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Web Tension Control Using Output Feedback

Seungrohk Oh™*

Abstract
We consider a web transport system. The objective of this paper is to design the output feedback controller
such that the controller can track a desired tension and processing speed on web transport system. We
propose the new design method using observer and feedback linearization technique. The proposed method use
a nonlinear feedback to transform to linear system and high gain observer to estimate the state value. We
show that the proposed controller can achieve the control object using only output. We show a performance

of controller via the simulation.
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I. Introduction

The web
important to control the quality of product.

is
The
work [1,2,3,4] is to design a controller to control the

tension and processing control

tension and processing speed. The gain scheduling
method[1,2] was used for the control of tension and
process speed. Gain scheduling method has a critical
disadvantage such that system could ba an unstable
when an operating point is changed. The work[1]
fixed the processing speed with some operating
condition to handle a nonlinearity in the web
process dynamics. After fixing the processing speed,
the system was changed to a linear system. The
linear controller was designed to control the tension
and process speed of a web transport system. This
approach could cause a problem when the operation
condition is changed. To avoid this problem, the
work[5] used the nonlinear feedback to transform to
a linear system. It is shown that the web transport
system can be transformed to a linear system by
cancelling the nonlinearity using feedback after the
change of coordinate. After transformation to a
linear system using the change of coordinate, we
design a controller to achieve the control objectives.
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The method[5] show that the state feedback
controller can be used on the every operation
condition, since we do not fix the system

parameters to remove the nonlinearity existed in the
system dynamics. We expand our previous work[5]
that system have a modeling uncertainty and the
use of observer to estimate a state variables. We
use a high gain observer[6] which is a robust
observer in the presence of modeling uncertainty
and nonlinearity in the system. We use the sliding
mode control method to achieve the our control
object. We show that sliding mode control with
high gain observer can control the tension and
We
our method via a

processing speed using only output. also
demonstrate the performance of

simulation.

II. Modeling of web transport system

and linearization

2.1 System modeling

The web transport system to be considered in this
paper is shown in Fig 1. Motors are used to drive
the unwind roller and rewind roller. Idle rollers
guide the web to load cell. The load cell is used to
measure the tension of web. The tension and
velocity control can be done by controlling the
velocity of the unwind roller and rewind roller. The

tension of the web can be controlled by torque
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control of the unwind roller’ motor: the unwind
roller acts as if a brake against moving web. The
speed of web can be controlled by the torque
control of the rewind roller’ motor. The dynamic
equations for the web transport system in Fig. 1

can be described by the following equation[1,3].

J, de”t(t) = -B,w,+r ,1(H—r1,

a0 — L )+ Kir v, w) (1)
. dWéft> = —B,w,+r, T(D+1,
where J,= moment of inertia of unwind roll
including motor( kg/ m/ sec 2), J,= moment of
inertia of unwind roll including motor

( kg/(m/sec ?)),

unwind roll(rad/sec), w,=

w,= angular velocity of the
angular velocity of the
wind roll(rad/s), B, = coefficient of viscous friction
of of

viscous roll(kg-m-s/rad), r ,=

unwind roll(kg-m-s/rad), B, = coefficient

friction of wind

radius of the unwind roll(m), r ,= radius of the

unwind roll(m), 7= web tension(kg), T ,= torque

generated by unwind motor(kg/m), t,= torque
generated by wind motor(kg/m), L= total length of
Note

and

web(m), K=spring constant of web(kg/m).
that the
dynamics of idle roller and load cell in the equation

@.

we neglected Coulomb friction

load cell

N

idle roller

unwind roll rewind roll

Fig. 1. The web transport system

2.2 Feedback linearization
The main object of this paper is to design the

torques generated by unwind roll and rewind roll
enabling a desired angular velocity of rewind roll
and tension of moving web. The desired processing
speed of web can be achieved by controling the

angular velocity of the rewind roll. The term w, of

—r,w,/L in the equation(l) was fixed at an

(214)
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the paper[1] because of

nonlinearity. After w, was assumed at the operating

operating point in
condition, the equation (1) is a linear system and
one can design the desired controller by using a
standard controller design technique for linear
system. However the design method used in the
paper[1] may cause a problem when operating point
in the

nonlinear system theory during the last decadel6,7].

is changed. There are some progresses

A class of nonlinear system can be transformed to
a linear system via a change of coordinate. The
class of system is called a feedback linearizable
system. To check the feedback linearizability, we

rewrite the equation (1) as the following equation.

w,

7 =, Tw,)+g- " @
w, "
where
kyw, + kT
f(wzu T; UJ,.) = k4wu + kS Twr + kar ’
ke T4 kgw,
ky 0 5
9= 0 0: k;l:f_“,k2:ru ka‘fi:il/‘]u;
(] kg ']u
k,=—Kr,, ks =—r,/L, ks= Kr,, k; =—r,/Jr,
ks=—DB./J.,ky=1/J.. Our interesting outputs are

T(t) and w,. Since LglL;l T=0, LglL} T=lkyk, #0,,
Lol T=0, LyLh T= (ks T+ kg)ky = 0, LyL)w, =0,
and LhLjw, =ky = 0, where LT is the derivative
of T field f,

along a vector ie.,

oT o1 oT

1 —
LiT= ow, 0T ow,

« f, Ly T=T, and similarly

L;Ljw, are defined where g is the {th

LgiL} T, Ly
column vector of the equation (2) has a vector
Thus
equation (2) is feedback linearizable system. Define

=T, 2= kw,+ksTw,+ ksw,, z3=w,. It can be

relative degree of [2,1]. implies that the

shown that the equation (2) can be rewritten as

21

22
22 = bl (Z) +ay (Z)Tu +a (Z)Tr 3
23 b2 (Z) =+ k‘)Tr
where 2= [21; 22, Zg]TY by (2) = K2y + kg2,

aqq (Z) = k3k4, Q1o (Z) = k5k921 + kaQ, and
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b, (Z) = (ksks - /ﬁks)zlzzs + kszozy + kskﬂ%
+ (k6k7 + koky )Zl + k2 + (kaS — kikg )Z:s
The equation (3) can be linearize using the
feedback. After choosing
Ty = —— [_ bl (Z) — Qpo (Z)Tr + Uu] and
any
1
T = T [— b, (Z) + v,.] where v, and v, are
9

defined in next section.
IM. Observer and controller design

3.1 High gain observer

In order to reduce the state measurements, the state
estimation is needed using a observer. However a
standard observer can not use in the nonlinear
system. High gain observer can be used to estimate
the states for nonlinear systems in the presence of
modeling uncertainty[6]. High gain observer can
reject the effect of the modeling uncertainty during
the state estimation. To construct the high gain
observer, let us define the desired web tension be

Tr, the desired angular velocity of rewind roll be

w,,, and the desired angular velocity of unwind roll

be w,,. Note that we assume that 7F, w,., and w

ur* rre

T-T,
wTT’)

)

ur

are constant. Let tracking error be z; =
Ty = k4(wu—wur) +k5(T_ ﬂ)(w
+ kb (wr - wrr)

T3= W, —W

+r- The equation (3) can be rewritten

as
QU:1 Ty
Ty = by (x) + Ab, (x) +ap (1')7'u +ay (I)Tr
o by (z) + Aby (x) + ko,
(4)
where T = [xl, xQ,mg]
ayy (Z) = ksky,
b (x) = (k5k8 -
(k6k7 + k2k4 )fL'l -+ klfL'Q +
Note that modeling
uncertainty and denote as Ab;(z) and Ab,(z).

Ty by () = kg + ks,
aga () = kskory + Kok,

Kk )y s + kswows + kskra? +

(Koks — Kk )s

there is

and

we assume a

Construct the observer as follows:

(215)

A Ty (/) ey~ 7))

Ty = by () +ay (Am )T+ agy ()7, + (IQ/EQA)(I
uLAJ by (@) + ko, + (/€ ) (2 — )
(%)

where €

1_95:)

is small enough number and a design
parameter and we will specify later on, and l; and

ly are chosen such that the roots of

s*+1;s+ 1, =0 has a negative real part and I3 is

some positive number. Define the state estimation

error € =& —& where T = [35 1,1? 2,£ 3]T. Using
the equation (4) and (5), it can be shown that

e =ey—(li/€)e;
62:bl (1’) ( )+ Ab; (x +[Ohl _an(?; )]Tu

+ [au( ) —ap (CU )]7'7- - (ll/ﬁ )61

6.3: by(x) = by (x )+Ab2(:v)—(l3/e)e3

(6)

where €; = ; — & ;,1=1,2,3.

It can be shown that (1/e)e;, ey, and (1/€)e;
becomes oder of e after short period of time with a
globally bounded control input[6]. Thus means that
specially scaled observer given in the equation (5)
can achieve the estimation error e(t) to be oder of €

after the short period of time.

3.2 Controller design
Our object is to design a globally bounded control

input such that (a;)xA)—>0 as t—oo. To do this

end, we chose the sliding surface s, = m1m1+x2,

Sy = z3 where m; is some positive number. We

need to deign 7, and 7, such that sliding mode

condition, s;5; = Oands,sy, = 0, is  satisfied

provided estimation error is oder of e. Consider the
control input

n:kig@(imm( ) +a2)sgn (s,)]
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T :_L [m1£2+b1(£)+a127—r+
! a1y

(7)
(p1 (@) +al)sgn(s,)]
p(z) = Ab(2), py(z) = Aby(z), al and

a2 are some positive constants. Using the equation

where
(5) and control input (7), it can be shown that

sy5,= 5, [(L/e)ey + (/e ey — (py () + al)sgn (s, )]
=—(p (xA )+ al)ls)| + [T, /€ )e, + (12/52 Jei s,

To show s;s; =0, we need to find estimate
(I,/€®)e,, while (I,/€)e; is oder of €. To do this
hl = (1/e)e;+ (e/ly) Aby (z ).
(l,/)e, = (h1/e)ly— Ab,(z ). Tt can be shown

that (h1/€)ly is oder of € as the time progresses.

end, define

Therefore
< _

®)

where cl is some positive number such that cl<al.

515.1 =—cll|sy
Similarly, we can show that

)

where c¢2 is some positive number such that c2<a2.

5955 = — 2|8,

The equations (8) and (9) imply that There exists a
finite time that trajectory reach the sliding surface

and remain thereafter. To show (:E,a; )—0 as t—o0,

we consider the Lyapunov function

V(z.e)=—(12m)z,2+e "Pie where a positive

definite matrix P, satisfies PA+ATP =—1,
-4L,0 0 - r

A= -6L0 0 and e = [61/6 €y €3]. Note that
00 —1

since A is Hurwitz matrix, there exist a positive
definite matrix. The derivative of V along the
trajectory satisfies following inequality.
Ve—zi-(/)lel|*+a3 |z, | [e]| +at]e]’

1 —a3p Iz
—a3/2 1/c—ad
where a3 and a4 are some positive constant and

independent  of For

1 —a3/2
—a3/2 1/e—ad

==z, e .

€. sufficiently small €,

is a positive definite matrix.

(216)
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Therefore (z 1/_5)%0 as t—oo. Thus implies that

(z,2 )0 as t—oo. Therefore the control input (7)

can achieve the our objects.

IV. Simulation Results

We consider the experimental system given in [1]
as an example. The experimental system has the
following data:

J,=J.=195%x10"°kg—m — s> , L=0.3m, K=200
kg/mn B, =B, =2533x10"°kg-m, r,=004 m,
r,=0.015 m.

We consider that the desired tension is 7, = 0.5kg
and the desired angular velocity is w,, = 87.5
then the
velocity is changed to 175 rad/sec. We assume that
modeling Aby (- )=0.08b, (- )

Ab, (- )=0.08b,( - ). We select the sliding surfaces

rad/sec initially and desired angular

uncertainty and
§y==&,+, and s,=x, We also select observer
gain [;,=9,0,=20,and ;=4 with €=0.01. One
can verify that s>+1ls+1,=0 has a negative real
part of roots with [[ =9 and [,=20. For the
P1= 0.1]b, (32 )|,

a2=0.01

input, choose
py = 0.11by ()],

equation (7). We saturate the control input 7, and

control we

al=0.01, and in the

r,over 0.02 to be a globally bounded control. The

time profile of tension of the web is followed to 0.5
kg as in the Fig. 2. The time profile of angular
velocity of rewind web is also well followed 87.5
rad/sec which is the desired one initially in Fig. 3.
After changing the desired angular velocity to 175
rad/sec, the time profile of angular velocity of

rewind web is well followed 175 rad/sec in Fig. 3.
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Fig. 2. The plot of tension of web with proposed
method
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Fig. 3. The plot of angular velocity of rewind roll
with proposed method
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Fig. 4. The value of sliding face $;

Fig. 4 is the plot of value of sliding surface Sj.

One can observe that the sliding mode condition is
not satisfied during short period of time. However
sliding mode condition is satisfied after short period
time, since we design the control input such that
sliding mode is satisfied when error between states

and estimate of states is oder of e€. We simulated

(217)

the another controller using linearization technique

which is used in [1]. After fixing w,, =87.5
rad/sec in equation (1), we consider the same
system without modeling uncertainty for the

comparison purpose. we design the standard linear
state feedback controller such that the closed loop
is the
simulation results. One can observe that the tension

eigen value is equal to [-3, -4, -5]. Fig. 5

is well followed the desired value during the first 5
second. However the tension is not followed the
desired value after the first 5 second which is
corresponded to the change of the desired angular
velocity being 175 rad/sec, since the controller is

linearized with

system being

designed for the
w, = 87.5 rad/sec.

3 a2
time(sec)

Fig. 5. The plot of tension of web with linearization
at w, = 87.5 rad/sec

V. Conclusion

We consider a web transport system. We propose
the new control design method using high gain
observer and feedback linearzation. The proposed
controller can work any operating condition, while
work[1] the certain
condition. that the
is working very
while the
in the
different operating point via a simulation. We design

restricted to
We

proposed control design method

the previous
operation demonstrate
well under the any operating point,

previous design method is not working
the observer based controller under the matching
condition being satisfied. We will investigate the

case that matching condition is not satisfied.
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