
A Study on an Arc Sensor for Gas Metal 
Arc Welding of Horizontal Fillets 

An S-shaped fillet weld was successfully tracked using the 
quadratic curve-fitting method for sensing 
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ABSTRACT. The weld joint tracking sensor 
is indispensable for improving the flexibil
ity of arc welding robot applications. Re
cently, some sensing methods that utilize 
the electric arc signal, or more correctly 
the welding current in GMA welding, have 
been developed and are prevalently in 
use. The welding current is directly af
fected by the contact tip-to-workpiece 
distance for the given welding voltage and 
wire feed speed. Armed with a means of 
measuring the welding current, the tip-to-
workpiece distance and then the weld 
joint geometry can be obtained by weav
ing the arc back and forth across the line 
of travel. Knowledge of the weld joint 
geometry relative to the welding gun per
mits the welding gun to trace the joint. 

In this study, the welding current signal 
was fitted to a curve, which is inversely 
proportional to the trace of contact tip-
to-workpiece distance by using the qua
dratic curve-fitting method in order to ex
tract useful information on the welding 
gun position from the welding current sig
nal. Furthermore, the availability of the 
curve-fitted welding current signal was in
vestigated and a joint tracking system for 
horizontal fillet joints was developed by 
using this curve-fitting method. 

Introduction 

Fusion welding is a joining method cho
sen mainly for assembling large metal 
structures such as ships, bridges, pipelines, 
heavy construction machinery, rolling 
stocks, and cars. Among the variety of fu
sion welding processes available, the gas 
metal arc welding (GMAW) process is one 
of the most frequently used methods, pri
marily because it is highly suited to a wide 
range of applications, and also to auto
mation. GMAW is an arc welding process 
that produces a coalescence of metals by 
heating them with an arc established be
tween the continuous filler metal elec-
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trode and workpiece. 
With the combination of extensive ap

plication areas and low manual productiv
ity resulting from the hostile nature of 
welding environments and extreme phys
ical demands, it is not surprising that arc 
welding is considered as having one of the 
greatest potentials for the application of 
industrial robots or mechanized equip
ment. However, robotic welding ma
chines in themselves cannot cope with 
wide variations in joint fitup or workpiece 
position. So the weld joint tracking sensor 
is indispensable for improving the flexibil
ity of arc welding robot applications. 

Recently, some sensing methods that 
utilize the electric arc signal, or more cor
rectly the welding current in GMA weld
ing, have been developed and are prev
alently in use (Refs. 1-5). A number of 
problems related to the automatic track
ing of the weld joint include the modeling, 
sensing and control of the welding system. 
The welding current is directly affected by 
the contact tip-to-workpiece distance for 
the given welding voltage and wire feed 
speed. Armed with a means of measuring 
the welding current, the tip-to-workpiece 
distance and then the weld joint geome
try can be obtained by weaving the arc 
back and forth across the line of travel. 
Knowledge of the weld joint geometry 
relative to the welding gun permits the 
welding gun to trace the joint. 

Although a fillet weld cross-section has 
a right-angled shape in general, the weld 
groove may have a round shape during 
arc welding because of the effect of mol-
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ten pool motion and the arc pressure 
(Refs. 6, 7). By this phenomenon, the re
sultant mean values of the welding current 
may show a trace with ripples as in Fig. 1. 

In this study, the welding current signal 
was fitted to a curve that is inversely pro
portional to the trace of contact tip-
to-workpiece distance under the arc by 
using the quadratic curve-fitting method in 
order to extract a useful information of 
the torch position from the welding cur
rent signal. Furthermore, the availability of 
the curve-fitted welding current signal 
was investigated and a joint tracking sys
tem for horizontal fillet joints was devel
oped by using this curve-fitting method. 

It was revealed that the trace of tip-to-
workpiece distance could be well defined 
from the curve-fitted welding current sig
nal, and that the weld joint tracking capa
bility of the developed system is sufficient 
for practical applications. 

Prediction of Groove Shape 

In GMA welding systems, the power 
source has a flat or constant voltage char
acteristic. The major reason for selecting 
the constant voltage power source is the 
self-correcting arc length inherent in this 
system. The constant voltage system com
pensates for the variation of the contact 
tip-to-workpiece distance, which readily 
occurs during welding by automatically 
supplying the increased or decreased 
welding current to maintain the desired 
arc length. It is well known that the weld
ing current increases or decreases as the 
tip-to-workpiece distance decreases or 
increases, respectively. 

Generally, the groove of a fillet weld is 
initially prepared to have a right-angled 
shape, but the groove tends to have a 
round shape during arc welding because 
of the effect of molten pool motion and 
the arc pressure. Thus, the welding cur
rent signal due to the contact tip-to-
workpiece distance variation can be ex
pected to be a curve, which is inversely 
proportional to the trace of the tip-to-
workpiece distance during arc weaving. 
Figure 1 schematically illustrates the rela
tionship between the trace of the welding 
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Fig. 1 — Conception of relationship between 
contact tip-to-workpiece distance and welding 
current. 

gun position and the expected welding 
current signal. 

ln the real situation, the welding current 
shows a signal with fluctuations due to the 
metal transfer, arc characteristics and so 
on. For acquiring the information of the 
gun position from the welding current, 
other researchers (Refs. 8, 9) usually used 
a moving-averaged welding current sig
nal. A kind of the moving-averaging 
method is like as follows. 

I(n+ 1) = (1 - <r)l(n) + a l(n + 1) (1) 

where T(n + 1) = new averaged value, 
l(n) = old averaged value, l(n + 1) = mea
sured welding current value, and a = 
weighting factor 

This is also a kind of low-pass filtering 
method. Since this moving-averaging 
method has the advantage to easily de
termine the cut-off frequency by chang
ing the weighting factor, it can be effec
tively used together with a low-pass filter 
circuit of hardware, which has a fixed cut
off frequency. But the fluctuation in the 
averaged signal still remains, and in addi
tion to this, some time lag arises, which 
may exert a bad influence on predicting 
the welding gun position. 

In this study, therefore, the signal was 
fitted to a curve that is inversely propor
tional to the trace of contact tip-to-work
piece distance for extracting useful infor
mation on the gun position from the 
welding current signal. A quadratic curve 
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Fig. 2 - Determination of x-, y- and z-axis velocites. 

fitting was performed by using the least 
square method. A curve-fitted equation is 
given in the following expression. 

m m 

I = k0 + kit + k2t
2 

(2) 

where I = welding current (A), t = time (s) 
and ko, k i , k2 = constants. 

Letting in be the measured welding cur
rent value at the time tn, where n = 0, 1, 
. . . , m, the following simultaneous equa

tions can be derived by the least square 
method: 

m m m m 

£ in = k o £ 1+k1 £ tn + k2 £ tn
2 

n = 0 n = 0 n = 0 n = 0 

m m m 

£ tnin = k0 £ tn + ki £ tn
2 + k2 

n = 0 n = 0 n = 0 

m 

£t̂  
n = 0 

m m 

2 tn
2in = k0 2 

n = 0 n = 0 

tn2 + Id 2 tn3 + k2 2 ln4 

n = 0 n = 0 (3) 

Using the matrix form, Equation 3 can be 
expressed as follows: 

(4) 

TT = 2 tn, T2 = 2 tn
2, 

2 tn
4. Then, the un

known coefficients, ko, k i , and k2 can be 
determined by the following equation: 

£ in 
£ tn in = 
£ tn2in 

To TnT2 
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T2T3T4 

ko 
ki 

k2 

where T0 = 2 1, 
T3 = 2 tn

3, and T4 

ko 
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k; 

T 0 T!T 2 • 

= T T T 2 T 3 
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£ tn in 
£ tn 2 i n 

(5) 

If one sweeping time of weaving and 
the sampling rate of the signal measure
ments are fixed, the number of the mea
sured current value is determined as a 
constant m + 1. Then To, Ti , ... T4 can be 
calculated as follows by representing to, t ^ 
... tm to 0, 1, ... m, respectively (Ref. 10). 
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Fig. 3 — Schematic block diagram of joint tracking system. 

m 
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m 
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m 
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Consequent ly , the elements of the square 
and inverse matrix are calculated be fo re 
starting the we ld ing , so that the curve-f i t 
ted we ld ing current signal can be quickly 
de termined at the t ime just after te rmi 
nating one sweep of weav ing . This curve-
f i t ted we ld ing current signal can be appl i
cable for estimating the contact t ip - to-
workp iece distance and then for devel 
op ing a joint tracking system. 

Joint Tracking System for 
Horizontal Fillet Joints 

A computer -con t ro l led four-axis m o 
t ion table was used for we ld joint tracking 
exper iments, w h e r e x- and y-axes w e r e 

Table 1—Welding Parameters Used in the 
Experiment 

Welding with Welding with 
Parameter 

Welding voltage 
(V) 

Welding current 
(A) 

Welding speed 
(mm/s) 

Weaving speed 
(mm/s) 

Weaving width 
(mm) 

Mixed Gas 

30 

290 

4 

8 

4 

C 0 2 Gas 

32 

340 

4 

8 

6 

dr iven for w e l d line and weav ing direc
t ion , z-axis fo r weav ing d i rect ion, and ro
tating axis (6-axis) for maintaining the p o 
sition o f the we ld ing gun perpendicular to 
the w e l d line. If the arc center is o n the 
extension line of 0-axis, this rotat ing axis 
can be independent ly dr iven w i t h the 
perpendicular three-axes (x-, y- and 
z-axes), because the we ld ing posi t ion is 
not a f fected by the rotat ing mot ion o f 8-
axis. 

The summat ion of the respect ive axis 
veloci ty vectors must coincide w i th the 
summat ion o f we ld ing and weav ing ve 
locity vectors. If the weav ing direct ion is 
inclined w i t h z-axis o f 45 deg , the respec
t ive axis veloc i ty , Vx , V y and V z are repre
sented as fo l lows by the we ld ing speed 
(Vw|) and weav ing speed (V w v ) — Fig. 2. 

Vx = Vvv| cos 0 4- V w v sin <p / \/2 

V y = - V w l sin <t> + V w v cos0 / \ / 2 (7) 

VZ = VW V / x/2 

where cj> is the angle b e t w e e n the x-axis 
and w e l d line. The respect ive speeds o f 
the pulse moto rs w e r e de termined by a 
personal compute r and transferred 
th rough the digital-to-analog conver ter 
and vo l tage- to- f requency conver ter to 
the mo to r dr iver. The speed o f the rotat
ing axis was f ixed at a given value, and the 
0-axis ro ta ted to the determined angle, 
wh ich was equivalent to the number o f 
pulses transferred to the mo to r dr iver. 

It is k n o w n that the relationship be
t w e e n the we ld ing current and contact 
t i p - to -workp iece distance is nearly linear 
a round the appropr ia te operat ing cond i 
tions in G M A weld ing (Ref. 9). The fo l l ow
ing equat ion represents this relationship: 

I - -«L + , (8) 

whe re L = contact t i p - to -workp iece dis
tance (mm) and a, fi = constants, wh i ch 
can be ob ta ined experimental ly. From the 
variat ion of we ld ing current , wh ich is the 
di f ference b e t w e e n the reference and 
measured we ld ing current , the variat ion 
of t i p - to -workp iece distance is est imated 
as fo l lows: 

AL = -Al /a (9) 

There fore , if the center posi t ion o f the 

Fig. 4 — Welding gun position for horizontal fil
let welding. 

weav ing path is apart f r o m the we ld joint 
line, the we ld ing current at the turn ing 
point of weav ing in the nearer side wil l in
crease because of the shor tened contact 
t i p - to -workp iece distance. In this study, 
one sweep t ime (Tw v ) o f weav ing was 
f ixed as a value of dividing the weav ing 
w id th by the desired weav ing speed. Us
ing the AL, the we ld ing gun posi t ion was 
then cor rec ted by vary ing the weav ing 
speed. The cor rec ted weav ing speed can 
be expressed by 

Vwv 

or 

A L / T V 

I wv7 (10) 

where Al was est imated at the t ime just 
after terminat ing a sweep of weav ing , in 
other wo rds , at the turning point of the 
weav ing di rect ion. 

Consider ing the first weav ing as a m o 
t ion closing to the hor izontal plate, the 
cor rec ted speed of respect ive axes are as 
fo l lows. 

V x = Vw|COS i 

s\r\(t>/\/2 
+ [Vwv + Al/(a • Twv)] 

, 4-AI/ (11) V y = - V w , s i n 0 4- [V v 

(a • Twv)]costf>/ \/2 

Vz = [Vwv + AI/(« • Twv)]/V2 

For the second weav ing , the sign of the 
cor rec ted weav ing speed must be 
changed, so that the deviat ion error of the 
weld ing gun posit ion can be cor rec ted . 

Af ter one cycle of weav ing , the angu
lar error (OJ) of the gun posi t ion can be es
t imated as fo l lows: 

tan-1 [ -AI / (V2«- U)] (12) 

where Lw is the traversing distance dur ing 
one cycle o f weav ing in the we ld line d i 
rect ion. Assuming the angular error to be 
small, then 

o j s - A I / ( V
/ 2 a • Lw). (13) 

The angular posi t ion of the we ld ing gun is 
de termined by adding this error to the last 
posi t ion. 

= </>j_i 4- « (14) 

These correct ions w e r e repeated every 
weav ing cycle t o give the fo l low ing angu-
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Table 2-

a 

a 

-Value of Constants 

Welding with 
Mixed Gas 

4.74 
393.5 

Welding with 
C 0 2 Gas 

5.32 
420.1 

lar position and speeds. 

4>i - 4>\-^ + " 

Vx = Vw,cos <fc -F [Vwv 4- Al/(a . Twv)] 
sin0|/ \/2 
Vy = -Vwisin0i 4- [Vwv + Al/ (15) 
{a • Twv)]cos0j/ \/2 
Vz = [Vwv + Al/(a • Twv)]/\/2 

This permits the torch to trace the weld 
line while maintaining the desired welding 
speed. At the same time, the angular po
sition of the torch is kept perpendicular to 
the weld line. The schematic block dia
gram of the joint tracking system is repre
sented in Fig. 3. 

Experiments 

The welding current was measured us
ing a shunt resistor connected in series 
with the power cable. Since the fluctua
tion of the current signal was large, the 

290 

270 

- Fi l tered 
- Fi l tered-Curve fitted 
• Filtered-Averaged 

Down 

5. ] 0.5 I.O 

Time [sec] 

signal was modified by a low-pass filter, 
the cut-off frequency of which was 4 Hz, 
and the filtered signal was sampled with 
the frequency of 50 Hz. 

For investigating the applicability of the 
developed joint tracking system, two 
kinds of shielding gases were used in the 
experiment: 100% C 0 2 and the mixture of 
80% Ar and 20% C 0 2 . For the experiment, 
the welding conditions selected are shown 
in Table 1. 

The welding current value indicates the 
one set at the welding machine, the value 
of which determines the corresponding 

l.5 2.0 

Fig. 5 — Comparison of 
various welding current 
signals in welding with a 
mixed gas (initial angular 
error = 10 deg). 

speed of the wire feed motor. A welding 
wire of the type AWS ER70S-3 was used 
for the mild steel workpieces, which were 
prepared for fillet weld with the weld line 
straight and S-shaped. The diameter of the 
welding wire was 1.2 mm (0.045 in.). The 
welding experiments with the mixed gas 
and C 0 2 gas shielding were performed on 
the straight weld line, for which the work-
piece was initially set to have some angu
lar error to the x-axis. GMA welding with 
C 0 2 gas shielding was carried out also for 
the S-shaped weld line. 
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B 

Fig. 6 — Welding current response 
and weaving motion signal in 
welding with a mixed gas. 
A — initial angular error = 5 deg; 
B — initial angular error = 10 deg; 
C —initial angular error = 20 deg. 
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Fig. 7 —Comparison of 
various welding current 
signals in welding with 
CO2 gas (initial angular 

error = 10 deg). 

Results and Discussion 

The constants of Equation 8 were de
termined by bead-on-plate welding in the 
flat position for various contact tip-to-
workpiece distances, where the operat
ing condition of welding current was 
around 300 A. The measured welding 
current values were averaged through the 
weld time for a constant tip-to-workpiece 
distance condition, and fitted to a linear 
equation by the least square method. De
termined values of the constants are listed 
in Table 2. 

These values were used for the correc-

• FiItered 
• Fi1tered-Curve Fitted 
• F i 1 t e red -Ave raged 

Oown 

1.0 2 .0 

T i me [sec I 

3.0 

tion of weaving speed in the joint tracking 
system by Equation 10. In joint tracking 
experiments, some technical treatments 
were introduced for good welds and 
tracking quality by considering the char
acteristics of the system and horizontal fil
let welding. 

In the correction procedure of devia
tion errors during welding, the dynamics 
of the pulse motor and manipulator arms 
were not encountered. The welding area 
of the arc was not considered as a distrib
uted one, but as a point, so that some er
ror could be expected in the correction 
term of the weaving speed. Therefore, a 

gain was introduced that has to be multi
plied by the calculated correction term of 
the weaving speed. If the gain value is too 
large, the tracking system will be unstable, 
and the tracking response will be too slow 
for a small gain. It was found that the gain 
was appropriate in its range of 1.0 to 1.5 
by experiments. There were no large dif
ferences in the tracking response for the 
above range, so that the gain was fixed at 
the value of 1.2 in both the mixed gas and 
C 0 2 gas welding. 

In the horizontal fillet welding, it is pref
erable to have some deviation of the cen
ter position of the welding gun toward the 
horizontal plate as shown in Fig. 4, be
cause the horizontal plate needs more 
heat to fuse an appropriate amount of 
plate than the vertical one (Ref. 11). If the 
deviation is too small or null, the weld 
bead tends to show its shape as undercut 
in the vertical plate and overlap in the 
horizontal plate. It could be overcome by 
making the reference current different, 
i.e., making the reference current of the 
vertical plate side to be less than that of 
the horizontal plate side. From the prelim
inary experiments, the proper difference 
of the reference current was revealed to 
be 4 A and 10 A for the welding with 
mixed gas and C 0 2 gas, respectively, 
where the averaged value of two refer
ence currents was the set value of the 
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Fig. 8 - Welding current response 
and weaving motion signal in 

welding with CO2 gas. A —initial 
angular error = 5 deg; B- initial 

angular error = 10 deg; C—initial 
angular error = 20 deg. 
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welding current for the selected welding 
condition of the respective welding. 

The differential effect of determining 
the angular position of the rotating axis 
tends to make the fl-axis motion unstable. 
Thus, the integral effect of estimating the 
angular position error was encountered 
for the stable motion of the rotating axis 
as follows: If the signs of calculated angu
lar errors were equal to each other twice 
or more times in succession, the motion 
for compensating the error was per
formed. However, there was no motion 
of the rotating axis if the signs of angular 
errors were changed in turn. The current 
differences Aln and Alv, which were esti
mated at the turning point of weaving 
motions in the horizontal and vertical plate 
side, respectively, showed some fluctua
tions in spite of curve fitting the measured 
signals. So the moving-average method 
was also applied to the respective current 
differences throughout the weld line. 

The results of the experiment are pre
sented in Figs. 5-9. The welding current 
response and the signal of weaving direc
tion were presented in Figs. 5 and 6 for the 
mixed gas welding, and in Figs. 7 and 8 for 
the C 0 2 gas welding. 

It can be seen that the curve-fitted cur
rent signal is closer to the value of the fil
tered signal at the end of one sweep 
weaving than the moving-averaged value 
in the mixed gas welding —Fig. 5. More
over, the moving-averaged current signal 
contains a time lag, which has an unfavor
able influence on joint tracking. Generally, 
it can be concluded that the filtered signal 
and the filtered and curved-fitted current 
signal can be well used to determine the 
welding current at the turning point of 
weaving motion, and consequently as a 
control signal for joint tracking. Further
more, the curve-fitting method has an ad
vantage of compensating the possible 
fluctuations in the filtered current signal, as 
can be seen at about the two-second 
point in Fig. 5. Therefore, the filtered and 
curve-fitted current signal was used for 
the joint tracking control in horizontal fil
let joints. The signals in Fig. 6 show the vari
ation in the filtered current during the con
trolled weaving motion along the weld 
lines with various initial angular errors. 
There are no large differences in the 
welding current response according to 
the various initial angular errors in the 
mixed gas welding. These signal curves 
show the excellent tracking capability of 
the filtered and curve-fitted current signal 
in the mixed gas GMA welding of hori
zontal fillets. 

In GMA welding with C 0 2 , however, 
the fluctuation of the current signal was 
more severe than that of welding with the 
mixed gas due to the effect of C 0 2 on arc 
characteristics —Fig. 7. Consequently, it 
was much more difficult to estimate the 
contact tip-to-workpiece distance from 
the welding current signal than in the 

Fig. 9 — Photograph of joint tracking result for S-shaped weld line using CO2 gas shielding. 

mixed gas welding. Among the consid
ered three current signals, the filtered and 
curve-fitted one shows the best capability 
of defining the welding current at the 
turning point of the weaving motion, 
which must have a maximum value in each 
sweep of the weaving motion. Therefore, 
from the viewpoint of controlling the sig
nal fluctuation, it is presumed that the ap
plication of the curve-fitting method to 
the welding current signal is more effec
tive in the C 0 2 welding than in the mixed 
gas welding. The signals in Fig. 8 show the 
variation of the filtered current during the 
controlled C 0 2 GMA welding along the 
weld lines with various initial angular er
rors. There are no large differences in the 
welding current response according to 
the various initial angular errors, which re
veals that the curve-fitting method is very 
useful also for joint tracking in C 0 2 GMA 
welding of horizontal fillet joints. Figure 9 
shows the result of a tracking experiment 
for the S-shaped workpiece. The work-
piece was made of two half sections of a 
pipe, the outer diameter and wall thick
ness of which were 156 and 14 mm (6.1 
and 0.6 in.), respectively. Figure 9 shows 
a successful joint tracking for the weld line 
along the outer and inner surface of the 
pipe section. 

Conclusion 

In order to extract useful information on 
the welding gun position from the weld
ing current signal, the welding current sig
nal was fitted to a curve that is inversely 
proportional to the trace of the contact 
tip-to-workpiece distance by using the 
quadratic curve-fitting method. The linear 
relationship between the tip-to-work
piece distance and welding current was 
determined from various gas metal arc 
welding experiments. 

A simple form of weld joint tracking for 
horizontal fillet welds was constructed by 
applying the curve-fitting method to the 
welding current signal. In the system de
veloped, the weaving speed was con
trolled to compensate for the deviation 
error in the welding gun position, and the 
rotating angle was controlled to compen

sate for its angular error. Some technical 
treatments were introduced for good 
welds and tracking quality, such as the use 
of a gain, deviation at the center of weav
ing, and the integral effect for a rotating 
axis. 

It was revealed that the joint tracking 
capability of the curve-fitting method is 
sufficient for horizontal fillet welds using 
both mixed gas and C 0 2 in gas metal arc 
welding. In an effort to control the signal 
fluctuation, however, the application of 
the curve-fitting method to the welding 
current signal was more effective in the 
welding with C 0 2 gas than with the mixed 
gas. 
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