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ABSTRACT

Winding/unwinding system control is a very important issue to web handling machines. In this paper, a novel adaptive
H,, control strategy is developed for winding process control. A gain scheduling scheme is proposed based on a neural
fuzzy approximator to improve the transient response and enhance tension control; the controller’s convergence and
adaptive capability can be further improved by an efficient hybrid training algorithm. The effectiveness of the proposed
adaptive H,, control is verified by experimental tests. Test results show that the developed gain approximator can adap-
tively accommodate parameter variations in the system and improve the control performance.

Keywords: Web Tension Control; Neural Fuzzy Approximator; Gain Scheduling; Winding/Unwinding Systems

1. Introduction

The term “web” refers to any material in a continuous
flexible strip form, whose thickness is much less than its
length and width, such as a paper, plastic film, textile,
tape, metal plate. Web handling systems are used in a
wide array of industries such as printing, pulp and paper,
steel mills, and textile. An example is shown in Figure 1
as a multistage printing machine, which is a complicated,
high-speed, and very expensive piece of equipment. The
web is fed from an unwinding roll, transmitted though a
series of intermediate units, and usually accumulated
unto a winding roll. Web tension may vary from one
span to another, due to the imperfections such as rotation
nonsynchronization among the related drive motors, vi-
bration, and mechanical/electrical defects in the system
[1]. Excessive tension variations in web materials will
degrade the production quality [2,3]. Correspondingly
winding process control is a very important issue in web
handling facilities to improve production quality, pro-
ductivity, and reliability [4].

Several control strategies have been studied for wind-
ing systems, such as the decentralized control [5], dis-
tributed PI control with tension observers [6], noninter-
acting force control [7], as well as those based on soft-
computing tools such as fuzzy logic and neural networks
[8,9]. However, the classical control systems usually lack
adaptive capability and robustness to accommodate for
operation uncertainty and parameter variations. Although
certain model-based feedforward loop compensation can
be implemented to improve the robustness of web ten-
sion control, the effect of the compensation depends on
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the accuracy of the associated mathematical plant models.
However, accurate analytical models are usually difficult
to derive especially with parameter uncertainty, distur-
bances, and measurement noise.

Disturbance arises from various sources in a multistage
web handling system, such as upstream tension fluctua-
tions and web speed variations. On the other hand, in
printing industries, for instance, different web materials
may go through a given web-handling machine; that is,
the operating characteristics change in operations. Fur-
thermore, line speed variations will also have a strong
influence on web tension control. When perturbations
exist, robustness of the control system is desired. Baumgart
et al. [10] suggested a robust control strategy based on
the decoupled tension and speed loops of the nonlinear
web model. Several H,, controls were also proposed in
[11-13] for web transportation system regulation. How-
ever, the effectiveness of these controllers heavily relies
on the accuracy of the analytical gain scheduling that

Figure 1. An example of web-handling system: a multi-stage
printing machine.
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may lack adaptive capability to accommodate for some
time-varying system characteristics in real-time applica-
tions.

To tackle the aforementioned problems, a new adap-
tive H, control strategy is developed in this work for
winding process control. A novel gain scheduling scheme
is proposed based on a neural fuzzy approximator to im-
prove the transient response and enhance tension control;
the adaptive capability of the controller is further im-
proved by the use of a hybrid training strategy.

The remainder of the paper is organized as follows.
Web system modeling is discussed in Section 2. The H,,
control and the related adaptive gain scheduling tech-
niques are presented in Section 3. The effectiveness of
the proposed control techniques is verified experiment-
tally in Section 4.

2. System Modeling
2.1. Plant Modeling

A simplified winding unwinding process is illustrated in
Figure 2. To simplify analysis, the following assump-
tions are made [14,15]: 1) the thickness of the web is
very small compared with the radius of winding/un-
winding rollers; 2) the strain in the web is uniform within
the web span; 3) the driving motors of winding and un-
winding rolls have identical specifications; 4) no slip
occurs between the web and the rollers; 5) neglecting
dynamics of the load cell and idler rolls. The dynamics of
the winding system can be derived as

Li,=—vt, +vt,,—aEv, +akv, )
d v v
—|J “+|=Rt —-B,—“~+K i 2
dt( uRuJ u'w fRu m ( )
d X .
. Jw v_w = _thw - Bf h + Km lw (3)
dt R, R,

where
t,, = total web tension, N;
L = web length between winding and unwinding rolls,
m;
By= coefficient of bearing viscous friction, Nm-s/rad;
K, = toque constant of the motors, N-m/A;

by

Load Cell

Vu Vi

Unwinding Roll Winding Roll

Figure 2. A simplified web handling process.
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t,.o = wound-out tension of the unwinding roll, N;

vy, V,, = tangential velocities of the unwinding and
winding rolls, m/s;

i, I, = input current to the driving motors of the un-
winding and winding rolls, A;

R,, R,, = radii of unwinding and winding rolls, m;

Ju, J, = moments of inertia of the unwinding and
winding rolls, kg-m’;

a, E = cross section area (m?) and Young’s modulus
(GPa) of the web material.

The wound-out tension ¢, is an initial static tension
within the web roll, which is generated by the previous
winding and is assumed to be zero in this work for the
sake of simplicity.

With the web material transmitted from the unwinding
roll to the winding roll, the roll radius and inertia vary. If
the winding and unwinding rolls have the same roll cores,
the variations of the radius and inertia can be approxi-
mately described as

h
R =R% —;Ivu (r)dt 4)
2 2 h
Ry =R+ [v, (¢)d )
1 4 4
J,=J,+—pwn(R —R] 6
o =J+ - pwn(RI-RY) (6)
1 4 4
J, =J +—pwn(R —R 7
w=Jo+ o pwn(RI-R!) ™
where
R, R, = initial radii of unwinding/winding rolls, m;

R., J. = radius (m) and moment of inertia (kg-m®) of
unwining winding roll core;

p, w, h = density (kg/m’), width (m), and thickness (m)
of the web material, respectively.

Taking derivative of Equations (4)-(7) yields

. hv
R =——* 8
‘' 2mR, ®
. hv
R, =—2 9
" 2nmR, ©
J, =—pwhv,R; (10)
J, = pwhv, R} (11)

Substituting Equations (8)-(11) into (2) and (3) yields

. R B RK . R 1
v, =g, Ly, e | P2 (12)
Jll ‘]u JM Jll 2Tchl
. R B R: 1
Vw = _Atw __fvw + e lw _h pw - — 2 V‘i
J, ", J, J,  2mR?

(13)
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Since the web thickness % is much less than its width
(e.g. the paper thickness is 0.0762 mm in this work), the
last terms in Equations (12) and (13) can be neglected.
The real-time model becomes S

v, ak ak
w1 tw __vu+_vw
L L L
2 B
v, = R, t,——Lv, +&Kmiu (14)
"]u Jll Jll
2
";W' = & tW’ - _f vW’ + _W Km l.\/V
']w Jw Jw

The state-space representation of the nominal winding
process plant will be

{xp = Anxp +Bu

15
y=Cx, 1

where the subscript p represents plant, n stands for
nominal, and

xpz[x1 X, x3]T=[tw v, vw]T
u:[u1 uz]T :[Iu I, !
y=[y1 yZ]T :[tw V]T
I vuO _E E—‘
L L L
2 B
A, = 5
Ju Jll
R B,
L Jw Jw J
0 0
Bn — RuKm 0
Ju
0 RWKWI
L JW _
(1 0 0 }
C, =
_0 0.5 0.5

Matrix C, is defined such that the outputs are the web
tension and its line speed v = v TV, / 2

2.2. The Standard LFT Framework

The practical connection of the closed-loop system with
two weighting functions is illustrated in Figure 3(a),
where P(s) is the interconnection system in the standard
linear fractional transformation (LFT) framework as
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shown in Figure 3(b). The standard LFT framework in
Figure 3(b) compactly describes the closed-loop system
whose exogenous input and output are w and z=[e u] ,
respectively.

The weighting function W,(s) aims to limit the magni-
tude of the output sensitivity function S, =(7+GK)"
With W.(s), the H,, norm of W,S, will be minimized by
H,, synthesis. In general its desired Value is 11m1ted to
unity [16], that is, . W(s)
is selected with a hlgh galn at low frequency to rej Ject low
frequency perturbations

W = _s+Mam, (16)
© M(s+e,w,)
where M is the peak magnitude of .S, ||S0||w <M e, is
the allowed steady-state error; and w, is the required
minimum frequency bandwidth.
The control signal weighting function W,(s) is selected
to shape the frequency property of control signals

W, (5) = — L (17)
£S5+,

where M, is the maximum gain of K, that is,
||KS "W 1" w, is the bandwidth of the controller K;
and ¢, is a real Value to adjust the pole location of W,,.

The selection of weighting function and their numeri-
cal realization are based on the following considerations:
1) to achieve the desired control performance; 2) to op-

Interconnection system P(s)

Uy Ya

(b

Figure 3. (a) The closed-loop system with weighting func-
tions; (b) The standard LFT framework.
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timize the control effort and avoid actuator saturation; 3)
to obtain the best robustness property to the closed-loop
system; and 4) to get the optimal balance among different
robustness properties of the closed-loop system. By
simulation, the frequency weighting functions W.(s) and
W.(s) are determined as

[0.55+10 0
0.01
w,(s)=| °F 18
(9) o 033s+10 (18)
L s+0.01
[0.25+1
10
w,(s)=| ** 19
. (5) o 02stl (19)
L s+10

3. H,, Synthesis and Gain Scheduling
3.1. H,, Control Synthesis

H,, synthesis is an optimization algorithm that aims to
design an H,, controller to achieve the desired robustness
of the closed-loop system. Consider a nominal system
represented by a lower LFT framework in Figure 4. The

closed-loop transfer matrix can be represented as
T, =F/(N,K). The H, norm of the complex transfer
matrix T, is defined as

I7...(5)], =sup {&(...(jo))} (20)

weN

where & is the maximum singular value for a specific
frequency w, and ‘R represents the collection of real
numbers. The commonly adopted suboptimal H,, control
is described in [16]: Given y > 0, find all admissible con-
trollers K (s) if there are any, such that ”TM (s)"w <y.

According to the selected weighting function 7, (s)
in (18), the conditions and assumption on a standard H,,
problem (as in [17]) are not satisfied. To tackle this
problem, in this work, the initial controllers are designed
based on the basic linear and time invariant model (15).
One of the suboptimal H,, controllers is derived for the
considered general H,, problem by solving two algebraic
Riccati equations [16,18]. It can be represented by the
following transfer function:

K(S):(ms) Kn(s)J o

K, (S) K, (s)

where

—16.955° —1.012e4s° —=1.507¢65* —3.703¢8s* —1.856¢10s> —2.524¢l 1s —2.018¢9

KII(S): 7 6 5 3 3 2
57 +13475° +8.186€5s° +2.178¢8 s* +1.066¢10s> +1.428¢1 1s® +2.283¢9s +9.128¢6

Ko (s) = 411.65° +3.633¢5s* +1.744¢8s° +1.391e10s* +3.903¢l 1s +3.652¢12

12 $°+1347s° +8.186e5s* +2.178¢8s° +1.066¢10s> +1.427¢l 1s +1.141¢9
K (s) _ 16.955° +1.012¢4s° +1.507¢65" +3.703¢8s> +1.856¢10s* +2.524¢l 1s +2.018¢9

’ 57 +13475° +8.186¢5s° +2.178¢8s* +1.066¢10s> +1.428¢l 15> +2.283¢9s +9.128¢6
K (s)= 411.65° +3.633e5s" +1.744e8s” +1.391el0s® +3.903¢l 1s +3.652¢12

22

3.2. Neural Fuzzy Approximator for Gain
Scheduling

Control system design for web handling processes is
conducted based on the basic linear and time invariant
model, in which all parameters take their nominal values
at the specified operating point. However, the time vary-
ing parameters (e.g., roll radius and inertia) will influ-
ence the control performance and robustness property of
the corresponding closed-loop system. Within the design
region where both winding and unwinding rolls are
around dimensionally half web loaded, the control per-
formance is satisfactory. However, at starting and ending
stages, tension output becomes rather sensitive to line
speed variations. It is generally assumed in the literature
that the impact from time varying parameters is not sig-
nificant since the variation is small, especially when the
web roll is small [13]. In this work, a neural fuzzy (NF)
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50 +13475° +8.186€55* +2.178¢8s” +1.066e10s> +1.427¢l s +1.141e9

approximator is developed to adaptively estimate the
gain values to improve tension control performance.

In this case, five input variables are used in the devel-
oped NF approximator: the radius of winding roll, radius
of the unwinding roll, tension, web speed, and armature
current signals for both the winding and unwinding mo-
tors. Three membership functions (MFs), small, medium,
and large, are assigned to each input variable. The rea-
soning processing is performed in the following form:

R (x1 is BU) and (x2 is BQ‘/.) and---and (x” is B”j)
:>(O1 =g and O, =g2)
(22)
where B, are MFs; k=12,---,n,j=12,--,m, m is
the number of rules.

Figure 5 schematically shows the network architecture
of the developed NF approximator. Unless specified, all
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K

Figure 4. The LFT framework of nominal closed-loop sys-
tem.

e T e [ o | e o |

Figure 5. Network architecture of the NF approximator.

the network links have unity weights. The input nodes in
layer 1 transmit the monitoring indices {x,x,,"-,x,}

to the next layer, successively, where n = 5 in this case.
Each node in layer 2 acts as an MF, which can be either a
single node that performs a simple activation function or
multilayer nodes that perform a complex function. The
nodes in layer 3 perform the fuzzy 7-norm operations. If
a max-product operator is used, the firing strength of rule
R, will be

n = ﬁ Mg, (%) (23)

where 7, (-) denote MF grades.
After normalization in layer 4, defuzzification is per-
formed in layer 5. The predicted gain grades to each mo-

tor will be:
— Zmlnjwj — Zmznjwj (24)

g > 8
1 Zmln.f ’ ZMZTI./

where m, and m, are the number of rules associated
with the decisions of g, and g, , respectively.

Correspondingly, the compensated input signals to the
drive motors will be

ZJ = gliu’ Z’w = gZiw (25)

where i, and i, are the input current signals to the
unwinding motor and winding motor, respectively.

Copyright © 2012 SciRes.

3.3. Online Training of the NF Approximator

Once the NF approximator is established, the related pa-
rameters should be optimized properly in order to
achieve the desired input-output mapping. In training
nonlinear system parameters, the classical method is the
use of gradient algorithms [9]. The classical gradient
algorithm, however, is slow in convergence especially
when the approximation error becomes smaller [1]. To
tackle this problem, an efficient fast gradient method,
recently proposed in our research group [18], will be
used in this work to optimize the nonlinear parameters of
the NF approximator.

A hybrid training strategy is employed in this case to
train the NF approximator. Each training epoch consists
of two runs: in the backward pass, the nonlinear parame-
ters of the NF approximator are updated by the fast gra-
dient method [18]. In the backward pass, the linear pa-
rameters of the NF approximator, {w;,w,,---,w,}, are
fine-tuned using a recurrent LSE method [1].

4. Evaluation and Comparison

In order to verify the effectiveness of the developed
adaptive H, controller and the related techniques, a
comparison study is taken in this section by experimental
tests.

4.1. Experimental Setup

The experimental setup used in this work is shown in
Figure 6, which has been developed by the authors’ re-
search team. It consists of four DC motors and four idler
rolls. Each motor can be controlled separately to simulate
different drive/load conditions. Eight encoders (2048-
lines) are used to measure shaft angular velocity. Tension
can be measured by a tension transducer or an alternative
spring-link-idler system. In this work, only two DC mo-
tors are set up as winding and unwinding rolls, whereas

Figure 6. Winding process experimental setup. (1) Alterna-
tive tension measurement system, (2) Winding roll, (3) DSP
board, (4) Idler shaft, (5) Tension transducer, (6) Unwind-
ing roll, (7) Encoder.
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no control actions are provided in the intermediate zone. 4.2. Middle Stage Experimental Test

The experiments are taken in two parts: tests in the
middle stage of a winding process and tests in the start-
ing stage of a winding process. In modeling, the radii of
unwinding and wingding rolls can be approximately cal-

In this test, both the winding roll and unwinding roll are
operating around dimensionally half web wounded. The
performance of the developed adaptive H, control is
compared with a classical linear quadratic regulator

culated by (LQR) control. From our previous investigation [4], the
R -R — o, A (24) LQR has been shown to outperform other related classi-
“oT on cal control modes (e.g., PI and PID) in web system con-
0 trol.
R, =R +—h (35) Figure 7 shows the test results of web tension control
2n and line speed control by the developed adaptive H.,
where R, and R, are the initial radii of unwinding control using the NF approximator and without using the
and winding rolls, respectively; 6, and @, are the NF approximator (i.e., the gains are estimated with the
integrated angular displacements of the rolls; and / is the classical method as suggested in [13]). It is seen that the
web thickness. Angular displacements are measured by NF approximator can effectively predict the gain values
two encoders mounted on the driving shafts of unwind- and process the tension and speed control operations.
ing and winding rolls. Figure 8 shows the corresponding results using the
_ 65 : E 0.25
g § 0.2
E [g 0.15
5 5 01k~
0 2 s 5 8 10
(@)
E3 : A £ o2
8 : E g 0.15
o 3 o
0 2 s 5 8 10
Time (s) Time (s)
(c) (d)

Figure 7. Test result by using the adaptive H,, control. (a), (b) Tension and speed using the NF approximator; (c), (d) Tension
and speed using the classical gain scheduling.
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Figure 8. Test result by using the LQR control. (a), (b) Tension and speed using the NF approximator; (c), (d) Tension and
speed using the classical gain scheduling.
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LQR control with and without using the NF approxima- starting point, at which the winding roll is web unloaded
tor. Comparing the corresponding results in Figure 7, the and the unwinding roll is fully web loaded. Figure 9 il-
adaptive H,, control outperforms the LQR in both force lustrates the test results by the adaptive H,, control using
control and speed control, in terms of overshooting/un- the NF approximator and the classical gain scheduling
dershooting and settling time. The proposed gain sched- methods, respectively. It is seen that the NF approxima-
uling scheme can improve the control performance: spe- tor can accommodate for more system uncertainty in gain
cifically, 1) suppress the tension fluctuation due to line scheduling, and provide more accurate control perform-
speed variations; 2) reduce the settling time for both ten- ance.

sion and speed responses; and 3) the decrease overshot of Figure 10 shows the control results using LQR control
speed response. The effectiveness of the classical gain corresponding to different gain compensation strategies.
scheduling method relies on the accuracy of the mathe- Comparing Figures 8 and 9, it is clear the adaptive H,
matical models, and the robustness to attenuate distur- control is superior to the classical LQR control.

bances in web handling operations.
S. Conclusion

4.3. Starting Stage Experimental Test An adaptive H,, control technique is developed in this

In this test, the winding process is running from the paper for web handling system control, in which a neural

@ 0.25f e LR RTRTET R R REREEEE D RRTEEE Fereeneine o
z E : : i :
c B g
& @ :
) &
0 2 4 6 8 10 0 2 4 6 8 10
(a) (b)
. @ 0.25 :
s : E
H : 3 0
§ i& 0.15
: £ 01k
i i i | i i i i
0 2 4 6 8 10 0 2 4 6 8 10
Time (s) Time (s)
(c) (d)

Figure 9. Test result by using the adaptive H,, control. (a), (b) Tension and speed using the NF approximator; (c), (d) Tension
and speed using the classical gain scheduling.
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Figure 10. Test result by using the LQR control. (a), (b) Tension and speed using the NF approximator; (c), (d) Tension and
speed using the classical gain scheduling.
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fuzzy approximator is proposed to adaptively predict the
gain values so as to improve transient performance in
tension and line speed control. System convergence and
adaptive capability can be further improved by an effi-
cient hybrid training method. The viability of the devel-
oped H,, control technique is verified by experimental
tests. Test results have shown that the developed con-
troller can effectively suppress the tension and speed
fluctuations due to operation condition changes over the
entire operating range of the winding process. The NF
approximator can adaptively accommodate for parameter
uncertainty, attenuate transient effects, and improve web
tension control efficiency.
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