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ABSTRACT

In roll-to-roll systems (R2R), a local controller is designed for each section or
tension zone based on measurement of web tension and speed from that section;
this is typically referred to as decentralized control. This is particularly suitable
for R2R systems because of ease of implementation and their structure. Since
the material is transported from the unwind to the rewind through the process
sections, the entire machine can be divided into several sections and
decentralized controllers may be utilized for each section. It is important to
understand the dynamics of web transport from one section to other downstream
sections, that is, interaction between different sections, and how disturbances are
propagated. Tension control system designs that minimize disturbance
propagation will aid in improving process performance.

In this paper, we will first investigate minimization of interaction between
subsystems of R2R systems when decentralized feedback and feedforward
controllers are employed. In particular, we will consider a new interaction metric
for dynamical systems which will quantify the amount of interaction; and show
how model-based feedforward action can be gainfully employed to minimize
disturbance propagation. We will also discuss control strategies that will
minimize disturbance propagation. To evaluate the proposed designs and
recommendations, we will show results from experiments conducted on a large
experimental web platform.

NOMENCLATURE
Aw : Area of cross-section of web
by : Viscous friction coefficient
d : Disturbance
d : Disturbance estimate
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E : Modulus of elasticity of web material

G : Plant transfer function

Gm : Model transfer function

H : Closed loop transfer function

J; : Driven roller moment of inertia of it" roller

K; : Decentralized controller

L : Length of it" web span

Ly : Relative error matrix

n; : Gear ratio of it motor

R, : Radius of it roller

Ti : Web tension variation

ti : Web tension

to : Wound on tension

tri : Tension reference

Us : Feedforward control input

Ui : Torque input variation

Ui : Torque input to it roller

Uri : Desired torque input

Vi : Velocity variation

Vi : Velocity of it roller

Vri : velocity reference

y : System output

Vi : Desired output

Subscripts:

[ : Span index, i =0,1,2,...

r : Reference value
INTRODUCTION

A large scale system consists of many actuators, sensors, and process
sections. A large scale system can be divided into many interconnected
subsystems. The structure of the large scale system plays a key role in
minimizing interaction. R2R systems are large scale interconnected systems with
multiple subsystems comprising of many tension zones. Each tension zone can
be considered as a subsystem with its own set of inputs and outputs. Interaction
between tension zones occurs due to web transport, in particular, due to
transport of strain. In R2R systems, decentralized controllers are often employed
because of the structure of the system and their ease of implementation. It is
important to understand the mechanisms for disturbance propagation from each
section to other downstream sections, and how disturbances are propagated. It is
also necessary to investigate whether correction of tension disturbances in one
tension zone will affect tension in other zones. Design of controllers that
minimize disturbance propagation will aid in improving the processing of the
material in the process sections.
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Recently, efforts were made to minimize interaction between sections of an
R2R system by designing filters along with existing decentralized PI control
strategies [2]. Though the designed control strategy is able to attenuate the
disturbance, the attenuation levels are not significant. In the current research,
feedforward control action along with interaction minimizing filters are designed
and implemented as decentralized control. The feedforward action can aid in
minimizing coupling between two sections. In order to mitigate the propagation
of disturbances to downstream sections, it is suggested that downstream web
tension measurement be used as feedback to the tension control system.

The remainder of the paper describes the interaction minimization
procedure, the feedforward control action to improve performance and minimize
disturbance propagation, implementation strategy for the feedforward action,
and application of the feedforward control action. Experimental results will be
presented and discussed.

INTERACTION MINIMIZATION

A schematic of the experimental platform containing three tension zones
which is provided in Figure 1 will be utilized as an example to describe the
developments in the paper.

Unwind S-wrap Pull-roll Rewind
Lateral Guide G

Figure 1 — Schematic of R2R experimental setup

A simplified sketch showing tension zones and driven rollers for a three
tension zone web line is provided in Figure 2; the rollers indicated as “LC” are
mounted on load-cells to provide tension feedback for tension control systems.
The two driven rollers in the S-wrap section are electronically slaved together
and are under pure speed control; these are treated as one driven roller (M1) in
the simplified sketch and are typically referred to as the Master Speed Roller.

Let the following define variations of speed, tension and motor torque input
from their reference values: V; = v — Vi, Ti =t;j —tj, and U; = uyj — Uj. The
linearized governing equations for each section of the system shown in Figure 2
are given by

Unwind Section:

Jo bto

—Vo = T1Ry — ngUg — —V, 1
Ro .0 1Ro —noUo R, 0 {1a}
LiTy = —Tavy, + [AWE — trl]V1—|— [to — AWE] Vo {1b}
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Figure 2 — Simplified line sketch of R2R experimental platform

Lead and Follower Section:

Jp - b
—1V1 =(To—Ti)Ri+nUs — £V1 {2}
Ry Ry
Pull Roll Section:
L btz
=>Vo = (Ts—T2)Re+ MUz — o=Vs {3a}
R R>
LoTo = —Tow, + [AWE — tl’z] Vo — [AWE — trl] Vi+Tivy, {3b}
Rewind Section:
J3 - btz
—\V3 = —T3R3+n3Uz — —V. 4a
Rs .3 3 U3 — Vs {4a}
LT3 = —-|—3Vr3 + [AWE — tr3]V3 — [AWE — trz]VZ + -|—2Vr2 {4b}

The coupling between tension zones is evident from Equations {1}—{4} which
leads to interaction between tension zones.

A typical tension control system in web handling machines consists of
providing a trim to the reference speed of the motor speed feedback loop; this is
often referred to as the speed-based tension control system. The speed feedback
loop simply consists of a speed controller whose input is the speed error which is
the difference between the reference speed and the measured speed. The speed
controller is almost always implemented in the drive which allows for closing the
speed loop at much smaller sampling periods. The output of the speed controller
is the torque input to the motor. The trim to the reference speed is often
referred to as the tension trim which is the output of the tension controller
whose input is the tension error, the difference between the tension reference and
measured tension. Another type of tension control system involves adding the
tension trim as a torque correction to the output of the speed controller, which is
often referred to as the torque-based tension control system.

In this paper we consider the speed-based tension control system with trim
to the velocity reference as the input and the measured tension as the output.
That is, it is assumed that a speed control system is already designed to provide
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satisfactory speed-loop performance for each motor. We consider the three
tension-zone example system provided in Figure 2 to illustrate the developments
in this paper.

Let y denote the vector of tension variations Ty, T, T3 in the three zones and
and X denote the vector of speed trims Vi, Vo, V3. Let the R2R system dynamics
be represented by the input-output relationship: y(s) = G(s)x(s), where G(S) is
the transfer function matrix and X(s) is the Laplace transform of the vector x
and y(s) is the Laplace transform of the output vector y. The off-diagonal
elements of the transfer function matrix G(S) specify the interaction between
sections. The system can be represented by the following equations:

T1(s) = G11(S)Vo(S) + G12(S)Va(S) + G13(s)Va(s) {ha}
Ta(s) = G21(S)Vo(S) + G22(S)Va(S) + Gas(s)Va(s) {5b}
T3(S) = G31(S)V0(S) + Ggg(S)Vz(S) + Ggg(S)Vg(S) {5(3}

The tension equations can be expressed in matrix form as

Tl(S) Gll(S) Glg(S) Glg(S) Vo(S)
Tz(S) = G21(S) GZZ(S) 623(5) V2(S) {6}
T3(S) Ggl(S) G32(S) G33(S) V3(S)

y(s) G(s) X(s)

The goal is to design a decentralized controller for each section such that
interaction is minimized in the closed-loop transfer function matrix, that is, the
off-diagonal elements are minimized.

Let G be separated as G = G+ G where G contains the diagonal part of G
and G contains the off-diagonal part of G and can be expressed in matrix form as

Gll(S) 0 0 0 Gj_z(S) G13(S)
G(S) = 0 GZZ(S) 0 + G21(S) 0 623(5) {7}
0 0 633(5) G31(S) 632(3) 0
G(s) G(s)

The size of G may be used to quantify interaction. In particular, the effect of
the off-diagonal elements and corresponding inputs on a particular output may
be evaluated by the size of the relative error matrix Ly £ GG ' and can be
shown in matrix form as

2

0 Gi2(s)  Gus(s
G11(s) Gllés

(L.

_ Go1(9) Go3(s,
Lu(s) = Giigs; 0 & {8}
G3i(s) G329 0
Gas(s)  Gas(s)

Interaction may be quantified by the size of relative error matrix Ly. A
Perron root based interaction metric (PRIM) may be used to quantify the
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interaction [2]. For an nx n transfer function matrix G(s), the Perron-root
interaction metric (PRIM) is defined as

PLy (00) = P({Lu(jw)) {9}

where P((Ln(jw))) is the Perron root of the irreducible matrix (Ly(jw)) at the
frequency w and j =+/—1.

A smaller value of PRIM less than unity means less interaction. The PRIM
provides a form of the overall interaction in a multivariable system and does not
provide information about interaction between any two sections in the system.
The decentralized pre-filter design given in [2] ensures diagonal dominance
(minimize interaction) at all frequencies of the closed-loop system transfer
matrix.

A stabilization criteria for multivariable systems employing decentralized
controllers is based on the size of the interaction measure and the diagonal part
of the closed-loop system transfer matrix which can be found in [3]. Suppose for
a rational transfer function matrix G(S) a decentralized tension controller K
stabilizes the diagonal part of the transfer function matrix, G, i.e., the diagonal
part of the closed-loop system H is stable where H = GK (I +GK)~1. The
closed-loop system H is,

o CllKl(l 'i‘611K1)71 o O_ 0
H(s) = 0 GaoKa(l +GoKa) 0
0 0 GasKa(l + GasKa) 1

{10}
Then a condition for the stability of the overall system can be obtained
based on the Perron root of Ly assuming a diagonal structure of H by

Ihe(jw)| < vk, w. {11}

Py, (W)
where pp, is the perron root interaction metric, j is unit imaginary number, and
k is tension zone index, and hg(jw) = GKy(l + GiKy) L.

_ It is evident that when the interaction term Ly = 0, any controller structure
H will satisfy the overall system stability condition given above. It is shown

in [2] that using the Perron vector based filter the interaction in the system can
be minimized. When the interaction is small, the decentralized controller should
be designed such that the diagonal closed-loop system transfer function matrix
H must be close to identity. In the following two sections, we will show how the
performance of the decentralized control system can be improved by utilizing
model-based feedforward and the particular structure of feedforward
compensation in tension control systems.

FEEDBACK AND FEEDFORWARD CONTROL ACTION

Consider the block diagram showing the control system for one section in
Figure 3. Let yf denote the desired output, d denote the disturbance in the
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Figure 3 — A section with decentralized controller

system, and x = (yf — y)K1 with X; = 0 denote the feedback control input. The
system output Y is expressed as
K1G G
y= 1611 Vi + 11
1+Ki1Gpp 1+K1G11

{12}

Consider the control input X = X — (yf — Y)K1, where Xt is the feedforward input
that gives desired output y¢+ when applied to a known system model.

Yt = Gram(Xs +d) {13}
where Gy is the system model and d is the disturbance estimate. With the

feedback and feedforward control input, the system output y can be expressed as

~ —KiGpy G11 G11
=1~ K1(511yf 1- K1(311Xf 1-KiGu {14}

Substituting equation {13} into equation {14} we get

y— —K1G11 vi G11 vi— G - G11
1-K;:Gn Guim(1—K1G11) 1-KiGui1  1-KiGpy

d {15}

This indicates that if G11 ~ G11m and with perfect estimation of the disturbance
(d =d), the system output tracks the desired output. Therefore, the use of
feedback and feedforward control action will aid in improving the performance of
decentralized control systems and minimizing interaction between subsystems.
The proposed tension control systems for the three tension zone example are
shown in Figure 4.

In the context of the above discussion, the transfer function of decentralized
tension zones is G11 with T1 as output and Vi as input. Similar variables exist for
two downstream sections, i.e. G2 and Gz3. Ki, Ko, and K3 are decentralized
feedback tension controllers that provide velocity correction to respective inner
velocity loop as shown in Figure 4.

FEEDFORWARD IMPLEMENTATION TO MINIMIZE
DISTURBANCE PROPAGATION

In general, control schemes in R2R systems are implemented in the process
sections with tension feedback from the upstream zone as shown in Figure 4.
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Figure 4 — Decentralized tension control structure for roll-to-roll systems with an
inner velocity loop and an outer tension loop

The feedforward action Xf given by equation {13} contains disturbance
estimation and is used to attenuate the disturbance in a particular section.
However, this feedforward control action X; also generates a disturbance in the
neighboring downstream section, that is, if the feedforward action is
implemented with tension measurement from the upstream tension zone, it
generates an estimate of disturbance in the downstream section and as a result
there is a possibility of disturbance propagation into the downstream sections.

Process Section

t,,L ! t,,L, i = t,,L i =)

12 | 32773 | 4°°74

Decentralized
Controller

Figure 5 — Decentralized control with upstream tension feedback

The existing decentralized control scheme in the process sections is
implemented as shown in Fig. 5; the driven roller is controlled through feedback
from upstream span web tension t;. Note that uy is the torque input to the
motor shown in Fig. 5. This feedback strategy is able to reject the disturbance
and regulate the tension in the upstream tension zone. However, the control
action generated by the driven roller induces disturbances into the downstream
tension zone. Hence, although the strategy is able to mitigate disturbances in
the upstream tension zone, it acts as a disturbance source to the adjoining
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downstream tension zone. This can be deduced from the tension and velocity

dynamics corresponding to the section of the
following equations:

web shown in Fig. 5 given by the

. R b R
V= —1(t2 —tl) — £V1—|- —1n1u1, {16}
J1 J1 N
. RS b R
Vo = —2(t3—tp) — =2V + —2 U, {17}
Jo Jo J
. 1
to=——(Vo—vi)+ —(t1v1 — towvp), {18}
Lo Lo
. RS, b Rs
=——2t3— — — 19
V3 % 3 % V3 + % N3us, {19}
. 1
3=—— (V3 - Vz) +— (tsz - t3V3). {20}
L3 L3

Now consider the disturbance generated at the roller with web velocity vi1 as
shown. The feedback and feedforward control action is applied at driven roller
M2 with web velocity V2. The control action X2 has feedforward action X2 in

order to reject periodic disturbances. The fee

dforward action is synthesized with

the plant model and disturbance estimation d. With tension feedback from
upstream span tp, the control action X2 can reject the disturbance by correcting
the velocity vo. Since the velocity vz is also input to the downstream span
tension, the corrective action Xo generates disturbance in the downstream span
tension t3. The interaction between different subsystems propagates the

disturbance further downstream affecting the

other processes.

Process Section

t,,L ! =L

3’773 42y

Decentralized |
Controller

/]

Figure 6 — Decentralized control with downstream tension feedback

The proposed implementation of feedforward control action is shown in
Figure 6. In the proposed scheme, web tension feedback is obtained from the
downstream span. Although this strategy creates disturbance in the upstream
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Perron-root Interaction Metric for the Linearized Experimental Web Platform Model

10” 10" 1 10 100 10 10"
Frequency (Hz)

Figure 7 — Perron root interaction metric for the linearized model of the roll-to-roll
system

span (within acceptable limits), it is capable of mitigating the interaction and
reducing propagation of disturbances into downstream spans. This strategy is
useful in reducing tension disturbance propagation into critical downstream
process sections.

EXPERIMENTAL SETUP AND PROCEDURE

The experimental platform shown in Figure 1 is utilized for experimentation
to verify the strategies discussed in the preceding sections. Web tension at its
reference value is maintained by regulating the speed of the driven roller in that
zone. The velocity correction provided by the outer tension loops influences the
web tension in the adjacent zone. Fig. 7 shows the PRIM with the three tension
loop velocity corrections as the inputs and the web tensions in the three zones as
the outputs. From the PRIM plot it is evident that interaction is dominant in
the range of frequencies between 10~* Hz to 1 Hz and is minimal above 1 Hz.
The magnitude of interaction is close to 1 indicating that the velocity correction
provided by the tension loop will have almost the same influence on one other
tension zone. Note that the PRIM provides the worst case scenario for all the
three tension zones and provides no information about the effect of any
particular input-output pair.

Experiments were conducted on the experimental R2R system to compare
three scenarios:
1. characterize the interaction in the actual system with feedback control
action,

2. utilize Perron root based filters to minimize the interaction,

3. use Perron root based filters and feedforward action to avoid propagation
of disturbances.
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Figure 8 — Tension measurement at the unwind, pull roll and rewind section with
sinusoidal velocity disturbances at the S-wrap section.

To illustrate the effect of these strategies, velocity disturbances at the S-wrap
section were introduced to create tension disturbances in the unwind and pull
roll tension zones and the effect of these disturbances in the rewind section were
observed to evaluate the interaction between these two zones. In the
experiments, a six inch wide polymer web (called Tyvek) was transported with a
web speed of 150 feet per minute (fpm) under a reference web tension of 20
pounds (Ibf). A sinusoidal speed disturbance of magnitude 5 fpm was introduced
at the S-wrap driven rollers for a duration of one minute; six distinct frequencies
were considered from 0.01 to 1 Hz. The feedforward control action was applied
to the pull roll with both upstream and downstream web tension feedback to
evaluate the different strategies.

EXPERIMENTAL RESULTS

Figure 8 shows the tension signals in the three tension zones when the web
is transported in the forward direction (that is from the unwind to the rewind)
and represents scenario (1) stated in the preceding section. Note that the tension
disturbances observed in the unwind and the pull roll tension zones are due to
the direct effect of the S-wrap velocity disturbance. The interaction of the
different zones and disturbance propagation into downstream sections is evident
from the tension signal measured in the rewind tension zone. From the plots it is
evident that the magnitude of interaction is small above 0.25 Hz and increases
with decreasing frequency. At low frequencies the tension disturbance observed
at the rewind section is as high as the tension disturbances observed in the
unwind and the pull roll sections as predicted by the PRIM (see Fig. 7).

Figure 9 shows the experimental results with pre-filters and feedback control
action only; this represents scenario (2). The results with the pre-filter show
reduction of interaction between zones and minimization of disturbance
propagation into the downstream tension zones.
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Figure 9 — Interaction between tension zones with pre-filter; tension measurement
at the unwind, pull roll and rewind section.

Figure 10 shows the experimental results with pre-filters and feedforward
action obtained by upstream zone tension measurement; this represents scenario
(3). Although, the results with this strategy indicate rejection of disturbance in
pull roll section but it generates disturbance into the downstream rewind tension
zone.

Figure 11 shows the experimental results with pre-filters and feedforward
action obtained by downstream zone tension measurement; this represents
scenario (3). The results with this strategy indicate significant interaction
reduction as well as minimization of disturbance propagation into the
downstream rewind tension zone.

CONCLUDING REMARKS

The use of feedforward control action along with interaction minimizing
filters is proposed with feedback from downstream tension zone in this paper.
The proposed strategy was able to minimize the interaction as well reduce
disturbance propagation into downstream tension zones. The proposed scheme
was able to attenuate the effect of disturbances as well as restrict disturbance
propagation into further downstream tension zones.
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