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This paper studies the adaptive fuzzy control problem of the molten steel level for a class of twin roll strip casting 
systems. Based on fuzzy logic systems (FLSs) and the mean value theorem, a novel adaptive tracking controller with 
parameter updated laws is effectively designed. It is proved that all the closed-loop signals are uniformly bounded 
and the system tracking errors can asymptotically converge to zero by using the Lyapunov stability analysis. Simula-
tion results of semi-experimental system dynamic model and parameters are provided to demonstrate the validity 
of the proposed adaptive fuzzy design approach.
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INTRODUCTION

Due to the rapid development of machine industry, 
the demand of thin steel strips combining two processes 
of continuous casting and hot rolling into a single pro-
duction has received widely attention in recent years. 
Correspondingly, it can bring in many advantages in-
cluding lower investment cost, energy saving, less space 
requirements and so on. For the continuous casting 
technique, a lot of successful control methods [1-3] 
have been investigated. In [4], adaptive neural network 
control scheme was proposed for the molten steel level 
control of strip casting processes based slide-mode 
technique. By using the perturbation method, a decou-
pling control algorithm in [5] was designed to obtain a 
uniform sheet thickness and keep a constant roll sepa-
rating force in the strip casting process. 

As is well known, the model of twin roll strip cast-
ing system is nonlinear, and its controller design pro-
cess is very difficult. Meanwhile, a few of robust fuzzy 
tracking control strategies [6,7] are developed for a 
class of nonlinear systems. In [8], the asymptotic track-
ing control problem was considered for a class of non-
linear systems with actuator nonlinearities by introduc-
ing approximate adaptive laws with positive integrable 
time-varying functions. On the basis of this, the authors 
in [9] further studied the actuator saturation constrain 
problem of adaptive fuzzy tracking control is consid-
ered for a class of uncertain nonaffine nonlinear time-
delayed systems. Especially, inspired by [9], by utiliz-
ing fuzzy approximation technique and the implicit 
function theorem, a novel fuzzy tracking controller with 
adaptation laws is designed for the molten steel level of 
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twin roll strip casting process in this paper. Moreover, it 
is shown that the state signal of the molten steel level 
can asymptotically converge to the desired reference 
signal via the Lyapunov stability analysis.

SYSTEM MODEL OF THE STRIP CASTING 

PROCESS

Molt en metal level equation

Here, similar to (1)-(4) in [4], the mathematical 
model for the molten steel leveling dynamics can be de-
scribed as follows

  (1)

Where y is the height of molten metal, L is the length 
of the roll cylinders, u is the electric servomotor control, 
k(t) is the corresponding control gain, ν is the roll sur-
face tangential velocity, and F(xg, y) = xg  
with R being the roll radius.

Then, by introducing the coordinate transformations 
x1 = y,  and applying Newton’s Second Law, it 
follows from (1) that the following SISO nonaffine non-
linear system can be obtained

  (2)

Where x = [x1, x2]
T
 stands for the state variable, 

 is the unknown and smooth 

nonaffine nonlinear function, and τ > 0 is the proper 
control gain parameter.

The objective of this paper is to design an adaptive 
fuzzy controller u such that all the closed-loop error sig-
nals are uniformly ultimately bounded, and the system 
state x can asymptotically track a reference trajectory

 with yd being a desired signal. Then, to 
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small positive constant, and ΩX is a proper compact set. 
Noting Assumption 1, denote , 
where M* is an unknown upper bound. Then, the adap-
tive fuzzy controller is given by
  (9)

with the corresponding parameter updated laws

  (10)

Where M̂ and θ̂ are the estimates of M* and θ*, re-
spectively, ∑ = ∑T > 0 and γ are positive design param-
eters. In addition, the continuous function ρ(t) is subject 
to ρ(t) > 0 and  with ρ̄ being a 
positive constant.

Stability analysis 

In this subsection, the stability of the resulting 
closed-loop system is given in the following theorem.

Theorem 1. Consider the molten steel leveling dy-
namics system (2) satisfying Assumptions 1 and 2. By 
designing adaptive fuzzy controller (9) and parameter 
updated laws (10), the tracking error e(t) of the closed-
loop system can asymptotically converge to zero, that is,
  (11)

Where  and ΩX is a proper com-
pact set.

Proof:Define the Lyapunov function  as 

  (12)

Where  and  are the parameter 
estimation errors.

The derivative of V is

   (13)

From (8), substituting (9) into (13) yields

  (14)

Invoking the adaptive control laws (10) and triangle 
inequality, (14) becomes

  (15)

achieve this control objective, the necessary assumptions 
are required for the nonaffine nonlinear system (2).

Assumption 1.([2]) The desired reference trajectory 
yd is known and smooth, and its first and second order 
derivatives are also continuous. That is, there exist un-
known positive constants ,  and  such that ,  

, and , respectively.
Assumption 2. ([9]) For a given compact set Ω0, 

there always exist positive constants F1 and F2such that 
the following inequality holds

  (3)

Similar to [7], the optimal parameter vectors θ0 of 
FLS is defined as

  (4)

Where Ω0and ΩX are compact regions for θ and X, 
respectively. Furthermore, the optimal parameter vector 
θ∗ is defined as 
  (5)

ADAPTIVE FUZZY TRACKING CONTROLLER 

DESIGN AND STABILITY ANALYSIS

Adaptive tracking controller design

In this subsection, the adaptive fuzzy asymptotic 
tracking control scheme will be developed for the 
molten steel leveling dynamics system (2). Consequent-
ly, taking the time derivative of the tracking error 
e = x– xd with respect to t yields
   (6)

Where

  (7)

Thus it follows from (7) that A + BL is a stable matrix 
by approximately choosing a gain vector L. Furthermore, 
these exists a P = PT > 0 such that the Lyapunov equation 
(A + BL)TP + P(A+BL) = –Q holds for any a given Q = 
QT > 0. At the same time, by using the mean value theo-
rem for the nonaffine term f(X, u) with  
from Assumption 2, one can obtain that 

 with u = u and 0 <  <1. 

In addition, by invoking the expression in (5), it is 
easy to see that 

  (8)

where  with k be-
ing a positive design parameter. The approximation er-
ror δ*(X ) satisfies |δ*(X )| ≤ δ* with δ* being an any 
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Where . Integrating (15) 
from 0 to t gives

  (16)

which implies that
, Where λmin(·)

denotes the minimum eigenvalue of a matrix. Further-
more, it can be concluded that eL2 and limt e(t) = 0 
by using the Barbalat’s lemma [10].

This completes the proof. 

SIMULATION STUDIES

In this section, the following numerical simulation 
cited in [5] is given for SISO nonaffine nonlinear sys-
tem (2). The corresponding system parameters are se-
lected as R=150 mm, L=200 mm, v=10 mpm. In addi-
tion, the desired roll gap is set to be 3 mm, the initial 
molten steel level is set to be 70 mm, and the reference 
signal is chosen as sin(t) + cos(0,5 t), respectively. Fur-
thermore, the fuzzy membership functions are chosen 
as follows

  (17)

Define fuzzy basis functions as

  (18)

Where .
The simulation parameters are chosen as τ = 6, 

k = 2, γ = 0,1, ,  ρ(t) = 5e–0,1t, and the initial 

values are selected as x(0) = [0,07, 0,8]T, θ̂(0) = [0,1, 

Figure 1  Trajectories of the system state x1 and the desired 
reference signal yd

Figure 2 Trajectories of the state tracking error e1

Figure 3 The response curves of θ̂

0,1,0,1,0], M̂ (0) = 10. By choosing , it is 

to obtain from (A – BL)TP + P(A+BL) = –Q that

.The simulation results are obtained in Fig-

ures 1-5. From Figure 1 and Figure 2, it can be seen that 
the system state x1 and the reference signals yd. It is easy 
to see that the state tracking error e1 of the molten steel 
level can converge to zero. The boundedness of estima-
tions curves θ̂ and M̂ , as well as the control signal u are 
demonstrated in Figures  3-5.

Figure 4 The response curves   of M̂



314

Y. J. ZHANG et al.: ADAPTIVE FUZZY CONTROL DESIGN FOR THE MOLTEN STEEL LEVEL IN A STRIP CASTING...

 METALURGIJA 56 (2017) 3-4, 311-314

CONCLUSIONS

This paper is concerned  with the adaptive fuzzy 
tracking control problem for twin roll strip casting pro-
cess. Based on fuzzy approximation technique, a novel 
adaptive fuzzy tracking control scheme is proposed. In 
particular, the mean value theorem is applied to handle 
with the nonaffine term, and the parameter updated 
laws for the parameter regress vector and the unknown 
upper bound of approximation error is constructed.

Moreover, by using the designed adaptive controller, 
it is proved that all the closed-loop signals are bounded 
and the state tracking error of the molten steel level can 
asymptotically converge to zero via the Lyapunov sta-
bility analysis. Also, simulation results show the effec-
tiveness of the proposed adaptive control method.

Acknowledgments

This work was supported by the Fundamental Re-
search Funds of Anshan Municipal Government.

REFERENCES

[1] D. Y. Ju, H. Y. Zhao, X. D. Hu, K. Ohori,  M. Tougo, Ther-
mal flow simulation on twin roll casting process for thin 
strip production of magnesium alloy, Mater. Sci. Forum 
488-489(2005), 439-444.

[2] H. Y. Song, H. T. Liu, H. H. Lu, L. Z. An, B. G. Zhang, W. 
Q. Liu, G. M. Cao, G. C. Li, Z. Y. Liu, G. D.Wang, Fabri-
cation of grain-oriented silicon steel by a novel way: Strip 
casting process, Mater. Lett. 137(2014)15, 475-478.

[3] H. Y. Song, H. T. Liu, Y. P. Wang, G. D.Wang, Microstruc-
ture and texture evolution of ultra-thin grain-oriented sili-
con steel sheet fabricated using strip casting and three-
stage cold rolling method, J. Magn. Magn. Mater. 
426(2017)15, 32-39.

[4] H. Y. Chen, S. J. Huang, Self-organizing fuzzy controller 
for the molten steel level control of a twin-roll strip casting 
process, J. Intellig. Manuf 22(2011)4, 619-626.

[5] W. Y. Zhang, D. Y. Ju, H. Y. Zhao, X. D. Hu, Y. Yao, Y. J. 
Zhang, A decoupling control model on perturbation me-
thod for twin-roll casting magnesium alloy sheet, J. Mater. 
Sci. Technol. 31(2015)5, 517-522.

[6] Q. Zhou, P. Shi, J. J. Liu, S. Y. Xu, Adaptive output-
feedback fuzzy tracking control for a class of nonlinear 
systems, IEEE Trans. Fuzzy Syst. 19(2011)5, 972-982.

[7] S. C. Tong, Y. M. Li, Adaptive fuzzy output feedback tra-
cking backstepping control of strict-feedback nonlinear 
systems with unknown dead zones, IEEE Trans. Fuzzy 
Syst. 20(2012)1, 168-180.

[8] Z. Q. Zhang, S. Y. Xu, B. Y. Zhang, Asymptotic tracking 
control of uncertain nonlinear systems with unknown ac-
tuator nonlinearity, IEEE Trans. Autom. Control  
59(2014)5, 1336-1341. 

[9] Y. J. Zhang, L. B. Wu, H. Y. Zhao, X. D. Hu, W. Y. Zhang, 
D.Y. Ju, Adaptive fuzzy tracking control for a class of un-
certain nonlinear time-delayed systems with saturation 
constrains, J. Control Sci. Eng., 

 http://dx.doi.org/10.1155/2016/2931524.
[10] M. Krstic, I. Kanellakopoulos and P. V. Kokotovic, Nonli-

near and Adaptive Control Design, New York: Wiley, 
1995.12

Note:  The responsible translators for English language is J. WANG 
- University of Science and Technology Liaoning, China

Figure 5 The respond curve of the control signal u


