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Abstract This paper presents a control strategy to regulate the molten steel level
of a strip-casting process. The aim of the process is to produce a solidified strip of
constant thickness given by the roll gap under a constant roll separation force. The
molten steel level may be controlled using the tundish output flow or the casting
speed. However, the casting speed is usually used to control the roll force
separation. To improve the strip thickness uniformity we propose the introduction of
an intermediary tundish submerse into the  pool between the rotating roll s. The
molten steel level is thus controlled by the intermediary tundish output flow.
Conventional PI, feedback linearizing plus a fuzzy control term and a fuzzy
controller in a cascade configuration are considered. Simulation results are presented
considering the real system parameters.

Key Words Strip-casters, twin roll, feedback linearization, supervisory control,
fuzzy control.

1 Introduction

The twin roll strip-casting process belongs to a new
generation of casting processes, the called near-net-
shape processes. The twin roll strip-casting process
was first conceived by Henry Bessemer in the
middle of last century (Cook et al., 1995; Shin et al.,
1995).

A twin roll casting process is essentially a two
rolling mil l equipped with three main control loops:
the molten steel level control loop, the separation
force control loop and the casting speed control
loop. The molten steel level along with the
separation force are considered the most criti cal to
the production of high quality steel strips. In Lee et
al. (1996) an adaptive fuzzy controller for the
molten steel level in a strip-casting process is

proposed. They use the inflow rate as the control
input. However, the feeding of the molten steel into
the pool formed between the two rotating roll s is a
source of disturbance in the molten steel level. In this
paper we consider the use of an intermediary tundish
submerse into the pool to reduce the steel level
fluctuations (Tavares and Guthrie, 1998) and we use
its level as the control input. The intermediary
tundish consists of a refractary recipient with holes
to direct the molten steel to the pool formed between
the two rotating roll s.

A strip-caster pilot plant installed at IPT São Paulo is
shown in Figure 1. The main control units are the mill
drive, the cooling and the coiler 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 installed at IPT São Paulo.

The present work is organized as follows. In Section
2 the strip-caster modeling for control of the molten
steel level between the twin roll is described. Section
3 presents different control strategies for the molten
steel level. Finall y, in Section 4 simulation results are
presented considering the real system parameters.

2 System Modeling

The molten steel level system may be described as a
nonlinear system based on the continuity equation of
the steel flow and on the Bernoulli equation. Figures
2 and 3 show the geometry of the complete flow
system.

2.1 Intermediary Tundish Molten Steel Level

The dynamic model of the steel level in the
intermediary tundish for input flow rate Qi and output
flow rate Qo1 is given as

)(
1

1
1

oi
T

QQ
Adt

dh −= (1)

where dcQ fi = ; 11 hkQo = , with h1 and AT the

steel height and area of the intermediary tundish,

respectively; fc  the flow coefficient, d  the actuator

position; gAnk ff 2= , Af the area of the holes,

2 rAf π= , nf  and r the number and radius of the

holes and g the acceleration due to gravity (Franklin
et al., 1994).
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Figure 2. Submerse intermediary tundish.

2.2 Mill Drive Molten Steel Level

The dynamic model of the input Qo1 and output flow
Qo2 in the mill drive is described as
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dV
QQ oo =− 21 (2)

where V is the volume of the molten steel formed
between the rolls,  Qo2 the output flow from the roll s

and  Qo1 the inflow from the intermediary tundish.

The volume V is SL2 , with S the shaded area as
showed in Figure 3 and L the roll l ength.
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Figure 3. Schematic of the steel level in the mil l
drive.

The area S can be calculated as
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with R the cylinder radius, xg the roll gap which
determines the desired strip thickness and h2 the
height in [0 R].

Using (3) we may write
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and this yields
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with rv  the casting speed.

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

The molten steel level between the twin roll s may be
regulated using as control input the inflow  iQ  or the

casting speed rv . However, the casting speed rv  is
usually used to control the roll separation force due
to the system constraints. Therefore, as we
introduced an intermediary tundish, here the molten
steel level control is pursued by controlling the level
of the intermediary tundish with an inner control loop
for the stopper actuator using a servo-valve. The
purpose of the inner control loop is to avoid abrupt
changes in the valve position.

The inclusion of the intermediary tundish is very
important to the quality of the final product, as it is
detailed in Section 1. However, due to its inclusion
the molten steel level in the intermediary tundish
needs to be monitored and considered in the
controller to avoid possible over flow, guaranteeing a
good working condition of the process.

In this section the method of input-state linearization
by feedback and the fuzzy logic technique are used to
regulate the molten steel level at the desired value yd

(Slotine and Li, 1991). In the method of feedback
linearization, the nonlinearities in the nonlinear
system are canceled to yield a closed-loop linear
system.

3.1 Feedback Linearization Control Strategy

Assuming in (6) that gx , 21   and  , hh  are measured, a

control law

vhhQi )()( βα += (7)

with ℜ→ℜ2:α , ℜ→ℜ2:β  and v  an
equivalent control, can be found so that the nonlinear
system dynamics is transformed into an equivalent
linear dynamics of a simpler form (Slotine and Li,
1991). Based on the equivalent linear system, a
tracking controller for the level 2h  can be obtained.

We define the error dyye −=: , with 2: hy = . To



guarantee e → 0 as t → ∞ a control term called
supervisory control us, is added to iQ .

The supervisory control is of the form
)(sgn   : eAus = , with sgn being the sign function and

A a design parameter. The term supervisory control is
inspired in the variable structure with sliding mode
technique (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 cu  is added to iQ  in (7). In the

next section we present in detail the development of

the fuzzy control term cu . In addition for

comparison purpose, to regulate the molten steel
level a fuzzy logic controller in a cascade
configuration is presented.

3.2 Fuzzy Control

A fuzzy control law is used as an alternative to
control the steel 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 input fuzzy
sets, error e, and error derivative e

�
, and one output

fuzzy set, the modeling error whereas the cascade
fuzzy controller is formed by three input fuzzy sets,
error e, error derivative e

�
 and molten steel level in

the intermediary tundish 1h , 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 defuzzifier, the
product inference rule and a fuzzy rule base, which
consists of a collection of fuzzy IF-THEN rules of
the following form.

Fuzzy control term
R(l):

IF e is 
�

1M  and e
�
 is 

�

2M

THEN b is 
�

1K  with confidence degree ]1,0[123 ∈β

Cascade fuzzy controller
R(l):

IF e is 
�

1F , e
�
 is 

�

2F  and 1h  is 
�

3F

THEN d is 
�

4G  with confidence degree ]1,0[1234 ∈α

where
r  ...,  ,2  ,1=

�
 are the number of linguistic rules;

�

1M , 
�

2M ,
�

1F ,
�

2F  and 
�

3F  are the input fuzzy sets;
�

1K  and 
�

4G  are the output fuzzy sets;

(e, e� ) yU∈ , bHb∈ , 
11 hVh ∈  and dRd ∈  

with yU , bH , 
1hV , dR input and output linguistic

variables given by

0,],[: 2 >⊂+−= yyyy RU δδδ ,

,0,],[: >δ⊂δ+δ−= bbbb RH

,0,],[:
1111

>⊂+−= hhhh RV δδδ

0,],[: >⊂+−= dd RR dd δδδ ,

In the cascade fuzzy controller, yU  and 
1hV  are

universes of discourse, the fuzzy relation dR  is a

fuzzy set in the product space yU  x dV ; that is, dR

is the fuzzy relation induced by the rules with
membership function of triangular type and
membership grade given by ),( vuRµ  where

yUu∈ and dVv∈ .

When no rule involves the association of the input

linguistic terms,
�

1F ,
�

2F  and 
�

3F  with the output 
�

4G ,

the coefficient 1234α  is simply assigned to zero. The
fuzzy relation can be directly evaluated by

12344321 ),,,( α=µ
����

GFFFR . (8)

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

the linguistic terms 
���

321 ,, FFF  and 
�

4G  is equal to
the degree of confidence of the rules

R(l):

IF e is 
�

1F , ye �� −=  is 
�

2F  and 1h  is 
�

3F

THEN d  is 
�

4G .

The same reasoning can be used for the fuzzy control
term cu  where bH  is the fuzzy relation induced by

the rules with membership function )(uHµ  as in (8).

The fuzzy logic system adopted is presented in
Figure 4 and the molten steel level basic control
configuration with the fuzzy control term is shown in
Figure 5.



Figure 4. Schematic of the fuzzy logic control system.
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Figure 5. Schematic of the steel level control unit.

4 Simulation Results

In this section, results of simulations are presented
for a PID controller, a feedback linearization
controller and a cascade fuzzy controller. All results
were obtained considering the stopper actuator
dynamics. The radius and width of the roll cylinders
are both 0.375[m]. The molten steel levels in normal
operation are: ,m.dy ][130=  ],[120min m.y =

][140max m.y =  and the nominal inflow is

]3[30732 /sme.oQ −=  which is in accordance with

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

In the design of the cascade fuzzy control law, we
used seven linguistic rules (r=7) to the input fuzzy
sets, error e, error derivative e	  and three linguistic
rules (r=3) to the input fuzzy set, the molten steel
level in the intermediary tundish. The latter is needed
to avoid possible over flow. For the output fuzzy set,

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

In the design of the fuzzy control term added to the
feedback linearization controller, we used three
linguistic rules to both input and output fuzzy sets.

Figure 6 shows the system responses to a step
reference for the molten steel level when the desired
molten steel level is chosen as 0.13 m. Outflow Qo2

and roll speed disturbances as well as model errors
are considered in the simulations. In Figure 6 a 10%
outflow Qo2 disturbance is introduced after 50s.

Figure 6. Simulation results with disturbance in Qo2 -
molten steel level between the twin roll cylinders.

Figure 7 shows results for a roll angular speed
disturbance of 10% containing up to the third
harmonics on its operating amplitude. Clearly, the
simulation results show the superiority performance
of the fuzzy controller.
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Figure 7. Simulation results with roll angular speed
disturbance containing up to the third harmonics -
molten steel level between the twin roll cylinders.

Figure 8 shows results for gap disturbance of about
10% around the desired roll gap and containing up to
the third harmonics (Lee. et al).

Figure 8. Simulation results for the molten steel level
between the twin roll cylinders with disturbance in
the roll gap

Both the feedback linearization control and PID
control showed ineff icient to cancel the modeling
errors in the roll gap and the cascade fuzzy controller
did not work with modeling errors.

5 Conclusion

In this work  nonlinear control strategies for the
molten steel level in a strip-caster plant installed at
the IPT São Paulo is proposed. Different control
strategies are explored in order to achieve a high
performance regulation. The simulation results show
the superiority performance of the feedback
linearization controller with fuzzy control term for

compensation modeling errors as compared to
conventional PI, feedback linearization and cascade
fuzzy controller. An important feature of the fuzzy
controller is its flexibilit y to consider the controller
design constraints in the process and control
variables. Since the aim of the process is to produce a
solidified strip of constant thickness under a constant
roll separation force, the main control unit of the
strip-caster system are a nonlinear coupled system
and this wil l be considered in future work.
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