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Abstract—The quality of aluminum alloy welds is determined
by the weld formation and penetration. Usually, the quality of
traditional TIG welding almost depends on the skilled welder’s
experience rather than theoretical and analytical techniques. At
the same time, an industry robot welding system with insufficient
feedback control always leads to poor welding quality, especially
in manufacturing aluminum structure with mismatching
deformation and butt joint gap. In order to enhance welds quality
with full penetration, an intelligent control system was developed
with a robot system in this paper. A welding pool imaging and
processing system, as well as an identification model of the
geometrical information of the weld pool, which supplies dynamic
response in robotic arc welding process, have been set up. An
adaptive controller was also installed, hence, the welding
parameters, such as welding peak current and wire feeding rate,
can be adjusted in real time with varying welding conditions to
obtain sound weld joint. The experimental results show that the
real-time and precision requirements for monitoring and control
of weld quality could be satisfied by using this on-line control
system.
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1. INTRODUCTION

Manufacturing automation has progressed remarkably these
years; many arc welding robots have served on aerospace,
power generation plants. In order to increase manufacture
efficiency and quality, these robotic systems should be more
and more robust [1-5]. However, most welding robots are still
lack of flexibility and intelligence, and can’t well meet the
demands of products with higher quality and diversification.
The basic reason is that these conventional teach-playback
robots do not have ability to adapt environment changes and
uncertain disturbances in welding process. In engineering
practice, welding conditions, such as the pre-machining
tolerance of the work-piece, fit-up precision and unfitness of
the joint, change continually, which would result in poor
welding appearance and defect possibly. Consequently, an
automatic-welding system without feedback and control may
easily result in poor welding quality, especially when the joint
preparation and fit-up precision are far away from ideal
requirements. In order to overcome various uncertain factors
influencing welding quality, develop and improve intelligent
technologies for welding robots will be an effective approach,
such as vision sensing and real-time intelligent control [6-12].

Recent years, significant achievements have been gained in
weld pool geometry sensing, modeling and intelligent control
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of the weld quality and process monitoring. However, more
accurate and reliable techniques are still needed due to
complexity of welding process, real-time and opening limits in
robot systems [1-5, 12].

Vision sensors are widely used for quality control of robot
arc welding process. However, the on-line monitoring and
control techniques are extremely important research topics in
robot arc welding. In this paper, a real-time visual image
feedback with adaptive control on wire feeding for 5456
aluminum alloy robot pulsed GTAW system has been studied.

II.  DESIGN OF SYSTEM HARDWARE

The robot arc welding system is a time-variable and
nonlinear welding process, and there are many disturbing
factors. Therefore, the control system must respond quickly,
with high reliability. Commercial robot arc welding systems
have been available for a long time, but full automation of the
process has not been achieved, because of difficulties on
control and sensor technologies. The real-time pulsed GTAW
control system for the robot arc welding process is shown in
Fig.1. The robot arc welding system developed in this study
consists of a robot positioner to clamp the plates, a six-axis
robot system, a dual inverter arc welding power, a sensor
device, an interface box and a master computer.
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Figure 1. System architecture of robot arc welding

In this system, the interface box could keep the master
computer and the robot encoder from the intense current and
high-frequency interference.

The images from the vision sensor are analyzed by a vision
processing system, which computes the geometry of the weld
joint with respect to the vision sensor. In order to compensate
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for variations in welding gap during welding process, the
analyzed results are then used in the control module to correct
the welding parameters, such as peak current, wire feeding and
SO on.

III. DESIGN OF SYSTEM SOFTWARE

The main welding sequence is expatiated as follows
(Fig.2).Turning on the weld gun through the robot arc welding
system firstly, and generating the arc between the starting rods
through the high frequency. If the arc is sound, then the master
computer sends the message to the robot to start welding.
Otherwise, the moving torch near the welding point would wait
for the move command from the master computer all along.
When the arc started returning to the background current level
during each periodic time, the vision sensing module captured
the image of the weld pool according to the pulse trailing edge
signal. At the same time, the master computer transferred it to
the image processing module. After the image was processed,
the features of the weld pool were calculated immediately.
Consequently, the control module could adjust the welding
parameters conveniently, such as peak current and the wire
feeding, which ensures good weld.

Therefore, robot arc welding system software is divided
into three parts, namely, welding process monitoring module,
image processing module and the real-time control module.

Il_l ________________________ ..
e 1.

Figure 2. Welding sequence implemented by the robot arc welding system

IV. WELDING QUALITY MONITORING

A. Vision sensor

A vision sensor for monitoring the weld quality requires a
special optical path system to acquire the weld pool and gap
characteristics. In this study, the vision sensor, which basically
consisted of a charge-coupled devices (CCD) camera, was
additionally equipped with a composite filter system. The
vision sensor was located at a 250 mm distance away from the
weld pool along the welding direction, which was used to
observe the weld pool and gap with a front view. At the same
time the actual distance of per pixel in transverse direction is
0.15625mm and 0.1mm per pixel in the longitudinal direction.
During the pulsed GTAW, the image of the aluminum alloy
weld pool was captured at the pulse trailing edge, which was
used to overcome the interference of welding arc.

Figure 3 shows a raw image of a GTAW weld pool and
gap, captured by the passive vision system. It can be seen that
there is the the difference of the gray value between the weld
and around solid material.

Weld Pool

Figure 3. Weld raw image

B.  Weld image processing

In this experimental system, the images are of size in
640x480 pixels. However, it is unnecessary to process the
whole image region. Our interest is to extract the geometric
dimension of the weld pool and gap. The target region is
divided into two sub-regions including welding pool and gap,
which is marked windows1 and windows2 respectively, as seen
in Fig.3.

In windows1, many researchers used edge detection as the
method of extracting the edge of the image. In our
experimental system, image was processed in the following
steps, filter processing, image enhancement, and template
matching.

Median filter was selected for filter processing. As most of
the noise in the image is dotting randomly, median filter is very
effective in removing salt and pepper and impulse noise while
retaining image details, because they don’t depend on values
which are significantly different from typical values in the
neighborhood. Taking 3x3 windows and computing the median
of the pixels in each window centered around [i, j]:

e Sort the pixels into ascending order by gray level.

e Select the value of the middle pixel as the new value
for pixel [i, j].

The processed result of this step is illustrated in Fig.4 (b). In
the edge extraction process, template matching was chosen.
According to the distribution of gray value in each row, it can
be shown that the gray value gradient is biggest on the edge of
the weld pool (Fig.4 (c)). Consequently, we selected a template
gl[i, j] and detected its instance in an image f[i, j]. In the case of
template matching, the sum of the square errors, as shown in
equation (1), is used to evaluate the matching results.
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reasonable strategy for obtaining all locations and instances of
the template is to shift the template and use the match measure
at every point in the image. Therefore, for a 12x12 template,
we computed as follows:
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We applied this computation method to image process. The
template g was constant, and hence the value of M gave a
correct identification of the match at different locations. The

image processing result is shown in Fig.4 (d).
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Figure 4. Welding pool (windowsl image processing) (a) original image
(b) median filtered image (c) matching template (d) edge calculation

Then, we concentrated on the gap of the windows2 image
to extract the welding gap edge. With the same way, image was
processed as follows: filter processing, edge detection, binary
processing, edge thinning, false edge removing and LS curve
fitting. The result of welding gap detection is shown in Fig.5.
The total image processing time is 144ms, which could meet
the real-time control requirements.
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Welding gap (windows2 image processing) (a) original image (b)
median filtered image (c)edge detection (d) LS curve fitting

Figure 5.

C. The Control Module

To realize real-time and dynamic control of welding pool
and gap is one of the most crucial technologies for robotic arc
welding quality. At present, mostly teaching playback welding
robot is non real-time and dynamic control of welding pool and
gap. However, the welding gap is very important to get the
sound weld. In most applications, it is difficult for the worker
to assure the uniform gap distance from the beginning to the
end during welding process, hence, how to obtain sound weld
joint in response to the varying welding gap is not solved yet.

In this experimental system, an adaptive controller
framework, as shown in Fig.6, was developed for dynamical
process of robotic arc welding, which includes common PID
regulator, Fuzzy controller, learning algorithms and BWDNN
modifying PID parameters.

Figure 6. Schematic diagram of the experimental set-up

According to this controller framework, there are two input
variables “Wf error” and “Wb_error”. On the one hand, the
vision system was employed as the feedback mechanism, and
then the actual top weld pool width was compared to the set
value. Consequently, the error was input into the PID
controller, which further regulates the PID parameters through
the learning algorithms. On the other hand, the width of root
pass was measured through the BWDNN. Meanwhile, the
Fuzzy controller combined with the welding gap adjusts the
wire feed rate together.

V. EXPERIMENTS AND RESULTS

In order to evaluate the feasibility of the adaptive controller
used in welding process with varying welding gaps, the initial
welding parameters are as follows: the welding speed is 190
mm/min, the shielding gas flow rate is 12 l/min, the pulse
frequency is 2 Hz, the duty ratio is 50%, the wire feeding is 15
mm/s, the background current is 50 A and the peak current is
185 A. The experiment was conducted on the plates with
unequal thickness, which is 3mm and 4mm respectively. When
welding with constant welding parameters, the unceasing
variation of the heat transfer and fit-up gap condition will affect
the weld appearance. Fig.§ (a) is the photographs of the work-
piece topside and backside width with constant welding
parameters. Since the thermal accumulating effect of aluminum
alloy is very strong, the weld pool width varies obviously.
Especially, in the initiative weld, heat input is inadequate which
could result in the partial penetration. With the welding torch
moving along the direction of the weld, the front gap started to
increasing, which would bring force the concave welds. In the
close-loop control, the average back weld pool width was
found to be 4.11 mm with the change of the welding gap. In
general, the back weld pool width changes as commanded by
the adaptive Fuzzy-PID controller. Fig.7 is the curves of the
width of root pass, welding gap and the welding average
parameters in Fuzzy-PID control process. Fig.8 (b) is the
photographs of the work-piece topside and backside width with
Fuzzy-PID controller, the weld pool width almost keep steady.
From Fig.7, we can see that the desired backside width varied
10% below the average values (4.1 1mm).
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Figure 7. Correlation between weld pool geometry and welding parameters
in Fuzzy-PID control



Figure 8. Result of the weld pool control: (a) without control; (b) with
control

VI. CONCLUSION

The welding gap is a major determination of the welding
quality, while the width of root pass is usually used as
indication of full penetration. In this study, a robot arc welding
system with Fuzzy-PID controller and real-time visual image
feedback was conducted. Experimental results show that this
adaptive Fuzzy-PID feeding system can automatically adjust
the wire feed rate and the peak current in real-time and achieve
sound welding quality. The experiment has been implemented
successfully to weld aluminum alloy with various welding gap.
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