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Representation of the Effect of Plasma Column Disturbances
on the Static and Dynamic Characteristics of Arcs Described
by the Pentegov Model.

Part 1. Modelling the Effect of One-Parameter Disturbances

on Electric Arc Characteristics

Abstract: The article discusses various types of disturbances affecting an arc col-
umn such as changes in length, changes in the intensity of convective heat dissipa-
tion using a stream of gas washing around a column, changes in gas atmosphere
pressure, and changes in the intensity of laser radiation penetrating the arc. The
above named disturbances were included in expressions approximating static
current-voltage arc characteristics. The characteristics mentioned above were
used to create a number of macromodels based on the Pentegov model of dis-
turbed arcs. The results of processes simulated in an electric circuit were used to
demonstrate the usefulness of the models developed and the considerable com-
fort of such an approach when testing systems with electric arcs.
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Introduction

Usually applied mathematical models of Ac arcs
do not allow for the possibility of independent
discharge ignition voltage control using various
sources of constant or momentary (periodical)
ionisation. In addition, the models mentioned
above do not allow for controlling the shape
and positions of arc characteristics in high-cur-
rent ranges. However, by changing pressure, the
chemical composition of gas, the distance be-
tween electrodes etc., it is possible to obtain var-
ious shifts or inclinations of function diagrams
in relation to the axis of coordinate system u-i.

Therefore, as regards low-current arcs, the
most important is not ignition voltage but

discharge power. In turn, in terms of high-cur-
rent arcs, the most important is not power but
voltage corresponding to maximum current.
The problem related to the determination of
ignition voltage is solved with various accura-
cy when representing the entire dynamic loop
using a time constant, usually along with the
satisfaction of the energy balance condition.
To some extent, such an approach may be re-
sponsible for modelling ambiguity as various
arc static voltage-current characteristics corre-
spond to almost the same dynamic models. Ef-
fects of representation inadequacy can be then
easily observed as various contents of harmon-
ics of arc voltage waveforms. Arc burning in

dr hab. inz. Antoni Sawicki (PhD (DSc) hab. Eng.), Professor at Czg¢stochowa University of Technology;

mgr inz. Maciej Haltof (MSc Eng.) - Czestochowa University of Technology, Faculty of Electric Engineering

No. 2/2016

BIULETYN INSTYTUTU SPAWALNICTWA 51



http://creativecommons.org/licenses/by-nc/3.0/
http://bulletin.is.gliwice.pl/
http://dx.doi.org/10.17729/ebis.2016.2/6

[@)ov-ne |

special conditions (e.g. in some gases or dur-
ing intense gas flows) can be characterised by
low damping function values. Narrow dynam-
ic loops of hysteresis corresponding to such
arc are not able to ignore positions of points
corresponding to various values of discharge
re-ignition voltage.

As, depending on technological needs, it is
possible to control various fragments of arc dy-
namic and static characteristics [1-4], in such
situations the most comfortable representation
of arc properties is offered by the model pro-
posed by Pentegov and developed in conjunc-
tion with Sidoryetz [5, 6]. This model requires
the setting of the family of static voltage-cur-
rent characteristics. Similar possibilities are of-
fered by the frequently used Novikov-Shellhase
model [7]. However, the latter model only rep-
resents arc in an approximate manner as this
model does not satisfy the condition of ener-
gy balance.

Due to the heterogeneous arc structure, ex-
perimentally determined static voltage-current
characteristics include areas of near-electrode
voltage drops and column voltage drops. Val-
ues of electric arc near-electrode voltage drops
very poorly depend on current and are usually
adopted as constant quantities. In cases of high
supply voltage (long arcs), the above named
near-electrode voltage drops are negligible be-
cause of their relatively low values. However,
in short welding arc burning states (low volt-
age); such drops should be taken into account
as the value of arc column voltage U, is compa-
rable with these drops. Because of the fact that,
as a rule, external factors do not or very poor-
ly affect values of near-electrode voltage drops,
the primary issue is the representation of ex-
ternal disturbances affecting processes taking
place in the arc column. Such an approach de-
termines manners in which static character-
istics are approximated, without the separate
inclusion or with separate inclusion of the sum
of near-electrode voltage drops U,.
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Representation of the Effect
of Variable External Disturbances
on Electric Arc Static Characteristics

Representation of the Effect of Column
Length Changes on Electric Arc Static
Characteristics

The value of power dissipated by the arc col-
umn (primarily radiation) in welding and elec-
trothermal equipment is usually controlled by
performing forced arc column length changes.
Such changes are also present during the acti-
vation and termination of equipment operation,
but can also result from various disturbances
(magnetic fields, gas flows etc.), in turn result-
ing in various values of arc ignition voltage.

In low-current ranges, exemplary compo-
nents of static characteristics can adopt stand-
ard forms in relation to peak (I, U,) using an
exponential function and be expressed by the
following dependence [7]:

1 1
U(I,L)=U,(L,) | — |-exp| —=| — |+1
i 1 1
p p
where ignition voltage is expressed by (1)
the following formula
ky
Up(La):EpO .La (2)

where k,, E,o — approximation coefficients de-
pending on the temperature and material of
electrodes and on the chemical composition
of gas (0 < k, < 1). Within the range of short
arc lengths L, of electrotechnological devices,
the above named dependence can be adopted
as linear U,(L,)=E,o X L,. Quantity U, also pro-
portionally depends on the time passing after
current reaches the value of zero. Arc length
changes (La > o) also affect voltage in high-cur-
rent ranges

Uo(L,)=EoXL, (3).

Longer arcs are also characterised by greater
resistance
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Ro(L,)=roxL, (4).

The association of these three dependences in-
cluding the selected function

((I)=1-exp|-(I/1.)"| (5)

leads to the obtainment of modified static volt-
age-current characteristic

U, (1, L,) =0, (L, )+ R (L )" |- ¢ (1)+
U, (L) -[o, L)+ R(L, )" ] ¢ ()

1 1
, %1 LV
x| — -exp| —| — +1|+U =
IP IP

Ucol (I L )+ UAK

where k; > 1, I>0A provides the possibility of
adjusting the steepness of characteristic fall in
the range of negative differential resistance. If
ki = 1, the formula provided by L. Marciniak
[7] is obtained.

Figure 1 presents the family of characteris-
tics U,,,(I, L,) with various arc length values. As
can be seen, formula (6) can be used to approx-
imate nearly any shape of extended arc static
characteristics within the current range of I, up
to maximum values of supply current.

(6)

Representation of the Effect of Gas
Stream Changes on Electric Arc Static
Characteristics in a Stream Plasma Torch

Plasma torches with internal arc usually oper-
ate having a fixed arc length as well as change-
able mass stream and chemical composition of
gas washing around the column. The effect of
changes in the stream of gas mass 1, longi-
tudinally or transversely washing around arc
on voltage U,,, is very similar to the effect of
changes in column length L, (Fig. 1).

Arc re-ignition voltage is the function of
many variables U,(I, L, p, 9, f) as it is affected by
root-mean-square current I, currentless pause
duration, inter-electrode distance L,, pressure
p» absolute temperature 9 , current frequen-
cy f and gas chemical composition. Changes
in the value and direction of input gas stream
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200 —
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Fig. 1. Family of static voltage-current characteristics of
variable length arc (U, =14V, ko=1.2; k1=1.1; k,=1.4; ks=1.4;
E;=0.45 V/mm; 1,=0.03 /mm; Epo=8 V/mm; [, SA)

trigger changes in discharge area temperature
[8] 9 o rin,,!, which due to U, o ™' leads to the
following dependence

Up (mgaz ) = UpO (1 + up4mgaz )

where U,o, U,4, ks — constant parameters of ap-
proximation (0 < k4 < 1). In turn, changes in
ignition current are significantly smaller and
reveal the inverse tendency 7, oc & oc m1,,.. For
this reason, it is possible to roughly adopt the
constant value of current I,

Similar to the case presented above (1), the
exponential component (standardised in rela-
tion to peak (I,, U,)) of the static characteristic

can be expressed by the following dependence:

U(I,mgaz)—Up<mgaz>-(é]-exp{—&]+lJ (8)

The effect of gas parameters on voltage U, can
be reduced and voltage can be controlled in-
dependently using an additional stabiliser of
discharge. An increase in the gas stream also
corresponds to an increase in plasma torch
working voltage manifested by a rise in static
characteristics [4]. The application of formu-
la (8) along with the similarity of arc charac-
teristics to those described in formula (3) and
(4) lead to the obtainment of new modified
parameters:

(7)
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U, i,,. )=
R, )=R

U +u,m

9)
(10)

mOmin gaz

gaz mOmin + rO m gaz

which can be used to create the modified ap-

proximation of voltage-current characteristic

U (L. ) = U4 i )+ R o, 1 |- 1)+
+ {Up (mgHZ)_ [UO (mgaZ)+ R, (mgaz )lko ] C([)}X

1 1
LV VA
X| — “exp| —| — +1|+U ; =
IP IP

Ui )0, ay

If m = 0> formula (11) transforms into a for-
mula describing characteristics of free arc hav-
ing a constant length.

Figure 2 presents the family of characteris-
tics Uy,(1, mi1,,.) with various gas mass stream
values. As can be seen, formula (11) can be used
to approximate nearly any shape of arc stat-
ic characteristics of arc washed around by gas
flow within the current range of I, up to maxi-
mum values of supply current.

70 =
U, V-
60 —

50 —

40 —

30 —

Fig. 2. Family of static voltage-current characteristic of
arc in the stream plasma torch (U, =14V, ko=1.2; k;=1.1;
ks=1.4; k4=0.8; 15=0.02 Q/g; U,0=35 V; 1,4=0,1 (s/g)";
19=0.01 Vs/g; Us,, =5 V; Ro,,=0.01 Q5 =5 A)

As regards gas mixtures, it is comfortable to
use the parameter of gas volume stream v, in
/min (generally v . =m,./p,.). If a mixture
consists of two components a and b, formula
(7) can be written in the following form:
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U, (0.0, + pyv,)= Uy ll TUL, (O.v0 + PV, )k4 J

(12)
where U,o, U,4, ks — constant parameters of ap-
proximation (0 < k, < 1). Similar to the above,
it is possible to roughly adopt the constant val-
ue of current I,.

The application of formula (8) along with the
similarity of physical conditions to those de-
scribed in formula (9) and (10) lead to the ob-
tainment of new modified parameters:

U, (‘}a + ‘}b): Uopmin + 4o ° (pa“}a + pb‘.)b) (13)

RO(‘.}a + "}b): Ry min 75 .(pa‘}a + pb"’b) (14)
which can be used to create the modified

approximation of the static voltage-current
characteristic:

U(I, PVat PV, ) = [Uo (pa‘.)a + pb"’b)+

+RO (pa‘.)a + pb‘}b )]kO ] 4’(])—'_

+ {Up (pa"’a + pb‘}b)_ [Uo (pa‘}a + PV, ) +

+ Ry (p, 5, + pyv, )% | £ (1))
Y i

— | cexp|—|—| +1|+U, =
p 1,

(15)

= Ucol (]9 IOa‘}a + Iob‘.}b)—i_ UAK

Representation of the Effect of Changes
in Gas Pressure on Static Characteristics
of Electric Arcs

The effect of an increase in gas atmosphere
pressure is similar to an increase in arc length
(Fig. 1). Therefore, within the range of low cur-
rent, the component of static characteristic can
have a standardised form in relation to peak (I,,
U,) and can be expressed using the following
dependence:

U(l,p)= Up(p)-[li}exp —[i}ﬂ (16)

p
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whereas changes in ignition voltage can be
expressed using the following approximated
formula:

Up(p):Up0+kpp (17)

where U, k, - approximation coefficients de-
pendent on the shape, temperature and ma-
terial of electrodes as well as on the chemical
composition of gas. Changes in gas atmosphere
pressure also affect voltage in the high-current

range [4, 9]:
Uo(p) = UpOmin tu,-p

In a chamber under greater pressure, arc has
a smaller diameter and thus higher resistance:

Ro(p): RpOmin TP

The association of these three dependences in-
cluding function (5) leads to the obtainment of
a modified voltage-current characteristic:

U1, p)=[uy(p)+ R ()" |- ¢ (1)+
+ {Up(p)_ [Uo(p)+Ro(p)]k°]' é’(])}x

i i
X[LJ - exp —(Lj +1[+U = (20)
1 1

(18)

(19)

p p

= Ucol (19 p) + UAK

Figure 3 presents the family of characteristics
U,..(I, p) with various gas pressure values. As

60 =
U v+
50 —
= & bar
40 —

5]

2 bar

20 —
1 bar

b — T T T+ 1 T 1
0 20 40 60 80 A 100

Fig. 3. Families of static voltage-current characteristic
of arc in gas under variable pressure (U, =14V, ko=1.2;
ki=1.1; k,=1.6; r,0=0.01 Q/bar; U,0=35 V; u,0=0,2 V/bar;

Us,,, =5 V; R, =0.01 Q; [,=5 A)
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can be seen, formula (20) can be used to ap-
proximate nearly any shape of arc static charac-
teristics in gas atmospheres of various pressure
within the current range of I, up to maximum
values of supply current.

Representation of the Effect of Changes
in Laser Radiation Power on Electric Arc
Static Characteristics

Laser radiation can be used in arc welding by
means of three methods. In the first method,
laser radiation is directed at an element from
the side opposite to the torch and electric arc
and additionally heats the material. In this way,
the direct effect of laser radiation on arc may
be inexistent or minimum. However, because of
alocal increase in the element temperature and
intensified material evaporation, an increase in
laser radiation power is accompanied by a de-
crease in arc voltage of 1-2 V within a wide
range of current changes [10].

In the second case, laser radiation is directed
at a certain angle in relation to the torch and arc.
The laser radiation strikes the weld pool facili-
tating the fixing (stabilisation) of an arc spot on
the weld pool surface and supplying addition-
al energy to the metal. In this way, the direct ef-
fect of the laser radiation on arc is minimum [11].

In the third case, laser radiation passing
through the cavity of the torch cathode pen-
etrates the plasma column and, similar to the
second case described above, strikes the weld
pool, also stabilising the discharge and sup-
plying energy to metal [12, 13]. An increase in
laser radiation power decreases the voltage of
low-current arc (by about 1-2 V). In high-cur-
rent arcs, the effect of laser radiation is mini-
mum. The longer the arc, the greater the effect.
Practically, only in the third case, it is possible
to speak of the actual effect of laser radiation
on arc. Similar effects can be achieved in situ-
ations when electric arc is affected by micro-
wave radiation.

Similar to the case presented above, the ex-
emplary component of static characteristic
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can adopt the standardised form in relation to
peak (I, U,) and be expressed by the following
dependence:

1

1

U(lopL):UpL(PL)' "CXp| — 7 +1

P P
(21)
where ignition voltage changes are described
by the following dependence:

UPL(PL):UPO —F 'PLk2 (22)

where k,, F;, — approximation coefficients;
P, - radiation power. Changes in laser radiation
power poorly affect voltage in the high-current
range, which can be expressed using the follow-
ing approximated formula:

Iy

——>0
I+1,

U, (PL ) =Upmin —Up, (23)

Greater laser radiation power supports the ion-
isation of plasma and reduces the resistance of
the column:

rPLL>
I+1,

where low quantity I, > 0 A. The association of
these three dependences including function (5)
leads to the obtainment of the following modi-
fied static voltage-current characteristic:

Ustat(]’PL): on(PL)'*'Ro(PL)]kOJ'g(])"'
T {Up(PL)_ [UO(PL)+RO(PL)[]€0:|'§([)}X
VK %

X| — +1|+U =

RO (PL ) = ROmin -

0 (24)

. exp — —
p ]P

= col(]’le)—'_UAK

Figure 4 presents the family of characteris-
tics U, (I, P;) with various values of laser pow-
er. As can be seen, formula (25) can be used to
approximate nearly any shape of arc static char-
acteristics with plasma additionally ionised by
laser radiation within the current range of Ip

up to maximum values of supply current.

(25)
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Fig. 4. Families of static voltage-current characteristics
of arc with plasma additionally ionised by laser radi-
ation of controller power (U,x=14V, ko=1.2; k;=1.1;

Io=1 A; r,;=0.0001A™"; Upo=35 V; up;=0.2; U,,;,=10 V;

Ro,,=0.01 Q5 [, =4 A)

Representation of External Effects on
Electric Arc using the Pentegov Model

In actual inert arc, a step change of current i(¢)
causes a voltage impulse and quasi-exponential
change in arc resistance. Actual arc is replaced
by hypothetical arc. The primary input assump-
tion of the Pentegov model is the equation of
energy balance [5, 6]. At the same time, in con-
trast to actual arc, this model is electrically in-
ertialess. For this reason, the conductance of
arc column is determined using not only actual
current 7, but also virtual current iy (), delayed
in relation to actual current, changing after step
current disturbance i with time constant 6. This
is a certain representation of arc thermal state.
All isoenergetic states are characterised by one
variable, i.e. arc state current i(t).

The relationship between the square of state
current i, and the square of arc actual current
i is described by the following first-order dif-
ferential linear equation [5]:

2
6% | iy =i
dt
The Pentegov model represents a non-linear cir-
cuit two-terminal network, which is balanced
in terms of energy, first-order thermally inert,
linear, stationary and electrically inertialess.

(26)
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The advantage of this model is the possibili-
ty of using nearly any approximation of a static
voltage-current characteristic and at the same
time constant damping function value (the so-
called time-constant). Simple linear models
of electric arc (Mayr, Cassie, Zarudi) can be
treated as specific cases of the more general
Pentegov model. In the above named models,
approximations of static voltage-current char-
acteristic are usually performed using power
functions [6]. However, these approximations
are not sufficiently versatile to enable allowing
for differences in various plasma torch designs
and differences in external effects on arcs. How-
ever, approximations utilising standardised pa-
rameter-dependent functions make it possible
to allow for the differences mentioned above.

State current can be used for determining
arc model dynamic characteristics depending
on external parameters (Table 1). In the table
presented below, plasma enthalpy depends on
various factors:

(i’ T, a )’

nT,)-L,(p, ) (i.T,) p(T,

o.p, )=

h(Ta7par).Lamcz(i’Ta9par).p(Ta

[@)ev-ne |

where T, - average plasma temperature, h — plas-
ma specific enthalpy, p - gas density.

Using the definitions formulated by Pentegov
[5], it is possible to calculate root-mean-square
voltage and root-mean-square current as well
as average values of arc power and resistance
(Table 2). In spectral methods, the values men-
tioned above are used for determining param-
eters of mathematical models on the basis of
experimental test results related to arc.

In the conductance form, the Pentegov
model can be expressed using the following
formula [6]:

260 1 dg i’
e e
1 dUcol g dt g Ucol (28)
di,

The specific cases of this model are obtained by
adopting an appropriate form of the function
approximating the static characteristic. For in-
stance, in the case of a power function with ex-
ponent y, it is possible to obtain the following

if L,=p,
: (27)
s Pur ), if L, =const

Table 1. Definitions of physical quantities of the column of actual arc characterised by variable parameters and of the

Pentegov model representing the properties of the arc

Physical quantity Actual arc Pentegov model
Electric current i (£, pa) i (t, pu); ig (£, Pu) >0
Dynamic voltage . U lips Pur) ;
ucal (t) = u(t) - UAK ’ Sgn(l) = uwl(l, par) ig

Supplied electric energy,
Pel(t):

Dissipated electric energy,

(=20~ 22

P

dys

(i po)=

Pel(i’ pur) = ucol(i’ par)Xi

dQ(Ta’ par) dT;z

Ucol (l0 > Par ) l'2

Lo

Ucul (ig’ par ) i9

fziys dt - = })el(i’ par)_
Conductance g(t) g (Ta > Par ) =
Arc plasma enthalpy, Q(f) Q(T,
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LA _
ucol (l’ par ) Ucol (19 s Par )
Pm) 26". Ucol (ZG > par )dlﬂ
0

57



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

[D)ey-nc |
static characteristic:

du,,
dlg

dUu i
g ‘col — [
di, U

= U = const.

(29)

col

Physical characteristics of gases de-
pend on temperature and pressure,
whereas geometrical dimensions of the
column clearly depend on current. The
damping function related to transient
processes in electric arcs also depends

Table 2. Definitions of measurement quantities of the actual
arc column and of the Pentegov model

Physical quantity Actual arc Pentegov Model
Square of root- 1 15,
mean-square ;J.l dt FJ-IQ dt

2
current, /. =

Square of root-
mean-square
voltage, U

Average momen-
tary power, P,

0

1
?J'uczal (t’ par )dt

0

T

1 .
? J. ucol (t’ par )ldt

0

0

_J‘Ucol lgs Par )dt

e :
EIUCOI(%”par).l(}dt
0

on the factors mentioned above [14].
This case can be expressed using the fol-
lowing approximate dependence:

(I),[)oc p(Ta(]))'Cp(Ta(])) 2

AT

a

a

o(T
where non-linear functions: p — gas density
(p=1/T,); c, - specific heat of gas under pres-
sure p (inert gases c,~const, polyatomic gases
¢, T,); A - gas heat flow coefficient (non-mono-
tonically variable A T, ); r. — arc column radi-
us (r.«T); I - DC.

Expression (26) can be expressed in a sim-
plified manner as non-linear

e(zg)dﬁw = ;2

(31)
Theoretically, arc temperature affects this cur-
rent as root-mean-square values of momentary
quantities i(t), iy(t) correspond to condition
I,,.=(iy),s (Tab. 2). On this basis, T,(1,,,.)=T,(i,)
is obtained. Equation (31) can be developed in
relation to conductance g of the arc column,
receiving

200, () 1dg
& gdi U2 (32)
Gd(g)
where quantity
2(9(i9(g)) 29(i9(g))
(o) = -
(¢) — de (33)
G, (g) “dt
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Average resistance,

ljiucol(t par)d l]:Ucol(iB’par)dt
T i T b

T ) o

constitutes a damping function. Dynamic con-
ductance Gd(g) can be determined using the
following formula:

G, (g ) = Lﬁ.
dU ,,(ig)
By introducing various additional simpli-
fications to equation (32), it is possible to ob-
tain its other known models being its specific
cases [5]. In this manner, among other things,
it is possible to obtain the Belkin model, in
which the static characteristic of the arc col-
umn U, (I) adopts the form of power function
U, /U, =i,/1,), where u — power coeflicient
of approximation. Publication [15] describes
a methodology used when experimentally de-
termining parameters of this model.

The function related to the damping of wave-
forms of processes in low-current arcs is affect-
ed by many factors including pressure, gas mass
stream, laser or microwave radiation power etc.
In such a situation, the equation of state cur-
rent adopts the following form:

(34)

.2

di
oG, %o (35)
(19 par) df

22
+i, =1

However, in most cases of high-current arcs
of electrotechnological devices, the effect of

No. 2/2016



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

external factors on the damping function is not
significant and neither are ranges of changes of
these factors. For this reason, the constant val-
ue of damping function in the form of a time
constant is usually adopted.

Simulations of Processes in Circuits
with Arcs of Disturbed Static
Characteristic

In order to test the effectiveness of the proposed
methods dedicated to approximations of stat-
ic characteristics, it was necessary to perform
simulations of processes in a simple electric cir-
cuit with arc described by the Pentegov model.
The excitation used in the simulations was per-
formed by a source of sinusoidal current having
amplitude I, and frequency f = 50 Hz. Equa-
tions of static characteristics utilised the sub-
stitution I=|i| obtaining u=U,,,(|i|)xsgn(i). The
sum of near-electrode voltage drops amount-
edto U,=14 V.

Figure 5 presents dynamic voltage-current
characteristics of extended arc. As can be seen,
the use of the static characteristic described
by formula (6) enables the relatively easy rep-
resentation of arc length disturbances in the
created Pentegov model.

Figure 6 presents characteristics of arc in
a plasma torch with an increasing gas flow. As
can be seen, the use of the static characteristic
described by formula (11) enables the relatively
easy representation of disturbances of convective
arc heat exchange in the created Pentegov model.

Figure 7 presents similar characteristics of
arc burning in a chamber with compressed gas.
As can be seen, the use of the static character-
istic described by formula (20) enables the rel-
atively easy representation of disturbances of
gas atmosphere pressure in the chamber with
arc in the created Pentegov model.

Figure 8 presents dynamic voltage-current
characteristics of arc burning in the plasma
torch channel with additional ionisation in-
duced by laser radiation. As can be seen, the
use of the static characteristic described by

No. 2/2016

[@)ev-ne |

-80

-160

T T T T T T T
80 i, A

|
160

Fig. 5. Dynamic voltage-current characteristics of extend-

ed arc (6=1,510"s, I

rms—

in accordance with Fig. 1)

100 A; the remaining parameters
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Fig. 6. Dynamic voltage-current characteristics of arc in
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formula (25), enables the relatively easy rep-
resentation of plasma ionisation disturbances
in the created Pentegov model.

60 —
u, VA
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60 — 1 = T = I = 1
-80 -40 0 40 A 80

Fig. 8. Dynamic voltage-current characteristics of arc in
the plasma torch with increasing intensity of laser radia-
tion (6=1,5-10"s, I ,,,

in accordance with Fig. 4)

=100 A; the remaining parameters

Slightly greater accuracy of the representa-
tion of dynamic characteristics can be obtained
using the generalised Pentegov model (32). Such
an approach does not increase the difficulty of
simulations, yet may significantly complicate
the determination of model parameters on the
basis of data obtained in experimental tests.

Conclusions:

1. The approximations of the family of elec-
tric arc static current-voltage characteristics
using the sum of standardised simple analyt-
ical functions make it possible to easily take
into consideration the effect of various exter-
nal factors on plasma columns.

2. The use of the proposed approximations
of the family of electric arc static voltage-cur-
rent characteristics when simulating processes
in electric circuits with the Pentegov mathe-
matical model demonstrates high efficiency in
representing the effect of various external fac-
tors on plasma columns.

3. The Pentegov mathematical model and
the set of functions approximating families of
static voltage-current characteristics enable the
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representation of processes in disturbed arcs of
many electrotechnological devices.
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