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ABSTRACT 

In winding process, the quality of the roll is directly connected to its stress state. The 
winding tension is the most significant parameter which plays an important role in the 
stresses generated within a roll, during winding. If the stresses exceed a critical value, 
defects can appear in the roll and make the web non usable. 

This work concerns the estimation and optimization of the maximal dispersion of the 
reference tension, so that the tangential and radial stresses values remain in a gauge. It 
aims to find automatically the maximum and minimum limits for the reference tension, so 
that all curves ranging between these two limits or thresholds, generate radial and 
tangential stresses, theirs selves included in a gauge fixed in advance. The results lead to 
a practical gauge optimization of the reference tension for industrial applications. 

INTRODUCTION 

A web is defined as a continuous, thin and flexible material, which is transported 
under tension through various processes [1]. Disturbances can affect this tension and the 
quality of the formed roll. The winding tension reference is generally determined 
experimentally with respect to the desired quality of the roll. This tension value can be 
constant or function of the radius, according to any linear or non linear function. 

It is well known that the reference tension value, which a priori guarantees a good 
quality roll, is based on the stress generated within the roll. So, it is possible to optimize 
this reference tension by optimizing the calculated stresses within a roll. Indeed, the 
model of stress computation makes it possible to define a criterion J given by the sum of 
the weighted quadratic errors between the obtained stresses and the desired stresses. The 
reference tension which minimizes criterion J can be optimized using, for example, an 
algorithm based on the principle of the simplex [2]. To insure a good quality of a roll 
during winding, it is necessary to maintain the stresses values in gauge. This gauge is 
defined by the extreme values which the mechanical behavior of the web can accept. In a 
previous paper [3], the criterion for tension adjustment was the tangential stress. A 
method for offline reference adjustment and online control based on prediction-
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correction using the simplex algorithm was presented. This method was tested 
numerically. In [4-5], the criterion of tension reference optimization was generalized by 
considering both the tangential and the radial stress within the roll during winding. The 
same optimization algorithm was used, taking into account the dynamic tension model. In 
this previous works, the aim was the calculation of the reference tension which 
minimizes a criteria J calculated by means of the wound internal stresses model.  

In this paper the approach is different: this time it aims to calculate the maximum 
dispersion which can have an optimal winding tension so that the tension located within 
this dispersion produces tangential and radial stresses also within a gauges defined 
preliminary. Thus, the industrials can calculate by advance the acceptable dispersions for 
the reference tension or for the measured tension. Several examples are then presented 
concerning how to optimize the variations of the reference tension in order to keep the 
roll in a stress state which guarantees its quality. 

EFFECT OF THE REFERENCE TENSION VARIATIONS RATE DURING 
WINDING 

Usually, the concept of an optimum reference tension for controlling the web tension 
resort of industrial know-how: see for instance Reid et al. [6], Wolfermann et al [7-8] or 
Knittel at al. [9]. The control of winding systems is generally based on practical 
experience and the tension reference does not change or decreases according to a more or 
less complicated function of the radius. 

In this paper, for didactics reason, we assume that the winding tension decrease 
linearly versus the radius: this curve thus depends on two parameters, i.e. the position 
and the slope or rate of decrease. It is clear that the approach described in this paper can 
be applied to more complex functions. In our example, we will show that the slope plays 
also an important role. 

The optimum tension is that which guarantees that the stresses within the roll still 
confined in a desired gauge. But for industrials, the important and practical question is to 
know the limits of variations of the reference tension.  

In other words, the idea is how to find the maximum and minimum gauge for the 
reference tension, so that all curves ranging between these two limits (thresholds) 
generate radial and tangential stresses, theirs selves included in a gauge fixed in advance. 
The problem is illustrated in the following example, Figure1: 

 

Figure 1 – Evolution of the different linear reference tensions 
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One wounds a roll with a reference tension which decreases linearly versus the 
radius. This linear tension is optimised. As example, for the minimal roll radius, near the 
core, this tension is worth 19N, while for the maximum radius it is worth 5N. It is 
represented by this line equation:  Topt = a.R +b. where a and b have been optimized so 
that a criterion J is minimum, see [3].  

As an example, let’s choose two tension gauges: Tmax = Topt + 1   and   Tmin = Topt – 
1, and also choose two other curves included inside the two gauges: therefore T1 varies 
from 20 N to 4 N and T2 varies from 18 N to 6N. As these two curves (winding tension 
references) are located inside the two limits, one could expect that the corresponding 
calculated stresses curves are also confined between the stress calculated with Tmax and 
those calculated with Tmin.  

To compute the stresses state within the roll being wound, a modified non-linear 
model is developed in the spirit of Hakiels’s [10]. Using the linear tension reference 
defined bellow, the tangential an radial stresses are calculated. To make the 
comprehension easy, only the tangential stresses are represented. 

 Surprisingly, the obtained results are different from that expected, as illustrated in 
Figure 2. Indeed, the stresses σ(T1) calculated with T1 as reference,  is not confined 
between σ( Tmax) and σ( Tmin). The same observation has been made for tangential 
stresses σ(T2) computed with T2 as reference tension. We can conclude that the slope of 
the reference tension influences the stresses as well as the tension itself. The magnitude 
of the tension is a key parameter, but not sufficient. The rate of the tension decrease plays 
an important role too. In fact, in Figure 2, the stress state calculated with the reference 
tension (Tmax) greater than T1 or T2, leads to stresses lower than that calculated with T1 
and T2 in a certain range of radius, and inversely in other radius range.  
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Figure 2 – Tangential stresses for several reference tensions. 

EFFECT OF THE FLUCTUATIONS AROUND AN OPTIMIZED SLOPE OF 
THE REFERENCE TENSION 

The industrial control systems never generate perfect follow-up of the tension 
reference T. We know that the fluctuation about the tension nominal value induces 
variations in the stress state. To optimize these variations between Tmax and Tmin, so that 
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the quality of the roll remain well, we consider now the extreme case: T has a maximum 
slope and varies alternatively between Tmax and Tmin,  for each new wound layer, T passes 
alternatively from Tmax to Tmin. Hence, the applied reference tension, named Talt is worth 
Talt = (a.R +b) +/- c (curves are given with c = 1 or 2 in Figure 3. 

The generated stress state obtained with this reference tension is presented in Figure 
3, where the tangential stresses calculated for Talt are represented with continues line. 
This time, any tension curves located between Tmax and Tmin gives a curve of tangential 
stresses located between the upper and the lower limits in diamond sign. For greater 
values of the fluctuating parameter “c”, the same behavior is observed:  for example c = 
2, the stresses are represented by the plus sign (+), in Figure 3 for c = 1 and the sign 
(triangle) for c = 2.  

In this case, when the slope changes alternatively from that of maximum to that of 
minimum value of the reference tension, the stresses still confined between the upper and 
lower thresholds corresponding to stresses calculated with this gauge of reference 
tensions.  

Consequently, any reference tension which lies between Tmin(R) and Tmax(R) gives 
stresses, with values confined between those calculated for a tension which varies 
alternatively between Tmin(R) and Tmax(R). It is clear that if the dispersion Tmin(R)-
Tmax(R) is too large, one can leave the gauge of the stresses, and one risk to have defects 
in the roll. It is thus important to calculate this authorized maximum dispersion. 
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Figure 3 – Tangential stresses for several reference tensions 

Now let us consider the situation concerning the case when the fluctuations become 
more and more (or less and less) important with the increasing of the roll radius. The 
parameter “c” becomes function of the radius, and the reference tension presents an 
attenuation (or an exaggeration) of its fluctuations during winding. Simulation of the 
stresses with a reference tension decreasing linearly but presenting fluctuations around 
the nominal value is presented in Figures 4 and 5. 
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Figure 4 – Reference tension with fluctuations 
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Figure 5 – Stresses generated by the fluctuating reference tension 

We observe that the resulted stresses remain overall similar for the two situations. 
For the radial stresses the same values are obtained. The fact that the layers squeeze each 
other limits the disturbances. The tangential stresses remain globally comparable. But the 
lower limit obtained when the fluctuation decreases (triangle symbols) with the radius is 
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smaller then that obtained when the fluctuation of the tension increase (Circle symbols). 
The risk of web wrinkling due to negative tangential stresses is then more important than 
in the inverse case. The same phenomena is confirmed when the roll radius is more 
important, see Figures 6 and 7. 
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Figure 6 – Fluctuating reference tension for more important radius of the roll 
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Figure 7 – Stresses generated by the fluctuating reference tension, for more important 
radius 
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TENSION OPTIMISATION 

In first time, one has to optimize the nominal reference tension. This optimization is 
recalled quickly in this paragraph. The second step consists in calculating the maximal 
dispersion authorized for the reference tension. 

The algorithm used for the optimization was presented in [3], and for need of this 
paper we summarized it again.  

The Offline optimization of the tension reference is supposed to guarantee a priori 
the production of a perfect roll. However, in reality, the control strategies never generate 
a perfect follow-up of the reference. The applied tension thus does not lead any more to 
the optimal stress state in the roll. It is consequently judicious to change the tension 
reference for the layers which still remain to be wound, throughout all the phase of 
winding, in order to always optimize the stresses in the final roll according to the 
criterion to be defined. To optimize the winding tension reference, a mathematical model 
of stress computation is used to define a criterion J:  

 

 J =  min ( JT  , JR )   {1} 

where: 

  {2} ∫ −=
max

)),())()((
R

R
T

2
meanTwTT

lrol

drrgrTJ σσσ

and 

  {3} ∫ −=
max

)),())()((
R

R
R

2
meanRwRR

lrol

drrgrTJ σσσ

Tw represents the winding tension, σT is the tangential stress and σR radial stress. The 
stresses are calculated using the stress state mathematical model, Bourgin & al. [11], 
Connolly & al. [12],  or Hakiel’s [9] for instance. σmean is some averaged tangential or 
radial stress value, in a given range (gauge) and g(σ, r) denotes some penalty function 
defined by: 

 ),( rg Tσ and ),( rg Rσ    =  1 if σ  is in the gauge 
 ),( rg Tσ and ),( rg Rσ  >>  1 else. 
The reference tension which minimizes the cost function J is optimized using an 

algorithm based on the principle of the simplex presented by Nelder and Mead, [2]. Of 
course the convergence towards a minimum does not guarantee that it is the global 
minimum and not a local one. One way to overcome this difficulty would be to use 
“genetic algorithms”. However, they are generally heavy to apply to industrial problems. 
One compromise here is to choose the optimization region in a pertinent way. A last 
remark: the existence of a solution depends on the gauge. 
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OPTIMISATION OF THE ADMISSIBLE TENSION DISPERSION 

One assume a reference tension decreasing linearly: (Talt = a.r +b ), c is a parameter 
introducing a dispersion about the nominal value of Talt. , the reference tension becomes 
(Talt = a.r +b   +/- c  ). To optimize the parameter c, we proceed by increment: we start 
the calculation by a small value of c, and we compute the stresses. As long as they do not 
reach the gauge limiting the lower value accepted for the tangential stresses, we increase 
c. The maximum value reached by c gives the Tmax and Tmin , see Figures 8 and 9, where 
the example taken is for T decreasing from 8 to 2 N, and a gauge limit of 6 10E4  and 1. 
10E4  the optimal c find is  0.1165.  
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Figure 8a - Linear reference tension with dispersion (c=+-1) 
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Figure 8b - Corresponding tangential stresses with  dispersion in the winding tension 

An automatic approach consists now, to find by optimization, the maximum value of 
“c”. The simplex method, described in [2] or in [3-5], is used to minimize the 
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“difference” between the lower threshold of a fixed gauge and the minimum value 
reached for the tangential stresses, with a penalty function when the gauge is exceeded. 
(In this example, one does not take into account the maximum value of the gauge, 
because the calculated stresses are rather far from its value) 

Now, what it happens if the reference tension remains at first constant and after a 
certain value of the roll radius it decreases linearly? I.e. “c” is weighted by a function 
F(r) which depends on the radius and beforehand selected, Figure 9. 

The same algorithm based on the theory of Nelder and Mead [2], is used to optimize 
the parameter “c” of the tension dispersion, in order to minimize the “difference” 
between the gauge and the lowest value calculated for the tangential stresses.  

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0
1

2

3

4

5

6

7

8

9
O p tim iz e d  w in d in g  te n s io n

N u m b e r o f la ye rs

T
en

si
on

 (
N

)

 

Figure 9a - Reference tension with dispersion (c=+-1) 

 

0 10 20 30 40 50 60 70 80 90
1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6
x 10

4 Optimized tangential stresses

Number of layers

T
an

ge
nt

ia
l s

tr
es

se
s 

(P
a)

 

 

Figure 9b - Corresponding tangential stresses for c = +/- 1 
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For example, taking the previous values for the gauge and the reference tension, but 
maintaining the reference tension constant for a certain time before decreasing it. The 
result shows that the maximum optimized value for the dispersion is about c = 0.6007.  
This value is higher than that obtained before with a linear decreasing.  

Really, the dispersion has never a constant value, but changes during winding. To 
simulate this effect, one take a reference tension shown previously in Figure 9a, but this 
time we assume that the parameter “c” increases when the roll radius increases as in 
Figure 10a. The results are shown in Figure 10b. The maximum value of the dispersion 
parameter “c” is about 0.8554.  This result shows that the tension rate (slope of the 
curve) is an important parameter, but the type of the fluctuations (stable or varying) plays 
an important role too. 
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Figure 10 a - Reference tension with c increasing with the radius 
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Figure 10 b - Corresponding stresses for c increasing with the radius. 
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This case is particularly useful, when one does not know the slope to be chosen for a 
decreasing reference tension. By this means, one can have access to the maximum value 
which leads to have stresses values more important than that of the gauge which limits 
the field of the desired constraints and which ensure a good quality of the wound roll. 

CONCLUSION 

During winding, the web tension acts directly on the stress state within a roll, it is 
very important to master and to optimize it during the winding process. 

A method for practical optimization of the reference tension was presented, and 
several simple examples are commented. The simplex method is introduced to optimize a 
gauge limiting the stresses values within a roll, with respect to an optimized winding 
tension. The method is then used to study the fluctuations which can occur around the 
reference tension, and to give a knowledge of the maximum dispersion acceptable for the 
quality of the roll.  

Two applications are aimed by this approach: 
- the estimation of the dispersions of the measured tension with regard to the 

reference one (for which the gauge was calculated), and deducing if the wound roll 
respect the stress gauge, without recalculating the stresses. 

- the choice of the winding reference confined in a constraining gauge, with respect 
to the stress state  within the roll. 
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Name & Affiliation Question 
Keith Good, Oklahoma 
State University 

Many of us are just beginning to understand what our 
steady state profile in winding tension ought to be. You are 
now showing us what the fluctuations in winding tension 
should not exceed. As a result of your research, do your 
foresee being able to forecast limits for nip load fluctuation 
and other sorts of variations, not just winding tension? 

Name & Affiliation Answer 
M. Boutaous, Centre de 
Thermique de Lyon 

The fluctuations can be due to many causes which affect 
the reference tension. When the tension becomes disturbed, 
what limit can we accept prior to the disturbance affecting 
the roll quality? In this research we focused on the tension 
fluctuations, but also other fluctuations can be studied as 
well – the nip pressure variation for example. 

Name & Affiliation Question 
Marko Jorkama, Metso 
Paper 

What was the fluctuation rate of the tension you used in 
your examples? 

Name & Affiliation Answer 
M. Boutaous, Centre de 
Thermique de Lyon 

We incorporated two types of variation rate in our study – 
the rate of the nominal tension decrease and the rate of the 
fluctuation around this nominal curve.  The first one is 
given (it can be optimized or not as presented in our 
previous works); the second one is chosen with a 
maximum rate, and we have to optimize its magnitude as 
given by the parameter C. 

Name & Affiliation Question 
Marko Jorkama, Metso 
Paper 

Does that have any influence on the result if you have very 
slow fluctuation versus a very rapid fluctuation? 

Name & Affiliation Answer 
M. Boutaous, Centre de 
Thermique de Lyon 

Yes, it does, but we have studied the worst (extreme) case, 
which includes all reference tension variations. The 
optimized parameter C yields the tension range which 
ensures good roll quality. 

 



 
 
 
 




