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Zhenyang Lu, Shanwen Dong, Fan Jiang* and Cheng Li

Abstract 

As a new composite welding heat source introduced in recent years, the cross-coupling arc uses a non-consumable 
electrode arc (plasma arc) and a consumable electrode arc (inter-wire arc) in cross-coupling, in which the plasma arc 
is the main arc and the inter-wire arc is the vice arc, to realize the separate control of the heat input to the workpiece, 
arc force, and droplet transfer. To reveal the electrical characteristics of the inter-wire arc under the action of the 
plasma arc, in this study, rotating probes are used to sweep across the plasma arc. When the probes rotate into the 
plasma arc, a circuit is formed, and the electrical characteristics of the inter-wire arc are indirectly analyzed according 
to the circuit: the probe centering current and input voltage are used as the physical quantities. The results show that 
at a certain wire feed rate, the inter-wire arc current increases with increasing input voltage. When the input voltage 
is low, the wire feed rate has no obvious effect on the inter-wire arc current. At a higher input voltage, where the wire 
feed rate is high, the inter-wire arc current decreases. With the increase in the plasma arc current, the inter-wire arc 
current first increases quickly and then increases slowly, and simultaneously, the striking arc time becomes longer. 
With the increase in the interval between the nozzle and the workpiece, the inter-wire arc current increases, but when 
the arc length increases to a certain limit, the slope of the welding current clearly declines.
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1  Introduction
As an important means of metal material processing, arc 
welding has many advantages, such as low cost, ease of 
operation and high automation [1–5]. However, tradi-
tional arc welding technology fails to satisfy the demand 
for the rapid development of industrial welding. Domes-
tic and foreign scholars proposed a new type of multi-
electrode arc welding technology. Zhang et  al. [6–9] at 
the University of Kentucky proposed double-electrode 
gas metal arc welding (DE-GMAW), in which a bypass 
electrode is used to reduce the heat input to workpiece 
and to ensure the deposition rate. In 2012, Zhang et  al. 
[10–14] proposed bypass arcing-wire gas metal arc weld-
ing (arcing-wire GTAW), which uses a non-consumable 
electrode arc of a main road and a consumable electrode 
arc of a bypass in coupling. To realize the decoupled 

control of the weld depth and deposition, the main arc 
controls the weld penetration, and the bypass arc con-
trols the wire deposition. Chen et  al. [15, 16] at Beijing 
University of Technology proposed cross-coupling arc 
welding based on DE-GMAW and arcing-wire GTAW. In 
Figure  1, a cross-coupling arc combines a non-consum-
able electrode arc and a consumable electrode arc. The 
non-consumable electrode arc, as the main arc, is formed 
between the workpiece and the electrode and mainly 
controls the heat and force input to the workpiece. The 
consumable electrode arc, as the inter-wire arc, burns 
between the two wires and mainly controls the wire dep-
osition and the heat input to the workpiece. The molten 
pool is only used as an electrode of a cross-coupling arc. 
It greatly reduces the thermal input and has no electri-
cal connection with the arc welding circuit between 
wires. A cross-coupling arc realizes decoupled control 
of the heat transfer, force transfer, and mass transfer in 
the welding process. Cross-coupling arc welding tech-
nology breaks the traditional concept of “welding arc is 
the strong and lasting discharge phenomenon between 
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the two electrodes”. The multiple electrodes discharge 
simultaneously in the arc space, and the molten pool is 
only a function object of multi-electrode arcs. The multi-
arc coupling carrier is the arc itself [17–20]. The cross-
coupling arc mode fundamentally relieves the inherent 
constraints of the traditional arc in heat transfer, force 
transfer and mass transfer, and provides a new techni-
cal method for achieving high-efficiency, high-speed and 
high-quality arc welding. The research on cross-cou-
pling arc welding mainly focuses on the welding process 
and the coordination control of the welding equipment. 
However, the research on the electrical characteristics of 
the cross-coupling arc is insufficient, and these charac-
teristics determine the stability of the arc-power source 
system, and affect the final welding quality. Therefore, 
further analysis of the electrical characteristics of a cross-
coupling arc could optimize and improve the cross-cou-
pling arc welding technology.

A series of methods have been employed to study the 
electrical characteristics of the arc [21–24]. Li et al. [25–
27] at Xi’an Shiyou University used differential analysis of 
an electrostatic probe with low disturbance to diagnose 
the current carrying area of a tungsten inert gas (TIG) 
arc and measured the saturated ionic current to solve 
different welding currents. Chen et al. [28, 29] at Beijing 
University of Technology invented a device and a method 
to detect the arc characteristics. The curve of the arc 
characteristic was obtained by collecting and process-
ing the voltage signals between the two probes. Lu et al. 
[30, 31] at Shenyang University of Technology employed 
probes to test the radial distribution of the arc current 
density under the action of high-frequency magnetic 
pulses. Lv et  al. [32, 33] at Tianjin University described 
the electrical characteristics of the arc by simulating a 
TIG arc using MATLAB software. The most significant 

feature of the cross-coupling arc is that the welding arc 
is in a coupling state, which differs from a traditional 
composite arc. A traditional composite arc is composed 
of multiple arcs side-by-side at a certain angle, as with 
the twin-wire TANDEM welding arc and tri-wire weld-
ing arc. The composite electrical properties basically 
maintain the electrical characteristics of each arc, but a 
cross-coupling arc comprises multiple arcs in cross-cou-
pling, combining the transverse electrical characteristic 
and the longitudinal electrical characteristic of each arc. 
This inevitably changes the electrical characteristics of 
the coupling arc. The aforementioned methods can only 
measure the electrical signals of the cross-coupling arc; 
they cannot directly and effectively elucidate the influ-
ence of the plasma arc on the electrical characteristics 
of the inter-wire arc or the effect of the inter-wire arc on 
the electrical characteristics of the plasma arc within the 
cross-coupling arc.

In this study, the inter-wire arc of a cross-coupling arc 
was the research object, and an arc test system based on 
rotating probes was built. Instead of an inter-wire arc, a 
small signal model was used. This paper reports the cur-
rent–voltage characteristic of the inter-wire arc within 
the plasma arc, as well as the effects of the plasma arc 
and the spatial position of the inter-wire arc on the cur-
rent–voltage characteristics. This lays the foundation for 
further study of the arc characteristics and the arcing 
mechanism of cross-coupling arcs.

2 � Experimental Procedures
2.1 � Experimental Equipment and Principles
Because an inter-wire arc is a double consumable elec-
trode arc, there is a real-time variation of the arc length. 
When studying the action of the plasma arc on the inter-
wire arc and the relationship between the welding param-
eters of the inter-wire arc under the plasma arc, the 
interference factor of arc length variation will be added. 
This makes the analysis of the test results more diffi-
cult. Therefore, the non-consumable electrode arc was 
considered. Additionally, to avoid the test background 
of the plasma arc being changed by the inter-wire arc 
parameters, it was possible to reduce the influence of the 
plasma arc background through small signal models. By 
integrating these two factors, the inter-wire arc welding 
circuit was replaced by a probe circuit. The movement of 
the probe and the welding wire into the plasma arc was 
neglected. The rotating speed of the probe replaced the 
wire feeding speed of the inter-wire arc, and the center 
current of the probe replaced the arc current between 
wires. The plasma arc was used as a non-consumable 
electrode arc  in the experiment, which did not produce 

Figure 1  Schematic diagram of cross-coupling arc welding
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droplet transition and had little effect on the probe 
measurement.

A connection between the probe circuit and inter-wire 
arc circuit was established by rotating the probes through 
the plasma arc. We used the rotation mode of the probes 
to avoid them being burnt out by the high center temper-
ature of the plasma arc. Because the inter-wire arc was a 
consumable electrode arc, droplet transfer existed in the 
welding process, and the wires conducted droplet trans-
fer stably in the relatively fixed position of the plasma 
arc. By setting the position of the probe end and the posi-
tion of the wire end to coincide, the wire feed rate was 
replaced with the probe rotation rate.

In the experiment, two probes, each having a diam-
eter of 1.0 mm were used as electrodes. The probes were 
fixed on the axis of the stepper motor and swept through 
the plasma arc owing to motor rotation. Figure 2 shows 
the probes were rotating into the arc. The surface of the 
probes was coated with a high-temperature insulating 
coating (except the end). On one hand, because of the 
high temperature of the plasma arc column, the probes 
were relatively thin and easy to burn; on the other hand, 
the current was guaranteed to pass through only a sec-
tion of the probe end.

As shown in Figure  3, the output of the VPPA-400A 
plasma arc welding power source formed a stable plasma 
arc between the welding torch and the water-cooled 
copper block, and the plasma arc was controlled by 
the external characteristic of the constant current. The 
probe detection circuit consisted of an adjustable volt-
age source, a resistance and two probes. On one hand, 
the resistance played a role in limiting the current, pre-
venting the current in the probes from being too high 
and burning the voltage source. On the other hand, it 
acted as a display contrast, whereby the equivalent volt-
age between the probes and the circuit current could be 
calculated from the resistance.

The rotating probes mainly penetrated the outside of 
the plasma arc; thus, the tips of the probes were exposed 
to the arc column. Under the electric-field action at 
the end of the probes, the electrons escaped from and 

entered the ends of the probes, forming a circuit current. 
When the probes rotated into the arc column, a circuit 
current was formed between the probes, and the voltage 
waveform between the probes was shown in Figure 4.

Figure 5 shows a diagram of the changes of the probe 
voltage and the resistance voltage with respect to time in 
a rotation period. The two curves change with the same 
trend; that is, when the probes rotate into the plasma arc, 
the probe voltage and the resistance voltage follow Kirch-
hoff’s voltage law at any given time. When the resistance 
voltage is zero, the probe circuit is open, and the probes 
do not enter the plasma arc. When the resistance volt-
age starts increasing from zero to the extreme point and 
then decreases to zero, the probe circuit is closed with 
current passing through the probes, and there is a volt-
age between the probes. The trend of the change in the 
probe voltage is similar to the sinusoidal function. When 
the minimum probe voltage is reached, the end face of 
the probe is parallel to that of the other probe, and the 
interval between the two probes is minimized.

When the probes rotate into the plasma arc, a circuit is 
formed between them. The resistance voltage and the cir-
cuit current were calculated according to Kirchhoff’s law. 
The resistance voltage was calculated using Eq. (1), and 
the circuit current was calculated using Eq. (2). Thus, the 
electrical characteristics of the inter-wire arc within the 
cross-coupling arc were studied.

where Ui is the input voltage, UR is the resistance voltage, 
and R is the resistance value.

(1)UR = Ui −U1,

(2)I1 =
UR

R
,

Figure 2  Diagram of the probes rotating into the plasma arc

Figure 3  Schematic diagram of the experimental principle
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As shown in Figure  6, the processes occurring when 
the probes rotated into the plasma arc were captured 
and recorded in real time using a high-speed camera. 

Before the probes rotated into the arc, the plasma arc 
was in a bundle, and when the probes rotated into the 
arc, the outer contour of the plasma arc remained basi-
cally unchanged. In the cross-coupling arc welding pro-
cess, the inter-wire arc burned in the plasma arc. The 
inter-wire arc did not affect the high binding state of the 
plasma arc, and the plasma arc force was still obvious.

2.2 � Schemes of Experiments
As shown in Table  1, Experiment #1 was designed to 
study the influence of the wire feed rate on the electri-
cal characteristics of the inter-wire arc and the self-reg-
ulation of the inter-wire arc within the plasma arc. By 
changing the probe speed and input voltage of the probe 
circuit when the probes rotated into the plasma arc, the 
probe voltage was measured, and the probe centering 
current was calculated. Then, the relationship between 
the probe centering current and the input voltage of the 
probe circuit was determined at different probe speeds. 
Experiment #2 was designed to analyze the effect of the 
plasma arc on the inter-wire arc. The influence of the 
plasma arc current on the inter-wire arc current and 
striking arc time was discussed in detail. At a certain 
probe speed, when the plasma arc current was changed, 
the trends of the changes of the probe centering current 
and of the centering time were studied. Finally, Experi-
ment #3 was designed to study the influence of the inter-
wire arc location on the inter-wire arc current, and the 
change rule of the probe centering current was obtained 
by changing the interval between the torch nozzle and 
the workpiece.

In the experiments, the plasma gas flow rate was 2 L/
min. The shielding gas flow rate was 15 L/min. The resist-
ance R was 100  Ω. The distance from the probe to the 
water-cooled copper block was 4  mm, and the interval 
between the probes was 4  mm. A data-acquisition sys-
tem recorded the welding current, the probe voltage, and 
the resistance voltage in real time. Its sampling rate was 
as high as 10 k/s. A high-speed camera recorded the arc 
shape at a frame rate of 3000 f/s.

3 � Results and Discussion
3.1 � Electrical Characteristics of Inter‑wire Arc Under 

Plasma Arc
Figure  7 shows a trend diagram of the probe centering 
current with respect to the input voltage of the probe cir-
cuit at different probe speeds. The curve in the figure was 
obtained in Experiment #1. As shown in the diagram, at 
the same probe speed, with the increase in the input volt-
age of the probe circuit, the circuit current increases, but 
when the input voltage is approximately 24  V, the cur-
rent changes obviously from a slow rise to a rapid rise. 
At the same input voltage of the probe circuit, the change 

Figure 4  Waveform diagram of the probe voltage and the resistance 
voltage

Figure 5  Enlarged graph of the probe voltage and the voltage 
waveforms of the resistance

Figure 6  State of the probes before they rotate into the plasma arc 
and state of the probes within the plasma arc
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trend of the probe centering current varies because the 
probe speed varies. When the input voltage Ui is < 20 V, 
a higher probe speed yields a larger centering current, 
but the centering current remains basically unchanged 
because of the low input voltage. When the input voltage 
Ui is > 20 V, the change in the probe centering current is 
distinct. A lower probe speed yields a larger probe cen-
tering current.

When the probe circuit has an input voltage and the 
probes start to rotate into the arc, the electrons stored 
beforehand in the probe tips are heated to an excited 
state. Under the force of the electric field, electrons 
escape from the probe surface and move directionally, 
forming the circuit current. The electron source has two 
parts: the electron flow in the plasma arc and the elec-
trons provided by the probe circuit. In the plasma arc, the 
direction of electron motion is from the tungsten elec-
trode to the water-cooled copper block. In the probe cir-
cuit, the direction of electron motion is from the cathode 

of the power source to the anode. The electric-field action 
between the plasma arc and the probe circuit leads to 
deflection of the electron movement to the opposite side, 
increasing the resistance of the electron movement. As 
shown in Figure 7, the input voltage of the probe circuit 
is higher. On one hand, according to the capacitor for-
mula C = Q

/

U  , a larger amount of electrons stored at 
the end of the probe yields a larger amount of electrons 
excited by the heat of the arc. On the other hand, the 
electric field between the probes becomes stronger, and 
the time for electrons to escape from and enter the probe 
tips is reduced. That is, the number of electrons escaping 
from the probe surface and entering the probe end per 
unit time increases, along with the circuit current.

Further analysis of the input voltage higher than 20 V 
was performed because the arc voltage cannot be too 
low in the cross-coupling arc welding process, owing to 
the existence of the polar voltage. At a certain wire feed 
rate, a higher input voltage of the inter-wire arc yields a 
greater increase in the welding circuit current. Moreo-
ver, the rising characteristic of the inter-wire arc is simi-
lar to the rising section of the static characteristic curve 
of a traditional TIG arc, as shown in Figure 8. When the 
input voltage of the inter-wire arc increases, the electric 
field between the inter-wire arc becomes stronger; thus, 
the number of electrons entering the wire end per unit 
time increases, the welding circuit current increases, and 
the lateral resistance of the plasma arc column decreases. 
When the inter-wire arc circuit is controlled by a con-
stant voltage source, a higher wire feed rate yields less 
time for preheating the end of the wire. Moreover, with 
the increase in the wire feed rate, the number of electrons 
escaping from the cathode area decreases, along with the 
inter-wire arc current.

Table 1  Experiment parameters

No. Speed
v (rad/s)

Welding current
I (A)

Interval
h (mm)

Input voltage
Ui (V)

#1 3.55 100 10 12.3, 18.0, 23.7, 29.6, 
35.37.25

9.34

11.52

20.16

21.20

#2 7.25 100, 130, 145, 160, 
190, 200, 220, 
250

10 23.7

#3 7.25 100 5, 6, 7, 8, 10 23.7

Figure 7  Relationship between the probe centering current and the 
input voltage at different probe speeds

Figure 8  Static characteristic of a traditional TIG arc
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According to the results of Experiment #1, as shown 
in Figure  7, the probe centering current increases with 
the increase in the probe input voltage under the plasma 
arc background and with the increase in the probe rota-
tion speed. At the same input voltage, a higher probe 
speed yields a smaller probe current. In the process of 
cross-coupling arc welding, the inter-wire arc acts as 
the consumable electrode arc, and droplets are forced 
to transfer to the molten pool under the thermal action 
of the plasma arc. Thus, droplet transfer is completed 
in the plasma arc. When the plasma arc parameters are 
fixed, the inter-wire arc current increases with the arc 
input voltage. Because of the increase in the input volt-
age and current, the heat production in the cathode and 
anode regions of the inter-wire arc increase, and the sta-
ble droplet transition point at the end of the inter-wire 
arc wire deviates from the central line of the plasma 
arc. That is, the distance between the two welding wires 
increases; accordingly, the heat of the inter-wire arc is 
reduced by the plasma arc. A higher wire feeding speed 
yields a smaller inter-wire arc current and less arc heat-
ing power, given the same input voltage. To obtain more 
heat, the stable droplet transition point must be closer to 
the plasma arc center line; that is, the distance between 
the two wires must be reduced.

3.2 � Influence of Plasma Arc on Inter‑wire Arc Current 
and Striking Arc Time of Inter‑wire Arc

Figure  9 shows a trend diagram of the circuit current 
with the increase in the plasma arc current. The curve 
in the figure was obtained from Experiment #2. With 
the increase in the plasma arc current, the probe center-
ing current increases. The difference in the curve slope 
of the welding current before and after 140 A is obvious, 

but the curve remains linear. When the welding current 
is < 140 A, the centering current increases faster with the 
increase in the welding current, and when the welding 
current is > 140 A, the probe centering current increases 
gently.

With the increase in the plasma arc current, the arc 
energy increases, the electrons have more excitation 
energy at the tip of the probes, and it becomes easier for 
them to escape from the probe surface. At the same time, 
the number of electrons in the plasma arc increases. 
Finally, under the force of the electric field, the number 
of electrons entering the end of the probes per unit time 
increases, and the circuit current of the probe increases 
accordingly. When the welding current is > 140  A, with 
the increase in the welding current, the electron absorp-
tion energy and the number of electrons in the plasma 
arc volume increase. However, owing to the limitation of 
the probe tip area and the resistance of the circuit, the 
number of electrons entering the probe tips tends to be 
saturated per unit time, and the circuit current increases 
slowly. In the cross-coupling arc welding process, the 
inter-wire arc is controlled by the constant voltage char-
acteristic. Under the premise of a certain wire feed rate, 
the inter-wire arc current increases with the plasma arc 
current; furthermore, the heat power of the arc column 
increases with the plasma arc current. In this case, the 
wire end is fully preheated, and the ionization degree in 
the volume between the plasma arc and the inter-wire 
arc increases. Thus, the number of charged particles 
increases, the number of electrons entering the wire end 
increases per unit time, and current formed in the inter-
wire arc increases.

Figure 10 shows the change trend diagram of the probe 
centering time with respect to the plasma arc current. 

Figure 9  Change trend of the circuit current with respect to the 
plasma arc current

Figure 10  Change trend of the probe centering time with respect to 
the plasma arc current
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The curve was drawn from Experiment #2. Using the 
same probe speed, the influence of the variation of the 
plasma arc current on the probe centering time was ana-
lyzed, and the welding current ranged from 100 to 260 A. 
If the welding current increases further, the temperature 
of the plasma arc column increases, and the insulating 
layer on the surface of the probe is burned, affecting the 
results of the experimental measurement. As shown in 
the diagram, as the welding current increases, the probe 
centering time increases.

The plasma arc column is the main channel of the 
charged particles. With the increase in the welding cur-
rent, on one hand, the number of charged particles 
increases, and the channel becomes wide. On the other 
hand, the high-speed motion of the charged particles 
produces the transverse collision component, which also 
broadens the channel. The plasma arc column extends 
along the arc center; thus, the probes touches the edge 
of the arc in advance, and the probe centering time 
increases correspondingly. In the cross-coupling arc 
welding, increasing the plasma arc current mainly results 
in an increase in the width of the main arc column and 
causes the two wires to enter the plasma arc in advance. 
Under the condition that the burning point of the wires 
remains constant, the residence time of the wire in the 
plasma arc increases, which helps with the full preheating 
of the wires by the plasma arc.

According to the results of Experiment #2, as shown in 
Figures  9 and 10, the probe centering current and time 
are approximately proportional to the plasma arc weld-
ing current when the probe circuit parameters are con-
stant and the plasma welding current is increased. The 
main difference of the inter-wire arc between the cross-
coupling arc and the two-wire indirect arc is that for the 
cross-coupling arc, the inter-wire arc is formed in the 
plasma arc, and the effect of the plasma arc must be con-
sidered. If the inter-wire arc is fed with a constant voltage 
power supply and constant wire feeding speed, when the 
inter-wire arc welding parameters are constant and the 
plasma arc welding current increases, the heat genera-
tion inside the plasma arc increases, and the resistance 
of the inter-wire arc decreases. At this time, the inter-
wire arc voltage remains unchanged, and the arc current 
increases. With the increase in the plasma arc power and 
the inter-wire arc power, the heat production in the cath-
ode and anode regions of the inter-wire arc increases, the 
melting speed of the welding wire increases, and the sta-
ble droplet transition point at the end of the wire deviates 
from the center line of the plasma arc to maintain the sta-
bility of the inter-wire arc. The stable droplet transition 
point of the inter-wire arc wire in the plasma arc is rela-
tively fixed and is mainly affected by the variation of the 
welding parameters of the inter-wire arc and the spatial 

position of the wire in the plasma arc. The arcing time is 
set as the time from the initial contact at the edge of the 
plasma arc to the stable droplet transition point. With 
the increase in the plasma arc current, the area of the arc 
cross-section increases, which means that the wire con-
tacts the edge of the plasma arc earlier. The stable droplet 
transition point of the wire basically remains unchanged, 
resulting in a longer arcing time.

According to the experimental results in Figures  7, 9, 
and 10, when the plasma arc background is constant, the 
inter-wire arc changes the welding current by adjusting 
its wire feeding speed or input voltage, causing the heat 
production power of the wire end to increase or decrease. 
The stable droplet transition point of the wire deviates 
from or moves closer to the center line of the plasma 
arc, balancing the heat generation between the cathode 
and anode of the inter-wire arc with the heat provided to 
the wire by the plasma arc. When the parameters of the 
inter-wire arc welding remain unchanged, the effect of 
the plasma arc on the inter-wire arc is embodied in two 
aspects. On one hand, the increase in the plasma welding 
current increases the inter-wire arc current and causes 
the stable droplet transition point of the inter-wire arc to 
deviate from the plasma arc center line. That is, the inter-
val between the wires increases. When the inter-wire arc 
is used with an alternating current, the plasma arc cur-
rent is increased to increase the inter-wire arc re-arcing 
time.

3.3 � Influence of Space Position of Inter‑wire Arc 
on Inter‑wire Arc

Figure  11 shows the change trend of the probe center-
ing current with respect to the distance between the 
nozzle and the workpiece. The curve was drawn from 

Figure 11  Change trend of the probe centering current with respect 
to the interval variation between the nozzle and the workpiece
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Experiment #3, and only the influence of the distance 
on the centering current in the probe is considered. As 
shown  in Figure  11, the interval significantly affects the 
measurement results. With the increase in the interval, 
the probe centering current increases.

A larger interval between the nozzle and the work-
piece yields a longer plasma arc and higher arc voltage. 
Larger amounts of heat generated by the arc column and 
absorbed by the electrons at the probe tip make it easier 
for electrons to escape from the probe surface. Moreover, 
the gas ionization degree increases, and the number of 
charged particles increases accordingly. A larger amount 
of electrons entering the probe tip per unit time results in 
a larger probe-centering current. For different intervals, 
the variation of the probe centering current is different. 
When the interval is greater than 8 mm, the current does 
not change significantly with the increase in the inter-
val, as in the case of the previous interval of 5‒7  mm; 
the change becomes very gentle. When the interval 
increases, the heat-dissipation area of the plasma arc col-
umn expands, and the heat-dissipation power of the arc 
column increases. Additionally, the energy amplitude of 
the gas ionization and the absorption heat of the probe 
tip become limited, and the probe centering current 
increases slightly. When the cross-coupling arc welding 
method is used, the inter-wire arc is controlled by the 
constant voltage characteristic, and the plasma arc is con-
trolled by the constant current characteristic. At a certain 
wire feed rate, when the plasma arc length increases, the 
thermal power of the arc column increases. Additionally, 
the number of charged particles in the coupling arc vol-
ume increases, and the inter-wire arc current increases. 
The increase in the plasma arc length is accompanied by 
the expansion of the arc column dissipation area; thus, 
the increase in the inter-wire current becomes gradual.

4 � Conclusions
This paper reports a method employing probes rotating 
across a plasma arc to indirectly study the inter-wire arc 
in a cross-coupling arc using the probe circuit. Taking the 
probe centering current and the input voltage as physical 
quantities, the electrical characteristics of the inter-wire 
arc were analyzed.

In the experiment, the probe centering current 
increased with the increase in the input voltage when the 
plasma arc background was fixed and the probe speed 
was fixed. At the same input voltage, a higher probe 
speed yielded a smaller probe current. When the param-
eters of the probe loop remained unchanged, the probe 
centering current and time were approximately pro-
portional to the plasma arc current. When the distance 
between the nozzle and the workpiece was increased, 

the probe centering current increased, but the arc length 
also increased. Obviously, the slope of the current rise 
decreased.

In the cross-coupling arc welding process, if the inter-
wire arc employs a constant voltage source and con-
stant speed wire feed, the inter-wire arc current can be 
changed by changing the welding parameters of the inter-
wire arc or the plasma arc current. This allows adjust-
ment of the thermal power of the cathode and anode of 
the inter-wire arc and makes the stable droplet transition 
point deviate from or move closer to the center line of 
the plasma arc. In this way, a balance between the heat 
produced by the inter-wire arc and the heat provided by 
the plasma arc can be realized.
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