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A Model for In-Process Control of
Thermal Properties During Welding

The contro!l of welding processes has received much attention in the past decade,
with most attention placed on real-time tracking of weld seams. The actual process
control has been investigated primarily in the context of weld bead geometry regula-
tion, ignoring for the most part the metallurgical properties of the weld. This paper
addresses the latter problem through development of a model for in-process control
of thermally activated material properties of weld. In particular, a causai model
relating accessible inputs to the outputs of weld bead area, heat affected zone width,
and centerline cooling rate at a critical temperature is developed. Since the thernial
system is a distributed parameter, nonlinear one, it is modelled numerically to pro-
vide a baseline of simulation information. Experiments are performed that measure
the thermal response of actual weldments and are used to calibrate the simulation
and then to verify the basic dynamtics predicted. Simulation results are then used to
derive a locaily linear transfer function matrix relating inputs and outputs. These are
shown to be nonstationary, depending strongly upon the operating point and the
boundary conditions.

1 Introduction

Weld quality factors usually encompass static and dynamic
loading capacity, fracture toughness, oxidation and corrosion
resistance, geometric tolerances of the joint, or even func-
tionality and aesthetics of the bead form, with the specific im-
portance of each feature depending on the particular applica-
tion. Thus an in-process weld quality control system would
typically need to regulate in a multivariable fashion several
weld characteristics simuitaneously. These can be grouped as:

(a) Weld bead location relative to the seam;

(b) Weld bead geometry, typically characterized by the
bead width, penetration, and reinforcement height;

{¢) Thermally induced stress-strain effects, resulting in
residual stresses and distortion of the joint;

(d) Materia) microstructure, the alteration of which during
welding affects the final material properties.

Because of the complexity of the overall control problem
and the lack of comprehensive specifications, the control
systems developed so far deal with characteristics of a single
type {or more commonly a single variable within these groups)
only, and the above groups reflect the attention that each of
them has received in the related literature. The lion’s share of
the recent research efforts has been expended in the seam
tracking problem, with a moderate ¢ffort being devoted to the
bead geometry control, and to a minor extent the control of
residual stresses and distortion [1-6]. The effects of the fusion
welding process on the material structure and the final
mechanical properties have been neglected so far by all control
schemes, in spite of their obvious influence on the weld quali-
ty, particularly in cases involving extensive solidification
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defects, sensitization zones or martensitic weld beads [7-9]. It
is the objective of this paper to address this latter problem and
to develop a dynamic model of some thermally activated
properties of weldments that define the final microstructure
distribution and thus the final material properties of the weld.
In a subsequent paper, the use of this model in a nonlinear,
multivariable control system will be detailed.

The block diagram of Fig. 1(a) illustrates the dependence of
these properties on the welding process. The welding inputs,
i.e., the settings of the welding machine, are selected so that,
during the process, the temperature field history defines the
final microstructure through the various metallurgical
mechanisms and thus determines the material properties of the
weld. This open-loop control scheme by its very nature is
vulnerable to various disturbances and susceptible to signifi-
cant process modeling uncertainties. These include geometry
changes (caused by thickness and groove shape variations, and
by tack welds), material properties {in particular the thermal
diffusivity), thermal boundary conditions (such as preheat,
and variable thermal resistance of heat sinks), and arc process
changes (such as efficiency, heat distribution and pool
convection).

However, if closed-loop control is to be adopted, it is im-
practical to use feedback of final microstructure or material
property related quantities because of the large transportation
lags involved and because equipment for in-process sensing of
these is not well developed. Rather, it is possible to employ
measurable temperature field characteristics for feedback and
still use open-loop control of the final microstructure and
resulting material properties, as in Fig. 1 (). This is not over-
Iy restrictive, since most modeling uncertainties are related to,
and most disturbances occur during, the welding process
itself. In this configuration the temperature measurements are
used to estimate a set of welding outputs that describe the final
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microstructure and material properties, since the latter depend
nearly deterministically on thermal history [10, 11}. These
welding outputs can in turn be regulated to some specified {or
reference) values in order to ensure the desired weld guality.

This paper concentrates on definition of appropriate out-
puis and inputs of the welding process and development of a
dynamic model for use in control system design. The selection
of the welding inputs and outputs is predicated upon the
availability of output measurements (observability in the 170
sense), the efficient modulation of the outputs by the inputs
(controllability in the [/0 sense), and, if possible, the selection
of independent input-output pairs (decoupledness). Aithough
the fundamental dynamic model will be a nonlinear,
distributed parameter model, it will be shown that it can be ap-
proximated by a linear, lumped parameter model, i.e.,
linearized within an appropriate operating range, because of
the intended structure of the multivariable closed-loop control
system. A brief discussion of this latter topic will be presented
at the end of the paper.

2 Selection of the Welding Oulputs

As already mentioned, the welding outputs derived from a
(topside) temperature field must be chosen so as to
characterize the resulting microstructure and material proper-
ties as accurately as possible. The relationship between
temperature history and resulting metallurgy was extensively
reviewed {10, 11] for most commonly welded materials, rang-
ing from plain carbon steels to titanium alloys, in an attempt
to identify classes of common metallurgical mechanisms ac-
tivated in these materials during welding, and thus common
potential problems affecting the final microstructure dnd
material properties. The following selection of welding out-
puts was suggested by this review:

(a) The weld nugget cross section area NS, defined by the
solidus isotherm 7,,,. This is adopted as a collective measure of
the extent of solidification defects {11}, such as porosity, in-
clusions, incomplete fusion, micro-cracks, columnar struc-
ture, uneven grain size, micro-segregation and nucleation of
undesirable phases. It also characterizes the dilution of the
base material with filler material, when a consumable elec-
trode or filler rod is used. Finally, it also provides for eventual
coupling of this model with a similar bead geometry control
model {12].

(&) The heat affected zone width HZ, defined by an
enveloping isotherm T,. This may indicate the extent of weak
zones, such as the recovery, recrystallization and grain growth
areas, or the width of the zone in which some undesirable,
thermodynamically favored phase is formed, such as the sen-
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sitization zone in stainless steels (Cr,C). It may also

characterize the extent of the contamination zone in cases of
increased reactivity of the material with its environment dur-
ing welding, such as titanium and its alloys.

(¢) The centerline cooling rate CR, defined at the critical
temperature 7. This may determine the crystallization of
undesirable, kinetically favored phases, such as the martensite
in high-carbon steels, or supply a measure of the cracking
tendency of the weldment caused by thermal stresses.

The definition of the welding outputs is given in Fig. 2. Note
that NS is currently defined assuming transverse symmetry of
the pool; HZ is measured from the edge of the weld bead and
CR is dynamically defined in the Lagrangian sense. It is clear
that for each of the above welding outputs the correlation to
particular attributes of the final microstructure and material
properties, as well as its importance to the overall weld quali-
ty, depends on the specific material. As an example, in
welding a titanium a-alloy, the cross section of the bead NS
would indicate the extent of the zone in which brittle in-
termetallic compounds are formed and solution strengthening
or freezing segregation occur. The heat affected zone width
HZ would need to be controlled in order to limit the
contamination-increased reactivity area enveloped by the
1200°F isotherm, while the regulation of the centerline cooling
rate CR would ensure the complete transformation 8- to a-
phase. A detailed account of these effects for a wide range of
engineering metals is presented in (10].

3 Selection of Welding Inputs

Having identified the welding outputs NS, HZ, and CR, the
selection of controllable quantities that exert an important and
decoupled effect on the outputs and thus can serve as the
welding inputs is now in order. Insight as to the nature of the
dependence of the selected outputs to prospective inputs was
provided by a comprehensive review of the temperature field
models in the literature [10], typically classified as:

(@) Analytical models {13-31]
(b) Empirical models [32-41]
(¢) Numerical models {42-51].

Although no single existing model offers satisfactory input-
output dynamic dependencies for in-process control purposes,
the classical (or Rosenthal) steady-state thermal conduction
model provides a useful tool in assessing the sensitivity and
decoupledness of the selected outputs on various inputs 13,
15, 17]. The temperaure field developed by either a line or
point source can be solved for the maximum width of the 7,
and 7, isotherms and the centerline cooling rate at 7,
yvielding the following expressions of the welding outputs as
functions of the heat input @, torch velocity v and preheat

temperamre 7 0~
Q ) fa ( 1 ) ]
v8 r -7

NS=c,( (la)

Fig. 2 Definition of the welding outputs NS, HZ, CR
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HZ=c2(—g,-) 1y, [(73:-1._%) i/ny —(—7_”?—17,0—) Unb]{lb)

_ Q “"C( 1 )_("r"'])
CR—c,( v) -7,/

where f=n, — (1, ~n,)/(n; —ny) =1, g=2/3 and the condue-
tion exponents n,=0.96, 7,=1.70 (see [24] for complete
derivation). The coefficients c,, ¢,, ¢y and the exponeats n,,
n,, n, depend on the geometry and material of the plates as
well as on the specific process and environmental conditions,
and they are evaluated in [10] on the basis of conduction
theory. )

From equations (la, b, ¢} it is clear that the heat input Q
and torch velocity v are suitable as welding inputs, but the use
of the preheat temperature 7, as a direct control input {which
could be implemented by a leading preheat torch) is associated
with a number of problems, such as nonuniformity and
transportation lags. Note, however, that although in the above
relationships the dependence of NS and HZ on the over-
temperatures (7}, — T) and (7T, — T) is at the same exponent

{10

as the heat input Q, there is a difference of 1 in the respective .

exponents of (7, — T,) and Q in the expression for CR. Thus it
was decided to exploit this selective dependence of the cooling
rate on the preheat temperature T, and to take advantage of
the preheating effect of the main torch itself by employing a
trailing secondary torch, following at a fixed distance (Fig. 3).
As illustrated in this figure, the heat input of the secondary
torch Q, can be restricted in a range ensuring that the bead
cross section and the heat affected zone generated by the
secondary torch do not exceed the magnitudes of those of the
primary torch, thus NS and HZ are exclusively determined by
the main torch characteristics (heat input ;). However,
because of the selectivity of the preheating effect on the cool-
ing rate, the cooling rate can be independently modulated in
the same range of values of Q,, which thus exerts a decoupled
effect on CR without affecting NS or HZ. Using hindsight,
one can think of the use of a secondary torch as an in-process
implementation of a post-heating cycle or as the reshaping of
the temperature field by using an additional source.

To determine the control range of the cooling rate by the
secondary torch, an optimization problem was solved in [10],
on the basis of the steady-state conduction model for both a
line and a point source. This determined the optimum values
of the secondary torch distance x and heat input Q, for which
the absolute value of the cooling rate CR is minimized without
affecting the other outputs NS and HZ, and the maximum ob-
tainable reduction of {CR! was found to be 25-38.5 percent
for the double torch configuration. If a larger conirol range is

Fig. 3 The double-torch welding configuration
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desired for CR, a multiple torch configuration can be
employed, and again an optimization problem for N distinct
torches determined that |CR! can be reduced by 50-100 per-
cent as N— o, without affecting NS and HZ.

For acutal implementation, multiple torches have the disad-
vantages of muiltiple power supplies and possible elec-
tromagnetic interference. However, a timesharing of the heat
source, whereby the mean torch velocity is held constant while
high frequency longitudinal velocity variations occur to alter
the heat input distribution, can be accomplished since the
characteristic time constant of the arc is orders of magnitude
shorter than that of weldment heat transfer. Such motion can
be imposed either with modification to the torch manipulator
path or by magnetic deflection of the arc [39]. This allows the
possibility of a continuous heat distribution modulation along
the weld line, effectively mimicking infinite torch case.

4 Double-Torch Steady-State Model

If the configuration is confined to the use of a single sec-
ondary torch, then the temperature fields of the two torches
can be superimposed, because of the linearity of the conduc-
tion equation for invariant material properties, and the com-
posite field for the input-output relationships can be solved as
before. These can be combined with empirical (i.e., ex-
perimentally derived) relationships in the literature {34, 37, 38,
41] by introducing appropriate correction factors. Thus the
following steady-state model can be derived for the double-
torch configuration:

Ns = ¢, fg‘ )
HZ = C, (%) e @
cx - ($) ™ (165

which relates the welding outputs NS, HZ, CR to the welding
inputs Q,, v and Q,. The coefficients C,, C,, Cy, and 8 and
the exponents n,, #,, and z, can be determined in-process by
system identification procedures presented in [10]. The form
of the above steady-state model description gives a first indica-
tion of the highly nonlinear nature of the fusion welding
process.

5 Nonlinear Dynamic Model

The modeling of the dynamic dependence of the welding
outputs on the inputs involves resorting to the transient con-
duction model, which is based on the integration of an ap-
propriate Green’s function [10, 13]. A solution of the respec-
tive time-dependent temiperature field for the dynamic input-
output relationships turned out to be impractical and limited
in scope, since it could not cope with the three-dimensional
welding geometry, the phase transformations and temperature
dependence of the material properties, the complexity of the
initial and ambient conditions and the diversity of the welding
process characteristics. In order to handle these effects, a ver-
satile and general-purpose numerical simulation of the
temperature field for the multi-torch welding configuration
was developed. The simulation program integrates the
unsteady conduction (Fourier) equation:

aT
— =aVIT 3

a7 Y (3)
where T is the temperature and o the thermal diffusivity of the
material. This is done in discrete time steps At and space
elements As by employing an explicit Euler finite difference
formulation:
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Fig. 5 Top surface lemperature field at the nominal conditions
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where T'(f) is the temperature at time ¢ and T;(#) the
temperature of its neighboring points at distance As in the
three dimensions. The alternate forms of equation (4) in the
presence of conductive, convective and radiative boundary
conditions are detailed in [52], along with the simulation pro-
gram. However, the main features of this model are given
below.

The simulation program is based on symmetric butt welding
of two plates of finite thickness, and it features a pair of or-
thogonal grids of nodes moving with the torches (Fig. 4). The
external coarse grid encompasses the enveloping isotherm T},
of the HAZ while the internal fine grid encompasses the weld
pool isotherm 7, for more accuracy. An arbitrary number of
torches are arranged along the weld centerline at arbitrary
distances. /

The time histories of the heat inputs and speed of torches
are arbitrary in order to be able to simulate realistic control ac-
tion. The spatial distribution of the heat inputs is also ar-
bitrary, permitting both distinct multitorch and continuous
distribution configurations, with the default being a centrally
symmetric elliptic Gaussian distribution for each torch, with
selectable distribution radii {52].

The initial temperature field is arbitrary and is typically
defined by a uniform preheat temperature T,. The boundary
conditions provide for convective and radiative heat losses
from the two surfaces of the plates.

There is provision for an arbitrary temperature dependence
of the material properties and for latent fusion-solidification
effects during welding. The convective heat transfer in the
weld pool is accounted for by directional equivalent conduc-

At
T(t+AN=T(0)+ Zsz
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Fig. 8 Time responses of the output during the transient to the
nominal conditions (Q4* = 2500 W, v* =5 mmis, Q" =0 W)

tion factors determined experimentally and reported in the
literature [52, 53]

The output is in the form of temperature and phase distribu-
tion contours at arbitrary sections of the plates, as well as sec-
tions and 3D plots of the temperature hills and isotherm sur-
faces. The cross section of the zome in which the cooling rate
has exceeded a critical value CRy,, at the temperature T,is
also given, together, of course, with the time histories of the
welding outputs NS, HZ, and CR.

The numerical model requires experimental calibration ofa
number of parameters, namely the arc efficiencies of the
torches, the heat input distribution radii and the equivaient
conduction factors in the melt. The rest of the necessary
calorimetric data regarding the heat transfer to the environ-
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ment as well as the material thermal properties and their
temperature dependence were taken from the literature [27,
46, 52-56].

6 Experimental Calibration of the Model
The experiments performed consisted of single torch Gas

simulation. This is done by starting at the nominal conditions
and obtaining the transient response of the welding system to
steps in the inputs Q,, v, and Q,. The steps applied to each in-
put go approximately half the way between the nominal condi-
tions and the most extreme values of inputs that the system is
expected to handle in practice. The simulations performed are
listed below:

# Step input Initial value Final vaiue Fig. &
(ay Positivestep o Q;, from QF=2500W to 1.2*Q,=3000W (Fig.7)
(b) Negative step to 1» from Qf=2500W to 0.8*Q,=2000W (Fig. 8)
{c) [Positivestep to v, from v*=5mm/s to 1.2*v=6mm/s (Fig. 9)
(d) Negative step to v, from v*=5mm/s to 0.8*v=4mm/s (Fig. 10)
{e) Positivestep to Q,, from OF=0.0W to Qu.=250W  (Fig. 11)
(f) Negativestep to Q,, from Q,=00W to Qg =—250W (Fig. 12)

Metal Arc (GMA) butt welding of thin mild steel plates, with
1/8 in thickness. The wire feed and gas (A) flow were con-
stant, and no preheat was used. The welding inputs were con-
veniently modulated through the software of the welding
robot [57], i.e., by controlling in closed-loop the torch speed v
and the arc voltage V, so that the product VI provided the
necessary heat input Q,. The heat affected zone was enveloped
by an assumed recrystallization isotherm T, =824 K, and the
cooling rate was measured at the austenitization temperature
7T.=996 K.

The on-line thermal measurements consisted of scanning the
time-dependent temperature field on the top and bottom sur-
face of the plates using an infrared radiation camera system
[58], sensitive in the range of 8-14 um (HgCdTe detector, lig-
uid nitrogen cooled). The mechanical scanner was stationary
relative to the welded pieces, with its horizontal axis parallel to
the weld centerline, at a distance of 0.8 m and a viewing angle
of 30 deg relative to the plane of welding. The resulting field
of view was 300 X 40 mm, with a spatial resolution of 1.2x0.2
mm and the dynamic temperature range varied be-
tween 400-1400 K, with an accuracy of %2 K for a given em-
missivity e. The infrared pyrometry images were stored using
standard video format (30 Hz) and analyzed off-line using a
thermal image processor {59} (Fig. 5) to determine the T, and
T, isotherms and the centerline profiles. Finally the bead
geometry was studied by successive transverse sectioning,
Nital etching, and microscopic observation of the bead cross
section.

The experimental calibration of the parameters was per-
formed at a set of inputs producing outputs approximately in
the middle of the specified or desirable range (usually limited
by unacceptable fusion penetration or lack of fusion and ex-
cessive porosity). These ““nominal’’ conditions were:

Q,* = 2500 W NS* = 3.30 mm?
v* = 5 mm/s corresponding to HZ* = 5.39 mm
Q:* =00W CR* = —82.2K/s

Figure 6 presents the experimentally observed values of the
outputs during the transient from zero to the nominal condi-
tions, with the solid line representing the response of the
simulation to the same set of inputs. The model parameters
were calibrated so that this response matches the experimental
data in an approximate ITAE sense (yielding an arc efficiency
of 0.869, a heat distribution radius of 1.71 mm and an
equivalent weld pool conduction factor of 3.57). Note that the
infrared pyrometer emmissivity value of 0.69 was also
calibrated at the nominal conditions by matching the top sur-
face width of the melting isotherm 7, to the actual weld bead
width measured on its cross section. Finally, the impulsive
response of the cooling rate at the beginning of welding is fur-
ther discussed in Section 9.

7 Experimental Assessment of the Welding Dynamics

Having calibrated the dynamic model, the dynamics of the
welding process can now be studied both by experiment and by
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Thus, for example, Fig. 7 presents the measured and
calculated output response after a step increase of the heat in-
put @, by 20 percent. The response of the calibrated simula-
tion is indicated by the dashed line, which sometimes is at a
small steady-state error with respect to the experimental data.
These can be fitted better in an approximate ITAE sense by
just a slight adjustment of the calibration parameters, in
which case the response of the simulation is shown with the
solid line. Finally the “dot-dashed line corresponds to the
response of a lumped parameter, linearized model, which is
discussed later. The same notation is used in Figs. 7-12.

Figure Il illustrates the responses of the outputs to a
positive step applied to the heat input @, of a secondary torch
positioned 10 mm behind the main torch. Since an experiment
using the second torch was not performed, the predicted
responses may include small quantitative inaccuracies as
before. Figure 12 shows the analogous responses of the
simulation and linearized model for a negative step of equal
magnitude in @,, provided by a heat sink (such as a cooling
shoe or jet) at the same distance behind the main torch as
before. These are given for theoretical completeness, since a
heat sink is more difficult to implement in practice and it tends
to increase (absolutely) the cooling rate, while usually only an
upper (absolute) bound is specified on CR. The decoupling
between , and NS and HZ is discussed further in Section 9.

The nonlinear nature of the system is illustrated by the dif-
ferent response to inputs of different magnitude, i.e., the
dependence of the above step responses of all the outputs on
the value of the step applied to each of the inputs. Indeed, the
steady-state deviations of the outputs from the nominal condi-
tions after the transient are markedly different for positive
and negative steps of the same size applied to the inputs and
there is also an apparent dependence in the settling time. Also,
the dynamic dependencies are of higher order, as it is clear
from the often irregular and nonsmooth nature of the step
responses. »

8 Linearized Dynamic Model

While the calibrated simulation can be used as a dynamic
model of the welding process, a linear low-order description of
the input-output dependencies is more useful as a model dur-
ing the design of a control system for the welding process.
Thus the dynamic model can be linearized in the
neighborhood of the nominal conditions for limited ranges of
variation of the inputs, and described in terms of low-order
transfer functions. The form and parameters of the latter must
be selected so that the responses match as closely as possible
the previous experimental data (or the nonlinear simulation
response in the case of the secondary heat input (,). In the
following analysis the values of the welding inputs and outputs
refer to deviations from the nominal conditions.

The response of the bead cross section area NS to steps in
either O, or v can be approximated by the expected (1, 2] over-
damped second order behavior, in which one pole clearly
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dominates over the other, so that NS may be adequately
modelied by a first order transfer function with respect to
either Q, or v[4]. Asitappearsin Figs. 11 and 12, NS does not
respond to small enough steps of (0, i.e., it is decoupled from
the effect of the secondary torch (see section 9). Consequently,
the proposed transfer functions are of the form:

NS oK
Ql - TaS+l ’
NS K,
T ®
NS

5) =0.
o (s)

The response of the heat affected zone width HZ 1o steps in
either Q, or v has a nonminimum phase response, the basis for
which is discussed in the next section. Accordingly, it can be
closely approximated by a nonminimum phase second order
behavior of the form:

Ky(rys+) K| K,

(r 8+ D(ms+1) 7;8+1 7.5+1
where the two modes can be associated with the dynamics of
the two isotherms 7T, and T,, the width difference of which
defines HZ. The sensitivity of HZ to the third input @, is
almost insignificant, as illustrated in Figs. 11 and 12 by the
very small steady-state deviations of HZ from the nominal
conditions after a step in Q,. For the completeness of the
model a first order dependence of HZ on Q, will be considered
here, so that:

» 7,<0,  (6)

HZ (s) = Ky(rp5+1)

(2] (1,8 + s+ 1)’

HZ K1)

v (s) = (7" 15+ (7' ys+1) 7 @
HZ K,"

o ¥ e Y

Finally the response of the centerline cooling rate CR to
steps in either Q, or v may be approximately described by an
over-damped second order behavior owing to the existence of
two dominating real poles. The dependence of CR on the third
input Q, is also of second order, but with the one pole
dominating over the other, so that it can be simplified to a first
order transfer function:

R = K.
0, T (ras+rgs+1) ]
CR K.’

= , 8
P o P YR @
CR ) = K.
0 T or s+l

Section 9 further elaborates on the dynamics of the cooling
rate.

The values of the gains of all the proposed transfer func-
tions are easily determined from the steady-state values of the
respective outputs (at t=0 and t= o) and the magnitudes of
the steps imposed to the respective inputs. The time constants
are calculated by a weighted averaging of those values that
make the linearized responses to match (go through) the ex-
perimental data (or the simulated response in the case of )
at the corresponding sequence of time instants.. This is done
separately for each of the two modes of the heat affected zone
width, as well as for those of the cooling rate, where the secon-
dary time constants 7, are selected to make the second order
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Fig.7 Time responses of the outputs during a positive step to the heat
input Q4 (from Q, * = 2500 W to 1.2-Q4* = 3000 W)

transfer functions match initial flat part of the nonlinear
response. The calculated values of the gains and time con-
stants of the linearized model are compiled in Table 1.

The table reveals the strong nonlinear dependence of the
parameter values on the input magnitude. This is true even
when compared to the experimentally determined repeatability
of =11 percent. Thus, Table 1 actually provides ranges of
variation for the nonstationary model parameters and in-
dicates the need for their in-process identification.

Finally, the linearized dependence of the welding outputs ¥
to the welding inputs U may be written in the form of a
transfer matrix G as:
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Table 1 Gains and time constants of the linearized dynamic model

Output Nugget section Heat affected zone Cooling rate
Input NS (mm?) HZ (mm) CR (K/s)
1 Step Ka Tg Kb Ts T 72 KC ™ T8
+0.2 0.00574 1.57 0.00356 -1.56 | 5.42 §{ 0.50 || 0.0336 5.33 0.50
o, o} mm?*/W s mm/W $ s $ K/} s s
-0.2 0.00434 0.63 0.00221 ~-L.78 | 2.75 | 0.33 0.0632 4.43 0.61
Q; mm2/W s mm/W 5 s s K/} 5 s
+0.2 -~ 0.91 1.78 ~1.21 -1.39 | 3.04 | 052 -27.9 4,61 0.45
v v* mm.s s s 5 s [ K/mm s s
-0.2 -LI2 4.95 -3.40 - 116 I1.0 | 0.65 -25.5 6.02 0.41
vt mm.s s s S s s K/mm s s
+0.I 0 0 0.00051 0 2.65 0 0.0976 2.40 ¢
0, [0} mm*/W $ mm/W $ s 8 K/J s $
‘ -0 0 [ 0.00023 0 2.41 0 0.1590 2.12 [¢]
o mm/W s mm/W N s s K/} s s
Y(s) =G{s)-U(s) (9) nominal value during the steps in the secondary heat input 9,
with of Figs. 11 and 12 can actually be nullified by-using a step of
i smaller size in Q,, a longer distance x between the torches or
NS(s) 0, (s) for materials of smaller thermal diffusivity o such as stainless
Y(s)= | HZ(s) |, Usy=| v{s) |, (10) §teel {10]. As already discussed, the optimization of the cool-
CR(S) Q. (s) ing rate for the double or N-torch configuration in Section 3

I'NS/QI (s) NS/v(s) NS/Qz(s)]
G(s)= |HZ/Q,(s) HZ/v(s) HZ/Q,(s) |, ()
CR/Q, (s} CR/v(s) CR/Q,(s) '

where all the elemental transfer functions of G(s) are as given
above. As already mentioned, the responses of the linearized
outputs above to the same step inputs are indicated on Figs.
7-12 with a dot-dashed line.

9 Discussion

Despite the apparent success in capturing the system se-
quence in the form of nonstationary transfer functions, there
are several important observations regarding the nature and
cause of the observed responses.

First, during the transient to the nominal conditions of Fig.
6, the impulsive response of the cooling rate is because of the
generation of a steep temperature hill at the beginning of
welding. In particular, the positive excursion is caused by the
initial heating the area directly under the torch, and it is soon
followed by a sharp drop because of the high gradient of the
newly developed temperature hill. These impulsive effects are
not observable during the initiation of the secondary torch in
Figs. 11 and 12 because CR is measured at the centerline loca-
tion of the 7. isotherm of the already existing main torch
temperature hill, at a point well behind the position of the
secondary torch.

As already mentioned, the nonminimum phase character of
the heat affected zone width response to steps in either @, or v
was expected, because of the definition of HZ as the dif-
ference between the widths of two different isotherms, namely
T, and T, each of which exhibits a quasi-first order response
to steps of the above inputs. The time constant 7, of the pool
isotherm T, is less than the time constant r, of the enveloping
isotherm 7, of the HAZ, since the thermal time constant of
the isotherms increases monotonically with decreasing
isotherm temperature.

As explained in the derivation of the steady-state model, the
cross-section of weld pool created by the secondary torch is
not allowed to exceed that of the primary torch. Thus NS does
not respond to small steps in Figs. 11 and 12. The small devia-
tion observed in the heat affected zone width HZ from its
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was based on this assumption of HZ being decoupled from the
effect of Q,, which greatly facilitates the design of a control

strategy.
Finally, a closer look at the simulated responses of the cool-

ing rate CR to steps of all three imputs reveals small-
amplitude, high frequency oscillations superimposed to the
dominant overdamped second order response, denoting the
presence of complex conjugate pairs of poles far to the left of
the dominant real poles. These contributions are insignificant
in mild steel, but may become important in materials with
smaller thermal diffusivity as was shown in [10] for stainless
steel. There it was suspected that this oscillation stems from
the periodic solidification of the material at the back of the
pool (solidification front) in a variable rate, freeze-hold mode,
to which the ripples of the weld bead are also attributed.

At this point it is possible to examine the agreement of the
steady-state values of the welding outputs after the various
steps in the welding inputs, with the steady-state model predic-
tions of equation (2). To this end, the latter are equated to the
corresponding experimentally obtained values, and the ex-
ponents n,, n,, n, of the steady-state model expressions are
calculated. These can be now compared to the respective ex-
pected values by the line and point source conduction models
[15, 24] as follows:

{a) Nugget cross section NS: n,=1.19-1.51 {expected:

n,=1.25) .
{b) Heat affected zone HZ: n,=.936-.954 (expected:
nb=. .. l)

(¢) Center cooling rate CR: n.=1.22-1.38 (expected:
n.=1-2) .

“This indicates that the nonlinear dependence of the steady-
state values of the outputs NS, HZ, CR on the values of the in-
puts Q,, v, Q, is in reasonable agreement with the predictions
of the steady-state model. The small deviations are caused by
the assumptions of the latter as well as its combination {during
derivation) with empirical relationships formulated by dif-
ferent experimental data.

10 Conclusions

A set of welding outputs (the weld nugget cross section area,
the heat affected zone width, and the centerline cooling rate)
was selected to characterize the final microstructure and
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Fig. 8 Time responses of the outputs during a negative step to the
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material properties of the weld joint, and a set of welding in-
puts {the heat input of main torch, travel speed, and the heat
input of a secondary torch) was chosen as appropriate for the
control of the outputs. A steady-state model as weli as a finite
difference numerical simulation were developed to describe
the input-output dependencies, and their predictions were
found to be in reasonable agreement to each other. After ex-
perimental calibration, the numerical simulation was validated
asa dynamic model of the fusion welding process by compar-
ing the simulated responses of the outputs NS, HZ, CR to step
mmputs in Q,, v, @, to experimentally observed transients. This
dynamic model was then linearized in the neighborhood of an
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operating point and expressed in terms of low order transfer
functions. The parameters of the resulting linear system, ex-
cept for their dependence on the geometrical arrangement
(plate thickness, torch distance), the material properties (ther-
mal diffusivity) and the environmental conditions and process
characteristics (arc efficiency, heat distribution, melt conduc-
tion}), also depend on the values of the inputs because of the
nonlinearity of the original dynamic model.

The purpose of this linearization was to facilitate the design
of a thermal control system aiming at regulating the outputs
NS, HZ and CR to a specified (or reference) set of values NS,
HZ,, and CR,. These desired values will be experimentally
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defined for each particular welding application so as to ensure
consistently acceptable material microstructure distribution,
and thus the desired material properties in the joint. The re-
maining steps to this purpose will include the implementation
of an appropriate temperature sensor system and the design of
a control scheme.

The necessary temperature sensing scheme for the evalua-
tion of the outputs and the in-process identification of the
model parameters will be based on the temperature
measurements at distinct points of the top plate surface ob-
tained by the infrared thermographic camera used in the
modeling experiments before, interfaced to the computer con-
troller [60-62]. As indicated by the hypothetical arrangement
of Fig. 13, which illustrates the temperature measurement
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needs, the heat affected zone width HZ can be determined by
appropriate interpolation of the T,-isotherm among the
measured temperatures at a number of lateral points. Similar-
ly the centerline cooling rate can be determined by interpola-
tion of the critical temperature T, among the temperature
measurements at a number of trailing points [10]. The estima-
tion of the nugget cross section NS, which in the modeling ex-
periments was directly (and destructively) measured off-line,
normally requires the extrapolation of the T,, isotherm from
the temperature measurements at the lateral top surface point
and its interpolation among a number of measurements on the
back center-line, The necessity for these measurements can be
eliminated by a reliable correlation of the cross section area
NS to optically measured values of the bead width and rein-
forcement height, and to ultrasonically measured values of
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penetration {1, 63, 64], but the lack of direct measurement
currently limits complete implementation of this scheme.
The intended multivariable closed-loop control system is il-
lustrated in Fig. 14. Its design is based on the MIMO linear-
ized model of the process, which, because of its input-output
connection nature, does not provide state realizations with
physically meaningful or directly observable states. The
temperature measurements are used not only for the evalua-
gion of the welding output values NS, HZ, CR, but also for the
identification of the model parameters which tune the con-
troller model. The need for this parameter adaptation stems
from the dependence of the model parameters (gains and time
constants for the linearized dynamic model) on the welding
conditions as well as on the magnitude of the inputs. Thus, ex-
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cept for the nonlinear variation, the initial (structured) uncer-
tainty and parameter drift during welding, the adaptation law
is expected to handle abrupt changes in the welding geometry,
process characteristics, environmental conditions and material
properties. Moreover, the control law is required to ensure the
robustness of the closed-loop system to unstructured uncer-
tainty, i.e., tolerance to unmodeled dynamics of the welding
process. Finally, the closed-loop system is expected to be
asymptotically stable at least in the region of practical interest,
and to show a satisfactory transient and steady-state perform-
ance. Various design approaches are possible under these con-
trol conditions, and the selection of the most efficient regula-
tion scheme will depend on the particular circumstances and
requirements, such as tracking of réference commmands and re-
jection of disturbances of a specific nature and intensity.

One such double-loop controller was recently developed in
[65] on the basis of a discrete-time multivariable adaptive
deadbeat algorithm. The parametrization of this controller
was obtained by discretization of the above linearized model
in an ARMA form, and the initial parameters were estimated
using values from Table 1. The performance of the closed-
loop system was simulated using the full numerical model as
the plant. This indicated that good bandwidth can be obtained
for simple parametrizations and short sampling periods (2 s).
In actual implementation, such sample times were not possible
because of actuator and thermal sensor speed limitations. A
control system was finally implemented with a sample period
of 2.4 s by redefining the outputs in a manner that allowed
their rapid measurement and simplified the controller calcula-
tions. These modifications, and the details of the controller
design will be the subject of a subsequent paper.
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