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Abstract: Design of a control algorithm for web tension reg-
ulation in an accumulator, in web processing lines, is consid-
ered in this paper. A simplified average dynamic model that
includes accumulator carriage dynamics, average web ten-
sion dynamics in accumulator web spans, and the process and
exit side driven roller dynamics is considered in the study. A
feedback controller together with an observer for web ten-
sion is proposed. It is shown that the proposed feedback
controller results in a stable closed-loop system. Simulation
results on an industrial continuous web processing line are
given and discussed for the proposed controller/observer and
compared with a currently used industrial controller. Appli-
cations of this research can be found in all continuous web
process lines.

1 Introduction

Any continuous material whose width is significantly
less than its length and whose thickness is significantly less
than its width can be described as a web. Plastic wrap, paper,
film, and aluminum strip are examples of web. It is important
that the tension in a web span be maintained within a close
tolerance band during the processing of a web. For example,
if the tension in the web changes during printing/perforating
processes, the print (perforation) gets skewed. Further, ex-
cessive tension variations may cause wrinkles and may even
tear the web. As the demand for higher productivity and bet-
ter performance from the web processing industry increases,
better models and more accurate control algorithms for the
processes must be developed. Tension control plays a key
role in improving the quality of the finished web. It is es-
sential to keep the web in the process at a preset tension,
which could change throughout the process by many condi-
tions such as disturbances from uneven rollers and web speed
variations.

A continuous web processing line is a large-scale com-
plex interconnected dynamic system with numerous control
zones to transport the web while processing it. A continu-
ous web processing line typically consists of an entry sec-
tion, a process section, and an exit section. The entry section
consists of an unwind stand, a tension leveller, and an en-
try accumulator. Operations such as wash, coat, and quench
on the web are performed in the process section in the case
of aluminum and steel webs, and printing, perforating, and
laminating in the case of other consumer products. The exit
section consists of an exit accumulator and a rewind stand. A
typical process line layout of an aluminum strip processing
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line is shown in Figure 1. Accumulators are primarily used
to allow for rewind or unwind core change while the process
continues at a constant velocity. Dynamics of the accumula-
tor directly affects the behavior of web tension in the entire
process line. Tension disturbance propagation both upstream
and downstream of the accumulator has been noticed due to
motion of the accumulator carriage.
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Figure 1: Typical web process line layout and terminology.

Although sufficient amount of work has been done
[1, 2, 3, 4, 5, 6, 7] and is currently being done in tension con-
trol of a web but very little published research exists in mod-
elling and control of accumulators in web processing lines.
In [1], a mathematical model for longitudinal dynamics of a
web span between two pairs of pinch rolls, which are driven
by two motors, is given; this model does not predict tension
transfer and does not consider tension in the entering span.
A modified model that considers tension in the entering span
was developed in [3]. In [4], the moving web was considered
as a moving continuum and general methods of continuum
mechanics were used in the development of a mathematical
model. An overview of the lateral and longitudinal behavior
and control of moving webs was presented in [5]. A review
of the problems in tension control of webs can be found in
[6]. Discussions on tension control versus strain control and
torque control versus velocity control were given in [7].

Accumulators in web processing lines constitute an im-
portant element in all of the web handling machines. Func-
tional importance of these in web processing lines is quite
substantial as they are primarily responsible for continuous
operation of web processing lines. A preliminary study on
modelling and control of accumulators is given in [8]; char-
acteristics of an accumulator and its operation are explained;
throughout the paper discussions are carried out to gain more
insight into the dynamic behavior of the accumulator car-
riage, web spans, and the current methods used in control-
ling the carriage. A dynamic model for accumulator spans
that consider the time-varying nature of the span length was
developed in [9].

In this paper, we consider control of the accumulator
carriage in conjunction with control of the driven rollers both
upstream and downstream of the accumulator. The average
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dynamic model developed in [8] is further simplified based
on practical observations and is used for controller design.
The design of the control algorithm is carried out based on
Lyapunov’s second method. An observer for estimating the
average web tension in accumulator web spans is also de-
veloped in the process. Simulation results on an industrial
continuous web process line for a typical operation of an ac-
cumulator are conducted using the proposed controller and
observer; these results are compared with the simulation re-
sults of the current control techniques that are used in the
industry.

The remainder of the paper is organized as follows. Sec-
tion 2 gives the dynamics of the accumulator carriage, ten-
sion in the web spans, and driven rollers upstream and down-
stream of the accumulator, together with a discussion on ob-
taining simplified average tension model in the entire accu-
mulator. Controller design and observer design are given in
Section 3; stability of the proposed controller/observer is also
shown. Simulation results on an industrial web process line
are given and discussed in Section 4. Conclusions and future
research are given in Section 5.

Nomenclature

� Area of cross section of the strip
�� � ���� ��� Coefficient of viscous friction
� Young’s modulus of the material
�� Disturbing force on the carriage
��� �� Forces on either side of the carriage
� Acceleration due to gravity
� Moment of inertia of the roller
����� Gains of the actuators
�� Mass of the carriage
	 Number of spans in the accumulator

 Radius of the roller
�� Average tension in the accumulator
����� Tension in ��� span in the accumulator
��� �� Strip tension at the process/exit end
�� Desired tension in the strip

� Control force on the carriage (=�� � ��)

�� 
� Control inputs on the process/exit rollers
��� �� Strip velocity at the process and exit end
��� �� Displacement/velocity of the carriage
����� Angular velocity of the � �� roller

2 Dynamics of accumulator carriage, web tension, and
driven rollers

A schematic of the carriage, web spans, and rollers
within an accumulator is shown in Figure 2; this figure shows
an exit accumulator, that is, the web is fed into the accumu-
lator from the process section. The accumulator carriage dy-
namics is given by

��

�������

���
� 
����� ��������� �

	�

���

����� (1)

The controlled force, 
����, is generated by a hydraulic sys-
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Figure 2: Sketch of an exit accumulator.

tem. The disturbance force, �����, includes friction in the
hydraulic cylinder and the rod seals, friction in the carriage
guides, and other external forces on the carriage. The torque
shaft shown in Figure 2 is included in the accumulator de-
sign to synchronize the side to side lifting action so that only
vertical motion needs to be considered in the control system
design. The number of rollers on the carriage is assumed to
be 	��. The number of rollers in the accumulator is 	 � �.
The strip tension and the roller dynamics in the �-th accumu-
lator span is given by [9],
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where � � � 	 	 . It is assumed that all the rollers are of the
same radius (
), which is typically the case in web process
lines. Notice that there is a strong coupling between the car-
riage dynamics (1), strip dynamics (2), and roller dynamics
(3). To obtain a simpler tension dynamic model for all the ac-
cumulator web spans in an average sense, an average tension
is defined as:
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�

�
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���

������ (4)

This concept of average tension enables us to consider an idealized
situation where the tension in each span in the accumulator is ��.
Taking the sum from � � � to � � � of both sides of (2) and
dividing by � results in
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We can further simplify the average tension dynamics, (5), under
the assumption that the product �� is much larger than the tensions

3685
Proceedings of the American Control Conference

Denver, Colorado June 4-6, 2003



��
 �� , and ��. This is generally true for all web materials processed
in web processing machines. Under this assumption the second and
last term can be ignored from the average tension dynamic model,
(5), resulting in the following simplified average tension dynamic
model:

������

��
�

���

�����

�

�
�	� ���� 	����� �
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�����
������� (6)

Assuming that there is no slip on the rollers � and � shown in Fig-
ure 2, the roller angular velocities and the web velocity are related as
follows: �� � �	� and �� � �	�. Therefore, (6) can be written
as: ������

��
�
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������� (7)

The driven roller angular dynamics at the process side and the exit
side of the accumulator are given by the following equations:

� �	���� � �
��	���� ��������� ������ �������� (8)

� �	���� � �
��	���� ��������� ������ �������� (9)

where 	���� and 	���� are the exit side and process side driven roller
angular velocities, respectively. Notice that ����� and ����� are given
by the tension dynamics downstream of the exit-side driven roller
and upstream of the process-side driven roller; since in this work we
are interested in the web tension behavior within the accumulator,
we assume that ����� and ����� are maintained close to the desired
web tension, that is, ����� � �� � Æ���� and ����� � �� � Æ����,
where �� is the desired web tension in the process line, and Æ����
and Æ���� are disturbances. Assuming that there is sufficient web
wrap on the driven rollers which will ensure that there is no web
slip, we have ����� � �	���� and ����� � �	����, the equations
for exit-side and process-side web velocities are:

� ������ � �
������� ������ � ����� � Æ����� ���������
(10)

� ������ � �
������� ���������� �� � Æ����� ����������
(11)

3 Controller design

The goal is to design control algorithms for the accumulator
carriage, the exit-side and the process-side driven rollers such that
the average web tension, the carriage position, the carriage veloc-
ity, the exit-side and process-side web velocities track their desired
trajectories. It is assumed that all the state variables are measur-
able except for the average web tension, �����. An observer will be
designed to estimate the average web tension.

Consider the following error variables: ������ � ����� � ��� ,
�	���� � ����� � ������, �
���� � ����� � ��� ���, �
���� �
������ ��� ���,and �
���� � ������ ������, where ��� is the desired
web tension, ������ and ��� ��� are the desired accumulator position
and velocity, respectively and ��� ��� and ������ are desired exit and
process-side velocities, respectively. Choose the following control
inputs for the accumulator carriage, exit-side driven roller, and the
process-side driven roller:
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where ������, ������, and ������ are auxiliary control inputs that
will be designed later. Substituting the control input and using the

error definitions, the error dynamics is given by:
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Consider the following observer for estimating the average tension
dynamics:
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 (20)

where ������ is the estimate of �����, ������ � ���� and ���� will be
chosen later during the stability analysis. Define the observation
error as ������� � ����� � ������. Also, define ������� � ������ � ��� .
Therefore, the observer error dynamics is

�������� � � ���� � (21)

Notice that we have used the fact that ��� ��� � �������� ��� ������ ,
that is, the difference between the desired process velocity and the
the desired exit velocity divided by the number of spans gives the
desired carriage velocity.

Consider the following Lyapunov function candidate for the
accumulator carriage system:
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The derivative of the Lyapunov function candidate along the trajec-
tories of the error dynamics is given by
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Choose the following auxiliary control input for the carriage:
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where �� is a positive gain. Substituting (24) into (23), the derivative
of the Lyapunov function candidate becomes
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Consider the following Lyapunov function candidate for the
exit and the process-side roller dynamics:
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The derivative of ������ along the trajectories of the error dynamics,
(18) and (19), is
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Consider the following Lyapunov function candidate for the com-
bined system of the accumulator carriage, exit-side driven roller,
and the process-side driven roller:

� ��� � ����� � ������� (27)

The derivative of � ��� is
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Assuming that Æ���� and Æ���� are bounded by some known con-
stants, that is, �Æ����� � 
Æ� and �Æ����� � 
Æ�, we choose the follow-
ing auxiliary control inputs:
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where �� and �� are positive gains. Using these auxiliary control
inputs and re-arranging terms, we obtain

�� ��� � �

�
�� �

��
��

�
��
� �

�
�� �


��

�

�
��
�

�

�
�� �


��

�

�
��
� �

��

�
��
���
Æ� � �Æ������

�
��

�
��
���
Æ� � �Æ������ �

�
��

��
�

�

��

�
�����
�

�

�
��

���
�
��

�

�
������
� � �����
��� ���������

Choosing

���� �

�
��

��
�

�

��

�
�
� �

�
��

���
�
��

�

�
��
� � �
��
 (30)

we get
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Therefore, � ��� � � is a non increasing function of time for all
� � �. Hence, � ��� � �� and ��
��� � ��� � �� � �.
Also, ������
 �������
 �	����
 �
����, �
����
 �
���� � �� and
�
����, �
����
 �
���� � ��. From the error dynam-
ics, (16)–(19), ��	����
 ��
����
 ��
����
 ��
���� � ��.
Therefore, using Barbalat’s lemma, we have
�
����
 �
����
 �
����� � as ���.

The following theorem summarizes the results of this section.

Theorem 3.1 For the dynamics of the accumulator carriage and
the driven rollers upstream and downstream of the accumulator
given by equations (7), (10), and (11), the control inputs given by
equations (12),(13), (14), the auxiliary inputs given by equations
(24), (28), (29), the observer dynamics given by equation (20), and
the observer auxiliary term given by equation (30) will result in the
signals ������
 �������
 �	����
 �
����
 �
����
 �
���� being bounded
and further, the signals �
����
 �
����
 �
���� asymptotically con-
verge to zero.

4 Simulation study

In this section, the proposed control scheme is investigated by con-
ducting simulations on an industrial continuous web process line.
The simulations are performed using the parameters of an ALCOA
continuous process line (CPL) and its exit accumulator. Values
of the parameters of the accumulator used in the simulations are:
�� � 7310 kg (501.06 slugs), � � 3.27 ����� �� (0.5 in�),
� � 6.90���������(���psi), � � 34, �� � 35.037����N-s/m
(20000lb-sec/in), � � 0.1524 m(6 in), � � 2.1542 kg-m�(228.8448
slugs-in�), and 
� � 0.02 . The desired tension in the web spans is
5180 N(1165 lbs). The desired process speed is 3.3 m/s(650 fpm).
A typical scenario of the exit speed and the carriage speed during a
rewind roll change is depicted in Figure 3. The rewind roll change-
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Figure 3: Desired exit speed, carriage speed and carriage position
during rewind roll-change.

over scenario, when the web velocity in the process section is main-
tained at a constant value, is described in the following steps by
referring to Figure 3: (i) AB – velocity of the web in the rewind side
is decelerated to zero from a value of 3.3m/s(650 fpm), as a result of
this the accumulator starts collecting the web and the carriage accel-
erates upwards; (ii) BC – rewind stops and the carriage is moving up
with constant velocity; (iii) CD – after rewind roll change, exit side
is accelerated up to the process speed, in this period the carriage is
moving up while decelerating; (iv) DE – exit side is accelerated up
to a speed above the process speed, 4.8 m/s(950 fpm) in this case;
(v) EF – exit speed is maintained at this constant speed; (vi) FG –
exit speed is reduced to the process speed. The desired profile for
carriage velocity is given by:

��� ��� �
������� ��� ���

�
�

From this velocity profile the desired carriage position profile is
calculated. After each cycle of rewind roll-change operation the
carriage will return to its original position; this means that the area
under the carriage velocity curve is zero. The goal is to track the
desired profiles of the carriage position and speed, exit velocity and
process velocity while maintaining the desired level of the average
web tension. The simulations are conducted using the system model
given by equations (7), (10), and (11) and the control algorithms
given by (12), (24), (14), (29),(13), and (28) and the observer given
by equations (20) and (30).

Two types of controllers are considered for comparative study
via simulations: (1) Currently used industrial controller, and (2)
the controller proposed in this paper. Currently, the industrial con-
troller uses only feedforward of the desired profile for the accumu-
lator carriage and PI controllers for the exit and process-side driven
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rollers. The industrial controllers for the accumulator carriage, exit-
side driven roller, and process-side driven roller are given by:

������ � ��� ��
�
� ��� � � �

��
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��� ��� �
�
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���� (32)
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�

�
�
������

�
(34)

where ��� and ���, and �
� and �
� are the proportional and inte-
gral gains, respectively. The disturbances Æ� and Æ� considered in
equations (10) and (11) are of sinusoidal nature with a frequency of
0.2 Hz and amplitude 44 N(10 lbs). For comparing the results of
the two types of controllers, sinusoidal disturbance as shown in Fig-
ure 4 is introduced into the accumulator carriage dynamics, that is,
into equation (1). The amplitude of this disturbance is 0.25 m/s�(10
in/sec�) and the frequency is 0.5 Hz. Low frequency disturbances
are used because they are typical disturbances on the accumulator
carriage; the accumulator carriage does not have the ability to re-
spond to high frequency disturbances due to its large mass. The
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Figure 4: Sinusoidal disturbance.

time duration of the disturbances is chosen to simulate periodic dis-
turbances that occur during the initiation of carriage motion from
its stationary state and when the exit velocity starts to accelerate or
decelerate. In the simulations, all the gains that are common to both
controllers are chosen to be the same.

Figures 5 and 6 show the state errors for the proposed con-
troller and Figures 8 and 9 show the state errors for the industrial
controller. From the error in web tension, ��� plotted in Figures
6 and 9, it can be clearly seen that the proposed controller does a
much better job at rejecting the sinusoidal disturbances. Also, Fig-
ures 5 and 8 clearly indicate that the proposed controller exhibits
much lesser errors in the exit and process side roller velocities.

Figures 7 and 10 show the control inputs for the proposed con-
troller and the industrial controller. The control effort required for
accumulator carriage (��) is similar in both schemes but the con-
trol effort required for driven rollers (�� and ��) for the proposed
controller is smaller than the industrial controller. Overall, the per-
formance of the proposed controller is much improved as compared
to the industrial controller with no additional control effort.

5 Conclusions and future work

In this paper, feedback control algorithms for the accumulator
carriage, and for the upstream and downstream driven rollers to the

accumulator, are designed for tracking the desired exit and process
web velocities, and to maintain the web tension at the desired level.
It is common in the web handling industry to just apply a desired
force on the carriage using a hydraulic system in opposition to the
carriage weight and the force required to produce desired tension in
all the accumulator web spans; thus, ignoring the dynamics of the
carriage motion. This strategy often leads to large tension variations
not only in the accumulator web spans but also in web spans in
the entire process line due to tension disturbance propagation both
upstream and downstream of the accumulator. Simulation results
comparing the proposed control algorithm with the currently used
control scheme in industry show that the proposed control algorithm
results in much less web tension variations.

In the current work, we have assumed knowledge of the fric-
tion coefficients, which may not be practically feasible. Future work
must include adaptively estimating the friction coefficients. Instead
of assuming that the force on the carriage is directly accessible as
an input, future work should also include the dynamics of the actu-
ator, either hydraulic or electric, coupled with the dynamics of the
carriage and the web spans. In the current work, we have neglected
the effect of the weight of the web on the accumulator carriage; the
weight of the web on the carriage can be substantial in metal process
lines where the thickness of the web can be as high as 0.2 inches.
The weight of the web increases with the increase in the accumu-
lator spans length as the accumulator moves up; the effect of this
time-varying weight must also be investigated in the future.
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