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Abstract A seam tracking system with visual sensing free from calibration was devel-
oped for the robot applied in gas tungsten arc welding. A visual sensor with double-
layer filter system was researched for the different levels of the welding current. An
image processing in C++ language was developed to extract the seam trajectory and
the offset of the torch to the seam in the welding images of aluminum alloys plates
with grooves. The rectifying rule of the robot used in this paper was found based
on the experimental data, and the seam tracking controller was also analyzed and
constructed. The experimental results on straight line seam and curve seam demon-
strated the efficiency of the proposal seam tracking system.
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1 Introduction

Most of the welding robots applied in the automatic manufacture primarily work
in “teach and playback” mode. Actually, welding encounters many variables, such
as the errors of pre-machining, fitting workpiece and in-process thermal distortions,
which would result in changes of the gap size and seam position. In welding process,
such subtle changes would seriously affect the quality of the welding joint. The “teach
and playback” robots cannot meet the requirement of quality and diversification.
Therefore, it is obvious that real-time seam tracking is an important issue in this field.
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The visual sensor has become the focus in the region of studying on the sensing
technology of the welding robot because of its non-contact to the weld pool and
abundant information. Most welding-related applications are used in welding seam
tracking and weld pool checking [1–7].

A lot of previous researches have been done in the field of autonomous welding
robot with visual sensing [8–12]. In some studies, the camera was directly used to
view the weld pool and its vicinity to obtain control information, such as the size, the
position of the weld pool, and the width of the seam gap [13, 14]. In other studies,
the camera was used to view the laser stripe projected by a laser diode to detect the
seam position, gap size, the offset, etc. [15–21]. However, most of the applications
need the robot calibration, such as the coordinate systems, the end-effector position
and the “hand-eye” calibration. The calibration is professional technology and quite
complicated. Few operators can put the achievements into practice. Therefore, the
seam tracking technology free-form robot calibration was proposed in this study.

In this paper, with the research background of the aeronautic manufacturing, the
flange products, parts of a rocket, are welded using Motoman robot in Shanghai
Spaceflight Precision Machinery Research Institute, China. The diameter of the
flange made of LD 10 aluminum alloys is 148 mm, and the welding procedure is
gas tungsten arc welding (GTAW) with BJ380A wire filler. When welding a circular
workpiece, the start point of the seam must be re-welded for a good welding quality.
Therefore, the end joint of the robot must circumrotate 400◦ at least. Due to the
previously mentioned variables during the welding process, it is difficult for the robot
to weld the flange along the seam center exactly, though it could be solved by the
time-consuming method of teaching the robot at each position. Therefore, the seam
tracking system using the visual sensing technology was developed for the robot to
solve this problem.

In this study, the visual sensor viewed the weld pool and welding seam through the
optical filters. An image processing algorithm was developed to extract the offset of
the torch to the seam. A controller was developed for the seam tracking using the off-
set as the input parameter and the rectifying voltage as the output parameter. The
image processing program and the tracking control program ran on a PC with the
multithread programming technology in C++ language.

2 System Description

The vision-based welding robot system developed in this study consists of a visual
sensor, a “teach and playback” robot, a rectifying function board, a welding power
source, and a control computer. Figure 1 shows a schematic diagram of the real-time
seam tracking system of welding robot with visual sensing. The robot is a six-axis
industrial robot, made by Motoman Robot Co., Ltd (as shown in Fig. 2). It can be
rectified in the vertical direction of welding through being set the voltage value (−10,
+10 V) to a rectifying function board in the robot controller.

The visual sensor device is composed of charge-coupled device (CCD) camera
and optical filter system. According to the spectral character of the aluminum alloy
welding, a wideband filter and two dimmer glasses are used for the sensor. The
transmission of the wideband is 590–710 nm. The attenuation of the two dimmer
glasses is 99 and 70%, respectively. Figure 3a shows the prototype of the visual sensor
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Fig. 1 The schematic diagram of the real-time seam tracking system of welding robot with visual
sensing

Fig. 2 Robot welding system
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a b

Fig. 3 The visual sensor device: a the prototype and b the structure

device. The CCD camera receives the welding pool image through the double-layer
filter system after twice reflection, as shown in Fig. 3b. The double-layer filter system
has been designed to accommodate the different light intensity between the weld
pool and the seam. Figure 4 shows the compared results using single- and double-
layer filter system. Figure 4a and b are the images captured with the single-layer
filter system using the filters adapting to the weld pool and the seam, respectively.
Compared with them, Fig. 4c is an obviously desirable image captured with the
double-layer filter system using all selected glasses.

Figure 5 shows a block diagram of the software controller of the robot welding
system based on an industrial computer. The computer captures the welding images
through the visual sensor and the frame grabber, monitors the welding current and
wire feed rate through the analog-digital converter board, sets the rectifying voltage
(−10 and 10 V) through digital-analog converter board, detects the arc being or not
through the digital input and output board. The computer runs the image processing
program and data processing programs in respective threads. Figure 6 shows the
program interface on computer screen during welding process.

3 Image Processing

The visual sensor is fixed on end joint of the robot to capture the welding images
in the topface front direction. The sensor moves with the robot during the welding
process, and the relative position of the torch and sensor is constant. Figure 7 is a
GTAW image. The image processing technique that has been implemented is based
upon 8-bit gray level image. This is combined with a simple calibration procedure
that has been used to calculate the relation between the real distance (in the absolute
coordinate system) and the image distance (in the image plane coordinate system).
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Fig. 4 The image with
different filter system:
a single-layer filter system with
the wideband filter and the
dimmer glass (99%
attenuation); b single-layer
filter system with the
wideband filter and the
dimmer glass (70%
attenuation); and
c double-layer filter system
with the wideband filter and
the dimmer glasses (99% and
70% attenuation)

a

b

c

Usually, the distance between the tip of the tungsten electrode and the surface of
workpiece is 5 mm, which is appropriate to GTAW. A calibration plate with 5×5 mm
panes is used to simulate the workpiece. When the distance between the tip of the
tungsten electrode and the calibration plate is 5 mm and the tungsten electrode is
normal to the calibration plate, an image is captured, as shown in Fig. 8. Point O(0,0)
is the projection point of the tungsten electrode on the calibration plate, it is defined
as the original point of the calibration plate coordinate system. As the projection
relationship, the deformation inevitably exists in the image plane coordinates system
relative to the absolute coordinate system. It was found that the deformation of
the abscissa and the ordinate both increase with the abscissa increasing, and the
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Fig. 5 Control system of the
robot seam tracking
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relation between the deformation and the abscissa is basically linear. Therefore, the
deformations are supposed to be two linear relation represented as follows:

{
f (n) = k × n + b
f ′ (n) = k′ × n + b ′ n ≥ 0 (1)

where f (n) and f ′ (n) are the abscissa and the ordinate deformation with the abscissa
increasing in the image plane coordinate system, respectively.

Fig. 6 The program interface during welding process
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Fig. 7 The image of GTAW
pool and seam

As a result, the relation of the image plane coordinates and the absolute coordi-
nates can be worked out, which is given as follows:
⎧⎪⎨
⎪⎩

xreal = X
(
ximage

) =
{
−b + [

b 2 − 4k
(
ximage_o − ximage

)]1/2
}

× dreal/2k

yreal = Y
(
yimage, X

(
ximage

)) = (
yimage_o − yimage

) × dreal2
/ (

xreal × k′ + dreal × b ′)
(2)

Fig. 8 The picture of CCD
calibration
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where (ximage, yimage) and (xreal, yreal) are the image plane coordinates and the ab-
solute coordinates, respectively. (ximage_o,yimage_o) is the coordinate of point O(0,0) in
the image plane coordinate system, dreal is the interval of the panes, and X and Y are
the abscissa and the ordinate relation function between the image plane coordinates
and the absolute coordinates, respectively.

Actually, as the arc light is too intense to clearly view the seam near the weld pool,
the current offset of the torch to the seam is defined as the offset at the center of weld
pool, which is calculated by fitting the function of the seam center. Figure 9 shows the
offset in the image plane coordinate system. Point a is the center of the weld pool, d
is the offset, and f3(x) is the fitted seam center function. Figure 9 can be understood
better combined with Fig. 7.

Since most of the captured 768- × 576-pixel image is useless for seam tracking and
will cost plenty of CPU time, the authors selected two areas for image processing,
called Windows 1 and 2 (shown in Fig. 7), respectively.

The seam center and the center of the weld pool have been exacted accurately by
a series of digital image processing procedures in the image plane coordinate system.
In Window 1, the image processing sequence is as follows: median filter, detecting
Robert operator edge, thresholding, removing small area, thinning, extracting the
seam edges, fitting edges with least square method, and calculating the seam center.
The image processing results of Window 1 are shown in Fig. 10.

Figure 10g is the result after the digital image processing. Then, both seam edges
are fitted by nonlinear least square method (as shown in Fig. 10h). The edges curve
is expressed as

{
f1 (x) = a1x2 + b 1x + c1

f2 (x) = a2x2 + b 2x + c2
(3)

where f1(x) and f2(x) are the seam up-edge function and the seam down-edge
function, respectively.

Fig. 9 The offset of the torch
to the seam in the image plane
coordinate system
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Fig. 10 Image processing of Window 1: a original image, b the filtered image by a median filter, c the
image with threshold value chosen to be 125, d the image after removing small area, e the image
detected using Roberts operator, f the image after skeleton thinning, g the welding seam points on
original image, h the welding seam edge points fitted by nonlinear least square method, and i the
welding seam center

Therefore, the seam center function f3(x) is represented as follows:

f3 (x) = [
f1 (x) + f2 (x)

]
/2 (4)

Compared with Window 1, the image processing of Window 2 is similar. The
sequence is as follows: median filter, thresholding, detecting Robert operator edge,
thinning, and extracting the outline of the arc and center of the weld pool. The image
processing results of Window 2 are shown in Fig. 11.

In Fig. 11g, the orientation of the tungsten electrode (tv) is then expressed as:

f (x) = kx + b (5)

Then, the rate of grade of line pw is − 1
k and point e, where the arc is the widest, is on

line pw. Therefore, line pw is as follows:

f ′ (x) = − 1
k

x + b ′ (6)

By calculating Eqs. 5 and 6, the coordinates of point a is represented as:

⎧⎨
⎩

ax = [(
b ′ − b

)
k
]/[

k2 + 1
]

ay = [
k2b ′ + b

]/[
k2 + 1

] (7)
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a b c d
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Fig. 11 Image processing of Window 2: a original image, b the filtered image by a median filter, c the
image with threshold value chosen to be 250, d the image detected using Roberts operator, e the
image after skeleton thinning, f the arc outline on original image, g the orientation of the tungsten
electrode, and h the projection point of the tip of torch

According to Eqs. 2 and 7, the real offset dreal is given as follows:

dreal =
{[

X (ax) − X (px)
]2 + [

Y
[
ay, X (ax)

] − Y
[

py, X (px)
]]2

}1/2
(8)

where (px,py) is the coordinate of point p (shown in Fig. 9).
This image processing algorithm proposed above has been validated and demon-

strated that it can cope with images when welding with the different current (in
the range of 150–340A), which is usually used for making welds in medium plate
aluminum alloy weld (in the range of 3–8 mm). The accuracy of the measurement is
in the range of ±0.1 mm.

4 Seam Tracking Controller

As the rectifying rule of the robot is not open to public, a flat butt welding experiment
is designed in order to find the rectifying rule and build the controller, as shown in
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Fig. 12. ae is the seam line, and abcde is the taught trajectory at the beginning. It was
found that if the robot could weld the workpiece with the tracking control along af ex-
actly, the robot would automatically translate the taught trajectory to be fd′e instead
of fde. For the same reason, ge′′ would be the taught trajectory instead of ge′. There-
fore, a negative trend of the offset exits in af and ge stages, and a positive trend of
the offset exits in fg stage if the robot could weld along ae exactly in this experiment.

According to the analysis, the different voltages, such as 1, 1.5, 2, and 3 V, are used
to track the workpiece designed in Fig. 12. Figure 13 shows the offset curves checked
using the sensor. When the rectifying voltage is 1 V, the rectifying speed is so small
that the robot cannot weld along ae; especially in fg stage, the offset is so large that
the seam is outside the scope of Window 1, and the computer obtains wrong results.
When the rectifying voltage is 1.5 V, the offset curve has the same trend as Fig. 12c,
which proves that the voltage is still small. When it is 2 V, the offset curve fluctuates
at the vicinity of zero. Obviously, 2 V is an adaptive rectifying voltage for this seam.
When it is 3 V, the fluctuation of the curve is too large and is worse than that of 2 V.
Therefore, we came to a conclusion that the different offset must be corresponding
with an adaptive rectifying voltage.

Therefore, a simple proportional–integral–derivative controller has been con-
structed after lots of the experiments. The offset is the input parameter, and the
rectifying voltage is the output parameter. It is given in Eq. 9.

v (k) = kpe (k) + ki

k∑
j=0

e ( j ) + kd
[
e (k) − e (k − 1)

]
(9)

where v(k) is the rectifying voltage, e(k) is the offset, kp is the proportional gain, ki is
the integral gain and kd is the derivative gain.

Fig. 12 The robot welding
trajectory: a the taught
trajectory, b robot trajectory at
different time, and c the trend
of the offset at different stage
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Fig. 13 Comparison between different rectifying voltages

The period of the tracking control is 400 ms using an industrial computer with Pβ

1.7 GHz CPU and 512 M memory. In a period, the offset of the torch to the seam is
extracted one time, and the rectifying voltage is updated one time.

5 Experiment Results

Welding experiments are conducted with GTAW for the arc welding robot system to
evaluate the feasibility of real-time tracking control during the backing weld process.
Two types of welding seam, straight line designed in Fig. 12 and curve line shown
in Fig. 14, are chosen for the seam tracking. The specific parameters are given in
Table 1.

Figure 15 shows two pictures illustrating the result of the welding experiment of
the straight line seam with or without the tracking control, respectively. Figure 15a

Fig. 14 The flange product
(�148 mm)
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Table 1 The specific
experiment parameters

Parameter Value

Process AC GTAW at 60 Hz
Material 6-mm thick LD 10 aluminum

alloy with a Y-groove of 80◦
Thickness of root face 2 mm
Backing bar 1Cr18Ni9Ti
Welding current 255 A
Wire feed rate 20.10 mm s−1 BJ380A �1.6 mm

and the wire type
Welding speed 2.67 mm s−1

Shielding gas Ar

a

b

Fig. 15 Comparison picture of the backing weld with tracking control or without tracking control:
a with tracking control and b without tracking control
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Fig. 16 The offset error of the straight line seam with tracking control
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Fig. 17 The backing weld of the flange with seam tracking: a topface and b underside

shows the welding result for the preset trajectory without tracking control. Figure 15b
shows the result for the same preset trajectory with tracking control. The offset error
is in the range of ±0.3 mm, and the result is shown in Fig. 16.

An initial offset from 0 to 2 or −2 mm is preset along the circle seam by teaching
the robot in the flange welding experiment. Figure 17 shows a favorable result in
topface and underside of the flange, and Fig. 18 shows the offset error that is in the
range of ±0.5 mm.

Fig. 18 The offset error of the
flange seam with tracking
control
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According to these results, it can be assured for the real-time seam tracking system
to be very feasible to control the offset for the different productions.

6 Conclusion

In this paper, the real-time seam tracking system of welding robot with visual sensing
was presented, which demonstrated a successful seam tracking technology for “teach
and playback” robot free from robot calibration. The computer could capture the
clear welding image in different levels of welding current using the proposed visual
sensor device with the double-layer filter system. The reliable detection of the seam
could be achieved by the proposed image processing algorithms based on the welding
image. The tracking controller could accurately track straight line and curve line
seam, and the accuracy of the tracking system was in the range of ±0.3 mm for
straight line seam and ±0.5 mm for the flange product of the rocket. At present,
the proposed system has been applied in practice.

Improvement should be made in optical filters and the image analysis algorithm
to deal with the images in other welding procedures, such as MIG/MAG in the future
work. Another CCD camera should be added to view the weld pool from its rear to
obtain more information of the weld pool for a penetration control.
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