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Gas tungsten arc welding (GTAW) has
become an indispensable tool for many in-
dustries because of the high-quality welds
produced and low equipment costs (Ref. 1).
Quality welds can be made using the
GTAW process at almost all welding posi-
tions. Therefore, GTAW is the most widely
used process for welding of pipes.that are
often subject to severe service conditions.
Assurance of weld quality is critical in such
applications, but it presents technological
challenges, especially for welding at the 5G
fixed position, where the pipe is fixed and
the welding torch travels around the cir-
cumference of the pipe joint experiencing

horizontal, vertical, and overhead welding
positions. Mechanized/automated systems
rely on precision control of joint fitup,
welding conditions, and tedious program-
ming of welding parameters to produce re-
peatable results. However, precision con-
trol of joints and welding conditions is
costly and not always guaranteed. To date,
there are no satisfactory sensors/ways that
can be conveniently carried by the torch to

automatically monitor the penetration
depth (how far the liquid metal penetrates
along the thickness of the base metal) or
the degree of complete joint penetration as
can a skilled welder. 

The difficulty is primarily due to the in-
accessibility of the liquid metal bottom sur-
face underneath the weld pool and the ex-
treme arc brightness. Various methods
have been studied, including pool oscilla-
tion, ultrasound, infrared sensor, etc. The
pioneering work in pool oscillation was
conducted by Kotecki (Ref. 2), Richardson
(Ref. 3), Hardt (Ref. 4), and their cowork-
ers. Den Ouden found an abrupt change in
the oscillation frequency of the pool during
the transition from partial to complete pen-
etration (Refs. 5, 6). At Georgia Institute of
Technology, Ume leads the development of
noncontact ultrasonic penetration sensors
based on laser-phased array techniques
(Refs. 7, 8). Because the temperature dis-
tribution in the weld zone contains abun-
dant information about the welding
process, infrared sensing of welding
processes has been explored by Chin at
Auburn University (Refs. 9–12). The pene-
tration depth has been correlated with the
infrared characteristics of the infrared
image. At MIT, Hardt used an infrared
camera to view the temperature field from
the backside (Ref. 13). The penetration
depth was precisely estimated from the
measured temperature distribution and
then controlled (Ref. 14). Because of the
difficulty of the problem and the urgency
for a solution, researchers around the world
have continued the explorations (Refs.
15–19). 

During his PhD studies at the Harbin
Institute of Technology, the correspon-
ding author, YuMing Zhang, found that
the average sag depression of the solidi-
fied weld bead has a good linear correla-
tion with the backside bead width (Refs.
20, 21). A structured-light vision sensor
and image processing algorithm were thus
developed to measure the sag geometry in
GTAW. By modeling the arc welding
process, an adaptive control system has
been completed to achieve the desired
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backside bead width (Ref. 22). Recently,
the University of Kentucky developed an
innovative method to measure the 3D
geometry of the weld pool surface for both
GTAW and gas metal arc welding
(GMAW) (Refs. 22, 23). It projects a low-
power laser pattern onto the mirror/spec-
ular surface of the weld pool. The laser
pattern reflected from the weld pool sur-
face remains the laser intensity when trav-
eling from the arc and weld pool, but the
arc radiation loses its intensity. The re-
flected laser and arc radiation can thus be
intercepted and imaged on the intercep-
tion plane. Because the arc radiation re-
duces as the travel distance increases, the
reflected laser pattern (signal) can be
clearly distinguished from the arc radia-
tion (background). The 3D weld pool sur-
face that reflects the laser pattern can then
be computed from the measured laser re-
flection pattern and its known incident
pattern based on the law of reflection. A
vision system may thus be developed to
emulate a skilled welder to observe and
control the weld joint penetration. How-
ever, easily measurable arc signals, arc
voltage, and arc current, may be more
durable and cost effective and thus more
suitable for industrial applications.

The possible relationship between weld
joint penetration and arc signals has been
extensively studied at the University of Ken-
tucky Welding Research Lab (Refs. 24–28).
Successful monitoring and control over the
weld joint penetration have been achieved
for the plasma arc welding (PAW) process.
Since PAW is an extension of the GTAW
process with a constrained arc for higher en-
ergy and heat density, it is ideal if the
method for PAW process control can be ex-
tended to GTAW. Unfortunately, the au-
thors found that for the unconstrained free
arc in GTAW, the arc voltage does not in-
crease as the weld penetration increases as
in PAW and as the authors originally ex-
pected. Instead, the arc voltage first de-
creases as the weld penetration increases. It
increases only after complete joint penetra-
tion is sufficiently established. In this paper,
an innovative arc signal-based weld pene-

tration monitoring and control method is
proposed based on this characteristic of the
arc voltage change as the weld pool surface
develops in GTAW and is used to solve the
weld penetration control issue in GTAW
pipe welding. 

Experimental System Setup

The system that is demonstrated
through the block diagram in Fig. 1 is used
to monitor and control the weld penetra-
tion during gas tungsten arc (GTA) pipe
welding. It consists of the welding process
and a control system. 

The core of the control system is the
embedded controller powered by a
BL5S220 single-board computer (SBC)
from Digi International. The SBC is capa-
ble of executing the monitoring and con-
trol algorithm — to be proposed and de-
tailed later — stored in its flash memory.
A set of isolation amplifiers from
Dataforth are used to isolate the low-
voltage control circuit from the welding
process. The isolation amplifier modules
also provide hardware low-pass filtering to
the welding signals from/to the welding
process. The arc voltage signal is meas-
ured from the welding process, while the
welding current control command signal is
sent back to the welding process by the
control system. A Miller Dynasty® 350
welding power supply is used as a current
source. An HW-20 GTAW torch from
ESAB is mounted on an orbital pipe weld-

ing platform to conduct automatic pipe
welding, or is held by welders for manual
operations. Pure argon is used for shield-
ing and purging.

Dynamic Development of Weld
Pool Surface 

In keyhole PAW, as more metal is
melted, the depth of the partial keyhole in-
creases such that the arc length and arc
voltage increase (Ref. 24). Unfortunately,
in GTAW, such positive correlation be-
tween the arc voltage and weld penetra-
tion is not observed as the authors origi-
nally expected. Analysis suggests that the
free arc in GTAW does not severely de-
form the weld pool surface to form a sig-
nificant cavity. Instead, as more metal is
melted, the increase in the volume ele-
vates the weld pool surface toward the
electrode such that the arc length and arc
voltage are decreased. The authors thus
propose an assumption on the dynamic
development of the weld pool and weld
pool surface as illustrated in Fig. 2 for
GTAW on a square butt joint with zero
root opening.

The dynamic development of the weld
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Fig. 1 — Block diagram of the GTAW process and control system. Fig. 2 — Illustration of dynamic development of weld pool in GTAW.

Fig. 3 — Dynamic development of weld pool in
GTAW.

Table 1 — Welding Parameters for Pulsing
GTAW Experiments

Parameter Value Unit

Base time 1000 ms
Base current 20 A
Peak time 1200 ms
Peak current 110 A
Travel speed 2.0 mm/s
Shielding gas Ar N/A
Shielding gas flow rate 15 ft3/h
Standoff distance 3.0 mm
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pool in GTAW is divided into two stages by
the voltage/arc length minimum that is
caused by the establishment of complete
joint penetration. In Stage 1, the increased
volume due to metal melting reduces the
distance from the weld pool surface to the
electrode. In Stage 2, the arc pushes the liq-
uid metal through the bottom surface, and
the ability of the arc to push increases as the
bottom width of the weld pool increases. 

More specifically, when the base metal
is melted, its volume increases due to ther-
mal expansion. The increased volume Δv
increases as the melted metal volume v in-
creases. Before the bottom surface of the
base metal is melted, i.e., before complete
joint penetration is established, the in-
creased volume Δv is placed as an eleva-

tion of weld pool sur-
face above the original
base metal surface. The
elevation of the front
weld pool (volume be-
yond the original sur-
face), efv, equals Δv and
thus increases as the
melted metal increases
and the weld penetra-
tion depth increases.
Because of the free arc
in GTAW, the arc
length and arc voltage
are expected to de-
crease. This is different
from keyhole PAW
where a significant cav-
ity (partial keyhole ex-
ists) such that the arc
length increases as the
cavity depth increases
and the bottom of the
cavity is close to the
bottom of the liquid
metal pool. However,

after the complete joint penetration is es-
tablished, the arc pushes part of the liquid
metal beyond the original bottom surface
of the base metal to form an elevation of
the bottom weld pool surface. Denote the
volume of this part of the liquid metal as
ebe. As a result, efv = Δv – ebv. Before com-
lete joint penetration is established, ebv =
0. Hence, this equation also holds before
complete joint penetration is established. 

Before complete joint penetration is
established, efv = Δv. Since Δv increases as
penetration increases, efv also increases
with the penetration. Because the arc
length is defined approximately as the av-
erage length from the electrode to the
weld pool surface in the arc region, the arc
length and its measurement (arc voltage)

decrease as vfv increases. After complete
joint penetration is established, ebv > 0
such that efv < Δv. When d(Δv)/dt >
d(ebv)/dt, efv still increases as Δv increases
but at a reduced rate. The arc voltage will
thus reduce at a reduced rate. However, as
the penetration increases such that the
width of the bottom weld pool surface in-
creases, d(Δv)/dt < d(ebv)/dt may occur. As
a result, efv will reduce instead. Because
the capability of the arc to push the liquid
metal to produce ebv increases with the
penetration, efv will reduce at an increased
rate as the penetration increases. 

This discussion and analysis of the dy-
namic development of the weld pool is il-
lustrated using Fig. 3. As can be seen, com-
plete joint penetration is established first
and the minimum arc length is realized
when the change from d(Δv)/dt > d(ebv)/dt
to d(Δv)/dt < d(ebv)/dt occurs. The authors
would argue that the arc length minimum
is more significant than the establishment
of complete penetration. This is because,
for any practical application, a perfect
alignment of the arc center with the weld
joint and a perfect symmetry of the weld
pool are not realistic. Without an ade-
quate bead width on the bottom surface,
the two members of the base metal would
not be fully joined through their entire in-
terface. The authors would also argue that
the penetration achieved when reaching
the arc length minimum should not be ex-
cessive. In fact, d(ebv)/dt is controlled by
the width of the bottom weld pool surface.
The arc length minimum thus must occur
before the width of the bottom weld pool
surface becomes excessive such that more
metal moves to the bottom. As a result, the
arc length minimum should be a simple yet
effective indicator for adequate complete
penetration. If the degree of complete
joint penetration needs to increase or re-
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Fig. 4 — Measured arc voltage signal during a typical peak period.

Fig. 5 — Illustration of pulsing GTAW closed-loop control algorithm.

Fig. 6 — Monitoring and control algorithm flow chart.
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duce, the slope of the arc voltage can be
analyzed. 

In GTAW, the arc voltage can be consid-
ered proportional to the arc length with cer-
tain accuracy and linearity. Assume the
GTAW torch has a constant standoff dis-
tance from the pipe surface, which is com-
mon in welding practice. By measuring the
arc voltage signal, the arc length, or distance
from the tungsten electrode to the weld
pool surface, can be determined with cer-
tain accuracy. The arc length minimum can
thus be detected as the voltage minimum. 

A series of pulsing GTAW experiments
was designed to verify the above observa-
tions, analyses, and assumptions on the
dynamic development of the weld pool.
The welding current was switching be-
tween lower level base period (20~40 A)
and higher level peak period (90~140 A).
To better monitor the weld pool, the
GTAW torch moved for a constant small
distance during each base period, typically
1~2 mm, and then stopped during the
next peak period to gain penetration.
Schedule 10 AISI 304 stainless steel pipes
with 3.5-in. OD (outer diameter) were
used as base metal. Two pieces of pipes
were butt jointed with zero nominal root
opening. A tentative set of welding pa-
rameters is listed in Table 1.

During the experiments, a data acqui-

sition system measured the welding sig-
nals (e.g., arc voltage, welding current) at
a sampling rate of 1 kHz. A typical peak
period is illustrated in Fig. 4.

All stages are marked in Fig. 4. It can
be observed that the arc voltage is de-
creasing continuously during stage 1,
which indicates the increase in the front
weld pool elevation above the pipe sur-
face. The decrease in the arc voltage then
slows down and finally reaches the voltage
minimum. At this point, the arc voltage
reaches the lowest level during the entire
peak period. It indicates that the front
weld pool has achieved its largest eleva-
tion. At the same time, the bottom side of
the pipe joint must have been adequately
melted. If the peak current continues to be
applied, the volume of molten base metal
pushed beyond the bottom surface of the
pipe may become more than necessary. As
expected for Stage 2, the arc voltage starts
to increase, which means the weld pool
surface starts to drop down and adequate
complete joint penetration is said to be
achieved.

The arc voltage signal in the peak pe-
riod (except for the sharp spike at the be-
ginning) is curve fitted. This signal can be
considered to follow a second order
parabola, as indicated in Fig. 3. The vertex
of the parabola indicates the voltage min-
imum. Therefore, an algorithm can be
proposed to continuously measure arc

voltage signal and find the vertex. By
switching the current from the peak level
to the base level at the vertex, adequate
complete penetration can be produced as
a result of a feedback control. 

Monitoring and Control
Algorithm

An algorithm was proposed to detect
the vertex of arc voltage signal during each
peak period in real time and control the
process accordingly. This monitoring and
control algorithm was also optimized to
reduce the computation load to a level ap-
propriate to a real-time implementation in
the embedded control system used. 

The monitoring and control algorithm
includes arc voltage signal sampling and de-
cision making. Based on observation of  the
fluctuation of the arc voltage measure-
ments, the authors propose 100 ms as the
control period. For the GTAW process, 100
ms is considered an acceptable resolution to
switch the current level to control the de-
gree of weld penetration. During each con-
trol/decision period, the arc voltage is sam-
pled 100 times (one for each millisecond),
and the average is computed to represent
the arc voltage signal during the control pe-
riod. Then, the moving average method was
used to conduct the curve fitting using aver-
age values in consecutive control periods.
The vertex of the fitted parabola can then
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A B

Fig. 7 — Weld pool surface development at the bottom position without the vertex under insufficient arc pressure. A — Continuous increase in the elevation of
the front weld pool surface; B — oscillation in the elevation of the front weld pool surface.

Table 2 — Welding Parameters for Feedback-
Controlled Process

Parameter Value Unit

Base period 1000 ms
Base welding current 20 A
Minimum peak period 100 ms
Maximum peak period 1500 ms
Peak welding current 130 A
PE_criterion 0.0 V/(100 ms)
Second peak period 200 ms
Second peak current 100 A
Travel speed 2.0 mm/s
Standoff distance 3.0 mm
Shielding gas Argon N/A
Shielding gas flow rate 15 ft3/h
Welding torch ESAB HW-20

A C

D F

E

B

Fig. 8 — Full position welding results for both sides of the pipe. A — Outer side on top position; B —
inner side on top position; C — outer side on side position; D; — inner side on side position; E —
outer side on bottom position; F — inner side on bottom position.
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be calculated from the equation of the fit-
ted curve. Once the vertex is reached, the al-
gorithm switches the current to the base
level to start the next pulse. Figure 5 illus-
trates the theoretical arc voltage and weld-
ing current signal during a typical pulse
where a second peak has been added and
which will be explained later.

The algorithm follows the steps listed
below:

Step a: Initialization of process, includ-
ing welding and control parameters.

Step b: Output the base welding cur-
rent Ib for a base period of Tb. The rela-
tively lower heat allows the weld pool to
cool down and prepare for the peak 
period.

Step c: Output the peak welding cur-
rent Ip for a minimum peak period Tp–min.
This minimum peak period is applied in
order for the arc voltage to pass the initial
transient period when the current is
changed.

Step d: Continue to apply the peak
welding current. The controller samples
the arc voltage signal at 1 kHz (one meas-
urement per 1 ms). During each 100-ms
control period, the 100 measurements of
arc voltage are averaged to represent the
peak voltage during this period. N consec-
utive averaged peak voltages are fitted by
a second-order parabola. The slope (first-
order derivative) of the parabola at the
most recent sampling point indicates the
change tendency of the arc voltage.
Step e: If the calculated slope is greater
than a predetermined threshold PE_crite-
rion (penetration criterion, generally set
to 0.0, corresponding to the vertex), the
control algorithm will set the flag variable
PE_break to 1, and continue to step f. If
the slope is still smaller or equal to PE_cri-
terion, jump to step d for another control
period. If the slope is always smaller or
equal to PE_criterion until the maximum
peak period of Tp_max, the algorithm will
still jump to step f and keep PE_break un-

changed as zero.
Step f: If PE_break = 0, it means the

vertex is not reached until the maximum
peak period, then the algorithm will jump
to step b to start the next pulse. If
PE_break = 1, switch to the second peak
current Ip2 and apply this current for the
second peak period Tp2. This period gen-
erally has slightly smaller welding current
compared with that in the peak period.
The primary purpose of this second peak
period is to add some extra heat input to
ensure that the weld bead is smooth. After
this second peak period, the algorithm will
also jump to step b to start the next pulse.
If the welder needs to stop the process (ei-
ther a problem occurs, or the weld joint is
completely welded), jump to step g.

Step g: Stop the process.
A flow chart is also given in Fig. 6 to

further demonstrate the algorithm.
Experiments have been conducted

using a first-order curve fitting to reduce
computation load for the embedded con-
trol system. However, it was found that the
second-order parabola fitting produced
more accurate and timely estimates for the
vertex. The general curve-fitting algo-
rithm is described as follows.

As described earlier, the arc voltage
signal during each peak period behaves
like a parabola. It can be modeled by fit-
ting for the coefficients in the following
second order model: 

v = a0 + a1t + a2t2 (1)

where v is the average arc voltage in Volt
and t is time measured in 100 ms (one con-
trol period). Assuming N points are used
for the curve fitting, N equations of (1) can
be written in matrix form in Equation 2:

φ × θ = Y (2)

where

Using the least square algorithm (Ref.
29), the coefficient of Model 1 can be es-
timated by

where θ̂ is the estimated model coefficient
vector. The slope, or first-order derivative,
at the last point tN is

y'N = a1 + a2tN (5)

To determine the slope of the most re-
cent arc voltage measurement, only two
coefficients need to be estimated. If the
number of sampling points N is fixed for
all curve fitting, the matrix of
(ΦT × Φ)–1 × ΦT can be calculated in an off-
line manner before implementing into the
embedded control system. To obtain the two
coefficients, N×2 multiplication and
(N–1)×2 addition operations are needed. 

In order to further reduce computation
load, the sampling time t can be properly
selected that makes tN=0 tN–1 = –1,⋯,t1 =
N–1). In this assumption, Equation 5 can
be further reduced to

y'N = a1 (6)

Hence, only one model coefficient is
needed to determine the slope of fitted
parabola at the most recent sampling
point tN. The calculation load is then re-
duced to only N multiplication and (N–1)
addition operations. This control algo-
rithm was then implemented and tested
with the embedded control system. 

Experiment Results

Test experiments were first conducted
using an orbital pipe welding system from
Magnatech LLC. After accepted welds
were produced on the orbital system such
that the feasibility and effectiveness of the
proposed method were verified, tests were
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Fig. 9 — Manual welding results for both sides of pipe. A — Front side of the weld; B — back side of the weld.

Table 3 — Measurements of Weld Bead Width for Three Positions

Welding Position Top Side Bottom

Average OD bead width (mm) 9 8 7
Average ID bead width (mm) 8 7 6

A B
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also conducted for manual welding. All
the welding tests were performed on 3.5-
in. OD Schedule 10, Type 304 stainless
steel pipes. 

Problem with Overhead Position and
Peak Current Refining 

The 5G horizontal fixed position is the
most commonly used pipe welding posi-
tion, and also is considered to be one of
the most difficult welding positions to
work with (Ref. 30). The pipe is fixed par-
allel to the horizon and the weld is made
vertically around the pipe. When welding
around the pipe joint circumference, sev-
eral common welding positions or their
combinations are encountered, including
1G flat, 3G vertical, and 4G overhead. 

The dynamic development of the weld
pool was analyzed without exclusively in-
cluding the gravitational force that
changes with the welding position but sim-
ply assuming that a nonzero width of the
bottom weld pool surface would result in
a sufficient positive e_bv to balance out
and exceed the increase in Δv. At the top
position (1G flat), both the arc force and
gravitational force tend to produce a suf-
ficiently positive ebv. At the side position
(3G vertical), the arc force tends to pro-
duce a sufficiently positive ebv. The dy-
namic development of the weld pool be-
haves as illustrated in Fig. 3.

However, at the bottom position (4G
overhead), the gravitational force acts
against the arc force that pushes the liquid
metal toward the bottom weld pool sur-
face to produce a positive ebv>0. If the arc
force is insufficient to significantly exceed
the gravitational force, the vertex may not
occur even if an adequate width of the bot-
tom weld pool surface has been produced.
Some typical problems at the bottom po-
sition due to an insufficient arc force are
illustrated in Fig. 7.

In Fig. 6, the peak current was 110 A.
In Fig. 7A, the arc pressure was not suffi-
cient to overcome the gravitational force
and surface tension to effectively produce
a sufficient positive ebv to balance out and
exceed the increase in Δv such that
d(Δv)/dt<d(ebv)/dt occurs. In another case
shown in Fig. 7B, the arc pressure was not
sufficient to overcome the gravitational
force and then suppress the oscillation
momentum (force). In both cases, the ex-
pected vertex is not observed and cannot
be detected.

Fortunately, the cause of the problem
in two cases appears to be the insufficiency
in the arc pressure. After appropriately in-
creasing the peak current, and thus the arc
pressure that is proportional to the square
of the current, the occurrence of the ver-
tex is assured. A set of optimal welding pa-
rameters thus resulted for the full position
welding shown in Table 2.

Automated Orbital Welding

The welding parameters used are listed
in Table 2. In comparison with Table 1, the
peak current is increased from 110 to 130
A. A few parameters needed by the feed-
back control are added including the min-
imum and maximum peak periods and
PE_criterion that controls the acceptance
for the vertex. The resultant weld bead for
the full position test is shown in Fig. 8.

The full position test results show that
the weld beads produced at each position
(top, side, and bottom) are smooth and
consistent in width and reinforcement.
Complete joint penetration is guaranteed
through the whole welding process. The
measurement of the weld bead width is
listed in Table 3.

Although the bead widths are not the
same for different welding positions, they
are all acceptable for visual inspection
with complete penetration. In addition,
the welder/operator does not adjust weld-
ing parameters per the position during the
full position welding operation. If a weld-
ing position sensor is used, welding pa-
rameters including the peak current and
PE_criterion may be further optimized to
produce more consistent weld bead width
despite the change in welding position. 

Preliminary Manual Welding 

With consistent complete joint pene-
tration obtained using an orbital welding
system, a manual welding operation was
also performed but only at the top position
as a preliminary test. Exactly the same set
of welding parameters as listed in Table 2
was used. The GTAW torch was held and
moved by a human operator — an electri-
cal engineer with no prior welding experi-
ence — approximately 2 mm during each
base period. All other welding parameters
including the current, were controlled/ad-
justed by the monitoring and feedback
control algorithm. The weld bead made at
the top position is shown in Fig. 9.

As seen in Fig. 9, the novice welder did
not move the GTAW torch with an identi-
cal interval each time. This is evidenced by
the inconsistency of the weld bead ripples
on the front side. However, with the feed-
back-controlled welding parameters, com-
plete joint penetration was produced
throughout the whole length of the weld-
ing operation. In addition, the weld bead
is smooth without any potential melt-
through and other discontinuities. It is be-
lieved that with the proposed penetration
control method, entry-level pipe welders
should be able to produce high-quality
pipe welds with guaranteed complete pen-
etration and smooth/consistent weld
beads. Further efforts will be directed to-
ward the full verification and demonstra-
tion of the proposed technology in manual

pipe welding through working with ship-
yards or other industries where manual
pipe welding is widely used.

Analysis and Discussion

The establishment of complete joint
penetration is the result of all welding pa-
rameters including welding current, arc
length, and travel speed and other factors
including surface tension, materials prop-
erty, temperature, external force, etc. All
these factors and welding parameters form
the inputs. Using all the inputs to calculate
their result/output, i.e., the establishment of
complete joint penetration, is the classical
method for process analysis. The complex-
ity of the welding process and the deviations
of the actual inputs from their nominal val-
ues made such method not always practical.

An ideal monitoring method is to find a
measurement, or as small a number of
measurements as possible, that has an in-
herent correlation with the one to be mon-
itored such that we can disregard all other
inputs. For the establishment of complete
joint penetration, it was found that this
measurement can be the slope of the arc
voltage.

The arc voltage reflects the arc length
in our case in which the GTAW torch stays
stationary before establishment of com-
plete joint penetration is confirmed. The
arc length reflects the elevation of the
weld pool surface. Because of the in-
creased amount of heat input applied, the
base metal melted increasingly. The total
volume of liquid metal increases due to
the thermal expansion. Before complete
joint penetration is established, the in-
creased volume of the liquid metal in the
weld pool has no place to expend except
for the top surface. The weld pool surface
thus moves to the tungsten such that the
arc length reduces before complete joint
penetration is established. 

The establishment of complete joint
penetration, especially adequate complete
penetration, adds another direction for the
melted metal to expend. Under the arc pres-
sure, which presses the weld pool metal
away from the tungsten, the weld pool sur-
face will start to move away from the tung-
sten. The arc length will start to increase.
The arc voltage will also start to increase.
This change will occur despite all the other
parameters including the surface tension,
temperature, material property, etc. 

The authors believe this finding is truly
fundamental with solid scientific basis. As in
the pool oscillation method, the current is
on purpose changed to excite the pool to os-
cillate to enlarge the oscillation amplitude.
In our case, the current is not intentionally
changed. The oscillation amplitude is small
and will not affect the effectiveness of our
signal process algorithm to detect the
change in the voltage slope.
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Specifically, in this study, the proposed
method was tested on Schedule 10, 3.5-in.-
OD pipes. At Adaptive Intelligent Systems,
further tests have been conducted and con-
firmed that the same method can be used
for pipe wall thicknesses between 1 and 4
mm. However, the welding parameters, es-
pecially peak current, need to be optimized
for the specific thickness. Thinner (under 1
mm) and thicker wall thickness (over 4 mm)
pipes will also be studied. 

The proposed method in this study
pulses the torch movement. The welding
speed depends on the distance to be moved
in each base period. The actual weld pene-
tration was formed by the overlapping of
neighboring weld spots made during con-
secutive peak periods. If the torch travels
too fast during the base period, two neigh-
boring weld spots may not well overlap to
form consistent inner side beads. On the
other hand, if two weld spots are too close,
the productivity will be reduced. In addi-
tion, there may also be a chance of melt-
through. Therefore, the distance traveled in
each base period should be within a certain
range. By repeated tests, it was determined
that moving the torch 1.5 to 2.5 mm in each
base period would generate consistent weld
bead for Schedule 10, 3.5-in.-OD pipes. 

For top and bottom positions, the
travel direction of the torch does not affect
the proposed weld penetration control
method. While the conditions for welding
are symmetrical at two positions, these
conditions are not symmetrical at the side
position because moving the torch uphill
or downhill makes a big difference for the
gravitational force on the liquid metal in
the weld pool in relation to the travel di-
rection. In particular, when the torch trav-
els in an uphill direction (from 6 to 12
o’clock), the produced weld beads will be
similar to the one given in Fig. 8C, D.
However, if the torch travels downhill
(from 12 to 6 o’clock), gravity will pull the
liquid metal in the weld pool downward.
As a result, extra liquid metal will be pres-
ent under the arc such that the develop-
ment of the weld pool will be affected. In
most of the cases with downhill operation,
the inner side bead width will be reduced
with a possibility to lose penetration.
Therefore, it is recommended that the
side position is welded with the torch mov-
ing uphill. 

Conclusion

A novel weld penetration monitoring
and control method is proposed and tested
in this paper. The successful experiment re-
sults can be concluded as follows:

A weld penetration monitoring and con-
trol method is proposed for the GTA pipe
welding process. The method is based on

observation of development of the weld
pool during the welding operation.

An effective control system was built and
connected to common GTAW  process.

An easy but effective curve-fitting based
control algorithm is proposed to detect the
change on the weld pool elevation, in order
to indicate complete joint penetration.

Smooth, consistent weld beads with
complete joint penetration were obtained
with both the orbital pipe welding system
and manual pipe welding operations.
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