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This paper investigates the role of active dancers in attenuation of web tension distur-

Yongliang Zhu bances in a web process line. A general structure of the active dancer is considered;
Graduate Student governing equations for web spans upstream and downstream to the dancer roller are
developed. A structural limitation that facilitates efficient design of the active dancer
LOKUKaluQe P. Perera system for web tension disturbance attenuation is derived and discussed based on the
Graduate Student developed model. An open-architecture experimental web platform is developed for con-
ducting real-time control experiments using the active dancer system. The active dancer
School of Mechanical and system model is experimentally identified using the standard system identification tech-
Aerospace Engineering niques available in literature. Three types of control designs were investigated for the
Oklahoma State University, active dancer system: a proportional-integral-derivative controller, an internal model
Stillwater, OK 74078-5016 based controller, and a linear quadratic optimal controller. Data collected from a series of

experiments using the three control designs validate the usefulness of the active dancers in
attenuating web tension disturbances in a web process line. A representative sample of the
experimental data is presented and discusg@®DI: 10.1115/1.1590678

1 Introduction dancer roller needs to be twice the reference web tension, which
limits any changes to the dancer roller mass to increase the reso-
Fant frequency. It is expected that introducing an active element
fito a dancer mechanism gives a control engineer more flexibility
attenuating periodic tension disturbances of a wide range of

gauencies and also to lower tension fluctuations. The focus of

almost every indusry today. With the need for increased perfQgis’ haner is on modeling and experimental evaluation of an active
mance and productivity in the web processing industry, accurgigncer system for periodic tension disturbance attenuation.
modeling and effective controller design for web handling sys- g5y jevelopment of mathematical models for longitudinal dy-
tems are essential for increasing the web processing speed anqqmics of a web can be found in Refd—4]. In Ref.[1], a
quality of the processed web. It is important to maintain we,aihematical model for longitudinal dynamics of a web span be-
tension within the desired limits under a wide range of dynamigeen two pairs of pinch rolls, which are driven by two motors,
conditions such as speed changes, variations in roll sizes, and gl geveloped. This model does not predict tension transfer and
properties. Tension variations affect printing quality and tend {gyes not consider tension in the entering span. A modified model
cause web breakage and wrinkles. that considers tension in the entering span was developed in Ref.
A dancer mechanism consists of a web roller which is eith?g]_ In Ref. [4], the moving web was considered as a moving
connected to a fixed support by passive elements such as sprig@stinuum and general methods of continuum mechanics were
and dampers or is force loaded in opposition to the web tensiqised in the development of a mathematical model. The study in
Dancer mechanisms are commonly used to attenuate tension gigf. [4] included the steady state and transient behavior of tensile
turbances caused by uneven wound rolls, eccentric rolls, misaligrce, stress, and strain in a web as functions of variables such as
ment of idle r0||erS, and slacks in webs. A dancer meChanism\Aﬁ'ap ang|e, position and Speed of the driven ro”sl density, Cross-
also used as a feedback element in a number of web tension ceéctional area, modulus of elasticity, and temperature.
trol systems. The tension control system is driven by the varia-|n [5], equations describing web tension dynamics are derived
tions in the position of the dancer mechanism as opposed to #sed on the fundamentals of web behavior and the dynamics of
variations in actual tension from the desired tension. the drives used for web transport; an example system was consid-
Passive dancers can be divided into two categories, namehked to compare torque control versus velocity control of a roll for
dancer rollers with passive elements such as springs and dampetfulation of tension in a web. Nonideal effects such as tempera-
and inertia compensated dancer rollers. Passive dancers tafe and moisture change on web tension were studied in &ef.
known to act as good tension feedback elements and/or tensised on the models developed, methods for distributed control of
disturbance attenuators for low speed web lines; they have beension in multispan web transport systems were studied; analysis
known to have limitations in dealing with a wide range of dyof a multispan web system with a passive dancer for minimizing
namic conditions and to cause resonance problems. In inetigturbances due to eccentric unwind roll was also given. An over-
compensated passive dancers, the resonant frequency of wiggv of lateral and longitudinal dynamic behavior and control of
dancer roller is mainly determined by its mass. Thus, to increas®ving webs was presented in REf]. A review of the problems
the tension disturbance frequency range that can be attenuatedjihension control of webs can be found in REd].
dancer roller mass must be reduced. However, the weight of theDiscussions on tension control versus strain control and torque
control versus velocity control were given in Rg8]; modeling
*Corresponding e-mail address: pagilla@ceat.okstate.edu and design of a tension control station with both inertia compen-
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The term web is used to describe materials that are manuf
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

Journal of Dynamic Systems, Measurement, and Control SEPTEMBER 2003, Vol. 125 / 361
Copyright © 2003 by ASME



rejection for three casegl) without a dancer(2) with a classical
dancer with passive elements; a3 with an inertia compensated '—id_TSiv:Ui’UiSiu*Ui—ﬁUi—lS(i—l)v , 1)
dancer. Based on the simulation results it was concluded that bet- o . .
ter attenuation of tension disturbances in a web line can B&i€res;, denotes the strain in thieh web span due to velocity
achieved with a dancer as opposed to a web line without a dandgriations. T_hroughout the paper it is assumed thtltﬂh&pan
An active dancer system for reducing tension variations in Wil%rgcedes théth roller. In dancgr systems, the strain in \{vep spans
and sheet materials was proposed in FRet]. Experimental re- adjacent to the dancer ro_IIer is due to web veI0_0|ty variations and
sults were reported based on an apparatus consisting of a stath'r'?-danC(':'r rplle_r translational movement. In this section, the ten-
ary web around a dancer roller. The main drawback of the appan! dynamics in web spans upstream and downstream to the
ratus is that the results can be obtained only for a stationary w necer roller are def”VEd by noting that the net strain is equal to
Construction of an active dancer system that is capable of rejel}e Sum of the strains due to the web velocity variation and the
ing cyclic process induced tension disturbances was reportedsfﬁa'n due to dancer movement. - . . .
Ref. [12]; the main drawback in this work is that a first-order A general dancer subsystem as shown in Fig. 2 is considered in
model for the span tension dynamics is used, which does rﬁﬁnvmg expressions for strain in the upstream anc_i downstrea_m
reflect the tension behavior of the spans upstream/downstrea GRS due to th(?‘ movement of the dancer roller. In Fig. 2, the solid
the dancers. ines represent initial position of the dancer roller a_nd the dashed
In this paper, span tension dynamics for upstream and dovJW—es represent th_e position of the dancer when it moves by a
stream spans of the active dancer roller are developed; a typidsiance ok that is,EE,=x. .
active dancer system is considered and the governing equati?n 0 derive the strain in the_upstream span, note that the initial
are derived. An experimental web platform has been developed %'ch of the upstream span].tg and the length of the span yvhen
investigate the usefulness of the active dancer system for tensipf dancer roll moves by a distancexds L, + 5L, =AF, . Notice
disturbance attenuation. Three types of control designs, i.€.]
proportional-derivative-integral control, internal model control, L,+6L;=AF,=AG;—F;G;. 2
and linear quadratic optimal control, were experimentally investi- . )
gated for the active dancer system. Experimental results show thie™ the triangleABG,, AG, =BG, /sin(d,+456,) and from the
considerable periodic tension disturbance attenuation is possijj@nd'® EiF1Gi,  F1Gi=E;F;tan(@+56)=rtan(,+ 56,).
using an active dancer system. Further, analysis of the actiVBUS: Ed.(2) can be simplified to
dancer system model gives a structural limitation on its design;

1 BE+EE; +E G,
the length of the downstream span of the dancer roller must bé;+ L=~ —rtan6,+6860)= ———
smaller than the upstream span for efficient tension disturbance sin(6,+ 661) sin(6,+ 86,)
attenuation using an active dancer. A numerical example is given BG-EG+EE,+E;G;
to illustrate this limitation. —rtan(6,+ 660,)= -

The contributions of this work over prior work reported in lit- sin(6,+ 561)
erature are(1) development of a dynamic model of web tension —r tan( 0, + 56,). (3)

for spans upstream and downstream to the dancer r¢¥ede- ) )
velopment of an experimental web platform containing an actielrther notice that from the triangléeBG, EFG, andE,F,G;,
dancer system and validation of the model developed via expdfi¢ following relationships can be obtaine@&G=AG sin 6;
ments on this platform(3) discussion of issues related to the=(AF+FG)sinf,=(L;+rtan6)sing;, EG=r/cosf,;, andE;,G,
design limitations of the active dancer system, éhdexperimen- = F/€os@,+66y). Thus,
tal evaluation of three well-known controllers for attenuation of
tension disturbances.

The remainder of the paper is organized as follows. Section
develops the mathematical model for web spans upstream ¢
downstream to the dancer roller and presents a linearized sei Ty )
equations for the developed model. Section 3 considers a gent
configuration of the active dancer system and presents an ing
output model. In Sec. 4, some considerations on the design of -
active dancer system are presented and discussed. The experir
tal web platform used for real-time control experiments using tf
active dancer system is described in Sec. 5. Identification of t
active dancer system is given in Sec. 6. Details of the three imp
mented controllers and results of the experiments are discusse!
Sec. 7. Conclusions of the paper and some future work are giv
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 literatuie,13] that the

tension dynamics of a general web span shown in Fig. 1 is giv
by i /

‘\ I H,
______ Eily Vi1 €iv Vi Cirly '
— O O °
1
Fig. 1 General web span Fig. 2 Dancer spans: unstretched and stretched conditions
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. L,T,=(EA—t)(V,—Vy) +0,(T,—T
(Ll+rtan01)sm017 212 ( r)( 2 1) Ur( 1 2)

r

+x+
Cosé, X cog 0,+ 66,)
S|n(01+501) +EAUr

—rtan(6,+ 66,). 4 ]
Typically, the displacement of the dancer roller is much smallear Active Dancer System

than the length of the web span. It can be assumed that the angléhe web span dynamics developed in the previous section was
56, is very small, i.e., cosd,~1 and sins6;~0. With this as- for a general case of a dancer roller which is not uniform with

1

Li+oly= —— - X+ = .
Losing, Lisiné, siné,

(13)

sumption, Eq(4) reduces to respect to the adjacent rollers. It is convenient to measure the
. tension in the spans if the dancer roller is centrally located be-
L,+6L;~L,+—— tween the upstream and downstream rollers and the wrap angle on
1 1 1 B . . .
sin 6, the dancer roller is 180 deg, i.e9;=6,=90 deg. Further, the

Therefore, the strain induced in the upstream web span due to §i9!€ Of wrap remains the same for the unstretched and stretched
movement of the dancer roller is given by conditions of the web spans; therefore the tension dynamics is not

nonlinear in terms of the angle of wrap on the dancer roll. With
e :E% X ) this observation, an active dancer system as shown in Fig. 3 is
WL, T Lysing, considered. This system contains web spans adjacent to the dancer
roller in the upstream and downstream directions and three rollers

By a similar argument, the strain induced in the downstream SpFHEIuding the dancer roller. All the variables shown in Fig. 3 rep-

IS resent variations from their reference values. It is assumed that
o, X 6 is the upstream tension disturbance that needs to be rejected using
f2d= T L, sing, (6)  the active dancer.

. L ) ___The angular dynamics of each roller is given by
Noting that the strain in the upstream span is sum of the strains

due to web velocity variations and the dancer displacement, i.e., Jiwi=—Bgow+Ri(t.1— 1), (14)
g1=g1, 1T €14, We can write
d d d
le_781=|—1$81v+|—1$_81d- (1)

wherei =0, 1, 2. Assuming that there is no slip on the rollers, the
web velocity on each roller is; =R, ;. Therefore, the linearized
dynamics of web velocity on each roller is given by

Substituting Eqs(1) and(5) into Eq.(7) results in

d X
Li—ei=vi—vie1,~ Vot UgEe, T =
1dT 1 1 1€1v 0 0€ov S|n01

IVi=—BaVi+RY(T, 1~ T)). (15)

Using ;= 6,=90 deg in Egs(12) and(13) and assuming that the
three rollers are identical, i.eJ;=J and Rj=R, the dynamic
Under the assumption that the web is elastic, kest;/EA, we €quations for the active dancer system shown in Fig. 3 are

obtain :
EA " “ BVo=—Wo+(T1—To), (16)
. U
th]_:EA(Ul_U0)+(U0tO_Ult1)+ ! . +EA— . . o
Ly sing, S'nel(s) mTi= =T+ Tot a(Vi—Vo)+ —X+aU, 17)
1
For the downstream span, the total strain is the sum of the BV1:—7V1+(T2—T1), (18)
strains due to web velocity variations and the dancer motion, i.e.,
£,=87,1 €59, Which gives . 1
q q q T To==To+ T+ a(Vo— Vi) +a P X+aU, (19)
2 1
Log-ex=Log—ep,tLlor—eag. 9) .
dr = dr dr BVo=—Wo+(T3=T), (20)
Using Egs.(1) and(6), Eqg. (9) can be written as :
g Eas(1) and(6), Eq.(9) . ‘e 1)
Ly £0=0y—VpEgy— U1+ 0181+ ——— . (10) where B=J/R?, y=B;/R?, «=EAlv,, m=L;/v,, and
2q, 827 V27 V282 1TV T GG, 7'2:_|-2/Ur- |

Equation (10) can be further simplified by noting that,,=s;, _ Since the value of EA is much larger thgrfor most webs, the
— 14, €2y=E2— €24, £1=1, /EA, ande,=t,/EA, to obtain t; tg;m)ls neglected in obtaining Eq4.7) and(19) from Egs.(12)

) and(13).

Lot,=EA(vy—v1) +(viti—vyty)
i — %L JEAX+EA x 11
Lsing, Lysing,) = EAgng, D

Equations(8) and (11) are nonlinear involving cross-product ‘

terms such ag;t;. To obtain linearized equations around giver | T,
reference values of web velocityw (), web tension {;), and N T e
dancer displacemenk(=0), letV,=v;—v,, Ti=t;—t,, andX T, j v,
=X represent the deviations. Substituting into E@.and (11), Downstream web span ;
we obtain the linearized dynamics of web spans upstream av T, La
downstream to the dancer roller as 0 Upstream web span
. T L
LiTi=(EA—=t,)(V1—= Vo) +v(To—Ty1) ! !
EA EAX w2 X
+ - v X+ — s
Lysing; ' sinéd; Fig. 3 Active dancer system
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4 Design Considerations

Combining Egs.(16)—(21), the input-output dynamic model

[14] for the active dancer system is

Dad(s) Aad(S)

9= 9V Cs

To(s)+

Bad( S)

Cad(s)

Ts(s),

(22)

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

Aad(8)=(7s+1)?,

Bad(s)=[#7s(715+1)+2],

Cad(s)={[#7s(75+ 1)+ 2][ #S(7,8+ 1) +2]—(5s+ 1)},

Dad(s)=p|(ns+1)

1
s+ —
1

+[ps(rs+1)+2],

1 1”
s+ ———||,
T2 T1

where »=Jv, /[EAR. The input/output model has been obtained

It is common knowledge from classical root-locus analysis that
as the feedback gain increases, the closed-loop poles migrate to
the positions of the open-loop zeros. Since the active dancer sys-
tem has a right-half-plane zero, high-gain instability will result.
Further, it is also well known that a right-half-plane zero, particu-
larly that is on the real axis and close to zero, can cause severe
bandwidth limitationg15]. Therefore, for efficient tension distur-
bance attenuation using an active dancer, it is necessary to con-
struct the active dancer system such that the downstream span
length is smaller than the upstream span length.

To illustrate the effect of the open-loop zero, root-locus plot is
employed for various span lengths. Other physical properties of
the web and rollers are kept constant, which are exactly same as
the ones used in the experiments. The closed-loop characteristic
equation with proportional feedback control, i.eU(s)=
—KpTa(9), is

Dad( S) _

4 =
R TOWE

0, (25)

by assuming that the roller bearing friction is negligible. A full

expression with nonzero bearing friction can be found in ReWhereK is the proportional gain.

[14]. Also, notice that the model is obtained under the assumptionFigure 4 shows the root-locus plot and the location of the open-
that the moment of inertia and radius of all the rollers in thwop poles and zeros forl;=0.9144m(36in.) andL,
dancer system are the same, ik=J andR;=R fori=0, 1, 2.

Expansion of the numeratob) 44(s), and the denominator,

C.q4(8), of the plant transfer function gives

Caq= 7?1178+ 2 (11+ 12)S*+ ( 9+ 271+ 27,) S+ 375+ 3
(23)

1+
2

71
T

Dag=Bn71S°+B7n s+

3+ 2
T2

2
s+ -

1

1

=0.2286 m (9in.). Figure 4 shows that the proportional d&jn
can be chosen as large as possible. Thus, the disturbance effect on
the span downstream to the dancer roll can be attenuated by an
arbitrary amount by the choice &f,. Notice that after a certain
value any increase iK, results in moving a pair of closed-loop
poles towards the imaginary axis. Hence, appropriate choice of
the gainK, must be made such that the closed-loop poles are far
away from the imaginary axis.

Figure 5 shows the root-locus plot and the location of the open-
loop poles and zeros fdr;=L,=0.2286 m (9 in.). In this case,

Notice that, ifr,>27,, i.e.,L,>2L4, then the constant term of there is a pair of complex-conjugate open-loop poles very close to
the numerator polynomiaD ,4(s), is negative, which results in a a pair of complex-conjugate zeros. Thus, any choice of the gain

right-half-plane zero.

cannot move this pair of open-loop poles further to the left-half-

Raoat Locus
2 T T T T T T T T
Box A
E, | fag s
m 0 St :}ﬁ . |
E | _/I 5 gl
_? | 1 1 1 1 1 1 1 1
-20 -18 -6 =14 = H =110 -] & —i4 -2 0 2
Reaal Axis
Bax A
o .
[+ o 4
E
=
<
{=1]
n
E N
ff—e - —1
i
0.5 1
0.6 0.5 1
Raal Axis

364 / Vol. 125, SEPTEMBER 2003

Fig. 4 Root locus plot for L,>L,

Transactions of the ASME



plane away from the imaginary axis. The effectiveness of the attve numerical example considered, as shown in Fig. 6, a branch of

tive dancer to attenuate tension disturbances is reduced. the root locus moves to the right-half plane for a very small value
The root-locus plot and location of open-loop poles and zeras$ K,, .

for L;=0.2286 m (9 in.) and-,=0.9144m (36in.) is shown in  Root-locus plots obtained by varyingand » did not show any

Fig. 6. In this case, the root-locus crosses the imaginary axis aagpreciable change in the form of the root locus. In all these cases,

enters the right-half plane whef, exceeds a certain value. Fora small value oK, rendered the closed-loop system unstable for

Imag Axis
=
b
-
L

-1 U

20 18 18 14 12 T = i 4 -2 0 a
Rieal Axis

05

A\

-0.5 o
Raal Axis
Fig. 5 Root locus plot for L;,=L,
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Fig. 6 Root locus plot for L;<L,/2
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the case ofL,>2L,. Notice that variations o3 and » in the data acquisition board is used for real-time control experiments. A
input-output model reflect variations of web and roller propertiespntrol sampling period of 5 ms is used in all the experiments.
E, A J, R Bs, etc. The measured signals on the experimental web plati@ee

An intuitive explanation of the effect of span length is given irsketch in Fig. 8 include the velocity of the web measured at the
the following. Assuming that the web is mostly elastic, it is comroller immediately downstream of the master speed roller, tension
mon practice in the web handling community to model a web sp&@m both load cells shown in Fig. 8, translational velocity of the
as an elastic spring with a spring const#=E,A,/L,. The gancer roller, and lateral position of the web downstream of the

spring constants of the upstream and the downstream We.b spa e system. These signals are used during system identification,
the dancer roller ar&K;=EA/L; and K,=EA/L,, respectively, control, and monitoring.

as shown in Fig. 7. A transparent polyester film is used as the web material, which

If Li=L,, K;<K,, then any motion of the dancer roller re- - S 2
sults in larger tension variations in span 2 than in span 1. Th(s the following propertiest =4.136x 10° Nim* (6 10° PSH),

rejection of periodic disturbances from the spans upstream of the 0-0819 nf (1.27x 10 #in?), J=0.0282 kg m (96.21 Ibin?),
dancer roller into the spans downstream of the dancer roller38dR=63.5mm (2.5in.). The length of the web spans upstream
possible in this case. If;<L,/2, K;>2K,, then periodic dancer and downstream to the dancer roller are 36 and 9 in., respectively.
motion induces larger tension disturbances into the upstream spaferiodic tension disturbances upstream of the dancer roller are
than it rejects in the downstream span due to feedback of tensi@gated by introducing an out-of-round roll surface into an idle

T,. roller in the web line as shown in Fig. 8. Load cells that are
) mounted on the roller immediately downstream of the out-of-
5 Experimental Web Platform round idle roller measure the amount of tension disturbance that is

A sketch of the open-architecture experimental web platforR€ing generated. The fundamental frequency of the periodic ten-
together with an active dancer system is shown in Fig. 8. Picturgion disturbance for a given out-of-round roller surface increases
of the complete experimental platform and the active dancer sygith increase in web speed.
tem are shown in Figs. 9 and 10, respectively. In the active dancer
system, shown in Fig. 10, the bottom most roller is the active
dancer roller. The web platform mainly consists of an endless web
line with a number of rollers, an active dancer system, web guides
for maintaining lateral position. The term endless web line refe
to a web line without unwind and rewind rolls. This type of plat
form mimics most of the features of a process section of a w
processing line.

Mechanical components used in the platform include 16 id
rollers, a master speed roller with a nip roller, an electric mota
and a passive dancer system with a pneumatic cylinder. The widg
of each roller is 0.2032 ni8 in.) and the diameter is 0.127 (B
in.), except for the master speed roller, which has a diameter
0.254 m(10 in.). A nip roller on the master speed roller is used t(
reduce slip during startup. The master speed roller sets the des
transport velocity of the web. Air pressure in the pneumatic c
inder of the passive dancer roll is used to set the desired refere
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 rollg
A Pentium 450-MHz computer with a Keithley DAS 1601 digital

Ts

Y ( >
2 Span2 Kz = EA/L, v
1

Fig. 7 Interpretation of the effect of span lengths

Guide.System

Master Speed Roller Nip Roller Uneven Roll Surface

Fig. 8 Sketch of the experimental web platform Fig. 10 Picture of the active dancer system
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6 System Identification

The transfer functiofT,(z)/U(z)] from the dancer velocity to where
the tension in the span downstream to the dancer roller is consid-
ered for identification. The discrete-time equivalent of the
continuous-time input-output model, ER2), with a sampling
period of 5 ms, is

To(k)=G(z HU(k)+H(z He(k), (27)

G(z H)=B(z HIF(z Y,
H(z"h)=C(z"hH/D(z™ ),

B(z 1)=bo+byz 1+ --+b, z7 ™,
o102 4.23%312.552+12.4%—4.089 0 (27 =botby "o
Z)= Z _ _ _
22) 7 3.966°1 5.897°— 3,897+ 0.9659 F(zh=14fz et i 2™,
1o 9.537%°—9.63%%— 9.324+9.421 . Clz H=1tez H4-tepz ™,
z
7'~ 3.9663+5.8972— 3.897%+0.9659 D(z7H=1+dyz  + - +d, 27",
106 6.812°—6.82&?—6.687z+6.702 @ e(k) is white noise, and
3(2).
2'-3.966°+5.897%° - 3.897%+0.9659 z~! represents the unit delay operator.
(26)  The termH(z ) e(k) is included to account for the terrig, and

In the above conversion, we have used the same numerical valliesn Eq. (22) and other disturbances affecting the tensign

for parameters as given in Sec. 5 with a reference web velocity dsing this model and the data obtained, generalized partial auto-
1.266 m/s(250 FPM. To experimentally identify the transfer correlation functiofGPAC) techniqug17] is used to estimate the
function [ T(2)/U(2)], the web is run at a speed of 1.266 m/srders of the polynomialB(z™ ), F(z™ 1), C(z™ 1), andD(z™Y);

(250 FPM), and a pseudorandom signal is used as the input for ttieese orders are found to hg=3,n;=10,n.=1, andny=1. The
dancer roller velocity. The dancer velocity ingu{k) and varia- coefficients,b;, f;, c;, were estimated using the Levenberg-
tions in tension in the span downstream to the dancer roligk) Marquardt algorithnj18]. The Appendix gives a step-by-step pro-
are acquired at each sampling period. The Box-Jenkins moaeldure of the identification technique used to arrive at the input-
[16], given by the following equation, is used to represent theutput model. The identified transfer function from the dancer
relation betweerm,(k) andU (k): roller velocity input to the downstream tension is

Ty(2) —0.017%%+0.035%°+0.125%— 0.1351

U(z)  219-1.1622°—0.906%%+0.885%" + 0.959%°— 0.248%°— 0.976&* + 0.100&%+ 0.736&2— 0.334— 0.0557
(28)

G(2)=

The relative degree of the experimentally identified transfer funen internal model based controlldMC), and a linear quadratic
tion, Eq.(28), is much higher than the theoretical model, E22).  regulator(LQR). The internal model based controller consists of a
This can be attributed to the fact that the dynamics of the motgroportional controller and an internal model of sinusoidal tension
the platform containing the dancer roller, and of the load cell adisturbance with a known frequency and unknown amplitude. The
not taken into account in the theoretical model. Since such highequency of the tension disturbance is obtained by taking a fast-
order transfer functions are not amenable for analysis, model fourier transformFFT) of the tension signal obtained from the
duction technique using Bilinear Schwartz approximafib] is

used to obtain a lower-order approximation®€z). The fourth-
order Bilinear Schwartz approximation of E@8) is

- B 0.05462°—0.226%%+0.307%Z—0.1335

7)= . (29 N —— MOV s PO |

{2 z*—3.10%%+3.58772— 1.77%+0.2948 (29) = G it 4 SRR R et
The Bode plots of the experimentally identified transfer functio_ ~2- :“-;_';1::%_%_' SRt PERHER R
G(2), the reduced fourth-order modél,(z), and the theoretical g s x':x..%h i
model are shown in Fig. 11. From the Bode plots, it can be o% o R i Fitr SERRREF e ]
served that the reduced fourth-order model is very similar to tif erEEa ' HE e e B
original tenth-order identified model. Further, it can also be ot ™ : : PITESTE AN
served that the behavior of the theoretical model is similar to th i G : i ot el
of the identified model, except for variations in the low-frequenc "z e i . .
gain and the corner frequency, in the frequency range of intere BEE i et S R I T 0, 0 e
which is up to 50 rad/48 Hz). Also, notice that the identified ok : L
model has a pair of under damped poles around 80 (48/¢12) Tl TR
frequency region, which are not reflected in the theoretical modg a0l i it b
these poles may reflect resonant conditions of the active dang pEnb it b b R R e
structure, load cells, or the experimental platform structure. —1naa |- S SR L RSt e
7 Implemented Controllers and Experimental Results s w’ i’ 10 10 1o?

. . Frinpusney | i)
Three types of controllers were implemented for the active

dancer system: a proportional-integral-derivative contrgfeb), Fig. 11 Theoretical and identified Bode plots
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load cell located upstream of the dancer roller. A description of tiegon signal from the load cell prior to implementing the controller.
design of three controllers implemented is presented in the folloWhe following is the structure of the IMC controller that was

ing. implemented:
The pulse transfer function of the PID controller that is experi- . )
mentally implemented is Gu(7)= Kpt2Z Kimesin(9Ts)
c - 1 _9 (31)
U(2) K, 1-2z""cogdTy) +z
G(2) =T (2) =Kpt 1-71 +Ko(1-2'Y whereK,, is the proportional gainT is the sampling period, and
2 z Kimc is the tunable gain to compensate for the unknown amplitude
Ky— K,z t+Kyz 2 of the periodic tension disturbance. Using the “ritool” utility of
= , (30) MATLAB, the gainskK, andK;,. were calculated for each of the
1-z71 web speeds to place the closed-loop poles such that the settling

whereK,, K;, andK4 are proportional, integral, and derivativefli_we fisllles§ than 1 s and pEtrcgntgge gversgqottE less than 1?%
gains, respectively, an, =K+ K +Kg, K,=K,+2Kq, and Ihe following gains were obtained and used in the experiments:
K3;=Ky. The gainsK;, K,, andK; were chosen to place ther_or']O‘lGO7 a.nCKimCl_ 0|'0?607' h - ion di
closed-loop poles of the active dancer system with the following N the éxperimental plat orfm shown ”|n Flg.hg. tensmnh 'Str‘]”'
design requirements: percentage peak overshoot of less than ZWACE iS created by an out-of-round roller in the web path. Thus,

and the settling time of less than 1 s. This design process wi€ disturbance frequency is proportional to the web speed. Ex-
carried out using the “ritool” utility in MATLAB . The following PEriments were conducted at various web speguss, different

known disturbance frequencjesind a representative result is

=2.1099. Figure 12 shows the performance of the PID controllf'oWn in Fig. 13; this also corresponds to a line speed of 1.772

the top two plots correspond to the measured periodic tensiBiS (350 FPM which results in a disturbance frequency of about

disturbance and its FFT, and the bottom two plots show the meg2:13 rad/s4 Hz). The top two plots of Fig. 13 show the con-

sured tension error and its FFT when the active dancer roIIertrgued tension W.'th IMC controller and the FFT of the controlled

under PID control. Notice that the frequency of tension distuf€NSion, respectively. .

bance is about 25.13 rad(g Hz) when the line is running at a To formulate a traditional stationary LQR problem for the ac-

reference speed of 1.772 m@50 FPM). tive dancer system, we consider the state space equations obtained
In the internal model based type of controller, a proportiondio™ the mput-gutput mode(; glv%n by E_QZ;S). The state space

controller is augmented with an internal model of the disturbancgduations can be expressed in the matrix form as

the classical internal model principle is used. The disturbance E(k+1)=GE&(K) +HyU(K),

frequency,d, is measured by taking an FFT of the measured ten- (32)

y(k)=C&(k).

Tension disturbance

15 T T T y T T T T T Tension with IMC
: : : : : 15
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g st s
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Fig. 12 Tension with out-of-round idle roller (disturbance and Fig. 13 Tension with out-of-round idle roller (IMC and LQR);
PID control ); v,=1.772 m/s (350 FPM), t,=160.14 N (36 Ibf) v,=1.772 m/s (350 FPM), t,=160.14 N (36 Ibf)
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The following performance index is used to obtain the optimddance rejection capability of the active dancer system is limited
control input: only by the bandwidth limitation of the actuator as opposed to the
1 passive dancer or an inertia compensated dancer which are known
to have considerable resonance problems.
I=5 2 YR+ R U], (33) P
Conclusions and Future Work

In this paper, a mathematical model of an active dancer system
ich can be used for periodic tension disturbance attenuation has

where R, is the weighting factor that penalizes control input
magnitude. The control input that results from minimizing the
above performance index is a state feedback controller of the fo . . .
U(K)=—K£(K). A Luenberger observer was used to estimate tH£eN developed. An experimental web platform with an active
state variables based on the measured tension. A control weightfi@icer System has been developed to conduct real-time experi-
factor value of 0.1, i.e.Riq,=0.1, was used; any value smallerMENts. Data collected from an extensive set of experiments vali-

than this resulted in the control effort being very large and excee@d@t€ the usefulness of an active dancer in attenuation of periodic
ing the active dancer motor velocity limits. The control and ob€P tension disturbance in a web process line. Further, analysis of
server gain vectors that were computed off-line and used in t model reveals a strgctu_ral I|m|ta'§|0n on the design of the ac-
experiments wereK:10’3(0.0011306,0.77836,53_584,207.95)“"6 dancer system, which is the ratio of the dov_vnstream to up-
andL = (—0.96586,3.8969: 5.8833,3.773), respectively. stream web span length Wl_th respect to the active dar_wcer roller
Experiments were conducted at various web speeds andnyst be less than 2fpr tension attenuation using an active dancer.
representative result for the reference web speed of 1.772 m/ uture research will focus on incorporating the active dancer
(350 FPM for the LQR controller is shown in the bottom mechanism in an .unwmd./rernd web process line. This work as-
two plots of Fig. 13; the bottom two plots show the controllegtmed that there is no slip of the web on the dancer roller, which
tension with LQR controller and the FFT of the controlled tensiol!'&Y not be the case at high web speeds and large amplitude pe-
respectively. riodic tension disturbances. Our future work will also focus on the

A summary of the amount of tension disturbance magnitud;éuoly of slip on _the dancer roIIer._In this paper, we have invest_i-
reduction for PID, IMC, and LQR controllers for four differentgated the effectiveness of the active dancers for steady operating

web speeds, 1.013 m/s, 1.266 m/s, 1.519 m/s, 1.772(208 speeds and tensions, that is, we have considered the linearized

FPM, 250 FPM, 300 FPM, and 350 FBN6 shown in Fig. 14 system. Future work will include design of the controllers, such as

The summary shown in Fig. 14 indicates that all the three contr 'ﬁgrative learning controlle_rEZO,Z]] and robust adaptive contro_l-
rs, for the complete nonlinear model that accounts for transients

lers give good attenuation of the periodic tension disturbance 8 art d shutd diti : b i
ing the active dancer. Notice that at the low speed of 1.012 yring startup and shutdown conditions in web process fines.

(200 FPM, the attenuation level of all three controllers is similar
but as the speed is increased the attenuation level is more for fgknowledgments

IMC and the LQR controllers. It is not clear from a number of Ty 4thors acknowledge the support of the Web Handling Re-
experiments as to why there is a variation of tension attenuatig,ch Center, the Oklahoma Center for Advancement of Science

levels at different speeds, and why the_te_nsion attenuation leyel Technology under Project No. AR982-021, and the National
drops from 1.266 to 1.519 m/s whereas it increases from 1.519 Qience Foundation under Grant No. CMS 9982071.

1.772 m/s. We believe that one possible reason for this could be
due to the enqlless web line that is used in the_ experiments; in\ﬁﬂmenclature

endless web line the same web loops around in the platform. We

have assumed that there is no propagation of tension in the up- A = Cross-sectional area of web
stream direction from the web span where tension disturbances B; = Bearing friction

are created; this is true only when there is not slip on the rollers. E = Modulus of elasticity

We plan to investigate this further after incorporating unwind/ J = Polar moment of inertia of roller

rewind stands into the current experimental platform. R = Radius of a roller
Experimental results show that the active dancer system is ef- v, = Reference web velo_city
fective in attenuating periodic tension disturbances. The distur- t, = Reference web tension
T = Time

L; = Length of theith web span
t; = Tension in thdth web span

1% ' T I vi = Web velocity on théth roller
| =:_'giﬁ T; = Change in tension from the reference

V; = Change in web velocity from the reference
ml 1 7; = Time constant of a web spah(/v,)

K; = Web span spring constanE /L)

0 X = Change in linear displacement of the dancer roll
from the reference

= Dancer translational velocity input

a,B,7,m = System constantsE(A/v, ,J/R? B;/R?, Bl &)

Tanslon Disturbanca Fieducton
&
T
i
C
|

B g; = Strain in theith web span
al i &, = Strain due to velocity variation in thith web span
giqg = Strain due to dancer displacement in ttie web
m g span(applies only to spans next to the dancer)roll
6., 6, = Wrap angles on upstream and downstream side of
2o T dancer roll
=k H 1 Appendix: Identification Procedure
o 2o o e e The dynamics between the tensignand the dancer velocity
FPM is described in the form of the Box-Jenkins Model as
Fig. 14 Summary of tension disturbance reduction To(k)=G(z"HU(k)+H(z He(k). (34)
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To estimate the transfer function we go through the followinghe above equations can be written in matrix form as
steps:(1) Estimate the impulse response 16(z), (2) Find the
orders of the numerator and denominator in the transfer function

G(z), and(3) Estimate the coefficients in the numerator and thé Ry(0) Ry (1) - Ry(K) §(0) Ruy(0)
denominator polynomials. R (1 R (O v R(K-1 s
To estimate the impulse respongék), of the transfer function o) u(0) ul ) g(.l) = R“X(l)

G(z), assume that the input k) and the white noise(k) are not : : : o .
correlated and)(k) =0 for somek>K, then RyK) Ry K—1) -  R,0) g(K) Ruy(K)

K (37)

y(©=2 §liu(t=. (35)
=

o _ _ From Eq.(37) g(i) for i=0,1,... K, can be computed. In the
Multiplying both sides of Eq(35) by u(t—k) and taking expec- experimentX was chosen to be 50.
tation and simplifying yields To find the orders of the numerator and the denominator poly-
K nomials (1, andn;) of the transfer functiols(z), the generalized
Ruy(k):E HR,(k—i), k=0,1.2...K. (36) partial aut_ocorrelatiomGPAC) functic_m me_thod as given in Refs.
=0 [17], [21] is used. The GPAC functiog}, is defined as

8G-1  4G-2 - §G-k+D  §G)
a0)) §G-1) - 8(—k+2)  §(j+1)
C80+k-2) §G+k-8) o §(G-2)  G(+k-D)
M0 aG-2 - 8(-k+D  aG-K [ (38)
80)) §G-1) - d(-k+2) §(-k+1)
+k-2) §G+k=3) -  §G-2  §G-1)

As shown in Ref[21], the GPAC function has the property thatrithm terminates when a tolerance specified Jyrad,;, is met.
:tﬁzo for k=n;+1n;+2, ..., andgl, is of the form 0/0 for This algorithm also requires an initial valye, of x and a multi-
i=ny+1n,+2, ..., anck=n;+1n+2, ....This property can plier (divisor) v to account for _fast(slow) convergence. The

be used to identify the orders of the numerator and the denorhfVenberg-Marquardt algorithm is
nator polynomials of the transfer function. In a similar way, we (1) Input o, minimal gradient Jgragh, wo, », u(t), and

can find the orders of the numerator and the denominatcend y(®). . . .
ng, of the transfer functiom (z). (2) Repeat the following starting witk= 0.

Once the orders of the numerator and the denominator of the(3) Setk=k+1 anduy, 1= uy/v.
transfer function are known, the Levenberg-Marquardt algorithm (4) Computed(¢), & ().

was used to estimate the unknown coefficiebts, by, ... by , (5) Solve for Ay, from [JT(zApk)J(zApk)—kMkl]Afpk
fll fz, "'anf’ Cl’ C2, ...,Cnc, anddl, d2, ...,dnd. TO thIS :_JT(l//k)S(lj/k). R R R
end, define the estimate of the parameter vector irkitinéeration (6) Update the parameter vectgy, 1= i+ Ay .
as (7) If F(r1)=F (), setu=wm* v and go to step 5. Oth-
A S 2 . A A ~ T erwise continue.
[0, - by fay o FoCo GGy ] '(39) (8) Setugsy=pmk.
(9) If 1207 (Y1) e (Y 1)< Gradhin OF 4> prima, terminate
The estimated output and residue of estimation can be computbe computation. Otherwise go to step 3.
as Complete details of the Levenberg-Marquardt algorithm can be
A ~ o n ~ found in Ref.[18].
I =HB@uO+[1-H Wm0
2410 =y(D) =5 (t| ). References
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