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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 [ leads to an increase in
the value of voltage between electrodes. A sim-
ilar effect can be obtained by increasing mass
stream m (volume) of gas washing around the
column [2]. An increase in gas pressure p above
the value of atmospheric pressure leads to an
increase in arc voltage [9-11]. Parameters used
in approximation equations (Tables 3 and 4
[1]) strongly depend on the chemical composi-
tion of the plasma-forming gas. As regards the
use of technological gases only, the lowest val-
ue of voltage can be observed in relation to arc
burring in argon. In cases of the same values
of electric current, the voltage of arc burning
in nitrogen or air is higher by twice. Slight-
ly higher is the voltage of arc burning in he-
lium. Nearly five times higher (in relation to
argon) is the voltage of arc burning in hydrogen.
The presence of metal vapours in the discharge
area reduces arc voltage. Various technological
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purposes involve the use of various gas mix-
tures. The suggested use of relative parameters
(I/1y), (m/myg) and ((p-po)/po) in approxima-
tion equations [1] improves their versatility.
The primary values, i.e. [, = 0.001 m, 1M,= 0.001
kg/s and p, = 1-10° Pa, were adopted as con-
stant values in all ranges of changes in current
excitation. However, it is possible to use vari-
ous values of primary parameters in individual
ranges of current values, which could improve
the accuracy of applied approximations yet, at
the same time, it would increase the number of
experimentally determined parameters.

The presentation of generalised results of
simulations involved the use of the most com-
plex current-voltage characteristics of arc. In
Part 1 of article [1] and [12] the above-named
characteristics were designated as (A7) and (A8)
as well as (N7) and (N8). Because of the article
length-related limitations, only special cases of
characteristics were taken into consideration.

Figure 1 presents families of static cur-
rent-voltage characteristics of arc character-
ised by the unspecified and determined values
of ignition voltage corresponding to gradual
column length changes.
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Fig. 1. Families of static characteristics of arc during
gradual changes of column length 1.
(I,=0.001 m, n,; = 0.4, P, = 60 W,

U] = 4 \’, Ilul = 0.8, Ilrl = 0.6, Rl = 0.04 Q, Ll - lc = 4'10-3 m,
L,-1.=810°m,L, -1, =12.10°m, L, - 1. = 16:10'3 m,):
(a) unspecified ignition voltage (A7);

b) determined discharge ignition voltage (A8) (I,,=1 A)

Figure 2 presents families of static cur-
rent-voltage characteristics of arc character-
ised by the unspecified and determined values
of ignition voltage corresponding to gradual

changes in gas mass stream mwashing around
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the column. Scientific reference publications
sometimes present results of tests including gas
flow rate V. The correlation between the above-

named parameters is the following:
m = vp (1)

where p — gas mass density, kg/m®.
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Fig. 2. Families of static characteristics of arc during grad-
ual changes of gas mass stream m
(g = 0.001 kg/s, n,,, = 0.8, P,,, =20 W, P, = 60 W,

My =08, U,, =4V, U,y =6V, n,,=05R, =01Q,
R,,=0.1Q, Ml -1 =1.10"kg/s, M2 - 1 = 1.10 kg/s,
M3 - m =2.10" kg/s, M4 - M = 3.10-3 kg/s):

a) unspecified ignition voltage (N7); b) determined
discharge ignition voltage (N8) (I,,=0.6 A)

Figure 3 presents families of current-voltage
characteristics of arc of unspecified and deter-
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 = 10° Pa).
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Fig. 3. Families of static characteristics of arc during grad-

ual changes of gas pressure p (p, = 1-103 Pa,
My = 0.6, P, = 10 W, P,y = 15 W, ,, = 0.8, U, = 0.1 V,
U,=20V,n,=05R, =0020Q,R,=005Q,
P1 - p=1.10*Pa, P2 - p = 5-10* Pa, P3 - p = 1-10° Pa,
P4 - p = 2.10° Pa):
a) unspecified ignition voltage (A7);

b) determined discharge ignition voltage (A8) (I,,=2 A)
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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 6 = 2.10* 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 1s. 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
110 kg/s, which afterwards, increased at a rate
of 3.10° kg/s? for 1 5. During the above-presented
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operation, after 0.5 s there was a stepped in-
crease in the gas stream of 4.107 kg/s. In addition,
in terms of Figure 6, arc was in a chamber filled
with gas under an initial pressure of 1.10* Pa,
where pressure grew at a rate of 2.10° Pa/s for 1 s.
During the above-named operation, after 0.5s
there was a stepped increase in the gas stream
of 8-10* Pa. The above-presented diagrams of
arc of static characteristics with unspecified
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Fig. 4. Dynamic characteristics of arc subjected to length
disturbances of: a) unspecified ignition voltage;
b) determined ignition voltage (I, = 2A)
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Fig. 5. Dynamic characteristics of arc subjected
to disturbances of gas mass stream washing around
the column of: a) unspecified ignition voltage;

b) determined ignition voltage (I, = 3A)
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Fig. 6. Dynamic characteristic of arc characterised
by unspecified ignition voltage subjected to gas pressure
disturbances in the chamber with arc
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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
Uco1 () may impose the lower restriction of
gas mass stream m > 0. 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
I,; > 0 A enables the more precise descrip-
tion of dynamic characteristics and, as a re-
sult, the limitation of values of voltage higher
harmonics.

References:

[1] Sawicki A.: Modelling the Effect of External
Disturbances in Static Characteristics of Un-
specified and Determined Ignition Voltages on
Dynamic Characteristics of Arc in a Circuit
with the Current Source. Part. 1. Primary An-
alytical Correlations. Biuletyn Instytutu Spa-
walnictwa, 2019, no. 2, pp. 59-67
http://dx.doi.org/10.17729/ebis.2019.2/6

[2] Kroélikowski Cz.: Jedna z metod anali-
tycznego ujmowania charakterystyk na-
pieciowo-prgdowych tukowych palnikow

No. 3/2019



http://bulletin.is.gliwice.pl/
http://creativecommons.org/licenses/by-nc/3.0/

plazmowych prgdu statego. Rozprawy Elek-
trotechniczne 1972, vol. 18, vol. 2,
Pp- 403-420.

[3]Sawicki A.: Approximations of arc volt-
age-current characteristics in electro-
technological devices. Biuletyn Instytutu
Spawalnictwa, 2013, no. 6, pp. 40-55.
http://bulletin.is.gliwice.pl/article/
approximations-arc-voltage-current-
characteristics-electrotechnological-devices

[4] Marciniak L.: Model of the arc earth-fault
for medium voltage networks. Central Eu-
ropean Journal of Engineering 2011, no. 2,
pp. 168-173.
http://dx.doi.org/10.2478/513531-011-0020-y

[5] Allum C.].: The Characteristics and Struc-
ture of High Pressure (17-42 bars) Gas
Tungsten Arcs. Diss. Cranfield Institute of
Technology, 1982.

[6] Boukadoum R., Landfried R., Leblanc T.,
Andrea J.: Role of the pressure in the dc elec-
tric arc characteristics. Application: case of
the more electrical aircraft. Conference Pa-
per, June 2016, pp. 1-6.

[7] Curtis H.B., Decker A.].: Electrical char-
acteristics of a free-burning direct-current
argon arc operating between 9o and 563
kilowatts with two types of cathodes. Report
No.2. Government Accession No. NASA
TND-8032, Washington, D. C., August,
1975.

[8] Gueye P, Cressault Y., Rohani V-], Ful-
cheri L.: Channel-Arc Model of DC Hy-
drogen Arc Plasma: Influence of Radiation
and Very High Pressure. ISPC 22-2274 In-
ternational Symposium on Plasma Chem-
istry, July 2015, Antwerp, Belgium.

[9] Borowik L., Sawicki A.: Selected aspects
of modeling the electric arc column in the
gas at reduced pressure. High Temperature

No. 3/2019

[@)ev-ne |

Materials and Processes, 2012, vol. 16, no. 4,
pPp- 275-296.

[10]Sawicki A.: Influence of quasi-static gas
pressure changes on electric arc modelling in
electrotechnological devices. Biuletyn Insty-
tutu Spawalnictwa 2014, no. 2,

PP- 39-49.
http://bulletin.is.gliwice.pl/article/influence-
quasi-static-gas-pressure-changes-electric-
arc-modelling

[11] Katsaounis A.: Heat flow and arc efficien-
cy at high pressures in argon and helium
tungsten arcs. Welding Research Supple-
ment, 1993, September, PP- 447-454.

[12] Sawicki A.: Static Characteristics of De-
fined Ignition Voltage Used in the Modelling
of Arc within a Wide Range of Current Ex-
citation. Biuletyn Instytutu Spawalnictwa,
2019, NO. 1, pp. 41-52
http://dx.doi.org/10.17729/ebis.2019.1/5

[13] Sawicki A., Haltof. M.: Representation of
the Effect of Plasma Column Disturbances
on the Static and Dynamic Characteristics
of Arcs Described by the Modified Pentegov
Model. Part 2: Modelling the Effect of Rap-
id Disturbances on Electric Arc Characteris-
tics. Biuletyn Instytutu Spawalnictwa, 2016,
no. 6, pp. 55-63
http://dx.doi.org/10.17729/ebis.2016.6/8

[14] Decker A.]., Goldman G.C.: Electrical
characteristics of a dc compact arc in ar-
gon from 1 to 10 atmospheres and from 600
to 1200 amperes. TM X-1596, NASA-Lang-
ley, 1968.

[15] Pentegov 1.V., Sydorets V.N.: Comparative
analysis of models of dynamic welding arc.
The Paton Welding Journal 2015, no. 12, pp.
45-48.
https://patonpublishinghouse.com/eng/
journals/tpwij/2015/12/09/

BIULETYN INSTYTUTU SPAWALNICTWA 73



http://creativecommons.org/licenses/by-nc/3.0/
http://bulletin.is.gliwice.pl/

	_GoBack
	_GoBack
	_Hlk532901788

