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Intelligent Control for the Shape of the Weld 
Pool in Pulsed GTAW with Filler Metal 

The technical characteristics of pulsed GTAW with wire filler metal were 
investigated and intelligent control was developed to control the shape of the weld 
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ABSTRACT. This paper addresses a prac- 
tical, intelligent technique for controlling 
the top and bottom shape of the weld 
pool during pulsed gas tungsten arc 
welding (GTAW) with wire filler metal. 
For full penetration, the weld surface was 
concave in GTAW without filler metal, 
while a satisfactory convex shape on a 
bead could be achieved in GTAW with 
wire filler metal. 

Technical characteristics, such as the 
parameters of feeding wire and weld 
joint penetration, were investigated first. 
Then, a root surface width and face rein- 
forcement dynamic neural network 
model (DNNM) for relating the welding 
parameters and the weld face shape pa- 
rameters to the root surface width and 
face reinforcement was established. The 
root surface width and face reinforce- 
ment were accurately predicted with 
DNNM and input to the controller as 
feedback. A single-variable controller 
was not capable of ensuring a simultane- 
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ously stable root surface width and face 
reinforcement. 

Finally, a double-variable, self-adap- 
tive fuzzy controller was designed for 
controlling the shape of the weld. The re- 
sults indicated the root surface width and 
face reinforcement were stabilized per- 
fectly by regulating the pulse-duty ratio 
and wire-feed speed at the same time. 

Introduction 

Recently, extensive and thorough re- 
search has been carried out concerning 
GTAW control. The shape of the weld 
pool was found to be crucial for weld 
quality and was determined by welding 
parameters such as welding current, arc 
voltage, travel speed, etc. The image of 
the weld pool was captured clearly by 
the active principle of intense-pulsed 
laser illumination on the weld pool (Refs. 
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1-4), by the passive principle of self- 
radiation of the weld pool, or by the elec- 
tric arc (Refs. 5-9). 

Based on image sensing and process- 
ing of the weld pool, geometric parame- 
ters for describing the shape of the weld 
pool could be extracted, such as pool 
length, width, etc. For control of GTAW, 
the process model describing the corre- 
lation between welding and shape para- 
meters of the weld pool should be estab- 
lished first. 

With numerical analysis of the heat 
and fluid flow during GTAW and some 
hypothesis, static and dynamic models 
were built to relate the welding parame- 
ters to the temperature field of the weld 
pool. The temperature field reflected the 
shape of the weld pool directly, then the 
shape parameters were determined (Refs. 
10-11). 

Another modeling technique, pool os- 
cillation, has been extensively studied. 
The width of a stationary weld pool could 
be determined by the resonance fre- 
quency found by Cheever, Howden, and 
Kotecki (Ref. 12). Weld pool oscillation 
sensing was first proposed by Hardt, et al. 
(Ref. 13), as a method of sensing pool 
geometry, and hence penetration, for 
closed-loop feedback control of the 
depth of penetration. An interesting dis- 
covery was the distinction of the weld 
pool oscillation frequency between par- 
tial and full joint penetration. A drop in 
oscillation frequency occurred as partial 
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Fig. 1 - -  The structure diagram of  an experimental sys- Fig. 2 - -  The f lowchart o f  the image processing. 
tern during pulsed GTAW with wire fi l ler metal. 
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Fig. 3 - -  Different wire-feed modes during pulsed GTAW with wire fi l ler metal. A - -  Wire-feed 
mode 1; B - -  wire-feed mode 2. 
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due to its computational 
0.8 complexity, and a simple 
0.6 analytical method was 
0.4 not accurate enough for 

characterizing the com- 
0.2 plex welding process. In- 
0 E telligent techniques such 
-0.2 E as fuzzy logic and neural 
-0.4 ~' network tended to model 

the correlation of the -0.6 GTAW process. During 
-0.8 GTAW, the relation be- 

tween welding current, 
arc voltage, travel speed, 
wire-feed speed, and 
bead geometry such as 
width, depth, reinforce- 
ment, and cross area was 
established from an ANN 
model and trained by ex- 
periment data (Ref. 16). 
Based on the weld pool 

geometrical appearance, Zhang devel- 
oped a control system to simultaneously 
control the weld face and root surface 
pool widths using a neurofuzzy model 
(Ref. 17). In our previous studies, two dy- 
namic neural network models were es- 
tablished; one related the welding para- 
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Fig. 4 - -  The variation o f  shape parameters o f  the weld pool. 

penetration changed to full penetration, 
found by Xiao and Ouden (Ref. 14) and 
Richardson and Yoo (Ref. 15). 

The GTAW process was characterized 
as multivariable, coupling, and nonlin- 
ear. Numerical analysis in an on-line 
process control system was impractical 

meters to the weld face shape parameters 
(the weld face length, width, and nine 
rear widths), while the other related the 
welding parameters and weld face shape 
parameters to the root surface width 
(Refs. 18-19). 

Other intelligent controls with good 
performance have been achieved with 
other arc welding processes, such as re- 
sistance welding by R. W. J. Messier (Ref. 
20), the GMAW process by Y. Kaneke 
(Ref. 21), and laser welding by J. F. Tu 
(Ref. 22). For the GTAW process, an in- 
telligent monitoring and control system 
was presented that regulated the total 
heat input in order to maintain constant 
fusion zone geometry under varying ther- 
mal regions (Ref. 23). 

A self-learning, fuzzy neural network 
control system of the weld face width en- 
abled adaptive altering of the welding 
parameters to compensate for changing 
environments (Ref. 24). Aiming at the 
variation of heat-sink conditions, a single 
variable, self-learning neural network 
controller was proposed for guaranteeing 
the root surface width during bead-on- 
plate GTAW process (Ref. 18), and a self- 
learning, fuzzy neural network controller 
incorporated with an expert system was 
proposed for pulsed GTAW with a butt 
joint (Ref. 19). 

Although many achievements on the 
control of GTAW have been proposed, 
studies on GTAW with wire filler metal 
were seldom carried out and published. 
For full penetration, the weld surface was 
depressed in GTAW without wire filler 
metal, while a satisfactory convex shape 
on a bead could be achieved in GTAW 
with wire filler metal. 

In this paper, the basic technical char- 
acteristic of pulsed GTAW with wire filler 
metal was analyzed first. Then, a neural 
network model for relating the welding 
parameters and the weld face shape pa- 
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rameters to the root surface width and the 
face reinforcement was established. With 
the designed double-variable, self-adap- 
tive fuzzy controller, the root surface 
width and face reinforcement were suffi- 
ciently stabilized to maintain constant 
penetration by regulating pulse-duty 
ratio and wire-feed speed. 

Technica l  Exper iments  

Experiment Setup 

Based on the developed experimental 
system for pulsed GTAW (Ref. 18), a wire 
feeder AWGW-3001 and its driving cir- 
cuit were applied for feeding wire into 
the weld pool during pulsed GTAW. The 
wire-feed speed was initially manipu- 
lated manually or by the welding power 
source, then later by a computer for im- 
proved control. The welding wire was 
H08Mn2Si with a 0.8-mm diameter, and 
the workpiece was mild steel plate with 
a 2-mm thickness. 

The setup is shown in Fig. 1. The weld- 
ing torch was held stationary and the work- 
piece moved during the welding process. 
Using the experimental system, a clear 
image of the weld pool was captured. The 
shape parameters for describing weld pool 
shape were proposed, and an algorithm of 
surface shape reconstructed from a single 
weld-pool image was developed in Ref. 
25. A flowchart of the image processing is 
shown in Fig. 2. So the shape parameters, 
such as the weld face length L v width W v 
half-length ratio Rm, and height H, (the 
maximum height of the weld pool along 
the rear center of the welding direction), 
and the root surface width Wh and length 
Lu, could be calculated. 

Wire-Feed Parameters 

The time sequence was to feed wire 
into the weld pool during pulse peak cur- 
rent, so it could be melted sufficiently 
and prevented from becoming oxidized. 

The wire-feed parameters consisted of 
time, speed, amount, and mode. Experi- 
ment results showed the wire feed 
amount was the most important parame- 
ter of the wire-feed parameters for bead 
shape. Because the wire had to be fed 
during pulse peak time, the wire-feed 
mode could be divided into two classifi- 
cations. One was to set the wire-feed time 
in direct proportion to the pulse peak 
time. The other was to set the wire-feed 
time constant, as shown in Fig. 3. Experi- 
ments showed little difference in bead 
shape with a different wire-feed mode, so 
the second mode was adopted in the fol- 
lowing experiments due to constant feed 
time and the simple correlation between 
the wire-feed speed and amount. 
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Fig. 5 - -  Images o f  the weld pool  with a different pulse-duty ratio. 

Table I - -  Basic Experiment Condition of Pulsed GTAW with Wire Filler 

Pulse Base Diameter of Angle of Arc 
Frequency Current Electrode Electrode Length 

f(Hz) 1 b(A) 0 (mm) O (o) 1 (mm) 
1 30 3.0 30 3.0 

Flow of Diameter Workpiece 
Argon of Wire Dimensions 

L (I/min)D (mm) (mm x mm x mm) 
8.0 0.8 280 x 80 x 2 

Weld Penetration with Wire Filler 

During pulsed GTAW without wire 
filler metal, weld penetration formed the 
root surface width of the weld pool. In 
pulsed GTAW with wire filler metal, 
however, the definition of weld penetra- 
tion was different. 

A butt joint welding experiment was 
conducted on mild steel with a variation 
of pulse duty ratio ~ (the ratio of pulse 
peak time to pulse duration). The weld- 
ing parameters were as follows: pulse 
peak current Ip = 145 A, travel speed Vw 
= 2.5 mm/s, wire-feed speed Vf = 5.0 
mm/s, and others were tabulated in Table 
1. The variations of shape parameters of 
the weld pool are shown in Fig. 4, which 
was extracted with the developed algo- 
rithm of image processing (Ref. 25). With 
the increase of the pulse-duty ratio, the 
weld face length Lt increased signifi- 
cantly, the top and bottom widths W. and 
W~ and the weld face half-length ratio Rm 
increased while the face reinforcement 
H t decreased from positive to negative. 

The variation of shape parameters of 
the weld pool could be clearly seen in 
the weld pool images shown in Fig. 5. 
The corresponding macrophotographs of 
bead cross section are shown in Fig. 6. 
So, in the experiment, different weld pen- 
etration modes were excited and ex- 
plained as follows: 

Partial Penetration: This was similar to 
that of pulsed GTAW. The root surface 
bead was not formed or discontinuous, 
corresponding to the root surface width 
from zero to 2 mm (referred to as Vw= 2.5 
mm/s). In the meantime, the face rein- 
forcement was positive (reinforcement) 

A , .  

Fig. 6 - -Macrophotographs o f  the cross sec- 
tion o f  the weld in different weld penetration 
modes. A - -  Partial penetration; B - -  full pen- 
etration; C - -  excessive reinforcement. 

W E L D I N G  RESEARCH SUPPLEMENT J 255 -s  



Input layer Hidden layer 

P(1) =Ip(t) P(13)=h(t) 
P(2) =~( t )  P(14)=wt(t) 
P(3) =v.(t) P(15)=Rh,(t) 
P(4) =V(t) P(16)=l~(t-I) 
P(5) =b(t-I) P(17)=Wt(t-I) 
P(6) =5(t-I) P(Ig)=R~(t-I) 
p(7) =v.(t-I) P(19)=h(t-2) 
P(8) =v~t-l) P(20)=W,(t-2) 
P(9) =lp(t-2) P(21 )=Rhl(t-2) 
P(10)=~t-2) 
P( 11 )-vw (t-2) 
P ( 1 2 ) - V g t - 2 )  

Fig. 7 - -  Structure o f  DNNM.  

because of the 
melted filler metal. 
The typical bead 
cross section is 
shown in Fig. 6A. 

Full Penetration: 
This was different 
from that of pulsed 
GTAW. The root sur- 
face width was 
formed continu- 
ously, and the face 
reinforcement was 
still positive. Convex 
shape on the bead 
was achieved and 
can be seen in Fig. 
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Fig. 8 - -  Testing results o f  DNNM.  A - -  The root surface width; B - -  the face reinforcement. 
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Fig. 9 - -  The weld poo l  images o f  the dumbbell-shaped workpiece in an open-looped experi- 
ment with constant welding parameters. 

6B. In the meantime, the weld face length 
and width grew much larger. 

Excessive Reinforcement: The main 
property was the negative face reinforce- 
ment and the large root surface width, 
clearly seen in Fig. 6C. The root surface 
width was close to the weld face width 
and a large depression was on the weld 
face. Wire filler metal was used mainly 
for forming the root surface weld. If the 
wire-feed speed still increased, melt 
through may have occurred due to the 
gravity of the large amount of filler metal. 

Based on the above analysis, full pen- 
etration mode corresponded to the most 
satisfactory bead shape, i.e., the root sur- 
face width from 2 to 5 mm, and the weld 
face was convex. 

Neural Network Modeling 

The welding parameters and technical 
parameters of using a wire filler metal 
were key factors to bead shape, such as 
the root surface width, the weld face 
width, and reinforcement, etc. Neural 
network modeling was an 
appropriate method for establishing the 
complex relationship. Then, using the 
model, the root surface width and face 
reinforcement of the weld pool were pre- 
dicted in real time and could be input to 
controllers in the next part. 

The face reinforcement could not be 
extracted in real time (Ref. 25), and, in 
most cases, the root surface width could 
not be measured. The root surface width 
and face reinforcement dynamic neural 
network model (DNNM) was established 
for predicting these parameters in real 
time and for further control. 

To establish a valid process model, all 
kinds of welding conditions should be 
considered during the experiment de- 
sign. The major welding parameters, 
such as Ip, 5, Vw, and Vf, were taken as 
input signals of the model. The input sig- 
nals were designed as random distribu- 
tion for stimulating all kinds of modes of 
the welding process. The varying scope 
and step of the random signals were as 
follows: Ip= (120-170 A, 5 A), ~3 = 
(35-65%, 5%), Vw = (1.5-3.5 mm/s, 0.33 
mm/s), Vf= (2-8 mm/s, 1 mm/s). A total 
of 1900 welding parameter numbers 
were generated using a pseudo-random 
sequence method. Other welding condi- 
tions were also tabulated in Table 1. 
Welding experiments with 1900 pulses 
were conducted on butt joints of mild 
steel plate, then 1900 images of the weld 
pool were captured during pulse base 
time and shape parameters extracted. 
The first 1700 of the entire 1900 pieces 
of data were taken as the training data of 
DNNM, the following 100 pieces of data 
were taken as validation data, and the 
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final 100 data taken as testing data. The 
DNNM structure is shown in Fig. 7. Both 
the welding parameters and the weld 
face, two-dimensional shape parameters 
and the last two history values were in- 
puts of DNNM. The current root surface 
width and face reinforcement were out- 
puts of DNNM. The number in the hid- 
den layer was five. The training and sim- 
ulation of DNNM were carried out with 
the neural network toolbox (Nnet 3.0) of 
Matlab 5.3. The training algorithm was 
"Trainlm." 

With the trained DNNM and inputs of 
the model, the root surface width and 
face reinforcement could be predicted, 
as shown in Fig. 8. Statistical results 
showed mean errors between the pre- 
dicted and the measured were 0.004 mm 
and 0.042 mm, respectively, and the rel- 
ative mean square errors were 5.54% and 
7.83%, respectively. The statistical re- 
sults verified the feasibility of DNNM. 

D o u b l e - V a r i a b l e  In te l l igent  Cont ro l  

Under the variation of heat-sinking 
conditions, the root surface width and 
face reinforcement varied irregularly. The 
root surface width and face reinforce- 
ment were predicted accurately with the 
developed DNNM, and the prediction 
was input to the controller for feedback 
control. A single-variable neuron, self- 
learning PID controller was designed. 
With the controller, either the root sur- 
face width or face reinforcement was 
controlled singly by regulating the pulse- 
duty ratio or wire-feed speed. Both shape 
parameters could not be simultaneously 
controlled, making the double-variable 
controller with the pulse-duty ratio and 
the wire-feed speed as output necessary. 

Open-Loop Experiment 

To verify the validity of the double- 
variable controller, an open-loop experi- 
ment was conducted for comparison. 
The specimen was mild steel plate of 2- 
mm thickness with a dumbbell shape to 
imitate sudden changes in heat-sink con- 
ditions during pulsed GTAW with wire 
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Fig. 10 - -  Shape parameters o f  the weld pool of  the dumbbell-shaped workpiece in an open- 
looped experiment with constant welding parameters. 

filler metal. The wire was H08Mn2Si 
with a diameter of 0.8 mm. Other weld- 
ing parameters were the same as in Table 
1. The shape parameters changed with 
the heat-sink conditions. The open-loop 
experiment results were shown with the 
weld pool images (Fig. 9), curves (Fig. 
10), and photographs of the workpiece 
(Fig. 11 ). The photographs show the root 
surface width changed from discontinu- 
ous to large and the heat-sink condition 
changed to poor. 

A Double-Variable, Self-Adaptive 
Fuzzy Control 

The fuzzy controller was capable of 
human-like deduction. During design of 
the fuzzy controller, the decision to have 
a membership function and fuzzy rules 
was a hindrance. An improved, double- 
variable, self-adaptive fuzzy controller 
based on a single-layer neural network 
for learning fuzzy rules was designed. 
The system's schematic diagram is shown 
in Fig. 12. MS was the measuring system 
for detecting the weld face shape para- 
meters TSP (L~ ,W,, and Rh,) and the weld- 
ing parameters WP, such as welding cur- 
rent, travel speed, etc. The predicted root 
surface width (W,,p) and face reinforce- 
ment (H,p) were generated with DNNM. 
The given root surface width (W,,g) and 
face reinforcement (Htg) , Wbp , and H,F , 

were input to a signal converter for cal- 
culating the errors e i (i = 1,2) and change 
in errors ce i (i = 1,2). 

Fuzzy Rules and Inference 

Takagi-Sugeno rules were adopted as 
the fuzzy rules (Ref. 26). 

Rule 1: Ife~ is E11 and ce, is CE~ and e2 
is E2~ and ce2 is CE2~, then A8 = Ult and 
AVf = U21 
Rule 2: If e, is E12 and cel is CE~2 and e 2 
is E22 and ce2 is CE22, then A8 = U12 and 
AV i = U22 
AA 
Rule n: If e~ is Eln and ce~ is CE~n and e2 
is E2, and ce2 is CE2n, then A8 = u~o and 
AVf = u2o (1) 
Case : e~ is E~0 and ce, is CE,0 and e2 is E20 
and ce2 is CE20 
Conclusion: A8 = u~0and AV~ = u20 

Where Eij ,CEii were the fuzzy set of e~ 
and cei, Uij was the control variable, ei0 
and cei0 were the actual sampling values, 
i = 1 , 2 ,  j = 1 , 2  ..... n. 

The matching degree of the fact in the 
rules was 
h i = pE,j(el0)ApcE~j(ce,0)ApE2i(e20) 
ApcE2j(ce20), j = 1, 2 ..... n (2) 
Where PFij (ei0) and lacEij (cei0) were the mem- 
bership of e~0, cei0 to fuzzy sets Eii, CEii, and 
"A" denoted the minimum calculation. 

Fig. 11 - -  Photographs of  the dumbbell-shaped workpiece in an open-looped experiment with constant welding parameters. A - -  Weld face; B - -  
root surface. 
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Fig. 12 - -  5chematic diagram of the double-variable, self-adaptive fuzzy controller during pulsed 
GTAW with wire fil ler metal o f  a butt joint. 
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Fig. 14 - -  Double-variable, self-adaptive fuzzy controller constructed by a single-layer neural 
network. 

The conclusion u~0 was derived as 
follows: 

n 

~,~ hjui j  
j=t n h. 

Ui° = n -- ~ - ~ - - ~ U i j  
~ h j  J = l ~ h j  
j=t j=l 
n 

= ~ h ' j .  ui j ,  i = l ,  2 (3) 
i=l 

Where h'j represented the normalized 
value of the membership hj. 

In the fuzzy control rules, the premise 
variables were described as fuzzy set and 

kept constant. The conclusion variable 
was described as constant, adapted ac- 
cording to control performance, and de- 
rived without de-fuzzier calculation. 

Single-Layer Neural Network 

The memberships of the premise vari- 
able in the rules were set as an isosceles 
triangle, shown in Fig. 13. The sets of el, 
e2 were [-1, 1], and 11 fuzzy sets were 
defined. The sets of cel, ce2 were [-0.5, 
0.5], and 5 fuzzy sets were defined. The 
set of error and change in error were [-2, 
2] and [-1, 1] for the root surface width, 

and [-1, 1 ] and [-0.5, 0.5] for the face re- 
inforcement. Overlap of the neighboring 
fuzzy sets was 50%, so a known value of 
any premise variable could activate two 
fuzzy sets. There were four variables in 
the premise, so a known fact could acti- 
vate 16 (24= 16) fuzzy rules. That is, there 
was a maximum of 16 nonzero values in 
the n normalized matching degrees, and 
they were numbered renewably as h'=, m 
= 1 , 2  ..... 16. 

The above inference process could be 
realized with a single-layer neural net- 
work, shown in Fig. 14. The single-layer 
neural network had 16 inputs, corre- 
sponding to the 16 normalized matching 
degree h'm. The network had two outputs 
corresponding to the two control outputs 
of the fuzzy controller. The transferring 
function of the neuron was a sigmoid 
function. 

1 - e -°~ 
I 

Ui = Ui, max 1 + e -Oi 

16 
O i =  ~ h ' m u i m  , i = I, 2 (4) 

m=l 
Where u~ .... was the largest scope of out- 
put variable, u~ . . . .  = A8m,× = 10%, u2 .... = 
AVf = 5 mm/s. Uim denoted the weight m 
connecting to neuron i, as well as the 
conclusion constant to be regulated in 
the control rules. 

Learning Algorithm 

The performance cost of the neural 
network learning was the output errors of 
the welding process. 

1 2 
E(t) = -5 ~ [rl(t) -y l ( t ) ]  2 (51 

M 

Where r~(t) represented the given root sur- 
face width and face reinforcement Wb~ 
and Htg, and yl(t) represented the predicted 
Whp and H~p. Then the weights of the 
neural network were corrected as follows: 

U m ( t + l )  = Uim(t)+DUim(t)  

~E(t) 
= Uim( t ) -b  ~Um(t  ) Uim(t) 

2 
+ b ~  [ r l ( t ) - y l ( t ) ]  

I=I 

ayl( t )  aui(t) a° i ( t )  (6) 

au (t) aoi(t)  auxin(t) 

Where I~ was learning coefficient, I~ = 
1.0. olyl(t)/au~(t) was the partial differential 
of the output I to the input i at time t. 

~yl( t )  = y l ( t ) - y l ( t - 1 )  - DyI ( t )  (7~ 
~ui(t) ui(t) - ui(t - 1) Dui(t)  

and, 
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aui(t) 
~9oi(t) 

Fr 12] 1 . ui(t) 
2 ui'max J 

~ ° i ( t )  - h 'm (t) 
~Uim(t) 

(8) 

(9) 

then the final formula of weight correc- 
tion was derived. 

2 
Uim(t + l )  = Uim(t) + b ~  el(t) 

I=I 

Aui(t) ~ Ui, n,ax ) J 

.h 'm (t) (10) 

Control  Experiments 

To verify the performance of the fuzzy 
controller, butt joint welding experi- 
ments were conducted on dumbbell- 
shaped specimens. The minimum regu- 
lating unit was 1% for pulse-duty ratio, 
and 0.1 mm/s for V~. The root surface 
width and face reinforcement were given 
as 4.0 and 0.2 mm. Errors and changes in 
errors were calculated with the given and 
predicted value by DNNM and were 
looked up in the fuzzy control rules. If 
matched, the change of the control vari- 
able could be directly derived. If not, self 
learning was carried out. 

The control started from pulse 7. The 
weld pool images were shown in Fig. 15, 
and it was concluded the shape of the 
weld pool was reliably controlled. 

The variation of shape parameters are 
shown in Fig. 16. This indicated the root 
surface width and face reinforcement ac- 
cessed to the given value quickly when 
control affected. The controlled parame- 
ters were maintained around the given 
values even in hard heat-sink conditions. 

Statistic results showed the maximum 
errors of the root surface width and face 

Time, s 
5 l0 15 20 25 30 35 40 45 5 0  

, D D 
o 0 0 0 0 0 0  

55 60 65 70 75 80 85 90 95 100 

Time, s 

Fig. 15 - -  Images of the weld pool of the dumbbell-shaped workpiece with double-variable, self- 
adaptive fuzzy controller during pulsed GTAW with wire filler metal of a butt joint. 
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Fig. 16 - -  Double-variable, self-adaptive fuzzy control curves of the dumbbell-shaped workpiece 
during pulsed GTAW with wire filler of a butt joint. A - -  Shape parameters of the weld pool; B 
- -  the pulse-duty ratio and wire-feed speed. 

reinforcement were -0.44 and 0.06 mm, 
the mean errors were -0.09 mm and 
0.006 mm. The results were evidence of 
the feasibility and accuracy of the dou- 

ble-variable, self-adaptive fuzzy con- 
troller. Photographs in Fig. 17 also 
showed the root surface width and face 
reinforcement of the bead were stable. 

Fig. 1 7 -  Photographs of the dumbbell-shaped workpiece with the double-variable, self-adaptive fuzzy control during pulsed GTAW with wire 
filler of a butt joint. A - -  Weld face; B - -  root surface. 
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Conclusions 

Using the pulsed GTAW process with 
wire fi l ler metal, the dynamic control of 
the weld pool shape was investigated 
with the fol lowing conclusions: 

1) Based on technical experiments, 
partial- and full-penetration and exces- 
sive reinforcement modes were pre- 
sented. Full penetration with a convex 
shape on the bead was the weld to be 
achieved. 

2) A dynamic neural network model 
was established for relating welding pa- 
rameters and weld face shape parameters 
to the root surface width and face rein- 
forcement, using the neural network tool- 
box Nnet3.0 of Matlab 5.3. 

3) A double-variable, self-adaptive 
fuzzy controller was designed, and its out- 
puts were varied constants that could be 
regulated on-l ine according to different 
welding conditions. Control experiments 
conducted on 2-mm-thick mild steel plate 
with butt joints indicated the root surface 
width and face reinforcement were reli- 
ably stabilized by regulating pulse-duty 
ratio and wire-feed speed at the same time. 

Glossary 

Lt-- weld face length 
Wt = weld face width 
Ht = weld face height 
Rhl = weld face half-length ratio 
Lb = root surface length 
Wb ---- root surface width 
lp -- pulse peak current 
Ib = pulse base current 
8 = pulse-duty ratio 
Vw = travel speed 
V; = wire-feed speed 
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