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Abstract 

This paper presents a control strategy to regulate 
the molten steel leve! of a strip-casting process. The 
molren stee/ leve/ may be controlled using the roll gap, 
rhe tundish ourpur jlow or the rol! rotation speed as 
contra/ inputs. To improve the strip thickness 
uniformity rhe molten steel leve! we propose the use of 
rhe rol/ rotation speed as the contra! input assuming 
r h e rundish output jlow is regulated in a previous stage. 
To regulate the molten steel level, conventional Pl and 
feedback lineari:ring controllers Hith compensation for 
modeling errors are considered. Simulation results are 
presented considering the real system parameters. 

1. lntroduction 

The twin rol! strip-casting process belongs to a new 
generation of casting processes, the called near-net­
shape processes. The twin rol! strip-casting process was 
first conceived by Henry Bessemer in the rniddle of last 
cenrury [ l] and [2]. A twin rol! casting process is 

essentially a two rolling rnill equipped Vlith three main 
control loops: the molten steel level control loop, the 
roll gap control loop, and the force control loop. The 
molten steel levei is considered the most criticai to the 
production of high quality steel strips. ln [3] an 
adaptive fuzzy controller for the molten steel level in a 
strip-casting process is proposed. They use the inflo>v 
as the control input. However, the feeding ofthe molten 
steel in to the pool formed between the two rotating rolls 
is a source of clisturbance in the molten steel levei. The 
steel levei fluctuations may be reduced by adding an 
intermediary tunclish submerse into the pool and using 
the roll rotation speed as the control input [5]. 

A pilot strip-caster plant installed at lPT São Paulo 
is shown in Figure l . The main control units are the 
mill drive, the cooling and the coiler control units [5]. 

The present work is organized as follows. In Section 
2 the strip-caster model for molten steel levei control is 
described. Section 3 presents the control st:rategy for the 
molten steellevel. ln Section 4 results of sirnulation are 
presented and Section 5 concludes the paper. 

Figure 1. Schematic layout of the strip-caster pilot plant installed at IPT São Paulo. 
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2. Molten Steel Levei Model for Control 

The molten steel leve! system may be described as 
a nonlinear system based on the continuity equation of 
the steel flow and on the Bernoulli equation. Severa! 
types of disturbances and uncertainties may occur in 
the molten steel leve! system such as inflow change 
and rol! eccentricity [3]. Figure 2 shows the geometry 
of the mill drive unit. Following, we presenr a 
description ofthe molten sreellevel system. 

The dynamic model ofthe inpur and output flow in 
the mill drive is described as 

(1) 

where V is the volume of the molren sreel formed 

between the rolls; Q0 the output flow from the rolls 

and Qi the inflow from an intermediary tundish. The 

volume V is 2SL with S the shaded area showed in 
f igure 2 and L the roll length. The area S can be 
ca1cu1ated as 

with R the cylinder radius: X;: rhe rol! gap and y rhe 
leve! height in [O R]. 

Using (2) we may write 

-= (x +2R)-2 R- -y L-dV [ . ~ 1 , J dy 
dt g dt 

(3) 

and this yields 

dv 1 r~ J 
-'-- = ~in -Qnut (xg '~'r) 
dt M (xg,y ) 

(4) 

with and 

Qnut ( x g ' ~'r) = Lx~ ~'r · 

Figure 2. Schematic ofthe steellevel controltmit. 
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3. Nonlinear Molten Steel Levei Control 

The molten steel leve! may be regulared using as 
control inpur rhe gap between the rolls x~ , rhe inflow 

Qi or the roll rotarion speed vr . However, the gap 

x g and the inflow Qi are regulared variables dueto 

the system constraints. Therefore, here the molten 
steel leve! control is pursued by choosing the roll 
rotation speed vr as the control input and including 

an inner control loop for the speed regulation o f a DC 
motor used in the roll driving. The purpose of the 
inner contrai loop is to avoid abrupt changes in the 
DC motor speed. The molten steel leve! control 
configuration diagram is shown in Figure 3. 

Figure 3. Schematic ofthe steellevel controltmit. 

ln this section the method of feedback linearization 
with compensarion for modeling errors is used to 
regulare the molten steel levei at the desired value Yd 
[6]. ln the method of feedback linearizarion, the 
nonlinearities in a nonlinear system are canceled to 
yield a closed-loop linear sysrem. The compensation 
for modeling errors is accomplished by including a 
fuzzy conrrollaw. 

3.1. Feedback Linearization Control Strategy 

Assuming in ( 4) that x g is measured and that Qi 

and the funcrion M(y ) are known, a conrrol law v; 
would be o f the form 

(5) 

where K p JS a design parameter. The error 

e := YJ - y , is thus given by 

e(t )=e( O )exp(-K pt) (6) 

as substituring v:. in ( 4) yields 

e+K pe=O. (7) 

Then, e --7 O as t --7 ""' when K P > O. However, as 

Qi and the funcrion M ( y) are nor exacrly known, to 

obtain 1,; in (5) we use an estimare of Q; , denoted 



Q; and estima te of M ( y), denoted M (y). The 

measured values ofthe molten steel y and roll gap x g 

are used to estima te M ( y ) . Due to the estimated - . 
error Q; := Q; - Q; a control term called supervisory 

comrol u_., is added to v; to guarantee e ~ O as t ~ 
oa. The term supervisory control is inspired in the 
variable structure with sliding mode technique [6] and 
[7] , which is of the form u ,: =A sgn (e) with sgn 

being the sign function andA an upper bound on IQi I· 
The control law thus becomes 

• 1 r A A ] 

vr =-L L-M (v)K pe+Q; +u, . 
X~ 

(8) 

From now on we drop the y in ali the functions of 
v. 

3.2. Fuzzy Controller 

In order to compensare for modeling errors in the 
strip-caster system, an additional fuzzy control law 

uc = /1.4 cK Pe is added to v; , where A1c is a fuzzy 
- A 

control term that approximates M = M - M . The 
final contro\ \aw may be thus described as 

(9) 

where uc := A-1 cK fi e . 

The fuzzy Jogic system used in this paper may be 
formulated using the Mamdani's Method, that has 
been successfully applied to a variety of industrial 
processes and consumer products or the Takagi and 
Sugeno 's Method that h as been successfully applied to 
many practical problems [7]. 

Mamdani 's Method: 
This fuzzy logic system uses the singleton 

fuzzifier, the center average defuzzifier, the product 
inference rule and a fuzzy rule base that consists of a 
collection of fuzzy IF-THEN rules of the following 
form 

R(I! ) : JF y is F: and e=-y is F} 
(lO) 

THEN lvl c is Gt 

where F/ and Fj are the input fuzzy sets, G~ the 

output fuzzy set, ( y, é) E U ,. and M c E U_.. , with 

U,. := ! Y.t -8,., y.t +8_.. ] c R " input and output 

linguistic variables, respectively, and t' = 1, 2, ... , r 
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linguistic rules. The schematic fuzzy logic system 
adopted is presented in Figure 4. 

Fuzzy rule base 

Figure 4. Schematic fuzzy logic system. 

Takagi and Sugeno 's Method: 
lnstead of considering the fuzzy IF-THEN rules as 

in (lO), Takagi and Sugeno [8] proposed the following 
fuzzy IF-THEN mies 

f JF y is F 

{)·, = A1 y+ B· v. 
THEN ' I 

Jvl c = C:, y 

( ll) 

where F' is the input fuzzy set, the y and M c E U v 

with U_.. := fY .t -8_. .. Y.t +8,. ] c R" , the state vector 

and output system, rcspectively, vr E Rm, the control 

input, (A, , B,, . C, ) are local linear models o f the 

nonlinear plant in ( 4), and f = 1. 2, ... , M linguistic 
rules. The configuration ofTakagi and Sugeno' s fuzzy 
system is shown in Figme 5. 

,'( 11 : /4> \;/lU~ ~ 

TIIEN 1 ~'= :\~B, (ij. 

l ~ .. 1 •. = x,'V ... ' .. ~, !. 

M , t .•' JEL 

~ ~~~;hkd-
1 n H~--j avcragc 1 

,4 

(
11
': /F ·'' is F

11 

TfJE.V t·:' .. = :b;:=. ~. R.it ~·· 

Figure 5. Basic configuration ofTakagi and Sugeno 
fuzzy system. 

This fuzzy system considered rules whose lf partis 
fuzzy but whose THEN part is crisp - the output is a 
linear combination of input system. In [9] is presented 
the constructing of the local linear models for fuzzy 
system Takagi and Sugeno. 

Assuming that the Q; term is effectively canceled 

by the compensation term Q; , the role of M c here is 
- . 

to estimare M = JvJ - M as closely as possible. As the 



fuzzy controller makes \M c - M\ rrummurn m the 

compact set U,. . it is known from the Universal 

Approximation Theorem that there is an upper bound 

E such that \if c - M\ :5 e uniformly in the compact 

- - -set U,. [3]. Let .ó.lvf.:= M - M c . Then, clearly 

IL1MI :5 t: · 

Replacing (9) in ( 4) we have 

e = M +Me , 1 Õ ) 
M K Pe - M ( - i - u, . (12) 

The stability of the closed loop system can be 
analyzed using a Lyapunov function candidate of the 
form 

M, 
V =-e-. 

2 

lt can be showed that the closed loop stability can 

be assured for \L1M\ :5 e . ln fact, 

. 1\1. ' . V =-e- +Mee 
2 

,tYJ ' 1 - -
='T e- +lvle( -K I'e + M (-Qi +L1MKI'e)+u,)) 

- i\1. . , -
= - Uvl- 11M - --) K e- -O e+ .~~IJ. . "K " _, "'l;l 

- J1 

By choosing an appropriate value for the amplitude 

"l sincc the sign of e and Qi is the same we can write 

Thus. the derivative of V can be made defmite 

negative by choosing appropriately K P since M is 

bounded due to the system geometry constraints. 

4. Simulation Rcsults 

ln this section, results of simulations are presented 
for a Pl controller, a feedback linearization controller 
and a feedback linearization controller with 
compensation for modeling errors. ln the design of the 

fuzzy conu·ol law u c we used seven linguistic rules, 

r= 7 in ( 1 0) . The input and output membership 
functions adopted are as in figure 6. 
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figure 6. fuzzy controllaw membership functions. 

ln the simulations, we assumed that the gap and 
the speed disturbances signals are periodic because the 
common roll eccentricity disturbance that occurs in the 
rolling process is nearly periodic. The desired values 
of gap, levei, and speed are chosen as 0.002[m], 
O.l3(m], 0.5[m/s], respectively. The proportional and 
integral gains of the conventional Pl controller are set 
as 150 and 0.0005, respectively. 

The results developed in the previous section are 
applied to the lPT's pilot strip-caster plant. The radius 
and width ofthe roll cylinders are both 0.375[m]. The 
molten steel leveis in normal operation are: 

Yd = 0.13(m] , Ymin =0.12[m], Ymax =0.14(m] and 

the nominal inflow is Qin = 3.07e- 3[m3!s] by design 

ofthe intermediary tundish. 
figures 7 to 10 show the system responses to a step 

reference for the molten steel levei. lnflow Qi and roll 
speed disturbances as well as model errors are 
considered in the simulations. ln figure 7, a 30% 
inflow Qi disturbance is introduced after 40s. 



----- P/ Conlrol 
Fcedback Linearizat ion Contrai 

Time [s] 

Figure 7 _ Moltcn stcd lcvel responses to a step 
reference and to a inflow step disturbance. 

In Figures 8 and 9 results with a feedback 
lincarization controller are prcsented and compared to 
the results with a conventional PI for a rol! angular 
spccd disturbancc of 30% of its opcrating an1plitudc 
and containing up to the third harmonics. In addition, 
to rcflect thc roll ccccntricity effccts in the system 
model ing, in Figures I O and I I we present results for 
a gap disturbancc of about l 0% around the desircd roll 
gap and containing up to the third harmonics [3]- Note 
that thc sin1ulation results shown in Figures lO and 11 
were obtained without considering the DC motor 
dynamics whcn thc control inputs are left free to vary. 
Clearly, the simulation results show the superiority 
perfonnance of the feedback linearization controller 
\VÍth a fuzzy controllaw. 

- --- Fccdback. Lincarization Contrai 
P/ Centro/ 

Time [s] 

Figure 8. Moltcn steellevel responses to a step 
reference with disrurbance in the roll rotating speed. 
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Figure 9. Control input responses to a step reference 
with disturbance in the roll rotating spccd_ 
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Figure 1 O. Molten steel levd responscs to a stcp 
reference with disturbance in the roll gap. 

Fcocb<:lck Unoaiza!ion Caltrd .....;th Fuzzy Contrai I 
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Figure I I .Control input responses to a step reference 
with disturbance in the roll gap. 

5. Conclusion 

ln this work a nonlinear control strategy for the 
molten steel leve! for a strip-castcr plant installcd at 
the IPT São Paulo is proposed. A feedback 
linearization controller is applied in order to achieve 
high performance regulation. The simulation results 
show the efficiency of the proposed controller as 



compared to conventional PI controllers. In order to 
compensare for modeling errors that inevitably occurs 
in the strip-caster system, an additional fuzzy control 
term was added to the controller. As expected, with 
rhis fuzzy control term, the delivered control input is 
smoorh , showing the superiority performance of the 
feedback línearízation controller with a fuzzy control 
law. 
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