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Abstract: The highly nonlinear behavior of the system limits the performance of classical linear proportional and integral (PI)
controllers used for hot rolling. An active disturbance rejection controller is proposed in this paper to deal with the nonlinear
problem of hydraulic servo system in order to preserve fast response and small overshoot of control system. The active disturbance
rejection (ADR) controller is composed of nonlinear tracking differentiator (TD), extended state observer (ESO) and nonlinear
feedback (NF) law. An example of the hydraulic edger system case study is investigated to show the effectiveness and robustness
of the proposed nonlinear controller, especially, in the circumstance of foreign disturbance and working condition variation,

compared with classic PI controller.
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INTRODUCTION

Electrohydraulic servo systems, which can gen-
erate very high forces, exhibit rapid responses and
have a high power to weight ratio compared with
electrical counterparts, are widely used in many kinds
of industrial processes, such as in rolling mills, power
plants. It is well known that the dynamics of hydraulic
systems is nonlinear. There are many factors such as
flow characteristics, fluid compressibility and friction
in the cylinders contributing to this nonlinear behav-
ior. However, the traditional approach to control hy-
draulic servo systems is based on the local lineariza-
tion of the nonlinear dynamics about a nominal op-
erating point. Taking nonlinearity and time varying
parameter into consideration, the traditional con-
stant-gain controllers have become inadequate. As a
result, many control methods such as robust control
(Laval et al., 1996; Li and Khajepour, 2005), fuzzy
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control (Zhao et al., 1998; You et al., 2006), adaptive
control (Yun and Cho, 1988; Sekhavat et al., 2006),
state feedback control (Yu et al., 2004), immune
control (Zou et al., 2005) and variable structure con-
trol (Bonchis et al., 2001), are used for hydraulic
Servo systems.

In hot strip mills, a heated slab is rolled in
roughing mills and finishing trains, and cooled down
on run-out tables and finally coiled at the coiler. In
rough mills, it is necessary to control strip width and
thickness at their target values. To control strip width,
hydraulic edger screwdown systems are installed in
front of the rolling stands and controlled by propor-
tional and integral (PI) control method.

Precise width control can reduce the loss of strip
trimming and increase the benefit-cost ratio. There-
fore, it is necessary to renew the present control sys-
tems. One of the challenges is to refresh hydraulic
edger screwdown systems to get better width control
performance. Mainly the width gage fluctuation is
caused by strip temperature deviation called skid
marks. Slabs are placed on skids in reheated furnaces.
Skids are cooled down by flowing water inside, so the
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parts of a slab on skids are also cooled down. Because
of skid marks, the rolling force fluctuates, during
rolling process.

In this paper, the active disturbance rejection
(ADR) control method (Han, 1998) is employed to
develop a nonlinear controller for the hydraulic edger
screwdown system in rough mill. An example of the
hydraulic edger system case study is investigated to
show the effectiveness and robustness of the proposed
nonlinear controller.

DYNAMIC MODEL OF HYDRAULIC EDGER

The hydraulic edger system shown in Fig.1
consists essentially of an electrohydraulic servo valve,
which controls fluid flow direction, a hydraulic cyl-
inder, which output the force to impel the edger to roll
the strip in the dimension of width, and a stand, on
which the case of hydraulic cylinder is fixed firmly. A
relief valve and an accumulator are used to maintain a
steady pressure supply at the output of the pump.

Hydraulic
cylinder

Position
sensor

Fig.1 The diagram of the hydraulic edger control

The differential equation governing the dynam-
ics of the hydraulic actuator is given in (Merrit, 1967).
The control pressure dynamics are given by

B,
V. +Ax
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where V. is initial trapped fluid volume in control side,
x, isrelative displacement of piston, c; is coefficient of
total leakage, p.is control pressure acting on control
side, py is pressure acting on uncontrolled side, 4. is
piston area on control side, f. is bulk modulus of oil,
qv 1s load flow.

For the servo valve, assuming it is critically
centered and the orifices are matched and symmetri-
cal, the dynamic model for spool movement can be
given as

A() K,

1.(s) B ST, +1°

@

where 7, is time constant of valve torque motor, K is
servo valve constant, s is Laplace operator, 4, is
opening area of servo valve, I, is input control cur-
rent.

The load flow is a nonlinear function of control
pressure and control state and is given by

2
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where Cy is flow discharge coefficient, p is mass
density of fluid oil, psis supply pressure, O+ is posi-
tive position of servo valve, through which the oil
from pump flows to the control side of hydraulic
cylinder, O— is negative position of servo valve,
through which the oil from hydraulic pump returns to
the tank at atmospheric pressure.

Considering the inertial load, viscous friction
coefficient and external load force, the output equa-
tion of hydraulic cylinder can be described as

q, =

p.>0Mn0—;

pcAc_phAh:mljél—i_#prer’ (4)
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where Ay is piston area on uncontrolled side, m; is
total mass of piston and edger roll, u is viscous fric-
tion coefficient, F,, is external load force (rolling
force), x; is absolute displacement of piston, xq is
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absolute displacement of case of hydraulic cylinder.
For the stand, assuming it is critically centered,
the dynamic model for stand vibration can be given as

Py — P A+ xuxp =myX, + kox, +¢pX (6)

where kq is rigidity of stand, ¢y is viscous damping
coefficient, m is total mass of stand and hydraulic
cylinder case.

CONTROLLER DESIGN

The active disturbance rejection control theory
was firstly put forward by Han (1988). Compared
with traditional PID control theory, it gets over the
differential obsession by integral transformation,
combines control engineering experience by nonlin-
ear combination of error and reduces disturbances by
error estimation (Han, 1990; 1994).

ADR control system is composed of nonlinear
tracking differentiator (TD), extended state observer
(ESO) and nonlinear feedback (NF) law as shown in
Fig.2.

v, e
v _’®—’ g u y

NF Plant T

% _el -
_ z3/by
2 ESO
Fig.2 The diagram of ADR control system
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Nonlinear tracking differentiator

Proportional, integral and derivative feedback is
based on the past (I), present (P) and future (D) con-
trol error. Nevertheless, most loops are in fact PI
because the noise, interfused in input signals or
feedback signals, are easily amplified by derivative.
The PID equation can be given as

u(k)=(Kp+%+KD(1—Zl)je(k), (7
2 -

where e(k) is control error at the Kth instant, Kp is
proportional coefficient, K| is integral coefficient, Kp
is differential coefficient, u(k) is system input signal
at the Kth instant.

Consider a TD model:

V=V, 8
v;:_Msgn(vl—V0+|V2|V2/(2M))’ ( )

where vy is tracking result of input signal v, v, is dif-
ferential of v;, M is tracking coefficient. Instead of
derivative operation, v, can derive from integral op-
eration. It has been found that the integral transfor-
mation is beneficial for avoiding differential disaster
(Han, 1988).

The step response of TD model with different
value M is shown in Fig.3.
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Fig.3 The diagram of step response of TD model

Extended state observer

Consider an ESO model:
e=z—-Yy,
z, =z, = By, fal(e,a,6)), ©)
2, =z, — By, fal(e,a,6,) + byu,
Z'3 = _ﬂmfal(e, 05,51)5
)
5.
al(x,a,0) = |x| sgn(x), |x| 20 10
falt ) {x/é‘la, x| <6, (10)

where z; is tracking result of output signal y, z; is
approximate differential of z;, z; is estimate of dis-
turbance, ¢ is turning point of fa/ function, o is
nonlinear coefficient, By, Bo, fos are coefficients of
observer.

Note Eq.(9) is a continual, yet non-differential,
function, which is the arithmetic fit of engineering
experience, larger error with less regulated gain,
while less error with larger regulated gain.

The characteristics of fal function with different
value a, while ¢ is 0.7, are shown in Fig.4.
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Fig.4 The characteristics of fal function

Nonlinear feedback law

A PID controller, which is designed based on the
linear combination of proportional, integral and de-
rivative feedback, is independent of the model of
control plant. Because of simple linear combination,
there is a limitation in resolving the conflict of fast
response and overshoot of control system.

Consider an ESO model:
e =V -2,
€, =V, — 2,

11
u, =K, fal(e,,a,0) + K, fal(e,,a,6), (n

u=uy,—2zy/by,

where e) is system error, e; is system differential error,
uy is control signal, u is system input signal. K, is
proportional gain, K, is differential gain. The control
signal uy, which inherits the model-independent
characteristic of PID controller and compromises
effectively the conflict between fast response and
overshoot, is a nonlinear combination of proportional
and derivative feedback.

SIMULATIONS AND DISCUSSION

Simulations were performed to investigate the
performance of the proposed nonlinear controllers.
The dynamic model of the hydraulic system and ADR
controller described before are used in the simulation.
The simulation parameters of the hydraulic width
control system are listed in Table 1.

Note the parameters of ESO, fo1, Boz, fos, can be
searched efficiently by the evolution strategies (Kim
and Lee, 2006; Zou et al., 2006).
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Table 1 The simulation parameters in the hydraulic
width control system

Parameter Value
7y 0.00825
K, 0.5
¥, (m?) 0.0063
ps (MPa) 28
B. (MPa) 700
Cy 0.2594
Ay, 0.1052
A, 0.1948
1 (N/(m:-s)) 1200

The following values were used for the ADR
controller:

Po1=75.58, f02=85.27, Po3=0.1,
M=30, 6=0.9, by=0.0047.

The tracking performance of ESO, compared
with system output, for a step reference trajectory is
shown in Fig.5. The ESO tracks the system output
almost perfectly, disregarding of nonlinear charac-
teristic of hydraulic servo system.
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Fig.5 The tracking performance of ESO

The step responses of PI controller and ADR
controller are compared in Fig.6. The proposed con-
troller has better performance, especially much
smaller settling time compared with the PI controller.
It should be pointed out that the control system with
ADR controller has zero overshoot while the rise time
is almost the same as that of the system with PI con-
troller.

The system performance, under sinusoidal roll-
ing force disturbance with /=2 Hz, of PI controller and
ADR controller is compared in Fig.7. The proposed
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controller has better performance, especially much
smaller response gain compared with the PI control-
ler.

The system performance, under the step change
of rolling force with AF=0.7 MN, of PI controller and
ADR controller is compared in Fig.8. Again the
proposed controller has better performance. The set-
tling time of the ADR controller is significantly
shorter than that of PID controller.

After long-time operation, the leakage of hy-
draulic servo system will drastically increase because
of wear and aging. It results in the deterioration of the
performance of the hydraulic width control system.
The closed-loop outputs achieved by these two con-
trollers, when an abrupt leakage increase occurs, are
shown in Fig.9. The hydraulic width control system
with ADR controller can restore more quickly than
that with PI controller.
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Fig.6 The step response of PID and ADR controllers. (a) Step response; (b) Controller output
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Fig.7 The performance of PID and ADR controllers
under sinusoidal rolling force disturbance condition
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Fig.8 The performance of PID and ADR controllers
under step change rolling force condition
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Fig.9 The performance of PID and ADR controllers with an abrupt leakage increase. (a) System re-

sponse; (b) Controller output



1434

CONCLUSION

The highly nonlinear behavior of the system
limits the performance of classical linear PID con-
trollers used for hot rolling. An ADR controller is
proposed in this paper. The proposed controller,
which is model-independent, can observe the outer
disturbance and compensate it. The good performance
of ADR controller is verified by the application of
hydraulic edger screwdown system in rough mill. The
simulation results showed that the ADR controller
achieves better performance than the classical one,
especially, in the circumstance of foreign disturbance
and working condition variation.
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