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Abstract: In intelligent manufacturing processes, the dependence of the weld quality on the welder’s
skills in manual welding should be minimized. To better control the welding quality, a machine–
human cooperative control system was designed in this study, and a skills learning experiment was
conducted to correlate the relationship between welding speed and welding current. The obtained
skills were then transferred to the control system to control the human welder to achieve the desired
welding speed. In addition, to adjust the welding current to control the welding power, the desired
full penetration welds were finally obtained. In the present study, full penetration welds with different
welding speeds were obtained in a 304 stainless steel pipe having a wall thickness of 2.03 mm and
an outside diameter of 113.5 mm using the machine–human cooperative welding process. The
back fusion width was 2.3 to 5.5 mm, which met the quality requirements of the weld. This study
provides a research direction for effectively solving the problem of the shortage of welders and for
helping unskilled welders to produce quality welds, and lays the foundation for developing the next
generation of machine–human cooperative intelligent welding system.

Keywords: intelligent manufacturing; welding process; machine-human cooperative; control

1. Introduction

Welding technology is one of the important processes of machinery manufacturing,
and is widely used in aerospace, rail transportation, petrochemical, and other industrial
fields [1–3]. Manual welding will continue to play an irreplaceable role, but there are also
urgent problems that need to be solved [4–6]. One of the most important problems is
that the quality of manual welding depends on the welder’s operating skills and the field
response, and the shortage of skilled human welders highlights this problem [7–9].

With the rapid development of information technology, intelligent welding technology
based on information technology has become a popular research topic in the industrial
community. Within this, automatic welding is developing rapidly. Reliable control in the
welding process is needed for the purpose to achieving low cost and high productivity.
Recently, a large number of sensing methods have been used, such as radiography-based
control [10], oscillation-based control [11,12], vision-based control [13–15], and thermal-
based control [16,17], to control and improve the weld quality. In this field, pioneering
work on the observation of the weld pool was conducted by Rokhlin et al. [18], using
radiography. Zhang [19] proposed a novel mechanism for observing the GTA weld pool
surface shape by eliminating the influence of the bright arc light. These methods help us to
deeply understand and control the welding process.

Despite the trend of growing automation in industrial processes and machines, the hu-
man operator/controller is still irreplaceable in various applications [20–22]. The problem
of the shortage of senior welders can be alleviated to a certain extent by mixing the human
sensory information (via visual, auditory, and tactile sensing methods during the real
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welding process) and empirical knowledge (molten pool, arc sound, and weld appearance)
with traditional mechanized and automated welding [23,24]. Specifically in welding opera-
tions, a welder makes decisions primarily based on past learned experiences/skills, which
may not involve a fundamental understanding of the laws of welding physics. Moreover,
a human welder assesses and controls a welding process using a humanistic approach
where the feedback sensory information acquired by the welder may be imprecise and only
reflects partial truths about the instant status of the weld process.

The integration of welders’ reasoning and judgment capabilities with machines is a
fundamental requirement to help less-experienced welders produce quality welds, i.e.,
giving machines a “human (skilled welder’s) brain” [25–27]. In the field of welding
fabrication, Zhang et al. at the University of Kentucky [8,9] established a model of skilled
welders’ behavior to estimate weld penetration and adjust the welding current based on the
real-time 3D spatial shape of the molten pool. The experiment was conducted by measuring
the weld pool surfaces (point set) by the laser reflection imaging method given different
velocity signals during the welding process, and then identifying the relationship model
between the current adjustment value and the 3D information of the weld pool surface
by the least squares method. Liu et al. [20–22] at the University of Kentucky reproduced
the weld pool and welding surroundings in the robot welding process in the laboratory
through virtualization, and the welders adjusted their arm movement and welding current
by observing the weld pool and welding surroundings after virtualization. The laboratory
motion and data detection system detected welders’ arm movements and welding current
adjustment values, and sent them to the welding robot for execution at the welding site.
Excellent results were achieved. Subsequently, Huang et al. [23,24] welded 304 stainless
steel pipe using a machine–human cooperative GTAW welding platform based on auditory
commands. The analysis of the test results showed that the designed interval model
controller achieved good control effects. The main factor affecting the weld penetration
was the heat input, which is mainly determined by the welding speed and welding current.
However, the current regulation was not controlled accordingly in the above test.

The problem of welding speed fluctuations during manual GTAW welding by human
welders can be readily solved if the welding current value can be adjusted accordingly
in a machine–human cooperative welding system [28–33]. In this paper, the designed
machine–human cooperative system was refined and verified in real welding. The first
step is learning the operating experience of skilled human welders—that is, the empirical
skills of skilled welders in adjusting the welding speed through different welding current
conditions—and extracting the relationship model between the two. Subsequently, the
learned empirical skills are fused with a previously designed machine–human cooperative
control system to constitute an intelligent controller for welding speed control and current
compensation; on the one hand, the actual speed of the human welder is monitored to
correct the speed deviation, and on the other hand, based on the empirical model of welding
current and welding speed, the welding current value is reasonably matched according to
the real-time welding speed to minimize the impact of the human welder’s operational
errors. Finally, the feasibility of this design was verified by carrying out machine–human
cooperative GTAW welding to obtain a full penetration weld, and a detailed analysis of
the welding results was performed to evaluate the control quality of the machine–human
cooperative system.

2. Methods
2.1. Experimental System

The virtual reality welding system in Figure 1 consists of two main parts, both of which
exchange and transmit data via Ethernet. In the welding process, the molten pool image is
taken by the camera, which is then projected to the virtual scene. One part is the reality
welding system, a six degrees of freedom UR-5 industrial robot arm (the UR-5 industrial
robot is a six-jointed robot arm with a low weight of 18 kilos, lifting ability of 5 kilos, and
working radius of 85 cm; the accuracy of the robot’s repetitions is 0.1 mm) with a GTAW
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welding torch (the welding machine is a Miller Dynasty 400) and a camera at the end of
its arm, which is mainly used to carry out the actual welding task and observe the molten
pool in real time through the camera. The other part is the virtual welding system, which
projects the molten pool information captured by the camera onto the virtual workpiece in
real time through a projector, and the skilled human welder adjusts the running speed of
the virtual welding torch based on the molten pool information, while sensors monitor the
movement of the torch and convert the data into robot language through the controller to
control the robot arm movement. The sensor monitor is a leap sensor, which is an important
part of the welding speed monitoring system. The leap sensor is an advanced motion sensor
that accurately captures the welding torch position and calculates the welding speed. The
sensor can observe a roughly hemispherical area to a distance of about 1 m. It can track
fingers or similar items to a spatial precision of 0.01 mm. The leap sensor measures at 60 Hz,
which is much faster than the sample rate of the system (10 Hz) and the human response
speed [15–17].
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Figure 1. General view of the virtualized welding system [23], (a) schematic diagram, (b) real picture.

2.2. Principle of Experiment

Figure 2 is a block diagram of a system for online real-time adjustment of welding
parameters by a skilled welder. It shows the welding process, the welding power supply,
the arm movement of the welder, and the human welder (the welder’s response). The
welding process described here is a manual GTAW welding process operated by the human
welder; in addition, this block diagram can also be represented as an automatic welding
process operated by the welder who only applies different means to adjust the welding
parameters. Therefore, the welding process shown in Figure 2 is defined as a manual
welding process.
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In manual GTAW welding, the welder moves the torch along the weld seam, describing
the GTAW arc as a vector, as shown in Equation (1).

→
u =

(
i,
→
o
)

(1)
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where i is the welding current value;
→
o represents all welding variables generated by the

welder’s arm movement. Among these,
→
o signifies welding parameters such as welding

speed, arc height, and torch attitude. The welder adjusts the welding parameters of the
current value and the arm action to adjust the welding variables by observing the weld area
(mainly the molten pool surface) and after judging through his own experience, which, in
this study, was simplified to welding speed. The human welder adjusts the welding current
and welding speed according to the molten pool and other information collected from the
controller during the welding process. Therefore, the design of the intelligent controller is
used as a reference to maximize the replacement of the welder’s sensing, judgment, and
decision-making process, thus removing the dependence of the welder on experience and
skills. The schematic diagram of the real-time dynamic adjustment of the welder’s actions
and welding current to assist the welder in the welding process is shown in Figure 3.
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Figure 3. Cooperative control principle of machine–human cooperative GTAW welding process, i is
the input current, i* is the output current.

2.3. Experimental Process and Parameters

To ensure the authenticity of skilled welders in the virtual welding platform, the size
of the selected workpiece model was the same as the size of the 304 stainless steel pipe.
The molten pool images captured by the camera are projected on the workpiece model in
real time and intuitively through the projector, and the position of the projector and the
workpiece model is calibrated. The position of the molten pool images projected onto the
workpiece model is synchronized with the real pipe, that is, the molten pool images fall just
below the virtual welding torch. Figure 4a is a realistic picture of the welded workpiece as
seen by the naked eye and Figure 4b is a virtual visual image projected onto the workpiece
model through the projector. The welding torch is at the 12 o’clock position of the pipe,
and the image projected onto the workpiece model is also at the 12 o’clock position, thus
maximizing the restoration of the real welding state. The next section presents the results
of welding tests at different current values completed by skilled welders using virtual
reality welding.
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The welding power supply is a constant current source with positive DC in order
to obtain the relationship between the welding current and the welding speed under a
full penetration weld. In order to obtain the empirical equation, 9 groups of welding tests
with different welding currents were designed. The welded workpiece was 304 stainless
steel pipe with a wall thickness of 2.03 mm and an outside diameter of 113.5 mm, and the
welding position was selected to be between the 11 o’clock and 1 o’clock positions with
low welding difficulty; the specific parameters are shown in Table 1. In order to verify
the control quality of the control system, 5 groups of tests were designed, and the specific
welding parameters are shown in Table 2; the welding speeds were 0.8, 1.0, and 1.2 mm/s.
The welder’s operational skills are required to be higher for the welding speed of 0.8 mm/s;
thus, three groups of repeatability tests were needed. Therefore, the first 3 groups were set
as 0.8 mm/s, and the fourth and fifth groups were set as 1.0 and 1.2 mm/s, respectively.
The initial welding current values were set to 48, 50, and 52 A. Argon was passed into the
pipe as back protection to prevent oxidation. At the same time, the welding current and
welding voltage signals were recorded in real time during the welding process to facilitate
analysis of the results.

Table 1. Welding parameters.

Welding Current (A) Welding Speed (mm/s) Arc Height (mm) Gas Flow (L/min)

45, 50, 55 - 4 11.8

Table 2. Welding parameters in the M-H collaborative GTAW.

No. Welding Speed Welding Current Arc Height Gas Flow Back Shielding Flow

1–3 0.8 mm/s 48 A 3 mm 12 L/min 15 L/min
4 1.0 mm/s 50 A 3 mm 12 L/min 15 L/min
5 1.2 mm/s 52 A 3 mm 12 L/min 15 L/min

3. Experimental Results and Analysis
3.1. Relationship between Welding Rate and Current

Figure 5 shows the projection of the molten pool on the workpiece model at different
current values selected randomly, where Figure 5a–c shows the welding current values of
55, 50, and 45 A, as listed in Table 1. These group tests were used to obtain the empirical
equation. As can be observed from the figure, the shape of the molten pool is obviously
different with different welding currents and welding speeds. Therefore, the human welder
can observe the virtual molten pool to determine the weld penetration and adjust their
welding speed accordingly.
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Tests with different welding current values were carried out in order to obtain skilled
welders’ welding experience. Different speed curve results are shown in Figure 6; the
welding current of test groups 1–3 was 45 A, that of test groups 4–6 was 50 A, and that of
test groups 7–9 was 55 A. The Y-axis in Figure 6 shows the distance of the weld, the value of
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0 mm is at the 12 o’clock position, and−30 and 30 are the distances to the 12 o’clock position.
The workpiece material is generally known, so the heat input to ensure its penetration is
certain. Therefore, the speed of the torch increases accordingly (it takes less time to weld
the same length, about 45 to 50 s, as shown in Figure 6, with a large welding current value
(55 A)). The welder completes the virtual welding test at a medium welding speed of about
60 s at a medium current value (50 A). Moreover, the welding speed is reduced accordingly
with a low welding current value (45 A), in which case it takes about 70 to 90 s to complete
the welding. The discrepancy in the tests of 45 A was much more evident. There are two
reasons for the larger discrepancy. The first is the initial temperature, because all of the
tests were conducted on the same pipe and the current of the first test group was 45 A. The
second is the different penetration, because the welding speed is fast when the back of the
welding line is small. In each group of tests, the time required to complete the welding
varies with the same welding current value because the welder needs to ensure the weld
penetration, which is determined by the molten pool during the welding process, and then
adjusts the welding speed in real time.
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From the obtained welding speed data, the relationship between the welding speed
and the welding current value was determined and analyzed. As can be seen in Figure 6,
significant high-frequency noise exists in the welder’s arm movement profile, so a filter
was first designed to process the raw data. The designed low-pass filter is shown in
Equation (2). {

Dx f ,k = aDx f ,k−1 + (1− a)Dx,k

Sx f ,k =
(

Dx f ,k − Dx f ,k−1

)
/Ts

(2)

where Dx is the X-axis coordinate before filtering, Dxf is the X-axis coordinate after filtering,
Sxf is the welding speed in the X-axis direction after filtering, Ts is the sampling time (0.5 s),
and a(0,1) is the filter coefficient. An increase in the filter coefficient a increases the deviation
of the X-axis position from the actual arm movement of the welder, but also increases the
robustness and roundness of the curve. A value of a = 0.9 can effectively eliminate noise
and ensure a truth value.

The welding torch is always perpendicular to the tangential direction of the stainless
steel pipe fittings during the welding process, that is, the angle b between the welding torch
and the direction of gravity is about −25 to 25 degrees (from approximately the 11 o’clock
position to the 1 o’clock position). As the welding position is located in the upper part of
the pipe, the tilt of the welding torch has little impact on the weld penetration, and the
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welding speed obtained from each group of tests is around the average speed fluctuations
of varying degrees. Thus, no significant effect of torch tilt on the welding speed was found.

The obtained welding speed data were used in linear fitting to obtain a relationship
model between the welding current and the welding speed, and the results are shown in
Figure 7. The data shown in Figure 7 have a wide dispersion, but the speed value used for
the linear regression was the average value of each welding current. The least square data
fitting was used to obtain the linear model [23], as shown in Equation (3).

s = 0.0462I − 1.3 (3)
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The relationship model between welding current and welding speed was applied to
the machine–human cooperative welding system proposed in this paper; specifically, the
primary welder holds the torch (monitoring their actual arm movement) and the intelligent
controller guides the welder to fine-tune the welding speed through visual commands.
At the same time, combined with the above welder’s experience, the welding current
is adjusted in real time by the welding power supply to compensate for the insufficient
or excessive heat input caused by welding speed deviation and to obtain an ideal full
penetration weld.

3.2. Speed Control and Current Compensation

The results obtained are shown in Figures 8–10. The X-axis in Figures 8–10 shows the
welding time; the figures show partial curves from all of the data because the characteristics
of sensing and control are obvious in these curves. Figure 8a shows the recorded welding
process parameters, including the given welding speed (blue solid line), the vibration
motor input voltage signal (red solid line with an asterisk), the actual welding speed (black
solid line with a triangle), the welding current (pink solid line with a pentagram), and the
welding voltage (blue solid line with a box). Figure 8b,c shows the front and back pictures
of the weld, respectively.

The first three groups of tests were conducted at a given welding speed of 0.8 mm/s.
One group of data was extracted for analysis, and Figure 8a shows that the actual welding
speed was well tracked, and the welding current linearly fluctuated with the welding
speed, which was well controlled. At 60 s to 75 s, the welding speed is steadily controlled
at 0.5 to 0.7 mm/s, which is lower than the given welding speed (0.8 mm/s). At this
time, the control system outputs a voltage signal of +0.7 V and commands the welder to
speed up, but the welder still maintained the original speed. This phenomenon may be
due to the welder focusing on welding and ignoring the command signal. As the actual
welding speed is low, if the initial welding current is set to weld, large heat input will result
in defects such as the collapse of the molten pool. Therefore, the current compensation
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function of the designed intelligent controller will play its role, as can be seen in Figure 8a,
in which the welding current is around 1.75. After the legend is enlarged by 25 times,
the real current is about 44 A, which is lower than the given value (48 A). Therefore, the
intelligent controller cooperates with the machine to reasonably match the welding current
and ensure the stable heat input in the welding process. At 75 s, an acceleration process
occurs and the welding speed is increased to 1 mm/s. At this point, the input voltage signal
is reduced accordingly, commanding the welder to slow down, while the welding current is
increased accordingly to ensure sufficient heat input in the molten pool. Subsequently, the
welder gradually stabilizes, the welding speed fluctuates within a certain of 0.8 mm/s, and
the welding current changes accordingly. As seen in the figure, the voltage value fluctuates
slightly during the welding process. This is mainly because the welding current changes in
real time due to the static characteristics of the welding power supply, resulting in a small
change in the welding voltage (about 1 V); however, the impact on the welding shape can
be ignored.

The actual welding performance of the system is judged by looking at the front and
back pictures of the weld seam in Figure 8, where the appearance of the front side in
Figure 8b is good, and a uniform and fine fish scale pattern can be observed. In Figure 8c,
the back side is evenly penetrated, with a weld pool width of 3 mm. In reference to the
straightedge at 13.8 mm (in the red box), the weld pool width of the back side decreases to
2.3 mm and then increases to 3 mm. Combined with the waveform analysis of the welding
speed in Figure 8a, there is a welding speed fluctuation in the welder’s action, and the
speed increases to 1.5 mm/s. Although the welding current is increased to 2.5, which is
converted to approximately 62.5 A, the welding energy can be maintained in the original
penetration state.
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Figure 9 shows the results of the second group of tests. As can be seen from Figure 9a,
the actual welding speed tracking is good and the welding current fluctuates linearly with
the welding speed, which is well controlled. From Figure 9b,c, it is observed that the weld
front is well formed with uniform penetration. The fluctuation range of the welding speed
is large in magnitude compared to the first group. At 40 s, the actual welding speed was
1 mm/s, which then gradually decreased to 0.4 mm/s at 42 s. The system input voltage
signal changed from−0.2 V to +0.35 V, commanding the welder to speed up, and at 43 s, the
speed instantly decreased to 0.1 mm/s and then immediately returned to 0.5 mm/s. From
the physical sense of the welding operation, it is understandable that there is a momentary
pause when the welder moves the torch at this time, which is analyzed in detail at 43 s (in
the red box). Because the welding speed sampling frequency of the control system is 4 Hz,
as in Figure 9a, the value of the last point before the welding speed drop is defined as the
first point of sampling with a speed of 0.4 mm/s, the next sampling speed of 0.2 mm/s,
the third point of sampling speed of 0.1 mm/s, the fourth point of sampling speed of
0.3 mm/s, and the fifth point of recovery to 0.5 mm/s, which is caused by the unskilled
welder. According to the sampling frequency, the whole process takes 1 s and the current
value at the lowest speed point is 1.6, which is converted to 40 A (i.e., the minimum given
value). The voltage input signal to the system during the deceleration process is positive
and commands the welder to speed up. Therefore, the integrated control of the system
corrects the speed deviation of the welder, in addition to reasonably matching the welding
current according to the real-time welding speed based on the empirical model of welding
current and welding speed, thus minimizing the impact of the welder’s operational errors.
The control quality of the control system is confirmed by the front and back pictures of the
weld seam in Figure 8b,c. The weld pool width of the back of the weld seam is within the
range of 5 to 5.5 mm, and only one significant reduction in the weld pool width is shown in
Figure 8c with reference to the straightedge at 12 cm (in the red box), where the weld pool
width is measured to be 2.7 mm, which meets the welding quality requirements.

Figure 10 shows the results of the third group of tests. As can be seen from Figure 10a,
the actual welding speed tracking effect is good, the overall fluctuation range is small, and
the welding current fluctuates linearly with the welding speed, which is well controlled.
At 70 s, the actual welding speed controlled by the human welder fluctuates sharply once,
with a maximum value of 3 mm/s. The whole acceleration and deceleration process lasts
about 4 s. The input voltage signal of the system decreases from +0.7 to 0 V, commanding
the welder to slow down, and the actual current value is about 75 A. Combined with the
analysis of Figure 10b,c, the front side of the weld seam can be observed, and the overall
welding appearance is good. At 70 s, the weld pool width increased from 5 to 6.2 mm,
with a slight collapse. Observation of the back of the weld, from 50 to 70 s, shows that the
width of the back of the weld pool was 2.3 to 3.2 mm; at 70 s, the back pool width increased
significantly, and was measured to be 4.6 mm. This phenomenon is due to the sudden
change in the speed of the welder and a linear increase in the welding current, resulting
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in a large heat input and an increase in the size of the molten pool. Thus, the back pool
width increased, but its size was still within the scope of welding quality requirements.
Subsequently, under the guidance of the controller, the welding speed controlled by the
welder tended to stabilize and remained within the range of 0.8 mm/s. The welding current
also fluctuated slightly, and the back pool width of the weld was stabilized at 4 mm, in line
with the welding quality requirements.

3.3. Stability Verification

Figure 11 shows the results of the welding test at a welding speed of 1.0 mm/s. It
can be observed from Figure 11a that the actual welding speed tracking effect is good,
and there is a violent fluctuation of the welding speed at 55 s. The vibration speed of
different vibration motors is adjusted through the system input voltage signal to guide
the welder to recover to a stable ideal welding speed, and the welding current fluctuates
linearly with the welding speed, which is well controlled. By observing the effects of the
front and back of the weld from Figure 11b,c, it can be seen that the weld penetration is
good. At 55 s, that is, when the welding speed controlled by the human welder fluctuates,
the measured weld pool width of the back of the weld is 5.1 mm, which meets the welding
quality requirements. After the control system comprehensively controls the welding speed
and compensation current, the weld pool width tends to stabilize, and the narrowest point
is 2.3 mm, meeting the welding quality requirements.
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Figure 12 shows the results of the fifth group of tests. Compared to a welding speed
of 0.8 mm/s, the operational requirements of the welder are lower at a welding speed of
1.2 mm/s. The welder controlled the torch more steadily, as can be seen from the results
in Figure 12a, and there were no transient torch stops or violent torch fluctuations. By
adjusting the output of the welding power supply through the controller, the welding
current fluctuates linearly with the welding speed, compensating for heat input variations
caused by welding speed deviations caused by the human welder. The weld seam formation
in Figure 12b,c shows good penetration with a back pool width of 4.2 to 2.3 mm. Figure 12c
shows two decreases in weld pool width, combined with the waveform analysis of the
welding speed and the welding current in Figure 12a, where the welding speed is low at 67
and 74 s. Thus, the welding current is reduced accordingly, and the heat input is transiently
low, but the back weld pool width meets the weld requirements.

The average welding speeds of the above welding tests were organized, as shown in
Table 3, with the highest experimental error of 7.6% in the first group and the lowest error
of 0.4% in the fifth group, indicating the average speed was well controlled. During the
welding process, because of the natural shaking of the unskilled human welder’s hand,
the instantaneous speed fluctuates in a certain range, while the effect of fluctuations in
welding speed on heat input is eliminated by the current compensation function of the
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system controller. As seen from the above test results, mis-operations occur with a very low
probability during the welding process operation, such as momentary pauses or violent
shaking. These human uncertainties in the system control variable and the welder’s speed
deviation can be corrected through the integrated control of the system. Based on the
empirical model of the welding current and the welding speed, the welding current is
reasonably matched according to the real-time welding speed, minimizing the impact of
the welder’s operational errors and achieving an ideal and uniform full penetration weld,
and thus relieving the dependence on skills for junior welders to weld in the field.

Crystals 2022, 11, x FOR PEER REVIEW 11 of 14 
 

 

analysis of the welding speed and the welding current in Figure 12a, where the welding 
speed is low at 67 and 74 s. Thus, the welding current is reduced accordingly, and the heat 
input is transiently low, but the back weld pool width meets the weld requirements. 

 
Figure 11. Welding experiment results at 1.0 mm/s: (a) welding parameters, (b) front, (c) back. 

 
Figure 12. Welding experiment results at 1.2 mm/s: (a) welding parameters, (b) front, (c) back. 

The average welding speeds of the above welding tests were organized, as shown in 
Table 3, with the highest experimental error of 7.6% in the first group and the lowest error 
of 0.4% in the fifth group, indicating the average speed was well controlled. During the 
welding process, because of the natural shaking of the unskilled human welder’s hand, 
the instantaneous speed fluctuates in a certain range, while the effect of fluctuations in 
welding speed on heat input is eliminated by the current compensation function of the 
system controller. As seen from the above test results, mis-operations occur with a very 
low probability during the welding process operation, such as momentary pauses or vio-
lent shaking. These human uncertainties in the system control variable and the welder’s 
speed deviation can be corrected through the integrated control of the system. Based on 
the empirical model of the welding current and the welding speed, the welding current is 
reasonably matched according to the real-time welding speed, minimizing the impact of 
the welder’s operational errors and achieving an ideal and uniform full penetration weld, 
and thus relieving the dependence on skills for junior welders to weld in the field. 

Table 3. Average speed in the M-H collaborative GTAW. 

No. Welding Speed (mm/s) Average Speed (mm/s) Error (%) 
1 0.8 0.739 7.6 

Figure 12. Welding experiment results at 1.2 mm/s: (a) welding parameters, (b) front, (c) back.

Table 3. Average speed in the M-H collaborative GTAW.

No. Welding Speed (mm/s) Average Speed (mm/s) Error (%)

1 0.8 0.739 7.6
2 0.8 0.842 5.2
3 0.8 0.753 5.9
4 1.0 1.074 7.4
5 1.2 1.956 0.4

The main purpose of this study was to verify the effectiveness of the control idea. Only
the current and speed were considered in the welding process, and the quality penetration
was judged only by looking at the front and the back of the welding line. Other parameters
in the welding process and quality parameters in weld characterization will be included in
subsequent studies. The machine–human cooperative control welding system proposed in
this paper provides a research direction for effectively solving the problem of the shortage
of welders and for helping unskilled welders to produce quality welds, and lays the
foundation for developing the next generation of machine–human cooperative intelligent
welding system.

4. Conclusions

1. A model of the relationship between the welding current I and the welding speed s
was obtained through a virtual reality welding system by learning the operational
experience of skilled welders, i.e., through their empirical skills in regulating the
welding speed under different welding current conditions.

2. With the current compensation function of the system controller, the welding current
fluctuates linearly with the welding speed, eliminating the effect of fluctuations in
welding speed on the heat input.

3. The addition of the current compensation function caused small fluctuations in weld
voltage (around 1 V) and had little effect on weld penetration.

4. The machine–human cooperative control system designed in this paper lays the
foundation for the development of a next-generation machine–human cooperative
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intelligent welding system by relieving the human welders’ reliance on empirical skills
through machine decision making and welder implementation.
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