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METHOD OF CONTROLLING TENSION IN A WEB

Field of the invention:
The invention relates to the control of tension in a material handling process.
More particularly, the invention relates to the control of tension in a paper web during the

process of converting the paper web.

Background of the invention:

A variety of manufacturing processes handle continuous materials under tension.
Wire, rope, thread, fiber optic filaments, films, paper webs, metal foils, ribbon, and other
continuous materials are commonly processed under tension. The material may be
handled under tension during the initial phases of processing, during intermediate phases
and/or in the final phase of processing into a finished product. The uniformity of the
finished product in these processes may depend upon the uniformity of the tension of the
material as it is processed. The processing of materials having low tensile strengths
requires maintaining process tension levels within narrow ranges to prevent breakage of
the material and the corresponding loss of process productivity.

Automated process controllers such as Proportional + Integral (PI), and
Proportional + Integral + Derivative (PID) controllers are used to control material tension
during processing. PI, and PID controllers, calculate an error signal as the difference
between a parameter set point and the measured value of the parameter. The output of the
controller is then modified according to the error signal and one or more “gains” of the
controller. The output is a function of the error signal and the gains. The calculation of the
output may also involve constant terms. In instances where the values of controller gains
are fixed, the gains are constant terms and the output is a function of the error signal. This
is an iterative, feedback loop, process. The controller gains are named for their
relationship to how the error signal is used. The proportional gain is used to compute
output correction in proportion to the error signal. The integral gain is used to compute
output correction according to the sum, or integral, of a value derived from the error
signals. The derivative gain is used to compute output correction in relation to the rate of

change, or derivative, of the error signal, or another signal such as the loop feedback.

1



WO 2004/022467 PCT/US2003/027460

Typical prior art control methods are “tuned” or optimized, by selecting
appropriate controller gain values to achieve a desired process stability and rate of
response. The controller gain values may be adjusted by process operators, these
adjustments are manual and are related to changes in the incoming material or the process
equipment performance. In some methods, the values of the controller gains are
scheduled to change with the diameter of the roll of material as it is wound or unwound
depending upon the specifics of the process being controlled.

Typical control methods do not provide adequate tension control at low process
speeds. Typical loop tuning methods result in tension control over a speed range from a
maximum speed to approximately one-tenth the maximum speed. These methods
generally become too unstable and oscillatory at lower speeds. Some methods remain
stable at lower speeds but sacrifice the ability to respond to rapidly changing process
conditions at low speeds.

The inability to control the material tension at low speeds results in a loss of
tension control during the ramp up and ramp down phases of the process. Loss of control
at these times results in undesirable material breaks, increased process waste, and lost
productivity. The lack of adequate tension control at low speeds and also the absence of |
adequate control system response to changes in the modulus of elasticity of the material
being processed also results in non-uniform finished products that must be disposed of as

waste.

Summary of the invention:

The invention comprises a method for controlling the tension of a continuous
material during the processing of the material. The method provides tension control of the
material over the full speed range of the process. The method controls tension as the
speed, the modulus of elasticity, and/or the wound tension of the material changes.

In on embodiment the method comprises the steps of: determining an error signal
in the controlled process, determining the instantaneous integral gain according to the
velocity analog value of the material in process, and determining a proportional gain.

In another embodiment the method comprises the steps of: determining a set point

for the tension of the material, measuring the tension of the material, determining the
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tension error, determining the velocity analog of the material, determining a proportional
gain, determining the instantaneous integral gain of the process according to the velocity
analog, and adjusting the process output according to the tension error, the proportional

gain and the integral gain.

Description of Figures:
Fig 1 is a schematic block diagram of a segment of a material handling process utilizing

the method of the invention.

Detailed description of the Invention:
Definitions:
Controller correction calculation: the calculation made by a controller based upon an
error signal, and the gains of the controller to reduce the error signal.
Error signal: the difference between a parameter set point and the measured value for the
parameter.
Gain: a mathematical construct that relates a controller output, or a process unit, to a
controller input.
Integral gain: a factor used in calculating the correction to the output of a process based
on the integral of a value derived from the error signal. Integral gains are used in Integral
controllers, Proportional + Integral controllers, and Proportional + Integral + Derivative
controllers.
Instantaneous integral gain: the value of the integral gain determined by a controller
tuning calculation at a particular instant in time. The instantaneous gain may be calculated
at any instant according to a process variable. The value of the gain may change
according to the change in the value of the variable over time. As a non-limiting example,
instantaneous integral gain may be varied according to the velocity analog value of a
handled material.

In one embodiment the value of the instantaneous integral gain is used directly in
the controller correction calculation as the instantaneous integral gain is calculated. In
another embodiment, the value of the instantaneous integral gain may be smoothed,

averaged, or filtered, using mathematical functions as are known in the art, prior to the
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use of the gain in the controller correction calculation. In any embodiment, a time delay
may be used to offset the time of determining the value of the instantaneous integral gain
and the time of the use of the newly determined value of the gain in the controller
correction calculation.

Lower limit instantaneous integral gain: the value of the integral gain at a selected
lower limit material velocity analog value.

Master speed reference: a master value used to synchronize speed changes across a
process using multiple drives and controllers.

Maximum velocity: the maximum material velocity attainable in a material handling
process.

Output: the control signal disseminated to the object(s) of a controller.

Proportional gain: a factor used in calculating the correction to the output of a process
controller based on the error signal.

Span: the length between successive drive components in a material handling process.
Speed draw setting: a control factor used to compensate for differences in process
requirements in different portions of a material handling process. The speed draw setting
is used to offset the speed of a process section from a master speed reference.

Tension set point: the desired material tension in a material handling process.

Tuning calculation: a calculation to determine a value for a gain. '
Velocity analog value: a factor analogous to the speed of the material in a.material
handling process. The analog value may be derived from direct measurement of the

velocity of the material or may be derived from a master speed reference for the process.

The method of the invention may be practiced in a material handling process
having a single driven segment, or multiple driven segments. In a multi segment process,
the method may be practiced on a single segment or multiple segments as desired. A
process segment is defined as a portion of the process between two drives, an upstream
drive and a downstream drive. The upstream drive is the drive unit located at the
beginning of a process segment. The downstream drive is the drive located at the end of a

process segment.
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The method may be used to control the material tension in a segment by
controlling the speed of the upstream drive, the downstream drive, or both the upstream
and downstream drives. Controlling the tension by adjusting the speed of the upstream
drive may require additional adjustments to the speeds of drives further upstream.
Additional adjustments may be required for all upstream drives from the controlled
process segment upstream drive, to the initial drive of the process.

Increasing the speed of the upstream drive will reduce the tension in the segment.
Decreasing the speed of the upstream drive will increase the tension in the segment.
Increasing the speed of the downstream drive increases the tension and decreasing the
speed of the downstream drive decreases the tension.

The method is described controlling the tension in a paper web during the process
of converting the web from parent rolls to finished products. One of skill in the art
understands that the method is not limited to this use and is applicable to any process
wherein a continuous material is processed under tension.

According to Fig 1, the tension in paper web 10 is controlled by the speed
difference between the speed of upstream motor 90, and the downstream drive (not
shown). This speed difference may be altered by adjusting the output of tension controller
60 to raise or lower the speed of upstream motor 90 via motor controller 80. Raising the
speed of the upstream motor 90 relative to the downstream motor (not shown) will reduce
the tension of the web 10, and lowering the speed of the upstream motor 90 relative to the
downstream process will increase the tension of the web 10.

The output of the controller 60 is adjusted according to the error signal and the

gains of the controller 60. The error signal, the proportional gain and the instantaneous
integral gain are used in the controller correction calculation to adjust the controller
output to reduce the magnitude of the error signal as is known in the art.
The method of the invention determines the instantaneous integral gain of the controller
60 according to the velocity analog value of the web 10 resulting in effective web-tension
control over the entire speed range of the web converting process and also accommodates
variations in the modulus of elasticity of the web 10, or the wound tension of the web 10.

The method may be practiced using any controller 60 that uses the integral of a

value derived from the error signal to derive the controller output correction, An
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exemplary controller for practicing the method of the invention is a Universal Drive
Controller card, in a Reliance Automax Distributed Control System available from
Reliance Electric, Mayfield Heights, Ohio.

A tension set point, correlated to the desired tension, is determined for the process.
The value of the set point is input into the controller. The web tension used to determine
the error signal may be measured at any point in the process span where tension is being
controlled. Web tension is typically measured by routing the web 10 around a process
element attached to a load cell. An exemplary sensor for measuring tension is a
Tensioncell 30, available from Comptrol Inc., Cleveland, Ohio. The error signal is then
determined as the difference between the tension set point, and the measured tension.

In one embodiment, the instantaneous integral gain is determined using a
maximum integral gain and the web velocity analog value. Maximum integral gain is
calculated according to the ratio of the maximum speed of the process and the span of the
controlled segment of the process. The maximum integral gain used in the tuning
calculation may be based on either the ratio of maximum speed to span length or the
reciprocal of the ratio depending upon the specific units of integration used in the
controller. The instantaneous integral gain is then varied according to the ratio of the web
velocity analog value and the maximum speed set point.

In another embodiment, the instantaneous integral gain is determined according to
the web velocity analog value and the span of the process segment without consideration
of the maximum process speed or the maximum integral gain. The instantaneous integral
gain used in the controller correction calculation may be based on either the ratio of the
web velocity analog value to the process span length or the reciprocal of the ratio
depending upon the specific units of integration used in the controller.

The web velocity analog value may be set equal to the master speed reference 20
used to synchronize speeds in the web handling process. Alternatively, the web velocity
analog value for a particular segment may be derived from measuring the web velocity in
the controlled segment. When the web velocity is measured the analog value may be set
equal to the instantaneous value of the web velocity or to a mathematically filtered value

of the velocity, to reduce the effects of sudden changes in the velocity. The instantaneous



WO 2004/022467 PCT/US2003/027460

value of the web velocity may be filtered through the use of mathematical smoothing
functions as are known in the art.

As the velocity of the web 10 changes, the value of the instantaneous integral gain
is recalculated and the controller 60 utilizes the new value of the instantaneous integral
gain to determine the correction in the controller output necessary to reduce the tension
error value. .

Particular controller 60 hardware and/or software may limit the lowest velocity
analog value for which an instantaneous integral gain is calculated. The value of the
lower limit is determined according to the specific details of the controlled process. In
one embodiment the instantaneous integral gain value is fixed at any web velocity analog
value less than 1% of the maximum process speed. In another embodiment the integral
gain value is fixed at any web velocity analog value less than 0.1% of the maximum
process speed. The speed at which the lower limit of the instantaneous integral gain is
determined is not limited to the above mentioned embodiments. The lower limit speed
may be any speed less than the maximum speed of the process. A lower limit
instantaneous integral gain is determined for a selected lower limit web velocity analog
value. The lower limit instantaneous integral gain is then used at any web velocity analog
value less than or equal to the lower limit web velocity analog value.

Prior art loop control methods utilize the proportional gain as the primary means
of tuning the loop. Adjusting the instantaneous integral gain according to changes in the
web velocity analog value provides rapidly responding, stable tension control over the
full speed range of a process. Unlike the prior art, the method of the invention use the
proportional gain to accommodate changes in process conditions. As an example, the
adverse impact on web tension caused by an out-of-round roll of web may be reduced
through the adjustment of the proportional gain. The proportional gain may be set to a
high value at low speeds and then reduced according to changes in the web speed to
reduce the undesirable effects caused by an out-of-round roll of web. In another
embodiment, the proportional gain is selected to provide an adequate response across the
process speed range and left unchanged.

The method does not preclude the use of the derivative gain to accommodate

sudden large changes in the error signal in a process utilizing a PID controller. An
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auxiliary proportional gain may also be added to the calculations of the controller. The
auxiliary proportional gain modifies the output of the control loop to increase the range of
control available and/or provides another means of accommodating process changes.

Multi-segmented web handling processes may have process tension requirements
that are unique to the respective process segments. As an example, a process for
converting parent rolls of a paper web material into finished paper products may comprise
a segment to unwind the parent roll, a segment to emboss the web, a segment to print on
the web, and a segment to wind the printed and embossed web. Each segment may
require different web tensions for optimal performance. The method as set forth above
may be used to control such a multi-segmented process. The additional step of
incorporating a speed draw setting 70 into the control method of the invention provides
for a more refined level of control.

For each segment of the process, a speed draw setting 70 is determined based
upon the Operator’s assessment of the tension desired for that segment. The speed draw
setting 70 is determined for any particular segment tension desired. The speed draw
setting 70 adjusts the speed of the segment from the master speed reference 20 to
establish a base operating point for the segment tension. The master speed reference 20 is
modified according to the speed draw setting 70 to determine a local speed reference for
the motor controller 80. The web tension is then controlled using the method as disclosed
above to maintain the segment process tension.

An additional feedback loop may be utilized to calculate the speed draw setting 70
according to the controller correction calculation. In this embodiment, the speed draw
setting 70 is recalculated to reduce the controller correction to zero. Recalculating the
speed draw setting 70 to reduce the controller correction maintains the output of the
controller 60 in a preferred range.

The method of the invention may be used in any process computing an output
correction based on the integral of a value derived from the error signal to handle a
material under tension. As non-limiting examples, the method may be used in the
handling of wire, rope, thread, fiber optic filaments, films, paper webs, metal foils,

ribbon, or any other material that is processed under a drawing tension.
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What is claimed is:

1. A method of controlling a process for handling a material having a velocity analog
value, and a tension, the method comprising steps of:

a) determining a set point for the tension;

b) determining the tension;

¢) determining a tension error;

d) determining the velocity analog value;

e) determining a proportional gain; and characterized by steps of:

f) determining an instantaneous integral gain according to the velocity analog value; and
) adjusting the output according to the tension error, the proportional gain, and the

instantaneous integral gain.

2. The method of claim 6 wherein the step of determining the instantaneous integral gain
according to the velocity analog value further comprises steps of:

a) determining a maximum velocity;

b) determining an integral gain for the maximum velocity; and

¢) determining the instantaneous integral gain according to the velocity analog value and

the maximum velocity.

3. The method of claim 1 wherein the step of determining the instantaneous integral gain
according to the velocity analog value further comprises step of:
a) determining the instantaneous integral gain according to the velocity analog value and

a span of the process.

4. The method of claim 1, further comprising steps of:
h) determining a lower limit velocity analog value;
i) determining a lower limit instantaneous integral gain for the lower limit velocity analog

value; and
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j) setting the value of the instantaneous integral gain equal to the lower limit
instantaneous integral gain if the material velocity analog value is less than or equal to the
lower limit velocity analog value.

5. The method of claim 1 further comprising a step of adjusting the proportional gain.

6. The method of claim 1 further comprising a step of adjusting the output according to a

speed draw setting.
7. The method of claim 1 further comprising a step of adjusting the speed of at least one
drive selected drive selected from the group consisting of: an upstream drive, and a

downstream drive.

8. The method of claim 1 further comprising a step of adjusting the speed of multiple

upstream drives.

9. The method of claim 1 further comprising a step of selecting an auxiliary gain.

10. The method of claim 1 wherein the material comprises a paper web material.
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