Simultaneous In-Process Control of
Heat-Affected Zone and Cooling Rate

during Arc Welding

A model is developed for independently regulating the time-temperature
relationship of the HAZ and the centerline cooling rate

ABSTRACT. The problem of process con-
trolin welding involves not only regulation
of weld bead geometry, but also ther-
mally induced changes such as distortion,
residual stresses and metallurgical trans-
formations near the weld. This paper ad-
dresses the last of these, and poses it as a
feedback control problem. The objective
is transformed to one of controlling the
surface temperature field in-process, and
using temperature feedback toimplement
such a scheme. A control model of the
process is presented, and a parameter
adaptive controller is designed to ensure
consistent control system performance. A
series of numerical simulations and exper-
iments using GMA welding is presented
that confirms the model and illustrates the
desired properties of the controller. With
this system, the heat-affected zone and
cooling rate (through their correlates in
surface temperature-time relationships)
can be regulated independent of each
other, and gross disturbances to the tem-
perature fieldrejected totally inthe steady-
state. In addition, dynamic performance
- of the control system is illustrated, and the
limits imposed by current hardware are
discussed.

Introduction

Recent interest in real-time control of
welding processes has concentrated pri-
marily on control of geometric attributes
“of the weld (Refs. 1, 2). While geometry is
indeed a primary determinant of weld
quality, a complete welding control sys-
tem must also include the thermal effects
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of distortion, residual stress and metallur-
gical transformation close to the weld. In
addition, a welding control system must
be able to simultaneously regulate all of
the weld variables of interest, taking into
account the highly coupled nature of the
typical process inputs and outputs.

This paper addresses the problem of
in-process control of several metallurgical
transformation mechanisms. The impor-
tance of such control can be realized by
considering weld joints with acceptable
bead geometry and negligible residual
stresses and distortion, but with highly im-
perfect final microstructure, particularly in
cases involving extensive solidification de-
fects, sensitization zones or martensitic
weld beads (Refs. 3-6). Such weld imper-
fections can be attacked in-process by
modulating either the filler material com-
position or the thermal history of the pro-
cess. Since the former is impractical to
manipulate in-process, modulation of the
heat input will be adopted herein to effect
the control authority.

The “open-loop” block diagram of the
process in Fig. 1A shows quantities reflect-
ing final microstructure and material prop-
erties as system outputs, however, they
are typically not measurable in-process.
But, since these properties are usually
well-behaved functions of temperature
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field characteristics (Refs. 7, 8), it is possi-
ble to measure the latter for feedback and
still use open-loop controf of the final mi-
crostructure and the resulting material
properties. This is not overly restrictive,
since most process uncertainties and ex-
ternal disturbances appear in the thermal
process, inside the proposed control
loop~Fig. 1B.

To deveiop the control system, the first
task is to define a set of measurable out-
puts that will adequately describe the mi-
crostructural and material characteristics.
These then must be controlied to refer-
ence or command values using suitable
welding inputs. The latter are selected so
as to insure efficient and decoupled (inde-
pendent) modulation of the chosen out-
puts.

Selection of the Welding Outputs

The definition of the welding outputs
{those that can be measured and con-
trolled) is based on the relationship be-
tween thermal history and resulting met-
allurgy, which was extensively reviewed
in {Refs. 7 and 8) for various commonly
welded materials, ranging from plain car-
bon steels to titanium alloys. This review
identified classes of common metallurgical
mechanisms activated in these materials
during welding, as well as common po-
tential problems affecting the final micro-
structure and mechanical properties. From
this review, the following outputs are se-
lected: :

" 1) The weld nugget cross-section area
(NS), defined by the solidus isotherm Te.
This is adopted as a collective measure of
the effect of solidification faults, such as
porosity, inclusions, incomplete fusion,
shrinkage microcracks, columnar struc-
ture, uneven grain size, microsegregation
and nucleation of undesirable phases in
the weld bead (Ref. 3). It can also be em-
ployed to determine the dilution of the
base metal with additional material, when



a consumable electrode or filler metal of
different composition is used, as in weid-
ing of mild steel with an austenitic elec-
trode, where the martensitic region of the
Maurer diagram must be avoided (Ref. 4).

2} The heat-affected zone width (HZ),
defined by an enveloping isotherm Ty,
This may indicate the extent of weak ma-
terial zones, such as the recovery, recrys-
tallization and grain growth areas, or the
width of the zone in which some undesir-
able, thermodynamically favored phase is
formed, such as the sensitization zone in
stainless steels (intergranular nucleation of
CriC, (Ref. 5), or the overaging zone of
precipitation-hardened aluminum alloys
(coalescence and growth of §-phase par-
ticles, (Ref. 6)).

3) The centerline cooling rate (CR), de-
fined at the location with a critical tem-
perature T.. The centerline (maximum)
cooling rate may decide the crystaliization
of undesirable, kinetically favored phases,
such as the martensite of high-carbon
steels, or supply a measure of the crack-
ing tendency of the weldment, caused by
thermal stresses or various kinds of struc-
tural embrittlement, especially in high-
alloyed steels and hot short materials
(Refs, 7, 8).

These outpuits are illustrated in Fig. 2.
Note that NS is defined for one of the
symmetric plates only, HZ is measured
from the center of the weld bead and CR
is dynamically defined in the Lagrangian
sense at the material point x.. All three can
. be evaluated in terms of time varying iso-
therm locations, and the difficulty of mea-
suring these will be addressed later in the
context of controf system design.

Selection of the Welding Inputs

Since the goal of this work is te develop
a closed-loop control scheme, what is
sought here is a causal or control model of
the process. Outputs NS, HZ and CR must
be paired with a like number of input
variables that exert a substantial and inde-
pendent influence on these outputs (oth-
erwise referred to as sensitivity and de-
coupledness). Candidate input variables
were explored by a comprehensive liter-
ature review of the temperature field
models {Ref. 9), typically classified as: an-
alytical models, e.g., (Refs. 10-12); empir-
ical models, e.g., (Refs. 13-15); and nu-
merical models, e.g. (Refs. 16-19).

None of the models reviewed detailed
the input-output dynamics in a manner
sufficient for in-process control purposes,
and the development of such a model is
a major part of this work (see Doumanidis
and Hardt for details) (Ref. 20). However,
in identifying candidate inputs, the classi-
cal thermal conduction model{Refs. 10,11}
provides a useful tool for examining sen-
aitivity and decounledness. Under the as-
sumptions of an nninite plate geometry;
homogeneous, isotropic, temperature-in-
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Fig. 1—>Schematic causality of the welding process. A~ Open-loop control: and B— closed-loop

control.

variant material properties with no phase
transformations; and conductive heat flow
with no surface losses, the steady-state
temperature field developed by either a
line or point moving source can be solved
for the maximum width of the T, and Ty,
isotherms and centerline cooling rate at
Te. This yields the following expressions of
the welding outputs as functions of the
heat input Q, torch velocity v and preheat
temperature T,:

NS = C1(%)na(,[.—m’j:_l_—o)na (13)
1/np
HZ = CZ(%) . (1b)

( 1 1/nb 1 s
Th_To B Tm_To

¢ 1 —(nct+ 1)
R = q(%) (—-—TC_TO) (1)

where Ty, = melting temperature, Ty, =
HAZ critical temperature, T. = cooling
rate critical temperature, f = ny ~ (N, ~
m)/(n3—nz)=1,g=2saandn; = 0,96,
n3 = 1.7 (obtained from Ref. 16). The co-

efficients ¢4, ¢;, ¢3 and the exponents n,,
Ny, Nc depend on the geometry and ma-
terial of the plates as well as on the spe-
cific environmental and process condi-
tions, and were evaluated in Ref. 9 on the
basis of conduction theory.

Because of the differing exponents for
all three outputs, the heat input Q and
torch velocity v will exert different influ-
ences on all three outputs. Thus, they are
clearly suitable as welding inputs. The
candidate for the third input is the preheat
temperature T,. However, the use of T,
as a direct control input {implemented, for
example by aleading preheat torchjwould
cause problems of nonuniformity and
time delay. On the other hand, since the
exponent of the term 1/{T¢ — To} in the
expression for CR (Equation 1c}is different
from that of the Q/v term, it is possible to
exploit this selective dependence by em-
ploying a second torch trailing a fixed dis-
tance x behind the main torch—Fig. 3. In
this way, the main torch has a preheating
effect on the CR. Accordingly, the heat
input of the primary torch Q,, the heat in-
put of the secondary torch Q, and their
common travel speed v are adopted as
the inputs to the welding process.

As illustrated in Fig. 4, the heat input of
the secondary torch Q; can be modulated

Fig. 2 - Definition of
the welding oulputs
NS, HZ and CR.
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Fig. 3— The double welding gun configuration and temperature fieid.

in a restricted range, insuring 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, and thus NS and HZ are
exclusively determined by the main torch
characteristics (Q4, v). Within this range,
Q; exerts a virtually decoupled effect on
CR, without affecting NS or HZ, because
of the selectivity of the preheating effect
on the cooling rate. Thus, the use of a
secondary torch can be thought of as an
in-process implementation of a postheat-
ing cycle, or as reshaping of the temper-
ature field by-using an additional source,
affecting the cooling rate only. To deter-
mine this control range of CR by the sec-
ondary torch, an optimization problem
was solved in Ref. 9, on the basis of the
steady-state conduction model for both a
line and point source, assuming Th = Te.
This determined the optimum values of
the secondary torch distance x and heat

& ACTUATOR

PARAMETER
IDENTIFIER

NS, HZ,CR
OBSERVER

input Q; for which the absolute value of
the cooling rate CR is minimized, without
affecting the other outputs NS and HZ.
The maximum obtainable reduction of CR
was found to be 25~38.5% for the double
torch configuration. If a broader control
range is desired for CR, a muitiple torch
configuration can be employed. Again, an
optimization problem for N distinct
torches, arranged along the centerline,
determined that CR can be reduced by
50~100% as N — oo, without affecting NS
and HZ. Of course, a continuous heat dis-

tribution along the centerline is another

possibility to be examined.

Steady-State Control

From the introduction it is clear that
each desirable welding situation will be
associated with a desirable set of specifi-
cations for NS, HZ and CR. The multivari-
able, adaptive, feedback control system
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fig. 5— The multivariable adaptive closed-loop control scheme.
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Fig. 4— The temperature measurement system.

illustrated in Fig. 5 is intended for the reg-
ulation of the welding outputs Y {through
modulation of the inputs Uj to such refer-
ence values Yq=[NSq HZg CR4J". The
temperature measurements are used not
only for the evaluation of the welding
outputs, but also for the identification of
the model parameters that tune the con-
troller. Thus, based on the steady-state
model above, each sampling period T (i.e.,
iteration) of the control system shown in
Fig. 5, would consist of the following
steps:

1) Wait until the welding outputs reach
steady state.

2) Verify the values of the welding
inputs U(t-T).

3) Evaluate the current welding outputs
Y{t) using the spot temperature measure-
ments.

4) Identify the model parameter esti-
mates O(t) from Y(t) = f(9(t), U(t-T)), using
the spot temperature measurements.

5) Determine the necessary inputs U(t)
to obtain the desired outputs Yg4 by solv-
ing Ya = £(0(1), ().

6) Apply Uft) and repeat the procedure
from Step 1 for the next iteration.

However, the control system design
must take into account the dynamics of
the thermal processes, otherwise severe
stability and speed limitations will be im-
posed. An analytical approach would em-
ploy the transient conduction model,
based on the integration of the appropri-
ate Creen's function (Refs. 9,71). How-
ever, the derivation of dynamic welding
input-output dependencies from this so-
lution was discouraged by its impractical-
ity and limited scope of application owing
to the Rosenthal assumptions. Accord:
ingly, a nonlinear, dynamic simulation of



the relevant heat transfer in the weldment
was developed based on a finite differ-
ence formulation and is déscribed below
in detail. However, it is first necessary to
consider the practical aspects of real-time
measurement for control.

First of all, we must at this time abandon
the use of NS as a welding output since the
means to measure NS does not yet exist.
However, for the /neasurement of HZ and
CR, an infrared {IR) camera can be used.
The ability of scanned infrared cameras to
perform rapid line scan thermal measure-
ments also motivates the redefinition of
the remaining two welding outputs {Fig. 6)
inthe following way. Assume that the scan
lines of such a camera can be instanta-
neously aligned with either axis of travel.
Now, instead of specifying the isotherm
temperature Ty and controlling its width
to wy, it is possible to specify a parallel
sideline, at distance wp = wy, from the
centerline, and regulate the peak temper-
ature on it to Tp = Tp. This peak temper-
ature T, requires a single sensor line scan
along the sideline per sampling period and
is more nearly linear than HZ, because of
the smaller spatial variation of its occur-
rence location (x5, Wp).

The cooling rate (CR = 3T/dt/1y), be-
cause of the time differentiation involved,
requires at least two successive line tem-
perature scans along the centerline per
sampling period. However, it can be inte-
grated over the time T instead, and yield
the temperature drop T4 of the centerline
point xg, which was at critical temperature
T at the previous sampling instant:

t
= T dr=mo-Te-n}, @
=T

The evaluation of T4 requires a single sen-
sor line scan along the centerline per sam-
pling period, and it is less noisy than CR as
a welding output.

In selecting the necessary two welding
inputs, the welding gun velocity v is elim-
inated because of its slow nonlinear influ-
ence on the welding outputs {see Equation
3). Implementing primary and secondary
heat inputs Q4 and Q; is best done using
anautogenous torchfor the traifing source.
However, for the ensuing experiments, a
time-shared single torch technique was
employed. This is done by performing a
cydling motion along the centerline with
constant period T,, which imitates the ac-
tion of two separate welding guns at fixed
separation distance x, moving at a con-
stant net common speed v = 1/T,, as
shown in Fig. 7. This illustrates the geom-
etry, kinematics and power distribution of
the i-th torch cycle steps:

The sectional velocities v and v, (se-
lected so that T, is constarnt) and arc
power (3 (held constant during each cycle
of the welding gun, which are used for the
modulation of the welding inputs Q, and

Sideling

L

Fig. 6 —Definitions of the welding outputs T, and Ty,

Q; of the resulting continuous heat distri-
bution along the centerline, are deter-
mined as follows:

v = {1+ Qy/Qu)1/T,

va = (1+ Q/Qy)1/T, 3) -

Q = (Q1 + QT (Tr-tortoz)

The key to such time sharing is that the
characteristic time of the cycle (T,) must be
at least half that of the characteristic time
of the control system (cycle time T). Thus
the system considered below for model-
ing and control experiments comprises a
single time-shared welding gun and two
outputs: T, and Ty

Process Modeling

In order to model the dynamic depen-
dencies between the two welding out-
puts {Tp, Tg) and inputs (Q4, Q) of the
2 X 2 welding configuration, and rather
than resorting to the idealized analytic
transient expression of Equation 3, a nu-
merical simulation of the temperature field
for the multi-gun configuration was de-
veloped (Ref. 40). The computational sim-
ulation program integrates the unsteady
conduction equation {Fourier), in discrete
time steps At and space elements As, by
employing an explicit Euler finite differ-
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Fig. 7~ Welding gun position, speed and heat input during a gun cydle.
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ence formulation:

%% =VIT->T(t + At) = T(y) +

6
= [ YTi- 6T<t>] (@

i=1

where T(t} is the temperature of a location
time t and T{t) the temperatures of its
neighboring points at distance 8s in the
three dimensions. Alternate forms of Equa-
tion 4 in the presence of conductive, con-
vective and radiative boundary conditions
along with the program documentation
are given in Ref. 20. The main features in-
clude the use of fine and coarse node
grids (enveloping the T, and Ty, isotherms
therms respectively, as shown in Fig. 8),
the ability to handle an arbitrary number
of welding guns, each with a unique heat
input distribution, and the provision for

temperature-dependent material proper-
ties. While the method considers only
conduction in the weldment, the convec-
tive heat transfer in the weld pool is
accounted for by directional equivalent
conduction factors, determined experi-
mentally and reported in the literature
{Refs. 22-25). The time histories of heat
inputs and speed of the welding guns are
arbitrary, to enable simulation of realistic
control action.

The numerical model requires experi-
mental calibration of a number of param-
eters, namely the arc efficiencies of the
welding guns, the heat input distribution
radii and the equivalent conduction fac-
tors in the melt. The rest of the necessary
calorimetric data for the heat transfer to
the environment, as well as the material
thermal properties and their temperature
dependence, are taken from the literature
{Refs. 17,34,22-25).
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Fig. 9— Experimental implementation of the thermal control system.
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Experiments and Model Calibration

The calibration {as well as all subsequent
welding experiments) comprised GMA
welding of thin mild steel plates, V4-in. (3.2
mm) thick. Argon-2% oxygen shielding gas
was used, flowing at 50 ft3 (106 L./min).
The welding wire was ER705-6, 0.035-in.
diameter. Nominal open-circuit voltage
was 30 V and the wire feed rate was 400
in./min, All experiments were executed
with a travel speed of 12 in./s (305 mm/
5). All welding parameters were controlied
by an Automatix Al-50 welding robot. The
gun cycling necessary for time-sharing the
heat input was implemented using the fast
joint-interpolated motion of a single robot
joint for the three first segments, shown
exaggerated in Fig. 7. The arc power Q
was manipulated through the welding
voltage V, so that its product with the
current | {nearly constant owing to a con-
stant wire feed) provides the necessary
Q=W

The on-line thermal measurements con-
sist of scanning the time-dependent tem-
perature field on the top surface of the
plates, using an infrared radiation camera
system (Ref. 26}, sensitive in the range of
8-14um (HgCdTe detector, IN; cooled).
The mechanical scanner is stationary rela-
tive to the welded pieces (Fig. 9), with its
horizontal axis paralle! to the weld center-
line ata distance of 0.8 m and viewing an-
gle of 30 deg relative to the plane of
welding. The resulting field of view is
300 X 40 mm, with a spatial resolution of
1.2 X 0.2 mm, and the dynamic tempera-
ture range varies between 400-1400 K,
with a temperature resolution of 1K. The
infrared pyrometry images are stored us-
ing standard video format and analyzed
offline, using a thermal image processor
(Ref. 27), to determine isotherms and
thermal profiles. The temperature distri-
bution of the centerline is used to deter-
mine T4, defined at the austenitization
temperature T = Ta1 = 996 K for a sam-
pling period T = 2.4 5, and that of the
sideline is used to determine T, at distance
wp = 10.5 mm, corresponding to the
width of an assumed recrystallization
zone — Fig. 10.

The experimental calibration of the nu-
merical simulation parameters is per-
formed so that the computed responses
fit the experimental data during an initial
transition to the nominal conditions—
Fig.11. These are a set of input values:
Qy* = 2500 W, and Qy* = 250 W that
produce weiding outputs corresponding
toTp* = 824K and Tg* = —96.5K, which
are approximately in the middle of the
specified or desirable range. Since T4is not
defined during the first T = 2.4, an upper
bound of | T = (T — T}isusedinsteadin
Fig. 11. The calibration yields an arc effi-

ciency 5 = 0.87, heat distribution width
¢ = 1.7 mm, equivalent conduction factor
¢ = 3.6, and R emissivity ¢ = 0.69, deter-



mined by matching the nominal top sur-
face width of the solidus isotherm
Tm = 1738 K to the actual weld bead
width.

Development of Process Transfer
Functions

Starting at these nominal conditions, the
process dynamics are identified by obtain-
ing the responses of the welding outputs
T and Ty to both positive and negative
steps of each welding input Q1 and Q,
separately. This was done both by simula-
tion and by experiment, with example re-
sults shown in Figs. 12 and 13.

Note that while each step exhibits dif-
ferent steady-state gains and response
times, each transient can be approximated
by delayed, critically damped, second or-
der behavior (shown by the dot-dashed
line), described by the differential equa-
tion:

F(O) + 2wy(t) + w¥y(t) = K o?uft = d)  (5)

where w is the natural frequency of the
equivalent second order system, K is the
steady-state gain, y(t) is To—To* or
Ta = Ta*, u(t) is Qi — Q* or Q — Qy*,
and d is an input delay time. Such critically
damped systems can often be approxi-
mated by an first order system such as:

Teq¥(t) + y(t) = K u(t — d) (6)

which is intended to simplify the control
system design. The differential equation
parameters K, 7, d, identified by fitting the
responses of the linearized model! to the

INITIAL TRANSIENT TO NOMINAL CONDITIONS

Fig. 10— Top surface temperature field at the nominal conditions.

previous experimental data, are collected
in Table 1, and their different estimates for
positive and negative input steps of the
same size demonstrate the nonfinearity of
the original mode! and the consequent
need for in-process parameter adapta-
tion.

Thermai Control System

The nonstationary characteristic of the
dynamic process model imposes several
design requirements on the control strat-
egy. It must deal with the multiple input-
output nature of the system, while pro-
viding anin-process parameter adaptation
capability to track the variable time con-
stants, gains and delay terms. Among var-
ious techniques offered by control theory,
a discrete-time, multivariable, adaptive
control algorithm (Ref. 28) will be adopted

RREIARY HEAT INPUT 205,70 5 7

for the thermal control system as best
suited to the above requirements. This
“dead beat” controller follows the same
general philosophy as the steady-state
strategy before, the main difference being
that controller parameters are estimated
by a recursive adaptation law:

&1) = &t—T)+(t)[&(t—T)®"(t—D)] %
&'(t—D)

where 6(t} consists of the dynamic model
‘parameters (which include the Ts and Ks
from Equation 6) and ®(t) is a dynamic
register vector comprising outputs
¥{t) = [T Ta] and the inputs uft) = {Q+Qy)
together with previous input-output his-
tory. The necessary input values uft) to
obtain tracking of the reference outputs
ydlt) = [Tp Talq after a delay d are ob-
tained by solving the control law:

yalt) = &) &(t) (8)
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Moreover, this algorithm is modified by
constraining the welding inputs Qq and Q;
to feasible ranges, in-process modulation
of the adaptation gain () to insure solv-
ability of the control law, and adding an
external secondary control loop to im-
prove the closed-loop performance (Ref.
21).

The experimental implementation of
the closed-loop thermal control system is
iltustrated in Figs. 14 and 15, where the ar-

rangement and configuration of the ther-
mal sensor and process actuator are as in
the modeling experiments. The nominal
welding conditions used were identical to
those described earlier under model cali-
bration. The microcomputer (AT&T
PC6300} executes the controller software
{the above algorithm} with externally cal-
ibrated initial_ estimates of the 12 pa-
rameters in &0). The sampling period
T = 2T, = 2.4 5, which is the smallest inte-

Table 1—Transfer Function Parameters of the Linearized Model «@

Tpeak at Wp = 10.5 mm

Tdrop at T=245s

Input  Cutput Tp K) Td (K)
| Step K d w Teq K d w Teq
K/W) {s) {rad/s) (s) {(K/W} {s) {rad/s} {s)
Q +O.2QI 0.144 1.0 0.410 4.38 0.0441 1.4 0.313 6.39
w) -0.20, 0.150 1.2 0.352 5.68 0.0546 17 0.321 6.24
+Q§ 0.0394 0. 0.665 3.01 0.0489 0.2 0.357 5.60
—Qf 0.0522 Q. 0.625 3.20 0.0671 0.6 0.476 4.20
{3} a—standard.
Parameter
Calibration Disturbances
Actuator
Actuator Command
B Welding | _ATC o]
R
Desired yoch. signa )
Computer- Welding )
s int Controller Process
etpoin Thermal Data Temp weldment
IR '
Sensor Mode Camera | ¢iopg
Sensor

Fig. 14— Control equipment communication diagram.
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ger number of welding gun cycles (for
synchronous operation) that also satisfies
the conditions for algorithm stability and is
practically implementable, since it covers
the process delays, thermal measurement,
algorithm computation and actuator re-
action times,

After the nominal conditions are
reached, the closed-loop operation starts.
Then, either a new reference commana
or a process disturbance is encountered
and the resulting transient response is re-
corded. Eachsampling period begins when
asynchronizationsignalis transmitted from
the actuator to the controller, at which
time the welding robot starts the first gun
cycle. After waiting for some time to
compensate for the process delays, the
compuiter sets the IR camera to the mea-
surement mode. The infrared pyrometer
senses the welding temperature field and
transmits back to the computer the ther-
mal profiles, first of the T, sideline and
then of the centerline. The camera is then
reset to the monitoring mode, i.e., the re-
cording of thermal images for ofi-line
processing, for the remaining part of the
sampling period.

Next, the welding outputs Tp and Tq are
evaluated in-process from the two line
scan thermal profiles, and the control
algorithm determines the necessary weld-
ing inputs 4 and Q; for their regulation
to setpoints Tpd and T48. Thus, the actua-
tor variables (the sectional velocities vy, v2
and the arc power QQ) can be computed
according to Equation 3, and transmitted
as an actuator command to the welding
robot through a second serial communi-
cation line. Finally, the computer saves the
current sampling period results and waits
for a new synchronization signal, at which
time the robot has completed the second
welding gun cycle and adjusts to the new
values of the actuator variables for the
next sampling period. This routine is re-
peated until the full test weld bead length
(300 mmj is deposited.

Thermal Controller Performance
Simulation and Experiment

The performance of the closed-loop
system was tested using both simulation
and experiments. The welding output and
input responses of the thermal control
system to a substantial simultaneous step
in both the T, and Ty setpoints are shown
in Fig. 16. Also shown is the respective
transients computed using the numerical
simulation as the process model. While
the general correspondence betweensim-
ulation and experiment is quite good,
variations among the transient responses
and the steady-state deviations of welding
inputs do occur because of modeling im-
perfections {parameter errors, unmod-
eled dynamics and nonlinearities). The
desired welding outputs are tracked ex-
actly at the steady state, and the transients

T



i

are smooth because of the mild input
modulation, although the settling lengthis
about 70 mm {2.8 in.).

Changes in desired heat-affected zone
and cooling-rate conditions (and hence
the setpoints for T, and Tg) will be un-
common, and it is more likely that the
contro! system will be required to maintain
fixed setpoints so as to reject process dis-
turbances, such as thickness changes, heat
sink variations and arc changes. Accord-
ingly, the performance of the thermal
control system in maintaining the specified
nominal conditions in the presence of un-
expected process disturbances was first
tested during a severe step change of the
plate thickness (on the bottom plate sur-
face) at t = 0, from 3.17 to 2 mm (0.125
to 0.08 in.). The experimental welding
output and input responses are illustrated
in Fig. 17, together with the computed
transients with the numerical simulation
(solid line} as the process model. The dis-
turbance is eventually rejected at the
steady state, with fimited output devia-
tions during the transient. Note, however,
that the settling time (and equivalent set-
thing length of 120 mm} is quite long, ow-
ing to the rather slow response of the sys-
tem.

The disturbance rejection performance
was also tested experimentally for other
step disturbances. Figure 18 shows the ef-
fect of changes encountered at t = 0 in
the material properties (mainly the thermal
diffusivity and emissivity, which were in-
duced by having the welding gun cross
the boundary between piates of similar

CUTPUT RESPONSES TO A STEP (O

First Torch Cycle

Second Torch Cycle

Torch Position

Thermali Field Sideline Centerline Control
Monitoring Measurements Measurements | Algorithm
Synch. Sensor Tp Tg Actuator
Signal Mode Command
1 1 | .l | gl
0 0.5 1.0 [} 2.0 2.4

Fig. 15— Actuator and controfler synchronization diagram.

geometry but different steel), a tempera-
ture field (preheat) disturbance (imple-
mented by driving the torch into another
insulated plate, preheated by previous
welding) and a disturbance in the process
conditions {obtained by a step decrease of
the average gun velocity to v =9.5in./
s—241 m/ss). The figure shows that all
disturbances are eventually rejected, al-
though with a small steady-state deviation
in the case of the material disturbance,
since the undetectable change in the sur-
face emissivity deceives the temperature
measurements by the infrared radiation
pyrometer. There are initial temperature
field distortion effects at the boundary of
separate plates (in the material and pre-

heat case), and the steady-state input val-
ues after the velocity and preheat distur-
bance, given the stronger effect of Q; on
T4, indicate the preferential effect of pre-
heat on cooling rate.

Simulation of an Enhanced System

While the controller performance is ex-
cellent with respect to the steady state,
the settling time after the disturbances is
quite long. To explore the effect of a
faster and more decoupled control sys-
tem, a modified model was developed,
and a controller was designed assuming a
faster measurement device and torch ac-
tuator. To reduce delays associated with
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Fig. 17— Time responses of the welding outputs and inputs after a step

thickness disturbance (simplified 2 X 2 system).
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Fig. 18— Time responses of the welding outputs and inputs after various

step disturbances (simplified 2 X 2 system).

heat diffusion to the sideline, the welding
output T," can be measured on a sideline
at shorter distance wy,” = 6.8 mm (0,28
in.} from the centerline (e.g., correspond-
ing to the austenitization rather than re-
crystallization zone). Withmore rapid sam-
pling, T¢” can be redefined relative to a
shorter sampling period T* = 1s. Again, a
set of first order equations {per Equation
6) were fit to simulated responses, based

on the operations point

Gy* = 2500 W To* =9% K
Qy* = 250 W corresponding to:
Tg* = —56.4 K

The corresponding dynamics parameters
are collected in Table 2. Compared with
the parameters in Table 1, it is evident that
T,” is nearly decoupled from Qg and that
the enhanced system is faster since the

Fig. 20~ Time OUTRUT RESPONSES TO A STEP DISTURBANCE.
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Fig. 19— Time responses of the welding outputs and inputs after a step
reference command (modified 2 X 2 system),

measurement locations of the welding
outputs T,” and Ty are closer to the heat
source.

The closed-loop performance of this
modified process model, combined with a
modified controller design, is compared
to its open-loop behavior (e, without a
feedback controller) by simulation in Fig
19. The command following responses of
the welding outputs and inputs after a
step reference command, increasing the
nominal values (T,*, T4*) by 60 K and 16
K, respectively, are shown in the figure.
The closed-loop transients (using the nu-
merical simulation as the process model).

The disturbance rejection regulation
behavior is tested using the same step re-
duction in thickness as before, and is plot-
ted in Fig. 20. The disturbance is rejected
after a short settling time in both the
closed-loop responses, in contrast to the
open-loop behavior, in which the lack of
feedback results in a large steady-state
deviation from the nominal conditions.

In these references and disturbance re-
jection tests, the superior time domain
performance arises from the speed and
decoupledness of the modified process
model, enabling the use of a simpler
parametrization (8-parameter 8’) and
shorter sampling period T’ = 1 s used by
the modified controller.

Range of Controllability

When developing an automatic control
system, it is imperative to be concerned
with the control authority or range of




achievable outputs that the inputs afford.
For the case considered here, the ranges
of achievable welding output values of
the thermal control system for feasible
ranges of the inputs Qq and Q; were de-
termined approximately by numerical sim-
ulation, calibrated at the nominal condi-
tions, and are depicted in Fig. 21. The line
represents values of Ty and T4 for con-
stant inputs magnitudes. The feasible ref-
erence setpoints for T, and Ty are inside
the enveloping line, and clearly there is
more control authority in the lower heat
input region. Although the input-output
dependencies are coupled, the angles be-
tween the two curve families indicate the
preferential effect of Qq on T, or HZ, and
of Q; on T4 or CR, and their spacing
reflects their noniinearity, especially of Q,,
as expected from the gain K values and
variations in Table 2. At the high total arc
power region, there is little further flat-
tening of the local temperature hill slope at
the critical centerline point xq, as it shifts
backwards, and thus little change of Tq or
CR, while at the low arc power end the
two peaks of the temperature hill are
widely separated, and HZ is eventually
decoupled from Q.

Conclusions

In this paper, the concept of simulta-
neous regulation of both heat-affected
zone and centerline cooling rate (CR) has
been forwarded. The problem of regulat-
ing HZ and CR is transformed to one of
controlfing a peak temperature along a
line parallel to the travel direction and the
temperature drop over a fixed time inter-
val along a line trailing the welding gun.
The process modeling has revealed the
inherent coupling in the welding dynam-
ics, and a double gun system was pro-
posed to achieve the necessary degree of
control independence. An adaptive
closed-loop system based on line-scan IR
temperature measurement was designed
and has demonstrated the ability to inde-
pendently regulate T, and Tq. More im-
portantly, the system has shown the abil-
ity to reject the effect of typical process
disturbances. It is this disturbance rejec-
tion that most clearly illustrates the simul-
taneous output regulation properties of
this system.

It must be observed that the translation
of the problem from one of regulating
specific metallurgical boundaries and
states to one of regulating surface tem-
perature histories, requires that the met-
allurgical processes involved in a particu-
lar welding situation be understood a pri-
ori. However, giventhat specificreference
setpoints for T, and T4 could be specified
by such prior knowledge, the work pre-
sented here demonstrates clearly the abil-
ity to independently regulate these two
thermal quantities, albeit within the limited
range of control authority afforded by the
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steady-state

-50. -20.
~40.
100
-60.
~50.
_.-150
¥ @ -i00. |
g 2
5 &
-i20. |
~200.
~140.
250, -160.
-180.
~300. B -200.
800 700. 800. 900. 1000. 2. 3

TPEAK (K}

setpoints of the
weiding outputs T,
Tqand HZ, CR.

4 5 &6 7. 8 9 10

HZ {MH).

Table 2—Transfer Function Parameters of the Linearized Model §®

Tpeak at W'p = 10.5 mm

TdropatT'=2.45

Input  Qutput Tp K) T'd {K)
I Step K d w Teq K d w Teq
(K/W) {s) (rad/s) (s) (K7W} {s) {rad/s} {s)
Q4 +0.2QI 0.239 0.50 0.778 2.57 0.0340 096 0.439 4.55
{W) -0.2Q4 0.250 0.55 0.735 2.72 0.0439 106 0.493 4.05
+Q; 00008 0. - 0. 00405 044 0533 375
-Q2 0.028 0. - o. 0.0421 034 0794 2.52
{a) 8—standard.
process. the experimental closed-loop system.

At this time, the primary performance
limitations in the process are measure-
ment and actuator speed. These place an
upper limit on the response time of the
control system to either command
changes or external disturbances. This
observation was confirmed by simutat-
ing a hypothetical “enhanced” system,
where different measurements and mea-
surement systems led to greatly improved
response time. Definition of the welding
outputs close to the heat source is essen-
tial for the process model speed, while
decoupledness is additionally favored by
small thermal diffusivity and long second-
ary welding gun distance x. The welding
input modulation range, limited to avoid
catastrophic melt-through or excessive
porosity and incomplete fusion, should be
maximized by proper experimental selec-
tion of the nominal conditions. This is also
essential to avoid the GMAW process
noise, stemming from arc instabilities and
the giobular metal transfer mode.

The thermal sensor used here is prima-
rily responsible for the long sampling pe-
riod T, and thus, the speed limitations of

Also, the temperature resolution of the
infrared pyrometer and the resulting quan-
tization may inhibit fine regulation of the
welding outputs, and the spatial camera
resolution poses an upper bound to the
monitored length of the weld bead. Fi-
nally, the effects of in-process emissivity
variations, as already discussed, are inev-
itable as long as radiation measurements
are performed at a single wavelength
range, necessitating emittance indepen-
dent infrared analysis (EIA) techniques.

The use of the time multiplexed torch
system is an effective means for distribut-
ing the heat input. However, as men-
tioned above, it may produce an undesir-
able bead geometry. in this case, a sec-
ondary trailing torch (most likely GTA)
could be used, at the cost of a second
power supply and potential electrical in-
teraction with the primary arc.

To the authors’ knowledge, this re-
search represents the first demonstration
of simultaneous regulation of the primary
thermal characteristics of a weld. The im-
pact of closed loop control of these
quantities is clear and dramatic, and if
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properly developed and exploited could
lead to more carefully, and less conserva-
tively designed joints, particularly for heat-
sensitive alloys. Thus, it may contribute to
the optimization of welding productivity
and further may permit previously un-
weldable materials to be successiully
joined. Future research at MIT will focus
on refinement of the experimental appa-
ratus to improve response speed, and to
exploration of a wider range of welding
conditions. Finally, it is hoped that this
thermal control system can be welded to
a corresponding weld profile controller
(described in Ref. 30) to vield simultaneous
geometry and thermal history control,
thereby approaching the goal of the inte-
grated welding process control system.
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