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Abstractdd This paper presents a ontrol strategy to regulate the molten sted level
of a strip-casting process The dm of the process is to produce a solidified strip of
constant thicknessgiven by the roll gap under a @nstant roll separation force The
molten sted level may be @ntrolled using the tundish output flow or the @asting
speal. However, the casting speed is usualy used to control the roll force
separation. To improve the strip thicknessuniformity we propose the introduction of
an intermediary tundish submerse into the pod between the rotating rolls. The
molten sted level is thus controlled by the intermediary tundsh output flow.
Conventiona PI, fealback lineaizing pus a fuzzy control term and a fuzzy
controller in a ascade @nfiguration are wnsidered. Simulation results are presented

consideringthe real system parameters.
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1 Introduction

The twin roll strip-casting process belongs to a new
generation of casting processs, the cdled nea-net-
shape processes. The twin roll grip-cagting process
was first conceved by Henry Bessemer in the
middle of last century (Codk et al., 19%; Shin et al.,
1995.

A twin roll casting process is esentialy a two
rolling mill equipped with threemain control 1oops:
the molten sted level control logp, the separation
force ontrol loop and the @sting speed control
loop. The molten sted level aong with the
separation force ae mnsidered the most criticd to
the production of high quality sted strips. In Leeet
al. (1996) an adaptive fuzzy controller for the
molten sted level in a strip-casting process is

proposed. They use the inflow rate as the control
input. However, the feading of the molten sted into
the pod formed between the two rotating rolls is a
sourceof disturbancein the molten sted level. In this
paper we monsider the use of an intermediary tundish
submerse into the pod to reduce the sted level
fluctuations (Tavares and Guthrie, 1998) and we use
its level as the wntrol inpu. The intermediary
tundish consists of a refractary redpient with holes
to dired the molten sted to the pod formed between
the two rotating roll s.

A dtrip-caster pilot plant installed at IPT S8o Paulo is
shown in Figure 1. The main control units are the mill
drive, the mding and the wiler control units (Santos
et al., 2000). The plant is equipped with a set of
Programmable Logic Control (PLC) units to perform
the measurements and control.
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Figure 1. Schematic layout of the strip-caster pilot plant install ed at |PT S&o Paulo.

The present work is organized as follows. In Sedion
2 the grip-caster modeling for control of the molten
sted level between the twin roll is described. Sedion
3 presents different control strategies for the molten
sted levd. Findly, in Sedion 4 simulation results are
presented consideringthereal system parameters.

2 System Modeling

The molten sted level system may be described as a
nonlinear system based on the @ntinuity equation of
the sted flow and on the Bernoulli equation. Figures
2 and 3 show the geometry of the cmmplete flow
system.

2.1 Intermediary Tundish Molten Seel Level
The dynamic model of the sted level in the

intermediary tundish for input flow rate Q; and output
flow rate Qy; isgiven as

dh _ 1 o
p Ar(Q Qo1) D

whereQ, =c¢d ;Qy =kyhy , with h; and Ar the
sted height and area of the intermediary tundsh,

respedivey; c¢ the flow coefficient, d the actuator
position; k =ns A 4/29 , A the area of the holes,

A¢ =mr?, n and r the number and radius of the

holes and g the accderation dwe to gavity (Franklin
etal., 1994).
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Figure 2. Submerse intermediary tundish.

2.2 Mill Drive Molten Sedl Level

The dynamic model of the input Qy; and output flow
Qo2 inthemill driveisdescribed as



dv
Qo1 —Qp2 = E %)

where V is the volume of the molten sted formed
between therolls, Q,, the output flow from therolls
and Qy the inflow from the intermediary tundish.

The volume V is 2SL, with S the shaded area as
showed in Figure 3and L theroll length.

Figure 3. Schematic of the sted level in the mill
drive.

The aeaScan be @lculated as
h, 0
S:I%m%\/#—rzmr A3)
0 g

with R the o/linder radius, X, the roll gap which
determines the desired strip thickness and h, the
heightin [OR].

Using (3) we may write

‘jj—\t/: Bxg +2R) - 2,/R? —hZ % (4)

and thisyields
dh, 1
=2 _-_ = - 5
dt l\/l(xg,hz)[QOl Qe ®)
where

M = Bxg +2R)-2,/R? —h2 é and Qg = LxgV, ,

with v, the @sting speed.

In the space state form we have
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3 Nonlinear Molten Steel Leve Control

The molten sted level between the twin rolls may be
regulated using as control input theinflow Q, or the
casting speed v, . However, the casting spedl v, is
usually used to control the roll separation force due
to the system congtraints. Therefore, as we
introduced an intermediary tundish, here the molten
sted leve control is pursued by contralling the level
of the intermediary tundish with an inner control loap
for the stopper actuator using a servo-valve. The
purpose of the inner control loop is to avoid abrupt
changes in the valve positi on.

The inclusion of the intermediary tundish is very
important to the quality of the fina product, as it is
detailed in Sedion 1 However, due to its inclusion
the molten sted level in the intermediary tundish
needs to be monitored and considered in the
controller to avoid possble over flow, guarantedéng a
goad working condition of the process

In this sdion the method of input-state lineaization
by feedback and the fuzzy logic technique ae used to
regulate the molten sted level at the desired value yy
(Slotine and Li, 1991). In the method of feedback
lineaization, the nonlineaities in the nonlinea
system are cancded to yied a closed-logp linea
system.

3.1 Fedalback Linearization Control Strategy

Asaiming in (6) that x4, hy, and h, are measured, a
control law

Q =a(h)+B(hv (7)

with o :02 - 0, [3:D2 -0 ad v an
equivalent control, can be found so that the nonlinear
system dynamics is transformed into an equivalent
linea dynamics of a smpler form (Slotine and Li,
1991). Based on the euivalent linea system, a
tracking controller for the level h, cen be obtained.

We define the eror ex=y-yqy, with y:=h,. To



guaranteee - O ast - o a control teem cdled
supervisory control us, isaddedto Q, .

The supervisory control is of the form
Us := A sgn(e) , with sgn being the sign function and
A adesign parameter. The term supervisory control is
inspired in the variable structure with dliding mode
tedhnique (Slotine and Li, 1991; Wang, 1994).

Moreover, in order to compensate modeling errors
that inevitably exist in the strip-casting system, a

fuzzy control term U, is added to Q; in (7). In the
next sedion we present in detail the development of
the fuzzy control term U.. In addition for
comparison purpose, to regulate the molten sted

levd a fuzzy logic oontroller in a @scade
configuration is presented.

3.2 Fuzz Control

A fuzzy control law is used as an dternative to
control the sted level. The fuzzy logic system used in
the fuzzy control term and cascade fuzzy control is
formulated using the Mamdani’s method, that has
been successfully applied to a variety of industrial
processes and consumer products (Wang, 1994).

The fuzzy control term is formed by two inpu fuzzy
sets, error e, and error derivative €, and one output
fuzzy set, the modeling error whereas the @scade
fuzzy controller is formed by threeinpu fuzzy sets,
error e, error derivative é and molten ged leve in
the intermediary tundish h;, and one output fuzzy
set, the stopper actuator input voltage. The fuzzy
control term and cascade fuzzy controller use the
singleton fuzzifier, the center average defuzzfier, the
product inference rule and a fuzzy rule base, which
consists of a colledion of fuzzy IF-THEN rules of
the foll owing form.

Fuzz/ control term

R():

IFeisMj and éis M}

THEN bis K; with confidence degree B,,; 0[0,1]

Cascade fuzz/ controller

R():

IFeisF', éisF) and h, is Fy

THEN d is G; with confidence degree a 53, 0[0/]]

where
£=1, 2, ..., r arethenumber of linguistic rules,

M, M5, F/ F, and F{ aretheinput fuzzy sets;
K; and G; arethe output fuzzy sets;
(e.6)0Uy, bOH,, OV, and d TR

with Uy, Hy, Vi » Ra input and output lingugic
variables given by

U, =[-3,+,]0R? &, >0,
Hb = [_6b’+6b] O R, 6b >0,
Vh1 = [_6h1’+6l‘h] O R, 6h1 >0,
Rd ::[_6d’+6d] OR, 6d >0,

In the cascade fuzzy controller, U, and Vi, ae

universes of discourse, the fuzzy ration Ry is a
fuzzy set in the product space U, x Vg ; that is, Ry
is the fuzzy relation induced by the rules with

membership function of triangular type and
membership gade given by pg(u,v) where

ubUyand vOVy .

When no rule involves the assciation of the inpu
linguistic terms, F,*, F; and F; with the output G,
the wefficient a,,5, issimply assgned to zero. The
fuzzy relation can be direaly evaluated by

HR(Flg’Ff’F?f’Gﬁ)zulz34' (8)

Equation (8) can be illustrated by the following
statement: the strength of the relationship that links

the linguigtic terms F,,F, ,F; and Gj is equal to
the degreeof confidenceof therules

R():
IFeisF, e=-yisF, and h, is F/
THEN d is G;.

The same reasoning can be used for the fuzzy control
term u. where Hy, isthe fuzzy relation induced by

the rules with membership function p (u) asin (8).

The fuzzy logic system adopted is presented in
Figure 4 and the molten sted level basic control
configuration with the fuzzy control term is shown in
Figureb.
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Figure 4. Schematic of the fuzzy logic control system.
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Figure 5. Schematic of the sted level control unit.

4  Simulation Results

In this s®dion, results of simulations are presented
for a PID controller, a feedback lineaization
controller and a cascade fuzzy controller. All results
were obtained considering the stopper actuator
dynamics. The radius and width of the roll cylinders
are bath 0.375[m]. The molten sted levels in normal
operation ae: yy =013m], =012m],

=014m] and inflow is

Ymin
Ymax the nomina

Qo2 = 3.07e—3[m3/s] which is in accordance with

the design of the intermediary tundish. The desired
values of gap and level are st as 0.002m] and
0.13[m], respedively. The proportiona plus integral
and derivative gains of the nventiond PID
controller are set as 50, 4.5 and 100, respedively.

In the design of the ascade fuzzy control law, we
used seven linguigtic rules (r=7) to the input fuzzy
sets, error e, eror derivative € and threelingugtic
rules (r=3) to the input fuzzy set, the molten sted
level in the intermediary tundish. The latter is needed
to avoid possble over flow. For the output fuzzy s,

the stopper actuator inpu voltage, we used seven
linguistic rules (r=7).

In the design of the fuzzy control term added to the
feedback lineaization controller, we used three
linguistic rulesto bah input and output fuzzy sets.

Figure 6 shows the system responses to a sep
reference for the molten sted level when the desired
molten sted levd is chosen as 0.13 m. Outflow Q,,
and roll speal disturbances as well as modd errors
are mnsidered in the simulations. In Figure 6 a 10%
outflow Q,, disturbanceisintroduced after 50s.
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Figure 6. Simulation results with disturbance in Q; -
molten sted level between thetwin roll cylinders.

Figure 7 shows results for a roll angular speed
disturbance of 10% containing up to the third
harmonics on its operating amplitude. Clealy, the
simulation results show the superiority performance
of thefuzzy contraller.
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Figure 7. Simulation results with roll anguar speed
disturbance ®ntaining up to the third harmonics -

molten sted level between thetwin roll cylinders.

Figure 8 shows results for gap disturbance of about
10% aroundthe desired roll gap and containing upto
the third harmonics (Lee et al).
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Figure 8. Simulation resultsfor the molten sted level
between the twin roll cylinderswith disturbancein
theroll gap

Both the feedback lineaization control and PID
control showed inefficient to cancd the modeling
errorsin the roll gap and the cascade fuzzy controll er
did not work with modeling errors.

5 Conclusion

In this work nonlinea control strategies for the
molten sted level in a strip-caster plant ingdled at
the IPT S8o Paulo is proposed. Different control
strategies are eplored in order to achieve a high
performance regulation. The simulation results $ow
the superiority performance of the feeadback
lineaization controller with fuzzy control term for

compensation modeling errors as compared to
conventional P, feedback lineaization and cascade
fuzzy controller. An important feature of the fuzzy
controller is its flexihility to consider the controller
design congtraints in the process and control
variables. Sincethe aim of the processisto producea
solidified strip of constant thicknessunder a @mnstant
roll separation force the main control unit of the
gtrip-caster system are a nonlinea coupled system
and thiswill be nsidered in future work.
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