathe-
matical model (developed in conjunction with 
Sidoretz) [15] of predefined static characteris-
tics and external disturbances affecting them. 
Arc was powered by the power source of sinu-
soidal current having an amplitude of 100 A 
and a frequency of 50 Hz.  

Figures 4, 5 and 6 presents dynamic char-
acteristics of arc subjected to various types of 
disturbances. Parameters approximating the 
static characteristics of these arcs were select-
ed in accordance with the data specified in de-
scriptions of Figures 1-3. It was assumed that the 
time constant of arc was θ = 2·10-4 s and that the 
sum of near-electrode voltage drops amounted 
to 18 V. In Figure 4, arc was extended starting 
from 4 mm at a rate of 8 mm/s for 1 s. During 
the aforesaid operation, after 0.5 s there was 
an additional stepped increase in length of 10 
mm. In turn, in Figure 5 arc was washed around 
by gas, the initial flow of which amounted to 
1·10-4 kg/s, which afterwards, increased at a rate 
of 3·10-3 kg/s2 for 1 s. During the above-presented 
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Fig. 3. Families of static characteristics of arc during grad-
ual changes of gas pressure p (p0 = 1·103 Pa,  

npp = 0.6, Pp1 = 10 W, Pp0 = 15 W, nup = 0.8, Up1 = 0.1 V,  
Up0 = 20 V, nrp = 0.5, Rp1 = 0.02 Ω, Rp0 = 0.05 Ω, 

P1 – p = 1·10⁴ Pa, P2 – p = 5·104 Pa, P3 – p = 1·105 Pa,  
P4 – p = 2·105 Pa): 

a) unspecified ignition voltage (A7);  
b) determined discharge ignition voltage (A8) (IM = 2 A)

a) b)

a) b)

(1)
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operation, after 0.5 s there was a stepped in-
crease in the gas stream of 4·10-3 kg/s. In addition, 
in terms of Figure 6, arc was in a chamber filled 
with gas under an initial pressure of 1·104 Pa, 
where pressure grew at a rate of 2·105 Pa/s for 1 s. 
During the above-named operation, after 0.5 s 
there was a stepped increase in the gas stream 
of 8·104 Pa. The above-presented diagrams of 
arc of static characteristics with unspecified 

and determined ignition voltage are charac-
terised by very high similarity. Because of the 
fact that arc is a dissipative element in the elec-
tric circuit, dynamic current-voltage charac-
teristics pass through the origin of coordinates  
(0, 0). Slight divergence of the figures from the-
ory result from the numerical integration step 
adopted by the programme and the low preci-
sion of the graphic programme. 

Concluding remarks 
1.	 The activity of external disturbances of var-

ious physical nature enables the obtainment 
of very similar current-voltage characteris-
tics of arc. 

2.	 The mathematical model of arc subjected to 
external disturbances, discussed in the arti-
cle, utilises the derivative of the column volt-
age in relation to the parameter. The applied 
approximations of data with power function 
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. However, very low 
values of the stream have their physical jus-
tification, for instance, in the form of natu-
ral convective flows. 

3.	 In the mathematical modelling of electric 
arc characterised by a very low damping 
function value, the application of current 
IM > 0 A enables the more precise descrip-
tion of dynamic characteristics and, as a re-
sult, the limitation of values of voltage higher 
harmonics.  
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