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Periodic Tension Disturbance
Attenuation in Web Process Lines
Using Active Dancers
This paper investigates the role of active dancers in attenuation of web tension d
bances in a web process line. A general structure of the active dancer is consid
governing equations for web spans upstream and downstream to the dancer rolle
developed. A structural limitation that facilitates efficient design of the active dan
system for web tension disturbance attenuation is derived and discussed based
developed model. An open-architecture experimental web platform is developed fo
ducting real-time control experiments using the active dancer system. The active d
system model is experimentally identified using the standard system identification
niques available in literature. Three types of control designs were investigated fo
active dancer system: a proportional-integral-derivative controller, an internal mo
based controller, and a linear quadratic optimal controller. Data collected from a serie
experiments using the three control designs validate the usefulness of the active dan
attenuating web tension disturbances in a web process line. A representative sample
experimental data is presented and discussed.@DOI: 10.1115/1.1590678#
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1 Introduction
The term web is used to describe materials that are manu

tured and processed in a continuous, flexible strip form. Web
terials cover a broad spectrum from extremely thin plastics
paper, textiles, metals, and composites. Web processing perv
almost every industry today. With the need for increased per
mance and productivity in the web processing industry, accu
modeling and effective controller design for web handling s
tems are essential for increasing the web processing speed an
quality of the processed web. It is important to maintain w
tension within the desired limits under a wide range of dynam
conditions such as speed changes, variations in roll sizes, and
properties. Tension variations affect printing quality and tend
cause web breakage and wrinkles.

A dancer mechanism consists of a web roller which is eit
connected to a fixed support by passive elements such as sp
and dampers or is force loaded in opposition to the web tens
Dancer mechanisms are commonly used to attenuate tension
turbances caused by uneven wound rolls, eccentric rolls, misa
ment of idle rollers, and slacks in webs. A dancer mechanism
also used as a feedback element in a number of web tension
trol systems. The tension control system is driven by the va
tions in the position of the dancer mechanism as opposed to
variations in actual tension from the desired tension.

Passive dancers can be divided into two categories, nam
dancer rollers with passive elements such as springs and dam
and inertia compensated dancer rollers. Passive dancers
known to act as good tension feedback elements and/or ten
disturbance attenuators for low speed web lines; they have b
known to have limitations in dealing with a wide range of d
namic conditions and to cause resonance problems. In in
compensated passive dancers, the resonant frequency o
dancer roller is mainly determined by its mass. Thus, to incre
the tension disturbance frequency range that can be attenuate
dancer roller mass must be reduced. However, the weight of
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dancer roller needs to be twice the reference web tension, w
limits any changes to the dancer roller mass to increase the r
nant frequency. It is expected that introducing an active elem
into a dancer mechanism gives a control engineer more flexib
in attenuating periodic tension disturbances of a wide range
frequencies and also to lower tension fluctuations. The focus
this paper is on modeling and experimental evaluation of an ac
dancer system for periodic tension disturbance attenuation.

Early development of mathematical models for longitudinal d
namics of a web can be found in Refs.@1–4#. In Ref. @1#, a
mathematical model for longitudinal dynamics of a web span
tween two pairs of pinch rolls, which are driven by two moto
was developed. This model does not predict tension transfer
does not consider tension in the entering span. A modified mo
that considers tension in the entering span was developed in
@3#. In Ref. @4#, the moving web was considered as a movi
continuum and general methods of continuum mechanics w
used in the development of a mathematical model. The stud
Ref. @4# included the steady state and transient behavior of ten
force, stress, and strain in a web as functions of variables suc
wrap angle, position and speed of the driven rolls, density, cro
sectional area, modulus of elasticity, and temperature.

In @5#, equations describing web tension dynamics are deri
based on the fundamentals of web behavior and the dynamic
the drives used for web transport; an example system was con
ered to compare torque control versus velocity control of a roll
regulation of tension in a web. Nonideal effects such as temp
ture and moisture change on web tension were studied in Ref.@6#;
based on the models developed, methods for distributed contr
tension in multispan web transport systems were studied; ana
of a multispan web system with a passive dancer for minimiz
disturbances due to eccentric unwind roll was also given. An ov
view of lateral and longitudinal dynamic behavior and control
moving webs was presented in Ref.@7#. A review of the problems
in tension control of webs can be found in Ref.@8#.

Discussions on tension control versus strain control and tor
control versus velocity control were given in Ref.@9#; modeling
and design of a tension control station with both inertia comp
sated dancers and classical passive dancers were also giv
study on dynamic behavior of passive dancers in web trans
systems was reported in Ref.@10#. Computer simulation studies
were conducted on an example system to investigate disturb
01;
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rejection for three cases:~1! without a dancer;~2! with a classical
dancer with passive elements; and~3! with an inertia compensated
dancer. Based on the simulation results it was concluded that
ter attenuation of tension disturbances in a web line can
achieved with a dancer as opposed to a web line without a dan

An active dancer system for reducing tension variations in w
and sheet materials was proposed in Ref.@11#. Experimental re-
sults were reported based on an apparatus consisting of a sta
ary web around a dancer roller. The main drawback of the ap
ratus is that the results can be obtained only for a stationary w
Construction of an active dancer system that is capable of rej
ing cyclic process induced tension disturbances was reporte
Ref. @12#; the main drawback in this work is that a first-orde
model for the span tension dynamics is used, which does
reflect the tension behavior of the spans upstream/downstrea
the dancers.

In this paper, span tension dynamics for upstream and do
stream spans of the active dancer roller are developed; a typ
active dancer system is considered and the governing equa
are derived. An experimental web platform has been develope
investigate the usefulness of the active dancer system for ten
disturbance attenuation. Three types of control designs,
proportional-derivative-integral control, internal model contro
and linear quadratic optimal control, were experimentally inves
gated for the active dancer system. Experimental results show
considerable periodic tension disturbance attenuation is poss
using an active dancer system. Further, analysis of the ac
dancer system model gives a structural limitation on its desi
the length of the downstream span of the dancer roller mus
smaller than the upstream span for efficient tension disturba
attenuation using an active dancer. A numerical example is gi
to illustrate this limitation.

The contributions of this work over prior work reported in li
erature are:~1! development of a dynamic model of web tensio
for spans upstream and downstream to the dancer roller,~2! de-
velopment of an experimental web platform containing an act
dancer system and validation of the model developed via exp
ments on this platform,~3! discussion of issues related to th
design limitations of the active dancer system, and~4! experimen-
tal evaluation of three well-known controllers for attenuation
tension disturbances.

The remainder of the paper is organized as follows. Sectio
develops the mathematical model for web spans upstream
downstream to the dancer roller and presents a linearized se
equations for the developed model. Section 3 considers a gen
configuration of the active dancer system and presents an in
output model. In Sec. 4, some considerations on the design o
active dancer system are presented and discussed. The exper
tal web platform used for real-time control experiments using
active dancer system is described in Sec. 5. Identification of
active dancer system is given in Sec. 6. Details of the three im
mented controllers and results of the experiments are discuss
Sec. 7. Conclusions of the paper and some future work are g
in Sec. 8. A list of symbols used in the paper is also given.

2 Tension Dynamics of Web Spans Next to the Active
Dancer Roller

It is well known in the web handling literature@4,13# that the
tension dynamics of a general web span shown in Fig. 1 is gi
by

Fig. 1 General web span
362 Õ Vol. 125, SEPTEMBER 2003
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d

dt
« iv5v i2v i« iv2v i 211v i 21«~ i 21!v , (1)

where« iv denotes the strain in theith web span due to velocity
variations. Throughout the paper it is assumed that theith span
precedes theith roller. In dancer systems, the strain in web spa
adjacent to the dancer roller is due to web velocity variations a
the dancer roller translational movement. In this section, the t
sion dynamics in web spans upstream and downstream to
dancer roller are derived by noting that the net strain is equa
the sum of the strains due to the web velocity variation and
strain due to dancer movement.

A general dancer subsystem as shown in Fig. 2 is considere
deriving expressions for strain in the upstream and downstre
spans due to the movement of the dancer roller. In Fig. 2, the s
lines represent initial position of the dancer roller and the das
lines represent the position of the dancer when it moves b
distance ofx, that is,EE15x.

To derive the strain in the upstream span, note that the ini
length of the upstream span isL1 and the length of the span whe
the dancer roll moves by a distance ofx is L11dL15AF1 . Notice
that

L11dL15AF15AG12F1G1 . (2)

From the triangleABG1 , AG15BG1 /sin(u11du1) and from the
triangle E1F1G1 , F1G15E1F1 tan(u11du1)5r tan(u11du1).
Thus, Eq.~2! can be simplified to

L11dL15
BG1

sin~u11du1!
2r tan~u11du1!5

BE1EE11E1G1

sin~u11du1!

2r tan~u11du1!5
BG2EG1EE11E1G1

sin~u11du1!

2r tan~u11du1!. (3)

Further notice that from the trianglesABG, EFG, andE1F1G1 ,
the following relationships can be obtained:BG5AG sinu1
5(AF1FG)sinu15(L11r tanu1)sinu1, EG5r /cosu1, and E1G1
5r /cos(u11du1). Thus,

Fig. 2 Dancer spans: unstretched and stretched conditions
Transactions of the ASME
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L11dL15

~L11r tanu1!sinu12
r

cosu1
1x1

r

cos~u11du1!

sin~u11du1!

2r tan~u11du1!. (4)

Typically, the displacement of the dancer roller is much sma
than the length of the web span. It can be assumed that the a
du1 is very small, i.e., cosdu1'1 and sindu1'0. With this as-
sumption, Eq.~4! reduces to

L11dL1'L11
x

sinu1
.

Therefore, the strain induced in the upstream web span due to
movement of the dancer roller is given by

«1d5
dL1

L1
'

x

L1 sinu1
. (5)

By a similar argument, the strain induced in the downstream s
is

«2d5
dL2

L2
'

x

L2 sinu2
. (6)

Noting that the strain in the upstream span is sum of the str
due to web velocity variations and the dancer displacement,
«15«1v1«1d , we can write

L1

d

dt
«15L1

d

dt
«1v1L1

d

dt
«1d . (7)

Substituting Eqs.~1! and ~5! into Eq. ~7! results in

L1

d

dt
«15v12v1«1v2v01v0«ov1

ẋ

sinu1
.

Under the assumption that the web is elastic, i.e.,« i5t i /EA, we
obtain

L1ṫ15EA~v12v0!1~v0t02v1t1!1
EAv1

L1

x

sinu1
1EA

ẋ

sinu1
.

(8)

For the downstream span, the total strain is the sum of
strains due to web velocity variations and the dancer motion,
«25«2v1«2d , which gives

L2

d

dt
«25L2

d

dt
«2v1L2

d

dt
«2d . (9)

Using Eqs.~1! and ~6!, Eq. ~9! can be written as

L2

d

dt
«25v22v2«2v2v11v1«1v1

ẋ

sinu2
. (10)

Equation ~10! can be further simplified by noting that«1v5«1
2«1d , «2v5«22«2d , «15t1 /EA, and«25t2 /EA, to obtain

L2ṫ25EA~v22v1!1~v1t12v2t2!

1S v2

L2 sinu2
2

v1

L1 sinu1
DEAx1EA

ẋ

sinu2
. (11)

Equations~8! and ~11! are nonlinear involving cross-produc
terms such asv i t i . To obtain linearized equations around give
reference values of web velocity (v r), web tension (t r), and
dancer displacement (xr50), let Vi5v i2v r , Ti5t i2t r , andX
5x represent the deviations. Substituting into Eqs.~8! and ~11!,
we obtain the linearized dynamics of web spans upstream
downstream to the dancer roller as

L1Ṫ15~EA2t r !~V12V0!1v r~T02T1!

1
EA

L1 sinu1
v rX1

EAẊ

sinu1
, (12)
Journal of Dynamic Systems, Measurement, and Control
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L2Ṫ25~EA2t r !~V22V1!1v r~T12T2!

1EAv r S 1

L2 sinu2
2

1

L1 sinu1
DX1

EAẊ

sinu2
. (13)

3 Active Dancer System
The web span dynamics developed in the previous section

for a general case of a dancer roller which is not uniform w
respect to the adjacent rollers. It is convenient to measure
tension in the spans if the dancer roller is centrally located
tween the upstream and downstream rollers and the wrap angl
the dancer roller is 180 deg, i.e.,u15u2590 deg. Further, the
angle of wrap remains the same for the unstretched and stret
conditions of the web spans; therefore the tension dynamics is
nonlinear in terms of the angle of wrap on the dancer roll. W
this observation, an active dancer system as shown in Fig.
considered. This system contains web spans adjacent to the da
roller in the upstream and downstream directions and three rol
including the dancer roller. All the variables shown in Fig. 3 re
resent variations from their reference values. It is assumed thaT0
is the upstream tension disturbance that needs to be rejected u
the active dancer.

The angular dynamics of each roller is given by

Jiv̇ i52Bf iv i1Ri~ t i 112t i !, (14)

wherei 50, 1, 2. Assuming that there is no slip on the rollers, t
web velocity on each roller isv i5Riv i . Therefore, the linearized
dynamics of web velocity on each roller is given by

JiV̇i52Bf iVi1Ri
2~Ti 112Ti !. (15)

Usingu15u2590 deg in Eqs.~12! and~13! and assuming that the
three rollers are identical, i.e.,Ji5J and Ri5R, the dynamic
equations for the active dancer system shown in Fig. 3 are

bV̇052gV01~T12T0!, (16)

t1Ṫ152T11T01a~V12V0!1
a

t1
X1aU, (17)

bV̇152gV11~T22T1!, (18)

t2Ṫ252T21T11a~V22V1!1aS 1

t2
2

1

t1
DX1aU, (19)

bV̇252gV21~T32T2!, (20)

Ẋ5U, (21)

where b5J/R2, g5Bf /R2, a5EA/v r , t15L1 /v r , and
t25L2 /v r .

Since the value of EA is much larger thant r for most webs, the
t r term is neglected in obtaining Eqs.~17! and~19! from Eqs.~12!
and ~13!.

Fig. 3 Active dancer system
SEPTEMBER 2003, Vol. 125 Õ 363
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4 Design Considerations
Combining Eqs.~16!–~21!, the input-output dynamic mode

@14# for the active dancer system is

T2~s!5
Dad~s!

Cad~s!
U~s!1

Aad~s!

Cad~s!
T0~s!1

Bad~s!

Cad~s!
T3~s!, (22)

where the inputU(s) is the dancer translational velocity, and

Aad~s!5~hs11!2,

Bad~s!5@hs~t1s11!12#,

Cad~s!5$@hs~t1s11!12#@hs~t2s11!12#2~hs11!%,

Dad~s!5bF ~hs11!S s1
1

t1
D

1@hs~t1s11!12#,S s1
1

t2
2

1

t1
D G ,

whereh5Jv r /EAR2. The input/output model has been obtain
by assuming that the roller bearing friction is negligible. A fu
expression with nonzero bearing friction can be found in R
@14#. Also, notice that the model is obtained under the assump
that the moment of inertia and radius of all the rollers in t
dancer system are the same, i.e.,Ji5J andRi5R for i 50, 1, 2.

Expansion of the numerator,Dad(s), and the denominator
Cad(s), of the plant transfer function gives

Cad5h2t1t2s41h2~t11t2!s31h~h12t112t2!s213hs13
(23)

Dad5bht1s31bhS 11
t1

t2
D s21bS 31

h

t2
D s1bS 2

t2
2

1

t1
D .

(24)

Notice that, ift2.2t1 , i.e., L2.2L1 , then the constant term o
the numerator polynomial,Dad(s), is negative, which results in a
right-half-plane zero.
364 Õ Vol. 125, SEPTEMBER 2003
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It is common knowledge from classical root-locus analysis t
as the feedback gain increases, the closed-loop poles migra
the positions of the open-loop zeros. Since the active dancer
tem has a right-half-plane zero, high-gain instability will resu
Further, it is also well known that a right-half-plane zero, partic
larly that is on the real axis and close to zero, can cause se
bandwidth limitations@15#. Therefore, for efficient tension distur
bance attenuation using an active dancer, it is necessary to
struct the active dancer system such that the downstream
length is smaller than the upstream span length.

To illustrate the effect of the open-loop zero, root-locus plot
employed for various span lengths. Other physical properties
the web and rollers are kept constant, which are exactly sam
the ones used in the experiments. The closed-loop characte
equation with proportional feedback control, i.e.,U(s)5
2KpT2(s), is

11Kp

Dad~s!

Cad~s!
50, (25)

whereKp is the proportional gain.
Figure 4 shows the root-locus plot and the location of the op

loop poles and zeros forL150.9144 m (36 in.) and L2
50.2286 m (9 in.). Figure 4 shows that the proportional gainKp
can be chosen as large as possible. Thus, the disturbance effe
the span downstream to the dancer roll can be attenuated b
arbitrary amount by the choice ofKp . Notice that after a certain
value any increase inKp results in moving a pair of closed-loo
poles towards the imaginary axis. Hence, appropriate choice
the gainKp must be made such that the closed-loop poles are
away from the imaginary axis.

Figure 5 shows the root-locus plot and the location of the op
loop poles and zeros forL15L250.2286 m (9 in.). In this case
there is a pair of complex-conjugate open-loop poles very clos
a pair of complex-conjugate zeros. Thus, any choice of the g
cannot move this pair of open-loop poles further to the left-ha
Fig. 4 Root locus plot for L 1ÌL 2
Transactions of the ASME
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plane away from the imaginary axis. The effectiveness of the
tive dancer to attenuate tension disturbances is reduced.

The root-locus plot and location of open-loop poles and ze
for L150.2286 m (9 in.) andL250.9144 m (36 in.) is shown in
Fig. 6. In this case, the root-locus crosses the imaginary axis
enters the right-half plane whenKp exceeds a certain value. Fo
Journal of Dynamic Systems, Measurement, and Control
ac-

ros

and
r

the numerical example considered, as shown in Fig. 6, a branc
the root locus moves to the right-half plane for a very small va
of Kp .

Root-locus plots obtained by varyingb andh did not show any
appreciable change in the form of the root locus. In all these ca
a small value ofKp rendered the closed-loop system unstable
Fig. 5 Root locus plot for L 1ÄL 2

Fig. 6 Root locus plot for L 1ËL 2Õ2
SEPTEMBER 2003, Vol. 125 Õ 365
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the case ofL2.2L1 . Notice that variations ofb and h in the
input-output model reflect variations of web and roller properti
E, A, J, R, Bf , etc.

An intuitive explanation of the effect of span length is given
the following. Assuming that the web is mostly elastic, it is com
mon practice in the web handling community to model a web sp
as an elastic spring with a spring constantKn5EnAn /Ln . The
spring constants of the upstream and the downstream web spa
the dancer roller areK15EA/L1 and K25EA/L2 , respectively,
as shown in Fig. 7.

If L1>L2 , K1<K2 , then any motion of the dancer roller re
sults in larger tension variations in span 2 than in span 1. Th
rejection of periodic disturbances from the spans upstream of
dancer roller into the spans downstream of the dancer rolle
possible in this case. IfL1,L2/2, K1.2K2, then periodic dancer
motion induces larger tension disturbances into the upstream
than it rejects in the downstream span due to feedback of ten
T2 .

5 Experimental Web Platform
A sketch of the open-architecture experimental web platfo

together with an active dancer system is shown in Fig. 8. Pictu
of the complete experimental platform and the active dancer s
tem are shown in Figs. 9 and 10, respectively. In the active dan
system, shown in Fig. 10, the bottom most roller is the act
dancer roller. The web platform mainly consists of an endless w
line with a number of rollers, an active dancer system, web gui
for maintaining lateral position. The term endless web line ref
to a web line without unwind and rewind rolls. This type of pla
form mimics most of the features of a process section of a w
processing line.

Mechanical components used in the platform include 16 i
rollers, a master speed roller with a nip roller, an electric mot
and a passive dancer system with a pneumatic cylinder. The w
of each roller is 0.2032 m~8 in.! and the diameter is 0.127 m~5
in.!, except for the master speed roller, which has a diamete
0.254 m~10 in.!. A nip roller on the master speed roller is used
reduce slip during startup. The master speed roller sets the de
transport velocity of the web. Air pressure in the pneumatic c
inder of the passive dancer roll is used to set the desired refer
web tension. The active dancer system consists of an electro
chanical actuator, a guide way with the dancer roller mounted
it, and load cells on the idle roller downstream of the dancer rol
A Pentium 450-MHz computer with a Keithley DAS 1601 digita

Fig. 8 Sketch of the experimental web platform

Fig. 7 Interpretation of the effect of span lengths
366 Õ Vol. 125, SEPTEMBER 2003
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data acquisition board is used for real-time control experiments
control sampling period of 5 ms is used in all the experiments

The measured signals on the experimental web platform~see
sketch in Fig. 8! include the velocity of the web measured at th
roller immediately downstream of the master speed roller, tens
from both load cells shown in Fig. 8, translational velocity of th
dancer roller, and lateral position of the web downstream of
guide system. These signals are used during system identifica
control, and monitoring.

A transparent polyester film is used as the web material, wh
has the following properties:E54.1363109 N/m2 (63105 PSI),
A50.0819 m2 (1.2731024 in.2), J50.0282 kg m2 ~96.21 lb in.2),
andR563.5 mm (2.5 in.). The length of the web spans upstre
and downstream to the dancer roller are 36 and 9 in., respectiv

Periodic tension disturbances upstream of the dancer roller
created by introducing an out-of-round roll surface into an id
roller in the web line as shown in Fig. 8. Load cells that a
mounted on the roller immediately downstream of the out-
round idle roller measure the amount of tension disturbance tha
being generated. The fundamental frequency of the periodic
sion disturbance for a given out-of-round roller surface increa
with increase in web speed.

Fig. 9 Picture of the web platform

Fig. 10 Picture of the active dancer system
Transactions of the ASME
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6 System Identification
The transfer function@T2(z)/U(z)# from the dancer velocity to

the tension in the span downstream to the dancer roller is con
ered for identification. The discrete-time equivalent of t
continuous-time input-output model, Eq.~22!, with a sampling
period of 5 ms, is

T2~z!51022
4.233z3212.55z2112.41z24.089

z423.966z315.897z223.897z10.9659
U~z!

11025
9.537z329.635z229.324z19.421

z423.966z315.897z223.897z10.9659
T0~z!

11026
6.812z326.828z226.687z16.702

z423.966z315.897z223.897z10.9659
T3~z!.

(26)

In the above conversion, we have used the same numerical va
for parameters as given in Sec. 5 with a reference web velocit
1.266 m/s ~250 FPM!. To experimentally identify the transfe
function @T2(z)/U(z)#, the web is run at a speed of 1.266 m
~250 FPM!, and a pseudorandom signal is used as the input for
dancer roller velocity. The dancer velocity inputU(k) and varia-
tions in tension in the span downstream to the dancer rollerT2(k)
are acquired at each sampling period. The Box-Jenkins m
@16#, given by the following equation, is used to represent
relation betweenT2(k) andU(k):
n
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T2~k!5G~z21!U~k!1H~z21!e~k!, (27)

where

G~z21!5B~z21!/F~z21!,

H~z21!5C~z21!/D~z21!,

B~z21!5b01b1z211¯1bnb
z2nb,

F~z21!511 f 1z211¯1 f nf
z2nf,

C~z21!511c1z211¯1cnc
z2nc,

D~z21!511d1z211¯1dnd
z2nd,

e~k! is white noise, and

z21 represents the unit delay operator.

The termH(z21)e(k) is included to account for the termsT0 , and
T3 in Eq. ~22! and other disturbances affecting the tensionT2 .
Using this model and the data obtained, generalized partial a
correlation function~GPAC! technique@17# is used to estimate the
orders of the polynomialsB(z21), F(z21), C(z21), andD(z21);
these orders are found to benb53, nf510,nc51, andnd51. The
coefficients,bi , f i , ci , were estimated using the Levenber
Marquardt algorithm@18#. The Appendix gives a step-by-step pro
cedure of the identification technique used to arrive at the inp
output model. The identified transfer function from the danc
roller velocity input to the downstream tension is
Ĝ~z!5
T2~z!

U~z!
5

20.0173z310.0359z210.1257z20.1351

z1021.161z920.9063z810.8857z710.9595z620.2485z520.9768z410.1006z310.7366z220.3341z20.0557
.

(28)
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e

The relative degree of the experimentally identified transfer fu
tion, Eq.~28!, is much higher than the theoretical model, Eq.~22!.
This can be attributed to the fact that the dynamics of the mo
the platform containing the dancer roller, and of the load cell
not taken into account in the theoretical model. Since such h
order transfer functions are not amenable for analysis, mode
duction technique using Bilinear Schwartz approximation@19# is
used to obtain a lower-order approximation ofĜ(z). The fourth-
order Bilinear Schwartz approximation of Eq.~28! is

Ĝ4~z!5
0.05462z320.2269z210.3071z20.1335

z423.103z313.581z221.773z10.2948
. (29)

The Bode plots of the experimentally identified transfer funct
Ĝ(z), the reduced fourth-order modelĜ4(z), and the theoretica
model are shown in Fig. 11. From the Bode plots, it can be
served that the reduced fourth-order model is very similar to
original tenth-order identified model. Further, it can also be
served that the behavior of the theoretical model is similar to
of the identified model, except for variations in the low-frequen
gain and the corner frequency, in the frequency range of inte
which is up to 50 rad/s~8 Hz!. Also, notice that the identified
model has a pair of under damped poles around 80 rad/s~13 Hz!
frequency region, which are not reflected in the theoretical mo
these poles may reflect resonant conditions of the active da
structure, load cells, or the experimental platform structure.

7 Implemented Controllers and Experimental Results
Three types of controllers were implemented for the act

dancer system: a proportional-integral-derivative controller~PID!,
c-

tor,
re

gh-
re-

on

b-
the
b-

hat
cy
est,

el;
cer

ve

an internal model based controller~IMC!, and a linear quadratic
regulator~LQR!. The internal model based controller consists o
proportional controller and an internal model of sinusoidal tens
disturbance with a known frequency and unknown amplitude. T
frequency of the tension disturbance is obtained by taking a f
Fourier transform~FFT! of the tension signal obtained from th

Fig. 11 Theoretical and identified Bode plots
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load cell located upstream of the dancer roller. A description of
design of three controllers implemented is presented in the foll
ing.

The pulse transfer function of the PID controller that is expe
mentally implemented is

Gc~z!ª
U~z!

T2~z!
5Kp1

Ki

12z21
1Kd~12z21!

5
K12K2z211K3z22

12z21
, (30)

whereKp , Ki , andKd are proportional, integral, and derivativ
gains, respectively, andK15Kp1Ki1Kd , K25Kp12Kd , and
K35Kd . The gainsK1 , K2 , and K3 were chosen to place th
closed-loop poles of the active dancer system with the follow
design requirements: percentage peak overshoot of less than
and the settling time of less than 1 s. This design process
carried out using the ‘‘rltool’’ utility in MATLAB . The following
gain values were obtained:Kp51.932, Kd50.8063, andKi
52.1099. Figure 12 shows the performance of the PID contro
the top two plots correspond to the measured periodic ten
disturbance and its FFT, and the bottom two plots show the m
sured tension error and its FFT when the active dancer rolle
under PID control. Notice that the frequency of tension dist
bance is about 25.13 rad/s~4 Hz! when the line is running at a
reference speed of 1.772 m/s~350 FPM!.

In the internal model based type of controller, a proportio
controller is augmented with an internal model of the disturban
the classical internal model principle is used. The disturba
frequency,q, is measured by taking an FFT of the measured t

Fig. 12 Tension with out-of-round idle roller „disturbance and
PID control …; v rÄ1.772 mÕs „350 FPM…, t rÄ160.14 N „36 lbf …
368 Õ Vol. 125, SEPTEMBER 2003
the
w-

ri-

e

ng
10%
was

ler;
ion
ea-
r is
r-

al
ce;
ce
n-

sion signal from the load cell prior to implementing the controll
The following is the structure of the IMC controller that wa
implemented:

Gc~z!5
Kp1z21Kimc sin~qTs!

122z21 cos~qTs!1z22
, (31)

whereKp is the proportional gain,Ts is the sampling period, and
Kimc is the tunable gain to compensate for the unknown amplit
of the periodic tension disturbance. Using the ‘‘rltool’’ utility o
MATLAB , the gainsKp and Kimc were calculated for each of th
web speeds to place the closed-loop poles such that the se
time is less than 1 s and percentage overshoot is less than
The following gains were obtained and used in the experime
Kp50.04607 andKimc50.04607.

In the experimental platform shown in Fig. 9, tension distu
bance is created by an out-of-round roller in the web path. Th
the disturbance frequency is proportional to the web speed.
periments were conducted at various web speeds~thus, different
known disturbance frequencies! and a representative result
shown in Fig. 13; this also corresponds to a line speed of 1.
m/s ~350 FPM! which results in a disturbance frequency of abo
25.13 rad/s~4 Hz!. The top two plots of Fig. 13 show the con
trolled tension with IMC controller and the FFT of the controlle
tension, respectively.

To formulate a traditional stationary LQR problem for the a
tive dancer system, we consider the state space equations obt
from the input-output model given by Eq.~26!. The state space
equations can be expressed in the matrix form as

j~k11!5Gj~k!1HuU~k!,
(32)

y~k!5Cj~k!.

Fig. 13 Tension with out-of-round idle roller „IMC and LQR …;
v rÄ1.772 mÕs „350 FPM…, t rÄ160.14 N „36 lbf …
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The following performance index is used to obtain the optim
control input:

J5
1

2 (
k50

`

@y2~k!1RlqrU
2~k!#, (33)

where Rlqr is the weighting factor that penalizes control inp
magnitude. The control input that results from minimizing th
above performance index is a state feedback controller of the f
U(k)52Kj(k). A Luenberger observer was used to estimate
state variables based on the measured tension. A control weigh
factor value of 0.1, i.e.,Rlqr50.1, was used; any value smalle
than this resulted in the control effort being very large and exce
ing the active dancer motor velocity limits. The control and o
server gain vectors that were computed off-line and used in
experiments wereK51023(0.0011306,0.77836,53.584,207.95
andL5(20.96586,3.8969,25.8833,3.773), respectively.

Experiments were conducted at various web speeds an
representative result for the reference web speed of 1.772
~350 FPM! for the LQR controller is shown in the bottom
two plots of Fig. 13; the bottom two plots show the controlle
tension with LQR controller and the FFT of the controlled tensio
respectively.

A summary of the amount of tension disturbance magnitu
reduction for PID, IMC, and LQR controllers for four differen
web speeds, 1.013 m/s, 1.266 m/s, 1.519 m/s, 1.772 m/s~200
FPM, 250 FPM, 300 FPM, and 350 FPM! is shown in Fig. 14.
The summary shown in Fig. 14 indicates that all the three cont
lers give good attenuation of the periodic tension disturbance
ing the active dancer. Notice that at the low speed of 1.012
~200 FPM!, the attenuation level of all three controllers is simil
but as the speed is increased the attenuation level is more fo
IMC and the LQR controllers. It is not clear from a number
experiments as to why there is a variation of tension attenua
levels at different speeds, and why the tension attenuation le
drops from 1.266 to 1.519 m/s whereas it increases from 1.51
1.772 m/s. We believe that one possible reason for this could
due to the endless web line that is used in the experiments; in
endless web line the same web loops around in the platform.
have assumed that there is no propagation of tension in the
stream direction from the web span where tension disturban
are created; this is true only when there is not slip on the rolle
We plan to investigate this further after incorporating unwin
rewind stands into the current experimental platform.

Experimental results show that the active dancer system is
fective in attenuating periodic tension disturbances. The dis

Fig. 14 Summary of tension disturbance reduction
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al

t
e
rm
he
ting
r
ed-
b-
the
)

d a
m/s

d
n,

de
t

ol-
us-
/s

r
the
f

tion
vel

9 to
be
an

We
up-
ces
rs.
d/

ef-
tur-

bance rejection capability of the active dancer system is limi
only by the bandwidth limitation of the actuator as opposed to
passive dancer or an inertia compensated dancer which are kn
to have considerable resonance problems.

8 Conclusions and Future Work
In this paper, a mathematical model of an active dancer sys

which can be used for periodic tension disturbance attenuation
been developed. An experimental web platform with an act
dancer system has been developed to conduct real-time ex
ments. Data collected from an extensive set of experiments v
date the usefulness of an active dancer in attenuation of peri
web tension disturbance in a web process line. Further, analys
the model reveals a structural limitation on the design of the
tive dancer system, which is the ratio of the downstream to
stream web span length with respect to the active dancer ro
must be less than 2 for tension attenuation using an active da

Future research will focus on incorporating the active dan
mechanism in an unwind/rewind web process line. This work
sumed that there is no slip of the web on the dancer roller, wh
may not be the case at high web speeds and large amplitude
riodic tension disturbances. Our future work will also focus on t
study of slip on the dancer roller. In this paper, we have inve
gated the effectiveness of the active dancers for steady oper
speeds and tensions, that is, we have considered the linea
system. Future work will include design of the controllers, such
iterative learning controllers@20,21# and robust adaptive control
lers, for the complete nonlinear model that accounts for transie
during startup and shutdown conditions in web process lines.
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Nomenclature

A 5 Cross-sectional area of web
Bf 5 Bearing friction
E 5 Modulus of elasticity
J 5 Polar moment of inertia of roller
R 5 Radius of a roller

v r 5 Reference web velocity
t r 5 Reference web tension
t 5 Time

Li 5 Length of theith web span
t i 5 Tension in theith web span
v i 5 Web velocity on theith roller
Ti 5 Change in tension from the reference
Vi 5 Change in web velocity from the reference
t i 5 Time constant of a web span (Li /v r)
Ki 5 Web span spring constant (EA/Li)
X 5 Change in linear displacement of the dancer roll

from the reference
U 5 Dancer translational velocity input

a,b,g,h 5 System constants (EA/v r ,J/R2,Bf /R2,b/a)
« i 5 Strain in theith web span

« iv 5 Strain due to velocity variation in theith web span
« id 5 Strain due to dancer displacement in theith web

span~applies only to spans next to the dancer roll!
u1 , u2 5 Wrap angles on upstream and downstream side of

dancer roll

Appendix: Identification Procedure
The dynamics between the tensiont2 and the dancer velocityu

is described in the form of the Box-Jenkins Model as

T2~k!5G~z21!U~k!1H~z21!e~k!. (34)
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To estimate the transfer function we go through the followi
steps:~1! Estimate the impulse response forG(z), ~2! Find the
orders of the numerator and denominator in the transfer func
G(z), and ~3! Estimate the coefficients in the numerator and
denominator polynomials.

To estimate the impulse response,ĝ(k), of the transfer function
G(z), assume that the inputu(k) and the white noisee(k) are not
correlated andĝ(k)50 for somek.K, then

y~ t !5(
i 50

K

ĝ~ i !u~ t2 i !. (35)

Multiplying both sides of Eq.~35! by u(t2k) and taking expec-
tation and simplifying yields

Ruy~k!5(
i 50

K

ĝ~ i !Ru~k2 i !, k50,1,2, . . . ,K. (36)
a

h

a
g
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The above equations can be written in matrix form as

F Ru~0! Ru~1! ¯ Ru~K !

Ru~1! Ru~0! ¯ Ru~K21!

: : : :

Ru~K ! Ru~K21! ¯ Ru~0!

GF ĝ~0!

ĝ~1!

:
ĝ~K !

G5F Ruy~0!

Ruy~1!

:
Ruy~K !

G .

(37)

From Eq.~37! ĝ( i ) for i 50,1, . . . ,K, can be computed. In the
experimentsK was chosen to be 50.

To find the orders of the numerator and the denominator po
nomials (nb andnf) of the transfer functionG(z), the generalized
partial autocorrelation~GPAC! function method as given in Refs
@17#, @21# is used. The GPAC functionfkk

j is defined as
fkk
j 5

U ĝ~ j 21! ĝ~ j 22! ¯ ĝ~ j 2k11! ĝ~ j !

ĝ~ j ! ĝ~ j 21! ¯ ĝ~ j 2k12! ĝ~ j 11!

: : : : :

ĝ~ j 1k22! ĝ~ j 1k23! ¯ ĝ~ j 22! ĝ~ j 1k21!

U
U ĝ~ j 21! ĝ~ j 22! ¯ ĝ~ j 2k11! ĝ~ j 2k!

ĝ~ j ! ĝ~ j 21! ¯ ĝ~ j 2k12! ĝ~ j 2k11!

: : : : :

ĝ~ j 1k22! ĝ~ j 1k23! ¯ ĝ~ j 22! ĝ~ j 21!

U
. (38)
be

ss

a-
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As shown in Ref.@21#, the GPAC function has the property th
fkk

nb50 for k5nf11,nf12, . . . , andfkk
j is of the form 0/0 for

j 5nb11,nb12, . . . , andk5nf11,nf12, . . . .This property can
be used to identify the orders of the numerator and the deno
nator polynomials of the transfer function. In a similar way, w
can find the orders of the numerator and the denominator,nc and
nd , of the transfer functionH(z).

Once the orders of the numerator and the denominator of
transfer function are known, the Levenberg-Marquardt algorit
was used to estimate the unknown coefficients,b0 , b1 , . . . ,bnb

,
f 1 , f 2 , . . . ,f nf

, c1 , c2 , . . . ,cnc
, and d1 , d2 , . . . ,dnd

. To this
end, define the estimate of the parameter vector in thekth iteration
as

ĉk5@ b̂0 , . . . ,b̂nb
, f̂ 1 , . . . ,f̂ nf

,ĉ1 , . . . ,ĉnc
,d̂1 , . . . ,d̂nd

#T.
(39)

The estimated output and residue of estimation can be comp
as

ŷ~ tuĉk!5Ĥ21Ĝ~q!u~ t !1@12Ĥ21#y~ t !,
(40)

«~ĉk!5y~ t !2 ŷ~ tuĉk!.

Now, we consider the cost function defined byF(ĉk)
5( t51

N «T(ĉk)«(ĉk) whereN is the total number of data points
can be considered for minimization. The Levenberg-Marqua
algorithm uses a gradient search method which requires the c
putation of the vectorJ(ĉk) defined as

J~ ĉk!52F ] ŷ~ tuĉk!

]ĉk~1!

] ŷ~ tuĉk!

]ĉk~2!
¯

] ŷ~ tuĉk!

]ĉk~n!
G , (41)

wheren is the total number of parameters to be estimated. E
element in this vector can be computed numerically. The al
t

mi-
e

the
m

uted

,
rdt
om-

ch
o-

rithm terminates when a tolerance specified byJ gradmin is met.
This algorithm also requires an initial valuem0 of m and a multi-
plier ~divisor! n to account for fast~slow! convergence. The
Levenberg-Marquardt algorithm is

~1! Input c0 , minimal gradient J gradmin , m0 , n, u(t), and
y(t).

~2! Repeat the following starting withk50.
~3! Setk5k11 andmk115mk /n.
~4! ComputeJ(ĉk), «(ĉk).
~5! Solve for Dĉk from @JT(ĉk)J(ĉk)1mkI #Dĉk

52JT(ĉk)«(ĉk).
~6! Update the parameter vectorĉk115ĉk1Dĉk .
~7! If F(ĉk11)>F(ĉk), setmk5mk* n and go to step 5. Oth-

erwise continue.
~8! Setmk115mk .
~9! If i2JT(ĉk11)«(ĉk11)i,J gradmin or mk.mmax, terminate

the computation. Otherwise go to step 3.
Complete details of the Levenberg-Marquardt algorithm can

found in Ref.@18#.
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