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ABSTRACT. This paper presents a system
for automatic planning of gas metal arc
welding (GMAW) operations. The system
automatically generates optimal dynamic
trajectories of welding control variables
(power input, current, and voltage; and
travel speed) such that a desired weld
quality is obtained despite known changes
in process conditions, for example, geo-
metric changes. 

The system is based upon a finite ele-
ment simulation of the GMAW process.
The finite element model developed for
the purpose consists of two parts: a heat
conduction model simulating the temper-
ature distribution within the workpiece
and a model simulating the weld pool sur-
face shape. To improve the accuracy of the
finite element model, a calibration
method has been developed that enables
precise simulation with varying welding
control variables.

The finite element simulation is cou-
pled to an iterative learning controller,
which exploits the capability of simula-
tions to be repeated. The iterative learn-
ing controller identifies the best possible
dynamic trajectories of the welding con-
trol variables in an iterative process.

The results of open loop execution of
automatically planned GMA welding on
butt joints with constant and varying ther-
mal regions are presented. A comparison
with industrially applied data showed that
a significant reduction of the heat input

and workpiece distortion could be
achieved while maintaining a satisfactory
weld quality. The results demonstrate the
superiority of process performance based
on planning by iterative learning control
compared to manual execution of welding
task and compared to process planning
based on traditional methods.

Introduction

For many years, steel-structure fabri-
cation companies have introduced weld-
ing robots in the effort to remain compet-
itive. The robots are capable of improving
the arc on time, removing humans from
hazardous work environment, and secur-
ing a more homogeneous weld quality. To
increase the productivity of welding ro-
bots, off-line programming is an often
used method, but off-line programming
has been confined to planning the robot
motion. The welding control variables are
set based on resource consuming welding
experiments, and they are therefore not
necessarily optimized with regard to heat
input. Instead, the settings of the welding
control variables are just usable settings,
which result in an acceptable weld quality
for the entire weld task. In general, con-
stant values of the welding control vari-

ables entail that the variables are set in a
conservative manner, such that the
process is kept well within the usable
process window. However, this can result
in too large heat input and in too much
added material compared to what will be
possible with dynamic trajectories of the
welding control variables, which are opti-
mized with regard to minimum heat input.
Too high heat input and too much added
material have a negative effect on work-
piece distortion and consequently on pro-
duction efficiency. However, obtaining
process optimized dynamic welding con-
trol variables by use of experiments is also
costly, especially if the geometry complex-
ity entails a change in thermal process
conditions along the weld joint. This calls
for a method for automatic and optimal
planning of dynamic trajectories of the
welding control variables.

During the last decades arc welding has
been simulated by numerical methods, es-
pecially by finite element methods. A
comprehensive overview of finite element
analysis and simulation of welding has
been made by Mackerle (Ref. 1). How-
ever, only few references exist to work
where numerical models have been used
directly for automatic weld planning.
Doumanidis (Refs. 2, 3) presents results of
off-line planning of trajectories of the
plasma arc heat source in scan welding.
More recently, Ericsson (Ref. 4) presents
a finite element based method to optimize
the gas tungsten arc welding (GTAW)
process.

This paper focuses on a system for au-
tomatic and optimized planning of the
GMA welding operations. The system
builds upon a concept for automatic weld
process planning and online real-time
feedback control created at Aalborg Uni-
versity, Denmark (Refs. 5–10). The struc-
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ture of the system is presented along with
the finite element model and the iterative
learning algorithm used to perform the
process optimization. At present, the sys-
tem is used to plan butt joint complete
penetration single-pass GMA-welding
tasks. The results of open-loop execution
of planned weld tasks are presented. A
more thorough description of the system
can be found in Ref. 8.

Off-Line Process Optimized Weld
Planning

The automatic off-line planning system
consists of two parts. One part is the finite
element model, which models the work-
piece geometry and the welding process.
The other part of the planning system is a
control function, which is used to optimize
the simulated process. Figure 1 shows a di-
agram of the off-line process-optimized

weld planning system. During simulation,
the weld process information is sampled at
each time step to identify the weld process
progress. Depending on the control
method, the information can either be
used to adjust the values of the process
control variables for the next time step, or
the information can be saved and used to
update the entire trajectory of the process
control variables before a new simulation
is performed. The latter is the case with it-
erative learning control.

The control unit in Fig. 1 takes a qual-
ity reference as input, which as an exam-
ple can be the maximum allowed weld
pool surface deformation or the minimum
required size of the fusion zone. Based on
the comparison of the quality reference
and the process progress, the control unit
makes rectifying actions on the values of
the welding control variables such that the
error between the desired quality and the

process progress is minimized. In this
way the controlled simulation identifies
the optimal trajectories of the welding
control variables with regard to the de-
sired quality reference. The level of op-
timality depends on the effectiveness of
the control method applied. A primary
benefit of using a simulation in search of
optimal settings of the welding control
variables is removal of costly experi-
ments in search of the optimal settings.
The trajectory of the optimized control

variables is saved and used as a basis for
a robot program used for the physical
execution of the simulated weld task. If
the agreement between the simulation
and the physical world is good, the phys-
ical execution of the planned weld will
result in an optimized process with re-
gard to the quality reference. However,
if the difference between the simulated
and the physical world is not sufficiently
small, a real-time feedback control sys-
tem is needed. A real-time feedback
control system based on a temperature-
sensitive camera has been developed
and presented in Ref. 9. The system
compares the weld pool surface tem-
perature profile obtained during execu-
tion with the reference weld pool sur-
face temperature profile obtained
during simulations. Hence, the off-line
process-optimized planning system gen-
erates the real-time quality reference. 

Finite Element Model

The finite element model for simulating
complete joint penetration welding con-
sists of two parts: a heat conduction
model to simulate the temperature distri-
bution within the workpieces and a weld
pool surface shape model, which simu-
lates the shape of the weld pool surface.
The latter is of special interest when sim-

ulating complete joint penetration welding
and welding on an inclined workpiece be-
cause in these cases there is an increased
risk of breaking the weld pool surface. The
two models are coupled together through
the cross-sectional  area of the weld pool.
The location of the melting isotherm is
identified by the heat conduction model,
and is set to 1530°C (Ref. 8). The material
within the area between the melting
isotherms is considered to consist of liquid
metal, and the domain of this area is trans-
ferred to the weld pool surface shape model
as the domain of interest. Further descrip-
tion of the coupling of the models is pre-
sented in Refs. 8 and 10. 

Heat Conduction Model

The heat conduction model calculates
the heat distribution inside the workpiece

Fig. 2 — Volumetric heat source (Ref. 12).

Fig. 1 — The off-line process-optimized weld planning system.
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by use of Fourier’s heat conduction equa-
tion. On the surface, the heat transport is
determined by convection and radiation
(Ref. 11). The use of Fourier’s heat con-
duction equation is based on constant val-
ues for density of metal (ρ), convection
and radiation factors, temperature-
dependent values of thermal conductivity
(k),and heat capacity (c) (Ref. 8).

The power input to the workpiece from
the welding arc and liquid metal is simu-
lated by two different heat sources, which
are following each other along the weld
joint. The first heat source is a three-
dimensional volumetric heat source (Ref.
12): 

(1)
Qv′′′ represents the power input to the

workpiece [W/m3], x*,y*,z* represent
space coordinates relative to the position of
the heat source, and Qeff represents the ef-
fective power delivered by the ellipsoid
heat source. a,b,c represent variables that
control the energy distribution within the
workpieces. a is divided into two parts afront
and aback used in front of and behind the
heat source center. f represents a factor
used to change the energy induced into the
workpiece in front of and behind the heat
source center. ffront and fback is calculated
based on a continuous heat source distrib-
ution across the x = 0 plan (Ref. 12). With
the volumetric heat source, it is possible to
approximate the weld pool tail and to ob-
tain a rounded shape of penetration. A
drawing of the area of action of the volu-

metric heat source can be seen in Fig. 2.
The second heat source is a box-shaped

heat source (Ref. 8). This heat source was
introduced because of material addition,
which represents an abrupt transition
from an empty joint to a joint filled with
liquid metal. The domain Ωbox of the box-
shaped heat source is the width of the
joint, the workpiece thickness, and the
length moved by the heat source in each
time step during simulation. The power
Qbox is equally distributed inside the box

(2)
Here, Vbox represents the volume of the
box-shaped heat source domain. A cross-
section drawing of the two heat sources’
area of action can be seen in Fig. 3. 

The total heat input Q to the workpiece
is calculated based on the heat input from
the power supply (Voltage U · Current I)
and the efficiency (η): Q = U · I ·η. The
total heat input Q is distributed to the
workpiece in two ways by the two heat
sources: as Qeff by the three-dimensional
volumetric heat source and as Qbox by the
box-shaped heat source. The two contri-
butions fulfill the constraint Q = Qeff +
Qbox. During all experiments, both for cal-
ibration and the subsequent validation,
the voltage U and current I are chosen
such that a usable and stable welding
process is obtained. The relationship be-
tween U and I is determined during initial
experiments. The relation between U and
I is also used when planning the process-
optimized welding task, where the relation
is used to determine the U and I settings
based on the value of heat input Q, which
is identified as giving the optimal process.

It is important to remember that the
heat conduction model does not include
any fluid properties of the liquid metal in
the weld pool. The heat sources are in-
stead used to simulate the effect of energy
distribution caused by the convection of
liquid metal. 

Weld Pool Surface Shape Model

The weld pool surface shape model
(Fig.  4) is used to calculate the surface de-
formation in the z-direction (vertically to
the workpiece surface). 

The domain for the weld pool surface
shape model is identified by an approxi-
mation of the melting point isothermal in
the heat conduction model (Ref. 10). The
surfaces of the weld pool will in a static
equilibrium attain a deformation configu-
ration, which results in minimum energy
contents. Based on this energy considera-
tion and the mathematical method of Cal-
culus of Variation, the following deforma-
tion equations were developed (Refs. 8
and 13):

(3)
In the above equation, Pa(x,y) is the arc

pressure, ρ is the density of liquid metal
and is considered as constant (Ref. 8), g is
gravity and is constant, α is the workpiece
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Fig. 4 — Model of workpiece and weld pool.Fig. 3 — Sketch of the heat sources’ area of action (gray lines).
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inclination, Φ and Ψ are the surface de-
formations of the uppermost and lower-
most surfaces respectively, γ is the surface
tension, s is the workpiece thickness, and
λ is a La Grange multiplier, which con-
nects the two equations, for example, by a
constraint on the weld pool volume, or in
this case of GMA welding, a constraint on
the cross section of the crown. The distri-
bution of the arc pressure Pa(x,y) is calcu-
lated by an exponential equation (Equa-
tion 4), which is a practical simplification
of a physically description of Pa(x,y) (Ref.
14).

(4)
In GMAW, the continuous feed wire

adds material to the welding process,
which is used for filling up the joint. Ex-
cessive material forms a crown of material
on the surfaces of the workpieces, while
observing the mass constraint present in
Equation 5.

(5)
Vcrown, Vwire, and Vgap are the rate of ma-

terial used for the crown, rate of filler
metal added, and rate of material used to
fill the joint. The material used on the
crown in the simulation is obtained by
identifying the outermost deformation
contour of the weld pool surface. This is
expected to be equal to the final shape of
the crown. This can be formulated as:

(6)

V*
crown is the simulated rate of material

used on the crown, v is the welding speed,
Φcontour(y,λ), and Ψcontour(y,λ) are the out-
ermost deformation contour of the weld
pool surfaces at a given y-position (per-
pendicular to the welding direction). The
constraint that should be fulfilled in
search for the correct value of λ is then
(Refs. 8 and 13)

(7)

Each time the weld pool deformation is cal-
culated, the following iterative calculation
is performed: First, on the basis of an initial
guess of λ, Equation 3 is solved. Second, the
volume constraint is evaluated using Equa-
tions 5–7. Based on the results of the vol-
ume constraint, the value of λ is updated,
and the process is repeated until an accept-
able value of λ is obtained (Ref. 15). 

Simulation Plots

Results from a simulation can be
viewed in Figs. 5–8. The workpiece is 100
mm long, 40 mm wide, and 3 mm thick.
Figure 5 shows the temperature distribu-
tion in the heat conduction domain by use
of four isotherms: 700°, 900°, 1100°, and
1530°C. The last is the melting point of the
metal and, therefore, the 1530°C isotherm
identifies the boundary of the weld pool.
Note that the picture also reveals the
adaptive grid used. The fusion of the
workpiece and the penetration can be
identified in Fig. 6, which shows a refer-
ence grid containing the maximum tem-
peratures obtained during simulation. All

the elements in the grid, which have had
temperatures above the melting point, are
removed. It can be seen that complete
joint penetration does not occur initially.
Therefore, the energy input needs to be
higher in the beginning to obtain complete
joint penetration from the start of weld-
ing. It can also be seen that at the end of
the welding process, the weld pool is get-
ting wider in the bottom before the heat
source is turned off. This is because the
energy cannot be conducted away from
the fusion zone at the end of the work-
piece. This increases the risk of breaking
the weld pool surface. To avoid this, the
heat input should be reduced close to the
end of the welding process.

Figures 7 and 8 show the surface de-
formation. Figure 7 shows the front sur-
face deformation Φtop. The center of the
heat source is located at the origin of the
coordinate system. The effect of the arc
pressure can be seen as a depression on
the surface. Figure 8 shows the back sur-
face deformation Φbottom.

The simulation results indicate that the
finite element model works. However, the
simulation results are not usable for
process prediction before the heat source
and material addition functions are 
calibrated.

Calibration of Finite Element
Model

Before the finite element based
GMAW model can be used for weld plan-
ning, several model parameters need to be
calibrated. Calibration is needed because
the model includes several variables,
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Fig. 5 — Temperature distribution in the heat conduction domain. The
isotherms are set at 700°, 900°, 1100°, and 1530°C.

Fig. 6 — Fusion of the workpieces is shown by removing all elements that
have been above the melting point. It shows that a complete joint penetra-
tion weld is obtained except from the start of welding. At the end of the weld-
ing, the weld pool gets wider because the heat input is not able to be con-
ducted away from the fusion zone.

.

. . .

Jeberg  9  08layout:Layout 1  8/7/08  8:28 AM  Page 222



WELDING RESEARCH

-s223WELDING JOURNAL

which do not have any direct physical
meaning. An example is the extension pa-
rameters a, b and c in the volumetric heat
source. These parameters arise from de-
scribing physical properties by simplified
expressions. Calibration can also be
needed for parameters that have a physi-
cal meaning but for which it is difficult to
obtain correct values. The developed
GMAW model includes parameters of this
type, e.g., surface tension γ. Surface ten-
sion varies with the actual composition of
the material in the weld pool, e.g., the con-
tents of sulfur.

The model parameters to calibrate in
finite element model are

1) η, Qbox to calculate the power input
to the workpiece and the distribution be-
tween the two heat sources in the heat
conduction model. 

2. afront, a, b, c to calculate the shape of
the three-dimensional volumetric heat
source.

3. Pa,max,κ, γ to calculate the weld pool
surface deformation.

The calibration of model parameters
can be a complicated task to do manually
because of the often nonlinear complex
relation between parameter values and
the simulated output. This makes the trial-
and-error method unfeasible in practice.
An automated optimization routine can
therefore be helpful in search for the best
parameter settings. In this research, an
optimization routine called CFSQP (C
code for feasible sequential programming,
Ref. 16) is used together with the finite el-
ement software Diffpack (Ref. 17), which
is a scientific-computing environment

with emphasis on the finite element
method. Overview of the integration can
be seen in Fig. 9. 

The calibration of a GMAW model can
be performed in two different ways: either
calibrate to a single experiment or cali-
brate to multiple experiments. Using a sin-
gle experiment entails the parameter val-
ues to be constant when the model is used
for prediction. When using multiple ex-
periments, it is possible to identify the de-
pendence of the model parameters with
regard to changes in the  control variables
welding speed v and power input Q, and
hence enable an interpolation of the para-
meter values throughout the process win-
dow when the model is used for predic-
tion. In that way calibration to single or
multiple experiments can have a large ef-

fect on the range of the acceptable predic-
tion capability of the model. This can in-
fluence the usability of the calibrated
model in search of optimal settings of the
weld process control variables, hence the
usability of the calibrated model in
process optimized weld planning. 

The welding process used for calibra-
tion is a top-down complete joint pene-
tration, single-pass butt joint model cali-
brated to a 5-mm thick workpiece with a
2-mm weld joint width (Ref. 18). An
overview of the experiments performed
can be seen in Fig. 10. The multiple ex-
periment calibration is performed in this
research based on four experiments:
QHWL, QLWL, QHWH, and QLWH.
The remaining five points are used for
validation of the obtained prediction 

Fig. 8 — The bottom surface deformation Φbottom for the back surface. The
heat source is moving from the top and down. The center of the heat source
is located at the origin of the coordinate system.

Table 2 — Results from a Simulation and Optimization of Welding of a Rectangular Workpiece

Current I(A) 164 Avg. Weld speed v(mm/s) 5.68
Voltage U(V) 20 Heat Input E(kJ/mm) 0.58
ξtop (mm) 7.4 φtop (mm) 0.7

ξbottom(mm) 3.2 φbottom(mm) 1.5

Table 1 — Results from Manual Welding of a Rectangular Workpiece

Current I(A) 194 Avg. weld speedv(mm/s) 5.33
Voltage U(V) 23 Heat Input E(kJ/mm) 0.84
ξtop (mm) 7.1 φtop (mm) 1.1

ξbottom(mm) 3.5 φbottom(mm) 1.3

Fig. 7 — The top surface deformation Φtop for the front surface. The heat
source is moving from the top and down. The center of the heat source is
located at the origin of the coordinate system.
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capability.
Test results from the validation of the

model calibrated to a single experiment
show a general increasing error level from
the calibration experiment to the valida-
tion experiments. The results from valida-
tion of the model calibrated to multiple
experiments do not show the same overall
increasing error level. Figure 11 shows a
picture of a polished cross section for val-
idation point QMWL. Further elabora-
tion of the calibration results can be found
in Refs. 8 and 18.

The multiple experiments calibrated
model does also succeed in identifying the
process boundary. The three process
boundary test experiments are outside the
process window. Simulation of these ex-
periments did predict a loss of weld pool.
This indicates that the prediction capabil-
ity of the multiple experiments calibrated
model can be extrapolated outside the
range of the calibration experiments. In
addition to this, the model can be used to
identify an approximate location of the
process boundary beyond which the
process will be invalid. This is an impor-
tant property of the multiple experiments
calibrated model, and it increases the us-
ability of the model for weld planning.

When performing prediction of the
welding process, the varying interpolated
parameter values are identified by using a
two-dimensional bilinear interpolation
method, which is expected to be sufficient
for obtaining a suitable model prediction
capability. This two-dimensional bilinear
interpolation method utilizes the multiple
experiment calibration performed in this
research, which is based on four experi-
ments. To secure linear interpolation de-
spite the location of the four experiment
points in the process window, an isopara-
metric formulation of the two-dimen-
sional bilinear interpolation method is in-
troduced (Ref. 19), which is an essential
formulation in the finite element method.
The derivation and solving procedure can
be found in Refs. 8 and 20.

In general, the gain of new knowledge,
obtained from models, about the part of
the process windows in which the models
themselves have been trained or cali-
brated, can be questioned. This is because
the same gain of knowledge might be re-
trieved from the experiments themselves
without use of models. Interpolating
model parameters is a method to improve
the gain of knowledge and thereby the
usefulness of models. The reason is that

the density of necessary calibration
points in the process window may be
much lower than the density of neces-
sary experimental points to obtain ap-
plicable process knowledge, e.g., to
build a process database. The fewer nec-
essary calibration points, the more use-
ful the model is and less experimental
resource consuming.

Iterative Learning Control

Iterative learning control (ILC) is a
method for improving the transient re-
sponse in an iterative process. Informa-
tion about the output error ek from iter-
ation k is used to update the input uk+1
for the next iteration k+1. The basic
principle can be seen in Fig. 12 where
uk(t) is the input to, and yk(t) is the out-
put from, the k’th process iteration at
time t. The variables yd(t) and uk+1(t) are
the desired output and input to the next
process iteration, respectively.

Iterative learning control needs the fol-
lowing conditions to function (Ref. 22):

1) The initial conditions are identical in
each iteration.

2) The disturbance is identical in each
iteration.

3) The plant parameters are stationary
or slowly varying.

4) Each iteration has the same 
duration.

5) The desired output yd is identical in
each iteration.

The use of ILC in the off-line process
optimized weld planning system benefits

from the fact that the simulation can be re-
peated an infinite number of times with
zero disturbance, identical model parame-
ters, and identical initial conditions. Nor-
mally, ILC is applied to processes where
the input is a function of time. In welding
applications, the input as a function of po-
sition along the weld joint x is of interest
and therefore time t is replaced with dis-
tance x — Fig. 13. Each process iteration
will have the same weld joint length and
the five conditions for ILC to function are
fulfilled.

The ILC algorithm used in the weld
planning in this paper is

(8)

where uk(n), yk(n), yd(n), ek(n) are the i-di-
mensional input vector, the j-dimensional
output, desired output and error vectors at
point, n respectively. The (i,i) dimensional
diagonal damping matrix ζ is used to avoid
oscillations in  uk. The elements in ζ are in
this paper set to the same value ζ.  Γ is the

e n y n y n

u n u n E n L

k d k

k k k

( ) = ( ) − ( )

( ) = ( ) + ( )+1
ζ i i iΓ

Table 3 — Results from Two Welding Experiments on Rectangular Workpieces Using 
Optimized Variable

Current I(A) 168 Avg. Weld speed 5.67

Voltage U(V) 20.4 Heat Input E(kj/mm) 0.60

ξtop (mm) 5.9 φtop (mm) 0.7

ξbottom(mm) 3.3 φbottom(mm) 1.1

Current I(A) 158 Avg. Weld speed 5.67

Voltage U(V) 20.2 Heat Input E(kj/mm) 0.56

ξtop (mm) 4.9 φtop (mm) 0.6

ξbottom(mm) 3.0 φbottom(mm) 0.6

E
x.

 1
E

x.
 2

Fig. 9 — A diagram of the integration of the optimization routine and the finite element simulator.
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(i,j) dimensional error-weight matrix.
Ek(n) is the (j,m) dimensional error ma-
trix, which includes the error vectors at
different points n used to update uk. As an
example  Ek (n)=[ek(n)ek(n+1)] where m
= 2. L is the m-dimensional point-weight
vector, which weights the influence of the
error at different points n. n is the location
on the workpiece along the weld joint —
Fig. 13.

The error e(n) is minimized with re-
gard to the l2-norm

(9)

Many different configurations of the ILC
algorithm presented in Equation 8 are
possible, which can have vital influence on
the effectiveness and efficiency of the ILC
method. Based on simulation tests, the
following basic settings have been chosen
(Ref. 23):

and a 4-mm spacing between the points
along the workpiece.

Simulation with Varying
Workpiece Geometry

Simulation based on the heat conduc-
tion model is performed to illustrate the
capability of process optimized weld plan-
ning with dynamic welding control vari-
ables. A sketch of the workpiece can be
seen in Fig. 14. 

The input is welding speed v and power
input Q. The output is the widths of the fu-
sion zone at the top ξtop and the bottom
ξbottom of the workpiece and hence i = j =
2. This gives the following input and error
vector:

(10)

The Γ can be seen in Equation 11. Its val-
ues are based on information obtained
during calibration of the model (Ref. 8).
These settings entail that a too small ξtop
decreases v, and a too small ξbottom
increases Q.

(11)

In Fig. 15 a comparison of the process op-
timized planned trajectory of the welding
control variables with the initial constant-
valued guess can be seen. The resulting
width of the fusion zone of the initial guess
and of the process optimized planned tra-
jectory can be seen in Fig. 16. 

The fusion zone width has primarily
been optimized with regard to the bottom
fusion zone width, which initially was too
small compared to the desired reference.
The process optimized trajectories of the
control variables show as expected a signif-
icant variation in the welding speed v in the
area where the workpiece width is small.
The variation in power input Q in the area

of the small workpiece width is not that sig-
nificant, but it does show an increase.

The identified trajectories of the process
control variables seen in Fig. 15 show set-
tings, which are known to be outside the
process window and will result in loss of the
weld pool. In the ILC-based process opti-
mization, only process progress informa-
tion about the width of the fusion zone is
used to update the input. As long as the
error is not zero, the ILC method will con-
tinue to search along the direction given by
Γ although it crosses the process boundary
and the weld pool is lost. Therefore, process
progress information about the weld pool
deformation will be included in weld plan-
ning for physical execution to identify when
the process boundary is being crossed and
the weld pool is lost.

Experiment with Rectangular
Workpiece

To evaluate the benefit of the system
for process optimized off-line weld plan-
ning at its present development status, two
open loop execution experiments of
planned optimized welding tasks were
performed. The goal of the process opti-
mized weld planning was to minimize the
heat input while securing a minimum fu-
sion zone width ξmin, and a maximum
crown height Φmax. Φmax was set in accor-
dance with the welding standard used at
Odense Steel Shipyard, which is 1.0 mm +
0.2·ξ. It is based on the standard
DS/EN25817. However, the constraint on
Φmax, bottom was tightened by 0.5 mm in the
optimization due to a model weakness.
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Fig. 10 — Diagram of the identified process window. The diamond and triangle
show the experiment points in the first series of initial experiments. The triangles
with a circle around are used to validate the capability of identifying the process
boundaries. The round dots show the experiment points in the second series of ex-
periments used for calibration and validation. The points are marked as Q and
W for power and welding speed and L, M, and H for low, middle, and high level,
respectively. The thick black curve shows the contour of the approximate process
window.

Fig. 11 —  Picture of polished cross section for the validation point
QMWL. The thin line marks the weld pool boundary, while the thick
line marks the simulated weld pool boundary.
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This weakness is caused by the finite ele-
ment model’s lack of capability to fully
simulate the outward opening of the weld
pool at the bottom of the workpiece. This
causes the model to predict a too small
weld pool width at the bottom and hence
a too small bottom crown height (Ref. 18).
The constraint settings were

ξmin,top = 4.0 mm
Φmax, top = 1.0 mm + 0.2·ξtop
ξmin,bottom = 3.0 mm
Φmax, bottom= 0.5 mm + 0.2·ξbottom

If the constraints are passed, the error will
be different from zero and is included in
the updating algorithm of  uk+1. In process
optimized weld planning with regard to
minimum heat input, the ek(n) and  Γ used
can be seen in Equation 12A, which again
is obtained from Ref. 8.

(12A)
Γ = −1 1. 0 0 0.58 -–le-9

0 4.5e5 0 5e5 1.5e–4

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

Fig. 12 — Diagram of the basic principle of ILC (Ref. 21). Fig. 13 — Sketch of the workpiece along the weld joint where the points
1..n..N are marked.

Fig. 14 — Picture of the nonuniform workpiece used for simulation. Fig. 15 — Graph of the process optimized planned trajectory of the welding
control variables and the initial constant-valued guess.

Table 5 — Results from Welding a Nonuniform Workpiece with Optimized Process Variables

Process I(A) U(V) v(mm/s) E(kJ/mm)
Settings 177 20.9 5.50 0.67

Pos. ξtop ξbottom φtop φbottom

40 mm 6.6 mm 3.0 mm 1.3 mm 0.8 mm

100 mm 8.0 mm 3.7 mm 0.8 mm 0.9 mm

160 mm 6.9 mm 3.2 mm 0.9 mm 1.2 mm

Table 4 — Results from Manual Welding of a Nonuniform Workpiece

Process I(A) U(V) v(mm/s) E(kJ/mm)
Settings 189 22.9 5.33 0.81

Pos. ξtop ξbottom φtop φbottom
40 mm 8.2 mm 3.4 mm 1.2 mm 1.5 mm
100 mm 12 mm 5.2 mm 1.9 mm 1.0 mm
160 mm 8.6 mm 3.7 mm 1.3 mm 1.1 mm

-

- =
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(12B)
The first experiment was welding of a rec-
tangular workpiece (Fig. 17), where the
open-loop execution of a process opti-
mized planned trajectory is compared
with a manually executed weld. 

The average settings of the process
variable obtained during manual welding
and the average resulting process output
are shown in Table 1.

The result of the manual welding does
in general fulfill the constraints except
for Φbottom. However, Φbottom does not
pass the welding standard used at Odense
Steel Shipyard, except occasionally due
to a variation caused by manual execu-
tion of the weld.  

The manually obtained setting of the
process variables was used as an initial
guess for the process optimized weld plan-
ning. The planned process optimized tra-
jectories of the process control variables
reduced the relative error to 67%. The
heat input E was reduced to 69% of that
manually obtained. The planned process
optimized trajectories showed minor fluc-
tuations around an average value. The av-
erage values of the process control vari-
ables and the resulting simulated process
output are shown in Table 2. 

Again, the process output fulfilled the
constraints except for Φbottom, which
passed the constraint used during opti-
mization by 0.4 mm, but the welding stan-
dard used at Odense Steel Shipyard was
not passed.

Based on the heat input minimized
weld planning, two open-loop executions
(Ex. 1 and Ex. 2) were performed. The av-
erage values of the realized process con-
trol variables and the resulting process

output are shown in
Table 3.

The resulting
process output of Ex.
1 was in most agree-
ment with the
planned weld. How-
ever, of major inter-
est was the reduction
in heat input to 71%
and 67% for Ex. 1
and Ex. 2, respec-
tively, compared to
manual welding. The
goal of the process
optimized weld plan-
ning was to reduce
heat input while the
quality constraints
were fulfilled. The
reduction in heat
input entailed a re-
duction in the defor-
mation. The maxi-
mum deformation of
the workpiece plate
from its initial position wasManual ≈ 9 mm,
Ex. 1 ≈ 4 mm, Ex. 2 ≈ 0 mm.

The deformation of Ex. 1 was reduced
to 44% of the deformation obtained with
manual welding, and the deformation of
Ex. 2 was practically zero. This showed
one of the benefits of using process opti-
mized planned trajectories of the weld
process control variables as mentioned in
the introduction. 

Experiment with Varying
Workpiece Geometry

To investigate the effect of the process
optimization with regard to minimizing
heat input on a workpiece where the geom-
etry changes influence on the thermal

process conditions, a second experiment
was performed. The workpiece, for which
the trajectories of the optimal process con-
trol variables were planned, can be seen in
Fig. 18.

For comparison, the weld was executed
using a robot and the manual settings of
the process variables found in the experi-
ment with the rectangular workpiece
(Table 4). This gave results measured
along the weld joint. The data fulfilled the
demands from the welding standard:

In the narrow part of the workpiece,
the weld pool was as wide as the work-
piece, and examination of the workpiece
showed that the edges were melted and
the shape was altered. 

The planned process optimized trajec-
tories of the process control variables weld
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Fig. 16 — Graph of the resulting width of the fusion zone of the initial guess
and of the process optimized planned trajectory. The desired reference is also
shown.

Fig. 17 — Picture of the rectangular workpiece used in the first open-loop 
experiment.

Fig. 18 — Picture of the nonuniform workpiece used in the experiment with a
varying thermal region.
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speed v and power input Q were almost
constant along the weld joint. This is be-
cause the quality constraints on the mini-
mum fusion zone width ξmin and the max-
imum crown height Φmax were in general
not violated during the optimization. When
quality constraints on the minimum fusion
zone width ξmin and the maximum crown
height Φmax are not violated, the error
ek,ξtop(n)ek,ξbottom(n)ek,Φtop(n) ek,Φbottom(n)
in Equation 12B is zero. This means that
the result from the weld pool surface
shape model is not included in calculating
the error e(n), which is minimized during
the optimization. Instead the minimiza-
tion of the error, and hence the update of
the welding control variable, was predom-
inated by the wish to minimize the heat
input, which means that the optimization
was based on results from the heat con-
duction model. This will cause a uniform
update of the welding control variables
when the initial guess is uniform. A more
fine-tuned ILC based process optimized
weld planning, which drives the process
more to the edge of the process window, is
expected to result in nonconstant process
control variables as seen in Fig. 15, be-
cause the quality constraints are then ex-
pected to be activated. The improvement
of the routine for ILC based process opti-
mized weld planning is part of further
work needed.

The planned weld was executed in an
open loop and the obtained average values
of the process control variables and the re-
sulting process output are shown in Table 5.

The resulting process did also comply
with the welding standard, and the heat
input was minimized to 81% by using the
process optimized settings. This reduction
avoided melting of the workpiece edges,
and it indicates how the weld planning sys-
tem is able to handle changes in the
process conditions.

Conclusion

A system for process optimized weld
planning based on numerical simulation of
the weld process by finite element, and iter-
ative learning is presented. The system’s
present capability to perform weld planning
that minimizes the heat input and hence
workpiece distortion was tested. The results
of welding width optimized welding control
variables are promising. 

The calibration of the GMA model to
multiple points has shown a promising ca-
pability to predict the weld pool and sur-
face shape within the process window.
Going beyond the part of the process win-
dow in which the model is calibrated, the
model has proven capable of identifying
the process boundary between lost and not
lost weld pool. This increases the model’s
usability in industrial applications when

there is a search for optimal process set-
tings, because optimal process settings can
be rather robust and easy be located near
the process boundary.

The capability of the weld planning sys-
tem to obtain dynamic trajectories of the
process control variables was shown in sim-
ulations of the welding of a workpiece with
varying geometry. Especially, the welding
speed showed clear variations. This is im-
portant in the planning of welds with vary-
ing material distribution around the weld
joint, such as with pipe connections. The
simulations also showed that not only in-
formation about the fusion zone width, but
also information about the crown height
are essential to reliable weld planning.
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