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This paper is concerned with the adaptive fuzzy control problem for a class of twin-roll strip casting systems. By using fuzzy logic
systems (FLSs) to approximate the compounded nonlinear functions, a novel robust output tracking controller with adaptation
laws is designed based on the high gain observer. First, the nonlinear dynamic equations for the roll gap and the molten steel
level are constructed, respectively. Then, the mean value theorem is employed to transform the nonaffine nonlinear systems to
the corresponding affine nonlinear systems. Moreover, it is also proved that all the closed-loop signals are bounded and the
systems output tracking errors can converge to the desired neighborhoods of the origin via the Lyapunov stability analysis. Finally,
simulation results, based on semiexperimental system dynamic model and parameters, are worked out to show the effectiveness of

the proposed adaptive fuzzy design method.

1. Introduction

As is well known, the strip casting combines two processes of
continuous casting and hot rolling into a single production;
consequently, it brings in a lot of advantages including lower
investment cost, energy saving, less space requirements. More
specifically, compared with the conventional continuous
casting [1], the production line and the production cost of
the twin-roll strip casting process are significantly shortened
and reduced, respectively. Meanwhile, due to a high cooling
rate for the strip casting, the mechanical properties of
metallic materials can be increased [2]. Nevertheless, the strip
casting process is always with nonlinear uncertainty, external
disturbance, and coupled behaviors, and the roll gap and
the molten steel level control problems are still important
research topics to guarantee steel strip quality.

In [3], the model of the continuous casting process with
various nonlinearities was proposed, and the corresponding
controller was also designed. The authors in [4] developed an

adaptive algorithm for the mould level control of a continu-
ous steel slab casting. The modeling and control problem for
a class of twin-roll strip casting system was studied in [5].
Correspondingly, some successful adaptive fuzzy or neural
network approaches for the molten steel level control have
been studied (see, e.g., [6-8] and the references therein) in the
casting process. Recently, based on the perturbation method,
a decoupling control strategy in [9] was proposed to obtain a
uniform sheet thickness and keep a constant roll separating
force in the strip casting process. By using twin-roll casting
technology (TRC), the optimized process parameters and
their effects on TRC of 7050 aluminum alloys strips were
studied in [10].

It should be pointed out that, in most of the results about
nonlinear systems, the considered parameter uncertainties
and disturbances satisfy matching condition [11, 12]. Besides,
the above-mentioned control approaches require that all the
states of the systems are available; thus they cannot be applied
to nonaffine nonlinear system with unmeasured states. In
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particular, for the roll gap and the molten steel level control
of twin-roll strip casting process, it is difficult to measure
the rates of change of the roll gap and the molten steel
level by using proper sensors. In [13], the adaptive fuzzy
tracking control problem for a class of uncertain nonaffine
nonlinear systems with nonsymmetric dead-zone inputs was
investigated; however, the proposed approaches can only
handle the SISO nonaffine nonlinear systems rather than
MIMO systems with complex coupling terms. To the best
knowledge of the authors, it is the first time the adaptive fuzzy
tracking control is developed for MIMO nonaffine nonlinear
casting systems with immeasurable states, which are very
meaningful and more practical.

The above considerations motivate our study work. Espe-
cially, inspired by [8, 13], by means of fuzzy approxima-
tion technique, the adaptive fuzzy output tracking control
problem for a class of twin-roll strip casting systems is
considered. Moreover, compared with the existing results, the
main contributions of this paper are as follows: (1) The novel
fuzzy tracking controllers with adaptation laws are designed
by using fuzzy logic systems to approximate the compound
nonlinear functions. (2) In order to handle the nonaffine
coupling terms, the implicit function theorem and the mean
value theorem are invoked, respectively. It is thus that the
MIMO nonaffine nonlinear system can be transformed into
the corresponding affine nonlinear system by this way. (3) By
making use of adaptive mechanism driven by the estimation
states obtained from the high gain observer, the influence of
nonlinear parameter uncertainties and external disturbances
is restrained effectively. It is also shown that the output
tracking errors of the roll gap and the molten steel level
can converge to the desired neighborhoods via the Lyapunov
stability analysis.

The rest of the paper is organized as follows. In Section 2,
the mathematical model for the strip casting process is
given. The adaptive fuzzy output tracking control problem
is addressed in Section 3. Simulations and experimental
analysis are then provided in Section 4 to verify the effective-
ness of the proposed approach. Finally, Section 5 draws the
conclusions.

2. System Model for the Strip Casting Process

2.1. Molten Metal Level Equation. In this subsection, a dia-
gram of the strip casting process is shown in Figure 1, and
the corresponding mathematical model for the molten steel
leveling dynamics is described as in [8]. Concretely, the
following dynamic equation can be derived from (1)-(4) in

(8]
dx,

dx
dt = F71 (xg’ xh) L71 (Qin - Qout - Lxh z ) > (1)

dr

where R is the roll radius, L is the length of the roll cylinders,
Q;, and Q. are the input flow and output flow of the pool
between the two rolls, respectively, and F(x, x;) = x, +2R -

24/R? - x}.
In addition, for convenience, the input flow Q,, is taken as
Qi = k(t)u, where u is the control input, and the gain k(#) is
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FIGURE 1: Schematic diagram of the twin-roll casting process.

determined empirically. The output flow Q,,, can be derived
from the product of roll surface tangential velocity v, roll gap
x4, and the length of the roll cylinder L; that is, Q, = Lx,v.
So the molten metal level equation (1) is rewritten as

dxh _ _ dxg

E:F l(xg,xh)L l(ku—Lxgv—Lth )
By introducing the coordinate transformations x,; = x,,

Xy, = dx_/dt, x,1 = x;,, and x,, = dx;,/dt, it follows from (2)

that the f?)llowing MIMO nonaffine nonlinear system can be

obtained:

X1 = Xip
X = fi(ow) +d; €)
yi = xil, i = 1, 2,

where x = [xl,xz]T and x; = [xil,xiz]T stand for the

state variables, d; is the unknown disturbance, y; and u;
denote the system output and the control input of the ith
subsystem, respectively, and f;(x,u;) is the unknown and
smooth nonaffine nonlinear function with u; being electric
servomotor control.

Remark 1. Applying Newton’s Second Law, it is easy to obtain
that f(x,u;) = (1/M)(Ku; — fy(x)) with M being the
mass of roll, f,,(x) being viscous resistance, and u; being ser-
vomotor control. At the same time, the nonaffine nonlinear
function f,(x,u,) can be derived by taking derivative of (2).

The objective of this paper is to design an adaptive fuzzy
output feedback controller u; such that all the closed-loop
error signals are uniformly ultimately bounded, and the
system output y; tracks a reference trajectory y; within a
desired compact set in the presence of unknown nonaffine
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nonlinear coupling term. Then, to ensure the feasibility of the
considered problem, the necessary assumptions are required
for the nonaffine nonlinear system (3).

Assumption 2. The desired reference trajectory y,; is known
and smooth, and its derivative is also continuous. That is,

there exist unknown positive constants d;, d;, and d, such that

lyu ()] < dyy |94:(0)] < dy, and [§,,(8)] < d;, respectively.

Assumption 3 (see [13]). Forall x € R* and u; € R in the ith
subsystem (3), there always exist positive constants f;, and f;,
such that the following inequality holds:

of; (xw;) <

0< f, < <
fa ou;

for i=1,2. (4)

Assumption 4. The external disturbance d; is bounded; that
is, there exists an unknown positive constant d; such that

()] < d.

Remark 5. It can be seen that Assumptions 2 and 4 are
quite standard in most of the references for nonlinear
tracking control, which means that the external disturbances,
the reference signals, and their derivatives are bounded.
Assumption 3 is used to decouple the nonaffine nonlinear
term for the ith subsystem, which implies that the change rate
of the control input gain is bounded.

2.2. Fuzzy Logic Systems (FLSs). Generally speaking, for
an FLS, it consists of four parts: the knowledge base, the
singleton fuzzifier, product inference, and center average
defuzzifier, respectively. First, construct the knowledge base
for FLS with the following IF-THEN rules:

R:If X, is Fi and ... and X, is F..

ThenYis B;,i=1,2,...,N.

Next, the FLS with the singleton fuzzifier, product infer-
ence, and center average defuzzifier can be expressed as

Y eiH;‘l:IaMF} (Xj)
Dl [H’;:l/‘F;? (Xj)] |

where X = [X,, X,,...,X,]" € R", u is the membership of
. J
F},and 0; = maxyg[pp, (V)]. Let

Y (X) = (5)

H?:MF]*Z (Xj)
Zf\:]l [H?:MF]% (X;)]

d(X) = [¢(X),d,(X),...,¢n(X)]T, and 6 = [6,,6,,...,

61" Hence, the FLS can be rewritten in the following form:

¢ (X) = i=12,....,N, (6)

Y (X)=60"¢(X). ?)

Lemma 6 (see [14]). Let F(X) be a continuous function
defined on a compact set Qx. Then, for any given constant

€ > 0, there exists a FLS Y(X) in the form of (7) such that

sup |F(X)-Y (X)| = 'F(X) -0"¢ (X)| <e (g
XeQy

Similar to [13], the optimal parameter vectors 6" of FLS
are defined as

0" = argmin | sup |F(X) - 9T¢ (X)' ) )
0€Qp | xeQy

where Qg and Qy are compact regions for 6 and X, respec-
tively. Furthermore, from Lemma 6, the fuzzy approximation
error §*(X) is defined as

F(X)=0"T¢p(X)+86" (X), VXeQycR"  (10)

3. Adaptive Tracking Controller Design and
Stability Analysis

3.1. Adaptive Tracking Controller Design. In this subsection,
we shall present an adaptive fuzzy control scheme only based
on output variable. Therefore, the high gain observer is intro-
duced to design adaptive output fuzzy tracking controller, and
the corresponding lemma is given as follows.

Lemma 7 (see [15]). Consider the following linear system:

€Zi1 = Zins

an
€Zp = ~MpZp —Zn t¥p i=12
where €; > 0 is a sufficiently small constant and the parameter
t; is appropriately chosen such that s* + pys + 1 is an
Hurwitz polynomial. If the output function y; and its kth
time derivatives yl.(k) are bounded, that is, there exist positive
constants Yy, Yy satisfying |y;| < Yy, Iyi(k)l < Yy, then it is
obtained that

Zik k-1 ()
ik = ek_l -y =&, k=12, 12)
i
where ¢; = z;, + pz; and ¢§k) represents the kth time

derivative of ¢;. Moreover, if all the observer states satisfy that
|zi| < Zy with z; > 0, then there exist 7, > 0 such that

7] < €1

According to Lemma 6, the estimation of unmeasurable
state vector is defined as

T
R z; T .
X = [xil’ ;2] =[x Xp], i=12 (13)
1

Next, to facilitate control system design from nonaffine form
to affine form, the tracking error and the filtered tracking
error are defined as &, = X; — X,y = [€,&,]" € R*and &, =
[A;, 1]é,, respectively, where x,; = [y,4, y:4]" is the reference
state vector and A; is appropriately chosen coefficient such
that s+ A, is an Hurwitz polynomial; thatis,e; — Oaseé;; — 0.



Then, taking the derivative of &;; gives

Els = ft (x> ui) -

where X;, = x;, + X;,. By using Assumption 3 and the implicit
function theorem [16], there exists a unique and continuous
ideal control u = Ui(x) € Q, such that fi(x,u) =
fi(x,Ui(x)) = 0 for all x € Q,, " where Q, and Q are
two compact sets. By adding and subtractlng ;€5 in (14) and
applying it to the mean value theorem, we have

Jia + X +[0,4,] 8 +d, (14)

ofi(ouf)
= fi (o) + —(“i_“i)Jineis—yid
+ 7'61‘2 +[0,4;]€ +d; -y
of; (x, u?) i of; (x, u?) (15)
= il — 9 u; + N WY

+Yiei + [0, 4] € = g + Xy + d; + y,8

+ [0’ A’l] gt - Yiéiy
where 1 is some point between zero and u;, y; > 0, y; > 0,
é\i :ei+gi’andéis = eis +Eis'

Denote the nonlinear functions H;(x,e;) = (9f;(x, u?) /
ou)u — (Of;(x, u))[ou; — w)u; — yiers — [0, A;]e;; it follows
from (10) that H;(x, e;) can be approximated by the following
form:

H; (x,¢;) = ei*T(/’i (x,¢;) +8; (x,¢) (16)

for all (x,e;) € Q, x Q, with Q, being a compact set.
Consequently, substltutmg (16) into (15) yields

&, = phith; — Q;T‘Pi (x,€;) + D; (t) = v 17)

where D;(t) = =0, (x,€;) — Jig + Xp + d; + ¥, + [0,A,]€;.
From Lemma 7 and using Assumptions 2 and 4, it can be
concluded that there exists an unknown upper bound D;
such that |D;(t)| < D;.

Remark 8. For the ith nonaffine nonlinear subsystem (3),
Assumption 3 plays an important role in the controller
design. The reason is that the implicit function theorem
is employed to transform the nonaffine nonlinear coupling
term into the corresponding affine term based on this
assumption. In addition, the similar decoupling method in
[13] has been developed; however, it is required that less
adjustable parameters are used for the controller design in
this paper.

Moreover, the adaptive fuzzy tracking controller is
designed for the ith subsystem as follows:

uizl’li ( 1zs+9¢1(
(18)

B
&,D; tanh (¢,,/9;) + 6, )
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with adaptation laws

(19)
i = —BioiD; + B[]
where 8, and D, are the estimate values of 6 and D,

respectively,and I; = T iT > 0,;,6; B
design parameters.

0;,i = 1,2, are positive

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

Theorem 9. Consider the MIMO nonaffine nonlinear sys-
tem (3) with unmeasurable states, under the condition that
Assumptions 24 hold and the estimation states can be obtained
from the high gain observer (11). On the compact set Q. x Q,,
the adaptive fuzzy tracking controller (18) and the parameter
updated laws (19) are constructed; then all the closed-loop sys-
tem error signals are uniformly ultimately bounded. Moreover,
the parameter estimation errors D,, 0; and tracking error e,
remain as the compact sets O, O, and Qi the sense that

Q,, = {e,-s ER | e < \5}
- {D, v 1[D| < o) "

{e e wpuﬁi} i-12

where Q; = 2(V;l,—o + pin/ pn) with p;; and p;, defined as

1/
pi = min {2 (oci +y - %) , ;;ax—(l{,-wf)’ (0; — 2x1]")
Al
(21)
2 *2 %2
o= CW T T ) 46,426 D]

1

+ D Jo; | + (20 + 2 ) D72,
2 2

Proof. Define the Lyapunov function V;(e; 6,,D,) as

is>

Vi (e,0,D,) = ;fs+ lep? +;é;f 08, (22)

where D; = D;-D; and§; = 0,67, i = 1,2, are the parameter
estimation errors. Taking the derivative of V; yields

Vi = e 6 + ﬁ;lﬁiﬁi + é?riléi
*T —~
=€ (l/‘iui -0/ ¢;(x,¢;) + D; (t) - Yieis) (23)

+ /31‘_151'51' + é,irri_lai-
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By substituting (18) into (23), one can obtain that
. IS
Vi = =0 +y,) e +0; ¢ (%, €) e
e;.e; 52

is“is *T
- i \ X5 €;) €5
&.D,tanh (2,/0,) + 6, 691 ()

+e.D; + B D,D; + 8T,

- ((xi + %) €is — ((X + %) ezs is

+ (67 (28) - 6¢s (x.0)) e (24)
e:D?

18 1

IS 1 tanh (els/a )

o Eld] 5D 5D
é;.D; tanh (&;,/5;) + &

eisDi_ isi

+ DD +0T, 19

where €;, = ¢;; — ¢;,. Using the adaptive control laws (19), (24)

becomes
Vi < _(“i +Yi)eizs - ((X +V1) €s€is
+(0 ¢ (2.8)-07"¢; (x.e)) e
e D?

1S 1

é,D; tanh (¢,/8,) + 6, (25)

,.ADZ

IS IS 1

+—
é;.D; tanh (&;,/8;) + 6,

+|e| D7 + [l D

== = AT, (= =\~ ATH
- 0;D;D; + leis| D; -6, ¢, (%.¢)e, - 0,0; 0;.

Invoking inequalities 0 < btanh(b/a) < |b],Vb € R,a > 0
and |b] < btanh(b/a) + ka, Vb € R, a > 0, x = 0.2785 given
in [17], it follows from (25) that

V<_(a+yl) (“+Vl) €is€is
léi| D:d;

&)~ 9;'*T¢i (x,€;)) €+ —=——
) |eis| D;+6; (26)

+ (é:'T(pi (%,
+[&| D; + x [e;| D; +|&i| D} - 0,D;
0/ ¢ (%.2,)

For the FLS error term on the right side of (26), adding and
subtracting 0,7 ¢,;(%, &) yield

- UIEID: - - O’lé;ré\l

0/, (%.6)-6;"¢, (%) +0,"¢ (%5
—0;7¢, (x.e;) (27)
=0/¢,(%.8)+ 6" (¢, (%.8) - ¢ (x.¢))).

Using the fact that ¢IT¢, < 1 and the triangle inequality, we
have

0/, (.2) -0, ¢ (x.e,) <0 (%,
2D,D; = D; - D;” -

&) +2]67

D> -D* - D (28)
2876, = 6] + |8 - e = |8 - le: |-
Invoking (28), (26) becomes

-6¢.(z.2)2

Vi< — (0 + 1) € — (o + 1) e85

e. _ _
w2l ||+lé"|#+|e |5, + x5, B
(29)
. O O vy O =2
+2[g,| D] - 507 + 07 - )]
Oy ow
% Jo; .

From the definition in (12) and the fact that &;; = [A;, 1]g;,
it can be obtained that €;; is bounded; that is, there exists
a positive constant 7;° subject to |&;| < 7. Moreover, by
utilizing the inequalities 2ab < (1/ c)a’+cb? Ve > 0,a,b € R
and0 <a/(a+b)<1,Va=>0,b> 0, we have

. (0, +7,)° T, J P
V< — (o5 +7:) e +2el$+f+2—%“9i”
*2 n2
LV D;¢;
2 2

O —
+ 2k, D% + 21, D} - E’Df +

oo Dided) em

< (o, + yz)z -

S0 - 1er
2o <

ol -5 -2k B +

T*ZVI'

+%+2“9:"+8i+2T;D:+% ?

0;

+ <2KT; + %)D;2> < =paVi+ P>

where p;; and p;, are given by the following form:

: 1 l/lrlll *

L, = 2 : = =], 2 f
le min { <“z + Y1 2) max ( ) (0 KTz )

5]
(31
2 _x2 *2
pp = S T TV 00 46,4 200D}
i2 2 2 i i i

1

% No; 17 + (2w + 2 ) 7.
2 2



By appropriately adjusting the design parameters y;, o,
Bi>¥i» 050, and y; such that oy +y;,—-1/2 > 0,0,—1/y; > 0,and
o; — 2kt > 0, respectively, the closed-loop system stability
can be guaranteed. Finally, by multiplying e”'* and integrating
over [0, t] on both sides of (30), we have

Vi< (Viltzo - %)ep“t + & < Vilioo + Pa, (32)

il il il
It follows from (22) and (32) that

Pi2
;| < 2<V1 o+ —)
| l \/ |t—() i

|5i' = \/2.81' <Vi|t:0 + %) (33)
i

= 2(Vil_o + pia/ pi
||9i||s (Vili<o szlz/le)‘
Amin (rz )
Consequently, the parameter estimation errors D;, §; and

tracking error e, are bounded from (31) and remain as the
compact sets Q5 , {5, and €Q, in the sense that

0, = e e R e <

3

Op, = {5,. €R||D,| < \//3,.9,.} (34)
e L R

where Q; = 2(Vj|,_y + p»/pi) with p;; and p;, defined as (31).
The proof is completed. O

Remark 10. It is worth mentioning that the authors in [13]
considered the adaptive fuzzy tracking control problem for
a class of SISO nonaffine nonlinear systems. However, the
approach proposed in [13] cannot be applied to MIMO
nonaffine nonlinear casting systems with immeasurable cou-
pling states. In this paper, the mean value theorem and the
fuzzy approximation method are employed to transform the
nonaffine nonlinear systems to the corresponding affine non-
linear systems. Also, based on Lyapunov stability analysis, it is
shown that the proposed adaptive fuzzy output tracking con-
trol scheme can guarantee that the roll gap x, and the molten
steel level x;, can track to the empirical reference signals.

4. Simulations and Experimental Analysis

In this section, in order to verify the effectiveness of the pro-
posed adaptive fuzzy control method, the following numeri-
cal simulation is performed for MIMO nonaffine nonlinear
system (3), and the corresponding system parameters are
selected as R = 150mm, L = 200mm, M = 300kg, and
v, = 10 mpm. These values are chosen from [9]. In addition,
the initial roll gap and the desired roll gap are set to be
0 mm and 3 mm, and the initial molten steel level and desired
molten steel level are set to be 20 mm and 70 mm, respectively.
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0 10 20 30 40 50 60
Time (sec)
—— 'The height y; of molten metal
The desired height y;; of molten metal

FIGURE 2: Trajectories of the system output y, and the desired
reference signal y,,.

Furthermore, the fuzzy membership functions are chosen as
follows:

s [ (x;+15)
Hr! Pl—— |
[ (x;+1)
Hpp = €Xp | =——— >
. [ (x;+05)
Ur P — 5 |
X2
j
=exp|——|,
Urt L (35)
r 2
(x;-05)
= g T
Hrs = €xp > )
[ (x-1)
Hpe = €Xp | ———— |>
i 2
(X;-15)
= N7
MF; = €&xp P >
j=12,...,n
Define fuzzy basis functions as
[T ue (X
¢ (X) = — (%) , i=12..,7,  (36)

21-7:1 [H?:IVF; (Xj)]

where X = [XI,XZ,...,Xn]T.
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-5 . . . . .
0 10 20 30 40 50 60

Time (sec)

—— Thelength y, of roll gap
The desired length y,;, of roll gap

FIGURE 3: Trajectories of the system output y, and the desired reference signal y,,.

-5 L L L L L
0 10 20 30 40 50 60

Time (sec)

—— The tracking error of molten steel level
FIGURE 4: Trajectory of the system tracking error of molten steel level.

-5 1 1 1 L L
0 10 20 30 40 50 60

Time (sec)

—— The tracking error of roll gap
FIGURE 5: Trajectory of the system tracking error of roll gap.
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0 10 20

30 40 50 60

Time (sec)

—— The observer state X,
—— The observer state X1,

FIGURE 6: The observer states X;; and X,,.

30 40 50 60

Time (sec)

The observer state X,;
—— The observer state X,

FIGURE 7: The observer states X,, and X,,.

Besides, the simulation parameters are chosen as y; = 5,
o =5 p = 02T = 10,0, = 10,and §, = 0.1, i =
1,2, and the initial values are selected as x;(0) = [0.02, O]T,
x,(0) = 0,0.1]", %,(0) = [2,-3]", %,(0) = [0,-1]", 6,(0) =
6,(0) = [0,0.1,0,0.1,0,0,0.1]", and D, (0) = D,(0) = 5. The
simulation results are obtained in Figures 2-11. From Figures
2 and 3, the system output signals of y; and the reference
signals y,;, respectively, can be seen. Figures 4 and 5 show
that the tracking performance is satisfactory and the output
tracking errors of the roll gap and the molten steel level can
converge to the desired neighborhoods of the origin. The
curves of the estimations states are given in Figures 6 and 7.
The boundedness of parameter estimations 5,» and ﬁi, as well

as the designed control u;, is demonstrated in Figures 8-11.
Besides, the casting 7075 aluminum alloy strip is shown in
Figure 12. It can also be seen that the casting strip is flat and
there are no obvious cracks on the surface.

5. Conclusion

This paper studies the robust adaptive fuzzy tracking control
problem for a class of twin-roll strip casting systems. Based on
fuzzy logic systems (FLSs) to approximate the compounded
nonlinear functions, a novel adaptive fuzzy output tracking
control scheme is developed by using the high gain observer.
The mean value theorem is employed to decouple the
nonaffine nonlinear systems, and thus it is proved that all
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FIGURE 8: The response curves of 0,.
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=
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0
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—— The estimate of 05, —— 'The estimate of 6,5
—— The estimate of 6,, —— 'The estimate of O,
—— The estimate of 0,3 —— The estimate of 0,

—— The estimate of 0,

FIGURE 9: The response curves of 6,.

the closed-loop signals are bounded and the systems output
tracking errors of the roll gap and the molten steel level
can converge to the desired neighborhoods of the origin via
the Lyapunov stability analysis. Simulation results show the
effectiveness of the proposed adaptive control approach.
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FIGURE 12: The casting 7075 aluminum alloy strip image showing the
smooth surface in twin-roll strip process.
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