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[ Abstract] On the basis of analyzing the principles, equipment and control needs of directional solidification continuous

casting ( DSCC) process , the building and fulfilling methods of control model of DSCC procedure by neural network con-

trol ( NNC) method were proposed and discussed . Combining the experimental researches, firstly the computer is used to

simulate the effects of those solidification parameters on destination control variable ( S/ L interface) and the reactions a-

mong those parameters during DSCC procedure ; secondly many training samples can be obtained. Moreover, after these

samples are input into neural network software ( NNs) and trained, the control model can be built .
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1 INTRODUCTION

It is well known that materials with continuous
directional crystals, such as columnar grains , fiberre-
inforced composite and single crystal material etc, are
used in industry for some especial purposes. Howev-
er, these materials are difficult to produce. The
DSCC process ( directional solidification continuous
casting process) is a new type of continuous casting
technology developing rapidly in recent years. Theo
retically, with such a process, unlimitedlength and
metals

mirrors mooth-surface directional structure

without internal shrinkage and porosity can be
madel! 7%1. DSccC process has combined the advan-
tages of DS technology and CC technology, so it is
different to traditional casting. As so far, there have
been numerous contributions to its theory and design
for technical parameters, but few to interaction
mechanism among the several parameters and their
effective control. In this paper, some basic work
about the optimal control methods for solidification
parameters of DSCC procedure was carried out .

2 DIRECTIONAL SOLIDIFICATION CONTINU
OUS CASTING

The basic idea of DSCC process is shown as Fig .
1, which differs from common continuous casting
mainly in the mold. In DSCC process, a heated
mold , not a traditional watercooled one , is used, and
a separated cooler as a crystallizer is designed. Tem-
perature of the heated mold is higher than that of the
molten metal in the bath (i.e, above the melting
point of metals) , so that free nucleation on the sur
face of the mold is prevented and unidirectional solidi-
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fication condition is built. Under proper technique,
the surface of the ingot drawn off the exit of the mold
will be liquid yet, in other words, a layer of liquid
film always exists between the drawn ingot and the
mould wall of the mold. This liquid film solidifies
freely within a short distance off the exit of the mold,
and forms a mirror s mooth surface, i.e., the solid/
liquid interface locates within a very narrow region off
the mold exit. Meanwhile , the friction force between
the ingot and the inner wall of the mold is so little
that continuous withdrawal of ingot is possible be-
cause of the existence of the liquid film .

In the DSCC procedure, the length of the free
liquid film off the mold exit, z, would be limited for
ensuring the stable growth of directional crystals
without break-off of the ingot or leakage of the melt .
The surface tension of the melt and the diameter of
the ingot determine the length of the free liquid
film'*!. This means that the solid/liquid ( S/ L) sur
face location is considerably restrictive. Researches
have shown that to keep S/ L interface location within
1 ~2 mm off the mold exit is a prerequisite for for ma-
tion of stable and continuous directional solidification
structure . And the S/ L interface shape then becomes
a key factor of determining which kind of directional
structure to be formed. A S/ L interface convex to liq-
uid phase is beneficial to forming single crystal in-
gots, a flat S/ L interface to directional columnar
grains or fiberenhanced imsitu composites, and a
concave one to nom normal crystal structurel® 771,
2.1 Thermophysical and mathematical model

From the vie wpoint of trans mission, the te mper-
ature field must be strictly controlled in order to fulfil
the directional solidifying continuous casting. The
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Fig.1 Scheme of DSCC process and its process variables
1 —Heater; 2 —Mold ; 3 —Ingot; 4 —Cooling water; 5 —Dummy bar; 6 — Tractive roll ; 7 — Molten bath

thermophysical and mathe matical model for DSCC
can be described by following equations .
Heat transfer equation :

\aT+ LoT) _ 1 of o,
T 9z T ror or
0 oT
&kE+q (1)

where p—density ; cp —specific heat; T —temper
ature; t —pulling time; v —pulling speed; z —S/L
interface location; r —ingot’ s radius; k —heat con-
ductivity ; g —latent heat flux .

Continuity equation :

dv, 1 Oro, 0 5

¢9. L or

0z r oOr (2)
where v, —the melt’ s radial flow speed; v, —the

melt’ s axial flow speed .

Boundary conditions :

1) at boundary of molten bath, T= T,

2) at internal wall of mold, T = T,

3) at cooling water, T,, L, [.

It is obvious that, S/ L interface location z is the
location of isothermal surface of te mperature T, , i.
e, the molten point of metals. And the te mperature
field, which is formed by the seven technical parame-
ters through the heat transfer equation and boundary
conditions , determines the location of this isothermal
surface . These technical parameters are pulling speed
v, liquid surface height H, cooling water flux L,
L, Ty,
te mperature T, , and cooling water te mperature T, .

cooling distance molten te mperature mold

2.2 Interaction of technical parameters and re
quirements for control
It has been shown by exPeriments[3 “81 that, the
position of S/ L interface is determined by the param-
eters of DSCC among which there exist interactions .
For example , parameters T,, L and [, which decide
the cooling intensity of water, not only have an im-
portant role on the z, but also affect the parameters
such as v and T, . Put in another way, disturbances
of T,, L and I will cause the disturbances of v and

T, . From the perspective of stable growth of crystal

in DSCC process , there is only one goal variable being
controlled, i. e, position z of S/ L interface , but sev-
en affective factors . Based on the disturbance of z, to
control the location of S/ L interface means to control
these solidification parameters within a range of opti-
mal value and to adjust their values in real time mode .
When adjusting these parameters, obviously, both
the disturbance of z itself and the interactions of the
parameters must be taken into account .

On the cybernetic side, DSCC produce is a dy-
namic control system with multiple inputs and one
output, which belongs to research field of modern
control theory . Nevertheless , because DSCC is essen-
tially a complicated multi-factor and non-linear ther
mo- dynamical syste m[(’], it is very difficult to build a
strict mathe matical model for it. The design ideas of
methods are all
based on an exact mathe matical model and on the per-

controller with traditional control

formance of the control system required by controlled
object 271 Therefore , it is not feasible to DSCC by
means of a traditional control method, and a new one
must be considered .

Neurocontrol method by which no status vector
of the system is required will be more suitable for con-
trol require ments of DSCC system, because it could
build a model for those complicated nomlinear objects
which are difficult to be accurately described.

3 DESIGN OF NEURO CONTROL FOR DSCC
SYSTEM
3.1 Modeling with neural net (NN)
Since NN, named artificial neural net ( ANN)
also, can convert a problem of samples inputted and
outputted to that of nomlinear optimization via its
self-learning and training, so the nomrlinear mapping
between input and output parameters is set up, that
is, mathematical model of the object researched is
builtl? 713
Fig .2 illustrates the self-learning principle of BP
algorithm NN, which is the mature and com mon used
one of NNs. This network is consisted of several lay-
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ers ( no less than two) of nerve cells, and each nerve
cell in any layer is connected to each in the adjoining
two layers with connect powers between two cells and
transfer function. Through repeated sample training
to NN, the powers of nerve cells will be modified so
that the NN model will gradually approach the real
model .

Modifying power W

Fig.2 Selflearning of NN model for
DSCC procedure

Basic steps of fulfilling modeling with BP algo
rithm are shown in the following :

1) To initialize , that is, to specify the count of
layers of a network being built and the number of
cells, and to allocate random arbitrary s mall values to
all nerve cell powers ;

2) To supply training sample collection, i. e,
input vector X(thatis, H, Ty, T,, T,, L, v,
and | being unitized) and anticipant output z,;

3) To calculate real output Z; of arbitrary cell i

= O 2L W) (6)
where i is a cell in the previous layer of j, f(*) is
the transfer function of this NN, which is generally a
function of Sigmoid type,

1
f(x) = (7

4) To modify power values in the direction of
back ward propagation of error, that is, from the out-
put cells to the hidden layer cells and to input layer
cells, with the following equation,

0E
Wiyt + 1) = Wyt + sy > 0 (8)

where E means the total error of the NN, which is

a square type function as following ,
N

E=5 Dz % (9

where N is the count of samples ;

5) To repeat the step 1) ~4) until a satisfactory
error is obtained .

Thus an NN model has been built .

In this paper, the model for S/ L interface posi-
tion has 3 layers, with 7 nerve cells in the input lay-
er, 10 nerve cells in the hidden layer and only one
nerve cell in the output layer.

3.2 Training samples

The training samples for modeling can be ob-
tained via two ways: experimental measure ment and
the computer simulation. Although control parame-
ters in the DSCC system such as H, T,, T;, T,,
L, v,and [ are measurable, the controlled parame-
ter z can be measurable only at a special experi mental
specimen and it is im measurable at practical process .
Due to the characteristic of this system itself, merely
limited samples can be gotten by experimental mea-
sure ment , however, a lot of sa mples will be provided
through combining experimental measure ment with
computer simulation. Fig .3 shows a basic simulating
flow chart of sample collection for DSCC system .

Start | Collect N group of
T samples
|

Input the No. k group of tech-parameters
(HI Tlh Tll T!! Lp v, l) mdbordermnditions

i
Couple simulation of temperature
and flow fields

N
—<_Simulation is exact 7=
Y

S/L interface location z
and its shape

Sample -
(H1 To: T]- Tz- L, v, I)l
i

Store sample library

End

Fig.3 Simulation flow and samples
collection of DSCC

3.3 Neuro control procedure

DSCC is a considerably complex metallurgical
procedure , which involves a series of technical steps
such as charging , power supply, melting, anti oxi-
dization, furnace temperature control, cooling,
pulling , rolling , parameter measure ment, and error
alarming . To ensure DSCC syste m performing for ex-
act and harmonious actions, we selected an industry
computer as the control center to manage the system .
Fig .4 illustrates the hardware configuration for DSCC
system designed by the authors.

In the frame of the present analysis, the basic
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