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Selected Properties of High-Frequency Electric Arc Initiators

and Stabilisation Oscillators.

Part 1. Devices with Free Electric Arc

Abstract: The article presents selected physical properties of electric arc used in

welding engineering as well as discusses differences in requirements concerning
ionisers used to initiate and re-initiate electric arc. In addition, the article com-
pares properties of ioniser systems used to stabilise electric arc burning as well as

discusses spark gap and semiconductor systems generating high-frequency and

high-voltage impulses used to generate spark discharges. The article also discuss-
es the effect of ioniser operation after the modification of static current-voltage

characteristics, enabling the modelling of dynamic states of electric arc.
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Introduction

Technical publications contain little informa-
tion concerning the design and operating con-
ditions of electric arc ionisers used in welding
engineering. The online overview of publica-
tions in English, French and German reveals
that western research centres do not particu-
larly thoroughly investigate the above-named
issues although the manufacturers of welding
equipment from western countries offer in-
dustrial equipment satisfying requirements of
the most demanding customers. Unlike tech-
nical publications available in western coun-
tries, publications in Russian (in original) [1-7]
contain detailed information related to the de-
sign and operating conditions of ionisers. Be-
cause of the extreme operating states of such
systems, their mathematical description is very
difficult. In principle, the aforesaid description

could refer to low and high-voltage generators
characterised relatively low impulse frequen-
cy [1-3]. Presently, high-frequency generators
remain beyond the possibilities of computed
modelling and simulations. Reference publica-
tions sometimes present [4] analytical methods
used to calculate transition states in linear in-
ductor circuits before the occurrence of spark
discharges.

Some of the most innovative works [4-7] are
performed at the E.O. Paton Electric Welding
Institute in Kiev. These works, based on plas-
ma physics-related premises, involve the de-
tailed analysis of the initiation and development
of electric discharges in the electrode gap. In
addition, the aforesaid works contain rational
examples of design solutions of electronic arc
initiators and stabilisation oscillators. This ar-
ticle aims to systematise reference information

dr hab. inz. Antoni Sawicki (PhD (DSc) Habilitated Eng.) — SEP — Association of Polish Electrical Engineers

(FSNT-SEP), Czestochowa Division

No. 2/2021

BIULETYN INSTYTUTU SPAWALNICTWA 41



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

[@)ov-ne |

useful in tests and modelling of selected weld-
ing machines.

Selected properties of electric arc used
in welding engineering

Most welding machines utilise free electric arc.
Free arc is generated if no measures are applied
to intensively cool the plasma column. In such
a situation, heat exchange between highly heat-
ed gas and its environment (usually air) takes
place in a natural manner. The plasma column
can develop and move within the entire work-
ing area, up to the limits determined by arc
properties (and favouring discharge instability).

If the plasma column is affected by any ex-
ternal limitations, influencing its shape and sec-
tion, arc is referred to as compressed. Limiting
factors are numerous. They can be forced by in-
tense flows of gas or liquids washing around arc
in the working area (furnace plasma torches) or
in narrow channels and nozzles (stream plasma
torches). It is also possible to compress the plas-
ma column using very narrow and intensively
cooled walls of channels in spectrometer plas-
ma torches. Short arc can also be compressed
by massive electrodes in furnaces. Important
properties of compressed arc include its higher
stability. Such arc can be used in the low-cur-
rent welding (0.5 A — 30 A) of thin (0.2 mm -
0.3 mm) elements.

In most technological cases, open arc is
used. In such cases, there are no barriers (near
arc) precluding or impeding the circulation
of gas in the working area or stopping opti-
cal radiation. Arc separated from the external
area is referred to as enclosed. An example of
enclosed arc is welding arc under flux - its
atmosphere is only composed of electrode va-
pours and flux. Sometimes semi-enclosed arc
is used. Advantages resulting from the use of
enclosed arc include high welding process sta-
bility, high weld quality, low argon consump-
tion (10-30 times), high technological process
rate, smaller residual deformations and im-
proved work conditions.
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In most technological cases, the most favour-
able manner of powering arc is based on direct
current. Arc powered by direct current is char-
acterised by very high stability. Changes of cur-
rent constitute one of the methods enabling the
control of discharge power. As regards free arc,
decreased current triggers discharge instabili-
ty and termination. Additional limitations af-
fect arc compressed in plasma torches. Overly
low current could change the cathode operating
state from thermoemissive to autoemissive, ac-
companied by the increased erosion of cathode
material and shortened service life of a device.

Because of relatively low investment and op-
erating costs of welding machines, arc is fre-
quently powered by alternating current. This
fact may result from technological needs related
to the welding of thin-walled elements in vari-
ous positions in space or from the necessity of
arc affecting metal oxides on the weld surface. If
current is unipolar or bipolar and its waveform
is rectangular, stability-related problems are
similar to those accompanying the powering
of arc using direct current. The use of bipolar
current having a triangular, trapezoid or sinu-
soidal waveform can be accompanied by the
relatively slow passing of current through the
zero value. Such a situation favours the cooling
and deionisation of plasma, consequently trig-
gering the termination of arc. For this reason,
the above-presented arc cannot be long and
frequently requires increased supply voltage or
the additional source of energy improving the
ionisation of gas. In cases of sinusoidal current,
it is convenient to use three-phase sources as
they enable the simultaneous burning of two or
three arcs. Technological applications include
the use of three-phase welding machines [8]
and three-phase plasma torches. In such cases,
it is possible to combine three arcs into a trian-
gle or a star located in one chamber.

Two electric arcs characterised by the same
dissipated power are not necessarily equiva-
lent in terms of technology or energy. Arc en-
ergy has various forms (heat, light, gas flow,
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noise, etc.) and is discharged through several
channels. The process is affected by the wave-
form of current, the type and the pressure of
gas, the material, shape and the dimension of
electrodes and the distance between them as
well as by external factors affecting the plasma
column, electrodes, etc. Depending on needs,
various mathematical models of arc are created.

The idealisation degree of each model depends

on adopted reduction assumptions.

Not every electric discharge in gas or liquid
can be referred to as arc. Types of discharges
depend on many external factors, particular-
ly on working gas pressure. Discharges differ
in properties, technological applications and,
consequently, their mathematical descriptions.
Some of the most complex types of discharges
are spark discharges, particularly those char-
acterised by high frequency. It is impossible to
model such discharges using simple engineer-
ing methods [5].

When calculating processes in DC circuits
or in low-frequency AC circuits it is usually
possible to use the same simple channel mod-
els of arc. The selection of a given model de-
pends on the range of current changes and
ranges of changes of external factors affecting
the plasma column. The aforesaid changes are
responsible, among other things, for changes
in shapes of static and dynamic current-volt-
age characteristics. The problem of model se-
lection can be simplified by using a universal
model, e.g. the Pentegov-Sidorec model [9]
or the Mayr-Pentegov model [10]. Publica-
tion [5] contains detailed characteristics con-
cerning results following the use of AC arc in
welding processes.

The advantages of AC current-based weld-
ing processes are the following:

— lack of magnetic blow-out,

— possibility of obtaining the more fine-grained
structure of the weld metal and of the heat af-
fected zone,

— simpler design and, consequently, lower price
and higher reliability of the power supply source.
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The disadvantages of AC current-based weld-

ing processes are the following:

— low arc burning stability,

— higher arc voltage,

— (sometimes) necessity of using additional sys-
tems initiating and stabilising arc discharge.

Alternating current arc has found technological

applications in the following welding processes:

- MMA welding,

- TIG welding,

- plasma welding.

In industrial practice, methods improving the

stability of AC arc burning are the following [5]:

— metallurgical - characterised by limited po-

tential, consisting in:

o providing the arc area with chemical el-
ements characterised by low ionisation
potential (coating, electrode wire, shield-
ing gas),

o providing a covered electrode or an elec-
trode wire with a chemical element
characterised by low electronic work
function,

electric — characterised by significant poten-

tial because of:

o significant upslope of current passing
through the zero value,

° increased voltage of the no-load state of
the power supply source (90-130 V),

o use of pilot arc,

o use of high-voltage impulse generator
(400-1000 V).

Electric arc ignition

Electric field intensity needed to break gas under
atmospheric pressure (approximately 10° Pa),
restricted within the range of 1-10* V/cm to 1-10°
V/cm, is by 2-3 orders of magnitude lower than
electric field intensity triggering autoemisison
from electrodes. A decrease in breakdown volt-
age can be obtained through gas ionisation, re-
quiring additional energy and achievable using
one of the methods presented below [11]:

— static electric field (unipolar and (at the same

time) growing voltage 10?~10° V/s),
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— high-frequency electric field (slowly growing
amplitude of high-frequency voltage),

— high-voltage impulses,

— intense optical radiation,

— radioactive radiation,

— heating with pilot arc (thermal ionisation).

U,

(I—H a jUbS
\ 7,pd

where a - constant parameter depending on
the type of gas, t, — voltage impulse duration,
U,, - breakdown voltage in the homogenous
static field.

The initiation of welding arc can be facilitat- Value ¢, does not exceed several microseconds.

ed by:
— initial sharpening of the non-consumable
electrode,
— preventing the formation of a large metal
drop during GMA welding by:
> magnetic field superimposition,
o electrode reverse movement.
Ionisation can be facilitated by the evaporation
of metallic elements. The disadvantages of the
arc ignition contact method are the following:
— instability and long stabilisation of the weld-
ing process,
— losses of welding materials and electric energy,
— low quality of the initial weld fragment,
— lack of universal methods when using elec-
trodes having various diameters.
The ignition of arc after the direct contact be-
tween the electrode and the detail may last ex-
cessively long, resulting in the generation of
unfavourable short circuit current. In such a sit-
uation, the thin wire can be molten and ejected,
which, in turn, could result in the termination
of initiated arc. The general formula for the
voltage of the breakdown U, of the electrode
gap is the following:

U,=U,+Ed

where U, - voltage constant component, d —
electrode gap length and E - electric field
intensity.

The generation of an impulse of breakdown
voltage on the electrode gap is followed by a de-
lay depending on the concentration of gas par-
ticles in the gap area and on the predominance
of impulse voltage over breakdown voltage in
the static state. With a 50% probability of gas
breakdown, the characteristic of U,(t,) has the
following form [5]:
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The condition of arc formation is the following:

Rcs < Rth

where R, - resistance of the conducting chan-
nel formed by spark discharge, R,, - threshold
resistance depending on the power supply rate
of the power supply source and on an increase
in the value of source voltage.

The minimum value of impulse energy de-
pends on the type of gas (the lowest in the case
of argon, whereas the highest in the case of air
and co,). The above-named condition can be
satisfied if alternating current, the frequency of
which is restricted within the range of 50 Hz to
200 Hz, is used. In cases of sinusoidal current,
the impulse initiating arc should start near the
amplitude of voltage, i.e. be shifted by approxi-
mately 75-80 electric degrees in relation to the
passage of voltage through the zero value, and
increase quickly. The foregoing also depends
on the types of materials of both electrodes and
momentary polarity.

High-voltage impulses should be character-
ised by the following parameters [5]:

— energy restricted within the range of 0.01]
to 0.50J,

- amplitude restricted within the range of
3.0 kV to 10.0 kV,

— duration (amounting to o0.05 of the ampli-
tude value) restricted within the range of 3 us
to 20 ps.

The probability of plasma arc ignition is ex-

pressed by the following formula [12]:

nig

—100%

n,

A

P =

where n,, — number of obtained arc ignitions,
n, — number of device start-ups.
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The above-named probability depends on en-
ergy balance in the near-electrode area:

=M100%

de

P

r

where E,, — energy supplied by the power sup-
ply source to the channel of electric discharge,
E - energy dissipated in the surrounding area.
After appropriate transformations [12], the for-
mula can be expressed in the following form:

ui—Léi—ZrhSIq
d
P =

”

100%

ui

where r — spark channel radius, 4 - spark chan-
nel length, g - energy needed to heat up the
unit of gas volume from the temperature of sur-
rounding gas to the temperature of arc surface
(approximately 6500 K), v; — gas velocity (flow
rate).

The above-presented formula revealed that
in order to increase the probability of arc igni-
tion it is necessary to:
reduce inductivity in the power-carrying cir-
cuit of the power supply source,
reduce the length of the spark discharge chan-
nel by decreasing the distance between the
electrodes,
reduce the flow rate of gas washing around
the spark channel.

Issues of electric arc re-ignition

The passage of current through the zero value

is accompanied by the reduction of:

gas temperature,

gas ionisation degree,

gas conductance,

temperature of electrode spots,

thermionic emission of electrons from the

electrode.

The methods of increasing the stability of elec-

tric arc burring are the following [1]:

— metallurgical (easily ionising additives from
the electrode, electrode coating or shielding
gas),

— electric (fast increase in voltage and current
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during changes of electrode polarity, increase

in the no-load state voltage of the power sup-

ply source, use of generators of low-voltage (up

to 1000 V) impulse generators and of an up-

slope time of (1-10)-10™ s, the use of addition-

al high-voltage and high-frequency generators,
— thermal (use of constantly burring pilot arc).
In comparison with the first gas breakdown
voltage, the second breakdown is additional-
ly affected by the electrophysical properties of
electrodes [5]. As a result, the second break-
down depends on the momentary breakdown
of electrode polarity:

U,(C _eW)<U,(4_elW)

where C_elW - cathode is a tungsten electrode,
A_elW - anode is a tungsten electrode.

Time for plasma deionisation should be as
short as possible as in such a case the second
breakdown voltage is the lowest. The second
breakdown voltage is affected by the follow-
ing factors:

- low potential of gas ionisation,

— easily ionising electrode coating additives (Ca,
Na),

— sharp current up-slope.

The condition of arc re-ignition is the following:

U, > U,

where U, - voltage between the electrode and
the detail during the passage of current through
the zero value, U, - arc re-ignition voltage.
During the change of current polarity, dead
time depends on the following factors:
- chemical composition of gas and its ionisa-
tion potential,
— rate of current changes (di,/dt > 10 kA/s).
Dead time can be identified (with sufficient
(in terms of practice) accuracy) using the fol-
lowing formula [6]:
di,
—i=

where I,, — value of arc current amplitude, w —
current pulsation.
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The most common methods making it possi-

ble to increase arc stability are the following [6]:

— increasing the amplitude of output voltage
impulses from the power supply source after
changing arc current polarity,

— use of additional inverters utilising energy ac-
cumulated in inductive-capacitive,

— use of rectangular current,

— simultaneous combination of several methods.

The impulse stabilisation of arc burning sta-
bility can sometimes be achieved using welding
circuit energy, without the necessity of con-
necting additional charging systems of capac-
itor accumulators. To this end, it is possible
to use self-induction electromotive force, gen-
erated during the breaking of the circuit by
means of a fast commutator. The direction of
the aforesaid voltage overlaps with the direction
of power supply source voltage. Such a solu-
tion, ensuring reliable ignition and maintain-
ing arc burning voltage, has been used in DC
plasma torch power supply systems and weld-
ing transformers having an operating frequen-
cy of 50 Hz [13]. The latter case involves the use
of a controlled key closing and opening the cir-
cuit of the transformer secondary winding at
appropriate moments. Systems provided with
the capacitive accumulator of energy are more
reliable than electromagnetic accumulators. In
addition, they enable the obtainment of high
spark discharge energy more easily.

If the frequency of the regulator is relative-
ly low (restricted within the range of o kHz to
20 kHz), the amplitude of the voltage of spark-
over between electrodes does not depend on
frequency and overlaps with DC source-trig-
gered spark-over voltage. If frequency is higher,
spark-over voltage decreases initially and ob-
tains a minimum on the abscissa having a fre-
quency of approximately 5 MHz. An increase
in frequency is accompanied by an increase in
spark-over voltage (reaching a value being 1.5
times higher than voltage obtained usinga DC

power supply (Fig. 1)).
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Fig. 1. Proportion of breakdown voltage U, having preset

vibration frequency to breakdown voltage U, generated

by the DC source in relation to the frequency of electric
impulses in the air

Mechanisms occurring during the re-break-
down of the gas gap during TIG welding are
the following [5]:

— diffusive glow discharge on surface Al,

subnormal glow discharge,

normal glow discharge,

abnormal glow discharge,

arc discharge.

The energy of impulses ensuring arc re-ignition

depends on the following factors:

- type of material being welded,

- welding technology (MAG, MMA, TIG),

— chemical composition of gas or electrode
coating material.

Requirements concerning the reduction of

electromagnetic interference in relation to arc

inductors are less restrictive than those con-

cerning regulators. The reason lies in the short-

er operation time of inductor generators. The

selection of the type and the operation mode of

the ignition system is decisive for the minimum

value of voltage applied on electrodes, between

which a spontaneous discharge may take place.

Proper AC arc ignitions affect the following:
- quality of beads (particularly of their initial

fragment),
— use of welding consumables,
- consumption of electric energy.
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Properties of systems improving the

o ) ) — use of the generator on the high-voltage side
stability of electric arc burning

would enable the use of the transformer, the
Welding power source no-load state voltage can ~ ratio of which would be close to 1. In such
reach up to 80 V. In cases of AC welding pow-  a case, the initial resistance of the inductor
er sources, the value of amplitude could reach  is low as the primary and secondary wind-
approximately 113 V. Welding processes canbe  ings of the transformer can have small num-
improved by using welding oscillators, generat-  bers of turns.

ing impulses having frequency restricted with- Mechanisms of gas gap breakdown are the fol-
in the range of 100 kHz to 500 kHz and voltage lowing [5]:

restricted within the range of 2000 V to 6000 - streamer mechanism - thick plasma channel

V (sometimes up to 10 kV). from the anode to the cathode,
High-voltage impulse generators are divid- - spark mechanism - spontaneous, instable

ed into: and high level of gas ionisation; high tem-

— initiating arc (first) ignition, perature of plasma electrons,

— initiating arc ignition and re-ignitions. — transitional mechanism from spark to arc,

The most important parameters characterising - stationary arc discharge.
oscillators used for triggering spark discharges Investigation on welding arc by G.I. Leskov and

are the following: V.P. Lugin revealed that:

— output voltage, - gas flow rate does not affect breakdown
— impulse energy, voltage,

— arc current. — change of voltage impulse frequency within
Inductors are produced in the following  the range of 100 Hz to 3000 Hz does not af-
versions: fect breakdown voltage.

— portable inductors connected externally, Breakdown voltage is affected by the follow-
— inductors embedded in welding machines,  ing factors:

— universal inductors. — chemical composition of gas,

Technological applications of oscillators are the - electrode gap length,

following: — electric field inhomogeneity.

— AC TIG welding of thin details, The description contained in publication [5]

— AC welding of details using electrodes pro- leads to the conclusion that operating condi-
vided with coatings characterised by low ion- tions of AC arc ignition initiators and arc sta-
ising potential. bilisation oscillators differ in terms of:

The high-frequency generator should be locat- - initiation,

ed on the side of high-voltage of the transform- - duration,

er powering the ioniser. The reasons for sucha - supplied energy,

location are the following: - voltage.

— use of the generator on the low-voltage side The frequency of stabilising impulse repetition
would require the transformation of high-fre- can be equal to:
quency low voltage into high-amplitude volt- - supply voltage frequency,
age. In such a case, the initial resistance of the - double supply voltage frequency.
inductor would be determined by the inter- High-voltage impulses should be characterised
nal resistance of the transformer, the wind- by the following parameters [5]:
ing of which would require containing many - energy restricted within the range of 0.2Jto 1.0J,
turns. The resistance of circuits shunting the - amplitude of voltage restricted within the
arc segment cannot be high. range of 400 V to 950V,
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— duration (amounting to 0.05 of amplitude
value) restricted within the range of 50 ps
to 100 ps (with the consumable electrode in
CO, shielding for a time restricted within the
range of 0.2 s to 1.0 Us).

The arc stabilisation oscillator can be connect-

ed to the welding power source [5] using either

the parallel or the series connection. The type
of connection affects the operation of welding
machines.

The advantages of the parallel connection
are the following:

— possibility of using with any value of weld-
ing current,

— easy fixing and disconnecting of the stabili-
sation oscillator (having the form of a sepa-
rate unit).

The disadvantages of the parallel connection

are the following:

— necessity of using a transformer in the pow-
er supply system of the stabilisation oscilla-
tor (for galvanic decoupling with the supply
network),

— possibility of insulation breakdown in the
welding power source,

— possible transfer of high-frequency interfer-
ence to the network via the welding power
source,

— shunting effect of the output impedance of
the welding power source or of the high-fre-
quency protective filter is responsible for the
emission of the significant amount of ener-
gy in low and high-frequency filters, thus
decreasing generator efficiency and necessi-
tating increasing the power of the oscillator.

The advantages of the series connection are the

following:

— after breakdown, nearly the entire energy ac-
cumulated in the oscillating circuit is emit-
ted in the arc gap,

— use of high-frequency is not necessary as the
use of protective capacitor is sufficient,

— better electromagnetic compatibility with the
network.

The disadvantages of the series connection are
the following:

— limited permissible value of welding current
through the cross-section of the oscillator
output winding,

— problematic fixing and disconnecting of the
stabilisation oscillator (having the form of a
separate unit).

Some stabilisation oscillators are made as
universal:

— if welding current does not exceed a permis-
sible value, oscillators should be connected
in series,

- if welding current exceeds a permissible
value, oscillators should be connected in
parallel.

Type of high-voltage impulse
generators

Older type of welding machines were often
equipped with spark generators [1, 4], char-
acterised by a simple design and a low invest-
ment cost. Spark generators can be connected
to the welding power source either in series or
in parallel. The connection variants are pre-
sented in Figure 2.

Fig. 2. Schematic diagram of the spark-gap oscillator connected to the welding power source: a) in parallel and b) in
series (1 — welding power source, 2 - interference eliminator, 3 — spark gap, 4 - electrode and 5 - element subjected to
welding)
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Spark-gap arc generators are characterised
by many disadvantages:

— difficult control over the moment of initiation,

— fast high-frequency vibration damping be-
cause of energy losses in the spark gap,

— necessary periodic spark gap adjustments,

— generation of very high levels of interference,
impeding the obtainment of electromagnet-
ic compatibility between the welding system
and the power supply network,

— high level of electromagnetic interference in
the machine operating area.

Interference has a frequency spectrum with nu-
merous discharges, possibly resulting from ad-
ditional resonant phenomena occurring in the
system. It is advised that spark-gap arc gener-
ators should be used in separated areas away
from other electronic equipment and registered
in local authorities in charges of radio-telecom-
munications supervision.

In modern welding machines, spark-gap
generators are replaced with semiconductor
generators. Electronic devices can be made as
universal and be used both for the initial (ini-
tiating) and repeated (stabilising) initiation of
arc. Depending on needs, semiconductor gen-
erators can generate high-voltage or elevated
voltage impulses. Data contained in Table 1 in-
dicate that for this purpose it is necessary to use
two independent circuits with elements L and
C, forming impulses of pre-set parameters. Ta-
ble 1 indicates the transformer, the secondary
winding of which is connected in series to the
high-current circuit.

[@)ev-ne |

Publication [6] presents the improvement
of arc initiators and stabilisation oscillators by
providing the power-carrying circuit with an
additional sub-circuit containing at least one
semiconductor switch and, connected in series,
a separate capacitive accumulator as well as the
additional primary winding of the pulse increas-
ing transformer. The operation of the system is
controlled by means of feedbacks in relation to
arc current and voltage. Despite the replacement
of spark-gap generators with electronic systems
characterised by more stable frequency, spark
discharges still need to take place in the elec-
trode gap, which causes interference [4].

In semiconductor generators, the capaci-
tor is charged using the voltage multiplier or
resonant pumping. Many available reference
publications contain information about such
systems [1, 4], which can be divided into two
groups where:

— capacitor is charged from welding power
source terminals,
— capacitor is charged from the external source.

Figure 3 presents systems of initiators con-
nected in parallel and in series to the primary
circuit used for arc welding. In terms of robotic
welding systems, maG welding devices tend to
dominate on the market (approximately 90%)
[15]. The popularisation of TIG technologies is
impeded, among others, because of the follow-
ing reasons:

- low welding rate,
- complicated and laborious welding head
operation,

Table 1. Comparison of selected parameters of MIG/MAG arc initiators and stabilisation oscillators (in accordance

with [6])
Parameters Initial arc initiation Arc stabilisation oscillators
Impulse energy, J W,=0.2-0.5] W,.=0.6-1.0]
Impulse amplitude, kV 3-7 0.4-0.95
Duration of impulse of 0.05U,,,, us 5-20 100-1000
Capacity of energy capacitor, F Ck1 C,= (W, /W) Cy
Pulse transformer ratio 1 1
Highest current amplitude, A 80-445 50-170
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Fig. 3. Schematic diagrams of systems connecting the welding power source with the semiconductor ioniser: a) parallel
connection and b) series connection (1 — welding power source, 2 - ioniser, 3 — electrode and 4 - element subjected to
welding)

— complicated screening of interference result-
ing from the use of systems for the high-fre-
quency and high-voltage initiation and
stabilisation of arc.

Interference accompanying arc initiation could
be eliminated through the application of con-
tact-based automated ignition. In comparison
with manual ignition, such a solution can be
more reliable and safer even as regards thin
non-consumable electrodes.

Ioniser operation effect and the
modelling of electric arc

A theory explaining high-frequency spark dis-
charge has not been formulated until today. As
a result, there are no grounds for explaining
the entire set of phenomena accompanying the
breakdown of the electrode gap and the gener-
ation of spark discharge. Consequently, there
are no simple expressions defining breakdown
voltage which could be easily used in engineer-
ing calculations [4]. For this reason, the design
of related equipment requires the use of exper-
imental data or the performance of analytical
and numerical calculations concerning states
preceding and following the initiation of elec-
tric arc.

The primary working “element” of most
welding machines is high-current electric arc.
If the pressure of surrounding gas is not low
(above 10° Pa) and the frequency of flowing cur-
rent is not high (does not exceed 1 kHz), the arc
column is formed of equilibrium plasma having
a two-layer structure [15]. The above-present-
ed arc is described using mathematical models
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[9-11, 16]. The aforesaid models can be used to
calculate dynamic states in welding circuits af-
ter the initiation of arc discharge and maintain-
ing the condition of the quasi-stationarity of
processes in plasma [15]. The operation of ini-
tiators and high-frequency stabilisation oscilla-
tors results in the reduction of arc first ignition
and re-ignition voltage, which can be easily rep-
resented by means of mathematical models of
arc using static current-voltage characteristics
(e.g. Pentegov-Sidorec or Mayra-Pentegov). The
foregoing requires the modification of func-
tions used to approximate dependence U(I).

Table 2 presents two examples of generalised
current-voltage characteristics of the plasma
column with unspecified and defined arc ig-
nition voltage. On the characteristic, the coor-
dinates of the extreme (ignition) point are I,
and U,. As can be seen in the Table, the corre-
lation between the coordinates is similar to in-
verse proportionality. The formulas presented
in Table 2 are sufficient to calculate dynamic
states in the circuit with electric arc using the
Pentegov-Sidorec model. To use the Mayr-Pen-
tegov model, it is necessary to additionally de-
termine values of conductance derivatives in
relation to squared current. On the basis of [16]
and in a manner analogous to that presented in
Table 2 it is possible to create formulas useful
in the calculation of conductance derivative in
relation to ignition voltage.

When determining the voltage of arc ignition
in welding machines it is necessary to remember
about (usually varying) near-electrode voltage
drops. In the near-cathode area, voltage drop is
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Table 2. Functions enabling the approximation of the static current-voltage characteristics of the electric arc plasma col-

umn
Characteristic of arc Characteristic of arc U(I) Ienition Characteristic of arc U(I)
No. | U(I) with unspecified | No. | with ignition voltage de- vogl tace U with defined ignition
ignition voltage termined by current I, 8¢ T voltage U,
p,I
P Pl P +Uc
la _M+UC lb 2M 2 +UC _M+UC 2 PM ?
1 I"+1, 21, I"+| —M—
2(Ub -Uc )
' I Y IR
2a UO I—O +UC 2b UO % +UC UO -0 +UC UO IOI 3 +UC
I I+12 21, 2
2] Yo )"
44.U,-U,
Uc = 20V. In turn, in the near-anode area, volt- U, =U, +U .

age drop is U, =5-10 V [1]. Resultant arc voltage
u,(i) is the sum of voltage drops on the plasma
column u and in very thin near-electrode areas.
The sum of near-cathode voltage drop U, and
near-anode voltage drop U, is usually designat-
ed as U,. Voltage drops do not depend on the
type of power supply current (AC or DC). In
the latter case, depending on electrode proper-
ties, the sum of voltage drops can be symmetric
or asymmetric. The form of the symmetric sum
of voltage drops is the following:

”a(i) = u(i)+ Uc sgn(i)

whereas the asymmetric sum of voltage drops
is the following:

N e E if i<0
”“(l)_u(l)+{UAC2, if i>0

Formula (7) also shows that breakdown volt-
age depends on electrode polarity. For this rea-
son, also breakdown voltage can be asymmetric.
Usually, near-electrode voltage drops are treat-
ed separately, creating (on their basis) an ad-
ditional element connected in series with the
column [16]. To properly represent the prop-
erties of arc it is necessary to increase value U,
(presented in Table 2) by near-electrode voltage
drops. In the symmetric case, resultant break-
down voltage is as follows:
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whereas in the asymmetric case:

U ()= {— U, ~U . if i<0

U, +U ey, if i20

When considering the asymmetry of near-elec-
trode voltage values is it usually necessary to
take into account material-related differences
and electrode thermal states. In terms of the
asymmetry of breakdown voltage (U,,, U,,),
also the shapes and dimensions of electrodes
are important.

Figure 4 presents diagrams of static cur-
rent-voltage characteristics with unspeci-
fied and determined ignition voltage; it does
not present shifts of diagrams resulting from
near-electrode voltage drops. The cases with
unspecified (very high) voltage correspond to
the lack of operation of arc discharge stabili-
sation oscillators. In dynamic states, extreme
values of arc voltage are also affected by the
damping function value.

Waveforms of current exciting arc in weld-
ing machines can be identified on the basis of
the operation of two sources, i.e. the primary
source and the secondary source (stabilisation
oscillator) [6]. However, the duration of addi-
tional impulses is relatively short and, as a re-
sult, the operation of the stabilisation oscillator

51



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

[@)ov-ne |

Fig. 4. Fragments of families of the static current-voltage characteristics of arc voltage with unspecified and determined
ignition voltage (1 - U.=20V,2-U.=30V,3-U.=40V,4- U.=50V,5 - U. =60 V): a) determined using rational
functions (1a) and (1b) (P,, =200 W, U, = 200 V) and b) determined using power functions (2a) and (2b) (U, =50V,

I,=5A,n=08,U,=100V)

does not significantly affect the energy balance
of welding processes.

Conclusions

1. Difficulties accompanying the mathe-
matical description of spark discharges trig-
gered by the operation of high-frequency and
high-voltage generators impede the model-
ling and simulation of electric arc initiators
and stabilisation oscillators in selected weld-
ing machines.

2. It is possible to perform numerical cal-
culations of transition states in non-linear cir-
cuits of inductors before the occurrence of
spark discharges.

3. When modelling electric arc generated
by welding machines it is possible to take into
account the operation of discharge stabilisation
oscillators by modifying static current-voltage
characteristics.
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