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Introduction

In a wide variety of applications, such
as shipbuilding, power, and some offshore
plants, as well as food processing, piping
systems play an important role. Welding is
the most common joining method in
building those pipe systems. Although sev-
eral major welding processes can be used
to join pipes and tubes, gas tungsten arc
welding (GTAW) is probably the most
common choice for the root pass. For
pipes under 8 in. in OD and under Sched-
ule 10, GTAW should be sufficient to pen-
etrate the entire wall thickness. For pipes
over Schedule 10, joints need to be
beveled/grooved to reduce the thickness
that needs to be penetrated during the
root pass and to create the exacting toler-
ances preferred for GTAW joint weldabil-
ity. Machining needs increase the prepa-
ration time as well as the overall costs.
Further, filler material becomes manda-
tory in order to produce weld bead con-
tour with required positive reinforcement.

In addition, care is needed to avoid tung-
sten inclusions, a common weld defect in
the GTAW process.

This paper proposes to use plasma arc
welding (PAW) in manual pipe welding in
order to overcome the aforementioned is-
sues associated with GTAW. As an exten-
sion of GTAW, the PAW process uses a
specially designed torch with an orifice
configuration as shown in Fig. 1 to con-
strain the arc to increase the penetration
capability (Ref. 1). This configuration has
been used in a number of applications and
studies (Refs. 2–5), which showed that the
arc is much more directional and the
process is much more tolerant to varia-
tions in the torch standoff distance (Ref.
1).

With different settings, the PAW
process can be operated in the following
two modes: melt-in (or conduction mode)
and keyhole. In the melt-in mode, the base
metal is heated through the contact of the

plasma arc with the workpiece surface.
This mode is good for joining relatively
thin sections (up to 3.2 mm or 0.125 in.). It
is similar to conventional GTAW except
for the reduced arc beam diameter or the
increased arc intensity. If the settings are
correct, the keyhole mode may also be es-
tablished because the plasma jet may dis-
place the molten metal to form a keyhole
or deep narrow cavity (typically through
the entire wall thickness) (Ref. 6). The es-
tablishment of the keyhole allows the
plasma jet to directly heat the entire thick-
ness through the keyhole. The heating ef-
ficiency is improved, and the penetration
capability is increased (Ref. 7).

However, the PAW process is sensitive
to parameter variations and its use in man-
ual operations is rare and may require ex-
traordinary skills. Through recent devel-
opments of the sensing and control
enhanced PAW (Ref. 8) to be presented in
this paper, manual operation of PAW has
become a valid technology. For novice
welders without GTAW experience, this
sensing and control enhanced manual
PAW is even much easier than conven-
tional GTAW because the desired com-
plete joint penetration can be ensured.

The experimental system is briefly in-
troduced first, followed by the introduc-
tion of the penetration control method.
Visual and radiographic inspection as well
as tensile tests were conducted, and the re-
sults are listed to verify the feasibility of
the proposed method.

Experimental Setup

Due to the sensitivity to welding pa-
rameter variations, the manual PAW
process without automatic control is diffi-
cult for welders to operate. If the variation
in torch movement is not compensated
for, the weld bead may not be consistent.
A sensing and control system was built to
implement an advanced control algorithm
into the PAW process. The experimental
platform is generally divided into two
major parts, welding process and control
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system, as shown in Fig. 2.
The welding process consists of the fol-

lowing three elements: power supply, torch,
and welding platform/fixture. To accommo-
date the PAW process, the power supply
should be able to deliver the requisite
shielding gas, plasma gas, and coolant to the
torch as well as high-frequency arc striking.
A Thermal Arc Ultima-150 plasma welding
power supply was selected, and a Thermal
Arc PWH-3A plasma torch was used for the
manual operation. The pipe welding plat-
form, a rotational positioner, was used to
clamp the pipe joints and rotate them to a
desired position.

The control system consists of isolation
modules, an embedded controller, and a
human machine interface (HMI). Isola-
tion modules receive and filter signals of
process parameters (welding current and
voltage) measured from the process. At
the same time, the embedded controller is
isolated from the electrically noisy weld-
ing process. The isolation modules for
welding current and voltage both act as
low-pass filters, with a cutoff frequency of
1 and 3 kHz, respectively. The embedded
controller is the core component of the
control system. This controller measures
the filtered and isolated process parame-
ters by its A/D port. 

Based on the measured signals, the
model predictive control algorithm per-
forms calculations to determine the de-
sired controller output (welding current
signal) in real time. The welding current
control signal is sent out via the D/A port
and then through the output isolation
module before entering the welding
process (power supply). A commercial
HMI terminal is used, allowing the welder
to input welding conditions and desired
parameters. Feedback control algorithms
are implemented into the embedded sys-
tem to control the weld penetration, as will
be detailed later.

Reference Arc Voltage Based
Control

For pipe welding applications, com-
plete joint penetration is typically neces-
sary with specific weld bead contour re-
quirements on both sides. Unlike
structural welding, the welder typically has
no access to the inner side of the pipe
joint, and is not able to observe the inner
side bead width directly. Therefore, for
entry-level welders without extensive pipe
welding experience, it will be difficult to
make welds with acceptable inside con-
tours. Sometimes, even for skilled
welders, the weld bead may not be consis-
tent due to careless operation or other
reasons. The proposed pipe welding
method aims at predicting and controlling
the penetration depth through advanced
sensing and control instead of welder’s ex-
perience. One of the key principles is to
predict the weld penetration by the meas-
urement of arc voltage in an innovative
way. In arc welding, the easily measurable
arc voltage is considered proportional to
the arc length, but the accuracy is affected
by the broad distribution of the uncon-
strained arc and welding current. This sec-
tion introduces an innovative method of
determining complete joint penetration
by measurement of arc voltage.

Basic Principle

In order to reflect the weld pool depth,

a reference surface is needed in manual
welding. Due to the unexpected welding op-
eration manner and inaccuracy among dif-
ferent welders, the standoff distance is
changing all the time. A pulsing method is
introduced to develop penetration at a peak
period (higher current level) and allow the
weld pool to cool down at a base period
(lower current level). With the PAW
process, after the welding current is reduced
to the base level, the arc force is decreased
greatly. The melted metal around the
plasma arc will flow back to the center of the
weld pool to fill the keyhole. In this way, the
melted weld pool can actually bounce back
to the pipe surface. Therefore, a good ref-
erence can be provided during the base pe-
riod, which will be used to determine the
penetration depth from the outer side sur-
face of the pipe joint.

Extensive welding tests were con-
ducted with fixed pulse frequency and
duty ratio (open loop tests). By variation
of travel speed and torch standoff distance
within a certain small range, the trajecto-
ries of arc voltage to reach complete joint
penetration also changed in a range. The
trajectory under nominal was set as the de-
sired trajectory to reach complete joint
penetration. With small variations of
travel speed and standoff distance, if the
arc voltage can follow the desired trajec-
tory, complete joint penetration can still
be achieved, with an accepted error of

Fig. 1 — The plasma arc welding process. Fig. 2 — Block diagram of the experimental platform.

Table 1 — Major Welding Process Parameters for Reference Arc Voltage Method

Process Parameters Values

Base current 20 A
Reference peak current 45 A
Peak current Algorithm determined
Polarity DCEN
Electrode 1⁄16-in. 2% thoriated tungsten
Plasma gas Argon
Plasma gas flow rate 2.0 ft3/h
Shielding gas Argon
Shielding gas flow rate 15 ft3/h
Standoff distance 1⁄4 in.
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weld bead consistency.
In the pulsing welding current, each

regular pulse consists of a base and peak
period. The base period duration is fixed,
which is determined by extensive experi-
ments. A typical peak period contains 20
to 40 control cycles, depending on the time
needed to reach the desired penetration.
By balancing the process dynamics and
embedded controller capacity, the dura-
tion of the control cycle is set to 10 ms.
During each control cycle, 10 arc voltage
measurements are executed by the em-
bedded controller in 1-ms intervals. The
10 measurements are then averaged (soft-
ware low-pass filter) to represent the arc
voltage during that control cycle.

For each regular pulse during a base pe-
riod, lower welding current is applied. The
weld pool is merely melted and is flat to the
pipe surface. At the beginning of a peak pe-
riod, an intermediate welding current (be-
tween base and peak current) or initial peak
current is applied to provide a reference
point, also considered as the starting point
of the control algorithm. In this interim
stage, the top surface is still relatively flat
due to the insufficient heat input under the
reference welding current and relatively
short time period. The arc voltage is meas-

ured at this stage as the reference voltage.
Immediately following this interim period,
the controlled peak current is applied to
gain penetration. Once the measured arc
voltage follows the desired trajectory, the
desired penetration depth can be obtained
in a preferred time period smoothly without
overshoot. The arc voltage during peak pe-
riod is measured repeatedly and compared
to the reference voltage. The model predic-
tive control (MPC) algorithm will deter-
mine the appropriate current control signal
for the next control cycle until the arc volt-
age reaches the preset threshold that indi-
cates complete joint penetration.

Feedback Control

As the key control algorithm selected
for this application, MPC is an advanced
method of process control that has been
used in control applications since the
1980s. Welding technology can also be
well controlled by the MPC method. The
implementation of MPC on various weld-
ing processes has been successfully re-
peated in the Welding Research Labora-
tory at the University of Kentucky (Refs.
8–10). This research makes use of the
basic idea of MPC to achieve accurate

weld penetration control.
For reference regarding the arc voltage

method, the PAW process can be consid-
ered as a single-input single-output
(SISO) system. Concerning controller de-
sign convenience, the process input and
output are defined as follows:

Here, uk is the process input, which is
defined as the welding current control sig-
nal in discrete time instance k. It is equal
to the difference of the welding current at
peak period IP_k and the reference weld-
ing current Iref. In the same way, yk indi-
cates the process output, which means the
arc voltage measurement at instance k. It’s
defined as the difference between arc volt-
age measurement during peak period Vk
and the reference arc voltage Vref.

In the control algorithm, the process is
described by the following finite impulse
response (FIR) model:

Here, k is also the present instant, yk is
the output at k, uk–j is the input at (k–j) 
(j > 0). n and h(j)’s are the order and the
real parameters of the impulse response
function, respectively. Assume h(j) (1 ≤ j ≤
n) are time invariant. They are unknown
but bounded by the following intervals:

Here, hmin (j) ≤ hmax (j) are the mini-
mum and maximum limits of h(j) and are
already known. Assume yk* is a point on
the desired trajectory at instance k. The
objective is to design a controller to deter-
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Table 2 — Major Welding Process Parameters for Bottom Detection Method

Process Parameters Values

Base current 20 A
Base period 1000 ms
Peak current 85 A
Minimum peak period 50 ms
Polarity DCEN
Electrode 1⁄16-in. 2% thoriated tungsten
Plasma gas Argon
Plasma gas flow rate 2.0 ft3/h
Shielding gas Argon
Shielding gas flow rate 15 ft3/h
Standoff distance 1⁄4 in.

Fig. 3 — A typical pipe weld made by a novice welder using the reference arc voltage method. A
— Front side of the weld; B — back side of the weld.

A

B

Fig. 4 — Basic principle of the bottom detection method.
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mine the feedback control actions {uk} so
that the closed-loop system achieves the
following performance:

N indicates the total number of control
cycles designated to reach complete joint
penetration.

The unit step response s(i) of the
process model and their upper and lower
limits smax(i) and smin(i) are as follows:

To ensure negative feedback control,
the following condition is required:

In order to give a straightforward con-
clusion of controller design, the detailed de-
duction of algorithm and proof of stability
are skipped and can be found in Ref. 11.

After mathematical deduction, the
process control action Δuk is then deter-
mined by the following:

It’s evident that the control algorithm
given by Equation 7 could also be ex-
pressed by the following:

Where

Here, Δuk = uk – uk–1 is the process
input increment from a previous control
cycle. In real-time control, Δuk will be cal-
culated according to Equation 8 in each
control cycle and added to the process
input of a previous control cycle.

This MPC algorithm has been imple-
mented into the embedded control system
to fulfill the reference arc voltage method.
By analyzing the measured arc voltage sig-

nal, the welding current for the next con-
trol cycle can be determined. The closed-
loop feedback control signal will drive the
arc voltage to follow the desired 
trajectory.

In practical implementation, the con-
trol action determined by the control al-
gorithm may generate a plasma arc with
penetration capacity beyond the normal
range. Therefore, the welding current out-
put is limited in a normal working range
(45 to 85 A). Besides, a sudden change in
welding current may cause weld pool os-
cillation, and the welding current incre-
ment during each control cycle is also
bounded. As a result, the actual arc volt-
age may not exactly follow the desired tra-
jectory. However, since the arc voltage can
eventually reach the desired increment
above reference and there is no weld pool
oscillation, smooth complete joint pene-
tration can still be achieved. Table 1 sum-
marizes major process parameters used.

The lead author of the paper, an elec-
trical engineer without welding training,
held the plasma welding torch and tried to
move perpendicular to the pipe surface at
a nearly constant welding speed and
stand-off distance. The material of the
pipe being butt joint welded is Type 316
stainless steel that is described later. The
completed pipe weld is shown in Fig. 3.

Since the welder had no prior welding
experience, the operation is not smooth.
Several major parameters, including weld-
ing speed, torch angle, and standoff dis-
tance, were not kept ideally constant. How-
ever, after practice, the variations of the
welding operation can be limited to a rela-
tively small range around nominal opera-
tion performed by professional pipe
welders. Moreover, with effectiveness of the
proposed sensing method and MPC algo-
rithm, the arc voltage signal followed the
desired trajectory in an acceptable manner.

Weld inspection showed that the de-

sired complete joint penetration was
achieved by an unskilled, novice welder
with the assistance from the control sys-
tem with the proposed sensing and control
scheme. However, this reference arc volt-
age method is not stable under large torch
movement variations. Improvements have
been made to increase the stability of the
penetration detection.

Bottom Detection Based Control

As introduced earlier, the reference
arc voltage method can achieve complete
joint penetration around a fixed duration
of peak period by adjusting the welding
current through model predictive control.
A more reliable method was developed
later, i.e., bottom detection method. This
method applies constant welding current
during peak period, and controls penetra-
tion by adjusting the duration of peak pe-
riod according to the changing of meas-
ured arc voltage.

Basic Principle

A series of experiments was conducted
in an open loop with constant welding cur-
rent in peak period. By observation of ex-
periment data, it was found that the rate of
increasing (slope) of arc voltage tends to
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Fig. 5 — Pipe weldment made by an operator with no prior welding experience. A — Front side of the
weld; B — back side of the weld.

A

B

Tables 3 — Alloy Composition (wt-%) of 
Type 316 Stainless Steel Pipes

Carbon 0.08
Manganese 2.0
Silicon 0.75
Phosphorus 0.045
Sulfur 0.03
Chromium 16.0∼18.0
Molybdenum 2.00∼3.00
Νickel 10.0∼14.0
Nitrogen 0.10
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slow down, stop, or even slightly decrease
during the peak period after a period of sig-
nificant increase. This implies that the arc
length has saturated, which may have been
caused by a saturated weld pool. Since the
weld pool does not develop further, a key-
hole may have already been established,
and it indicates that complete joint pene-
tration is achieved. In this way, the slope, in-
stead of the absolute value, of arc voltage
can be used to determine if the weld pool
surface has reached the bottom of the pipe
joint being welded. In addition, since the
welding current is constant during peak pe-
riod, arc voltage can be considered to be
proportional to arc length without any com-
pensated as in the reference arc voltage
method. The basic principle of this method
is described in Fig. 4 (Ref. 12).

In this method, the base period plays the
same role as in the reference arc voltage
method. In each peak period, a minimum
peak time is applied to ensure that any
short-term transient effects of the weld pool
do not affect the control system. The arc
voltage is then sampled at 1000 Hz (one
sample in 1 ms). In each 10-ms control pe-
riod, the average of the 10 arc voltage meas-
urements is calculated to represent the peak
voltage during this period. For any four con-
secutive control cycles during the peak pe-
riod as shown in Fig. 4, the peak voltage Vp1
at time t1 is compared with Vp3 at t3. If (Vp3 –
Vp1)/(t3 – t1) is less than the preset slope
threshold when the keyhole appears (de-
noted as keyhole criterion), the algorithm
variable keyhole_break is added by 1 (this
variable is set to zero before each peak pe-
riod). If keyhole_break reaches a desig-
nated value (generally 2 or 3 in order to re-
duce the effect of the noises), the peak
period is stopped and switched to next base
period. By properly selecting the keyhole

criterion and keyhole_break, the welding
current will be accurately switched to the
base period once the plasma arc reaches the
bottom of the pipe thickness.

Similar with those of the reference arc
voltage method, the bottom detection
method only uses a different variable (slope
of arc voltage) as an indicator of complete
joint penetration. By modifying the algo-
rithm, the bottom detection method was
also extensively tested. It was observed that
during larger torch shaking, which is com-
mon for entry-level pipe welders, the bot-
tom detection method would produce a
more consistent weld bead.

Welding Experiments

After implementing the bottom detec-
tion algorithm into the control system, a
series of experiments was conducted. A set
of recommended welding parameters is
listed in Table 2.

Schedule 10 Type 316 stainless steel
pipes with 4.5 in. OD were used to per-
form the welding experiments. This
method was tested with several operators.
Figure 5 shows a typical weldment made
by the lead author. For comparison, a
weldment made by an experienced weld-
ing technician is shown in Fig. 6.

It is observed that both specimens

achieve complete joint penetration, with
accepted back side bead width. In addi-
tion, the welds made by the bottom detec-
tion method tend to be more consistent
compared with the ones made by the ref-
erence arc voltage method. It can also be
concluded that by the assistance of a de-
veloped control system, a novice welder
can make welds comparable to those of an
experienced welder.

Weld Quality Tests

After the preliminary test on the con-
trol algorithm, extensive welding experi-
ments were conducted to prove the statis-
tical stability. At the preliminary stage, a
1G rolled position was first tested to ver-
ify the feasibility of the method. After con-
sistent welds were obtained for 1G, the
more difficult 5G fixed position was tried,
in which the torch travels around the
whole circumference of the stationary
pipe joint. The standard test was per-
formed on Type 316 Schedule 10 stainless
steel pipe, with 4.5 in. OD. The 5G fixed
position was selected for all the speci-
mens. A square butt joint was prepared
with no root opening between two pieces
of pipe. Due to the small heat-affected
zone (HAZ) of the plasma welding

Fig. 6 — Pipe weldment made by an experienced welder.

Fig. 7 — Outer side of the weld prepared for a radiographic test. Fig. 8 — Prepared specimens for the tensile test.

Table 4 — Tensile Test Result on Specimens

Specimen Description Tensile Strength (ksi) Acceptance

T1 Top section No. 1 89.5 Yes
T2 Top section No. 2 82.4 Yes
R1 Right section No. 1 91.0 Yes
R2 Right section No. 2 87.6 Yes
B1 Bottom section No. 1 84.8 Yes
B2 Bottom section No. 2 78.8 Yes

A

B
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process, as well as little sagging of the weld
pool, no filler material was needed.

In common GTA pipe welding proce-
dure practice, two passes are used for an
acceptable pipe weld. The root pass is per-
formed to produce the needed complete
joint penetration and desired inner side
geometry. The second or cover pass with
filler material is used to obtain sufficient
convexity on the outer side of the pipe
weld. In order to determine the feasibility
and effectiveness of the controlled plasma
process, only root passes were conducted
for all specimens. Also, according to the
requirements, an uphill welding direction
should be used. Welds to be tested were
made by the unskilled welder, the lead au-
thor who had no prior welding experience.

However, the control algorithm took
over the penetration detection task, while
he only held and guided the plasma torch
around the circumference of the pipe
joint. The variations from his operation
(e.g., hand shaking, changing position dur-
ing welding) were compensated by the
control. All the test specimens discussed
in this section were produced by a bottom
detection method.

Material under Tests

Stainless steel is one of the most im-
portant classes of engineering alloys for a
wide range of applications in various envi-
ronments. Among all the wrought alloys,
austenitic stainless steels are characteristi-
cally resistant to corrosion and oxidation,
primarily as a result of the chromium com-
position (Ref. 13). Type 316 stainless steel
has outstanding corrosion resistance in
many aggressive environments. The
chemical compositions of Type 316 stain-
less steel, in accordance with ASTM A240,
Standard Specification for Chromium and
Chromium-Nickel Stainless Steel Plate,
Sheet, and Strip for Pressure Vessels and for
General Applications, are given in Table 3.

One of the major alloy elements, molyb-
denum (2.0~3.0%), makes it more resistant
to pitting and crevice corrosion in chloride-
contaminated media, seawater, and acetic
acid vapors (Ref. 14). With remarkable cor-
rosion- and heat-resistant properties, Type
316 stainless steel is preferred for applica-
tions such as shipbuilding and other off-
shore plants and facilities. All of the follow-
ing tests are conducted on Type 316 stainless
steel pipes.

Visual Inspection

Visual inspection is the most com-
monly used nondestructive exam method
that serves as the first step in almost every
other inspection process (Ref. 15). Except
for welds with critical requirements, most
welds receive only visual inspection. An
efficient visual inspection schedule can re-

duce the finished weld rejection rate by
more than 75%. This inspection method is
generally used before any other nonde-
structive or mechanical exam to avoid
costly inspection of obvious weld defects.
The elimination of welds with excessive
surface discontinuities can make other
costly tests more efficient.

As mentioned above, all weldments used
in the tests, including radiographic and ten-
sile, were welded by the lead author, a
novice welder. The welds made by novice
and experienced welders illustrated in Figs.
5 and 6 were used for the visual inspection.
One can observe that weldments in both
Figs. 5 and 6 are free of sharp irregularities
between weld beads and blend smoothly
and gradually into the base metal at the
weld edges. Neither weldment exceeds the
undercut nor reentrant angle limits of the
specification. The weld contours on both
sides of the weldments meet the convexity
and concavity limits. By adding the sec-
ond/cover pass later, the outer side of the
welds can overcome the underfill and have
better contour to guarantee strength. In ad-
dition, the weldments are free of joint off-
set, cracks, and melt-through. By macro-
scopic inspection, there is also no surface
porosity. Obviously, due to the nature of the
PAW process (tungsten electrode recessed
into the nozzle), there are no tungsten in-
clusions, which can be encountered in the
GTAW process.

Both weldments meet the require-
ments for basic visual inspection. It is ap-
parent that with the assistance from the
control system, even a welder with no
prior welding experience can produce
pipe weldments that comply with visual in-
spection criteria.

Radiography

Hidden discontinuities under the weld
surface are not possible to be detected by
visual inspection. The most common dis-
continuity with the GTA pipe welding
process is porosity. Sometimes, gas poros-
ity can appear on the weld surface, which
can be identified by visual inspection.
However, in most cases, porosity is under
the weld surface, and is caused by gas en-
trapment in the molten metal.

Radiography is the most widely used
nondestructive method for detecting sub-
surface gas porosity in weldments. For the
radiographic test, two 6-in.-long Schedule
10 stainless steel pipes with 4.5 in. OD were
welded in the 5G fixed position. The outer
side of the weld bead is illustrated in Fig. 7.

According to the radiographic report,
the weld did not have any porosity,
cracks, melt-through, or other internal
discontinuities.

For the radiographic specimen, only
root pass was conducted without filler ma-
terial. Therefore, the weld pool is pushed

down by the plasma arc force and a slight
underfill is observed. For qualified proce-
dures requiring a second/cover pass, a sec-
ond or cover pass can add sufficient filler
material to achieve the desired outer side
geometry.

Tensile Test

Transverse tensile tests are more com-
monly used for evaluation of weldments
and quality control than any other type of
tensile test. The specimens prepared for
tensile tests are illustrated in Fig. 8. The
notation T, R, and B stamped on the spec-
imens indicate top, right (or left), and bot-
tom side, respectively. Since the left and
right side have no obvious difference in
the welding operation, the right side was
selected to represent the vertical position
at both sides of the pipe joint. With each
position, two specimens were machined
and prepared for a tensile test.

According to ASTM A240, the trans-
verse tensile testing should meet the fol-
lowing criteria: The ultimate tensile
strength shall be 75 ksi minimum. The ac-
tual measured tensile strength of each
specimen is listed in Table 4.

Although variations exist for different
specimens, all specimens are acceptable
for the tensile tests. In future qualified
procedures, the addition of a second, or
cover, pass will further guarantee the ten-
sile strength of the pipe weld made by this
plasma process.

Test Conclusion

From the test results, it can be concluded
that the welds made by the novice welder
meet all the requirements of the tests per-
formed, including visual, radiographic, and
tensile. The underfill or concavity on the
outer side is not an issue because the cur-
rent practice requires a cover pass that
would eliminate the concavity. Inconsis-
tency of the backside bead width is a minor
concern. While the requirement does not
include the consistency of the weld bead
width, a consistent weld bead width will cer-
tainly help promote the acceptance of the
technology being developed. With further
practice, a welder can certainly make more
consistent welds.

Conclusions

• Manual keyhole PAW is feasible. In-
novative sensing and control were the keys
to making it a valid manual pipe welding
technology.

• The controlled keyhole PAW process
proposed effectively reduced the effect of
the lack of skills on pipe welding to an ac-
ceptable level.

• With the assistance of the controlled
keyhole PAW method proposed, novice
welders may weld stainless steel pipes at the
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5G fixed position to meet all major
requirements.
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