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PROCESSES OCCURRING AT EXCITATION
OF THE WELDING ARC (Review)
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In view of the fact that a complete theory of the process of welding arc excitation, which could provide a convincing
explanation of the entire totality of the known facts is absent so far, some important theoretical and experimental data
of different authors are considered as regards the processes of initial excitation of the welding arc in arc and plasma
welding which is important for designing electronic boosting devices, generating pulses of high and higher voltage
that are injected into the interelectrode gap to ensure contactless initial and repeated excitations of the welding arc.
Requirements to pulse parameters that are generated by these devices are given, which are obtained on the base of many
investigations (including theoretical studies), experience in designing and application of boosting devices. Analytical
expressions are proposed to create the theory of the process of DC welding arc excitation. 15 Ref.
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Contactless welding arc excitation is one of the most
important stages in the welding cycle, which in most
cases is carried out by a high-voltage breakdown of
the interelectrode gap due to the use of a spark dis-
charge. Despite a significant interest of researchers
in the spark discharge, the theory of this process is
still absent. According to the established concepts of
modern electrophysics, the spark discharge (as a re-
sult of which excitation of the welding arc is carried
out) refers to a nonindependent anomalous glowing
discharge, which at the time of its completion should
pass to a constant arc one [1, 2]. According to these
concepts, temperature and gas pressure in the spark
channel, the temperature of gas in this channel can
reach 10000 K, which causes the probability of ther-
mal ionization, and the phenomena that occur during a
spark discharge, are explained in the theory of stream-
ers (plasma channels threading from the anode to the
cathode of the gas gap) [1]. As is noted in [1, 2], when
an electric field is applied to a gas interelectrode gap,
the charged particles present in this gap are acceler-
ated by this electric field, and it should be noted that
since the mass of ions significantly exceeds the mass
of electrons, the main role in their interaction belongs
to the electrons. If the electrons energy is sufficient
for the gas ionization, a number of charged particles
will increase, and in the direction from the cathode
to the anode electron avalanches will move, leaving
a positive spatial bulk charge and at the same time
random electrons and the electrons formed in the gas
during photoionization as a result of the radiation of
atoms and molecules excited by electrons, will be
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drawn into the zone of spatial charge, creating new
daughter avalanches on its way [1].
The first condition for the streamers formation is:
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where a is the volume ionization coefficient, m™; p
is the gas pressure, Pa; d is the distance between the
electrodes, m; E, is the intensity of electric field be-
tween the electrodes.

Using the expression (1), it is possible to find the
value of the spark breakdown voltage Ug by the ex-
pression:

)
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However, the values, calculated by this expression
coincide well with the experimental ones only in the
cases when pd > 250 MPa, which is almost nonexis-
tent in arc or plasma welding.

The second condition for the streamer formation
is the formula

n, > 7-10% ion/m?, (3)
where n. is the concentration of ions in the avalanche
head.

For relatively short spark gaps (which is character-
istic of arc and plasma welding), the condition (3) is
always realized in case, if the condition (1) is realized.

The approximate theory of the spark discharge is usu-
ally based on Toepler’s hypothesis, according to which
the conductivity of the spark channel is proportional to
the charge passed through the interelectrode gap:

t.
G= kJ.0|dt, (4
where G is the conductivity of the spark channel, Ohm™; k

is the coefficient of proportionality, which depends on
the composition, temperature and pressure of the gas
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in the spark channel. Or the hypothesis of Weizel and
Rompe, according to which all the energy released in
the spark channel is spent to increase the internal ener-
gy of the plasma and is proportional to the conductivity
of the spark channel and in this case [1]:

t 1/2
G-= k[jizdtJ .
0

However, it should be noted that both mentioned
hypotheses (4) and (5) describe the initial stage of the
spark discharge process and do not take into account
the decrease in the conductivity of the spark channel
at the final stage of the process.

In turn, the hydrodynamic theory at a pulse energy,
which is characteristic of spark ignition of the weld-
ing arc, leads to the following dependence of conduc-
tivity on the voltage at the interelectrode gap:

G=kel (U2~ u2)3/2 x

x[au“ |n%—g(u2 —uz)(SUZ —uz)re,
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(6)

where C is the capacitance directly connected to the
spark gap, F; | is the length of the spark gap, m; U is
the initial voltage on this gap, which is approximately
equal to the breakdown voltage, V [1].

The longitudinal electric field strength in the spark,
which precedes the formation of a constant arc discharge,
characterized by relatively large values of current (up
to 10* A) and current density at the cathode (up to
10%° A/m?) at a relatively low arc voltage (from several
units to tens of V), amounts to several k\V/cm [1-4].

Thus, it was established [1-3, 5-7] that a streamer
can be formed in a gas plasma, in which usually the
chaotic movement of charged particles is dominated
over their directional movement under the action of
electric field or as a result of diffusion. Here the fol-
lowing equality should be realized

U=uU+U+U, )
i.e., the streamer formation depends not only on the
composition, temperature and pressure of the gas in
the interelectrode gap, but also on the state and phe-
nomena occurring in the near-electrode regions and
the welding arc column.

The distribution of the electric potential along the
length of the interelectrode gap is given in [1-6, 8,
9], and in [9] the phenomena at the anode and in the
column of a multicurrent welding arc are analyzed in
detail and comprehensively, and mathematical mod-
els based on the basis of this analysis, as a result of
which the author assumes that the plasma potential of
the arc column at the boundary with the anode layer is
inhomogeneous, i.e. depends on the coordinate along
the specified boundary. This causes the appearance of
the component of the gradient of the electric poten-
tial and, accordingly, the components of the current
density along the boundary of the anode layer, which
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largely determines the picture of the flow of electric
current between the arc plasma and the anode.

To describe the plasma adjacent to the anode surface,
the author of [9] conventionally divides the near-anode
plasma into several zones. The first of them, which is di-
rectly adjacent to the anode surface, is the sheath, where the
condition of the plasma quasineutrality is violated and a part
of the potential drop between the plasma and the anode is
formed. However, this can be neglected, taking into account
that at a pressure close to the atmospheric one, and at the
values of plasma temperature close to 1 eV, typical for arc
or plasma welding conditions, the thickness of this layer is
commensurable with the Debye radius, which amounts ap-
proximately to 10 m, which is significantly less than the
free path lengths of the particles of the near-anode plasma,
which range approximately from 10~ to 10 m.

The second zone, the ionization layer or presheath,
is a region of nonisothermal quasineutral multicom-
ponent plasma, where charged particles are generated
by ionizing plasma electrons of gas atoms desorbed
from the anode surface and by the atoms of the an-
ode metal which is evaporated. The ions formed in
this zone, are accelerated in the direction of the an-
ode surface by the electric field generated by more
mobile electrons and recombine near this surface and
thus, within the presheath, the conditions of a local
ionization equilibrium are violated, i.e. the concentra-
tion of charged particles n, = n, differ from the equi-
librium concentration nSa, calculated using the Saha
equations. In addition, here a noticeable drop in the
potential of the near-anode plasma occurs, which can
be much larger than its changes in the sheath.

According to the opinion of the author of [9], the out-
er boundary of the anode layer passes at a distance from
the anode surface equal to several free path lengths of
heavy plasma particles, beyond which the region of arc
column begins, where a local thermodynamic equilibri-
um is established. In turn, the mentioned area can also be
divided into two zones. The first of these zones is a layer
of nonisothermal ionization equilibrium plasma, within
which an equalization of the temperature of the electrons
T, and the temperature of the heavy particles T, with the
temperature in the arc column T occurs.

The other zone is actually an arc column (tempera-
tures are measured in K). Moreover, the author of [9]
assumes that the surface of the anode is flat and this fact
allows him constructing a one-dimensional mathemat-
ical model of the anode layer of a high-current arc that
burns in an inert gas medium of the atmospheric pres-
sure. This statement is quite true if the welding current
is 6:102 A or higher, but taking into account the fact that
streamers formation occurs at very low currents and
the breakdown voltage depends on the curvature of the
electric field, the use of this statement is not possible. In
[2] the author provides a generalized expression for the
breakdown voltage U, in most plasmatrons and torches
for welding in an inert gas environment
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where K1'Surf , Késurf and k are the coefficients, which
depend on the surface finish of the electrode of the
plasmatron or torch in an inert gas medium: coeffi-
cient 1, is the duration of the discharge delay at p h,
also depends on the surface finish of the electrode of

the plasmatron or torch 7, = ToKymurt -

It should be noted that the coefficient K., can
also be determined experimentally because of the fact,
that the expression (8) requires a lot of experimental
welding operations and is not very suitable for engi-
neering calculations. It should also be noted that the
solution of the problem of electrical breakdown is pos-
sible by building a one-dimensional or multidimen-
sional model. The advantages of the one-dimensional
problem of electric breakdown consist in the fact that
such a model makes it possible to analyze formulas and
graphs, but at the same time it does not guarantee a
complete coincidence with the results of experiments.

The experience and numerous experiments con-
vincingly prove that the calculated and actual values
of breakdown voltage coincide with (8) by at most
50 % and depend on a number of factors, and there-
fore, to provide contact-free initial excitation of the
welding arc, the developers of pulsed welding oscil-
lators or electronic high-voltage pulsed generators
are forced to use devices that generate pulses with an
amplitude from 4.0 to 10.0 kV. Since the theory of a
multidimensional model of electric breakdown does
not yet exist, it is possible to assume that this model
is more applicable for the analysis of the phenome-
na associated with repeated excitations at alternating
welding current. In the case of direct welding current,
a one-dimensional model is more applicable.

According to a number of authors [1-6, 8-10], the
main gas-dynamic process in a spark discharge chan-
nel is its expansion under the action of a shock wave,
which allows accepting homogeneous model of this
discharge with a dense shell and a discharge plasma
considered as thermodynamically equilibrium, which
is characterized by a temperature T. Moreover, the
pressure in the channel can be considered constant,
equal to the pressure of the unexcited gas. The author
of [2] also states that, in any case, this nature of the
shock wave has a maximum current.

In [2], it is shown that the influence of the initial
conditions on the conductivity of the interelectrode
gap at the end of the spark discharge process, as well
as the inductance of the discharging circuit (which
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mainly affects the initial stage of the process), is in-
significant. The process of development of the spark
channel ends at the moment when the voltage on the
interelectrode gap becomes equal to the open-circuit
voltage of the welding current source.

The formation of a current-conducting spark chan-
nel provides a sudden increase in the conductivity of
the interelectrode gap, and if the welding power source
connected to this gap, has a sufficient power, the electric
spark can turn into a long nonstationary arc discharge
with its inherent cathode and anode spots.

Having performed a number of experimental
works, G.I. Leskov and V.P. Lugin came to the con-
clusions important for the construction of pulse de-
vices designed for the initial contactless excitation of
welding arc [11]. These researchers proved that other
conditions being equal, the material of welding elec-
trodes, the composition of their coating and the gas
flow rates usual for welding have almost no effect on
the value of the breakdown voltage. Also, no notice-
able effect of the direction frequency (in the range
from 100 to 3000 Hz) and the shape of high-voltage
pulses entering the interelectrode gap were detected.
It was established that the main factors determining
the value of the breakdown voltage (i.e. the streamer
formation) are the gas composition in the interelec-
trode gap, the length of this gap and the degree of in-
homogeneity of the electric field. Moreover, the main
molecular-kinetic characteristic of gas, on which the
value of the breakdown voltage depends, is the Ram-
sauer cross-section of atoms or gas molecules.

Analysis of the results of [11] and experimental works
of other researchers allowed obtaining empirical expres-
sions for determining the approximate averaged values
of the electric breakdown voltage (U, ) in some gaseous
media of technologically motivated interelectrode gaps
[12]. Regarding the duration of the delay, which occurs
when electric breakdown voltage is applied to the inte-
relectrode gap, this duration is determined mainly by the
time interval before the appearance of the first electron,
which can cause avalanche formation (streamer forma-
tion), i.e. the statistical interval of time delay, which de-
pends on the concentration of molecules in the gas vol-
ume of this interval and on the excess of the voltage value
over the value of the voltage of the electric breakdown
in a static field. In real welding installations, the delay
time usually does not exceed a few microseconds and
the volt-second characteristic, i.e. the dependence of the
breakdown voltage on the pulse duration applied to the
interelectrode gap, can be determined according to the
data of Cooper or Ritz or with the use of Paschen curves.
When a probability of electric breakdown is 50 % for the
conditions that exist in arc and plasma welding, accord-
ing to [1], the volt-second characteristic can be calculat-
ed with a large approximation by the expression
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Up = {1+ 3 /tp%}ubr.st' )
where a is a constant that depends on the type of gas
in the interelectrode gap; t is the duration of the volt-
age pulse applied to the interelectrode gap C; U, is
the voltage of electric breakdown in a homogeneous
static field, V.

If at a set value d (Iength of the interelectrode gap)
the energy W, of the voltage pulse applied to it is suf-
ficient, then immediately after the electric breakdown
of the gap, a spark discharge occurs, which, as estab-
lished in VNIIESO [1], the initial stage of the spark
discharge is accompanied by a significant increase in
the conductivity of the interelectrode gap, and in the
final stage of the spark discharge — by its drop [1,
2]. Depending on the conditions in the interelectrode
gap and the properties of the welding power source
connected to it, upon completion of the spark dis-
charge, either complete attenuation of this discharge
or the occurrence of a glowing or arc discharge is
possible. The studies showed [1] that the arc in the
interelectrode gap arises only in the case, when the
resistance R_of the conductive channel formed by the
spark discharge is less than some threshold value R,
which depends on the current input rate of the weld-
ing power source in the channel, the arc time constant,
the voltage in the interval u(t) and other factors. For
a DC welding arc, the approximate value R, can be
determined by the expression:

di| w2 o
nea t:OUOI.]-::larP1
Rthr = di LH- L 1 (10)
2+ nea oUdant

where n is the value of the approximation degree; 0
is the arc time constant, s; di/dt is the rate of increase
in the arc supply current at the initial moment (at t =
=0),Als; U,  =u(0) is the open-circuit voltage of the
welding power source, V.

Fulfilment of the condition R, < R depends not
only on the level of U , but also on the level of power
of the voltage pulses, which cause a spark discharge
in the interelectrode gap. Since the duration of these
pulses is determined by the reactive parameters and
the quality factor of the forming circuits of the gen-
erators of overvoltage pulses (GVP) of the boosting
devices and the power source circuits of the arc, it is
much more convenient to operate with such a param-
eter of pulses as their energy W_(in J). Also, since
in the vast majority of cases during the formation of
pulses produced by GVP, the energy of preliminary
charged capacitive storages is consumed, it can be as-
sumed that W = CU ?*/2, where C is the capacitance of
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the capacitor (capacitors), F; U_ is the constant charge
voltage of the capacitance, V. In [12] the values of
W, are given, which are recommended for different
gaseous media and technologically motivated inte-
relectrode gaps and obtained experimentally and con-
firmed by the experience in designing and application
of electronic boosting devices.

The streamers formation also depends on the cath-
ode phenomena [1, 4, 8], but it should be noted that
their theory is not fully developed, as well as the the-
ory of the AC arc excitation.

Because of a high mobility of electrons, an un-
compensated bulk charge is formed near the cathode,
due to which a cathode drop of the U_potential exists.
Moreover, near the cathode, there is an area of transi-
tion from the arc column to the narrowed area — such
that is subjected to contraction — cathode region [1].
Here the electric field strength is much higher than
in the arc column. In the area of the cathode poten-
tial drop, electrons and positive ions undergo accel-
eration, due to which electrons can carry out shock
ionization, and ions can carry a much larger fraction
of current as compared to the column plasma [1].

The energy obtained by the cathode from ions that
bring their neutralization energy and kinetic energy of
movement and which comes from the plasma of the
column (due to thermal conductivity and radiation),
is spent on compensating the electron output, thermal
conductivity and cathode radiation, on its melting
and evaporation and on the dissociation of molecular
gases [1, 4, 8]. The share of all these components is
different and depends on the conditions in which the
arc burns. Among these conditions, the main role be-
longs to the cathode material [1]. There are two types
of cathodes: «non-fusible» or hot cathodes of tung-
sten or carbon, and «fusible» or cold electrodes of
low-melting materials. On refractory cathodes, which
are mainly used in arc and plasma welding, a station-
ary spot is formed, which radiates quite strongly. At
the same time with an increase in temperature of the
cathode to some critical value, the spot by a jump dis-
appears, and narrowing of the column near the cath-
ode is absent [1].

The volt-ampere dependence of the near-cathode
region of the arc column at low currents is falling [1,
2,4,8,9].

The temperature of the cathode is close to the melt-
ing point of the welded metal, and the current densi-
ties per cathode, which are measured by the spot area,
range from 10° A/m? in the arcs with a spot to 10" A/
m? in the arcs without a spot A/m2. Since the theory
that explains all the factual material regarding cathode
phenomena is still absent, the theory of thermoelectron
arc, according to which the current from the cathode is
provided by thermoelectrons and ions.

The density of thermoelectric current is deter-
mined by the Richardson-Dushman formula or by the
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formula, that takes into account the distortion of the
potential barrier. The energy required to create ther-
moelectrons is supplied to the cathode by ions, and in
this case the fraction of ionic current J, is

Jb U

out

J U,+U

neut

' (11)

For different conditions, this value ranges from
0.151t0 0.35, and at lower values of the fraction of ion-
ic current, in order to explain the required heating of
the cathode, the heat transfer from the plasma should
be taken into account [1].

It should be noted that thermoelectronic theory is
not able to explain the phenomena at the cathode of
low-melting materials, because in this case to form
a spatial charge the current density at the cathode
should be at least 10*A/m?. Taking into account the
presence of thermoelectrons, this value decreases to
the actual value of 10° A/m?. According to the auto-
electronic theory J , << I, the current is transferred by
electrons, which carry out step ionization in the zone
of a cathode potential drop.

When calculating the autoelectronic current density,
in addition to taking into account the presence of a di-
electric film on the cathode surface, the presence of mi-
croroughnesses on its surface should also be taken into
account, due to which the effective field strength can be
several times increased [1]. But, despite these specifica-
tions, the autoelectronic theory is also not able to explain
the whole set of processes at the cold cathode.

As far as for arc and plasma welding, alternating cur-
rent mainly of industrial frequency and the frequencies
close to it is used (from 50 to 400 Hz), there is every rea-
son to believe that the condition R_ <R is valid in the
case of alternating current, here R, _is also determined by
the expression (10), which determines the requirements
characteristic of alternating current until the start of the
generation of pulses, exciting the welding arc.

The excitation of the arc discharge largely depends
on the value of the voltage applied to the interelectrode
gap. Therefore, the pulse that excites the welding arc
should begin to be injected into the interelectrode gap
near the maximum of this voltage (near the amplitude of
the open-circuit voltage of the welding source). Numer-
ous investigations found that in the sinusoidal waveform
arc current, the phase of the beginning of generating the
pulse, exciting the arc, should be (75-80) electr. deg.
relative to the zero phase of the open-circuit voltage of
the welding power source, while the condition of a suf-
ficiently high rate of increase in the arc discharge cur-
rent should be met. The highest efficiency of the initial
excitation of the AC arc is achieved when the phase of
the beginning of the generation of the pulse exciting the
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welding arc coincides with the moment of transition of
the constant welding current of the arc through the zero
value. In addition, electrophysical conditions of emis-
sion from the electrodes are important for contactless
initial excitation of the arc, which can be very different
for the AC arc depending on the electrode material and
the fact, whether the electrode is an anode or cathode at
the moment of the initial arc excitation. This is especial-
ly characteristic of TIG welding of aluminium and its
alloys, in which the initial excitation of the arc almost al-
ways occurs during the time intervals, when the cathode
is a product to be welded. It seems that this can be ex-
plained by the fact, that during excitation of the welding
arc, nonconsumable (tungsten) electrode is characterized
by thermoemission, the formation of which is associated
with the need of heating the electrode to the emission
temperature, and this process is inertial. At the same
time, at a cathode formation on a welded product of alu-
minium and its alloys (especially if the outer surface of
aproduct is covered with an oxide film Al,O,) an almost
noninertial autoelectron emission occurs [1, 2, 10, 13].

The problems of stability of the AC welding arc
attracted attention over the past century and continue
to attract the attention of researchers and specialists
in the field of electrical technologies and in the field
of electrical engineering. As a result of many years of
extensive theoretical and experimental investigations,
generalized, for example, in [1, 9-15], a considerable
experience has been accumulated, which allows ex-
plaining a number of phenomena and features of the
AC arc, as well as formulating the main conditions of
constancy of the arc discharge, including application
of analytical methods.

The AC welding arc periodically changes its po-
larity and, as a result, the same electrode alternately is
either the cathode or the anode. The change in the po-
larity of the electrodes causes changes in the intensity
and direction of gas flows in the arc and reorientation
of charged particles in its column. It was established
that the processes in the arc column have a decisive
influence on the behaviour of the welding arc and its
characteristics during almost the entire duration of each
half-cycle of alternating current, except for short inter-
vals near the current transition through zero, during
which the arc discharge is absent and at best, it is glow-
ing in the residual plasma[1, 5, 7, 9, 10, 12-15].

The presence of pauses in the existence of the arc
discharge in the interelectrode gap near the current
transition through the zero value is the main char-
acteristic feature of the AC welding arc, at the end
of each half-period of which before and after the arc
discharge attenuation, the gas temperature in the arc
decreases significantly and accordingly, the conduc-
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tivity of the interelectrode gap is significantly reduced
and at the same time the temperature of the anode and
cathode spots drops [1, 9, 10, 12-14].

This and other features of the AC welding arc are
considered in detail in the works [1, 4, 10, 12].

Conclusions

1. For better explanation of the whole set of processes
associated with the initial and repeated excitations of
the welding arc, including alternating current arc, as
well as to develop engineering procedures for calcu-
lating the combined devices-exciters-stabilizers, the
further theoretical and experimental investigations,
especially in the direction of studying near-cathode
phenomena are required.

2. As aresult of consideration and generalization of
features of contactless initial and repeated excitations
of welding arc performed on the basis of the use of the
known literary sources, theoretical and experimental
works of different authors and available experience of
development and application of means of realization
of these processes, it was established that in the mode
of initial excitation (ignition) of the arc depending on
the conditions in the interelectrode gap (its length,
type and pressure of gas in it, the shape and purity of
the working end of the welding electrode and a prod-
uct to be welded, the basic parameters of the output
high-voltage pulses, which are generated by the com-
bined exciters-stabilizers, should have the following
values: pulse energy — from 0.01 to 0.50 J, pulse am-
plitude — from 3.5 to 10.0 kV, duration (at the level
of 0.05 of amplitude value) — from 3 to 20 ps.

It was also established that in the mode of stabiliza-
tion of the AC welding arc (i.e. at repeated excitations)
depending on the degree of deionization and the asso-
ciated decrease in the conductivity of the interelectrode
gap at each change in the polarity of the arc current,
the basic parameters of the output high-voltage pulses
generated by combined exciters-stabilizers, should be:
pulse energy — from 0.2 to 1.0 J, pulse amplitude —
from 400 to 950 V, duration (at the level of 0.05 am-
plitude value) — from 50 to 100 ps, and in some cases
(for example, during welding with a fusible electrode
in the CO, environment) — from 0.2 to 1.0 ms.

3. To solve the problem of determining the re-
quired parameters of the pulses of the initial and
repeated excitations of the welding arc, both one-di-
mensional as well as multidimensional models can
be used (however, the theory of a multidimensional
model still does not exist). To solve the problem of
determining the optimal parameters of the pulses of
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the initial excitation of the DC arc, one-dimensional
model is the most applicable and common, which pro-
vides the ability to analyze formulas and graphs, but
does not guarantee a complete coincidence with the
experiments. When solving the problems of repeated
excitations of the AC welding arc, multidimensional
model can also find applicability (despite the absence
of a complete theory). In this case, it becomes neces-
sary to introduce a correction coefficient K for each
parameter, which is equal to the ratio at each point
of the experimental value. In the future, everything
depends on the results of the obtained experimental
correction curves.

4. Creation of combined exciters-stabilizers is
possible only under the condition if their construction
involves a series connection of the output circuits of
these devices in the circuit of the welding or auxiliary
(pilot) arc.
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