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This paper presents a modeling and tension controller design approach for web handling systems. In these systems,
the web handling technology is a key component in the high-precision manufacturing of web products such as thin
films and papers. However, periodic disturbances in the synchronization with the rotational frequencies of the roller
deteriorate the tension control performance during web transportation. In this study, the web transportation system is
modeled considering the motor control systems and web dynamics including viscoelasticity. Based on the constructed
model, resonant filters are designed and used as an additional feedback compensator to shape the sensitivity character-
istics for the disturbances. By using the compensator, the sensitivity gain of the tension control system can be reduced
at specific frequencies, including the rotational frequencies of the rollers. The effectiveness of the designed tension
controller is evaluated by conducting experiments using a prototype of the basic roll-to-roll web handling system.
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1. Introduction

Long flexible sheets, such as papers, plastic films, metal-
lic lamina, and flexible panels, are called “webs”. Web con-
version involves processes that modify the physical proper-
ties of the web material, such as coating, printing, drying,
and lamination, where the web handling processes consist of
those processes associated with web transportation”. The
roll-to-roll web handling system to transport the web typi-
cally comprises an unwind/rewind roller, guide rollers, drive
rollers coupled onto servo motors, and a processing part. In
the system, web tension control plays an important role in
improving the quality of the product. To regulate the ten-
sion to a constant value, a tension feedback control system
is generally designed based on the detected tension signal
using load cells or the dancer roller as a measurement de-
vice ®. PI or PID controllers are generally used for the ten-
sion controller, and they consider tracking performance and
system stability. In addition, advanced controllers have been
proposed, e.g., PID control with variable gains ®, observer-
based tention feedback control®, robust control ®®, and a
back-stepping controller 7. These approaches have obtained
good tracking performance for the tension reference in the
simple web handling systems. In contrast, unacceptable ve-
locity variation causes a detrimental variation in tension. In
practice, periodic disturbances owing to the misalignment or
eccentricity of rollers act on the tension control system as ex-
ternal disturbances ®. Disturbances with specific frequencies,
which synchronize with the rotation frequency of the rollers,
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interfere with the tension control system. In recent years, it
has not been possible to ignore the disturbance effect because
higher precise tension control is required, particularly in the
growing market of the printed electronics industry ©. Since
the misalignment or eccentricity of rollers cannot be inher-
ently removed in the manufacturing process of the rollers and
mechanical systems, it is necessary to compensate for the ef-
fect in some way. From the mechanical design point of view,
the aerostatic bearing rollers have been developed to reduce
the machining and assembly errors of the rollers "”. Flexure-
based precision roll-to-roll machine has been also developed
to reduce the effect of the disturbance, where the position of
roller shaft is directly calibrated through the flexure mecha-
nisms driven by voice coil and stepper motors “". Since the
flexure mechanisms possess nanometer level repeatability, it
is possible to compensate for the tension error with high ac-
curacy. On the other hand, it is also required that the effect of
disturbance is compensated by controller design approach as
well as the improvement of mechanism.

This paper presents a controller design considering pe-
riodic disturbance suppression owing to the eccentricity of
the rollers in the roll-to-roll web handling system. A loop-
shaping technique considering sensitivity reduction is an ef-
fective and practical approach. To reduce the sensitivity gains
of the control system at specific frequencies, resonant filters
are added to the existing controller "?. This add-on controller
has an advantage of practicality because the filters are eas-
ily added by the number of corresponding disturbance fre-
quencies. Before consideration of the resonant filter design,
the roll-to-roll web handling system is modeled considering
the motor control systems and web dynamics because the de-
sign procedure is based on the open-loop characteristic. In
the modeling, the viscoelasticity of the web, in particular,
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Fig.1. Schematic overview of the target roll-to-roll web
handling system

should be considered to accurately reproduce the dynamics
in a higher frequency range. On the basis of the constructed
model, resonant filters are designed to reduce the sensitivity
gain at specific frequencies including the rotational frequen-
cies of the rollers. In addition, the frequency is updated by
calculating the diameter change during winding of the web.
The effectiveness of the designed tension control system is
verified by conducting experiments using a prototype of a ba-
sic roll-to-roll web handling system.

2. Target Roll-to-Roll Web Handling System

Figure 1 shows a schematic overview of the target roll-to-
roll web handling system, where the system is a simple con-
figuration by which various problems can be evaluated. The
system consists of an unwinder, a rewinder, servo motors,
guide/drive rollers, and tension sensors. Initial web tension is
uniformly regulated by the servo motor and the brake system
connected to the rewinder and unwinder, respectively. The
drive rollers are controlled by the servo motors through the
shaft, and are set on both sides of the processing part. The
transportation velocity of the web is determined by the rota-
tional velocities of both servo motors connected to the drive
rollers. In addition, the web tension at the processing part
is controlled using the velocity difference between the drive
rollers of the upstream and downstream sides. The tension at
the processing part is detected by the tension sensors attached
to the guide rollers.

Figure 2 shows the system configuration of the target roll-
to-roll web handling system. The torque of the servo motor
of the rewinder and the brake of the unwinder are controlled
based on the current signals. The velocity control system is
constructed for the upstream and downstream servo motors
based on the encoder pulse. The bandwidth of the velocity
control loop is set at ten times higher than that of the ten-
sion control loop. The tension signal is transferred to a con-
troller (digital signal processor: DSP) through a sensor am-
plifier with a sampling period of 0.5 ms. Drive voltages to the
servo motors are provided through a servo amplifier based on
each reference calculated by the controller.

3. Modeling and Basic Tension Control System

3.1 Basic Model of Web Dynamics The web dy-
namics are mathematically modeled to design the tension
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controller based on the model. Figure 3 shows the schematic
view of the tension control part, where the V,, indicates
steady transportation velocity of the web, V,_; indicates the
peripheral velocity of the upstream drive roller, V; indicates
the peripheral velocity of the downstream drive roller, 7’ indi-
cates the web tension between the drive rollers, T, indicates
the initial tension between the drive rollers, 7;_; indicates the
web tension before the upstream drive roller, T;,; indicates
the web tension after the downstream drive roller, and AT}
indicates the change in web tension. The equation represent-
ing the relationship between AT; and the peripheral velocity
of the drive rollers can be expressed as follows :

d

—ATi(1) =

Vin Vin
——AT;(t) + —AT; (¢
7 L O] L, 1(1)

+ %(Vl(l‘) — Vl‘_](t)), ...............

where A indicates the cross-sectional area of the web, E in-
dicates the Young’s modulus of the web, L; indicates the
distance between the drive rollers, and AT;_; indicates the
change of tension. In AT,_; = 0, the transfer function P, (s)
from difference in peripheral velocity to AT; can be derived
as follows:

AT(s) _AE
Vi(s) = Viet(s) — Lis+ Vi
3.2 Web Dynamics Considering Viscoelasticity

Web dynamics exist in resonant vibrations which are caused
by the viscoelasticity of the web. Figure 4 shows the dynamic

Py(s) =
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Fig.4. Dynamic model considering viscoelasticity be-
tween two consecutive rollers

model of the tension control part considering viscoelastic-
ity of the web between two consecutive rollers. For the vis-
coelasticity of the web, the Voigt model is used as the lumped
parameter model of the material. In the figure, 7 and & indi-
cate the viscosity and strain of the web, respectively. Ac-
cording to the Voigt model, the stress o;(f) of each part can
be expressed as follows:

dSi(l)
dt

The relationship between o;(¢) and 7;(¢) is given as follows:

oi(t) = Egi(t) + 1

e (3)

d
Ti(t) = Aci(t) = A(E + ,]E)gi(t)_ ................ )

In addition, the relationship between &(¢) and the peripheral
velocity of the roller V can be given as follows :

de(t) Vi Vi) Via@

——&() +
dt L; &) L; L;

.............. 5)

Equations (4) and (5) are Laplace transformed and following
equations can be obtained:

TI-(S) = A(E + ns)gi(s), .......................... (6)
1
&i(s) = m(vi(s) — Vi1 (), crereeeeeenns (7)

where s indicates the Laplace operator. By substituting (7)

into (6), the transfer functions of the peripheral velocity for
tension can be derived as follows:
Ti(s) _A(E +179)

Vi($) = Viet ()~ Lis+ Vi’

Based on (8) and Fig. 4, the block diagram of web dynamics
considering viscoelasticity can be expressed as Fig. 5, where
Jg indicates the inertia of the guide roller, Rp and R indicate
the radii of the drive and guide rollers, respectively. The feed-
back signal T is detected by tension sensor. Since the tension
sensor detects the horizontal force acting on the guide roller,
T is obtained as follows:

T, =T+ cosb,T;,
Ty3 =T, + cos 0373,
where 6}, and 6,3 indicate angle of the web at guide rollers.

Table 1 lists the parameters of the web dynamics model. Fig-
ure 6 shows the frequency responses of the tension signal T

Fy(s)

Eq.
©

1
1
|
Fig.5. Block diagram of web dynamics

Table 1. Parameters of the web dynamics model

A [m?] 1.0 x107° E [GPa] 2.25 n [MPa-s] | 2.81

Ly [m] 0.6 L, [m] 1.22 L3 [m] 0.6

RG [m) 0.025 Rp [m] 0.04 017 [deg] | 47.15
Jo [kgm?] | 2.26x1073 || Jp [kgm?] | 1.78x1072 || 63 [deg] | 47.15

Gain [dB]
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Fig.6. Frequency responses of web dynamics

for the velocity reference of the upstream roller, where the
blue and red lines represent the experimental result and the
model as shown in Fig. 5, respectively. In the measurement,
swept sinusoidal signal using spectrum analyzer is input to
the upstream servo motor under the condition of tension 7
= 100 N and transportation velocity V,, = Om/s. Figure 6
shows that the model considering viscoelasticity of the web
can reproduce the resonant frequencies at around 20 Hz.

3.3 Tension Control System Figures 7 and 8 show
the block diagrams of motor dynamics and the tension con-
trol system, where J,, and J; represent the inertia of the mo-
tor and the drive rollers, respectively; N represents gear ra-
tio, D, and K, represent torsional damping and stiffness, re-
spectively; K, represents the gain including the amplifier and

IEEJ Journal IA, Vol.9, No.1, 2020
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Fig.7. Block diagram of motor and roller parts
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Fig.8. Basic tension control system

torque constant, u; represents control input, C,,(s) represents
the velocity feedback compensator, C,(s) represents the ten-
sion feedback compensator, w represents the rotational ve-
locity of the motor, 7 represents the tension reference, and
r represents the rotational reference of the motor. To obtain
the velocity difference between the drive rollers, the control
input (output of tension feedback compensator) is added to
the rotational reference of the downstream motor. The reac-
tion force 7, due to change in tension actually acts on the
motor velocity control loop as shown in Fig. 8. The velocity
feedback compensator C,,(s) is designed to satisfy the system
stability of the motor velocity control loop and the bandwidth
of the velocity-loop is set higher than that required for suffi-
cient tension control bandwidth.

The tension feedback compensator C,(s) is designed as a
simple PI compensator, where the parameters are tuned con-
sidering system stability and steady state performance. In ad-
dition, a notch filter is designed to reduce the gain peak of the
resonant frequencies shown in Fig. 6. The transfer function is
given as follows:

§2 4+ 20 s + W2
e ; ........ (10)

Klt)
52 + Z{fdwf + (,L)f

€)= Ky +
s

Figure 9 shows the tension response and the frequency
analysis result. In the experiment, the rotational reference
of the motor is set as 1000 rpm, and initial tension as 100 N.
The result shows that the components of specific frequencies
appear in the response waveform. The frequencies dy, d5, ds,
and dy correspond to the rotational frequencies of the unwind
roller, drive rollers, guide rollers, and servo motors of the
drive rollers, respectively. The disturbance frequencies are
different because the diameters of each roller are different.
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Fig.9. Tension response and frequency analysis result

In particular, the disturbance frequency of d; varies with the
diameter of the unwind roller during web feeding. On the
other hand, the diameter of rewind roller differs from other
rollers. However, the periodic disturbance due to the rewind
roller does not appear in Fig. 9 because the eccentricity and
misalignment of the roller is smaller than other rollers in this
prototype.

4. Design of Resonant Filter

To compensate for the periodic disturbance due to rota-
tional frequencies of the eccentric rollers, a practical distur-
bance compensation filter is designed to improve the distur-
bance suppression characteristic at specific frequencies. In
this paper, the loop-shaping approach is introduced to shape
the sensitivity characteristic of the tension control system. To
reduce the sensitivity gains, the vector locus of the open-loop
characteristic recedes from the critical point (—1,0) on the
Nyquist diagram "?. Therefore, the disturbance compensa-
tion filter C,¢(s) is designed as the following resonant filters
with specific frequencies:

Crp(5)= ]—[cr,e(s) ]_[

Figure 10 shows open-loop characteristic of tension control
system without C,(s), while Table 2 lists the designed pa-
rameters of Cy¢(s). From the figure, the phase at around
the disturbance frequency of d, is approximately —180 deg.
Although C,z4(s) should have the phase characteristic of +
180 deg at the frequency of ds to avoid the point (-1, 0) on the
Nyquist diagram, the phase of normal resonant filter changes
within + 90deg at around resonant frequency. In C,z4(s),
therefore, unstable zeros are included to change the phase
by —180 deg at resonant frequency. In addition, the phase of
frequencies d}, d», and ds is approximately —90 deg. The nat-
ural frequencies of numerator and denominator are slightly
shifted to advance the phase at each resonant frequency in
Cir1(5), Cpp2(5), and Cyy3(s). These parameters are tuned con-
sidering the gain reduction at each frequency and maintaining
the gain at a higher frequency in the sensitivity characteristic.
In Table 2, rotational frequency w, changes with the diam-
eter of the unwind roller because the disturbance frequency
d; depends on the peripheral velocity of the unwind roller.

§2 420w s+wm

...... (11)

s2+2{d,a)dls+wdl
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Frequency [Hz]

Fig.10. Open-loop characteristic of tension control sys-
tem without C,¢(s)

Table 2. Parameters of C,(s)

i Sni Lai wyi[rad/s] wgi[rad/s]
1(Cyp1) | 0.08 | 0.01 |27 (w,—-0.07) | 27-
2Cyp2) | 0.02 | 0.006 2732 27-3.33
3(Cyy3) | 0.015 | 0.006 2r-5.1 27-5.33
4Cpya) | 00210002 27-164 | 27-16.67

Vin Vi
b
N 3 b g

(b) during transportation

(a) initial state

Fig. 11.
tion

Condition of unwind roller during transporta-

Tie1y Viea
R e ) g )
Frequency Wi—q
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Fig.12. Tension feedback control system with C,z(s)

Figure 11 shows the condition of unwind roller, where Dy
indicates the initial diameter of the roll, D, indicates the di-
ameter of the unwind roller, and b indicates the thickness of
the web. From the figure, w, can be updated as the following
equation:

t:—m’ .............................. 12
0= D x (12
&bV,
Dt = /D2 - =27y,
Ve
v, L1k
m:ri— ''''' 9
Veo NPT

where Rp indicates the radius of the drive roller and N indi-
cates the gear ratio of the servo motor.

Figures 12, 13, 14, and 15 show the block diagram of
the tension feedback control system with C,(s), frequency
characteristics of C(s), Nyquist diagrams, and sensitivity
characteristics, respectively. In Figs. 13, 14, and 15, the
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Fig. 15. Sensitivity characteristics

blue and red lines represent the cased of D, = 200 mm and
D, = 150 mm, respectively. From Fig. 14, the desired vec-
tor loci at the resonant frequencies of the filter can be drawn
on the right-hand side in the complex plane. As a result, the
gain can be sharply reduced at the disturbance frequencies as
shown in the sensitivity gains in Fig. 15.

5. Experimental Results

The designed tension control system is verified by conduct-
ing experiments using the roll-to-roll web handling system
shown in Fig. 1. The experimental conditions are as follows:
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Fig.16. Experimental results

e initial tension is set as 100 N,

e rotational velocity of the motor is set as 1000 rpm,

e transportation time is 400 s, and

® diameter of unwind roller changes from 180mm to

120 mm during experiment.

Figure 16 shows the experimental results, where the red and
blue lines represent the result with and without the C)(s), re-
spectively. In the figure, (a) shows tension responses from
40 s to 60 s, (b) shows the results of frequency analysis us-
ing time data from 40 s to 60 s, and (c) shows the results of
frequency analysis using time data from 340 s to 360 s. The
diameter of unwind roller is approximately 180 mm for (b)
and 120 mm for (c), respectively. These results show that the
periodic disturbance due to the rotational frequencies of the
rollers can be sufficiently suppressed by applying the distur-
bance compensation filter. From (b) and (c) in the figure, the
frequency d clearly changes during web feeding. Therefore,
it cannot cope with the frequency change when w; is fixed.
On the other hand, the disturbance d; due to unwind roller
can be suppressed by updating the frequency using (12).

6. Conclusions

This paper presented a modeling and a tension controller
design approach for roll-to-roll web handling systems. In
the system, periodic disturbances in the synchronization with
the rotational frequencies of the roller deteriorate the ten-
sion control performance during web transportation. Before
controller design, the roll-to-roll web handling system was
modeled considering the motor control systems and web dy-
namics. In the modeling, the viscoelasticity of the web was
considered to accurately reproduce the dynamics. To com-
pensate for the disturbances, an additional feedback com-
pensator was designed to shape the sensitivity characteristic
based on the model of the system. By using the compensator,
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the sensitivity gain of the tension control system was reduced
at specific frequencies, including the rotational frequencies of
the rollers. For the disturbance due to the rotation of unwind
roller, the frequency was updated by calculating the diame-
ter change during winding of the web. The effectiveness of
the designed tension controller was verified by conducting
experiments using a prototype of the basic roll-to-roll web
handling system.
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