
Closed-Loop Control of Weld Pool Depth Usin 
a Thermally Based Depth Estimator 

A thermally based depth estimator provides accurate and fast estimates 
for real-time control of weld pool depth in gas metal arc welding 

BY J.-B. SONG AND D. E. HARDT 

ABSTRACT. Depth of joint penetration 
is the most important geometric attribute 
in many welding situations, but no ro
bust method exists for direct measure
ment of this quantity. In this paper, a 
method for real-time estimation of the 
depth of partial penetration welds is pro
posed based on the solution of an in
verse heat transfer problem. A closed-
loop control system for weld pool depth 
using this thermally based depth estima
tor is also presented. From point temper
atures measured on the backside of the 
workpiece, Gaussian heat source param
eters (efficiency and distribution) are 
identified by solving an inverse 3-D an
alytical heat conduction problem. The 
heat source description obtained this 
way can define the isotherms internal to 
the weldment and thus the depth of pen
etration. The estimation algorithm is de
signed such that the temperature mea
surement, parameter identification, and 
estimation of the depth are performed in 
real-time in order to deal with time-vary
ing welding conditions. A series of ex
periments performed under a variety of 
welding conditions indicates that the 
method can provide depth estimates of 
acceptable accuracy and speed for real
time control. The estimator has also been 
successfully implemented in a series of 
closed-loop control experiments to reg
ulate the depth. The depth estimator and 
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control system are developed here for 
gas metal arc butt joint welds with f in
ger penetration, but these can be ex
tended to other arc welding processes 
and geometries. 

Introduction 

Weld quality features such as final met
allurgy and joint mechanics are not mea
surable on-line for control; thus, some in
direct way of controlling the weld qual
ity is necessary. A comprehensive ap
proach to in-process control of welding 
includes both geometric features of the 
bead (such as bead width, depth and 
height) and thermal characteristics (such 
as heat-affected zone and cooling rate). 
Figure 1 shows a typical weld cross-sec
tion observed in gas metal arc welding 
(GMAW). The geometric features can be 
related to the basic mechanics of the joint, 
and the thermal features can indicate the 
final microstructure of the material. 
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The key geometric attribute of a major 
class of welds is the depth of penetra
tion since it is a direct indicator of weld 
strength or side wall fusion. However, 
direct measurement of this quantity is 
quite difficult since the depth is not d i 
rectly visible and the pool boundary is 
a very hot solid-liquid interface. Several 
investigators (Refs. 1, 2) have demon
strated the use of ultrasonic reflection to 
detect this solid-liquid interface, but this 
technique is not very accurate because 
of the problem of diffusion of the signal 
and the distortion caused by steep tem
perature gradients. Attempts have been 
made to indirectly estimate the depth 
based on surface vibrations of the weld 
pool (Refs. 3-5), but it has been shown 
by Zacksenhouse and Hardt (Ref. 6) that 
surface waves can only be correlated to 
bulk fluid oscillation for full penetration 
welds. Other research has been directed 
toward experimentally correlating the 
depth of penetration to surface variables 
that can be measured during welding. 
These include visible geometric features, 
which can be measured by video tech
niques (Ref. 7), or thermal features, 
which can be sensed using infrared ther
mography (Ref. 8). Specifically for pen
etration, surface radiation was used to 
directly regulate depth by Nomura, etal. 
(Ref. 9). Using the radiation from under
neath the we ld , the torch current was 
modulated to maintain a constant radia
tion level. This was correlated to the 
depth, but was easily corrupted by plate 
thickness or preheat changes, and gave 
no detail on the actual pool shape. 

The first attempt at direct depth esti
mation using surface temperature pro
files was made by Bates and Hardt (Ref. 
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Fig. 2 — Block diagram of a thermally based depth estimator. 
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10). In this method, a single-source pure 
conduction model of welding was 
"tuned" to match measured temperature 
gradients by varying a pair of unknown 
heat source parameters. Limited experi
mental work (Ref. 11) demonstrated that 
although the basic method had promise, 
the method of application was flawed. 
In addit ion, it was applied only to gas 
tungsten arc welding, which creates 
rather simple pool geometries. 

Therefore, a more robust method is 
necessary to measure or estimate the 
depth of penetration produced by 
GMAW for in-process control. Since the 
heat conduction solution with ordinary 
heat sources, such as a point heat source 
(Ref. 12) or a Gaussian heat source (Ref. 
13), cannot successfully describe the 
"finger penetration" observed in GMAW 
(Fig. 1), some modification of the heat 
source is necessary. In addition, the al
gorithm is designed to deal wi th t ime-
varying welding conditions for in-pro
cess control. The general procedure of 
this algorithm is shown in Fig. 2. By com
paring predicted backside point temper
atures with measured values, a predic
tion error is computed. This error is then 
used to drive a nonlinear parameter 
identification scheme. The heat source 
parameters obtained this way can de
fine the isotherms internal to the weld
ment. The pool shape (including the 
depth) is then found by seeking the 
isotherm corresponding to the melting 
temperature of the material. 

Derivation of Temperature 
Expression 

The dominant form of heat transfer in 
welding is conduction through the weld
ment from the solid-l iquid interface. 
Within the pool, most heat transfer is by 
vigorous convection, and the relation
ship between the heat source and the 
pool shape is quite complex. However, 
Rosenthal (Ref. 12) showed that a pure 
conduction solution associated with a 
simple point heat source could effec
tively predict far-field temperature dis

tribution in the solid. Unfortunately, this 
conduction solution yielded only circu
lar isotherms and thus circular pool pro
file since a point heat source was used 
in the formulation. 

In an attempt to produce more real
istic weld pool profiles, Eagar and Tsai 
(Ref. 13) modeled the arc as a Gaussian 
distributed heat source, which can be 
expressed as 

q{*.y)-
lira2 exp 

x- + y 
2cr 

(1) 
where rj and Q are the efficiency and 
total heat input, and o is the distribution 
parameter that corresponds to the stan
dard deviation of a Gaussian function. 
The temperature at a point (x, y, z) at 
time t was derived based on this Gaus
sian heat source model (Ref. 1 3) as fol
lows: 

T(x.y.zj)-T„ = 

r riQ (l67raTy'/2 

™ npe 2az+a2 

(x + vr)2 + y2 

exp dr 
(2) 4crr-i-2cr Aat 

where T0 is the initial temperature of the 
material, p, c and a (=k/pc) are the den
sity, specific heat, and thermal diffusiv
ity of the material, respectively. The heat 
source is attached to moving coordinates 
O-xyz (the moving origin, O, is on the 
surface underneath the welding arc and 
moving with the torch along the positive 
x-axis, which lies in the direction of 
welding, and the y-axis is placed in the 
transverse direction, and z-axis is placed 
in the transverse and thickness of the 
plate, downward. Note that Equation 1 
was derived on the assumptions that the 
material properties (e.g., p, c and a) are 
independent of the temperature. This as
sumption wi l l cause some errors when 
temperatures and gradients are high, but 
since the model output of concern is in 
the far field (i.e., on the weldment sur
face) the effect of this assumption is min
imal. Since the coordinates (x, y, z) are 

measured relative to the moving source, 
the temperature distribution referenced 
to this moving coordinate system reaches 
the so-called quasi-stationary (or steady) 
state as time approaches infinity. 

With the combination of two ad
justable parameters, efficiency (r|) and 
distribution (o), this model could pre
dict more realistic weld pool shape and 
size as shown in Fig. 3. As the distribu
t ion parameter increases from zero to 
some value, the width of the pool grows 
while the depth decreases, sincethe heat 
input from the arc is spread over more 
area as the distribution becomes larger. 
Therefore, for any value of the distribu
tion, the half width of the pool is larger 
than the depth. However, many weld
ing processes produce more complex 
weld pool shapes (e.g., G M A W pool 
shown in Fig. 1). In an attempt to deal 
wi th this more complex pool shape, 
Song and Hardt (Ref. 14) and Doumani
dis (Ref. 15) proposed a new model 
where dual Gaussian heat sources were 
applied instead of a single Gaussian heat 
source. The weld pool shape shown in 
Fig. 4 can be broken into two parts: 1) 
a horizontal portion caused primarily by 
the top Gaussian heat source; and 2) a 
vertical portion {i.e., finger penetration) 
caused by the lateral Gaussian heat 
source. The overall temperature distri
bution and pool shape can be found by 
superposition of the two temperature 
distributions of the dual heat sources. 
Four adjustable parameters (r)-,, o , , r|2, 
and o2) can now be used in describing 
the complex weld pool profiles, thus 
providing greater f lexibi l i ty compared 
to either the point source with only one 
parameter or the single Gaussian source 
model with two parameters. In the dual 
source model, the lateral heat source 
was introduced to account for the f in
ger penetration observed in GMAW, 
which is mainly due to the transfer of 
high temperature metal driven by the 
droplet momentum. Therefore, the for
mation of the finger penetration cannot 
be described simply by a lateral Gaus
sian heat source from a physical point 
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of view. However, the use of the lateral 
Gaussian heat source (and thus the dual 
heat sources) can be justified for the fol
lowing two reasons. First, whatever 
mechanisms form the weld pool shape, 
only heat conduction is involved in the 
solid outside of the molten pool. The liq
uid-solid interface that corresponds to 
the weld pool shape plays an important 
role in specifying the boundary condi
tions. Therefore, a reasonable descrip
tion of the weld pool shape using the 
dual Gaussian heat source model is im
portant in predicting the temperature 
distribution in the solid, especially in the 
near-field around the finger penetration. 
Second, this dual source model wi l l be 
used to solve an inverse heat transfer 
problem. In most research involving the 
prediction of the weld pool shape and 
size, the efficiency and/or the distribu
t ion of a heat source are first found ei
ther empirically or analytically. The pool 
shape and temperature distribution are 
then sought using those parameters ob
tained before. However, in the inverse 
heat transfer approach, the temperature 
distribution is measured first in the form 
of the surface temperatures at various 
points and then the parameters that pre
dict such a temperature distribution are 
computed. Therefore, the parameters, 
such as efficiency and distr ibution, do 
not have to be measured directly. This 
inverse approach enables the dual heat 
source (which does not physically exist) 
to be used in the formulation. 

The dual heat source model can ad
equately describe the entire weld pool 
contour; however, estimating the depth 
of penetration rather than predicting the 
entire weld pool shape is of more inter
est here. Recall that the top Gaussian 
heat source mainly accounts for the 
width portion of the weld pool, whereas 

the lateral one for the depth portion or 
finger. Even though the overall melting 
isotherm results from both heat sources, 
the long diffusion paths suggest that the 
penetration isotherms wil l mainly be re
lated to the lateral heat source for mod
erately thick material. Accordingly, the 
top source can be eliminated for the 
depth estimator implementation as 
shown in Fig. 5. This simplif ication is 
valuable in terms of computation bur
den and the robust convergence of the 
depth estimation algorithm. Also, it was 
shown experimentally that ignoring the 
top source contribution had little effect 
on the accuracy of penetration predic
t ion. In addition, the temperature mea
surement on the top side are often diff i
cult because of the arc light (a detailed 
explanation and performance of the dual 
source model can be found in Ref. 1 6). 

Since the lateral Gaussian source 
model can adequately predict the depth 
of penetration, only this model wi l l be 
considered from this point on. The tem
perature expression based on the lateral 
Gaussian heat source can be easily ob
tained by exchanging y and z coordi
nates in Equation 2 as follows: 

T{x,y,z,t)-T0 = 

j - nQ {16Kary'/2 

'° npe 2aT+o2 

exp 
(X+VT)2+Z2 v2 V 

4ar + 2a2 Aax) (3) 

A serious limitation of all the above 
models is that they were all derived 
under the assumption that all the weld
ing condit ions, such as the efficiency, 
heat input, and travel speed were kept 
constant during the process, whereas 
welding conditions often change during 

the process. In addition, if feedback con
trol is to be used, the welding variables 
that are the control inputs are constantly 
changing to meet the specified require
ments. As a result, the algorithm must 
have the ability to cope with time-vary
ing welding conditions. 

To deal wi th this problem, the time 
integral in Equation 3 is divided into 
many small time intervals. In control im
plementation, the control inputs, which 
are the welding conditions in this case 
{i.e., travel speed and wire feed rate in 
GMAW), cannot vary continuously, but 
can change only at the sampling instants. 
It is assumed, therefore, that welding 
conditions are kept constant during each 
sampling interval, and can change at 
each sampling instant. Wi th this as
sumption, a temperature expression can 
be derived for varying welding condi
tions. In Equation 3, when a point (x,y,z) 
and time t at which the temperature is 
desired are known, the temperature is 
computed by once integrating over that 
time period from x = 0 to t since all the 
variables in the integrand are constant. 
However, in the time-varying case, the 
contributions of the t ime intervals 1 
through k to the temperature rise at the 
point of interest must be computed when 
we are interested in the temperature at 
a point (x,y,z) at time t = kTs, which is 
the integer multiple of the sampling pe
riod Ts Figure 6 illustrates the efficiency, 
travel speed, and x position of the heat 
source for each time interval. It is noted 
that the heat input Q is assumed to be 
constant for all t ime intervals because 
the arc efficiency (r|), which always ap
pears together with the heat input Q, is 
able to reflect the change of the heat 
input. The position of the heat source in 
the x-direction at time x at each interval 
can be expressed as 
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Fig. 3 — Weld pool shape and isotherms in a top Gaussian heat source 
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Fig. 4 — Weld pool shape and isotherms in a dual Gaussian heat 
source model. 
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Fig. 5 — Weld pool shape and isotherms in a lateral Gaussian heat 
source model. Note that the depth is larger than the half-width. 
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With the notations defined in Fig. 6, the 
temperature at a point (x,y,z) at time t = 
kTs becomes 

T(x.y,:.,kT)-T„ = 

t]{i)Q (4KO.T)-'-

,j„T. KP° 2at+ °i') 

{x + x'{i))~ +{z + 2rhf 

4ar+2a(if 

r 
4az 

i / r 

(5) 

where x'(i) is given by Equation 4 and h 
is the thickness of the plate. The second 
summation has been introduced to im
plement the method of images which is 
used to account for f inite thickness of 
the plate (Refs. 1 2, 1 7). In actual com
putation, only two sources, one just 
above the top surface and the other just 
below the bottom surface, are sufficient 
for moderately thick material. Note that 
the integrand of the first summation rep
resents the contribution of the interval i 
to the temperature T(x, y, z, kTs). Even 
though the above temperature expres
sion shows that temperature at time t = 
kTs is composed of contributions from 
the time intervals up to k, the contribu
tions from the intervals well before k are 
almost negligible. Thus, only a few time 
intervals are actually included to com
pute the temperature, and the number 
of intervals required depends strongly 
on the travel speed. This can be ex
plained as follows: 

Temperatures around the heat source 
are determined by both the direct heat 

input from the heat source at that instant 
and the heat conducted away from the 
molten or solidified pool behind the 
measurement points caused by the past 
heat input. However, as the heat source 
moves faster, the travel speed exceeds 
the heat diffusion speed, which means 
that these temperatures are determined 
mainly by the heat input from the heat 
source around that t ime. Therefore, as 
the travel speed increases, fewer inter
vals are required. As a result of these ob
servations, the above temperature ex
pression can be implemented with only 
a moderate amount of computation. 

Parameter Identification Scheme 

No direct solutions for the parame
ters (tl, c) are available because the tem
perature expression in Equation 5 de
pends nonlinearly on the parameters to 
be identified. Hence, an iteration-based 
method must be adopted in which con
vergence and computation time become 
critical. Accordingly, a nonlinear least-
square problem is formed where a least-
squares objective function E is defined 
as 

*«£(r/-r.) (6) 

where Tn* and Tn represent the measured 
temperature and the temperature pre
dicted from Equation 5 at the measure
ment point n, respectively, and N is the 
number of the measurements. The best 
values for (r), o) are then obtained when 
the objective function is minimized. 
There are several ways to minimize the 
objective functions but the so-called 
Marquardt algorithm is most commonly 
used (Ref. 18). This algorithm is com
posed of two different algorithms, 
Gauss-Newton method and Steepest De
scent method. Wi th a combination of 
these two algorithms, the Marquardt al
gorithm can be expressed as 

{PTP + M)5q = PT{T -T) 

where P is the Jacobian matrix (N by 2) 
whose elements are the derivatives of 
the objective function with respect to 
the parameters (r| and a), I is the iden
tity matrix, and 8q is the vector whose 
elements are the incremental corrections 
to the solutions of each iteration. Note 
that X is a factor adjusting the degree of 
participation of each method each iter
ation. The Gauss-Newton method con
verges rapidly when good init ial esti
mates of the unknown parameters are 
available. However, the iteration tends 
to diverge if the initial estimates are not 
close enough to the correct solutions. 
On the contrary, the steepest descent 
method converges for poor initial 
guesses, but do so very slowly. The com
bination proves to give both fast and ro
bust convergence for reasonably cho
sen initial guesses. 

The Marquardt algorithm can be eas
ily applied to the parameter identifica
tion of the heat source parameters. In 
this case, the Jacobian matrix becomes 

dT dT, 
dr](k) da(k) 

dTs dTN 

dr\{k) da{k) (8) 

and Equation 7 can be expressed as 

%{dii(k)do{k)r 

%{dv{k)d<j{k))tl{d<T{k)) 

s<fc?(*r 'tlM^r" 

ism) 
\da(k)\ 

(9) 

(7) 

The general rule is that X is init ial ly 
chosen as a rather large value to assure 
the convergence (typically, X = 0.01), 
and then continuously decreased (e.g., 
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a factor of 10 each iteration) as the min
imum of the objective function is ap
proached. However, if the iteration starts 
diverging during computat ion, X is in
creased. As the minimum is approached, 
only the Gauss-Newton method has an 
important role since X approaches zero. 

Since the welding conditions are 
varying, this iteration process is done 
every sampling interval in order to find 
new heat source parameters of each in
terval. Simulations show that this algo
rithm is robust and fast enough to iden
tify the parameters for in-process con
trol purposes. 

Experiments: Depth Estimator 

To examine performance of the algo
r i thm, a series of welding experiments 
was conducted using GMAW. The ex
perimental setup is shown schematically 
in Fig. 7. The workpiece moves in the 
direction opposite to the welding direc
t ion, whi le the torch and temperature 
measurement system remain stationary. 
The wire feed rate and the travel speed 
are used as the process inputs. 

The algorithm for the depth estima
tor is based on the assumption that ac
curate temperature measurements at the 
specified points are available in real
t ime. In an effort to meet this require
ment, a temperature-measurement sys
tem has been designed and built (Ref. 
1 9). This system is based on total radia
tion pyrometry technique where surface 
temperatures are measured by collect
ing the emitted thermal radiation from 
points of interest at all wavelengths in 
the infrared (IR) spectrum. Figure 8 i l 
lustrates a schematic of the temperature-
measurement systems. 

A thermopile detector is used in the 
measurement system because it is sen
sitive to a broad wavelength range in the 
IR spectrum and the supporting elec

tronic circuits are simple. As an optical 
guide for the IR radiation from the work-
piece to the detector array, spherical 
concave and plane mirrors are used. 
Three or four point temperatures were 
measured around the torch position on 
the backside of the workpiece each sam
pling time. The above temperature-mea
surement system is shown to provide ac
curate and fast temperature data (5 Hz) 
to the depth estimator algorithm. 

The experiments were conducted 
based on a bead-on-plate welding. The 
primary metals were low-carbon steels 
which are 6.35 mm ('A in.) thick. The 
topside of the workpiece was ground to 
remove oxides, whi le the backside was 
cleaned chemically in order to improve 
temperature measurements. An Ar + 2% 
oxygen gas mixture was used as a shield
ing gas for this experiment. At the sam
pling frequency of 2 Hz, three or four 
point temperatures on the backside of 
the weldment were measured and fed 
to the PC, which executed the depth es
timation algorithm. After welding, the 
weldment was sectioned, polished and 
etched to reveal the cast metal zone, and 
the actual weld profile. 

Material properties such as density, 
specific heat and thermal diffusivity 
change as a function of temperature. As 
shown in Equation 3, the density and 
specific heat can be accounted for by 
adjustment of the efficiency, but the ther
mal diffusivity is entangled with other 
factors. An average value of 0.08 cm2/s 
was taken for the mild steel and showed 
good agreement in estimation. 

Measurement locations are particu
larly important to the performance of the 
real-time depth estimator. There are 
some limitations to the selection of the 
measurement points for the depth esti
mation. The first reason is related to the 
characteristics of the transient form of 
the depth estimation algorithm. The heat 

source parameters r|(k) and o(k) at time 
interval k are identified based on how 
changes in these parameters affect pre
dicted temperatures to match the mea
sured ones at time t = kT5. If the mea
surement points are at the locations cov
ered by the previous intervals (e.g., in
terval k-1), then the temperatures at 
these points are not greatly affected by 
the current heat source parameters for 
the following reason: the points far from 
the heat source respond slowly when 
compared to those around the heat 
source and these slow responses cannot 
be effectively used due to the l imited 
sampling period. Thus, correct parame
ters for the current interval k cannot be 
identified from those measurements. The 
space interval covered by the corre
sponding time interval depends on both 
the travel speed and the sampling pe
riod. The distance covered by the time 
interval k is then simply v(k)* Ts. Since 
the sampling period is 0.5 s and the 
travel speed ranges from 5 to 9 mm/s in 
the control implementation, the distance 
ranges from the 2.5 to 4.5 mm accord
ingly. Figure 9 shows the actual mea
surement locations that are determined 
based on the above observations. 

To examine the robustness of the es
timator to various welding conditions, a 
comprehensive series of experiments 
were performed. The experiments were 
conducted in two stages: 1) constant 
welding conditions; and 2) time-varying 
welding conditions. In the first set of ex
periments, welding conditions were kept 
constant in each experiment, but vari
ous combinations of wire feed rate and 
travel speed were conducted: travel 
speed ranging from 5 to 10 mm/s (11.8 
to 23.6 in./min) and feed rate ranging 
from 15 to 30 cm/s (350 to 700 in./min). 
The experimental results are shown in 
Fig. 10. In this plot, the abscissa is cho
sen as the ratios of the wire feed rate to 
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the travel speed, which is proportional 
to the heat input per unit length for the 
weld. Errors on the depth estimation 
were bounded by about ±12%. 

In the second set of experiments, both 
the feed rate and travel speed were 
changed during the process as shown in 
Fig. 11A. The heat input per unit length 
for the weld, which is proportional to 
the ratio of the feed rate (f) to travel speed 
(v), f/v, is again used as a convenient 
measure. The heat source parameters 
and depth were estimated at each sam
pling interval, and Fig. 11 B illustrates 
the changes in these parameters de
pending on welding conditions. As ex
pected, the efficiency increases as f/v in
creases. However, the relation between 

the distribution and f/v cannot be ex
plained clearly from a physical point of 
view even though it shows some ten
dency. It is noted that the values of T| 
and o do not represent the physical ef
ficiency and distribution of the welding 
arc. The weldment was sectioned lon
gitudinally along the welding direction, 
polished, and etched to reveal the depth 
variation. This actual depth was com
pared with the estimated depth by the 
depth estimator. Figure 11C illustrates 
this comparison. It is observed that the 
depth estimate quickly fol lows the ac
tual changes in the depth. Certain dis
crepancies in the steady-state responses 
seemed to be due to the measurement 
errors because it was diff icult to accu

rately section the weldment along the 
centerline. 

Closed-Loop Control 
of Weld Pool Depth 

Weld pool depth control systems 
have not been fully developed because 
the depth cannot be directly measured. 
In this research, a depth control system 
is developed with the depth estimator 
as a depth sensor. Only proportional-in
tegral (PI) control wi l l be presented, al
though more advanced control algo
rithms have shown better results at the 
expense of complexity (Refs. 1 6, 20). A 
discrete-time PI controller employed is 
given by 
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u(z)- Kp+- K, [/(z)-y(z)) 
(10) 

where u(z) is the control input (either 
wire feed rate or travel speed), y*(z) and 
y(z) are the desired and actual depths, 
respectively, and KP and K| are the pro
portional and integral gains, respec
tively. The optimal gains for the PI con
troller can be determined either by sim
ulation or by experiment. 

In welding, steady-state regulation is 
much more important than transient 
tracking because the desired depth is 
usually a fixed value. Thus, good com
mand fo l lowing performance in re
sponse to a step change in reference 
command is sufficient in most situations. 
Figure 1 2 shows the command fol low
ing property of the control system with 
travel speed as the process input. Wire 
feed rate is kept constant during the pro
cess. Except for some time delay imme
diately after a step change in the desired 
depth, the steady-state performance of 
the control system is reasonably good. 
Depth variation around the desired 
value is caused by either measurement 
error or process noise. Similar perfor
mance on depth regulation can be ob
tained by using wire feed rate as an 
input. 

In welding, various forms of distur
bances may exist (e.g., thickness change, 
change of material properties, parame
ter drifts of the welding machines, etc.). 
Figure 1 3 shows the disturbance rejec
tion property of the control system with 
wire feed rate as an input using step 
changes in the travel speed as the dis
turbance. At the time t = 5 s, the travel 
speed increases from 6 mm/s (14.2 
in./min) to 8 mm/s (1 8.9 in./min), thus 
resulting in a quick decrease in the depth 
output. The controller increases the feed 
rate to compensate for the decreased 
depth. A similar trend is observed in the 
disturbance introduced at time t = 25 s. 

Conclusions 

In this paper, a method for real-time 
estimation of the depth of penetration 
in gas metal arc welding (GMAW) was 
proposed and tested. In an attempt to 
describe the finger penetration (deep 
and narrow penetration) observed in 
GMAW, a heat transfer model based on 
a lateral Gaussian heat source was pro
posed. This heat transfer model, along 
with a parameter identification scheme 
and a temperature-measurement system, 
comprises the real-time depth estimator 
that can deal with time-varying welding 
conditions. The depth estimator has 
been shown to provide accurate and fast 
depth estimates for real-time control. 

Even though the depth estimator was 
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disturbances 
introduced at time t = 
5 and 25 s are 
rejected quickly by 
control action. 

proposed for application to GMAW, the 
same algorithm can be applied to vari
ous types of arc welding processes, such 
as gas tungsten arc welding (GTAW), be
cause this method is based not on the 
characteristics of each arc welding pro
cess, but on the heat conduction phe
nomena in the solid region, which are 
common to all welding processes. De
pending on the weld pool shape, proper 
heat source models, such as top Gaus
sian heat source shown in Fig. 3, can be 
used in the temperature expression in
stead of the lateral Gaussian heat source. 

A closed-loop control system to reg
ulate the depth has been developed 
using this thermally based depth estima
tor as a depth sensor. Both wire feed rate 
and travel speed were shown to have a 
good control power over the depth when 
used as a process input. The closed-loop 
control system produced good perfor
mance both on command following and 
disturbance rejection. 

Throughout this research, only bead-
on-plate welding has been conducted. 
The usage of the depth estimator pre
sented here is limited to partial penetra
tion welds. Application of the depth es
timator to other weld profiles and fillet 
welds may require some modif ication. 
This is the future research topic. Another 
important l imitation of the depth esti
mator is related to the thermal proper
ties of the materials to be welded. Be
cause the depth estimator is based on 
heat conduction relationship, it cannot 
be effectively used for the material with 
very low thermal diffusivity. However, 
the depth estimator can be used to many 
important metals with relatively high 
thermal diffusivity (e.g., low-carbon 
steel = 0.08 cm2/s, stainless steel = 0.07 
cm2/s, aluminum = 0.7 cm2/s). 
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