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Closed-loop control of weld penetration using

front-face vision sensing
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Feedback control of weld penetration based on a front-face sensor is a challenging problem in the field of welding. A novel vision-based
approach is proposed in this paper for full penetration control of the gas tungsten arc welding (GT AW). Owing to the relationship
between the front-face weld geometry and back-face weld width (representation of the full penetration state), which has been reported
earlier by the present authors, it is possible to use the front-face geometry as feedback of full penetration. Based on the dynamic
modelling and the analysis of accepted adaptive control algorithms, an adaptive predictive decoupling controller is developed. Simula-
tions and experiments under a variety of welding conditions have been conducted to verify the effectiveness of the proposed approach

and controller.

NOTATION
{a, yo(a)} and coordinates of feature points
{b ;] y O(lZ)}
aand b estimated a and b
b also used as front-face weld width, in
short, the weld width
b, back-face weld width
b;; parameters of dynamic model
bjo, 4; parameters of real-time model
snedyy parameters of [,
i sub-delay of dynamic model
front-face average weld depression depth,
in short, depression
By welding current
i generalized control variables
k discrete time
ks parameters of straight-line approxima-
tion of ¢,
l arc length

l;,c,and I;  three segments of medial axis
M sample size in straight-line fitting for
feature points extraction

M;; sub-order of dynamic model

pixel, and  resolutions of image sensor

pixel,

T sampling period

vV torch velocity

(%, ¥o) coordinates of medial axis

Zg arc centre location

24 location of rear boundary of weld pool
%5 location of widest part of weld pool
Z3 laser stripe location

& medial axis extraction error

electrode tip angle
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1 INTRODUCTION

Researchers have conducted studies to find feasible
approaches to the control of weld penetration, for either
full penetration or partial penetration instances, uti-
lizing front-face sensors. Much research has been based
on the concept of using weld pool motion for pool
geometry sensing (1-7). However, Hardt (5) and Soren-
sen (4) have shown that it is not practical to detect the
pool shape in partial penetration, using the concept of
pool oscillation through analysis and experiments. Also,
it was demonstrated by Tam and Hardt (6) that, in the
case of full penetration, the unique identification of the
pool shape is unreliable if no other correlating data are
available. The reflection ultrasound method was utilized
to measure the size of the stationary weld pool by
Hardt and Katz (8). Similarly, ultrasonic measurements
of the weld pool were performed at the Idaho National
Engineering Laboratory (9-12) and Brunel University
(13). In a recent report, an effort to discriminate among
different geometries of welds was presented (12).
However, a more realistic non-contacting sensor-based
system was under investigation (12). Studies have also
been conducted in infrared sensing of welds (14, 15).
Recently, Chen and Chin utilized an infrared sensing
technique to measure the welding temperature distribu-
tion (15). Relationships were obtained between the bead
width as well as the depth of joint penetration with
respect to the characteristics of the temperature profiles.
However, although varying current was used to
produce the variation in penetration, all other experi-
mental parameters were held constant. It seems that
variable experimental parameters should be addressed.
In the United Kingdom, Liverpool University and
Nuclear Electric plc have made contributions to this
important problem.

The authors observed that a skilled human welder
can obtain adequate information on the full penetration
state by viewing the weld pool rear and the adjacent
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Fig.1 Vision-based control of full penetration

solidified weld behind the pool. If the experience of the
skilled human welder can be extracted, information on
the full-penetration state can probably be obtained uti-
lizing a machine vision approach. However, at present,
sensing the three-dimensional geometry of the pool
surface may be difficult. Thus, a full-penetration control
strategy based on sensing the adjacent weld behind the
pool is presented for the GTAW.

The proposed control principle is shown in Fig. 1.
The weld penetration feedback is obtained through a
geometric model, an image processing unit and three-
dimensional vision sensor. The three-dimensional
sensor acquires the images of the adjacent weld men-
tioned above, and the image-processing unit processes
the images to calculate the front-face geometric param-
eters of the weld. The geometric model, which describes
the relationship between the back-face weld width
(which represents the full penetration state) and the
front-face geometric parameters of the weld (16, 17),
then produces the final weld penetration feedback using
the measured front-face geometrical parameters. Thus,
these front-face geometrical parameters, the front-face
weld width b and average weld depression depth h (see
Fig. 2), must be measured as the feedback and con-
trolled.

2 FEEDBACK MEASUREMENT
2.1 Sensing system

The principle of the three-dimensional vision sensing
system is shown schematically in Fig. 3. In this sensing
system, the structured-light plane is produced by means
of a cylindrical lens. When this light plane is projected
onto the adjacent weld behind the pool, a laser stripe
forms. This laser stripe is perpendicular to the weld
path. It can be seen that the laser stripe is the intersec-
tion of the weld zone and the light plane. Thus, the
shape information of the cross-section of the weld has

b

e

b

h =Sk

Fig. 2 Cross-section of a full-penetration weld
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Fig. 3 Structured-light three-dimensional  vision-sensing

principle

been included in this laser stripe which can be acquired
by processing the weld-stripe image on the xy image
plane. (On this plane, the x-axis and the y-axis corre-
spond to the transverse and vertical directions of the
weldment, respectively.) The technical data of this
sensor can be found in reference (18).

In order to depress the image noise caused by the arc
light and the radiation from the hot metal, a narrow-
band filter is employed. The weld-stripe image is
acquired by the camera and is then converted into a
digital grey-scale matrix by means of a real-time frame
grabber.

Although the narrow-band optical filter can eliminate
most energy of the arc light and the hot radiation,
serious noise will still be caused by the arc light and the
hot radiation if the stripe is too close to the pool.
However, the distance between the rear boundary of the
pool and the laser stripe cannot be too large owing to
the problem of control delay. The distance between the
electrode and the laser stripe was chosen to be 20 mm
(about 5 mm behind the pool boundary). The
resolutions of this sensor are pixel, = 0.05 mm along
the x-axis and pixel, = 0.0436 mm along the y-axis,
respectively.

2.2 Real-time processing of weld-stripe images

Figure 4 shows a typical weld-stripe image. In general,
the following five steps are required to acquire the weld
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Fig. 4 Typical weld-stripe image

geometric parameters from the weld-stripe images:

(a) image filtering or noise suppression;

(b) a grey-level to binary image conversion;

(c) medial axis of the laser stripe extraction, that is laser
stripe thinning;

(d) feature points of the medial axis recognition;

(e) weld geometric parameters computation based on
the medial axis and the feature points.

The above procedures are time consuming. For the sake
of real-time control of GTAW, a processing time of less
than 0.25 s is required. Thus, an image-processing tech-
nique is proposed based on the image characteristics
following

(a) adaptive dynamic medial axis extraction;
(b) unbiased feature points recognition;
(c) weld geometric parameters computation.

The medial axis extraction is discussed first.

To solve the conflict between the computational
speed and the window size, a dynamic thinning pro-
cedure (DTP) is proposed based on the assumption that
the laser stripe is continuous. The essence of this pro-
cedure is to begin the search along the y-axis for the
maximum grey-scale point from an initial point which is

close to the maximum grey-scale point. The set of '

points along the x-axis originating from this maximum
scale point is selected to be the medial axis of the laser
stripe. According to the assumption on the continuity,
the vertical coordinate of this initial point can be
assumed to be the vertical coordinate of the neighbour-
ing maximum grey-scale point, which is readily avail-
able. Thus, if the assumption on the continuity of the
laser stripe is true, no more maximum grey-scale points
are located along the y-axis over a large range except
the first one found in each frame image. The computa-
tional time will be significantly reduced.

When the laser stripe is continuous, the aforemen-
tioned DTP always functions properly. However,
during actual welding, the continuity of the laser stripe
cannot be guaranteed. In this case, the DTP will not
work properly. In order to overcome the influence of
the discontinuity on the thinning, a modified dynamic
thinning algorithm, namely the adaptive dynamic thin-
ning algorithm (ADTA), is proposed.

The adaptive dynamic thinning algorithm first deter-
mines if {x, y¥(x)} (which is selected by the DTP) is on
the laser stripe. If y¥(x) is regarded to be on the laser
stripe, {x, y&(x)} is accepted as a point of the laser
stripe, and is denoted by {x, y,(x)}. Otherwise, the
search for {x, y,(x)} is extended to a larger range along
the y-axis.

Experiments reveal the ADTA to be robust to the
various disturbances encountered during actual
welding. Examinations show that the computational
time is guaranteed to be less than 80 ms on the experi-
mental set-up.
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The medial axis consists of three segments: two
straight lines and a curve. The curve corresponds to the
weld depression and the two straight lines correspond
to the sides of the weldment. These three segments are
divided by two points {a, yo(a)} and {b, y,(b)} (see Fig.
5), called the feature points of the medial axis. In order
to compute the weld geometric parameters accurately,
the feature points must be recognized unbiasedly.
However, owing to the disturbances from the arc light
and the radiation of weldpool, it is very difficult to
obtain an ideal medial axis. Furthermore, in many cases,
the feature points may not be apparent, since the degree
of the weld depression is small.

Assume a medial axis as shown in Fig. 5. The inten-
tion is to determine the horizontal coordinates of the
feature points {a, yo(a)} and {b, yo(b)}, (that is a and b).
In the following discussion, only a is considered, since b
can be recognized in the same manner.

Suppose the equation of the straight line on the left-
hand side of a is

Vo =ko +kix+e,, x<a (1)

The curve on the right-hand side of a in the vicinity of a
can be approximated by a linear equation:

Yo=do+dix+¢&, x>a )

where ¢, ~ N(0, ¢?) is the Gaussian white noise rep-
resenting the error of the medial axis extraction.

Suppose d is the horizontal coordinate of a point on
the medial axis on the left-hand side of a (@ < a). We
estimate (ky, k;) and (d,, d;) by the least-squares
method based on the point sets {d@ — j, yo(d@ — j)}(j = 1,
2,...,M)and {(@ +J, yo@ + ))}(j =1, 2, ..., M), respec-
tively. The corresponding least-squares estimates are
denoted by {ko(d), k;(4)} T and {dy(a), d,(@)}".

According to the maximum principle of the slope dif-
ference (19), the following 4 is an unbiased estimate of a:

a:  max  {da) - k(@) (3)
ac@—M,a+M)

Thus, an unbiased recognition algorithm for feature
points can be obtained. The resulting algorithm costs
about 12 ms. The identified feature points of the typical
image in Fig. 4 are illustrated in Fig. 6. :
The three parts of the medial axis are then fitted to a
linear, a quadratic, and a linear model utilizing the
least-squares method, respectively, progressing from left
to right on the image. Suppose the resulting models are
L(x)(x < a), c5(x, x*)a < x < b) and I5(x)(x > b), respec-
tively. The point intersected by /; and c, is (a*, y¥); the
intersection point of ¢, and [; is (b*, y%). Denote the
straight line connecting (a*, y¥) and (b*, y%) as I,. Then
we can employ the following equations to compute the

b 1%, 1

{a, yo(@)} {b, y(b)}

(%)

Fig. 5 Medial axis and its feature points
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Fig. 6 Processing of typical image

weld geometric parameters of interest:
weld width = b* — a* 4)

‘r*(lz — cp)dx

o —a )

Experiments have shown that the image-processing
algorithm proposed in this section always functions well
during actual welding. The total time for the image
sampling, the image processing and the weld geometric
computation is less than 200 ms on the experimental
set-up. Thus, it is regarded as a real-time algorithm.

average depression depth =

3 MODELLING

For robotic welding, the torch speed is preprogrammed.
The welding current and arc length can be more conve-
niently adjusted on-line. Thus, the welding current i and
arc length | are selected to adjust the front-face
geometry in our closed-loop control system to over-
come the influence of the variations in welding condi-
tions, with a constant predetermined torch speed.

Suppose the view shown in Fig. 7 is obtained at the
kth sampling instant. At this instant, the laser stripe lies
at z;. Define

1. The weld width and depression at z3 by b(k) and h(k),
respectively

2. The welding current and arc length at this instant,
corresponding to the arc positioned at z,, by i(k) and

I(k)

3. dl = ZI—T‘_I/ﬁ
4 Myt
5. d2 — ZZ_T'_%
Weld path Weld pool

/ / y Arc centre
I\ | >
Z Z
7 232 5% Welding direction
Laser stripe :

Fig. 7 Top-view of weld pool region
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where T is the sampling period and V is the torch
velocity. Thus, the following model can be obtained:

h(k) = filik — My — dy), ..., ik — dy),
Ik — My —dy), ..., ik —dy)]
b(k) = f,[ik — M, — dy), ..., ik — d),
Ik — M, —dy), ..., k- dy)] 6)

where f; and f, are functional denotation.

It can be seen that d, and d, basically correspond to
the delays of depression and weld width to the arc,
respectively. Similarly, M; and M, essentially corre-
spond to the effect intervals of arc on the depression
and the weld width, respectively. Because both the arc
length and welding current are implied by the arc, the
delay caused by the arc length will, in general, be dis-
tinct from the delay owing to the welding current. Simi-
larly, the effect intervals of arc length and of welding
current are also different. Thus, we define d; as the
delay of h to i, dy, as the delay of h to [, d,; as the delay
of b to i, d,, as the delay of b to I, M, as the effect
interval of i to h, M, , as the effect interval of [ to h, M5,
as the effect interval of i to b, M5, as the effect interval
of I to b. Using these definitions, the following equations
can be generated:

h(k) = filik — My, — dighy ... W — dy1),
Ik — My, —dys), ..., lk — dy2)]
b(k) = folitk — My — dy1), s i(k — da,),
Ik — My — dy3), ..., Uk — d)] Q)

In equation (7), M;; and d;(i=1, 2; j =1, 2) are the
sub-order and the sub-delay of the system, respectively.
Since the distances from z, to z, and z, to z, are
affected by the weldpool size, d;; and M;; are inflenced
by the weldpool size as well. This produces uncertainty
in the order and delay of the model.

It is well known that the weld width varies linearly
with the welding current. Also, a linear model can be
employed to describe the relationship between the back-
face width and the welding current for full penetration
GTAW (20, 21). Thus, a linear relationship between the
depression and the welding current can be assumed
because of the linear relationship between the back-face
width b, and the depression h (16). Regarding the effect
of the arc length on weld parameters, linear relation-
ships have been suggested by our experiments. Thus, the
following moving-average (MA) model is considered:

(69 = bio + 3 by, Otk — = du)
+ Y btk =) = i) + eah)
M3

b(k) e bzo &I .;lbm(j)i(k e d21)
g 855 3. baa(itk ) = dz2) + &0 ®)

where ¢,(k) and ¢,(k) are independent white-noise
sequences. Note that, from the standpoint of decreasing
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the number of parameters for on-line estimation in
adaptive control, a model with an autoregression term
is preferred (22). However, it has been found that the
k-step-ahead accuracy of ARMA models decreases sig-
nificantly with k. In the range of interest for our long
range predictive control, the accuracies associated with
the above MA models are much better than the ARMA
models. Thus MA models are selected.

Experiments under six typical welding conditions are
considered. For each piece of experimental data, an
individual mathematical model can be obtained. For all
the experimental data, a general model can be acquired
to describe the general characteristics of the process.
From this general model, the control algorithm will be
designed. From the six individual models the per-
formance of the designed algorithm, in overcoming the
practical disturbances, will be investigated through
simulation. The details of these typical conditions can
be seen in reference (17).

All the weldments are type 321 austenitic strainless
steel (18Cr 9Ni Ti) and have dimension of 100 mm in
width, 250 mm in length, and 3 mm in thickness. The
electrode is 2 percent thoriated tungsten 3 mm in diam-
eter. The torch velocity is 2 mm/s, and the sampling
period is 0.5 s. High purity argon gas is employed as the
shielding gas. Details of the experiments have already
been discussed (17).

The least-squares method and the F-test (o = 0.05)
are employed to identify the individual models. In order
to obtain the general model, A'(k) = h(k) — b,, and
b'(k) = b(k) — b, are first calculated using correspond-
ing individual b, , and b,, . Then k'(k) and b'(k) of all the

six experiments are employed to identify a unique

model. The resulting general model is
K(k) = — 0.3845I(k — 16 — 1) + 0.0364
x i(k —9 — 1) + 0.0107i(k — 9 — 2)
+ 0.0214i(k — 9 — 3) + 0.0064
x i(k — 9 — 4) + 0.0075i(k — 9 — 5)
+ 0.0318i(k — 9 — 6) + 0.0240
x i(k — 9 — 7) + 0.0406i(k — 9 — 8)
+ 0.0149i(k — 9 — 9) + 0.0120
x i(k — 9 — 10) + 0.0221i(k — 9 — 11)
+ 0.0175i(k — 9 — 12) + 0.0377
X i(k —9 — 13) + &;(k) £ 9,3, 1, k) + &,(k)
b'(k) = 4.171(k — 17) + 0.3648i(k — 15 — 1)
+ 0.1819i(k — 15 — 2)
+ 0.1600i(k — 15 — 3) + 0.1632
x i(k — 15 — 4) + 0.0564i(k — 15 — 5)
+ 0.2155i(k — 15 — 6) + &,(k)

£ g,(i, L, k) + e5(k) ©

where both g, and g, are the deterministic functions of

the current, arc length and discrete time, and the

variances of ¢, and ¢, are 1.200% pixel? and 9.193°
pixel? , respectively.

Since practical disturbances of welding conditions

are difficult to measure, the best a priori description of
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characteristics of the process is given by the general model
as shown in equation (9). As the welding process pro-
ceeds, the influences of disturbances of welding condi-
tions on the welding process will become apparent.
Thus, the model can be modified based on the observa-
tion of the process. It is important, therefore, to obtain
a better modified model from the initial a priori model.
However, in this case, the number of parameters in the
MA model is large and the duration of the process is
short (only 200 sampling instants). Therefore, only a few
key parameters can be identified on-line. Thus, the fol-
lowing model can be proposed using the description of

g](] = 15 2)

h(k) = by + 41940, L, k)
{b(k) & b, A1) 2silh) (10)

where A, and 1, are the gain modification coefficients,
and b, and b,, are the base values. During welding, 4;
and bj, (j = 1, 2) will be identified on-line. By adaption
of the gain modification coefficients and base values,
this real-time model better incorporates the general
characteristic (described by g, and g,) to h, b which are
encountered during actual welding.

The effectiveness of the real-time model should be
verified through the control performance. It has been
shown by the simulations of predictive control, where
the six typical welding conditions are emulated by the
individual models and the real-time model is utilized by
the controller, that the proposed real-time model is suf-
ficient for this problem (19). In Section 5, this effec-
tiveness will be further demonstrated through the
experiments.

4 ADAPTIVE CONTROL

It can be shown that the controlled process is a non-
minimum phase plant with high and variable model
orders, large and variable delays and variable model
parameters. Owing to the short welding duration, only
a few key parameters can be identified on-line instead of
all the model parameters, orders and delays. Conse-
quently, inexact orders and delays must be addressed.
Thus, conventional adaptive algorithms such as the
generalized minimum variances (GMYV) or pole-
placement will probably fail if applied to our problem.
For example (22), the GMV performs poorly if the plant
delay varies, even if it is robust with respect to the
assumed model order. Other approaches (23), which
attempt to estimate the delays using operating data,
tend to be complex and lack robustness. Unless special
precautions are taken (22), pole-placement and the
LQG self-tuners are sensitive to the overestimation of
the model order owing to the pole-zero cancellations in
the identified model. Also, the possibility of applying a
multivariable PID or fuzzy controller has been investi-
gated through simulations. Their performances, in terms
of compromise between the response speed and over-
shooting, are too poor to be accepted. However, the
generalized predictive control (GPC) presented by
Clarke et al. (22) has been shown to be capable of effec-
tive control of a plant simultaneously with variable
delay, variable order and non-minimum-phase as well
as open-loop unstable properties (22). This algorithm
seems to be the most promising for this problem.

In the present study, an adaptive predictive
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Fig. 8 Adaptive decoupling predictive control of full penetration

decoupling control scheme, utilizing GPC as the essen-
tial control strategy, is proposed. Its principle is shown
in Fig. 8. The control system consists of four essential
parts namely, the plant, the estimator, the predictive
control algorithms, and the decoupling elements. In Fig.
8, the plant is the full penetration process (FPP) with
the welding current and arc length as inputs and the
depression and weld width as outputs. The estimator
identifies on-line the key parameters in the real-time
model which include the base values b;, and the gain
modification coefficients 4; (j =1, 2), based on the
input/output data, and feeds the identified results to
predictive control algorithms and the decoupling ele-
ments. On basis of the modified model knowledge (that
is the identified b;, and 1)) and the set-points of the
plant, the predictive control algorithms calculate the
generalized welding current i and the generalized arc
length [, which are inputs of the decoupling elements.
Finally, in Fig. 8, the decoupling elements compute the
welding current i and the arc length [, which are actual
inputs of the plant, based on the modified model knowl-
edge and both the generalized welding current i and the
generalized arc length [. The details of predictive control
and decoupling algorithms are omitted here.

Simulation has been performed under typical welding
conditions which are emulated by the individual
models. It is understood from modelling that there are
obvious variations within each individual model in
orders, delays and model parameters. Also, the design of
the control algorithm is based on the general model,
which differs from each individual model. Despite
these differences or variations, excellent simulation
performance has been achieved. This shows that the

designed control scheme is robust to all possible types
of model mismatching, including order, delay and the
model parameters.

5 EXPERIMENTS

Figure 9 shows a schematic diagram of the experimental
system. In this system, the manipulator, which carries
the torch and the camera, is driven by three step
motors. These step motors are controlled by the com-
puter through corresponding interfaces. Thus, the com-
puter can adjust the arc length on-line. Also, there is a
closed-loop controller of the welding current in the
welder. The current can be controlled by the computer
through the D/A converter.

Extensive experiments have been conducted to verify
the effectiveness of the designed system. The torch
velocity, sampling period, and workpiece material and

_size are the same as in modelling experiments. The

angle 0 of the electrode tip varies in different experi-
ments. These experiments have shown that the pro-
posed system functions well under a range of variations
in welding conditions. In this paper, the experiment
under varying heat-transfer condition is discussed as an
example. In this experiment, 6 = 60°.

The varying heat-transfer condition is emulated by
the geometry of the testpiece (see Fig. 10c and Fig. 11c).
The bead-on-plate is performed. The rate of argon flow
is 10 litre/min. The closed-loop and open-loop results
are shown in Figs 10 and 11, respectively.

Because of the distance between the electrode and the
laser stripe (20 mm), the weld path begins at ¢t = 10 s in
Fig. 10a. Also, in the first 24 s, the control algorithm is
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Fig. 10 Closed-loop control experiment under varying heat transfer condition
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Fig. 11 Open-loop control experiment under varying heat transfer condition

open-looped. This corresponds to the range 1. After this
range, the closed-loop algorithm works. The range II-1
in Fig. 10a is the transient period. Although the initial
weld parameters are poorly selected, the required values
of geometrical parameters are also acquired by the
closed-loop controller in this short period without over-
shooting. Then the weld geometrical parameters are
well maintained despite the serious variation of heat-
transfer condition (range II-2). On the other hand, for
the open-loop control, the poor performance has been
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generated, although the welding parameters have been
well selected. These show that the performance of the
designed system and the control algorithm associated
with the real-time model are acceptable.

6 CONCLUSIONS

A novel approach has been proposed for real-time feed-
back and control of weld penetration. The three-
dimensional geometry of the adjacent weld behind the

Proc Instn Mech Engrs Vol 207
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pool is first measured during arc welding to provide the
feedback of weld penetration. The real-time model
makes it possible to implement an adaptive control in
the case where a short duration of welding and a large
variation in welding conditions are encountered. The
adaptive decoupling predictive control algorithm pro-
vides a robust solution to the problem of control of a
non-minimum-phase plant with variable order and
delay. Extensive experiments have confirmed the effec-
tiveness of the proposed feedback and control strategy.
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