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End Point Detection of Fillet Weld Using 
Mechanized Rotating Arc Sensor in GMAW 

A sensing model was developed to detect the end points of joints in 
fillet welds using gas metal arc welding with a rotating arc 
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ABSTRACT. In this paper, a geometrical sensing model was de
veloped for the rotating arc sensor in gas metal arc welding 
(GMAW) of fillet joints that have open and closed ends, consid
ering the mathematical model of the GMA welding system. By 
using the two developed models, simulations of welding current 
of the rotating arc sensor were performed and compared with the 
experimental results of current waveform in open and closed fil
let joints in steel welding. 

Introduction 

Through-arc sensing using the electric signals obtained from 
the welding arc is the most effective way to track the weld joint. 
During gas metal arc welding (GMAW) with a constant voltage 
power source, the welding current and the voltage generally vary 
with the contact tip-to-work distance (CTWD) (Ref. 1). The gun 
weaving method is widely used to intentionally stimulate the vari
ations of the CTWD. But the conventional gun weaving methods 
have a relatively poor resolution and limit the oscillation fre
quency due to the mechanical restraints. To overcome these short
comings, the arc sensing systems enhanced using the mechanical 
arc rotation or the electromagnetic arc oscillation have been in
vestigated and successfully developed (Refs. 2, 3). 

The rotating arc sensor can improve the sensor characteristics 
such as the sensitivity and the responsiveness due to the high
speed rotation frequency. During high-speed rotating arc welding, 
self-regulation of the welding arc is not fully performed because 
the period of rotation is shorter than the time constant of the self-
regulation process (Ref. 1). The rapid change in CTWD generates 
the variation in the arc length rather than in the electrode exten
sion length. Therefore, the rotating arc sensor operates in a dy
namic state enhancing its sensitivity (Ref. 4). This insufficient self-
regulation enables development of the arc sensor for aluminum 
alloy welding for which it is known that the application of the 
weaving arc sensor is limited (Ref. 5). Moreover, the rotating arc 
can increase the responsiveness, which is inherently related to the 
oscillation frequency. 

In addition to joint tracking, through-arc sensing can be ap-
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plied to detecting the end point of the weld joint because the shape 
of the joint is reflected on the electrical signals such as welding 
current and voltage, which are related to the CTWD. Rotating arc 
welding has two prominent features in detecting the end point: 
One is that the effect of weld pool can be reduced when the arc 
rotates along the front half-circular path. The other is that its en
hanced responsiveness ensures the rapid detection of an end 
point. 

In this paper, the following topics are investigated: a) A math
ematical model that investigates the GMA welding system; b) a 
geometrical sensing model of the rotating arc sensor in fillet weld
ing that has open and closed ends; and c) current simulations and 
experiments in open and closed fillet structures in steel welding. 

Mathematical Model of GMA Welding System 

Figure 1 shows the equivalent electrical circuit of the conven
tional GMA welding system with a constant voltage power source. 
In the equivalent electrical circuit, the output voltage of the weld
ing power source, Vs, and the voltage drop in the welding power 
cable, Vp, can be written as follows: 

V =V -RI-L 
(It 

V = RI + L * 
P P P dt 

(1) 

(2) 

The voltage drop in the welding arc, Va, can be written as follows: 

V =V +R I + EL 
a ao a a a 

(3) 

where Voc is the internal voltage of the welding power source; Rs 

is the internal electrical resistance of the welding power source; 
Ls is the internal inductance of the welding power source; Vp, Rp, 
and Lp are the voltage drop, the resistance, and the inductance of 
the welding cable, respectively; Vao is the constant in the welding 
model; and Ra, La, and Ea are the resistance, the length, and the 
electric field of the arc, respectively. 

For the modeling of the GMA welding system, many re
searchers investigated the welding wire melting phenomenon at 
the end. Lesnewich (Ref. 6) investigated the relation between the 
wire melting rate, the wire extension length, and the welding cur
rent experimentally. Halmoy (Ref. 5) induced the same relation 
in the static state that the welding wire feeding and melting rate 
are equivalent. Mao and Ushio (Ref. 4), and Shepard and Cook 
(Ref. 7) introduced the idea of action integral. They integrated the 
square of the welding current during the time that the welding 
wire moves from the gun tip to the molten pool. Zhu et al. (Ref. 
8) investigated the welding wire melting phenomenon by the tran
sient temperature analysis model. Kim (Ref. 9) presented the dy-
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Fig. 1 — Equivalent circuit ofGMA welding system using CVpower source. Fig. 2 — Definition of coordinate systems for simulation. 
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Fig. 3 — Dimensional parameters for welding wire extension end position. Fig. 4 — Bead model in fdlet welding. 

namic simulation of welding wire melting by using the variable 
space network method and by modeling the heat flux from the 
molten end of the welding wire into the electrode. 

In Halmoy's (Ref. 5) melting model, the voltage drop at the 
welding wire extension (Ve) is written as follows: 

v.S aL I bvcS 
V =^—H 

S 1 
(4) 

where a is the resistance at the welding wire extension; b is the 
thermal energy of welding wire at room temperature; Le is the 
welding wire extension; Vf is the welding wire feed rate; and S is 
the welding wire cross-sectional area. 

In Equation 4, Joule heat at welding wire tip, He, is written as 
follows: 

j2 

(5) 
ah V 

H =—* b 
s \ 

The quantity of heat from the arc at welding wire tip, Ha, is writ
ten as follows: 

// 
dV 

(6) 
a v S 

m 

where <t> is the equivalent arc voltage for wire melting phenome

non and vm is wire melting speed. 
If the quantity of heat necessary to heat the welding wire to 

melting temperature is denoted by H0, the following equation is 
established from the energy conservation rule. 

H =H +H 
o e a 

(7) 

The equation of the melting characteristics can be obtained 
from Equations 5-7, as follows: 

Al 

l-B\LelvfU
2 

(8) 

A_ * 
S[Ho+b) 

where, and 

S2\H 
. * " ) 

The welding wire extension length, Le, can be obtained from 
Equation 8 as follows: 

dL 
V , - V =v 

Al 

clt f m f \~B\L IvAl 
<-' / 

(9) 

Through simultaneous solution of Equations 1-4, it is possible 
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to determine the variation in welding current depending on the 
wire extension and arc length as follows: 

aL 

dl V -V 

dt L +L 

bSv 

R +R +R + — e 

s p a g 
L +L 

I 

L +L )l L+L„ 
s p s P 

(10) 

Geometrical Model of Fillet Welding 

To simulate the waveform of welding current during actual fil
let welding, geometrical models of fillet welding are developed. 
Figure 2 shows the target weld geometry and the definition of co
ordinate systems. W is the frame fixed to the weld structure and 
M is the frame moving along to the weld joint, while A is the frame 
moving with the gun. The origin of A is defined as the center of 
the rotating gun tip. The frames W, M, and A have the same di
rection cosine, but different origins. B is the frame moving with 
the same origin of A and rotated by the angle of <t> with respect to 
the axis x of A. T is the frame moving with the same origin as A 
and rotated by the angle of \|/ with respect to the axis y of B. 

Transformation matrices between frames defined in Fig. 2 are 
determined as follows: 
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(14) 

where vveidin„ is the welding speed; t is the time elapsed; a.ndy0^sa 

is the distance of the joint along the y axis of the frame W. (y0, z0) 
is the coordinate point of the origin of A referenced to the frame 
M. Figure 3 shows the dimensional parameters needed to deter
mine the welding wire end position. 

The coordinate point of the welding wire end position, pH.e, 
with respect to the frame T can be expressed as follows: 

1 2wm (x,c,>,c,:,J l/2w„ 

•<' 
<—:—& 

-&f* 

I h\„„ 
• 3 s >'.W Xsi | -

Fig. 5 — Bead model after fillet end in open fillet welding 

( Start j 

Input 

Calculate Initial condition 

• Increase Time t=t+At 

Calculate Bead Surface Profile 

Calculate Contact Tip Position 

Calculate CTWD 

I 
Solve Electrode Extension Length (Le) 

and Welding Current (I) 

Fig. 6 — Flow chart for calculation of electrode extension length and welding 
current. 

r oos9 

r sin 9 

-L 
e 

i 

(15) 

where r is the rotation radius and 0 is the rotating angle of the gun 
with respect to the frame T. 

Rotating speed of the gun can be obtained by the rotating fre
quency,/)., as follows: 
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Fig. 7— Weld structures for simulation. A — Open fillet joint welding; B — closed fillet joint welding. 
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Fig. 8 — Simulation results (open structure, $ = -45 deg, y = 0 deg). A — Simulated waveform of welding current; B —fillet joint region; C — transition re
gion; D — after end point. 

WELDING JOURNAL 



i'.'J=HJI!M:l=H=M:M 
400-, 

350 -

300-

C
u
rr

e
n
t 

(A
) 

8 
8 

150-

100-

I 
i.'i -

1.80 

1 4 rV/i 
f 

1.85 

Jl J fV 
i Y 

1.90 

Time (sec.) 

Experiment 
Simulation 

--Lowpass filtered 

IJ* I T\ A \i ; \ it! 

1.95 2.00 

4CC 

200 

150 

Experiment 
Simulation 

• Lowpass filtered 

10.90 1095 11.00 

Time (sec.) 

11.05 11.10 

Fig. 9 — Simulated and experimental welding current waveform in fillet joint Fig. 10 — Simulated and experimental welding current waveform in transition 
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dt 
-•2nf (16) 

The coordinate point of the welding wire end position with re
spect to W can be obtained from the previous equations as follows: 

we M A B T we 

rcasQcasvi-L sinw + v ,,. t 
e wading 

rsinQoostii + roasBsinfiisinvf + L siniicosvi+y + y 
T e

 T J o q 

rsinQsin$-raxQcos§sin\ii-L cosi/axy + z 

1 

(17) 

It is necessary to know the bead geometry to simulate the weld
ing current from the previous equations. To model the weld bead 
shape, the following two conditions were assumed: 

1) Volume of the welding wire fed equals the volume of the 
bead formed 

2) Cross-sectional view of the bead is trianglular. 
After the welding gun was passed, the cross-sectional view of 

the bead from the x direction was approximated as a right-angle 
triangle. When the bead is forming under the rotating arc gun, the 
cross-sectional area of the bead from the x direction was approx
imated as linearly decreasing along the direction the gun was mov
ing. Figure 4 shows the bead shape modeled in the joint of the fil
let weld. The relations between welding conditions and bead 
parameters are established as follows: 

1 ,2 1 i 
— TlCt~'V =— V */Z •V 
A w f n bead bead wdamg 

(18) 

where dw is the diameter of the welding wire; vy is the wire feed 
rate; vwdding is the welding speed; and vbead and hbead are, respec
tively, the leg length in the vertical direction and in the horizon di
rection. If the line between the origin of frame M and the origin 
of frame T pass through the mid-point of the bead surface's pro
jected line, Equation 19 can be obtained. 
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Fig. 11 — Simulated and experimental welding current waveform after the end 
of the fillet joint region of open structure (0 = -45 deg, i|/ = 0 deg). 
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(19) 

bead 

where, (Mztc,
 Mytc) is the coordinate value of the origin of frame T 

with respect to frame M. 
Horizontal and vertical leg length can be calculated from 

Equations 18 and 19 as follows: 
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The surface equation of the bead with respect to frame M can be 
obtained as follows: 

bead 

(22) 

If the arc is generated in the shortest way from the tip to bead or 
workpiece, the arc length during fillet joint welding can be ob
tained as follows: 

L -min 

end 
Wx My Mz 

[Mx | 2 M | 2 M 

I w h w v 
bead bead 

Z - \ 

V bead 

( <l 

2 

(23) 

where, (wxw
 wyw

 wzw) is the coordinate value of the end of the 
welding wire with respect to W; and wxenci is the coordinate value 
of the end of the joint with respect to W in closed fillet welding. 

After the fillet end, bead-on-plate welding with inclined rotating 
arc forms the bead shape as shown in Fig. 5. If the horizontal and 
vertical leg lengths are assumed as in Equations 24 and 25, the equa
tion of bead surface near the gun tip is obtained as Equation 26. 

bead ' bead 

V = — «V 
Ixnd -y bead 

(24) 

(25) 

(26) 

The arc length after the fillet end can be obtained as follows: 

Simulation Results and Discussion 

The mathematical model of the GMA welding system, the 
electrode melting model, and the geometrical model of the weld 
bead were used to simulate the current waveform of the rotating 
arc. Equations 9, 10, 23, and 27 were calculated simultaneously. 
To solve the differential equation, a 4th order Runge-Kutta 
method was used. Simulations were done as shown in Fig. 6. Table 
1 shows the welding conditions and parameters used in the simu
lations. Two series of simulations are presented and discussed for 
two different types of welding end of the fillet joint. 

Open Fillet Structure 

Figure 7A shows the open fillet structure adopted for simula
tions, and simulation results of welding current waveform for this 
structure are shown in Fig. 8. Before approaching the fillet end, 
the welding current fluctuates twice during a cycle of arc rotation. 
After passing the fillet end, however, the welding current fluctu
ates only once during a cycle of arc rotation. The variation of arc 
length due to the arc rotating, the bead geometry, and fillet joint 
geometry with an open end probably cause the different fluctua
tions of the simulated welding current. To validate the simulation 
results, comparisons between the current waveform of the simu
lations and that of the experiments were performed in Figs. 9-11. 
The current waveform measured in rotating arc welding shows a 
higher frequency than the simulated one or low-pass filtered one. 
This multiple of 60 Hz is due to the three-phase 60-Hz power fre
quency of the SCR supply. The overall frequency of the current 
waveform is 40 Hz in fillet joint region, but decreases in the tran
sition region, and finally reaches 20 Hz after end of the fillet joint, 
which is the frequency of gun rotation. All the comparisons show 
that the simulation results are well suited to the experiments. 
Table 2 shows the welding conditions used in welding experiments. 

Closed Fillet Structure 

Figure 7B shows the closed fillet structure adopted for simula
tions, and simulation results of the current waveform for this struc
ture are shown in Fig. 12. Before approaching the fillet end, the 
welding current fluctuates twice during each cycle of arc rotation, 
which is the same as it does in the open fillet structure (as shown 
in Fig. 9). Approaching the fillet end, however, the welding current 
tends to fluctuate three times during each cycle of arc rotation. The 
reason for these different current waveforms is due to the varia-

L =min 

My ,Mz 

y K , 
tc__v> + bead 

bead 

(27) 
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Table 1 — Welding Conditions and Parameters for Simulations 

Welding Parameters Welding current (I„) 

Welding Machine 
Parameters 

Arc Parameters 

Shielding Gas 
Parameter (C02) 
Welding Wire 

Welding wire feed rate (v,) 
Contact tip to work distance (CTWD) 
Welding speed (vwdtling) 
Rotation diameter 
Inductance (Ls+L_) 
Resistance (RS+RP) 
Rotating frequency (fr) 
Source voltage (V0c) 
Electric field parameter (Ea) 
Resistance (RJ 
Arc diameter (w.lrc) 
Arc voltage (V.,) 
Specific heat (H0 = H a+H e) 
Equivalent voltage (O) 
Diameter (Dw) 
Resistance length (a) 
Thermal energy (b) 

280 A 
135 mm/s 
15 mm 
6 mm/s 
2 mm 
0.00018 H 
0.008 Q 
211 11/ 
35 V 
2.0 V/mm 
30.7 mCl 
5 mm 
15.22 V 
11.1 J/mm' 
3.48 V 
1.2 mm 
1.2 x Kb' Qmrn 
3.98 J/mm3 

Welding Machine 
Welding Wire 
Shielding Gas 
Gun Angle 
CTWD 
Rotation Diameter 
Base Metal, 

Stiffencr 

Table 2 — Welding Conditions for Experiments 

600 A, SCR 
DW100 1.2-mm wire 
CO, 20 L/min 
45 deg 
15 mm 
2 mm 
12-mm thick, mild steel 

350 n A 

300 

250-

200 
0.0 0.2 0.4 06 

Time (sec.) 

1 0 

350-i 

300-

250 

200 

A A A A A /"\ A A 

01 0.2 

Time (sec.) 

03 

350-n C 

300-

250-

20O 
0.7 08 

Time (sec.) 

0.9 

< 300 

- Simulation 
Experiment 

- Lowpass filtered 

0.90 

Time (sec.) 

Fig. 12 — Simulation results (closed structure, d> = -45 deg, \y= -15 deg). A Fig. 13 — Simulated and experimental welding current waveform at the end 
— Simulated waveform of welding current; B —fillet joint region: C — in of the fillet joint of closed structure (0 = -45 deg, \|/ = -15 deg). 
front of the end plate. 
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tions of arc length during arc rotation, de
pending on the distance between the weld
ing wire end and the bead geometry or the 
fillet joint geometry with a vertical end 
plate. The variation of the current wave
form is, however, less distinct than that of 
the open fillet structure, which cause a dif
ficulty in implementing the algorithm of 
end point detect ion of fillet welds for 
GM AW with a rotating arc. To validate the 
simulation results, the current waveform 
of simulations at the fillet end is compared 
with that of experiments (as shown in Fig. 
13). The average current value of the ex
periment is a little higher than that of the 
simulation. It is caused by the decrease in 
the average value of arc length during each 
rotation cycle, which is due to the abnor
mal increase in the weld bead height at the 
end of the closed fillet structure because 
the vertical end plate blocked the flow of 
the melted metal. Figure 13 shows that the 
simulation result and the experimental re
sult are in fairly good agreement with re
spect to the signal frequency, although very 
careful measurement will be essential for 
the application of the end point detection 
algorithm for a closed fillet structure in 
GMAW with a rotating arc. 

Conclusions 

A mathematical sensing model of a ro
tating arc, which contains the G M A weld
ing system model and the geometr ical 
bead model , was developed. A G M A 

welding system model was derived from 
the equivalent electrical circuit of the con
ventional welding system with a constant 
voltage power source and Halmoy's weld
ing wire melting model, which was known 
to be well suited to experimental results. 
Geometrical bead models were developed 
under the simple assumptions for fillet 
welding with an inclined rotat ing arc. 
Welding cur rent s imulat ions were per
formed by the developed sensing model of 
the rotating arc and compared to the ex
perimental results in gas metal arc welding 
of open and closed joints in fillet welds. 
The comparison results show that the de
veloped sensing model is well suited to the 
experimental results in steel welding and 
can be applied for the end point detection 
of joints in G M A W fillet welds with a ro
tating arc. 
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