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Summary

This project is a part of a research program which has been carried out at Hoechst
Holland N.V. in Weert. One of the products manufactured at this factory is PVC sheet.
The aim of the project is to control the amount of plastic material on top of the mixing
rolls, based upon the model to be obtained. The tasks of the controller are to minimize
the level variations of the material and to minimize the average level as well.

A good knowledge about the static and dynamic properties of the process is needed.
Obtaining a model which closely approaches reality, is based upon the data obtained from
identification experiments. The procedure is as follows: preliminary process investigation/
study, preliminary process measurements, final data acquisition, signal processing, model
estimation and model validation. An identification procedure with a Markov parameter
approach, is developed by Backx. In the model estimation phase, three models will be
obtained: a Finite Impulse Response Model, a Minimal Polynomial Start Sequence of
Markov Parameter Model (MPSSM) and adjusting the MPSSM model to the dataset
which has been used to estimate the FIR parameters.

At the beginning of this part of the project, the identification procedure has been
continued from the phase of the preliminary process measurements.
Measurements have been done to test linearity (combined step responses) and to observe a
free run situation (no interventions by the operator).
As the output is drifting away (caused by the unstable process behaviour), a PID
controller is used in a feedback loop. Now the process to be identified will include the
PID controller.
For proper use of this controller, the digital process output has been converted into an
analogous signal, which is fed back to the PID controller. Here digital and analogous
filtering has been applied to obtain the trend in the output signal. Measurements with the
closed loop system show the contribution of the controller.
The final dataset is obtained by performing a Pseudo Random Binary Noise Sequence
experiment. Previous to the estimation of the modeis, signal processing has to be applied
to this dataset.
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Automatic control of an industrial (sub)process in order to improve the product quality, to
decrease wasting material and to reduce costs, is an important aspect in industry. Con
trolling the dynamics of an industrial process needs a thorough knowledge about the
dynamic behaviour of the process. A model has to be obtained which contains all relevant
dynamic properties. Good modelling has agreat influence on obtaining a qualitative better
control and flexibility with respect to changeovers.

This project has been carried out at Hoechst Holland N.V. in Weert, at the production of
plastic sheet. The subprocess to be identified begins at the extruder (where the raw
material in powdered form is transformed into clotted form) and ends with the clotted
plastic on top of the mixing rolls. The aims are to decrease the level variations on top of
the mixing rolls and to decrease the average level as well.
An identification procedure as proposed by Backx and Damen ([1],[3]) will be used here.
n globally contains the following steps: preliminary investigation of the process (including
talks with operators), performing preliminary measurements, acquiring the final data set,
performing signal processing, estimating the process model and validating the mode1.
As this subprocess has not been identified before, in a way as just mentioned, a Multiple
Input Multiple Output description will be given, but in order to restrict the complexity, a
Single Input Single Output system is here considered to be identified and controlled.

First of all, we need a priori knowledge about the process and perform experiments which
give information about the final experiments to be done, in order to obtain the final
dataset. Chapter 2 gives an overview of the identification procedure. Chapter 3 defines
the industrial (sub)process to be identified and controlled. Chapter 4 deals with the
experiments at the input-output behaviour of the process. Stabilizing the output is the
subject of chapter 5. Measurements to obtain the final dataset for identification and
processing of the acquired dataset are described in chapter 6. Conclusions concerning this
work and further suggestions are given in chapter 7.
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The model to be acquired will be used for simulation of the dynamic process behaviour,
in order to design a controller. A black box model will be used, which has to match the
process, based upon an output error criterion. The best model is the one which minimizes
the difference between the model output and the rea1 output, when excited with the same
signal.
With modelling, a time continuous and time variant process will be described by a time
discrete and time invariant model, of which the dynamic behaviour is of a lower order
than the rea1 process. Besides, the model is a simulation of the dynamic input-output
behaviour in the vicinity of a working point.
A description of the identification procedure fol1owed here, will be given in this chapter.

2.2. The identification procedure.

The various steps in the identification procedure are as fol1ows ([2],[3]):

I. Preliminary study.
- study of the process and talk with operators

11. Preliminary process measurements.
- disturbance measurements at the outputs (all inputs kept constant) to obtain an estimate

of the power and frequency band of the disturbances.

- staircase experiment with appropriate duration and amplitude to roughly obtain the
largest time constant, static gains and linearity.

- fast PRBNS experiment with appropriate dock frequency and duration to obtain
accurate frequency range and ranges of the outputs, delays and definition of the length
of the final test.

111. Final data acquisition.
- final PRBNS experiment with appropriate dock frequency, sampling time and duration

to obtain raw datasets for model estimation.

IV. Primary signal processing.
- peak shaving to eliminate spikes.
- trend correction to eliminate slow variations.
- offset correction to obtain an offset corrected dataset.
- scaling output ranges to obtain datsets with proper amplitude ranges.



2. Industrial process identification.

- filtering with proper bands to eliminate noise.
- compensation for time delays, otherwise they have to be estimated in the process

model.
- sample rate reduction to obtain the final dataset.

V. Model estimation.
- FIR model estimation of proper length resulting in a high order model.
- model reduction to a MPSSM model, resulting in an initial estimate of the MPSSM

model
- adjustment of MPSSM to the final estimation data set, to obtain the final MPSSM

model.
- model reduction to obtain the final low order model.

VI. Model validation.
- comparing simulated outputs with the validation set to define the model quality.

7
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In producing plastic sheet the raw materiaI is manufactured in such a way that a sheet
with the desired properties (thickness, colour, surface etc.) is obtained. The process can
be divided into two subprocesses:
1) The process which transforms the raw material (in powdered form) into a relative

thick plastic sheet. Transformation of material properties takes place in an extruder,
while producing a thick plastic sheet is done by the mixing roUs.

2) The caIender process in which the relative thick sheet is used as supply for the
calender and which results in a sheet with the desired thickness.

In the caIender process, sensors determine and register the sheet quality aIong the fuU
width of the sheet. These sensors measure the quality, expressed in the sheet thickness
and the number of arised pores and small and big holes. Another quality criterion is the
presence of unevennesses e.g. "stipple" which can be observed by eye.

The subprocess firstly mentioned, is the one which is identified in this project, and
further indicated as "process" . The aim of the identification is to obtain a simulation
model of the process.

3.2. Description of the process.

The process which results in a relative thick plastic sheet is represented in figure 3.1. The
raw materiaI in powdered form is accumulated in the funnel part of the extruder. It leaves
the funnel to go through the extrusion part, where it undergoes a transformation by
heating and friction. Out of the extruder (the clotted material has a temperature of
approximately 170 degrees Celsius), it faUs in a vibratory trough. From here it is
transported upwards, simply by vibration, to end above the mixing roUs. At the end of
the trough it faIIs down and accumulates upon the mixing roUs. Due to the mixing roUs, a
relative thick sheet is produced around the roll. Two cutting knives (with a certain
distance between them) are placed against the mixing roll and they cut a part of the sheet
from the roU. A conveyor forms the link between the two subprocess. The conveyor
continuously makes a horizontal movement to fiU the first calander gap homogeneously
with the soft and heated plastic skin.
In the following, the various steps in the production process are described in more detail.
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mixing rolls
extruder

Fig. 3.1. Representation of the process.

Funnel part of the extruder.
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The funnel part of the extruder is filled with an amount of raw material according to a
predefined recipe. The recipe determines the properties of the plastic. In the centre of the
funnel, a spindie to which arms are connected, turns around. The angular velocity
depends on the angular velocity of the 'filling screw'. This is a screw to which the lowest
part of the spindie is connected. The velocity regulates the amount of material per time
unit transported downwards and leaving the funnel.
The funnel is refilled with powder when the material level has reached a fixed low level.
It is refilled until some time after a fixed high level has been reached. The refilling time
is relatively short compared to the time to 'empty' the funnel. It takes about 10 to 15
minutes, depending on the filling screw velocity, before the funnel is refilled again. The
difference between the high and the low level is about 10 cm. on a total funnel height of
about lm.

The raw material consists of pure material, but often 'regeneraat' is added: plastic sheet
that is not appropriate for selling, or the cutted sides to get the desired sheet width, is cut
into very small pieces, to be used again. It is added in a certain proportion to the pure
material, into the funnel. Other terms for 'regeneraat' are 'granulaat' or 'randschnitt' .
Adding the 'regeneraat' influences the process. The effect is not easy to indicate and it
also depends on the kind of sheet the bits of plastic are made from. According to the
operators, pieces made from 30 mu or from 50 mu sheet thickness have different effects
on the process.
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Compared to not using the 'regeneraat', using it causes another effect. By adding
'regeneraat' the filling in the funnel appears to be not homogeneous. As a result of the
rotation of the arms, the 'regeneraat' is moved towards the centre, in a funnel like
profile. The pure powder is pushed away from the centre. This causes the material
leaving the funnel, and later on leaving the extruder, to have relative great variations in
specific mass. And this probably is one of the reasons for the quality differences in the
produced sheet.

The material leaves the funnel via the filling screw, to land into the extrusion part of the
extruder. Around the filling screw there's a jacket with cooling water inside, to avoid the
plastic material becoming too hot as a result of friction.

Extrusion part of the extruder.

The extrusion part consists of two parts, these are successively:
1) The filling section which contains the transport screw.
2) The planetary section which contains the main screw and some planetary screws

around it.
The transport screw and the main screw are connected to each other, so they turn around
with the same angular velocity.

The material leaving the funnel, lands into the filling section. The transport screw has a
relative big diameter. As a result of friction between the material and the transport screw,
the temperature becomes very high. To prevent overheating, the jacket of the filling
screw contains cooled water.

The material then lands into the planetary section. The planetary screws have a relatively
small diameter. The material is pushed into the holes between the main screw and the
planetary screws. The number of planetary screws can be changed, which influences the
plastic properties. The main screw is heated from inside and the material finds a way
through the holes, resulting in a deformation of the material. The temperature increases
and as aresult the material is clotting. In the planetary section, two temperature zones are
present. The material first goes through zone 1, where it is heated. It then goes through
zone 2 which ends at the 'stopring' . These are knives turning around to cut the material
in small clots. The product leaving the extruder has a temperature of about 170 degrees
Celsius.
From the operator' s experiences it is clear that compared to not using regeneraat, using
regeneraat causes an increase of the temperature of the product leaving the extruder. It
also results in less extruder output. If the regeneraat supply is to be stopped, the velocity
of the filling screw will be set lower.
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At the output of the extruder, the material faUs into a vibratory trough. From here it is
transported towards the mixing roUs. The transport time depends on the mass and
quantity of the material in the vibratory trough (a bit of material will be transported far
more slowly than a huge amount). Normal transport takes approximately 20 seconds. It is
clear that a change in the amount of the extruder output needs this time to influence the
amount of plastic on top of the mixing roUs, when all other conditions are not changed; a
pure time delay.

Mixing rolls.

On top of the mixing roUs, an amount of material is formed. At the mixing roU which is
at the calender side, two knives are placed. Around this roU a relative thick sheet is
formed, and a part is cut out of it and put on a conveyor.
The sheet is formed around the roU at the calender side, as a result of velocity differences
and temperature differences between both roUs. The roU at the calender side, called
mixing roU 2, has a lower temperature setpoint and a higher velocity than roU 1 (at the
vibratory trough's side). Due to friction, the material around the roU is heated. The
temperature caused by friction, is the difference between the measured temperature of the
mixing roU and the temperature setpoint of the mixing roU. (To give the material a
certain temperature, the velocities and the temperature setpoints have to be chosen
suitably.) The mixing roUs are heated by steam inside, to set them on a specific tempera
ture. The distance between the two cutting knives is done by hand by the operator. The
angular velocity of the mixing roU can be set by the operator.

At both sides of the amount of plastic, side boards are placed to keep the material
together. It is clear that the amount of material on top of the roUs may not become too
low: it endangers the continuity of supply to the calender. If the amount of material is
quite far beyond the mixing roUs, material is falling down onto the ground. This cannot
be used anymore, so it is wasting of material. Another effect of the amount being too
much is probably the quality decrease, which is caused by material cooling at the top of
the amount. This is a second argument for lowering the material level.

The process output, the amount of material on top of the mixing roUs, directly depends
on the amount supplied to and the amount taken away from the roUs. Both of them can be
influenced via various process variables.

The aim of a controUer to be designed is twofold:
1) Decreasing the variations in the output.
2) Keeping the average output amount as smaU as admissable.
The various process variables and their influences are discussed in the foUowing para
graph.
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3.3. Process variables.

The most important variables in this MIMü process are:

Input variables:
velocity of the filling screw (WfJ
velocity of the main screw (wm.)

velocity of the mixing roUs (wmr)

temperature zone 1 (Tzl)
temperature zone 2 (Tz2)
distance cutting knives (d)
amount of material to the extruder (<pe;)

amount of material to the vibratory trough (<Pro)

Output variables:
amount of material on top of mixing roUs (y)
current of the filling screw (Ir.)
current of the main screw (~ll')

product temperature leaving the extruder (Tp)

amount of material from the vibratory trough (<pmi)

amount of material from the mixing roUs (<pmo)

These process variables are schematicaUy represented in figure 3.2.

T1T2~'z z el

extruder
• •

I1

Wfs

W ms

~eo I....':::::==~;:I vibratory
trough

Fig. 3.2. Process variables.
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In the current situation, the following variables will be registrated: the velocities of the
filling screw (WfJ, the main screw (WOl.) and the mixing rolls (Wmr) , the currents of the
filling screw (Ifs) and the main screw (Ims) , and the amount of material on top of the
mixing rolls (y).

The distance between the cutting knives can be changed by hand during normal producti
on. As this is not registrated by the current system, it is important to keep this variable
constant during the experiments.
Other variables which are not registrated are the temperatures of zone 1 and zone 2 and
the product temperature. These can, at another stage, however be very interesting for
investigating their influences on e.g the currents and the gelling of the material.

The registrated analogous variables, with the exception of the output level, can be
measured and controlled via the control room of the operators and also via a control unit
on the spot of the mixing rolls. These control facilities are parallel connected to each
other.

The measured quantities are derived from electrical signals out of the control unit, which
have undergone signal processing (filtering).
Measuring the amount of material is derived from a video signa!. With the aid of a
camera, the amount is observed. Two light sources are used to enhance the contrast
between the material and the background. More about the analogous signal processing and
the vision system can be found in [7].

Measuring and controlling the velocities and measuring the currents, is schematically
represented in figure 3.3. The scheme is valid for the filling screw and for the main
screw. At the control unit, the velocity can be changed by turning a switch to 'slower' or
'faster' . For simplicity, only one signal line is drawn from the control unit to the E-pot.
In reality however, there are two signal lines, one for 'slower' and the other for 'faster' ,
since these are realized by closing contacts. The E-pot transforms the signal into a O-lQV
signa!.
Measuring and controlling the velocities, are based upon changing the setpoint of a PI
controller which controls the number of revolutions. The output of this controller is the
setpoint of a PI controller which regulates the current. The output signalof the current
controller is transformed into a signal which controls a thyristor set. The thyristor set
drives the DC motor of e.g. the filling screw. A tachometer determines the velocity and
the current is derived from the current through the thyristor set. As aresult, the current is
proportional to the force to be delivered by the DC motor. Thus, the mechanical load of
the motor will be reflected in its current.
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o-IOV

<.lfs or <.l
ms

<.lfs or <.lms

Fig. 3.3. Measuring and controlling the velocities and the currents of the filling screw
and the main screw.

With:
Ws

Wm

Is
I m

E-pot
control unit:
s
f

= setpoint of the velocity
= measured velocity
= setpoint of the current
= measured current
= signal processing unit

= slower
= faster

The mechanica! load depends on various factors, e.g.:
1) The pressure on the motor, caused by the amount of material pushed between the

screw and the jackets, which is velocity dependent.
2) Presence or absence of 'regeneraat'. With adding 'regeneraat', more torque has to

delivered by the motor to keep the same velocity. Most essentially, the presence of
regeneraat causes unrest in the extruder.

3) The temperature, especially of the product, which influences the viscosity of the
plastic.
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: 9 [A]
: 300 [A]

Important to keep in mind, is the fact that at calender 10 (at which the experiments have
been done) , the vibratory trough is fed by two extruders instead of just one. One is
indicated as the 'aandrijfzijde' (it is placed at the motor side of the mixing roUs), the
other as the 'stoomzijde' (it is placed at the side where the steam comes from). In the
current test situation, the variables at the 'stoomzijde' are measured. So it is necessary
not to make changes at the 'aandrijfzijde' during the experiments.
The setpoints of the extruders determine the working point of the extruders. The setpoints
depend on the sheet to be manufactured and directly influences the extruder output
(weight per time unit). The foUowing values give an impression of possible setpoints:

velocity filling screw : 5.6 [r.p.m]
velocity main screw : 29 [r.p.m]
velocity mixing roUs : 30 [r.p.m]

The currents are in the range of:
current fiUing screw
current main screw

During normal production, the velocity of the fiUing screw is proportional to that of the
main screw as approximately 1:5. Changing the velocity of the main screw results in an
automatic change of the velocity of the fiUing screw, in order to garuantee the same
amount of material through the extrusion part, so the torque to be delivered by the main
screw does not change appreciably, which is reflected in its current.
The velocity of the fiUing screw however, can be changed without changing the velocity
of the main screw. In this case, a change in the velocity of the filling screw always
influences the current of the main screw, because of a change in the mechanical load of
the main screw (the motor tries to keep its velocity). The current of the main screw may
vary as long as it does not exceed 400 A.

Under normal production, changing the amount of material on top of the mixing roUs,
can be achieved in various ways. For instance when enlarging the amount:
1) Enlarging the supply to the mixing roUs by

- increasing the velocity of the filling screw
- increasing the velocity of the main screw (and automaticaUy that of the filling

screw)
2) Reducing the discharge from the mixing roUs by

- decreasing the distance between the cutting knives
- decreasing the velocity of the mixing roUs

By a combination of these, the effect will sooner be achieved.

The process at the mixing roUs, as shown in figure 3.4., with
<l>j = supply to the mixing roUs [m3/sec]
<1>0 = discharge from the mixing roUs [m3/sec]
y = amount of material on top of the mixing roUs [m2

] ,

can be described as given in equation (3.1).
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Fig. 3.4. Process at the mixing roUs.
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~. - ~
I 0

~ = Ko

= C dy
dt

(3.1)

The volume increase per time unit (~i - ~o) is supposed to be linearly with the change in
the output dy/dt. Strictly, C [m] doesn't have to be constant, but depends on the way in
which the material is accumulated on top of the mixing roUs and how this results in a 2
dimensional projection. The way in which it accumulates also depends on the material
properties (smaU clots or one huge amount).
K [m3/sec] depends on the velocity of the mixing roUs and the distance between the
cutting knives; since these will be kept constant during the measurements, K is constant.
This leads to equations (3.2) and (3.3). The transfer function from input ~i to output y
can thus be described as given in equation (3.4). This means that the process behaves like
an integrator with a delay.

(3.2)

1 ~j
Y(s) =

C s

H ( ) K' -ST
S = - • e '

p s

K 1.- -C S2
(3.3)

(3.4)

A suitable input variabie to do the process identification experiments, is the one which
effect and sensitivity towards the output, is evidently and largely, compared to other input
variables.
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In the first instance one variabie is chosen to control the output: the velocity of the filling
screw. Changes in this velocity directly effects the supply <Pi to the mixing rolls.

3.4. Concluding remarks.

In the first instance a Single Input Single Output system is considered here. The effect of
the velocity of the filling screw upon the material level on top of the mixing rolls, is
investigated. Developing a controller is based upon the model of this system. Later on,
other inputs can be taken into account, leading to a controller which regulates more varia
bies.

The input variabie here is the velocity of the filling screw. The experiments will be done
under the following conditions:
- all variables at the 'aandrijfzijde' will be kept constant
- all variables at the ' stoomzijde" except of the velocity of the filling screw, will be

kept constant
- no change in the distance between the cutting knives
- recipe without 'regeneraat'.
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In the preceding project, some experiments have been done at the process. The experi
ments investigate the relation between the velocity of the filling screw and the output.
They concern a step response experiment and a linearity experiment.

A higher velocity setpoint during a certain period of time, will increase the output
gradually. Changing the velocity to its original value will stabilize the output, while
decreasing the velocity will decrease the output gradually.

If still in the linear region, an input step which is twice as high, will result in an output
increasing twice as fast. If after the first step excitation the output has reached a relative
high level, then saturation can easily occur when a second step (twice as high) is given.
So it is better to bring the output level back to its original level before exciting the
process with a step signal twice as high.

4.2. Stepresponse experiments.

4.2.1. Experiment description.

During the stepresponse experiments a stepwise input signal is applied to the velocity of
the filling screw. Starting with a velocity of x [r.p.m.], steps of 0.5, 1.0 and 1.5 [r.p.m.]
will be applied. In practise somewhat beyond 7 [r.p.m.] is still allowed, as long as the
main screw current does not exceed 400 [A], otherwise damage to the extruder can occur.
The velocity can be made quite small, there's no real lower limit; here the duration is
more important, in order to guaruantee continuous supply to the calender.
Suppose that at x [r.p.m.] the output is at a certain level, applying an input signal as
shown in figure 4.1., will then give an output as shown in the same figure. Each time the
velocity is set back to its original value, the output will stabilize, but possibly at another
level.
Here we constantly bring the output level back to the original value before exciting with a
signal two or three times as high, in order to avoid saturation occuring too quickly. This
can be achieved by giving a negative step with the same step amplitude and with the same
time duration as the positive step.
From a preceding experiment a delay time of 1-2 minutes can be estimated. The duration
of the steps and the time between the steps is taken 6 minutes, the starting velocity will
be held during 15 minutes to observe the output behaviour.
A comparable experiment can be done to investigate the linearity in the opposite directi
on. We then have to give a negative step first, followed by setting back to its original
value, and then give a positive step. The output will decrease instead of increase,
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compared with the output shown in figure 4.1. Because this experiment can lead to an
undesired gap in the supply to the calender (unless the starting condition is quite a high
level), the experiment as described above will be done.

WfS~
+3a

+2a

-2a

out~

time ====:>

Fig. 4.1. Applied input and expected output.
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4.2.2. Experiment results.

The results of the step experiments are given in figures 4.2-4.7. The input signa! applied
on the velocity of the filling screw is shown in figure 4.2. The measured amount of
plastic [# screen dots] on top of the mixing roUs, is given in figure 4.3.

3!500 .-- ----~--Ll-ne-o-.-....;ltY:........e....;xp-e-.-I-.-n-e-n-t_~---_~-------,

3400 ; ; ;- .

· . .· . .

600050004000300020001000

. . . . . . . . . . . . . . . ' : - . : : .· . . .· . . .· . . .· . . .

· . . . .
•••••• - • • • • • • • • • • • • • • • • • • • • • • • ... • • •• • •••• - • - • _" - ••••• - • • •• .,. 0_' ••••••••••••• ~ ••••••••••••••· . . . .. . . .· . . . .
•••••••••••••• ; •••••••••••• a ••• •••••••••••••• .; ••••••••••••••• ;- •••••••• _ •••• ; ••••••••••••••

1--__---' ; .:.
· ................................................ -.-.- , .
I I I I I· . . . .· . . . .

•••••••••• _ • _ • _ ~ _ •••••••••••••••••••••••••••• _ • .o ••••• • '" ••••••••••••• 0· . . .· . . .· . . .

3300.
~

~
3200

E
i2
z:. 3'00

~:>
3000

2800

2800
0

Tln-1e [sec]

Fig. 4.2. Measured input data set (wft).
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Fig. 4.3. Measured output data set (y).

These figures show:
- The input signal is applied by hand by turning a switch to 'lower' or 'faster' , until the

desired velocity has been reached (which has been reached quite fast).
- The result shows a trend in the output signa! superposed on the expected output.

Compared to the expected output there seems to be a trend which is first increasing
(which can already be seen during the first 1000 sec.) and later (at approximately 3600
sec.) decreasing, according to approximately a part of a sinusoid trend signa!. The
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linearity properties of the process will be analyzed in more detail, later on.

Two other measured outputs are the current of the main screw and the current of the
filling screw. These are given in figures 4.4. and 4.5.

Llneo,.rty experiment
3300,....-----_----_---:........,,-....C.----_----_-------,

· .........................................
· .· .· .

o 0................................................................· . .· . .· . .· .......................................

· . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . .. .; - ~ .
• • 0· . .
• • 0

3200

c

§
C...) 2900

· . . .2800 0 0 0 •••••••••••• , • 0 ••• 0 • 0 ••••••• , •••••••••••• 0 • 0 •••••••• 0 0 • 0 •• 0 0 , ••• 0 •• 0 •••· . . .· . . .· . . .· . . .

~ 3100

oS;
~ 3000

6000sooo4000300020001000
2700 '-----~~---~----~----~----~--------'

o

Tlrne [sec]
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These figures show that:
- The current of the main screw shows a clear resemblance with figure 4.2. This is

explained by the fact that under the circumstances that all other input variables are kept
constant, variations in the velocity of the filling screw cause variations in the mechani
cal load of the main screw's motor. These are directly reflected in the current drawn
by the motor, as also described in chapter 3.

- The current of the filling screw shows a sawtooth like behaviour. Each sawtooth is
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caused by the mechanica! load of the filling screw during one cyc1e of the filling and
emptying mechanism, as described in chapter 3. In a relative short period the funnel is
refilled; followed by emptying.

- Comparing figure 4.5. with figure 4.2. shows a shorter time duration for emptying, if
the velocity of the filling screw is high, and a longer time duration if the velocity is
low.

The velocities of the main screw and the mixing roll are shown in figures 4.6. and 4.7.
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Fig. 4.6. Measured velocity data set (wmsJ.
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These figures show:
- The velocity of the main screw has been kept constant. The peaks occur each time a

step on the velocity of the filling screw has been applied. This e1ectrical phenomenon
is caused by the suddenly decrease of the velocity of the main screw, at the moment of
the change in the velocity of the filling scew. The velocity of the main screw recovers
immediately hereafter.

- The velocity of the main screw have been kept constant. The velocity drop
(approximately 0.2 [r.p.mD shown in figure 4.7. can occur normally, not caused by
the operator.

Observing the measured level, shows a trend which is approximately: 6000· sin(4.4e-4· t).
Figure 4.8. shows the measured level and the estimated trend which is uperposed on the
expected output level. Figure 4.9. shows the detrended output level.
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Fig. 4.8. Trend in output level.
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Fig. 4.9. Detrended output level.
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4.3. Experiment: All inputs kept constant.

During this experiment, the process variables are observed while all inputs have been kept
constant during the measurement, so the trend in the output can be viewed. To garuantee
these circumstances the operator has adjusted the process in such a way that the process is
expected to run freely (i.e. without operator intervention) during one hour (in which the
measurement took place).
The results are shown in figures 4.10.- 4.15.
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Fig. 4.10. Measured velocity data set (wjs).
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These figures show that:
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- The velocity of the filling screw has been kept constant, while the (small) variations
depend on the quantity in the funnel of the extruder. A filled funnel results in larger
variations in velocity , because the filling screw tries to keep the same velocity , while
making a revolution.

- Peaks in the current and in the velocity occur at the same time: measuring the time
interval between two succesive peaks result in the time the filling screw needs, to make
one revolution. (96peaks/lOOOsec = 5.76 r.p.m.)

- The time needed to "empty" the funnel is more regularly than with the step response
experiment, due to a constant velocity of the filling screw.

Comment
- The origin of the slowly varying trend in the current has not been c1ear yet. It is

probably caused by irregularities in the supply to the funnel. Other measurements have
to be done to investigate this phenomenon.
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The measured velocity and the current of the main screw are shown in figures 4.12 and
4.13.
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Fig. 4.13. Measured current data set (1ms)'

These figures show that:
- The velocity has not been changed. The current and the velocity show the same

slowly varying trend, probably caused by a slow variation in the average amount of
raw material in the planetary section.
Amplitude variations occur periodically; the main screw seems to regularly deliver
more torsion, probably caused by inhomogenous filling of the holes in the planetary
section.
Measuring the time interval between two successive peaks doesn't result in the
velocity of the main screw: 91peaks/ lOOOsec = 5.46 r.p.m. It is an indication of the
velocity of the filling screw.
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The velocity of the mIxmg roU and the registrated amount of material are shown in
figures 4.14 and 4.15.
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These figures show that:
- The velocity of the mixing roU has a very slow increasing trend.
- At the beginning the trend in the output level is almost constant, then it starts to

decrease linearly.
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4.4. Conclusion.
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From the linearity experiment the following can be concluded. Linearity still holds at a
step of 1 [r.p.m.l, a step of 1.5. [Lp.m.l causes saturation. The output level starts to
increase after a delay time of approximately one minute.
Remarks have to be made here. Whether saturation will occur, also depends on the
starting level of the output. The output did not increase because the amount became quite
high, and as aresuit some material feIt down. In future experiments the duration of the
step can be enlarged to have a better view of the response.

From the experiment with constant inputs, the following can be concluded. The trend in
the output level is caused by the difference between the supply to the mixing rolls and the
transport to the conveyor. It is difficult to adjust the process such that the supply and the
discharge are equal to each otheL A change makes the process moving away from its
unstable equilibrium, leading to the output drifting away.
The action firstly to be taken is to stabilize the output, in order to compensate for the
unstable mode. For this purpose a PID controller will be used.
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5. Stabilizing the output level.

5.1. Introduction.
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To stabilize the output, a feedback controller has been used. A PID controller using the P
and I action has been chosen, to decrease the input error. The feedback system will next
be considered as the process to be modeled.
The c10sed loop process will be discussed here, followed by the measurements done with
this system.

5.2. Feedback contro/.

In order to control the process output to stay around a desired level, the velocity of the
filling screw will be driven by a PI controller. A DA converter already available, has
been used to transform the registrated output (expressed in number of screen dots) into a
voltage signal to be fed back to the PI controller.

The following aspects have to be taken into account:
- The process output is fluctuating rapidly, caused by constantly moving of the plastic

material on top of the mixing rolls. Since we are only interested in the trend of the
output (the slow variations have to be controlled), the fast output fluctuations have to
be eliminated.
Sealing the output to create a meaningfull output value.
Configuring the PI controller, adjusted to properly controlling the velocity of the
filling screw.
Choosing suitable control parameters in order to achieve a stabie closed loop
behaviour.

Using feedback control and realizing that the process reacts slowly with large, variabie
delay times, the variations in the process output cannot be made arbitrary smal!. It is
limited by the fact that actions always take place afterwards, in a slowly reacting process.
The resulting variations must be minimized by a feedback and a feedforward controller,
which have to minimize the average level too.

A representation of the feedback system is shown in figure 5.1.
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Fig 5.1. Closed loop system to stabilize the output.

With:
Ym = measured output level [pixels]
Ym,f = filtered output level [V]
Ys = setpoint output level [V]
1 = "'fs control via the operator's room [r.p.m.]
2 = "'fs control via the control unit at the mixing roUs (via switching contacts)
"'fs = controUed velocity of the filling screw (via switching contacts).

5.2.1. Detrending.

To obtain the trend in the output level, only slow variations in the measured output are of
interest. Fast fluctuations caused by the material movement, have to be filtered away. For
this purpose a moving average filter has been used. A moving average filter is an
example of a linear phase FIR filter. An advantage is that there is no undesired signal
distortion, only a signal delay. A disadvantage can be the relatively high side lobes, this
however depends on the length of the FlR filter. A linear phase filter is described as
given in equation (5.1).
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H(e iO) = IH(e iO) I' ei8(O)

linear phase ... e = - ex Q

With () linearly dependent on 0, the component e-jaO causes a signal delay.
The output can be written as folows [10]:

1 N
yen) = hen) * u(n) = ~ hek) 'u(n-k) =-_. ~ u(n-k)

k=-fIO 2N + 1 k=-N

with:

= {

1
-N ~ k ~ N

hek) 2N+l

0 k< -N , k>N

hek) = h( -kl ... linear phase FIR filter

.-. - -e- -e- - .-.
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(5.1)

(5.2)

-N o 1 - N k
-7>

Fig. 5.2. Time discrete transfer function of
an example of a linear phase filter.

Since h(k)=h(-k), the impulse response is symmetrical around k=O, and since h(k) =0 for
k> N, the filter is a FIR filter. The filter as described above, leads to equation (5.3).
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1
H(eiO) = --

2N+l

sin (2N
2
+1 . Q)

sin (~)
(5.3)

To make the filter causally realizable, h(k+ N) must be realized. The causal filter is
shown in figure 5.3., with h(k) = 1/(2N+I) for k=O to 2N.

u(n-2N)

h(2N-l)

+

u(n-2)

h(O)

r-------7 y(n)
'---------------------~

u(n) --,-3-1

2N
y(n)- Eh(k).u(n-k)

k=O

Fig. 5.3. A causal moving average (FIR) filter.

N must be large enough to eliminate high frequency components; at the other hand the
introduced delay may not become too large. To satisfy both of these demands, N =60 has
been chosen. Practically it means that the output at each sample moment is determined by
the average input values of the last two minutes (given a sample frequency of I Hz).
Because the filter is a linear phase filter, there's no undesired signal distortion, only a
signal delay. The group delay is constant for all frequencies 0 ~ {) ~ 71", and here it is
60 samples.

I H(é') I causes the filtering of the frequency components of the signal. The transfer
function of the 12I-points filter is depicted in figure 5.4.
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Fig. 5.4. Transferfunction of the 121 points moving average filter.

Applying this filter to the measured output level as described in paragraph 4.3., results in
the signal as shown in figure 5.5. The beginning is due to the switching phenomenon of
the digital filter.
The measured output level has approximately been constant at the beginning. Comparing
the filtered signal with the input signal, the switching phenomenon has been supposed to
have taken place before the start of the measurement. For this purpose, the almost
constant signal at the beginning, has been mirrored around t=O sec. The filter has been
applied to this signal, so at t=O the switching phenomenon has been over. The measured
output level and the filtered signal are shown in figure 5.6.
Thus, the only difference between the filtered output level from figure 5.6. and that from
figure 5.5. is during the first 120 samples.
For the symmetrical transfer function as described by equation 5.2., a non causal filter,
the output is determined by the average of past and future input samples. The fluctuations
filtered away by the non causal filter, is shown in figure 5.7.
This result has been obtained by moving the filtered output level from figure 5.6. with 60
seconds (since this is the group delay), and thereafter substracting the resulting signal
from the measured level signal.

The results obtained by applying the same procedure to the measured ouput level as
described in paragraph 4.2, are given in figures 5.8-5.10.
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5.2.2. Reconstruction filter.
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To reconstruct a continuous signal from the sampled data, a reconstruction filter is used
([10]). It consists of a zero order hold circuit and a post filter.

DA Converter•
The DA converter which will be used to obtain an analog signa! for the PI controller, is a
zero order hold circuit. With input y(n), transfer function ho(t) and sample time T, the
output yo(t) of the DA converter is given by:

yo(t) = ~ y(n) . ho(t - n1)
11=-00

ho(l) ={
1 O~t<T

0 t<O , t~T

(5.4)

(5.5)

Transformation of a rectangular time function into the frequency domain, results in a sinc
function as given in equation (5.7).

(5.6)

(5.7)

21t
<..> =

S T

The modulus of the transfer function of this DA converter and that of an ideal interpola
tion filter are shown in fig 5.11.
To remove the frequency components in YoGw) for w>w/2 a post filter will be needed.
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(,)-

Fig. 5.JJ. DAC and an ideal interpolationfilter.

The DA converter used, is a 12 bits to O-lOY converter. The output level has to be scaled
appropriately. The camera is pointed at the material on top of the mixing roUs, while the
user defines a window on the screen (on which the picture is shown). The window will
logically be the area bounded by the bottom of the vibratory trough, the top of the mixing
roUs and the side boards. Black pixels within this window has been counted by the
software, so faro
The sealing has now been related to this window. If one uses the light sourees at the front
side (in case of light coloured sheet), the amount of material will be recognized as white
pixels. If one uses the light sourees at the back side (this gives better results in case of
dark coloured sheet), the amount of material is recognized as black pixels.
To avoid confusion , the measured level and the setpoint are always related to the amount
of material. For this purpose, the program which register the measured values, has been
expanded by letting the user define at which side the light sourees are placed; thus white
or black pixels will be counted.
So IDy always means 100% fiUed and OV means 100 % empty.

Post filter.
The post filter, a low pass filter with cut off frequency 1/(2T) [Hz] and sample time T, is
used to remove the higher frequency components in the output signalof the DA conver
ter. For this purpose, sampling at 1 sec, a fourth order Butterworth filter with a cut off
frequency of 0.5 Hz will be realized.
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Fig 5.12. Butterworth LPF (2nd order)
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For a seeond order low pass Butterworth filter as shown in figure 5.12., equations (5.8)
and (5.9) hold ([7],[8]):

H(s) 1

(5.8)

1

rr (~l2 + (~l· 2· cos [(2(k-l)1t] + 1
1=1 Wc Wc 2n

(5.9)

n= filter order

With suitable frequeney sealing, various combinations for the component values can be
obtained, resulting in the same transfer function. Choosing Rl =R2 = 1 n, from equations
(5.8) and (5.9), with fc =O.5 Hz, result in:

1
Cl = -------

1t cos [....:...(2_~_-:....:..)_1t 1

C
2

= 1. cos[(2k-I)1t]
1t 2n

(5.10)

(5.11)
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Final component values can be found by taking R [0] and C/R [F]. A suitable fourth
order filter (n=4, k=l, k=2) is shown in figure 5.13.

c

Rl - Rz - 300 ka

Cl - C2 - 1 j.LF

R3 = R4 - 360 ka

C3 - 2.2 j.LF

C4 - 0.33 j.LF

Fig. 5.13. Lowpass Butterworth filter (4'h order, fc=O.5 Hz)
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A PID controller (Samson, type 6496) ([lIJ) has been used with two inputs from 0 to 10
Volt, and two switching outputs based upon frequency variation. A schematic representa
tion is given in figure 5.14.

WE o-IOV

X o-IOV

cc
YSI

YS2

With:
WE
X
YS1, YS2
FI

Fig. 5.14. RepresenrGrion f?/rhe PlD comroller (SAMSON 6496).

= external setpoint [O-IOV]
= measured value [O-IOV]
= switching outputs
= digital filter to delay the analogous inputs WE and X

(no delay has been used here)
= a comparator
= error signal [V]
= determines the working direction (direct or reverse)
= proportional gain
= integration time (7;)
= derivation time (7J
= configuration outputs for proper use.

To generate the external setpoint, a resistance network has been connected, delivering 1,
2, .. up to 9 Volt. (0 and 10 Volt have not been chosen, because they will never be
used.) So if one wants to have the mixing roUs filled for 40%, the setpoint will be 4 Volt.
Because of the fact that at the start of each experiment, the states of the digital filter are
empty, the output of the digital filter wiU increase during the switching phenomenon. (See
also in figure 5.3., with u(n-l), u(n-2), .. u(n-2N)= 0 at the first sample moment.) The
switching phenomenon wiU take t = (2N+1) . T seconds, with (2N+1) = the length of the
filter and T= the sample time. Thus, with N=60 and f s = 1 Hz, the filter output will
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increase (approximately) linearly from the start until 121 seconds. Hereafter, the filter
output will always be the average of the input samples of the past two minutes.
During the switching phenomenon, the filter output does not show the trend in the output
level. As aresults, the external setpoint of the PID controller should be connected to the
output of the digital filter. Thus the controller does not react from the start.
Needless to say that the same must be done, if one wants the controller to be switched
off.

Increasing or decreasing the velocity of the filling screw from the control unit at the spot
of the mixing rolls, is done by turning a switch to 'faster' or 'slower' respectively. As
long as the switch is turned to one of these, the velocity will change linearly in time. The
change is based upon closing a contact as long as the switch is turned to 'faster' or
'slower' . Thus, to realize a properly functioning controller, the controller should have
two switching outputs. At a positive error signal the velocity should increase, because the
setpoint value is greater than the measured value. Analogously, the velocity should
decrease at a negative error signal. (Xd = WE-X)
The switching contacts of the controller will be closed very shortly (a pulse). The
frequency of these 'pulses' depends on the value of the error signal (combined with the
action which is chosen).
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A feedback system has to be realized, in order to control the process output to stay
around a desired level.
Using a 121 points moving average filter, attenuating higher frequencies and resulting in
a signal de1ay (a group delay of 60 seconds if sampled at 1 Hz), can be suitably applied
here. The resulting signal shows the trend in the output level, with a delay of 60 samples,
while comparing the resulting signal with the measured ouput level, gives good results
(see figures 5.6. and 5.9.), i.e. the resulting signal stays between the variations in the
measured signal.
A 12 bits, 0-lOV DA converter will be used, transforming the trend in the output level
into an analogous signa!. lOV means 100% filled and 0 % means 100% empty.
The post filter has been realized by a fourth order Butterworth filter with a cut off
frequency of 0.5 Hz.
The PID controller with two O-IOV inputs and two switching outputs, must realize the
increase and decrease the velocity of the filling screw.
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A simplified model of the process has to be assumed, on which the controller will be
parameterized. While further measurements have been taken, the model has been adapted
and also the parameterization, due to the results.

In the first instance, the process has been assumed to behave like a gain with a delay, on
which a PI controller has been parameterized. The closed loop system (as shown in figure
5.1.) is assumed to have a transfer of one in the feedack loop. Thus, for the process, the
PI controller and the overall transfer function, equations 5.12 - 5.14 hold.

Process

PI controller

Overall transfer

( -S'I: ): K . e P

K. K
'K +-' = K +-!!
• PsP S't i

1 + (K + Kp J . K . e (-S'I: P )

P S't.
I

(5.12)

(5.13)

(5.14)

To achieve a stable overall process transfer, the following must hold:

(
K + Kp J . K . e (-3'1:P ) < 1

p S't.
I

(5.15)

Thus, I\. and Ti have to be chosen such that the open loop transfer satisfies equation 5.15.
A stable transfer can be obtained e.g. by taking 45 degrees phase margin and an amplitu
de margin of 2.
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The delay has been estimated, based on the linearity experiment and an earlier step
experiment (last mentioned was done at the end of the preceding project). An estimation
for the delay can be one minute. A gain however, has been harder to estimate. A stepwise
change in the velocity of the filling screw results in a change of the output level, but it
also depends on the duration of the step.
From equation 5.15., it can be seen that the product K'~ and Ti determine the controlled
process properties. The integration time is arbitrarily chosen as 20 seconds, and the
proportional gain is chosen as 0.1., satisfying equation 5.15. All process variables except
the velocity of the filling screw, has been kept constant during the duration of the experi
ment.

The output signal of the digital filter (representing the trend in the output level) and the
measured velocity of the filing screw are shown in figures 5.8. and 5.9. The output level
is a result of the setpoint for the output level, in fig. 5.8. represented by a dotted line.
Remark: where the dotted line can't be seen, it coincides with the measured level.
A positive difference between the desired level and the measured level, causes the filling
screw to turn around faster; a negative difference results in a decrease of the velocity.
The controller is turned off when the error signal is zero. At 210 sec. the setpoint has
been switched to 2V. Since the velocity of the filling screw has changed too fastly,
leading to a relative high velocity , the setpoint has been turned back to the output of the
digital filter, at approximately 325 sec. It is clear that the controller must properly be
adjusted in order to avoid the controller to be turned off. The switching procedure has
been repeated several times during the rest of the experiment, increasing and decreasing
the output level.

From fig. 5.8. the varying delay times of the process can be calculated roughly. Correc
ting for the time the controller needed to give the first pulse to the velocity of the filling
screw, the delay times has succesively been approximately: 190, 247, 192, 323 and 287
sec.

The controller should be configured again, taking into account a delay time of several
minutes. The delay time in the feedback loop also has to be taken into account. As a
result, the open loop transfer is determined by substituing Tp = Tp + Tr, with Tp = delay
time of the process and Tr = delay of the digital filter.
Remark: under normal operation, the velocity of the filling screw is changed several
tenths r.p.m. (up to e.g. 0.5 r.p.m.).
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The velocity of the filling screw has changed too fast. A solution is to decrease the
proportionality factor, so the feedback will be less. But a better choice is to increase the
integration time, which has been increased up to 200 sec. The contribution of the I-action
will be less, moving the intersection of the polar figure with the negative rea1 axis,
towards the origin.
The results of two measurements (with Kp=O.l and T;=200) are shown in fig 5.10. and
5.11. (first experiment), and fig 5.12. and 5.13. (second experiment).

First measurement:
At 165 sec. the setpoint has been set to 5V, resulting in an increase of the velocity of the
filling screw. A step of 0.12 r.p.m. has probably been an electrical phenomenon. The
steps in the velocitjy (approximately 0.024 r.p.m. per pulse signal) can c1early be seen. It
took approximately 500 sec. before the level started to increase. From the moment the
error signal became negative, it took 600 sec. before the velocity started to decrease. A
decrease in the ouput level took place approximately 400 sec. after the decrease of the
velocity. The error signal seems to have been increased during the experiment resulting in
a higher frequency of the change in velocity. These results are comparabie to actions an
operator would have made, instead of a controller.

Secorui measurement:
Starting at level 6, the setpoint has been set to 6V at 155 sec. A change in the velocity,
resulting from a positive resp. negative error signal, ocurred after 750 sec. and 725 sec.
respectively. The delay times have been 425 sec. and 500 sec respective1y. At output
level 7, the rea1 output level has been a bit higher than registrated, because some material
has fallen down from the mixing rolls.

Comparing these results to the first measurement shows a delay time which is longer, up
to 9-10 minutes. The delay time has been considered the time after the first change in the
velocity, and the changes in the velocity are relatively smal!.
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The measurement time has been increased in order to obtain more reliable information
about the system behaviour. With 1<v=0.1 and Tj=200 sec. a measurement has been done
during 6000 sec.

The results are shown in fig 5.14. and 5.15. The setpoint has been set to 5V. From these
figures it can be seen that the deviations are larger compared to the previous results. This
can be explained by the circumstances under which the experiment has been started. The
trend in the output level has changed too fast and as aresult the velocity became relative
ly high, so the output level grew to quite a high level. The effects seem to make the
situation worse. Around 920 sec. and 4100 sec. some material of the conveyor has been
taken away to fill the mixing rolls. Around 2600 sec. and 5750 sec. some material has
been taken away from the mixing rolls by hand. The step in the velocity at 4530 sec. has
been set by hand.

From this experiment can be concluded that the deviation became somewhat larger during
the measurement and that the PI controller should not be switched on when the output
level is drifting away too quickly. It is better to switch on the controller if the process
ouput behaves more quietly. Or, if the output is drifting away too quickly, the controller
parameters should be changed.
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The previous experiment has been repeated, while the output doesn't change much.
The results are given in fig 5.16. and 5.17. A measurement for such a long time can
easily be disturbed by the effects of high temperatures in the surrounding of the camera,
causing dark bands on the screen. To avoid this, much pressed air has been used and the
conveyor has been covered to avoid heat rising to the camera.

Unfortunately the operator had to take actions at the side of the mixing roUs, in order to
provide a better filling of the first calender gap. Some material has to be cut from the
mixing roUs to fiU the first calender gap. This has been done at 2430, 3650, 5257 and
6300 sec., resulting in a typical sawtooth (caused by the filter). To obtain the same result,
the velocity of the mixing roUs has been increased at 3790 sec. Finally the distance
between the cutting knives has been enlarged at 7555 sec with 1 cm. The measurement
has to be aborted after approximately 8100 sec., caused by problems in the mixing house
and no filling in the funnel at aU.
The first operator action unfortunately took place at the moment the trend was growing
and probably hasn't reached its maximum yet. The so caused level (near the setpoint),
resulted in an unchanged velocity. This has also happened around 3800 sec.
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The PID controller has been used as a PI controller in order to stabilize the output,
assuming that the process can be described simplified by a gain and a delay. The
delaytime which has been taken however, later appeared to be too short.
The delaytime is considered to be the time the output (the trend of the measured level)
needs, before it starts to change as a result of changing the input variabie (the velocity of
the filling screw). Rough estimation of the delaytimes has here been done with the output
signal of the digital filter; so this implies the delay of N samples of the digital filter.
However, if we take the N samples delay into account, the delaytimes found (up to 8-9
min.) are still much longer than found in previous experiments (1-2 min.).
A reason for this result can be found in the fact that the velocity has been changed
gradually with relatively small changes, instead of promptly with a relative big change, as
applied in previous experiments.

Under the condition that the process is relatively close to its unstable equilibrium, the
controller parameters Kp =0.1 and Ti =200sec., appeared to control the process with
satisfaction. The system however tends to have some increasing oscillation instead of a
decreasing oscillation .
Under the condition that the process is relatively far away from its unstable equilibrium,
the controller paramters Kp =0.1 and Ti =200sec., appeared to have a bad influence on
the output level. If the controller with these parameters is switched on, at the moment the
output is decreasing very fastly, the result will become worse.

This problem can be handled by e.g. switching the controller into a closed loop system if
the output behaves rather quietly. This has been done here, but unfortunately the operator
had to take many actions at the side of the mixing rolls, caused by problems at the side of
the calender (the process after the subprocess to be investigated).
Another solution is to use other PI parameters.

Here we chose for another solution, namely to use the PD action of the controller. The
idea behind, is that the process already behaves as an integrator and that adding a second
integrator can lead to instability. Using a PD controller and collecting the final dataset
will be described in the following chapter.
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The controller to stabilize the output, will be used as a PD controller, not adding another
integrator to the process, in order to avoid instability. Besides, the parameters will not be
fixed from the start of the measurements, but they will be adapted along the time. They
will be adapted according to the rules of "Ziegler & Nichols" until the result is satisfying.
If so, the final data acquisition (applying a PRBNS signal) must follow directly under the
same and quite "ideal" controller parameters.

6.2. Closed loop system as the process to be modelled.

The PD controller has to stabilize the output, i.e. the output will oscillate because the
process reacts slowly. This is not a problem, since the trend in the measured output level
will be filtered during the signal processing phase of the identification. The PD controller
must stabilize the output around a desired output level. When this has happened, the
PRBNS measurement can be started, i.e. a pseudo random binary noise sequence is
applied to the setpoint of the output level. The process to be modeled will now include
the PD controler.
A model of the closed loop system will be estimated. This model must approximate the
dynamic behaviour of the new process as good as possible. That means that the output
error between the process and the model, given the same input signal, must be minimized
in least squares terms. The best model is the one which gives this minimum output error.

The model which is found can now be used to design a controller, consisting of a
feedback and a feedforward controller. This is shown in figure 6.1.
The feedback controller must minimize the output error, while the feedforward controller
has to control the output directly tracking the setpoint.

In figure 6.1. the following holds:
y = measured output level
Ys = setpoint of the output level of the closed loop system
Ys' = setpoint of the output level of the controlled system
Cfb = feedback controller
C ff = feedforward controller
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pi
i Iprocess
dl

model

Fig. 6.1. Scheme of the process to be identificated
and controlled.

6.3. Measurement and conclusion with adjusted control parameters.

The procedure of adjusting the controller parameters according to Ziegier & Nichols is as
follows for the PD action. At the beginning the proportionallity factor Kv is set to the
smallest value (here 0.1) and the differentiation factor Kd is chosen between 5 and 10
(here 6), while the differentiation time Td is set to 0 sec. Needless to say that the
integration action is eliminated; this can be done by setting the integration time Ti to the
maximum value (here 1999 sec).
Kv must now be increased until the output tends to oscillate. Hereafter, Td is set to 1 sec.
and it has to be increased until the oscillation is suppressed. Next, Kv and Td must be
increased one after another, causing growing oscillation and suppressing respectively.
This has to be repeated until the oscillation can not be suppressed any more by increasing
Td' The parameters are now close to the ideal values. The ideal values can be found by
decreasing both parameters a bit.

An estimation has been made concerning the clock frequency of the PRBNS signal which
has to be low enough, in order to pass through the process. A clock frequency SPRBNS of
30 sec. has been chosen (f=0.033 Hz). Oversampling is needed in order to eliminate
spikes, trends and offset in the signal processing phase. The final data for identification is
the data without oversampling. Oversampling will here be done with factor 6, thus the
sample time will be 5 sec.



6. Final data acquisition and signal processing. 56

The results of a measurement with adjusted parameters are shown in figures 6.2.-6.6.
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Fig 6.2. Trend of the output level.
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Remark:
The produced sheet has been relatively narrow. As aresuit, the velocities of the extruders
at the 'stoomzijde' and at the 'aandrijfzijde' have been low. This implies that changes in
the output of the extruder (caused by velocity changes) will take a long time; the process
behaves more slowly than at higher velocities.
The 'aandrijfzijde' has thus been switched off, so the only supply to the vibratory trough,
comes from the 'stoomzijde' . The velocities at the 'stoomzijde' can now be almost twice
as high.

Figure 6.2. shows the trend of the output level, while the setpoint has been set at level 5.
At sample 174, Kp has been increased from 0.1 to 0.5. Figure 6.3. shows a decreasing
(around sample 200) and an increasing (around sample 600) velocity of the filling screw,
a result of the error signal and the PD action. At sample 997, Td has been set from 0 to I
sec., in order to suppress the oscillation. At sample 1024, ~ has been set from 0.5 to
2.5. This appeared to be too much; the velocity indeed shows an increasing oscillation,
resulting in a fast level decrease. Thus at sample 1175, Td has been set from I sec. to 5
sec, in order to suppress the output oscillation. Somewhat beyond sample 1200, the
setpoint of the PD controller has been set at the output of the digital filter, and the
velocity has been set lower by the operator.

Remarks:
Unfortunately, the 'aandrijfzijde' had to be used again, since the sheet to be fabricated
had to be made wider. The velocities at the 'stoomzijde' have been lowered: the velocity
of the main screw (see figure 6.5.) has been decreased and as aresuit, the velocity of the
filling screw (see figure 6.4.) automatically decreased too. (There is however no coupling
from the velocity of the filling screw to the velocity of the main screw.)
Figure 6.6. shows the measured output level.

PO

'000 '200 '400 '600 'BOO 2000BOO600400200

· . . . .. .
• ••••••••' ••••••••• , ,'••••••••• ~ ••••••••• , • • • • • • • • • • •• • •••• ,', •••••••• I ••••••••· . . . .. .,· . . . .. .,

: : : : : : h : :
• ••••••• I ••••••••• , •••••••• ,'••••••••• ~ ••••••••• , ••••••••• '. • • • • • • • • • •• • ••••• ~ ••••••••• '" ••••••••· . . . ., ..· . . . .. ..· . . . . . . . .
· ; : .; : ~ : : ; ~ .

: : : : : : : ----,: :

3000
r:
lil

29~0...
~
.~ 2900
~
~

2B~0

2800

27~0

0

3'00 \ .

3050 _ : : : : : : : : -
· . . . .. .,· . . . .. .,

· ; ~ : :- ~ ! -: ~ .
· . . . .. .,· . . .. .,· . . . .. .,................... , , , , .· . . . .. .,· . . . .. .,

Fig 6.5. Velocity of the main screw.



6. Final data acquisition and signal processing. 58

PO
9.----~--~-_~-_~-~__~--~--~--~--__,

. .· . .· . .· . .· . .

7

............................................................ . . . .· . . . .· . . . .· . . . .

. .e ..· . , , ,· .

.30L.---2.......0--::0--..........0--::0--6~0-0--e~0....,.0--, 0......0-0-.---:'2~0'--O--'.........0,--0--'6......0-0--'e.....0-0--2---'OOO

aarnpl ••

Fig 6.6. Measured output level.

Conclusion:
The proportionallity factor should not have been increased that much (to 2.5). It would
have been better to increase it by e.g. 0.5 or 1.
Afterwards, from the results, it is easier to conclude which action ~ or Td has to be
taken. During the measurement however, it appeared to be more difficuit to decide
whether the oscillationl output error should be increased or suppressed.
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6.4. Final data acquisition.

Condusions drawn from the previous measurement have eontributed to a better feeling
for parameterization. If the parameterization will now lead to a suftïcient result, the
PRBNS experiment will be started immediately.
The parameterization finally took four hours, while other disturbanees took plaee. Due to
these disturbanees (other velocities had to be ehanged too) the parameterization has been
more diffieult. It was however a pity to break off the measurement, sinee it has already
taken that time and starting the measurement the next day again, would not garuantee that
sueh a long experiment is possible. For that reason, the PRBNS experiment has been
started. This took another 2 hours and ten minutes, resulting in a dataset eontaining 263
PRBNS doek pulses of 30 seconds, with a sample time of 5 seeonds.

The results are shown in figures 6.7. -6.11.
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Fig 6. 7. Trend of the output level.
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Parameterizing the controller has been done while the measured output level changed, not
only caused by changes in the velocity of the filling screw, but also as a result of changes
in the velocity of the mixing rolls. But nevertheless, the controller reacts on the error
signal and controls the velocity of the filling screw, in order to decrease the error signal.
Thus, figures 6.8. and 6.9., combined with the PD action of the controller, lead to the
trend as shown in figure 6.7.
The controller has been adjusted as follows (starting from ~=0.1, Kd =6 and Td=O):

at sample number 357: Kp has been increased to 0.5. At sample 527, ~ has again been
increased, now to 0.7.; and at sample 556 to 0.9. At sample 923 Td has been set to 1, and
at sample 1074 it has been increased to 3. At sample 1461 ~ has been set to 0.7 and at
sample 1576, Td has been set to 2.
Unfortunately, during the period between sample 1600 and 2000, Calender roIl 1 has to
be filled better. Thus actions at the velocity of the mixing rolls were necessary, and also
material has to be cut from the mixing rolls to fill Calender roll I. Besides, changes at
the 'aandrijfzijde' have taken place (not registered by the measurement system).

As mentioned before, the PRBNS experiment has been started, although it is still the
question whether the parameters have been well enough. Disturbances of +1 and -1 have
been applied to the setpoint of 5, according to a pseudo random binary noise sequence.
This sequence has been obtained by a shift register with n (here 12) cells. The output
sequence is determined by an 'exclusive-or' function of the contents (logical 0 and 1) of
some of the cells, and this output will also be used in the shift register. The applied
PRBNS signal can be found in Appendix A.
As aresult, the spectrum of the sequence is white, so all frequencies have the same
power content. But due to oversampling (necessary for the signal processing phase), the
spectrum will not be white, but it will bend down from a certain frequency. The process
transfer has to be within the freqeuncy band where the PRBNS is still 'flat'.
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The PRBNS experiment has been started from sample number 2880, and the disturbances
have been set by hand. The stopwatch has not been reset every clockpulse, so the error
introduced by accumulating inaccuracies of the clockpulses, is neglectible.
After 263 clockpulses, the experiment has been stopped. An ideal number of clockpulses
is up to 1000, but in practise will not be possible.

The velocity of the filling screw has changed (in accordance with the disturbances on the
desired output level), as can be seen from figure 6.9. The velocity of the main screw is
shown in figure 6.10. The peaks which have occured, have been the electrical phenome
non as described before.
The measured output level is shown in figure 6.11.
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Fig 6.11. Measured output level.

From figure 6.9. it can be seen that the changes in the velocity of the filling screw must
have been approximately 0.85 r.p.m., with 8PRDNS=30 sec.
From earlier experiments however (see the linearity experiment), it can be concluded that



6. Final data acquisition and signal processing. 62

a stepwise change of 0.5 r.p.m. during 6 minutes has led to a change in the output
corresponding to 0.7. (Estimated from the trend and scaled at 10.) A change of 0.7 in the
output can well be observed, i.e. the signal to noise ratio is well. Thus, if we want a
comparabie result for the PRBNS experiment, a stepwise change of 6 r.p.m. during a
PRBNS dock period, is needed. This is of course not possible in practise, resulting in a
signal to noise ratio which is smaller.
However, the change in the velocity of the filling screw as obtained here (due to the PD
controller), may be tOD small. But nevertheless, these results have been used as the
dataset for identification.
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6.5. Processing ofsignals.
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A model of the process (see figure 6.1) has to be obtained. The input signal of the
process is the PRBNS signal applied on Ys and the output signal is the measured output
level Y.
The dynamic process behaviour can be modeled by the information of this dataset. Thus,
we are interested in the response to the disturbances. The variations in the measured
output level, caused by these disturbances, can be relatively small compared to the trend
of the output level. Signal processing is necessary to obtain the dynamic process behavi
our ([1],[2]). Signal processing includes peakshaving, trend correction, offset correction,
sealing output ranges and filtering. Hereafter also a compensation for the time delay(s) is
needed, to avoid more parameters (delay parameters) to be estimated, followed by a
sample rate reduction (so a dataset with a sample frequency equal to the PRBNS frequen
cy is obtained). The signal processing phase will now be followed by the model estimati
on phase.

As can be seen from figure 6.1, the PD controller is now a part of the process. It
controlls the velocity of the filling screw, in order to obtain an output level which is not
drifting away.
It is however the question whether the changes in the velocity of the filling screw have
been big enough, to have influence on the measured output level, such that the SIN of the
output is acceptabie. (Also explained at the end of paragraph 6.4.)

We will now investigate the transfer from the velocity of the filling screw to the measured
output level.
The dataset started from sample number 2880 is shown in figures 6.12. (wrJ and 6.13
(Y).

Peaks have not occured here, so peakshaving can be ommited. In both signals a trend is
found. To eliminate these slow variations a causal and an anti-causal filter will be used,
thus no phase shift is introduced. The period of the trend in the output level is approxima
tely 1800 sec. Both data have to be filtered by the same filter. The obtained dataset will
thus still concern the same transfer. The trend of the velocity of the filling screw and that
of the measured output level, are shown in figures 6.14. and 6.15.

After trend correction and offset correction , the data as shown in figures 6.16. and 6.17.
is obtained.
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The spectra of these signals are given in figures 6.18. and 6.19. There is no power at low
frequencies, caused by filtering. At higher frequencies, the power of the velocity is
diminishing, while the power of the output has diminished at a lower frequency.
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The cross correlation between the signals from figures 6.16. and 6.17. is given in figure
6.20.
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If the input signa! is a white noise signal, the cross correlation between the input signa!
and the output signal, is the impulse response of the system [2]. A large number of
samples have to be taken, otherwise there will be too much noise at the correlation
function. Filtering the data can diminish this noise. The cross correlation as given in
figure 6.20. is also caused by its transfer, the PD controller.

Further investigation especially in the process transfer Ys to Y, is necessary, in order to
decide whether the cross correlation shows an acceptable result. I.e., a delaytime can be
estimated (the impulse response will differ obviously from zero, after the delay time), and
a time constant can be estimated (estimated from the exponentional part of the impulse
response).
If this will not show an acceptable result, the changes in the velocïty of the filling screw
may have been indeed too small.



6. Final data acquistition and signal processing.

6.6. Conclusion.
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A PD controller has been used in order to avoid the output level drifting away, not
adding another integrator to the process, in order to avoid instability. The parameters will
be adapted along the time, according to the mIes of "Ziegier & Nichols" until the result
is satisfying. Hereafter, the final data acquisition (applying a PRBNS signal) must follow
directly.

The parameterization finally took four hours, during which other velocities had to be
changed too; thus it has been more difficult to parameterize weIl. Nevertheless, the
PRBNS experiment has been started; this took 2 hours and ten minutes. The dataset
contains 263 PRBNS clock pulses of 30 seconds, with a sample time of 5 seconds.

The disturbances have to be large enough, otherwise the SIN ratio will not be acceptabie.
Disturbances of + I and -1 have been applied on the setpoint of the output level. The PD
controller regulates the velocity of the filling screw. An acceptable result will be a
stepwise change of 6 r.p.m. during a PRBNS clock period (concluded from the linearity
experiment). In practise, this is not possible, resulting in a signal to noise ratio which is
smaller. The change in the velocity of the filling screw as obtained here (0.85 r.p.m.)
however, may be too small. But nevertheless, these results have been used as the dataset
for identification.
Investigation especially in the process transfer Ys to Y, is needed, to decide whether the
cross correlation shows an acceptable result. If the result is not satisfying, the changes in
the velocity of the filling screw may have been indeed too small.
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In the first instance a Single Input Single Output system is considered. A model has to be
obtained, based upon datasets concerning the effect of the velocity of the filling screw on
the material level on top of the mixing rolls. Developing a controller is based upon the
model of this system. In future, also other inputs can be taken into account.
During the measurements, the following variables should be kept constant: all variables at
the 'aandrijfzijde' , all variables (except of the velocity of the filling screw) at the
'stoomzijde' and the distance between the cutting knives.
From the linearity experiment can be conc1uded that at a step of l.S. [r.p.m.] saturation
occurs and that the output level starts to increase after a delay time of approximately one
minute. Whether saturation will occur, also depends on the starting level of the output.
From the experiment with constant inputs, it can be conc1uded that it is difficult to adjust
the process such that the supply and the discharge are equal to each other. A change
makes the process moving away from its unstable equilibrium, leading to the output
drifting away.
A feedback system has been realized, in order to control the process output to stay around
a desired level. It contains a detrending filter, a reconstruction filter (a DA converter and
a post filter) and a PID controller.
A 121 points moving average filter (detrending) has been used here. A 12 bits, 0-lOV DA
converter has been used, transforming the trend in the output level into an analogous
signal. lOV means 100% filled and 0% means 100% empty. The post filter has been
rea1ized by a fourth order Butterworth filter with a cut off frequency of 0.5 Hz.
The PID controller with two O-IOV inputs and two switching outputs, must rea1ize the
increase and decrease the velocity of the filling screw.
The PID controller has been used as a PI controller in order to stabilize the output,
assuming that the process can be described simplified by a gain and a delay. The
delaytime which has been taken however, later appeared to be too short.
From the measurements at the c10sed loop system (with constant PI parameters), the
following can be conc1uded: the controller should be switched on if the output behaves
rather quietly, or other parameters should be used.
Finally, a PD controller has been used in order to avoid the output level drifting away,
not adding another integrator to the process, in order to avoid instability. The parameters
have been adapted according to the rules of "Ziegier & Nichols" until the result is
satisfying. This parameterization finally took four hours, during which other velocities
had to be changed too, so it has been more difficult to parameterize well. Nevertheless,
the PRBNS experiment has been started (this took another 2 hours and ten minutes). The
dataset contains 263 PRBNS c10ck pulses of 30 seconds, with a sample time of 5 seconds.
The change in the velocity of the filling screw as obtained here (0.85 r.p.m.) however,
may be too small. But nevertheless, these results have been used as the dataset for
identification.
Investigation especially in the process transfer Ys to Y, is needed, to decide whether the
cross correlation shows an acceptable result. If the result is not satisfying, the changes in
the velocity of the filling screw may have been indeed too small.
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The PRBNS signal applied on the setpoint of the material level, has been as listed below.
The first 263 elements have been applied (263 clockpulses with 8PRDNS = 30 sec. and Ts=
5 sec.). In this list + 10 is equivalent with + 1, and -10 is equivalent with -1, applied on
the setpoint of the output level.

b=

Columns 1 through 12

-10 -10 -10 10 -10 10 10 -10 10 -10 -10 -10

Columns 13 through 24

10 -10 -10 -10 10 -10 -10 -10 -10 10 10 -10

Columns 25 through 36

10 -10 10 10 10 -10 10 -10 -10 10 10 10

Columns 37 through 48

10 -10 -10 -10 10 10 10 10 -10 10 10 10

Columns 49 through 60

-10 10 -10 10 10 10 -10 -10 -10 10 10 -10

Columns 61 through 72

10 10 -10 -10 10 -10 -10 -10 10 -10 10 -10

Columns 73 through 84

-10 -10 -10 -10 -10 10 -10 10 10 10 10 -10

Columns 85 through 96

10 -10 10 10 10 -10 10 10 10 10 10 -10

Columns 97 through 108

-10 10 10 10 10 -10 10 -10 10 -10 -10 10

Columns 109 through 120

10 -10 -10 10 -10 -10 -10 10 -10 -10 -10 -10

Columns 121 through 132
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-10 10 -10 10 10 10 -10 10 10 -10 -10 -10

Columns 133 through 144

-10 10 -10 10 -10 10 -10 10 10 -10 10 -10

Columns 145 through 156

-10 -10 10 10 -10 -10 10 10 -10 10 -10 -10

Columns 157 through 168

-10 -10 10 10 10 -10 10 -10 -10 -10 -10 10

Columns 169 through 180

-10 10 10 10 10 -10 -10 -10 10 10 -10 -10

Columns 181 through 192

-10 10 -10 -10 10 -10 10 10 -10 10 10 10

Columns 193 through 204

10 -10 10 10 -10 10 -10 10 -10 -10 10 -10

Columns 205 through 216

-10 10 10 10 -10 -10 10 -10 10 10 10 10

Columns 217 through 228

10 -10 10 -10 -10 -10 -10 10 10 -10 10 10

Columns 229 through 240

-10 10 10 10 -10 10 10 -10 10 -10 10 10

Columns 241 through 252

10 10 -10 10 -10 -10 -10 10 -10 -10 -10 -10

Columns 253 through 264

-10 -10 -10 10 10 -10 -10 -10 10 10 10 -10

Columns 265 through 276

-10 -10 -10 -10 -10 10 10 10 10 -10 -10 -10

Columns 277 through 288

-10 10 -10 10 10 10 10 10 -10 -10 10 -10
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Appendix B: PID parameterizarion- and conjiguration /ist.
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This list and a complete description of the PID controller are available at Hoechst Holland
N.V. in Weert.

Appendix C: Logbook at rhe measurements.

The 10gbook at the measurements (chapter 4 and 5) is available at Hoechst Holland N.V.
in Weert. Relevant information concerning the experiments with the PD controller and the
final data acquisition, have been described in chapter 6.
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