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Abstract
Reasonable backside weld geometry of the root-pass welding is the basic guarantee for good fatigue performance of the
weld joints. In the vertical-up (3G) position welding, the change in the force direction on the molten pool makes the degree
of penetration reduced, such that a small disturbance in the welding process will lead to uneven weld geometry and discon-
tinuous weld penetration states. In order to obtain a good weld penetration state for root pass by cold metal transfer (CMT)
welding in the vertical-up position, a control strategy applicable to CMT root-pass welding was proposed. The backside weld
width (W,) is related to the welding heat input (g) and the peak current time ratio (PTR). As per that base current almost
does not affect the long period, and the long period tends to disappear in the range with small peak current or wire feed
speed, a welding program with a stable PTR was designed, and the W, prediction model was simplified to be only related to
q. Based on the simplified model, a fuzzy controller was designed and its control effects for W, in the CMT root-pass weld-
ing were tested. The test results proved the validity of the control strategy under normal fit-up conditions and the condition
with varying misalignments.

Keywords Heat input - Peak current time ratio - Backside weld width - Fuzzy control - Vertical-up (3G) position - CMT
root-pass welding

Nomenclature

e
E
ec
EC

Error between § and ¢ in the control system, J/mm
Fuzzy variable for e

The change in error, J/(mm-s)

Fuzzy variable for ec

Welding current, A

Welding current data by Hall sensor, A

Welding current in base current stage, A

Welding current in peak current stage, A

Welding current in short-circuiting current stage, A
Long period ratio, i.e., the ratio of the number for
long periods over the number for all periods, %
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PTR

ESE =N

Total number of periods (or cycles) in the
calculation

Peak current time ratio, i.e., the average ratio of
peak current time over the welding time, %
Welding heat input, J/mm

Output of the control system, J/mm

Reference (or expected output) of the control sys-
tem, J/mm

Heat input for a base current stage, J/mm

Heat input in period i, J/mm

Heat input for a peak current stage, J/mm

Heat input for a short-circuiting current stage, J/
mm

Time, s

Base current time, ms

Peak current time, ms.

Short-circuiting current time, ms

Arc voltage, V

Arc voltage data by Hall sensor, V

Arc voltage in base current stage, V

Arc voltage in peak current stage, V

Arc voltage in short-circuiting current stage, V
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uc The input of control system, i.e., the increment of
Vp m/min

UC  Fuzzy variable for uc

% Welding speed, m/min

vy Wire feed speed, m/min

W,  Backside weld width, mm

Expected backside weld width, mm

1 Introduction

When laying of the large-diameter and thick-wall steel pipes,
the efficiency and quality of manual welding cannot meet
the fabrication requirements; thus, mechanized welding is
employed. Due to lack of real-time monitoring of the pipe
welding process, it is easy to produce discontinuous penetra-
tion, unreasonable backside weld geometry, and other issues.
Under the complex welding conditions, it is not enough to
guarantee the backside weld geometry only by optimizing
welding parameters. Therefore, the closed-loop control of
it is particularly important. In the vertical-up (3G) position
welding, the gravity of the weld pool no longer promotes the
penetration, and the degree of penetration is usually reduced,
compared with that in the flat (1G) position. Minor changes
in welding conditions may cause discontinuous penetration.
Therefore, it is necessary to control the backside weld geom-
etry in the vertical-up position.

Cold metal transfer (CMT) welding technology has been
widely used in the root-pass welding of pipes due to its
advantages, such as low heat input, no spatter, good weld
formation, and strong bridging ability [1-3], but there is
little research on the penetration control of CMT. This is
because the CMT waveform is complex, which is designed
for spatter elimination and stable droplet transfer; the pen-
etration control should not deteriorate the droplet transfer
process, and the coupling of welding parameters in the MIG/
MAG synergic welding mode greatly increases the difficulty
in its control. In addition, the change in welding position
leads to the instability of CMT welding process. Kim et al.
[4] studied the backside weld geometry of the CMT root-
pass welding without backing, which found that the full pen-
etration cannot be obtained when the groove angle is small
and the gap is 0. With the increase in groove angle, the weld
achieved full penetration with a gap of 2—6 mm, and the
backside weld was well shaped [4]. Recently, the relation-
ship between welding heat input (g), peak current time ratio
(PTR), and backside weld width (W) in the CMT root-pass
welding of pipes in the vertical-up position was studied in
our previous study [5]. Therefore, the main objective of this
work is to find a closed-loop control strategy applicable to
the MIG/MAG synergic welding mode and to realize real-
time control of the backside weld geometry in the vertical-up
welding position based on the established prediction model.
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After obtaining a series of information, such as arc sound,
light, and electricity, which can characterize the weld geom-
etry through sensing technology, the characteristic signals
need to be processed with some rules to keep them near the
expected value, so as to achieve the real-time control of the
weld geometry. Different processing rules for characteris-
tic signals correspond to different control algorithms. The
proportional-integral-derivative (PID) control is a classical
control method, which is the most widely used one in prac-
tical engineering. Fan et al. [6] established the relationship
between weld pool geometry parameters and W, based on
the three-optical-path vision sensor in the gas tungsten arc
welding (GTAW) process and used a PID controller to con-
trol W, by controlling the weld pool width. PID control is
more suitable for a single input single output (SISO) linear
time-invariant system, but the welding process is usually
a multiple input multiple output (MIMO) nonlinear time-
variant dynamic process; therefore, modern control meth-
ods, such as adaptive control and predictive control, were
applied in the weld geometry control. Chen et al. [7] iden-
tified the linear time-variant process model for the pulsed
GTAW online, using the minimum variance strategy, and
realized the real-time control of W, by adjusting the peak
current. Wang et al. [8] employed the interval model to
improve robustness of the adaptive predictive controller for
the penetration depth control in the pulsed gas metal arc
welding (GMAW-P). Zou et al. [9] applied a Hammerstein
model to adaptively control of the GMAW-P weld penetra-
tion depth based on the relative fluctuation coefficient of the
weld pool. Cao et al. [10] identified a MIMO linear model to
describe the GMAW-P welding process, established a pre-
diction model based on the state-space method, and designed
a double input double output adaptive predictive controller
based on this prediction model to control W, in real time.

Traditional control methods usually require accurate
mathematical models based on the control plant, but some
complex control processes, such as welding, are with uncer-
tain or cannot be described by traditional mathematical mod-
els, for which the intelligent control, such as fuzzy control,
neural network control [11, 12], expert system control [13],
was proposed to handle the uncertainty. Fuzzy control is a
relatively mature one. Chen et al. [14] predicted W, by using
the topside weld pool geometry and welding parameters and
controlled W, in the 1G position welding by a fuzzy control-
ler. Tsai et al. [15] collected the backside weld pool width in
real time and took it as the feedback for the weld penetration.
And a fuzzy controller was designed to adjust the welding
current to control the weld penetration. Gao et al. [16] pre-
dicted Wy, based on welding current, gap, and weld width and
designed a fuzzy controller to control W, in real time in the
butt-joint fabrication by GTAW.

The foregoing researches were mainly applicable to the
1G position. In the researches for other positions, Wang
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et al. [17] established a prediction model of W, by neural g, 1 Gp X 1y + @y X 1y + Gy X 1
network and realized the penetration control in GTAW-Pin 4= =- 2 3)

the horizontal position by stepping welding. Li et al. [18,
19] established a predictive controller to control the weld
penetration in the all-position (5G) welding by indirectly
controlling the arc voltage. In addition, weld geometry
control in the welding process with the short-circuiting
transfer is less studied. In the present work, CMT root-pass
welding process of pipe in the vertical-up position will be
investigated, in which a control strategy applicable to the
MIG/MAG synergic welding mode is designed to control
W, in real time based on the simplification of the predic-
tion model of W, in our previous study [5].

2 Experimental design
2.1 Control strategy analysis

As per our previous study, W, is related to g and PTR, and
the relationship between the three is as follows [5]:

W, =—=120.9 = 2917 X PTR 4+ 0.752 X g + 7.333

1

X103 X PTRx g —1.111 x 1073 x ¢* M
in which

PTR =1,/ (1, + 1, + t,.) )

where 1, means peak current time, ¢, means base current
time, and 7., means short-circuiting current time, as shown
in Fig. 1, which shows that a typical CMT period (or cycle)
can be divided into three stages, i.e., peak current stage,
base current stage, and short-circuiting current stage [5], and

Fig.1 CMT welding process

n n t,+ 1t + 1
where g; means the heat input in periogl i; ¢, is the heat input
for a peak current stage and g, = %; gy 1s the heat input

for a base current stage and g, = @; g, 1s the heat input

. e U, XI,
for a short-circuiting current stage and g, = —<—=; and n

represents the total number of periods (or cycles)vin the cal-
culation. Note: U,,, Uy, and Uy are for the arc voltage in peak
current stage, in base current stage and in short-circuiting
current stage, respectively; Ip, I, and I are for the welding
current in peak current stage, in base current stage, and in
short-circuiting current stage, respectively; and v is for the
welding speed.

Equation 1 shows that W, can be regulated by controlling
the characteristic signals g and PTR. However, W,, is related
to both g and PTR, and when the welding parameters, such
as I, and wire feed speed (vy), are adjusted, g and PTR will
both change, resulting in a complex relationship between
welding parameters and characteristic signals and a diffi-
culty to establish an effective control strategy. Therefore, the
prediction model needs to be simplified. Since all welding
parameters will affect g, it is a good choice to find a way
to minimize the influences of PTR on W, such that only
g needs to be controlled in the control system. Figure 2 is
the block diagram of the W, control system. ¢ is the out-
put of the control plant (i.e., welding process or arc), which
has a determined relationship with the controlled variable
W,. g is the feedback, which is calculated by the real-time
welding current (T) and voltage (ﬁ) data acquired from the
welding process by the Hall sensors for welding current (1)
and voltage (U). And ¢ is the reference (or the expected
output) of the welding process. § is compared with ¢°, and
the difference between the two, e, is used as the input of the
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Fig.2 Block diagram of the W, control system

controller. The controller outputs the change in controlled
variable, namely /, that was also recommended by ref. [5]
and is regulated by v, to regulate welding process and fur-
ther to affect g in the welding process.

2.2 Experimental equipment and materials

Based on the established prediction model, an appropri-
ate control algorithm was used to conduct the control test.
Since the standard MIG/MAG welding mode does not sup-
port real-time adjustment of welding parameters in the
welding process, the MIG/MAG synergic welding mode
was employed for control tests. The experimental setup is
shown in Fig. 3. The whole system is divided into two parts,
namely welding system and control system. The welding
system includes a welding power supply, CMT Advanced

voltage sensers

4000, with a wire feeder, VR 7000 CMT. The control system
includes Moeller U-C123E Hall current and voltage sen-
sors, NI PCI-6221 acquisition card, BNC-2120 connection
card, and CMT ROBS5000 control interface. The current and
voltage signals were collected in real-time, and the collec-
tion frequency was 5000 Hz. The electrical signals are input
to the computer via the PCI-6221 acquisition card, and the
characteristic signal is calculated by an algorithm in the con-
troller to represent the weld penetration. After processing
by the controller, the control signal, which is determined by
the control algorithm, is then output via the PCI-6221 card
and is sent to ROB5000 control interface. The ROB5000
control interface communicates with the CMT power supply
to adjust welding parameters in real time.

The material used was API 5L X65 pipeline steel with
a diameter of 355.0 mm and a thickness of 13.5 mm, and

%Wire Feeder

Torch
X65 Pipeline __| Voltage Current Control
RoB P Sensor Sensor Box
5000
i . /N N |
7\ N I
| - U 1
— Power
PCI-
6211

Computer

Fig.3 Vertical-up welding control system
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B=35+1°
L=-0.5+0.3mm
7=1.5+0.Ilmm
W=3.3-3.4mm
WT=13.5mm

_v

/

Fig.4 Schematic diagram of the “U” groove

a “U”-shaped groove without gap was used, as shown in
Fig. 4. ER70S-6 welding wire with a diameter of 1.2 mm
was used as filler material. Table 1 shows the chemical
composition of the X65 pipeline steel and welding wire. A
mixture gas of 80%Ar +20%CO, was used as shielding gas,
and the gas flow rate was 15-20 L/min.

2.3 Welding program setting

In the conditions of the 3G welding position or increasing
I, in the CMT welding process, “the long period” will occur
[S]. “The long period” is defined as the period when the base
current time (#) is greater than 5 ms in the present work.
As per the foregoing discussion in Sect. 2.1, to simplify
the model, a good choice is to keep one parameter, i.e., PRT,
unchanged during the control process. From ref. [5], I, has
little influence on PTR, PTR is basically kept at approxi-
mately 25%, and I, is positively correlated with g. Therefore,

I, was selected as the control variable. In the MIG/MAG
synergic welding mode, other welding parameters can only
be adjusted by adjusting v, but v, affects both g and PTR.
Figure 5 shows the long period ratio (LPR), which is the
ratio of the number for long periods over the number for all
periods, with different welding parameters. From Fig. 5a,
as vy decreases, LPR decreases. When vy was set to a small
value, the long period tended to disappear and the droplet
transfer process tended to be stable. Therefore, keeping v,
within a range of small values can make its influence on
g and PTR tend to disappear. A change in /; causes both g
and PTR (Fig. 5b) to change. Therefore, I, was set as a fixed
value. Based on the foregoing discussion, the CMT welding
program can be customized in such a way that a v,only cor-
responds to a welding curve, whose parameters are the same
as other welding curves except I;,; and v,is set within a range
with small values to eliminate its influence on ¢ and PTR.
In this way, v,is adjusted only to regulate /;,, and only /, has
influence on characteristic signals, i.e., g. Thus, the model is
simplified, in which W, is controlled only by controlling g.

From Fig. 5b, LPR tends to zero when Ip is small. When
the I, was 260 A, the LPR was only 6.67%, while a large
LPR would make the welding process unstable, resulting in
defects, such as discontinuous weld penetration. Therefore,
when customizing the welding curve, Ip, I, and 1, were as
260 A, 80 A, and 2.5 ms, respectively, to ensure the stable
droplet transfer process. Herein, the maximum v, was set as
5 m/min, and the minimum vy was 3.0 m/min. The maximum
I, was set as 140 A, and the minimum /7, was 40 A. A v, was
customized to an I, whose relationship is listed in Table 2.
After welding curve customization, the CMT power supply
can adjust welding parameters in real time via ROB5000
control interface.

Table 1 Chemical composition

X C Mn Si S P Fe
of API 5L X65 and welding
wire (wt%) API 5L X65 0.050 1.400 0.220 0.050 0.040 Balance
ER70S-6 0.073 1.490 0.880 0.011 0.010 Balance

Fig.5 Relationship between (a) (b) 40
welding parameters and LPR. 70 - . ..
avibl, - " 35 -

S 60} S

= 30

S ol 3

£ £25¢

) g

=T P 2 20f

230 E1s|
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10 5
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Table 2 The relationship between v,and 7,

In order to make sure that the PTR does not change under
this welding program, three groups of tests were conducted

vf/(m/min) I/A vf/(m/min) L/A . ) ” )
with randomly v;signals (i.e., regulated /,)). Figure 6 shows
3.0 40 4.1 95 the input signals and the calculated PTR. PTRs in all three
3.1 45 4.2 100 groups were kept at approximately 30.00%, which further
32 50 4.3 105 indicated that changing I, has little influence on PTR. When
33 55 4.4 110 PTR is 30.00%, i.e., taking PTR=30% into Eq. 1, the rela-
3.4 60 4.5 115 tionship between g and W, is shown in Fig. 7 and Eq. 4. W,
3.5 65 4.6 120 was then controlled according to this relationship in subse-
36 70 4.7 125 quent tests.
3.7 75 4.8 130
33 20 49 135 W, = —0.001111 X ¢> +0.972 X g — 208.41 (when PTR = 30%) 4)
39 85 5.0 140
40 % 2.4 Fuzzy controller design
Fuzzy controller generates control rules as per human
experience and achieves ideal control effect by fuzzy logic
Fig.6 Calculated PTR when v, (a) y 140
signals were randomly input. a || 1” II I ' '
Test 1, b test 2, ctest 3 80 ‘ 1120
° 60 1100
& L
s — PTR— Average PTR—IbI 30.16 % 180 ~°
40 .
¥ - 60
20 140
0 500 1000 1500 2000 2500 3000
The count of periods
(b) 80 , , ; 140
el 120
60
1100
Ss0t <
; st —PTR—Average PTR—1| 339 0, {180 —=
30 460
20
140
10 1 1 1 1
0 500 1000 1500 2000 2500
The count of periods
() T T T T T T 140
80 1120
1100
< {80
S e
A 4ok — PTR— Average PTR—1, 30.27 % 160 =
! 140
20 120
1 1 1 1 1 1 0
0 500 1000 1500 2000 2500 3000 3500
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W, /mm

1 1 1 1 1 1 1 1

380 390 400 410 420 430 440 450
q/(J/mm)

Fig.7 The relationship between g and W, when PTR is 30.00%

reasoning. The biggest difference between fuzzy control
and traditional control is that it does not need a mathemati-
cal model. Due to the complex influences of CMT welding
parameters on ¢, and f,, and ¢, are not constants and change
randomly with the droplet transfer process, it is difficult to
establish an accurate mathematical model, and the discrete-
ness of /, in the customized welding program also makes
mathematical modeling difficult. Therefore, fuzzy control
was selected to control W, in real time in the present work.

According to the simplified model, Wy, can be character-
ized only by ¢ when PTR is unchanged. Therefore, § was
employed as feedback, and 1, i.e., the output of the con-
troller, was adjusted by regulating v, in real time by fuzzy
controller to control W,

Since there is no piecewise linear relationship between
the CMT welding parameters and g, Mamdani type was
selected as the fuzzy controller. Single input will make the
fuzzy rules simple and thus reduce the precision of the con-
trol system. The multiple input and single output (MISO)
control system has a complex structure and long fuzzy
reasoning time. Therefore, Mamdani fuzzy controller with

Fig.8 Processing flow of the
fuzzy controller
7 e(t)

the structure of double input and single output (DISO) was
employed.

The real-time calculated feedback is the average weld-
ing heat input in the CMT welding process within three
periods, represented by g ; the expected system output is
g"; e is the difference between § and ¢"; ec is the differ-
ence between two neighbored §; and uc is the increment
of v, At instant 7:

e=g-q 5)

ec=e(t)—e(t—1)=7q(t) - q(t - 1) (6)

Figure 8 shows the processing flow of the fuzzy con-
troller. e and ec are used as the input of the fuzzy con-
troller. The fuzzy variables corresponding to e and ec are
E and EC, respectively. After e and ec are input into the
fuzzy controller, the two variables are fuzzified, and then,
fuzzy reasoning is conducted according to the fuzzy rules,
after which a fuzzy variable UC can be obtained; uc is the
output of fuzzy controller, which is the defuzzification
results of UC.

Seven linguistic terms, i.e., PB, PM, PS, ZO, NS, NM,
and NB, are selected to describe the fuzzy variables. The
fuzzy subsets of E, EC, and UC are all {PB, PM, PS, ZO,
NS, NM, NB}. As per the preliminary experiments, the
range of input and output variables was defined respectively.
The ranges of e, ec, and uc are [— 100, 100], [- 50, 50], and
[—1, 1], respectively. After fuzzification, the ranges of E,
EC, and UC are all [-6, 6].

The fuzzy subsets of each fuzzy variable are described by
membership function, as shown in Fig. 9. Except that ZO for
E is with a membership function of trapezoidal, NS, ZO, and
PS for E, EC, and UC are with triangular ones, while NB,
NM, PM, and PB are with Gaussian ones. In the CMT weld-
ing process, when the difference between ¢ and q* is small,
if the fuzzy controller adjusts the welding parameters at this
time, it is easy to cause overshooting, since ;, is discrete in
the customized CMT welding program and steps every 5 A.
Therefore, the membership function of ZO for E was set as
a trapezoid function. The membership function of NS, ZO,

d/dr

ec(t)

Fuzzification ]
e Defuzzifi- ue
cation

Fuzzy
reasoning

Membership
distribution EC

@ Springer
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Fig. 9 Membership function

~
oo
~—

distribution. a E; b EC; ¢ UC

70 PS PM

Degree of membership

Degree of membership

—
o
~—~

Degree of membership

and PS was set as triangle function because triangle function
has a high precision and is applicable when the difference
between g and ¢ is small.

As per the preliminary experiments, fuzzy rules were
formulated with reference to the following rules. When g
is greater than ¢" (e is positive) and § for the current instant
is greater than g for the previous instant (ec is positive), vy
should be decreased, that is, decrease /,; when e and ec are
both negative, increase /,; when plus-minus sign for e and
ec are opposite, 1, is adjusted according to the influences of
the two on g in the next cycle; when e and ec both fluctu-
ate around 0, the welding parameters are kept unchanged.

@ Springer

Table 3 lists 49 fuzzy control rules. In fuzzy reasoning, the
“Max—Min” compositional rule of inference method was
used. Defuzzification is the process of converting fuzzy vari-
able UC into precise variable uc, that is, sharpening of fuzzy
variable. The centroid method was used to do the defuzzifi-
cation. Figure 10 illustrates the fuzzy rules.

A PID controller was also designed to compare with
fuzzy controller. The performance comparisons were
done in a simulation environment. The input and output
of the PID controller are e and /,, respectively. The main
parameters for the PID controller are as follows: Kp=0.25;
K;=0.015; K,=0.012.
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Table 3 Fuzzy rules uc E

NB NM NS 70 PS PM PB

EC NB PB PB PM PM PS PS y40)

NM PB PM PM PS PS y40) NS

NS PM PM PS PS y40) NS NS
70 PM PS PS 70 NS NS NM
PS PS PS 70 NS NS NM NM

PM PS 70 NS NS NM NM NB

PB Z0 NS NS NM NM NB NB

Fig. 10 Illustration of fuzzy rules

3 Experimental results and discussion
3.1 Open-loop control test

Open-loop control test was conducted using the custom-
ized welding program mentioned above. v, was kept at
4.2 m/min during welding, that is, I, was set to 100 A.
Figure 11 shows the open-loop control test results. From
Fig. 11a, W, gradually decreased from the start to the
end, and the backside weld geometry was uneven. This is
because the cross section of the pipe is not a regular circle,
the change in the contact tip to work distance (CTWD)
will lead to the change in arc length, and arc length is
positively correlated with arc voltage. From Fig. 11b, the
average arc voltage gradually decreased, indicating that
CTWD gradually decreased, while the average current was
basically unchanged. The decrease in the average arc volt-
age will lead to the decrease in ¢, as shown in Fig. 1lc,
resulting in a gradual decrease in W,. The test results
showed that closed-loop control is necessary to obtain
stable backside weld geometry under complex and vary-
ing welding conditions.

3.2 Performance comparisons between fuzzy
and PID controller

In the simulations of the two controllers, two references,
i.e., q*:560 J/mm and q*:580 J/mm, were selected,
which results are shown in Fig. 12. From Fig. 12, fuzzy
control performs a little bit better in dynamic response;
and it has a better accuracy, since the discreteness of I,
(5 A in a step) in the customized welding program makes
the PID controller fluctuate around the references with an
amplitude that is larger than fuzzy control. Therefore, the
performance of fuzzy controller is better and it is selected
as the controller to conduct the following welding tests.

3.3 Fuzzy control test with a fixed set point

To verify the closed-loop control effect with a fixed set
point for the fuzzy controller, a control test was conducted,
in which the calculated g is controlled around an expected
value to keep the same degree of penetration during welding.
When an expected W, i.e., Wb*, is set, q* can be calculated
as per Eq. 4. During the execution of the closed-loop control,
the controller will adjust the system input /, according to the
difference between the § and ¢* and the changes in g, so that
the system output fluctuates around the expected one.

Figure 13 shows the fuzzy control test results with a fixed
set point. Wb* was set as 4.15 mm, that is, q* was 432 J/mm.
From Fig. 13a, with the closed-loop control, the backside
weld geometry was relatively uniform, and the measured
W, also fluctuated around the expected one. From Fig. 13b,
the output of the system was fluctuating around the expected
one. When the output of system deviated from the expected
value, the controller could adjust the input of system ()
quickly and effectively according to the fuzzy rules illus-
trated in Fig. 10.

3.4 Fuzzy control test with varying misalignments
In order to further verify the applicability and robustness of

the fuzzy controller for W,, a fuzzy control test with varying
misalignments was designed. Figure 14 shows the schematic

@ Springer
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Fig. 11 Backside weld geom-
etry and electric signals under
open-loop control test. a Back-
side weld geometry; b average
current and voltage; ¢ g
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of the pipe with varying misalignments. The misalignments
at points d and f are the largest, i.e., | mm, and those at
points a and e are the smallest, i.e., 0 mm.

A fuzzy control test with a fixed set point was conducted
under the condition of varying misalignments. In the test,
the corresponding part of the pipes with varying misalign-
ments was placed at the 3 o’clock position. The welding start
point was point b, and the end point was point ¢, as marked
in in Fig. 14. Accordingly, the range of misalignments was
0.49—0.86 mm. § was controlled to fluctuate around ¢ in the
test, as shown in Fig. 15b. When q* was set to 416 J/mm, Wb*
was 3.70 mm. The actual measurement results showed that
W, fluctuated around the expected one, as shown in Fig. 15a.
The test results showed that the simplified W, prediction

@ Springer
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model and fuzzy controller established in the present work
can be applicable in the condition of varying misalignments.

3.5 Fuzzy control test with varying gap

The pipe used in the test with varying gap has the maximum
gap at point d (1.0 mm) and the minimum gap at point a
(0 mm), as shown in Fig. 16.

The varying gap results in significant changes in
heat dissipation conditions, which makes the predic-
tion model established in the present work ineffective.
g" should be reduced to prevent burn through. In the
fuzzy control test with varying gap, ¢~ was set as 336 J/
mm; the corresponding gap was placed at the 3 o’clock
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Fig. 12 Simulation results for (@) sgo [ T T T T T
PID and fuzzy controllers. a
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position. The welding start point of the test was point
b, and the end point was point c, as marked in Fig. 16.
Accordingly, the gap range was 0.25—0.50 mm. The
test results are shown in Fig. 17. As the gap gradually
increased, W, gradually increased with the same ¢, as
shown in Fig. 17a. From Fig. 17b, the fuzzy control

system could still work effectively, and the output of
system g was controlled to fluctuate around the set
point ¢*, but W, changed. In order to solve the issue
that the simplified W, prediction model loses efficacy
due to significant changes in heat dissipation under
the condition of varying gap, the gap size should be
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—_
Point ¢ (60°)
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(270°) (90°)

Point e (180°)

Fig. 14 Schematic of varying misalignments of the pipe

Fig. 15 Fuzzy control test

introduced into the prediction model, and the feed-
forward control should be added in the controller, in
which the gap should be measured in real time, and
g" should be adjusted accordingly as per the gap size,
with the expectation of making W, uniform and stable.

4 Conclusions and future work

The prediction model of W, in the vertical-up position of
the pipe by the CMT welding with the proposed U groove
was simplified; a closed-loop control method applicable to
the MIG/MAG synergic welding mode was explored in the
CMT welding process; and its effectiveness was verified in
the actual welding tests. The main conclusions are as follows:

@5 .
under the condition of varying

misalignments. a The backside

weld geometry; b the input and 4
output of the control system
when the set point was 416 J/
mm and the misalignment range
was 0.49—0.86 mm
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Fig. 16 Schematic of the vary- Point b Point ¢ Point d
ing gap of pipe (illustration with (06]3") (90°) (180°)

the pipe being cut into two
halves)
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Fig. 17 Fuzzy control test under
the condition of varying gap. a
The backside weld geometry;

b the input and output of the
control system when the set
point was 332 J/mm and the gap
range was 0.25—0.50 mm

Point b

T T T T 250

200

150

Ib/A

100

1) With consideration of the characteristics of the MIG/
MAG synergic welding mode, which adjusts v, to adjust
other welding parameters, the welding program was cus-
tomized. /, and vy has little influence on PTR when they
are small; thus, I, was kept at a fixed low value of 260
A, and v, was set within a range of small values, i.e.,
3.0—5.0 m/min, to ensure that PTR remained unchanged
in the welding program. Keeping other parameters
unchanged in the welding curves corresponding to each
vy the change in v, is ensured to only affect /. Accord-
ingly, the prediction model of W, was simplified so that
it is only related to g. When PTR is 30.00%, the simpli-
fied prediction model of W, in the vertical-up position
by the CMT welding with the proposed U groove is as
follows:

W, = —0.001111 x ¢* + 0.972 x g — 208.41

2) The fuzzy controller was designed with the fuzzy rea-
soning rules, which were formulated as per the pre-
liminary experiments. When e and ec are both positive,
decrease I,; when e and ec are both negative, increase
I;; when the plus-minus sign for e and ec are opposite,
I, is adjusted according to the influences of the two on
g in the next cycle; when e and ec both fluctuate around
0, the welding parameters are kept unchanged.

3) The fuzzy control system for W, in the vertical-up posi-
tion by the CMT welding was tested and verified. The
fuzzy control tests under normal conditions and under
the condition of varying misalignment showed that the
controller can control the output of system g near the

t/s

expected value by adjusting the input of system I, so as
to obtain the expected W,,.

However, in the condition of varying gap, due to signifi-
cant changes in heat dissipation, the simplified prediction
model of W, lost efficacy, so it is necessary to introduce
independent variable, gap size, into the prediction model
of W, for improvement. This work will be conducted in
the future.
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