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Intelligent Control of Pulsed GTAW
with Filler Metal

The dynamic neural network model accurately predicted backside width and
topside height and could be used for process control

ABSTRACT. This paper addresses intelli-
gent control of weld shape for plates with
varied root openings during pulsed GTAW
with filler metal, and is a development
from the work in Refs. 1-3. The newly de-
veloped double-sided visual image sensing
system could acquire the front topside,
back topside, and backside images of the
weld pool simultaneously in the same
frame. The root opening and the double-
sided weld pool geometry parameters
were extracted online. A neural network
model was established to predict the back-
side width and topside height through
welding parameters and topside shape pa-
rameters. Feasible intelligent control
schemes were also investigated. In order
to eliminate the effect of the root opening
and stabilize both backside width and top-
side height, a double-variable controller
was designed, in which the feedback con-
trol part regulates the pulse duty ratio to
control backside width and, at the same
time, the feed-forward control part adjusts
the filler metal rate to achieve the desired
topside height in order to compensate for
the effects of the varying root openings.

Introduction

This paper studies weld shape quality
control in pulsed gas tungsten arc welding
(GTAW-P) with a filler metal, and is a de-
velopment from the work in Refs. 1-3. The
state of the art of weld shape quality con-
trol has been reviewed in detail in those
papers. By summarizing Refs. 1-32, the
following can be seen:

1. Although extensive research has
been done to find feasible approaches for
the adaptive control of the complicated
welding process, more practical solutions
are still strongly needed for different cases
(Refs. 4-8).

2. Among the studied sensing methods,
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passive visual image sensing has proven to
be a feasible and promising method (Refs.
9-25).

3. With regard to modeling and con-
trolling the welding process, artificial in-
telligence methodology was thought to be
a feasible tool for the complex nonlinear
system (Refs. 26-28), and some studies
have been done that showed promising re-
sults (Refs. 29-32).

4. Most research has centered on bead-
on-plate and GTA welding of butt joints
without a root opening and filler metal;
welding with filler metal and a root open-
ing has not been addressed adequately.

Unfortunately, in practical welding,
variation in root opening is unavoidable
and affects the resultant weld shape and
quality. Especially when the root opening
is too large, incision will occur and joining
is not obtained.

Research on intelligent control of weld
pool shape during pulsed GTAW at
Harbin Institute of Technology has gone
through three stages: bead-on-plate (Ref.
2), welding of butt joints without filler
metal (Ref. 3), and welding of butt joints
with filler metal (Ref. 1). The results of
this research were published in a series of
papers in the Welding Journal (Refs. 1-3).
As a continuation, this paper took into ac-
count the existence of the root opening
and its effect on weld shape, and estab-
lished an intelligent control system for
weld shape quality during pulsed GTAW
of butt joints with varied root openings.

In this paper, first, a new double-sided
imaging system for the weld zone was de-
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veloped to acquire the front topside, back
topside, and backside images of the weld
pool simultaneously in the same frame.
Second, a neural network model of the dy-
namic process was established to predict
backside width and topside height through
welding parameters and topside shape pa-
rameters. Finally, a double-variable com-
posite intelligent controller was devel-
oped and studied.

Sensing
System

The experimental system was the same
as the one in Ref. 1; however, certain mod-
ifications were made.

First, an isolated gate bipolar transistor
(IGBT) switch power source was used as
the welding machine whose dynamic re-
sponse time was less than 1 ms.

Second, in order to clearly view the
root opening from the front of the weld
pool, the wire was filled at 15 deg, deviat-
ing from the weld joint from the front. The
wire was fed during the peak current pe-
riod. The filling time was fixed at 300 ms;
the filling amount was adjusted by regu-
lating the feeding rate.

In order to sense the shape of the weld
pool and the joint root opening, a new
imaging light path was developed to ac-
quire the front topside, back topside, and
backside images of the weld pool simulta-
neously in the same frame.

This new light path system is shown in
Fig. 1, and has been designed to guarantee
the three weld pool images to be clearly
and simultaneously formed on the same
CCD camera.

In Fig. 1, O_XYZ is the workplate co-
ordinate system. Point O is the center
point of the weld pool image. The positive
direction of axis X is the welding direction.
The front topside imaging light path is
composed of the reflecting mirrors M, and
M,, the back topside imaging light path
consists of the reflecting mirrors M5 and
M,, and the backside imaging light path is
formed by the reflecting mirrors Mg, Mg,
and M.
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Fig. 1 — Schematic diagram of the light path.

Fig. 2 — Current waveform.

Table 1 — Experimental Condition for Image Sensing

Pulse Peak Base
frequency current current
f (Hz) Ih (A) I, (A)
1 130 40

Welding Filler Arc Electrode
speed rate length diameter
V,, (mm/s) Vg (cm/s) I (mm) F (mm)
25 5 3.0 3.0

Angle of Ar Flow Pulse Duty
tip rate ratio

g (deg) I (I/min) (%)
30 8.0 50

Weld Pool Images

Experiments with groove welds in a
butt joint with a root opening were done
on low-carbon steel Q235B. The experi-
ment conditions are tabulated in Table 1.

The waveform of the current is shown
in Fig. 2. The images were separately ac-
quired during the peak and base current
periods to study for the optimal imaging
time and imaging current.

Figure 3 shows the double side pool im-
ages sensed under the above experimental
conditions. Each image consists of three
sub-images acquired from the three dif-
ferent directions as illustrated in Fig. 3F.

Experimental observation and study
suggests the following optimal imaging
time: the front topside pool image be sam-
pled 60 ms before the end of the pulse
peak current to extract the root opening;
the back topside image and backside
image be acquired 100 ms after the start of
the base current to obtain the feedback for
intelligent control of the backside width
and topside height.

As shown in Ref. 1, the topside length
L;, maximum width W,, and half-length
ratio Ry, and topside height H, can be used
as the characteristic parameters to de-
scribe the shape and size of the topside
weld pool. The backside pool is specified
by the maximum width Wy, and length L,

A real-time image processing algo-
rithm has been developed to extract the
root opening, and the topside and back-
side weld pool shape parameters.

JANUARY 2005

Neural Network Modeling

The backside width and the topside
height are the key variables that deter-
mine the weld shape. Unfortunately, the
topside height could not be directly ex-
tracted and the backside width could not
be directly sensed either in most cases. So,
a dynamic process model should be estab-
lished to predict the backside width and
the topside height by the topside pool
geometry parameters and the welding pa-
rameters. Neural network modeling is an
appropriate modeling method for the
complex process.

Model Structure

Figure 4 shows the architecture of the
model for predicting the backside width
and topside height (BWHDNNM). The
model inputs were the welding parameters
(peak current I, pulse duty ratio d, weld-
ing speed V,,, filler rate V), root opening
g, topside pool shape parameters (L;, W,
and Ry)), and their history values at two
former pulses, a total of 24 numbers. The
model outputs were the current backside
width and topside height. The number of
elements in the hidden layer was set at 10
by a trial and error procedure. S function
was chosen as the transfer function of the
neural element.

Experiment for the Training Data

Experiments were carried out on 2-mm-
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thick low-carbon steel plates for pulsed
GTAW of butt joints with a root opening.
The basic experiment conditions are
shown in Table 1. To excite all the charac-
teristics of the dynamic welding process,
the inputs were designed with white noise
signals because of their characteristics of
widespread spectrum and noncorrelation
on time. Through experiments, the follow-
ing welding parameters were chosen as the
operating point under which the satisfac-
tory weld bead geometry could be ob-
tained, Ipy = 135 A, dy = 50%, V0 = 2.5
mm/s, Vg = 5 cm/s. The range of the inputs
were set as follows: DIp = 20 A, Dd =
+10%, DV,, = 0.5 mm/s, DV; ==%4 cm/s.
The corresponding varying steps were 5 A,
5%, 0.17 mm/s, and 1 cm/s. In welding with
a root opening, a 1-mm root opening was
preset when the workplate was clamped.
Due to heat distortion of the plate, the root
opening varied during welding, as seen in
Fig. 5A.

The number of the welding pulse cur-
rent on every work plate was 90, and 30
groups of experiments were conducted, 10
groups of which were on workplates with-
out a root opening, the other 20 groups
were with a root opening. The root open-
ing g and the weld pool two-dimensional
plate geometry parameters (W,, L;, Ry,
W,,) were sensed online by the previously
mentioned developed imaging system and
image processing algorithm. The experi-
ment results are shown in Fig. 5. The top-
side height H; was measured off-line. In
pulsed welding, there are ripples on the






