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A new controller has been designed for vacuum arc remelting titanium alloys based on an
accurate, low order, nonlinear, melting model. The controller adjusts melting current and
electrode drive speed to match estimated gap and melt rate with operator supplied
reference values. Estimates of gap and melt rate are obtained by optimally combining
predictions from the model with measurements of voltage, current, and electrode position.
Controller tests were carried out at Timet Corporation’s Henderson Technical Laboratory in
Henderson, Nevada. Previous test results were used to correlate measured gap to voltage
and current. A controller test melt was performed wherein a 0.279 m diameter Ti-6Al-4V
electrode was melted into 0.356 m diameter ingot. Commanded melt rate was varied from
20 to 90 g/s and commanded gap was held at 1.5 cm. Because no measure of electrode
weight was available on the test furnace, electrode position data were analyzed and the
results used to determine the actual melt rate. A gap-voltage-current factor space model
was used to check estimated gap. The controller performed well, and both melt rate and

electrode gap control were successfully demonstrated.
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1. Introduction

Over the past several years, Sandia National
Laboratories and the Specialty Metals Processing Con-
sortium have invested significant resources into im-
proving control of the vacuum arc remelting (VAR)
process. Producing high quality VAR ingots with im-
proved yield requires accurate, transient control of melt
rate and electrode gap. This is difficult because of the
long melt transients induced in a VAR electrode with
changing current. One way to achieve melt rate control
is to apply a pre-computed, open loop current sched-
ule. Bertram et al. demonstrated this approach while
VAR processing an Alloy 718 electrode [1]. However,
open loop approaches are not robust with respect to
changes in process conditions. Robust feedback con-
trol of melt rate (and electrode gap) in the VAR process
requires knowledge of the melting conditions through
measurements, which are then incorporated into an
overall feedback control system.

Besides being unresponsive to changing melting con-
ditions and process disturbances, open loop control re-
quires that the melt schedule be specifically designed
ahead of time for each melt rate change required. There-
fore, a real solution to the dynamic melt rate problem
requires development of a closed loop controller that

00222461 © 2004 Kluwer Academic Publishers

tracks the thermal conditions in the electrode and calcu-
lates the appropriate current response “on the fly.” Bea-
man and coworkers have described such a controller
[2]. The controller employs measurements and a low
order, nonlinear melting model, to track thermal condi-
tions in the electrode throughout the melt. This method
does not require heavily filtered load cell data to obtain
a measure of electrode weight for feedback. Indeed,
although a measurement of electrode weight is highly
desirable for improved performance, it is not necessary.

A linear version of the controller has been applied to
VAR of 304 stainless steel [3] as well as Alloy 718 [4].
The linear version works well as long as the melt rate
does not change dramatically from its nominal value
during the course of melting. However, when required
to control through large melt rate ranges, the linear con-
troller shows significant error. A nonlinear version of
the controller was developed to alleviate this problem.

This paper reports the implementation and testing of
a nonlinear, dynamic VAR process controller that can
maintain effective control through a very large range of
commanded meltrate. Dynamic, in this case, means that
the process variables are changed on a time scale that
is short compared to the time required for the thermal
distribution in the electrode to reach steady state. This
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technology enables melting engineers to easily imple-
ment extremely aggressive melt rate schedules while
simultaneously maintaining accurate control of elec-
trode gap. Furthermore, it makes this possible on fur-
naces that are not equipped with load cell transducers
to measure electrode weight. The test work described
herein was performed on a VAR furnace at Timet
Corporation’s Henderson Technical Laboratory while
melting Ti-6Al-4V. The test furnace is not equipped
with load cell transducers to measure electrode
weight.

2. Controller structure
The control is designed with a model-based philosophy.
It is based on the premise that physical understanding
of the process should be combined with measurements
to provide an optimal estimate of the quantities to be
controlled. Once a good estimate of these quantities
is obtained, controlling the system is often straightfor-
ward.

The melting dynamics of the electrode can be effec-
tively modeled as a Stefan moving boundary problem
[5] using the following equations.
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In these equations, T is temperature, x is distance down
the electrode, ¢ is time, Py, is melt power on the bottom
face of the electrode, [ is current, G is electrode gap,
p is mass density, C is heat capacity, K is thermal con-
ductivity, A. is electrode area, S is burn off length, sup
is a subscript for superheat property, m is a subscript
for melt property, r is a subscript for room tempera-
ture property, L* is the latent heat plus superheat in
the melted material, V is voltage, vy is the cathode fall
voltage, R; is resistance independent of gap, Rg is gap
sensitive resistance per length, u is melt efficiency, and
h is mass specific enthalpy. The melt efficiency is de-
fined to be the percentage of total electrical power that
goes into actually melting the electrode.

As described in Beaman et al.[2] these partial differ-
ential equations can be approximated as ordinary differ-
ential equations describing the dynamics of the melting
electrode in terms of two state variables, thermal bound-
ary layer thickness (A) and electrode gap (G), and two
inputs, current (/) and electrode ram speed (Viam):
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a = K/pC in this equation is thermal diffusivity, and
the coefficients, defined as
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are functions of Volume sg)emﬁc melt enthalpy, /,, Ste-
fan number, A = 1‘“" ") " and the diffusivity parame-
ter y that relates enthalpy per volume # to diffusivity
according to

a=o(l+yh). (10)

pm in Equations 8 is the melt power flux, which is a
function of current and gap, and a accounts for the
difference between electrode area A. and ingot area
Aj. These variables are described by the following
equations:

Pm = (vol + (Ry + RGG)H /A (11)

=1 Ae (12)
a = Ai.

Since electrode gap is a state, it can be obtained
directly from the solution of the differential equations.

Melt rate, on the other hand, is not a state, but it can
be expressed as a function of states and inputs as
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+ —runll,G)

= pAS = pAe ( A

13)

Equations 8 and 13 do a remarkably good job of
predicting melt rate and electrode gap. In References
2-4, these equations are linearized about a nominal
melt rate and gap, and used to design a VAR controller.
This works very well for melt rates and gaps that re-
main close to the nominal values. However, in some
VAR applications there can be large changes in com-
manded melt rate (or, alternatively, current) between
start-up and steady-state melting, and between steady-
state melting and the final hold state. In this case, the lin-
earized controller will not give accurate results. Fig. 1
shows simulation results using Equations 8 through 13
with a linearized controller. This is a simulation of a Ti-
6Al-4V VAR melt that starts at the nominal melt rate
of 465 gm/s, is commanded to ramp up to 500 gm/s
in 400 s, hold for 1600 s, and then ramp down to 60
gm/s in 2000 s. Electrode gap has been commanded to
remain constant at 6 cm throughout the melt. Electrode
diameter is 76.2 cm and ingot diameter is 91.4 cm. As
can be seen in Fig. 1, the estimated responses and the
actual responses are very close for small changes from
nominal, but these responses deviate significantly when
there are large changes.
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Figure I Response of Linear Controller to small and large melt rate commands with nominal melt rate equal to 465 gm/s and nominal gap equal to

6 cm.

2.1. Nonlinear controller

A nonlinear controller was developed to alleviate the
problem described above. The essence of the melt rate
and electrode gap control problem for a VAR furnace
can be stated as follows: given desired values for the
outputs rizg and G4, determine the time varying cur-
rent and ram speed commands (/¢ and Viam) required
to establish and maintain these outputs. Conceptually,
this can be done using Equations 8 through 13. The
normal causality for these equations is to input cur-
rent and ram speed as functions of time and then in-
tegrate to obtain electrode gap and thermal boundary
layer thickness, and thus melt rate. Control requires in-
verting this normal causality. For these relatively simple
equations, this can be done analytically by first solving
Equation 13 for the commanded melt power flux, pm..
The result is

oarCsahm
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The desired current can then be found by inverting

Equation 11:
—vo + 4/ V3 + 4ﬁ";fAe
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Finally, the desired ram speed can be determined from
combining Equations 11 and 13 to give

I. = 5)
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There are two problems with directly using 15 and
16 as control laws. First, Equation 15 requires accurate
knowledge of G and A. There are methods of estimat-
ing G from voltage measurements, but there is no direct
measurement of A. Second, Equation 16 does not guar-
antee that the actual gap converges to G 4. It only ensures
that the gap will remain constant if the actual melt rate
is equal to rizg4. To solve the first problem, a dynamic
estimator can be constructed to estimate A and G. The

second problem can be solved by adding a correction
term to Equation 16 that assures G converges to Gg.
The control equations then become

md/’lm O[rCs hm
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where “ stands for an estimated quantity and Kg is a
feedback gain. This gain is determined by setting it
equal to 1/t where 7 is the desired time constant for
the gap to reach steady state.

2.2. Nonlinear estimator

Given precise measurements, the control law (17)
through (19) above can be designed to give excellent
steady state and transient control of both gap and melt
rate. At first glance, achieving precise estimation ap-
pears to be a daunting task. Gap measurement is inher-
ently noisy and uncertain, and there is no direct mea-
surement of boundary layer thickness, both of which are
required to implement the control equations. The key to
success is an optimal combination of all available mea-
surements with model predictions. For linear systems,
a Kalman filter can do this [6]. Kalman filtering can be
extended to nonlinear systems by using a similar form,
which consists of a nonlinear state propagation equation
to estimate the changes of the state variables, and then
combining these estimates with measurements at dis-
crete times. A nonlinear state propagation for a discrete
time process can be expressed as

X(n + 1|n) =K |n) + & [n), u(m)Ts (20
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and the measurement update is

Kn+1|n+1)=%(n+1]|n)+Mz(n + 1)

—h&(n + 1|n),u®)]. (21)
where X is a vector of estimated states, u(n) is a vector
of inputs given at time step n, f is the rate equation
obtained from a physical model of the process, and T
is discrete sample time. The notation (n + 1| n) denotes
an estimated variable at the n + 1 time step given a
measurement at time step #, and z(n) is a measurement
taken at time step 7. The measurement vector is related
to the state vector and the input vector by
z = h(x, u) (22)
where h is vector function that relates measurements
to states and inputs. The matrix M is a set of estimator
gains that are chosen by linearizing the rate function
f and the measurement function h about nominal val-
ues and then using standard Kalman filter theory [6] to
obtain the gain matrix M.
There are two primary states, A and G. A ram posi-
tion state (X ) is added in order to use position as a

on a measurement model involving measured volt-
age (V) and current (/) as determined by inverting
Equation 3:

1 Vin

Gnmn=ko+ki— +k—

" Vin I

where ko, k1, and k, are obtained experimentally. The

other measurement is ram position, X,,. The measure-
ment vector is then

(25)

m |- (26)

A diagram of the controller implementation is
shown in Fig. 2. The feedback functions are given
by
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measurement. To account for variations in melting due
to disturbances from steady state, efficiency (w) is also
added as a state. Finally, to account for inaccuracies and
bias in current and electrode ram drive inputs, current
bias (/) and ram speed bias (Vy,m, ) are added as states.
The state vector and input vector for the VAR process
used in the present experiment can then be expressed
as

A
G
Xram I C
X = , u= . 23
1% |: Vramc :| ( )
Iy
Vramh
The rate function f(X, u) is given by
r C AN

A
CS])

f(x,u) =

where total input furnace current is modeled as a com-
manded term, /¢, plus a bias term, /. Total input fur-
nace ram velocity is expressed in a similar manner. The
zero rows correspond to efficiency and the two bias
states. These terms are modeled as random walk pro-
cesses to be described below. “Measured” gap is based
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In the diagram, py,. is the commanded melt power flux.
It is calculated using the estimated value of the thermal
boundary layer thickness so that it can properly account
for electrode melting dynamics. Commanded current is
calculated from the melt power using estimated values
for electrode gap and melt efficiency. This allows the
process to track melt rate upsets. K¢ is the feedback
gain for electrode gap.

2.3. Process and measurement uncertainty

The elements of the Kalman gain matrix, M, are ob-
tained from the linear version of the process and mea-
surement model. To obtain the numerical elements of
this matrix, it is necessary to estimate both the model
and measurement uncertainties. Experimental data are
used to make these estimates. Specifically, for the pro-
cess inputs, there is unbiased noise on the input current

(24)
0

0
0

and ram speed. The standard deviation of this noise
is experimentally obtained from current and processed
ram position data when commanding constant current
and ram speed. The efficiency, current bias, and ram
speed bias are treated as random walk processes. A
random walk process is one in which the mean of the
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Figure 2 Schematic of the controller layout used on the Timet laboratory
VAR furnace.

variable does not change over time (thus the zero coef-
ficients in the rate equation), but its variance increases
linearly with time. This means, for example, that the
change in efficiency du during time step T will have a
zero mean but a variance that increases linearly in time
as shown below:

du=dp, (dB)=0, (@) =0Ty  (30)
where () represents the expectation operator [6]. In this
equation, du is the change in efficiency and dg is a
change in a random walk process (Brownian motion
process) with strength oﬁ. If T, = 1 second, then the
efficiency would be a normal distribution with nomi-
nal mean efficiency o and standard deviation o,,. The
larger the value of o, the larger the expected time rate
of change in efficiency. This value is determined by
estimating how fast the efficiency could change due
to either a transverse electrode crack, large voids in the
electrode, or electrode end effects. Current bias and ram
speed bias are also handled as slowly varying random
walk processes and have similar noise characteristics
to estimate.

Measurements are not perfect and these uncertain-
ties also need to be estimated. The gap measurement
is a prime example. Even though drip-short signatures
are evident in the voltage output from the Timet labo-
ratory furnace, the controller was designed to estimate
electrode gap from voltage and current. A factor space
experiment was performed to characterize the relation-
ship. The ranges of current and electrode gap investi-
gated were 4—12 kA and 0.5-5.6 cm, respectively. The
following measurement model summarizes the result
of this experiment:

1 Vv
Gn =—-1.071-1.492 x 1057 +6.159 x 1037. 3D

A plot of the measurements against Equation 31 is
shown in Fig. 3.

3. Controller data

The experimental data used to design the controller are
listed in Tables I and II. Table I contains the process
noise and Table II contains measurement uncertainty.
A subscripted 0 denotes a nominal value. Nominal val-

TABLE I Process noise levels

Parameter Noise strength
1 200 A

Viam 1 x 1073 cm/s
n 4 x 1073 g

a 10 2ag

I 1072/1

Vramb 1072/ VramU

TABLE II Measurement noise

Parameter Noise strength
Gn 0.33 cm

Xm 0.3 cm

I 75 A

TABLE III Thermophysical properties

Parameter Value
Pr 446 gcm™3
Ce 0.58J g ' K!
K; 0.069 W cm~! K1
Pm 424 gcm™3
Cn 1147 g7 K™!
Km 033 Wem™! K1
L* 3557 g7!
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5 L e
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Figure 3 A plot of the gap model as a function of the measured electrode
gap.

ues were: o= 0.635, ap=0.372, I, =10, 304 A, and
Viam, = 8.46 x 10~ cm/s. The thermo-physical proper-
ties used for this calculation are listed in Table III. The
subscripts » and m stand for room and melt tempera-
ture, respectively. Calculations are referenced to room
temperature volume specific enthalpy, assigned a value
of zero.

4. Controller hardware

The controller was implemented on a computer
equipped with two PC-MIO-16 I/O cards obtained from
National Instruments Corp. (Austin, TX). One card was
used to acquire the furnace voltage signal and all other
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Figure 4 Experimental voltage and current traces with data averaged
over 4 s time increments.
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Figure 5 One minute average position and melt rate estimated by
differentiating the average position to get Vi,,m and then applying
Equation 32.
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Figure 6 Position and electrode gap traces. GapV in this plot is the gap
calculated from the factor space measurement model, Equation 31.
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I/O signals were processed with the second card. Sig-
nal conditioning was accomplished with isolation am-
plifiers supplied by Analog Devices (Norwood, MA).
A switch was installed to switch control between the
new controller and Timet’s regular control system. Ram
position control was achieved by sending an analog
velocity command to an Oilgear (Milwaukee, WI) valve
amplifier.

The analog output from a Halmar current transducer
(Lem-Dynamp Corp., Grove City, Ohio) and position
measuring potentiometer were conditioned and fed into
analog input channels of the PC-MIO-16 card. Current
control was achieved by supplying a voltage from a
D/A port of the card to the power supply control card.

5. Experimental results

An arc was struck using the regular furnace controller
and the new controller was switched in as soon as a dis-
cernable molten pool had formed. This point may be
seen in Fig. 4 where the current trace suddenly jumps
from ~2500 to ~3000 A (dashed line). Because this
furnace is not equipped with load cell tranducers, the
melt rate may not be estimated from electrode mass
data. However, melt rate may be related to ram veloc-
ity assuming constant electrode gap. The relationship

1S:
. 1
m = pmAeVram —
Xa

where x is an experimental correction term for the area
ratio parameter found to be ~0.94. If the position data
are smoothed for one minute and the result differenti-
ated to obtain Viam, the results of applying Equation 32
to the data are shown in Fig. 5. This results in a relatively
noisy melt rate signal but its mean should track close to
the actual melt rate. The figure shows that reasonable
melt rate control is maintained throughout the melt al-
though some slight overshoot is apparent between ~8.9
and ~9.1 h.

Finally, electrode gap estimated from the measure-
ment model (Equation 31) is plotted in Fig. 6 along
with the corresponding reference set point. It is clear
that the “measured” gap tracks the reference value of
1.5 cm.

(32)

6. Conclusion

The data presented show that the furnace was success-
fully controlled. Melt rate estimated from position data
shows a small overshoot after the initial ramp. Despite
this, the fact that this degree of melt rate control was ac-
complished without load cells for mass feedback is an
impressive confirmation of the controller’s capability.
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