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monitor the stability of metal transfer and weld surface height
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Abstract

Stability control of the welding process is
necessary to guarantee weld quality. In this study,
a sensing method that collects both global and
local arc information was proposed to conveniently
monitor metal transfer stability during gas tungsten
arc welding. This sensing method was also used to
monitor the stability of the weld surface height by
sensing the change in global arc length. The stability
factor (f ) was calculated to quantify the metal
transfer stability. The characteristic signal (U*),
which represents the average global arc voltage in
the presence of a liquid bridge, was extracted to
characterize the change in arc length by decoupling
the dynamic interference signal of metal transfer.
Both a fuzzy controller and a proportional integral
derivative controller were designed to control the
metal transfer stability and the weld surface height.
The preliminary control experiments proved the
effectiveness and potential of the proposed sensing
and control strategies.
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Introduction

Automated gas tungsten arc welding (GTAW) has matured
into a well-established manufacturing technique that is fre-
quently used in aerospace, nuclear power, etc. Its process
stability has long been one of the main concerns in the weld-
ing community (Ref.1). For GTAW in complex environments,
real-time assurance of the stability of the weld surface height
and metal transfer is of great significance to the quality of
weld shaping. Real-time monitoring for these purposes often
requires the establishment of process sensing and control
systems; therefore, this work proposed a practical arc sensing
method to achieve real-time feedback control of the weld
surface height and metal transfer in GTAW.

In general, the process stability of GTAW partly depends
on the stability of the weld surface height. This height will
vary for many reasons, such as alignment/fitup errors, weld-
ing torch movement or positioning errors, the accumulated
unevenness from the previous pass, etc. An unduly convex
weld surface is likely to cause short-circuiting contact and
tungsten inclusion when the filler metal is added. Additionally,
if the weld surface is too far from the tungsten electrode,
the arc stability will be weakened, and this surface will also
face insufficient gas shielding. The uneven height of the weld
surface will increase the risk of weld defects and may impact
subsequent welding. Thus, it makes sense to monitor the
change in this height.

A direct monitoring method has been used to capture
images of the weld surface height. This method involves
mounting a camera with optical filters (i.e., passive vision
sensing), where the distance from the tip of the nonconsum-
able tungsten electrode to the weld surface can be extracted
by image processing to characterize the variation in the weld
surface height (Refs. 2-4). A mirror imaging method has
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Fig. 1 — Schematic diagram of the global and local
arc sensing method.

also been proposed to capture the reversed reflection of the
tungsten electrode under an appropriate exposure (Refs. 5,
6). This method used the mathematical specular reflection
model to obtain the distance between the tungsten elec-
trode tipand its reversed image, which was used as a variable
to estimate the weld pool surface height. Another vision-
based method that has received much attention involves
active structured-light vision sensing, which can monitor the
dynamic evolution of the surface height by processing the
two-dimensional structured-light reflection images (Refs.
7, 8) or by reconstructing the three-dimensional (3D) weld
pool (Refs. 9-12). Based on the reconstructed 3D coordi-
nates of the weld pool surface, Zhang et al. (Ref. 13) as well
as Liu and Zhang (Ref. 14) extracted several geometrical
parameters — such as the weld surface convexity (i.e., aver-
age height of the weld pool), length, and width — to estimate
the backside bead geometry. Liu and Zhang (Ref. 15) also
realized the predictive control of the weld pool surface by
establishing a linear model between the weld surface convex-
ity, length, and width and the welding current and speed. In
another study (Ref.16), the empirical response of the human
welder to the real-time state of the topside weld pool was
modeled as a neuro-fuzzy inference system, which was used
for the feedback control of the weld pool geometry. There
are more nonvisual sensing methods available, including arc
acoustic sensing (Refs. 17-19) and arc light sensing (Refs.
20, 21). These two methods can assess the surface height
by acoustoelectric or photoelectric measurement of the arc
length. All of the aforementioned are noncontact sensing
methods, which means that a sensing system independent
of the welding circuit needs to be established. As a result,
limitations can arise when spatial accessibility, welding pos-
ture, and so forth are taken into account.

The arc sensing method, which takes the welding arc
itself as a sensor to extract electrical signals directly from
the welding circuit without the demand for complex external
systems, is easier to implement and more cost-effective in
engineering applications. Based on the inherent relationship
between arc voltage and arc length in GTAW (Ref. 22), this
method has been applied in weld joint penetration control
(Refs. 23, 24) and automatic voltage control (AVC) (Refs.
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25, 26). Although it is generally believed that the change in
the weld surface height can be characterized by arc voltage
due to the change in arc length caused by its change, using
the arc voltage to characterize the change in the weld sur-
face height orarc length still has its limitations because the
arc voltage is also affected by the electrical noise, dynamic
behaviors of the liquid filler metal (if filler metal is added),
etc. The filter is usually designed to filter out the high-
frequency noise in the arc voltage (Ref. 27) so that arc sensing
remains relatively reliable during autogenous GTAW.

However, in wire-filled GTAW, the dynamic behaviors of the
liquid filler metal will affect the welding arc, and the resultant
nonhigh-frequency signal components will be coupled into
the arc voltage (Refs. 28, 29). This coupling makes it difficult
to remove the nonhigh-frequency signal components by
filtering, thus reducing the monitoring accuracy of the weld
surface height or arclength by arc sensing. Additionally, the
molten metal at the end of the filler wire (herein referred
to as welding wire) is always expected to transfer smoothly
into the weld pool so as to minimize the oscillation, spatter,
or burning loss caused by its interaction with the welding
arc, whereas metal transfer stability is sometimes difficult
to guarantee in complex conditions (e.g., variable welding
posture, narrow space, or high deposition rate). Furthermore,
there are relatively few convenient methods for monitoring
and characterizing metal transfer stability.

The following raises two issues about the process stability
monitoring of wire-filled GTAW. One is how to conveniently
monitor the metal transfer and the other is how to better
monitor the change in the weld surface height or arc length
under the interference of metal transfer based on arc sens-
ing. To address the two issues, this work proposed a global
and local arc sensing method, and two related characteristic
signals were extracted and analyzed. Based on this method,
additional welding experiments were conducted to pres-
ent the results of a feasibility study on controlling the metal
transfer stability and the weld surface height.

Arc Sensing and Metal Transfer

The conventional arc sensing method usually only mea-
sures the arc voltage between the base metal and tungsten
electrode, which includes the global voltage drop between
the cathode and anode of the welding arc. In this work, this
method was extended to a dual-path arc sensing method
in which the global arc voltage between the base metal
and tungsten electrode (denoted as U,) as well as the
local arc voltage between the base metal and welding wire
(denoted as U,) were measured simultaneously. For brevity
and convenience of description, the sensing for U and U, is
referred to herein as global arc sensing and local arc sensing,
respectively. Figure 1 presents a schematic diagram of the
arc sensing method, in the direct-current welding mode,
proposed in this work.

When a current flows through the welding circuit, the
measured arc voltage depends on the length and electrical
characteristics of the measured arc. In global arc sensing, the
weld surface height changes U, by affecting the arc length,
while the intervention of the welding wire affects U, by chang-
ing the arc characteristics (Refs. 28, 29). The influence of
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Fig. 2 — The possible states of the liquid metal/droplet: A — Bridging state; B — growing state; C — free-flight
detachment state; D — oscillation state.

the welding wire on U, is usually not static because the liquid  during metal transferina given period of time, it is considered
metal droplet generated atits end may completely or partially ~ tobeinthe free-flight transfer mode, as presented in Fig. 2C.
gothrough a transition process (including growth, oscillation,  In this mode, U, will vary in a nonzero value range, and when
detachment, and transfer to the weld pool) that will affect  the liquid droplet with a volume detaches from the welding
the arc characteristics to varying degrees. In addition, the  wire, U,will increase rapidly because the detachment causes
influence of the weld surface height and metal transferon  the welding wire to be far from the weld pool. In addition,
Ugis superimposed, soitis difficult to distinguishthemwith  asshown in Fig. 2D, the pendent metal droplet at the end of
asingle U.. This superimposition indicates the necessity of  the welding wire will oscillate due to internal and external

mining other sensing data. forcesasits volume increases, resulting in different degrees
In local arc sensing, the consumable welding wire isused ~ of U, fluctuation.
as a measuring terminal to measure the arc voltage in the The aforementioned analyzed theoretical change process

local area of the arc, and the metal droplet exactly hangson  of U, from bridging transfer to free-flight transfer is shown
this consumable measuring terminal. Generally speaking,  schematicallyin Fig. 3. Broadly speaking, it kept atalong-term
the metal transfer modes in GTAW can be categorized as  near-zero value range; began to produce a positive pulse;
uninterrupted bridging transfer, interrupted bridging trans-  presented a waveform similar to a square wave; generated
fer, and free-flight transfer. Figure 2 presents the possible  an apparent fluctuation with a negative pulse; and, finally,
states of the molten metal/droplet at the end of the welding ~ fluctuated at a nonzero value range without any pulse. The
wire at a given moment. whole process corresponds to the change of the metal trans-
If the molten metal at the end of the welding wire isalways ~ fer process from stable to unstable, and in this change, the
in contact with the weld pool, as shown in Fig. 2A,inagiven  existingtime of the liquid bridge became shorter and shorter,
period of time, it is considered to be in the uninterrupted ~ and the droplet oscillation became more and more appar-
bridging transfer mode. Since the liquid bridge isalways exis- ~ ent.In short, the metal transfer process was expected to be
tent during this time, it can be inferred that U willalwaystend ~ reflected in the measured U, to some extent.
to zero. If the state of the molten metal alternates between
what is shOV\./r) in Fig. ZA and B in a given pgriopl of time, it Experimental Design
can be classified to be in the interrupted bridging transfer
mode. In this mode, U, will change periodically between a
near-zero value range and a higher nonzero value range
because the liquid bridge break will cause a significant arc
voltage drop between the two local arc sensing measuring
terminals. Additionally, if the liquid bridge never appears

Based on the proposed sensing method, the experimental
system was established. The welding system of this work
mainly consisted of a Fronius MagicWave 4000 GTAW power
supply that worked in the constant-current mode, a GTAW
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Fig. 3 — Schematic image of a typical change trend in local arc voltage U, under different metal transfer modes.

torch, and a workpiece as the base metal. The sensing system
was mainly composed of acomputer,a USB-4711A data acqui-
sition card, a Hall current sensor (used to determine that the
voltage change was not caused by the current fluctuation),
and two Hall voltage sensors. The signal processing and feed-
back controllers were realized by MATLAB® programming.
The original sampling frequency of the electrical signals
was 1024 Hz, at which the detailed information of metal
transfer was obtained. The collected electrical signal data
was filtered by a twelfth-order Butterworth low-pass filter
with a passband frequency of 100 Hz, a cutoff frequency of
150 Hz, and a 40-dB attenuation. The experimental mate-
rials mainly included 4-mm-thick Q235B mild steel plates,
an AWS ER70S-6 welding wire with a diameter of 1.2 mm,
shielding gas of pure argon (99.99%)), etc. Bead-on-plate
welding experiments were conducted with the welding torch
moving and the workpiece staying stationary.

Table 1 shows the overall arrangements of these welding
experiments. Experiment A1was mainly used to explain the
feature extraction of arc voltage signals. Experiments B1to
B3 were used for signal analysis. Experiments C1and C2 were
aimed at the control of metal transfer. Experiments D1to D4
plus Experiments E1 and E2 were designed for the control
of the arc voltage and weld surface height, respectively. In
some of the designed experiments, the height of the welding
torch was adjusted to change the electrode-to-workpiece
distance (ETWD) gradually (e.g., A1, C1) or quickly (e.g., step
change in C2). In some other experiments, to analyze the
signal changes during welding or verify the effectiveness of
the feedback control, a concave pit or surface step was preset
on the workpiece (e.g., B1to B3, E1to E2) to purposely alter
the workpiece surface height.

WELDING JOURNAL

Feature Extraction and Analysis

Signal Extraction

Figure 4 shows the arc voltage data collected under the
gradual change in the ETWD in Experiment A1. Due to the
inherent relationship between the arc length and arc voltage,
the measured global arc voltage U_firstincreased and then
decreased gradually as the welding torch height changed.
With the increase in ETWD, the overall fluctuation ampli-
tude of U_became significantly larger, a result that mainly
stemmed from the influence of metal transfer. Meanwhile,
the liquid bridge formed and broke with varying frequency,
which caused the measured local arc voltage U, to fluctuate
violently and switch back and forth between a high value
range and a low value range. It can be seen from the partial
enlarged view that at the moment when the liquid bridge
formed or broke, the change in U, was as largeas 4to 5V,
far exceeding the change in U.. This information was useful
to determine whether the liquid bridge exists at a sampling
moment.

If the liquid bridge existed for a longer time, the metal
transfer mode was more inclined to be an uninterrupted
bridging transfer (i.e., the metal transfer tended to be stable).
If the liquid bridge existed for a shorter time or even zero, the
interrupted bridging transfer or even the free-flight transfer
accompanied by pendent droplets with a large volume was
more likely to occur (i.e., the metal transfer developed toward
instability). Thus, the metal transfer stability in a period of
time could be quantified by the ratio of the time when the
liquid bridge was absent to this period of time. This ratio was
defined as the stability factor of metal transfer (denoted as
f ) herein, and its expression is as follows:
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Fig. 4 — Arc voltage signals measured in Experiment A1.

e =K/ N Q)

where N is the length of the sampling window, and k is the
total number of sampling points collected when the liquid
bridge did not exist in this sampling window. Because of the
impedance in the welding circuit, when the liquid bridge
existed, U, was actually not equal to zero, and a threshold
was setto 2.9 Vto represent that the liquid bridge was con-
sidered to form between the welding wire and molten pool
if U,was less than 2.9 V. The comparison between U,and the
threshold could be conducted in the sampling window, and
the total number of U, larger than the threshold, which was
the value of k, was obtained. In this way, the calculated f_,
was between O and 1.

To characterize the change in arc length more accurately,
it was necessary to decouple the dynamic interference of
the metal transfer on U,as faras possible. Since the specific
moments when the liquid bridge existed could be obtained by
the threshold judgment of U, the arc length could be charac-
terized by using Ugcollected only at these moments (denoted
as Ug,). As can be seen in Fig. 4, compared to U, the signal
fluctuation generated with the gradual increase in ETWD
was significantly suppressed in U, .. This way of removing
the signal interference from U_ is different than some other
filtering methods in that the latter are likely to only smooth
the interference signal components related to the unstable
metal transfer instead of decoupling them. U, could be fur-
ther smoothed afterwards. If all of the U, collected in the
sampling window of length Nare expressed as [U_,(1), U_.(2),
ey Ug,(N—k)], the arithmetic mean can be obtainecfas follgows:

U'=[Uy (1) + Uy (2) +.. Uy (N- B)]/(N- K) @)

U”can then be used for the characterization of arc length.

The schematic diagram of signal extraction is shown in
Fig. 5. Herein, Nwas set as 256, so the stability factor f _ and
arc voltage U"were calculated every 0.25 s. Figure 6 shows
thef .and U extracted from the arc voltage data measured
in Experiment A1. The distribution of f, was in line with the
actual change of metal transfer. The closer f_ was to zero, the
more stable the metal transfer became. Due to the shaking of
the welding torch at some moments and the deformation of
the workpiece in this experiment, U did not change strictly
with the change in the nominal ETWD.

Signal Analysis

Figure 7 shows the arc voltage U” collected in Experiments
B1and B2. In these two experiments, the welding arc was
purposely extinguished before its center had crossed the
preset step on the workpiece surface, and the arc crater was
formed just before this step. Although the weld surface height
was relatively consistent, U"had still shown an upward trend
before the arc extinction in Experiment B1and a downward
trend before the arc extinction in Experiment B2. Since the
welding arc was bell shaped and its anode was an area rather
than a point, U"was not only affected by the weld pool surface
height directly below the tungsten electrode but also by the
surface height of the entire anode enveloped by the welding
arc. Before the arc center crossed the step area, since this
area had been enveloped by the arc, U" produced a change.

Figure 8 presents the arc voltage U"in Experiment B3.
Similarly, due to the preset pit on the welding path, if the arc
was extinguished when the weld pool was about to cross the
pit, U" also showed an upward trend. After the arc crossed
the pit, U" dropped and became relatively flat. The change
in workpiece surface height produced a new flow in the weld
pool.
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Table 1 — Welding Experiment Design and Parameters

58-s

Experiment
No.

A1

B1

B2

B3

C1

Cc2

Experiment
No.

D1

D2

D3

D4

E1

E2

Welding
Current

1(A)

155

165

165

160

155

165

Welding
Current

1(A)

170

170

170

170

170

170

WELDING JOURNAL

Welding
Speed v

(cm - min")

10

10

10

Welding
Speed v

(cm - min~)

Wire Feed
Speed v,
(cm - min)
140
180

180

150

Reference Arc
Voltage U,

)]

17.4

17.2

17.3, 171

17.2,17.5

17.3

171

ETWD*
(mm)

[5,7.5]

5.5,6.5

6.5,5.5

5.5

(5.5, 7.5]

6,7

ETWD
(mm)

6.5

6.5

6.5

6.5

Gas Flow Rate

Q

(L - min)

12

12

12

12

12

12

Gas Flow Rate

Q

(L - min-)

10

10

10

10

10

10

Remarks

Gradual
change in the
ETWD

Preseta
surface step

Preset a
surface step

Preset a
surface pit

Gradual
change in the
ETWD

Step change in
the ETWD

Remarks

Negative step
of U,

Positive step
of U,

Preset a
surface step

Preseta
surface pit



Table 1 — (continued)

Experiment No. Design of Welding

Experiment No. Design of Welding

Workpiece Workpiece
[ 3
A1, C1,C2, D1, D2, D3, D4 B2
K& [~
B1, E1 B3, E2
*ETWD: Electrode-to-workpiece distance.
Table 2 — Fuzzy Control Rules*
Input Variable: CE
Output Variable: CV
PL PS V4 NS NL
PL PL PL PL PM PM
Input Variable:
py . ' pS pL PM PM PM PS
V4 PM PS NS PS PM

*e.g., if Eis PLand CEis PL, then CVis PL.

Asshown in Fig. 9, when the weld pool was close to the pit,
the liquid metal at the front of the weld pool flowed downward
due to gravity and filled the pit, and the liquid metal at the
tail of the weld pool flowed to the front, thereby reducing
the weld pool surface height. As the arc moved forward and
the weld pool gradually solidified, it was difficult for the tail
of the weld pool to be refilled by liquid filler metal, so the
solidified weld could not maintain a stable height. Since the
pit on the welding path affected the flow of the weld pool
in Experiment B3, the influence of it on the weld surface
height was not limited to the exact location of the pit but
was extended to the nearby area and can be confirmed by
the longitudinal weld section in Fig. 9. In addition, because
the arc moved along the welding path at a welding speed

and gradually enveloped the area in front of it, the change
in U" did not strictly reflect the actual height change in the
workpiece surface in front of the weld pool.

Control Strategies

To demonstrate the practicability of the extracted char-
acteristic signals f and U, these two signals were used as
controlled variables for the feedback control of metal transfer
stability and arc length (or the weld surface height), respectively.

According to the description in the previous section, the
f . measured during actual welding was not negative, and
for the sake of ensuring the metal transfer stability, f  was
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Fig. 6 — Stability factor f_ and arc voltage U"
extracted from the voltage signals in Experiment A1.

theoretically expected to remain at a value of zero. Then, the
deviation of the measured value of f_ fromits expected value
was actually equal to this nonnegative measured value, and
the expected value of the deviation was also equal to zero. In
view of this, if the objective of the real-time control was only
to make the actual deviation tend to zero, then the control
process was actually a unilateral process (i.e., the deviation
only approached zero from a nonnegative value instead of a
negative value). However, in the actual welding process, the
case where f_ is zero still needed to be further considered.

Inthis case, the welding wire could be melted in the welding
arc, but it could also be melted directly in the weld pool, and
the f,_ that is always zero will not provide any information
about the wire feed speed being too high or the height of
the welding torch being too low. If the welding wire was thus
excessively fed into the weld pool, or even directly contacted
the solid base metal under the weld pool, the welding pro-
cess stability would be negatively affected. In this regard,
adjustments, such as raising the welding torch or reducing
the wire feed speed, were made so that the welding wire did
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not insert too much into the weld pool (it was preferable
that a liquid bridge formed between the end of the welding
wire and weld pool).

Thus, a control strategy was formulated that depended
onf :Iff s positive, control its deviation to zero;if f_is
zero, control the welding wire not to feed excessively. It can
be seen that this control strategy was not complex, and it
was not completely closed loop but partly based on subjec-
tive, empirical decision-making, which can be easily realized
by fuzzy control. Using fuzzy control, after gaining a good
understanding of how to control the welding process sta-
bility, the resultant empirical or intuitive decision-making
can be conveniently transformed into customized rules and
then directly loaded into the fuzzy controller so as to flexibly
meet the control requirements in this work.

The AVC method has commercial applications in the field
of GTAW and is usually used to maintain the stability of arc
length. Based on the reliable linear relationship between the
arclength and arc voltage within a specific range, in common
commercial solutions, this method usually only needs to
specify a reference value of the arc voltage and then make
appropriate adjustments to indirectly realize the control of
the arc length according to the deviation between the mea-
sured voltage and the reference voltage. This is done instead
of presetting a value of the arc length before welding and
then directly controlling the arc length to this preset value,
so it is not necessary to identify the mathematical model
between arc length and arc voltage.

In fact, in engineering applications, it is not easy to iden-
tify an arc length prediction model suitable for real-time
controland then directly control the arc length to the preset
value based on such a model. Thisis because it doesn’t only
need to consider the dynamic relationship between the arc
voltage and the welding current. It also needs to consider
the applicability of this model in complex welding condi-
tions, such as changing welding postures and angles, and
the arc voltage itself has limited resolution for arc length
variations within a few millimeters. As a result, the control
for U”in this work followed the same strategy, and the wire
feed speed v, was selected as the adjustment parameter
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Fig. 7 — The obtained arc voltage U": A — Experiment B1; B — Experiment B2.

to indirectly ensure the stability of the arc length. In this
way, if the height of the welding torch was considered to be
constant, the stability of the arc length indicated that the
height of the weld surface was stable. Additionally, specifying
different reference values of arc voltage obtained different
weld surface heights (a larger reference value corresponded
to a lower weld surface height).

Figure 10 presents the time response of U” to the posi-
tive and negative step changes in v, between 150 and 250
cm - min~', when the welding current and speed were
180 A and 8 cm - min~", respectively. It was seen from the
change in U"that the change in the weld pool surface caused
by the adjustment of v, could be detected by arc sensing.
Additionally, the First Order Plus Dead Time model was used
to identify the step response, and its transfer function is
expressed as follows:

a(s) = % e’® (©)]
Ts+1

where K, T, and T, represent the process gain, time con-
stant, and dead time, respectively. The identified values of
[K, T,,T,]inthe positive and negative step experiments were
[-0.0039,1.8524,0] and [-0.0045,2.8193, O], respectively,
and the model output curve had a good approximation to
the original data, as shown in Fig. 10. It can be seen that
the response of U" to the step change in v, was actually a
simple first-order process without time delay. An intuitive
cognition could then be obtained (i.e., a conventional con-
troller can be used to demonstrate the practicability of U*
and meet the requirements of the control strategy instead
of designing a complex model and controller, which needs
to determine more model parameters). From this point of
view, a proportional-integral-derivative (PID) controller was
employed in this work.

Fuzzy Controller Design

In this work, the characteristic signal f was chosen as
the controlled variable to control the metal transfer stability
of wire-filled GTAW by adjusting the wire feed speed in real
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Fig. 8 — Arc voltage U" obtained in Experiment B3.

time. AMamdani-type (Ref. 30) double-input single-output
fuzzy controller was designed. To ensure the metal transfer
stability, f was expected to be controlled to zero. If eis the
deviation between the actual value and the expected f, ,and
ceis the deviation change, then e and ce at an instant t can
be expressed as follows:

e(t) = fne (1) 4)

ce(t) = e(t) - e(t-1) (B5)

where eand ce were used as controller inputs and later fuzzi-
fied into fuzzy linguistic variables E and CE, respectively.
The controller output (CV) was the increment of wire feed
speed, and its fuzzy linguistic variable was denoted as CV.
The universe of discourse for linguistic variables E, CE, and
CVwas [0, 6], [-6, 6], and [-2, 6], respectively. These fuzzy
linguistic variables were described by the following fuzzy
linguistic terms: positive large in size (PL), positive mediumin
size (PM), positive smallin size (PS), zero (2), negative small
in size (NS), and negative large in size (NL). The linguistic
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Fig. 10 — The responses of arc voltage U" to the step changes in wire feed speed v, during bead-on-plate

welding.

terms of each fuzzy linguistic variable were quantified by
the membership function, as shown in Fig. 11.

The fuzzy control rules were determined by the hypothet-
ical reasoning method. A typical fuzzy rule has the following
form:

If Eis Aand CEis B, then CVis C.

where A, B, and C represent fuzzy sets. When the metal
transfer was already in the uninterrupted bridging transfer
mode, on one hand, the further increase in v, only caused
the welding wire to continue to be fed into the weld pool
without causing the change in f_, and, on the other hand,
a too-high wire feed speed made the welding wire unable
to melt in time due to insufficient heat and resulted in an
unstable welding process.

In view of this, empirical fuzzy rules were formulated as
shown in Table 2. Based on these rules, if the input is far from
zero, a CVof PLwill be output, and if both inputs are near zero,
a CVof NSwill be output. In this way, when the uninterrupted
bridging transfer has been realized, the controller will slowly
reduce v,to find the critical state between the uninterrupted
and interrupted bridging transfer so that the welding wire
will not be stuck on the workpiece due to the overly high v,
It should be noted that although such a slow reduction of v,
is not conducive to the maintenance of the uninterrupted
bridging transfer, the short-time absence of liquid bridge
during this critical state will not greatly affect the welding
process. Finally, CV was obtained by fuzzy inference, and
defuzzification was implemented by the centroid method.

WELDING JOURNAL

PID Controller Design

A discrete incremental PID controller was designed
to control the weld surface height. U* was chosen as the
controlled variable, and v, was chosen as the control vari-
able. U" calculated according to Equation 2 at instant t and
U*(t-1) obtained atinstant (t - 1) were averaged with weights
of 0.8 and 0.2, respectively, to obtain U’(t) atinstant t. The
reference voltage was denoted as U, which represents the
voltage that U"was expected to reach during feedback con-
trol. Error e_at instant t can be obtained as follows:

e(t) = U()-U'() ©)

The incremental form of the PID controller can be
expressed as follows:

Au(t) = Kchl(t) + ](iXCZ(t) + Kch3(t) (7)

where Auwas the increment of v,,and K,, K, and K, were the
adjustment parameters of the PID controller. x_, x_,, and x_
can be calculated by Equation 8:

c?’! 3

x1(8) = e(H - e(¢-1)
Xcz(t) = L‘(t) (8)
XC3(t) = c(t) - Zec(t_l) + Ec(f—Z)

It is easy for the integral accumulation to cause an over-
shoot, so when the error is too large, the proportional
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Fig. 12 — The fuzzy control result of metal transfer in
Experiment C1.

derivative (PD) control is employed to achieve integral sep-
aration as follows:

Au() = -120x,4(8) + 30x5(8), |x2(6)] > 0.45 ©)

During the actual process, the local small fluctuation in
U* was prone to making the controller misjudge the real
change trend of U”. For this reason, before performing PD
control, it was necessary to judge the change trend of U*so
that the controller could always output the adjustment that
reduces the error. Thus, if the error entered the range for the
PD control at instant t, the sample data [(x,, U"(t — n + 1)),
(Xzy U*(t_ n+ 2))! ] (X,,_1: U*(t_ 1))) (X,,: U*(t))] (X,, equa|$ I’I)
was extracted, and the least square estimation (denoted as
k,) of the first-order term coefficient of the univariate linear
regression model of this data was calculated by Equations
10 and 11:

X= (T, x)/n U=[Sl, U(t-n+D] /0 (10)

k(=B XU (E-n+i) -nx0" | /(S0 xP-nx2) (1)

where nwas 6. If k (t) was greater than 0.0089, it was consid-
ered that U"was on the rise, and at that moment, a positive

Auwas desired. Then, if the Au calculated by Equation 9 was
negative at instant t, a positive Au at the recent instant was
taken as Au(t). Conversely, if k,(t) was less than -0.0089, a
recent negative Au was taken as Au(t).

When the error was small, the integral term was introduced
and the segmented PID control was employed:

Au(t) =-73x,4(6)-16x5(0)-3x5(8), 0.30<|x,,|<0.45
Au(f) =-65x4(0)-18x4,(H-3x35(8), 0.15<|x,]|<030 (12)
Au(t) =-45x,4(8)-19x,(H-3x3(t), 0<|x.|<0.15

Ultimately, Equations 9 and 12 constituted the control
law of U™,

Control Results

Experiments C1and C2 were conducted to verify the effec-
tiveness of the fuzzy controller. The control interval was 0.5
s,and the input scaling gain was 6. If the output was positive,
the output scaling gain was 3, and if the output was negative,
the output scaling gain was 2.5.

The control result of Experiment C1 is shown in Fig. 12.
After starting the control, v firstincreased to make the unsta-
ble metal transfer quickly enter the uninterrupted bridging
transfer mode and then decreased to find the critical state
between the uninterrupted and interrupted bridging transfer.
When the ETWD gradually increased and the metal transfer
stability was weakened, v,gradually increased, and then with
the decrease in the ETWD, v,decreased reasonably again
and finally tended to be relatively flat. Throughout the whole
process, most of the f_ were distributed around zero, and a
few were scattered outside of zero. The controller was able
to ensure that the metal transfer was in a stable or quasi-
stable state with the gradual change in the ETWD, although
the fuzzy rule table did not include the equilibrium point at
which the output was zero.

Figure 13 shows the experimental results under different
output scaling gains when the output was negative in Exper-
iment C2, where the step change in the ETWD caused the
instability of metal transfer. Due to the controller action, it was
seen that the initial instability and the instability caused by
the positive step of the ETWD can be effectively suppressed
under the adjustment of v,. After the ETWD had a negative

MARCH 2023

63-s



64-s

22 >/<quz 112 2r x10? 412
20 Sing 20F s
s} & 4f {82 ok L $E s g
2 < £ < £
. o 3 =2 L5 3 =
B 16 2 ‘01 14 2 19 g Start control 1, < 14 9
Qlr & rirt e ]2 S glr & ey J e = S
Sl 2 - Instability caused by e T I = Sl 210k Instability caused by 413 Jo =
= £1.0 s A 2 - =12 £ Initial 5 2 . 2 =
S Z 08 \Zthe sudden change in ETWD @ E [ Z 08 Finstability! \ the sudden change in ETWD & E
g'of & 06 Fnitiat instabi Stable or quas-stable statc] ° 3 E g 10F % i 3/ Stable or quasi-stable state 3 f =
< sk O-4_n||a instability s\’_\ 3 ,; Zc < sf 2 g4k |\ ) - :_) 2
g _ i > = 6 02p_/ e / \ ‘3:
6F 02t oL e ) L 2
gl OOF mepemes sl e * gL 'OOf . R . Tl B
A 0 20 40 60 8 100 120 B 0 20 40 60 8 100 120
Time (s) Time (s)
Fig. 13 — Fuzzy control results of metal transfer in Experiment C2: A — The output scaling gain of negative
output is 2.5; B — the output scaling gain of negative output is 2.
19 45410 19 45107
=y O fo - v U----u)]40 g N s O fo o [ Ul]40 g _
< st Lo . J3s E 3 < st Lo o ’ J3s E o
S b et g 5 S § 5
S L oy 43.0 51 b 430 2 5
17} = & 17f e hak > &
) 42:5 5 1.0 g . 42:5 5 1.0 2,
E . J20 2 = E SN B 120 8 =
g 161 , ) = JosE s lor / ) 57 Josi
o Start control\,' 1153 & 5 / L5 B : %
I Bt ; o Juog 1. < 15}----"<—Surtcontrol P—— L P
1 1 1 n 1 1 05 .= " I I 1 n 1 1 05 .= g
0 20 40 60 80 100 120 = 0 20 40 60 80 100 120 =
Time (s) B Time (s)

Fig. 14 — Control results of arc voltage: A — Experiment D1 (U, is 17.4 V); B — Experiment D2 (U_is 17.2 V).

20 4,510
2 {5k feemU)|440 5
< L - = 2 35 £ &
= 18p 5.0 15 5
'?)17. vwwﬂm:is\:\_ 103
2 16F ; 3 =
3 - 1202 Jos3E
s 1sp 115 3 =
I <—Start control ) 11.0 & 0.0
13 . PR ST : : : 05 & k
0 20 40 60 80 100 120 =
Time (s)

>

20 45407
s v} S = U'—-—U]140 £ .
< 1sf 3(5) £ %
- ’WMWW 0 =
E 17F s & quoe
2 16} ~ 3 >
2 1208 JosE
s isp ; 2 e {15 3 &
< 14} <—Start control 4 1.0 f 00
13 L L 1 1 L L 05 .= .
0 20 40 60 80 100 120 =

B Time (s)

Fig. 15 — Control results of arc voltage: A — Experiment D3 (negative step of U from 17.3 to 17.1V); B —

Experiment D4 (positive step of U from 17.2 to 17.5 V).

step, v,immediately decreased to find the critical state of
metal transfer, and different output scaling gains affected
the time to find this state.

Control of U"was conducted in Experiments D1to D4 and
E1to E2. It can be seen from Equation 2 that U"was obtained
by the average of U_, collected in the sampling window, so
more samples of U_,in one sampling window were expected
to be collected, allowing U*to more accurately characterize
the changein arc length. Meanwhile, it should be noted that
if the liquid bridge existed for a shorter time, the sample
number of U_, collected in a sampling window of length N
was smaller f?i.e., the value of N — kwas smaller). In view of
this, the PID control can be enabled when the value of f_is
small. Thus, in each control interval for Experiments D1 to
D4 and E1to E2, if f, was greater than 0.4, fuzzy control of
the metal transfer stability was implemented; otherwise, PID
control was implemented.

Since the control of the weld surface height was realized
by indirectly controlling the arc voltage, the effectiveness of

WELDING JOURNAL

the controller on the arc voltage control was verified first.
As presented in Fig. 14, after introducing the closed-loop
control, while the metal transfer remained relatively stable,
the arc voltage U"was also maintained around different U.
It can be seen from Fig. 15 that even if U_had a step change
inthe control process, the controller could still have a corre-
sponding response to make U change toward a new reference
voltage over a period of time, which also shows that this is
an inertial process.

The control results for the weld surface height are shown
in Figs. 16 and 17. In these two experiments, a step and a
pit were preset on the workpiece surface, respectively. As
shown in Figs. 16A and 17A, after starting control, U"and v,
fluctuated relatively steadily, and the subsequent surface
step or pit made U rise to a peak, which made v,have alarge
adjustment so that U could change toward the reference
value as much as possible and ensure the arc length stability.
The mean absolute error (MAE) and the root mean square
error (RMSE) were calculated to describe the overall perfor-
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mance of the controller for U*, as shown in Table 3. Figures
16B and 17B, respectively, show the macroscopic morphology
of the weld surface, including the area of step and pit. It can
be intuitively observed that even if there was a step or pit
on the workpiece surface before welding, the height of the
weld surface can still be relatively stable.

To further observe the weld surface height, the longitudinal
section of the weld bead, including the step and pit areas,
was cut by an electrical discharge machine, and the images
of different areas of the longitudinal section were taken by
a stereoscopic microscope, and then these images were
stitched together to obtain the longitudinal section of the

weld bead, as shown inimages I1in Figs.16C and 17C. It can
be directly observed from the longitudinal section that the
surface area where there was originally a step or pit became
flat, and the entire weld surface height was relatively con-
tinuous. This is because the step or pit caused the change in
U",and the controller adjusted v,according to the deviation
between U"and its reference value U, to change the weld
pool height, thusindirectly ensuring the stability of the weld
surface height after solidification (given the condition that
the height of the welding torch was nominally stable). In the
image I1in Fig.17C, the height of the surface area in front of

MARCH 2023

65-s



A
= -
E; / Q
S 5
% " A s
f) = 4108
g _g 40.5 g
g Start control 8 B
e L 400%  Joo
12 L L L L L L 3;:
0 20 40 60 80 100 120 =
Time (s)

L2

Preprocessing

Image edge detection

Fig. 17 — Control result of the weld surface height in Experiment E2: A — Experimental data; B — weld
macromorphology; C — weld longitudinal section under a stereoscopic microscope or after image processing.

the pit slightly decreased, which was similar to the result of
Experiment B3 shown in Fig. 9.

However, compared with the latter, the decreasing trend
for the weld surface height near the pit was effectively sup-
pressed by real-time control. Additionally, to quantify the
weld surface height, image processing was performed on the
longitudinal section of the weld. The original images were
preprocessed and binarized to enhance the weld surface
contour (as shown in the images 12 in Figs. 16C and 17C).
The weld surface contours were then extracted using the
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Sobel operator of edge detection (as shown in the images
I3 in Figs.16C and 17C).

Based on the scale bar and the pixel coordinates of the weld
surface contours, the weld surface height can be estimated.
The notion of weld surface height (denoted as H) in these two
experiments is schematically shown in Fig.18. Although the
cutting trajectory, image shooting, and stitching process will
produce errors on the estimated value of H, the estimation
results in this work can still be considered reliable. It can be
seen from the longitudinal distribution of the estimated weld
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Table 3 — The MAE and RMSE for PID Control of Arc Voltage or Weld Surface Height (in V)

Experiment No. D1 D2

MAE = %Zw*(i)—u,(m 0.0529 0.0488
n 1/2
e [EZ'”‘“’-“@"] 0.0649 0.0635

surface heightin Fig. 18 that the weld surface near the original
step or pit area was relatively flat, which demonstrated that
the strategy of controlling the arc voltage U” by adjusting the
wire feed speed v,can indirectly ensure the stability of the
weld surface height.

Conclusions

In this work, a global and local arc sensing method that
collects both global and local arc information was proposed.
This method can be used to monitor metal transfer during
wire-filled GTAW. Under the interference of metal transfer,
it can also be used to monitor the weld surface height by
sensing the change in arc length. Based on the extracted
characteristic signals, namely the stability factor f_ for metal
transfer and the average global arc voltage in the presence of
the liquid bridge U”, a series of preliminary feedback control
experiments of process stability were conducted. They veri-
fied the effectiveness and potential of the proposed method.
The following main conclusions can be drawn:

1) The presence or absence of a liquid bridge can be clearly
distinguished by local arc sensing, and f__ can be used to

D3 D4 E1 E2
0.0696 0.0842 0.1070 0.1380
0.0932 01244 0.1481 01765

characterize the metal transfer stability. The closer f__is to
zero, the more stable the metal transfer.

2) Based on the global and local arc sensing, U* can be
extracted by decoupling the dynamic interference signals
of metal transfer to better characterize the change in arc
length or the weld surface height under the interference of
metal transfer.

3) A fuzzy controller and PID controller were designed to
control the metal transfer stability and weld surface height.
The results showed that, with the feedback control, the metal
transfer can be controlled to a stable or quasistable state,
and the consistency of the weld surface height can be guar-
anteed even when the workpiece surface height changes.

In this work, the preliminary control practice was rela-
tively simple, but it shows the potential of the proposed arc
sensing method. In a future study, the relevant strategies
will be furtherimproved to better handle practical problems.
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