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Abstract: According to the strategy of controlled pulse key-holing, a new sensing and control system was developed for monitoring 
and controlling the keyhole condition during plasma arc welding (PAW). Through sensing and processing the efflux plasma voltage 
signals, the quantitative relationship among the welding current, efflux plasma voltage and backside weld width of the weld was 
established. PAW experiments show that the efflux plasma voltage can reflect the state of keyhole and backside weld width accurately. 
The closed-loop control tests validate the stability and reliability of the developed keyhole PAW system. 
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1 Introduction 
 

High-performance metals like aluminum alloy and 
stainless steel should be welded by high energy density 
welding technologies such as plasma arc welding(PAW), 
laser beam welding(LBM) and electron beam welding 
(EBW). Compared with LBW and EBW, PAW is a 
process with low cost and easy operation[1−3]. During 
PAW process, keyhole is formed inside the weld pool, 
and it is sensitive to any changes of the welding 
parameters. Whether the keyhole condition is in 
quasi-steady state or not critically determines the 
stability of welding process and the quality of weld joints 
[4]. To expand the parameters window for quasi-steady 
keyhole condition, pulsed current PAW is invented to 
produce one keyhole for each pulse. But this technique is 
just applicable for welding thinner plates[5]. To weld 
thicker materials, a new strategy termed as controlled 
pulse key-holing was proposed, and an experimental 
system was developed[6]. However, the key issue is how 
to sense and monitor the condition of controlled pulse 
key-holing, and further to realize the closed-loop control 
of PAW process with this new strategy. 

Various kinds of methods have been used to monitor 
the keyhole condition, such as efflux plasma voltage 
sensors, optical sensors, sound signal sensors and plasma 

cloud charge sensors. Once the feedback signals of 
keyhole condition are acquired, the welding process 
parameters can be adjusted synchronously to control the 
stability of the keyhole[7−14]. But the sensing methods 
mentioned above have some limitations, for example, 
optical sensors need long time to transfer signals and cost 
a lot, and sound signal sensors are not accurate enough. 
The efflux plasma voltage sensor, which measures the 
electrical potential between the workpiece and the 
detection plate when the keyhole is established and the 
plasma jet exits through the keyhole, is employed to 
sense the keyhole condition and control the PAW process 
[15−17]. Such efflux plasma voltage sensor has some 
disadvantages, i.e., the detection plate has to be mounted 
on the backside of the workpiece, but its cost is low, its 
structure is simple, and its reliability is high. 

In this study, the controlled pulse key-holing 
strategy was combined with the efflux plasma voltage 
sensor to realize the closed-loop control of keyhole PAW 
process. 
 
2 System structure and sensing technique 
 

As shown in Fig.1, the developed PAW welding 
system consisted of the computer, PAW machine, data 
acquisition card, efflux plasma voltage sensor and 
current sensor etc. The computer was the central unit of  
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Fig.1 Schematic of experimental system 
 
the system. On one hand, it could adjust welding current 
in real time and output any current waveforms as 
user-defined[6]. On the other hand, it sampled the signals 
of welding current and efflux plasma voltage. A piece of 
mild-steel sheet was chosen as the detection bar mounted 
underneath the workpiece to be welded and kept 
insulated. The distance between the workpiece and the 
detection bar was fixed at about 6 mm. 

When the workpiece was completely penetrated and 
a keyhole was established, the efflux plasma exited 
through the keyhole. Due to the phenomenon of plasma 
space charge, the efflux plasma established an electrical 
potential between the workpiece and the detection bar, 
which was isolated from the workpiece. However, if the 
keyhole was not established or closed because of 
insufficient heat and force actions, there was no efflux 
plasma between the workpiece and the detection bar and 
thus no electrical potential was established. Hence, the 
electrical potential could be measured to determine the 
intensity of the efflux plasma, and thus to establish the 
keyhole. As shown in Fig.1, an integrated Hall-effect 
element SO1T5V5V4 connected between the detection 
bar and the workpiece was used to measure the electrical 
potential resulted from the efflux plasma. The sensing 
element could quickly response to the variation of efflux 
plasma voltage and could insulate the computer system 
to prevent the interferences from the welding process. Its 
output was sampled by the data acquisition card inserted 
inside the computer without extra resistance-capacitance 
(RC) circuit as shown in Refs.[15−17]. 
 
3 Sensing experiments 
 

Welding experiments under open-loop control 
condition were conducted. The welding current and 

efflux plasma voltage were measured in real time to 
observe the changes of efflux plasma voltage when 
keyhole was established during the keyhole PAW process. 
The welding conditions were as follows. The welded 
material was stainless steel 1Cr18Ni9Ti, the workpiece 
thickness was 6 mm, the distance from the nozzle to the 
workpiece was 6 mm, the shielding gas and the plasma 
gas were Argon, and the flow rates were 20.0 L/min and 
3.0 L/min, respectively, and the welding speed was 120 
mm/min. 

The experimental results are shown in Fig.2. At the 
starting segment of weld (about 22 mm in length), the 
workpiece was not fully penetrated under the conditions 
mentioned above. Because no keyhole was established, 
there was no efflux plasma, and the acquired efflux 
plasma voltage signal was close to zero. As the welding 
process continued, the thermal condition on the 
workpiece was improved, and the workpiece was fully 
penetrated at about 13 s after plasma arc was ignited. 
Then keyhole was established, the efflux plasma exited 
and the efflux plasma voltage(VE) increased from 0 to 
about 1.2 V. When the welding process ended, the 
welding current was decreased to zero, the keyhole was 
closed, and the efflux plasma voltage(VE) returned to 
zero. It could be seen that the amplitude of acquired 
efflux plasma voltage signals could be used to reflect the 
condition whether the keyhole was formed or not. 

In order to further study the relationship of welding 
current, efflux plasma voltage and backside weld width, 
experiments were conducted using various levels of 
welding current. Other welding conditions were as the 
same as those mentioned above. After welding, the 
welded workpieces were sectioned, and the 
macro-photographs of cross-section welds as shown in 
Fig.3 were obtained. Through observing these macro- 
photographs, the penetration extent and the weld width 
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Fig.2 Experimental results: (a) Topside weld; (b) Backside weld; (c) Welding current signal; (d) Efflux plasma voltage signal 
 

 
 
on backside can be known. During the welding processes 
at different levels of welding current, the efflux plasma 
voltage signals were measured and recorded (Fig.4). The 
symbols of I, WB and VE are used to represent the 
welding current, backside weld width and efflux plasma 
voltage, respectively. 

As shown in Fig.3(a) and Fig.4(a), when I=120 A, 
the workpiece was not penetrated (WB=0 mm), and no 
efflux plasma voltage signals were acquired (VE=0). 
When I=125 A, the workpiece was penetrated through 
but with small backside width (WB=1.12 mm) in Fig.3(b), 
and a low amplitude of the efflux plasma voltage signals 
was acquired (VE=1.2 V) in Fig.4(b). As the welding 
current increased, the keyhole became bigger. When the 
current were 130, 135 and 140 A, WB was measured as 
1.54, 1.97 and 2.69 mm, as shown in Figs.3(c), (d) and (e) 
respectively and VE in stable condition was estimated as 
1.8, 2.5 and 3.0 V correspondingly, as shown in Figs.4(c), 
(d), and (e). The correlations of I, WB and VE are 

illustrated in Fig.5. It can be seen that there is a strong 
dependence of both WB and VE on current I. During the 
PAW processes, increasing of welding current within 
some ranges caused stronger heat and force action from 
the arc plasma, so that the keyhole dimension grows with 
the increase in welding current. The growing of keyhole 
dimension resulted in increasing of efflux plasma  
voltage. As shown in Fig.5, both the efflux plasma and 
the backside weld width are proportional to the welding 
current, and there is a linear relationship between the 
backside weld width(WB) and the efflux plasma voltage 
(VE). Therefore, the measured value of VE can describe 
the key-holing condition in the PAW process. 
 
4 Controlling experiments 
 

Fig.6 shows the welding current waveform 
employed in the strategy of controlled pulse key-holing. 
For any welding condition, a peak current value large 

Fig.3 Macro-photographs of cross-

section PAW weld at different 

levels of welding current: (a) I=120 

A; (b) I=125 A; (c) I=130 A; (d) I =

135 A; (e) I=140 A 
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Fig.5 Correlations of welding current(I), efflux plasma voltage(VE) and backside width(WB): (a) Relationship of VE, WB and I; (b) 
Relationship between VE and WB 

Fig.4 Efflux plasma voltage signals at different 

levels of welding current: (a) I=120 A; (b) I =125 A; 

(c) I=130 A; (d) I=135 A; (e) I=140 A 
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Fig.6 Schematic of welding current waveform 
 
enough should first be applied to assure the penetration 
and formation of keyhole. Once keyhole forms and 
reaches a certain size, the welding current will be 
lowered to base value immediately to make the keyhole 
close. When the keyhole closes, the current is increased 
to peak value again and the whole process is repeated. 
This strategy can assure that the workpiece is fully 
penetrated and over-penetration and burn-through are 
avoided at the same time. 

To validate the system and the control strategy, 
controlled pulse key-holing welding experiments were 
conducted. The welding conditions were as follows: peak 
current IP=160 A, and base current IB=80 A. Other 
welding conditions were as the same as the experiments 
mentioned above. The experimental results are shown in 
Fig.7. Figs.7(a) and (b) show parts of the acquired 
welding current and corresponding efflux plasma voltage 
signals, respectively. Both sampled signals were in 
quasi-steady state. The efflux plasma voltage(VE) 
fluctuated between 0 and 2.8 V with the mean value 
around 1.0 V. While the welding current changed 
between the peak and base levels, the efflux plasma 
voltage(VE) varied from its peak to its base value, thus 
the keyhole was open and closed correspondingly. Due to 
the fact that the system required certain time to response 
to the variation of key-holing condition, the welding 
current and efflux plasma signals were not in strict 
synchronization, which made the pulse and base current 
duration and base level change within some ranges so 
that the process parameters window was widened to 
some extent. 

Figs.7(c) and (d) show the macro-photographs of 
cross-section weld and the backside weld appearance. It 
can be seen that full penetration and good quality of weld 
are ensured during the controlled pulse key-holing PAW 
process. 

 

 
Fig.7 PAW control experiment results (IP=160 A, IB=80 A):   
(a) Welding current (12−16 s); (b) Efflux plasma voltage (12− 
16 s); (c) Macro-photograph of cross-section weld; (d)Backside 
weld appearance 
 
5 Conclusions 
 

1) Based on the strategy of controlled pulse 
key-holing, a sensing and control system for plasma arc 
welding is developed. Through measuring the efflux 
plasma voltage with a detection bar, the keyhole 
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condition can be determined. 
2) The linear relationship among the welding 

current, efflux plasma voltage and backside weld width 
exists so that the efflux plasma voltage signals can be 
used to control the penetration extent of PAW process. 

3) Through employing the controlled pulse 
key-holing strategy, keyhole PAW process control is 
realized. And the PAW process is stable and satisfactory 
weld formation is obtained. 
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