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Monitoring Welding Torch Position and Posture
Using Reversed Electrode Images - Part I,
Experimental and Analysis for the REI-TPA Model

A new method was developed to relate welding torch position and attitude to
reversed electrode images on the weld pool surface during GTAW

BY Y. FU, Q. LIU, R. XIAO, AND S. B. CHEN

Abstract

This paper is a sequel to the previous paper. In
the previous research (Ref. 1), a REI-TPA model was
established to quantitively relate reversed electrode
images (REIls) to welding torch position and attitude
(TPA). In this research, the REI-TPA model was
validated with bead-on-plate welding experiments
on S304 stainless steel plates. The contours of the
REI and electrode as well as the weld pool geometry
were extracted from the image with a developed,
robust algorithm, and the arc length was calculated
with welding voltage. The offset distance and
deflection angle of the welding torch relative to the
correct position and attitude were calculated by
inputting the extracted parameters into the REI-TPA
model. The computational result was compared to
the experimental data. The result showed that the
model is correct and the monitoring of the welding
torch with the REI-TPA model is available. The REI-
TPA model can be applied to real-time control of
TPA, which is a supplement to the application of the
weld passive visual image and an extension of multi-
information acquisition and processing methods in
the welding process.
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Introduction

Inthe previous paper (Ref. 1), the REI-TPA model was estab-
lished to quantitively calculate welding torch position and
attitude with the feature of REIs (reversed electrode images).
This paper is a sequel to the previous paper and focuses on
the adaptive extraction of the required parameters and the
experimental validation of the REI-TPA model.

Sensing, modeling, and control are the key technologies of
intelligent welding manufacturing (Refs. 2-4). The position
and attitude of the welding torch (TPA) relative to the weld
seam is of vital importance to the realization of intelligent
welding manufacturing (Ref. 5) and are the basis of arc weld-
ing robot control and offline programming, directly affecting
the quality of the produced weld. With the REI-TPA model,
TPA can be calculated with the feature of REIs (Refs. 6-9).
Active and passive vision sensing techniques may be used to
collect REls and other visual information needed during the
welding process.

In passive vision sensing systems (Refs.10-14], the arc light
functions as the light source for the camera, and the experi-
mental setup is simple and easy to operate. Wu et al. (Ref. 14)
developed a practical and efficient weld pool edge extraction
software based on a passive vision system for GTAW. 2D infor-
mation of the weld pool was extracted from the images, and
the Hammerstein model was then established to control the
weld penetration state. Chen et al. (Refs. 12, 13) designed a
double-sided sensing system capable of imaging the topside
and backside of the weld pool. Bead-on-plate welding and butt
jointwelding were performed to establish the backside width
predicting model with this sensing system, and an automatic
welding control system was established with a proportional-
integral-derivative (PID) controllerand a fuzzy neural network.
The work by Chen et al. (Refs. 12, 13) was a supplement to
the collection, processing, and application of weld passive
vision sensing.
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Fig. 1 — A — Schematic of the experimental system; B — The data collection process.

As for active vision sensing systems (Refs.15-21), auxiliary
laser light is applied to illuminate the weld pool area or part
of the area. Thus, the interference of arc light is reduced,
and the image processing is relatively simple. Zhang and
Kovacevic et al. (Refs. 17-19) collected high-quality weld
pool images with a high-speed shutter camera and pulsed
laser light source during GTAW. The edges and geometrical
appearance of the weld pool were extracted from the images,
and an adaptive closed-loop control system was developed to
control the welding process. Zhang and Song et al. (Refs. 20,
21) designed a set of weld pool visual inspection systems with
alattice laser transmitter. The laser emitted lattice-structured
light, and the light was distorted after being reflected by the
weld pool and irradiated on the projection plate and then
collected by the camera. Based on the obtained images, an
interpolation reconstruction scheme (IRS) and extrapolation
reconstruction scheme (ERS) were used to reconstruct the
3D surface of the weld pool. Zhang et al. have made great
contributions to the field of active welding vision sensing,
providing feasible methods for relatively accurate measure-
ment and reconstruction of 3D weld pool surfaces.

At present, the main method of monitoring the position
and attitude of the welding torch is to use various sensors,
although these methods all have certain limitations. In the
previous investigation (Ref. 1), the REI-TPA model was estab-
lished to monitor TPA in real-time. With the model, only a
cameraand Hall sensor are needed, and the image acquisition
is based on passive vision sensing, the experimental setup is
low cost, and the data collection process is simple.

The main work from this research is the experimental and
computational validation of the REI-TPA model, including the
collection and extraction of the needed parameters, and the
auto-calculation of the TPA. The calculation and verification
of the REI-TPA model were conducted offline based on bead-
on-plate GTAW using an S304 stainless steel plate. Arobust
algorithm was developed to automatically extract the REI
and other required features from the passive visual image
of the weld pool. The position and attitude of the welding
torch calculated with the REI-TPA model were compared

with the preset experimental data. The result showed that
the model is correct and monitoring of the welding torch
with the REI-TPA model is feasible.

The novel introduction of the REI-TPA model is an attempt
to relate weld passive vision images to TPA, which contributes
to automated welding and weld quality control. The model can
be applied to real-time monitoring and correction of TPA after
further research and improvement of equipment accuracy.

Experimental Setup and Welding
Parameters

Experimental Setup

The diagram of the experimental system is shown in Fig. 1A.
GTAW was performed using a FANUC arc welding robot; the
robot can move according to preset position and attitude. The
pose information of the tool center point (TCP) in the world
coordinate system can be obtained from the teaching pendant
in real time. Before the welding experiment, the tool coordi-
nate system of the welding torch was determined with the
“six points teaching” method, and the TCP was set at the tip
of the electrode.

The welding data collection process is shown in Fig. 1B.
During the welding process, the image of the weld pool,
welding current, and voltage were collected with the Xiris
XVC-1000/1100 CMOS welding camera and Hall sensor,
respectively. The camera was fixed on the welding torch
with an appropriate angle so that the electrode, weld pool,
and REI could be collected clearly at the same time. A dim-
ming film was set before the lens of the camera to filter out
redundant arc light. The aperture was set at f.22 to reduce
the amount of light reaching the image sensor. The resolution
of the camera was 1280 X 1024 pixels, and the size of the
CMOS sensor was 8.7 X 7 mm; thus, the size of each pixel
was 6.8 x 6.8 um. The sampling frequency of the camera
was 25 Hz, and the exposure time was 20 ms. The dynamic
range of the image captured by the camera was more than
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Fig. 2 — A — Relative position and attituce of the camera and welding torch; B — Shape and size of the
calibration pattern; C — The relative position and attituce of the camera and calibration plate. D — Calibration

pattern collected by the camera.

140 dB so that the bright foreground and the surrounding
dark background could be observed clearly at the same time.

Experimental Materials and Experimental
Parameters

The GTAwelding experiment was implemented onan S304
stainless steel plate with a size of 200 x 60 x 3 mm. Before
the welding experiments, the workpiece was polished and
fixed on the work plate with fixtures. The tip of the tungsten
electrode was ground to approximately 40 deg.

During GTAW, direct current with values of 100 Aand 120 A
was applied; under this level of current, the weld pool is stable.
The workpiece and tungsten electrode were connected to the
anode and cathode of the welding machine, respectively. In
this case, the generated weld pool was deep and narrow, the
deformation of the workpiece was small, and less heat was
generated in the electrode.

To validate the REI-TPA model, five rounds of bead-on-plate
welding experiments with various positions and attitudes of
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TCSwere carried out. The parameters of each experiment are
listed in the section “Welding Process.”

Experimental Process

Camera Calibration

The position and attitude of the camera and welding torch
are shown in Fig. 2A. Before the welding experiments, the
focus length and pose of the camera relative to the welding
torch were adjusted appropriately so that the electrode and
REI could be captured clearly at the same time. Camera cali-
bration was then performed to determine the parameters (S, f,
0).Inthisresearch, Zhang’s calibration method was employed
because of its high precision and robustness (Ref. 22). The
shape and size of the calibration pattern are shown in Fig. 2B.
Atotal of 50 calibration pattern images with different poses of
calibration plates relative to the camera were collected, and
27 clearimages were selected for calibration calculation. The
relative pose of the camera and calibration plate of these 27



Moving Direction
- 5

L |

B ]

Moving Direction

i i
/W‘J 57 X
/ A B // )o‘y !B
L 1 x [ 7 /
C n D o v

Moving Direction
-

a= -5 a=+5°

Moving Direction

j

/ Al
/ z ,-’! z
A B Y i X
[ 4 x/° Bf ’
[ 7 | 7 f Y
E 4 F | 200 mm
|
Moving Direction
—_—
w
S I, 11, v /
s
/
S — i ;
d=2mm 4= 5 mm / A B Y
. o
z X
- g
B x/° g
{/ o~

Fig. 3 — Position and attitude of welding torch relative to the workpiece at welding starting and ending point in
each experiment: A — Experiment I; B — Experiment Il; C — Experiment Ill; D — Experiment |V; E — Experiment
V; F — The moving trajectory of electrode tip in each experiment.

Table 1 — Intrinsic and External Parameters of Camera

Focus lengthf  Object distance S  Setup angle 6

~178 mm ~70 deg

~59 mm

imagesis shownin Fig. 2C. Among the pictures, one captured
the position and attitude of when the calibration plate was the
same as the workpiece’s during the welding experiment. The
detected corner points of thisimage are shown in Fig. 2D. The
parameters (S, f, 8) were calculated according to Fig. 2D. The
results are listed in Table 1. The average error of calibration
was1.69 pixels. The pose of the camerarelative to the welding
torch and the focal length would not be adjusted after camera
calibration so that the parameters (S, f, 6) remained unchanged
during the subsequent experiments.

Welding Process

To validate the REI-TPA model, a bead-on-plate welding
experiment was conducted on an S304 stainless steel plate
with GTAW. The spatial position and attitude of the welding
torch relative to the weld seam during the experiment are
shown in Figs. BA—E. During the welding process, the weld-
ing torch moved from welding starting point A to welding
ending point Bwith a preset position and attitude according
to the REI-TPA model. The experiments are numbered (I,
I, 111, 1V, V) respectively, and the moving trajectory of the
electrode tip in each experimentis shown in Fig. 3F. For each
experiment, the welding speed was 3 mm/s, and the standoff
distance between the tip of the electrode and the surface of
the workpiece was 3 mm. Passive visual images of the weld
pool, welding current, and voltage were collected simulta-
neously in the experiments.
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Region of Interest |

Fig. 4 — A — Binary image obtained with a calculated threshold; B — Extracted contours of electrocde and REI;
C — Extracted width of Weld pool. ¥*Images here were cut to save space.

In Experiments |, Il,and V, the welding torch was perpen-
dicular to the surface of the welding workpiece and remained
unchanged during the welding process. In Experiment I, the
welding torch deviated from the weld seam along the X-axis.
In ExperimentV, the standoff distance between the surface of
the workpiece and the tip of the electrode increased from 2
mm at point Ato 5 mm at point B during the welding process.
In Experiments lll and IV, the welding torch deflected around
the X-axis and Y-axis from -5 deg to +5 deg relative to the
weld pool coordinate system (WPCS), respectively, and the
distance between the tip of the electrode and the surface
of the workpiece remained unchanged. Specific parame-
ters are shown in Table 2. To ensure the consistency of the
experimental data, the welding parameters in experiments
I-V were set to be the same.

Image Processing

According to Table 1, to calculate TPA, the geometric infor-
mation of the weld pool and the position of the REIs relative
tothe electrode in theimages of the weld pool were required.
Hence, a robust algorithm was designed to automatically
extract the contours of the electrode and REI and the width
of the weld pool from the image of the weld pool. The flow
chart of the algorithm is shown in Table 3 and Fig. 4.

In Ref. 23, the point with maximum intensity in the ROI
window was selected as the tip of the REI. The algorithm was
simple, quick, and convenient, while the extraction of ROI
and tip pointis easily affected by the arc light, which requires
a high quality of the collected images. In this research, the
binary threshold was calculated adaptively, and the arc
light area was seen as a part of the foreground to be pro-
cessed. Thus, the interference of arc light was eliminated.
The algorithm can be applied to the processing of images
with high-intensity spatter and arc light. With the developed

WELDING JOURNAL

Contour of REI and electrode

= Contour of foreground

| Region of Interest

y = 0.9390x + 2.3175

R?=0.9896

Voltage (V)

y = 0.8580x + 3.8436

R?=0.9920

+— Current=100A
Current=120A

7 —— Linear Curve (Current=100A)

4r —— Linear Curve (Current=120A)

2.0 25 3.0 35 4.0 4.5 5.0 55 6.0
Arc length (mm)

Fig. 5 — Linear relationship between welding voltage
and arc length.

algorithm, parameters DERI (DERI, d, dy_) can be calculated
in real time with a maximum error of less than 0.15 mm.

Calculation of Arc Length

The object distance, u, in the imaging model of the weld
pool surface equals the length of the welding arc. Much
research has shown that when the welding current is deter-
mined, the arc length is proportional to the welding voltage
(Refs. 24, 25). The linear relationship between arc length
and welding voltage has been widely used in the arc length
control system (Refs. 25, 27).

To establish the quantitative linear relationship between
welding voltage and arclength, bead-on-plate welding exper-



Table 2 — Welding Parameters for Experiments I~V

Material Thickness

S304 3 mm

Current

120 A

Travel Speed Wire Feed Rate

3 mm/s 15 mm/s

Table 3 — Algorithm to Extract Contours of REl and Electrode, Width of Weld Pool from Image

Input: Image Sequence

Output: Coordinates of contour points of REIl and electrode, DERI, d, dy,

Extracting Contours of REl and Electrode

1. Image preprocessing, including image gray and
median filtering.

2. Calculating binary threshold
adaptively with sliding window, then
performing image binarization.

3. Morphological processing and
extracting region of interest.

4. Extracting coordinates of
foreground contour points from
binary image.

5. Fitting contours with cubic B-spline curves.

6. Smoothing the contour curves with Savitzky — Golay
convolution method.

7. Dividing the contour curves to three
parts (electrode curve, arc light curve, REI curve)
according to the variation of curve gradient

8. Fitting electrode and REI curves with
quadratic function.

9. Calculating DERI, dy,.

iments were conducted on S304 stainless steel plates. The
thickness of the workpiece was 3 mm, and the current was set
as100 Aand120 A. During the welding process, no wire was
fed. The standoff distance between the tip of the electrode
and the surface of the workpiece was preset to increase from
2 mm at the starting point to 6 mm at the ending point. The
welding voltage and current were collected with a Hall sensor
in real time with a sampling frequency of 40,000 Hz. The
distance between the tip of the electrode and the surface
of the workpiece was approximately equal to the arc length
since no wire was fed during welding.

Calculating Width of Weld Pool

1. Image preprocessing, including image gray and median

filtering.

2. Calculating binary threshold adaptively according to pixel

scale division, then performing image binarization.

. Morphological processing and extracting region of

interest.

. Determining the position of weld pool according to

position of REI. Five lines with equal intervals inside weld
pool area were selected.

. Determining gray gradient curves of these five lines.

. Determining left and right boundary of weld pool

through the abrupt points at both ends of the gradient
curve.

7. Calculating d.

The collected data of voltage were divided into 40 groups
on average to reduce the interference of occasional noise that
occurred in the voltage acquisition process. Then, the average
value in each group of data was calculated, and 40 voltage
points were obtained. Lastly, the squares method was applied
to perform linear regression on the calculated voltage points;
the obtained linear curves are shown in Fig. 5. Under 100 A
and 120 A, the square R values of linear regression fitting
were 0.9896 and 0.9920, and the average absolute errors
were 0.0815 and 0.0748, respectively. The result indicated
that the points were well in line with the regression curve.
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With the linear relationship, arc length (i.e., object distance,
u) can be calculated in real time during the welding process
with welding voltage.

Results

In Experiment I, about 1000 images were collected, 70
images were selected at equal intervals, and three of the
pictures are shown in Fig. 6A. The position of the electrode
in the image remained unchanged because the camera was
fixed on the welding torch. The weld pool, electrode, and REI
were collected clearly in the image of the weld pool. DER/,
and d were calculated for each of the 70 images with the
designed algorithm. Accordingly, the collected data of volt-
age was divided into 70 groups, then the average value of
voltage in each group was calculated. The arc length, u, was
calculated with the obtained voltage in each group. Then DERI
was calculated with the equation when welding with the torch
in a normal pose in the REI-TPA model. After reducing the
amplitude of noise, the curves of DERI_, d, u, and DERI are
shown in Figs. 7A-D. During the welding process, DER/_and
dremained unchanged; u decreased slightly, leading to the
slight reduction of DER/ in the middle and later periods of
the experiment. The average D value between the two DERI/
curves in Fig. 7D is about 0.143 mm.

In Experiment I, the obtained images were the same asin
Experiment |, while the offset along the X-axis was difficult
to calculate, which is discussed in the next section.

In Experiment 111, about 1000 images were collected, and
70 of the images were selected at equal intervals; examples
of the images are shown in Fig. 6B. As in Experiment |, DERI
d, and u were calculated for each of the selected 70 images;
the obtained curves are shown in Figs. 8A-C. During the
experiment, the welding torch rotated from -5 deg to +5 deg
around the X-axis. Accordingly, DERI_decreased gradually, u
decreased firstly then increased, and d remained the same.
The calculated deflection angle around the X-axis is shown in
Fig. 8D; the average error of the calculated deflection angle
isabout1.15 deg.

In Experiment 1V, about 900 images were collected and 75
of theimages were selected at equal intervals; examples of the
images are shown in Fig. 6C. REl in the images moved from the
right side of the electrode to the left side gradually. Parame-
ters dy,, d, and u were calculated for each of the selected 75
images; the obtained curves are shown in Figs. 9A-C. During
the experiment, the welding torch rotated from -5 deg to +5
degaround the Y-axis. Accordingly, dy_increased from around
-0 mm to 0.1 mm in the CMOS sensor, u decreased firstly
then increased, and d remained unchanged. The calculated
deflection angle around the Y-axis is shown in Fig. 9D; aver-
age error of the calculated deflection angle isabout 2.31 deg.

In ExperimentV, the welding current was setas 120 A, and
the standoff distance between the tip of the electrode and the
surface of the workpiece increased from 2 mm at the starting
point to 5 mm at the ending point. The welding voltage was
collected with a sampling frequency of 40,000 Hz. The data of
voltage was separated into 50 groups, and 50 average voltage
values were calculated. Then u was calculated with the linear
relationship shown in Fig. 5. The calculated voltage and cor-
responding arc length are shown in Fig.10.
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Fig. 6 — Images collected in each experiment: A —
Experiment I; B — Experiment Ill; C — Experiment IV.

Discussion

Discussion of Experimental Results

By considering the weld pool surface as a spherical mirror,
the REI-TPA model was established based on the feature of
REls extracted from passive vision images of the weld pool,
and the experiment and calculation result implies that the
model is valid and relatively accurate.

In Experiment |, DERIwas calculated with two methods, and
the difference between the two DER/ curves was quite small,
which suggests the imaging model of the weld pool surface
is correct and the result of camera calibration is accurate.

In Experiment 1, the offset distance along the X-axis was
not calculated. To collect clear REl and electrodes, the camera
focused on the weld pool area. Thus, the weld seam cannot
be captured due to the block of the electrode, and the offset
distance along the X-axis cannot be calculated. The position
and profile of the weld seam can be obtained using a passive
vision system with an additional camera focusing on the weld
seam (Refs. 10, 28) as well as an active vision system with
structure laser light (Refs. 26, 29).

In Experiments Il and IV, as shown in Figs. 8D and 9D, fluc-
tuation occurred in the curves of the calculated deflection
angle due to the amplification effect of arc sine and arc tangent
functions and the cumulation of the error in each required
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Fig. 7 — Curves obtained in experiment I: A — DERI_vs. welding process; B — d vs. welding process; C — u vs.

welding process; D — DERI calculated with two methods.

parameter. The range and increasing trend of the curvesimply
that the X-axis and Y-axis deflection models are correct.

In ExperimentV, the curve of the arc length agrees well with
the offset distance of the welding torch during the welding
process. The result suggests that the Z-axis offset model
is correct and the established linear relationship between
voltage and arc length is accurate.

In each experiment, based on the highly robustimage pro-
cessing algorithm and the high-precision linear relationship
between welding voltage and arc length, the calculation errors
of the required parameters in the REI-TPA model were small.
When calculating the offset distance and deflection angle of
the welding torch, the errorincreased due to the overlapping
error of each required parameter and the amplification effect
of aninverse trigonometric function. This error can be reduced
by improving the accuracy of the experimental equipment.
In addition, it is difficult to extract the position of the weld
seamin the passive vision weld pool image. Thus, itis difficult
to calculate the offset distance of the welding torch along

the X-axis. This problem can be solved by adding active light
sources or additional cameras.

Compared with these shortcomings, the REI-TPA model
has more significant advantages: (1) The required information
of the model was extracted from the passive vision image
of the weld pool. Without additional sensors or active light
sources, the experiment setup is simple and low-cost. (2)
The position and attitude of the welding torch were directly
calculated from the weld pool image of the welding point;
almost no lag exists. (3) The model can be applied to the
real-time monitoring of TPA by improving the accuracy of
the sensors. (4) Combined with multi-information fusion
technology, the REI-TPA model can be applied to predict
numerous factors affecting the weld quality simultaneously,
such as the weld penetration state, quality of the produced
weld, and position and attitude of the welding torch. The REI-
TPA modelis asupplement to and extension of the acquisition
and application of weld passive vision sensing technology.
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Fig. 8 — Curves obtained in experiment Ill: A — DERI_vs. deflection angle; B — d vs. deflection angle; C — u vs.
deflection angle; D — Calculated deflection angle of welding torch around the X-axis.

Quality of the Obtained Images

The main factors influencing imaging quality include the
quality of the camera, the intensity of the welding current,
and the generation of the oxides.

To ensure the contrast between foreground and back-
ground in the image, a large dynamic range of the image
captured by the camerais required. In addition, to guarantee
the computational accuracy of the REI-TPA model, a high-res-
olution camera is required. For reference, in this research,
the dynamic range of the image captured by the camera was
more than 140 dB and the resolution of the camerawas 1280
X 1024 pixels.

Low levels of current (100 A, 120 A) were applied in the
experiment to ensure the relative stability of the weld pool.
Inthis case, the arc radiation was weak. In addition, adimmer
was set in front of the camera lens to prevent the arc light
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from covering the REl and electrode in the image. The aper-
ture was set at .22 to reduce the amount of light reaching
the image sensor.

During the welding process, few oxides were generated.
Most of the oxides moved toward the edge of the weld pool
due to the influence of arc pressure and gravity. In a few
images, the oxides stayed in the central area of the weld
pool, showing small, black holes in the binary image. The
holes would be eliminated after morphological processing.
In short, the oxides had little influence on image acquisition
and feature extraction.

Conclusions

In the previous investigation (Ref. 1), the REI-TPA model
was established to calculate the position and attitude of the
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welding torch in real time. In this research, the REI-TPA model
was validated with bead-on-plate welding experiments on

sl S304 stainless steel plates. The required parameters were
extracted and calculated with a developed robust algorithm.
7t The offset distance and deflection angle of the welding torch
relative to the correct position and attitude were calculated
6r and compared to the preset data. The result shows that the

modelis correct and the monitoring of a welding torch with
the REI-TPA model is possible.

The REI-TPA model is of significance to automated welding
and weld quality control, which is a supplement to weld visual
sensing technology and an expansion to the acquisition and
processing of multi-source information during the welding

Arc Length (mm)
w

—e— Voltage

T —s— Arc Length process.
0 10 20 30 20 50 In future research, the real-time monitoring and correction
Welding process (V) of TPA with the REI-TPA model, the extended application of

the REI-TPA model, and the development of algorithms in

seam tracking during the robotic welding process will be

Fig. 10 — Welding voltage and calculated arc length ) ,
investigated.

in Experiment V.
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