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IDENTIFICATION AND CONTROL OF A GLASS FEEDER PROCESS

SUMMARY

This report describes the identification and the control of a glass feeder

process. The glass feeder is the last part of a glass melting furnace, where

the glass temperatures are conditioned. This feeder consists of two indepen

dent sections. In the first section the glass temperature can be influenced by

a gas flow and cooling air, in the last section only by a gas flow.

First of all a measuring system has been developed. The measurements have

been performed at the BH-F feeder at the Universal Furnace in Eindhoven. The

data, obtained from the measurement sessions have been pl:epared for estima

tion. The estimations have been performed via several phas~s. Two different

models have been estimated, with the gas flows and cooling air as input sig

nals.

The first model describes the input/output behaviour of the temperature at

the outlet of the feeder. A fourth order model has been obtained, and valida

tion at another working point showed that the model can describe the

input/output behaviour with an error power of 10% of the output signal power.

The second model describes the input/output behaviour of six temperatures

at a cross section of the feeder. The validation of this sixth order model

showed that the model can describe the input/output behaviour at the sides of

the feeder with an error power of 10%, and at the middle of the feeder with an

error power of 30%. This model has been used to derive a temperature gradient

model.

The obtained models have been used to design a model reference controller.

Simulations with the controller showed that the cooling air and the gas flow

in the first section may not be considered as independent input signals. To

test the controllers, the measuring system has been extended with a controller

task.

Although the gradient controller has not been tested properly, it appeared

to be difficult to control the temperature gradients. The temperature at the

outlet of the feeder could be kept within 0.3 °c of its setpoint and the

temperature can be changed to another setpoint within half an hour compared to

about one day with the conventional controllersl
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1 INTRODUCTION

1.1 GENERAL INTRODUCTION

To obtain products that meet their specifications, the process should be

controlled in one way or another. Process identification must be considered

as ail important step towards the control of a process. Insight in the

process behaviour can be obtained by physical analyses. In the case of

industrial processes, often assumptions must be made to obtain a physical

model, because of the complexity of those processes. At a certain moment the

techniques for the determination of an appropriate physical model will not

suffice anymore. This is where the techniques of the black box approaches

take over.

In general industrial processes will be multivariable distributed

parameter and dynamical systems; multivariable here reflects the property

that the processes have more than one input and one input, and that one

input may influence more than one output at the time. These so called HIHO

systems (multi input multi output) will have to be applied, when the dynamic

interactions between the process variables will be taken into account.

Assumptions will have to be made with respect to the model and the modelling

techniques (e.g. with respect to linearity and stationarity), and when the

assumptions made will be more severe, the resulting model errors can be

expected to be greater.

The PICOS group (Process Identification and Control Systems) of the

Philips Glass Division works on these modern system control theories. The

main part of their research is concentrated on identification of industrial

processes. The resulting models are used for designing HIHO process control

lers.

The PICOS group makes researches into glass production processes. The

aim is to increase the flexibility, to shorten the changeover times, to

decrease the production tolerances and to make the process more independent

of disturbances to occur. A HIHO process controlier should be designed to

satisfy the aim.
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The subject described in this report concerns the measurements, iden

tification and control of a feeder. The feeder is the conditioning part of a

glass melting furnace. The glass temperature should be controlled in the

feeder so that it provides glass at the outlet with a good quality and a

well shaped temperature distribution. In this "feeder project", knowledge

should be gained about the properties of the glass process.

To gain this knowledge, the "BH-F feeder" of the Universal Furnace in

Eindhoven has been studied. In section 1.2 the feeder and the feeder process

is described.

From the study of the feeder, the important inputs and outputs of the

process can be determined. Test signals were presented to the important

inputs, and several outputs have been measured. An appro:,riate measuring

system has been applied.

The measuring system is examined briefly in section 1.3. After the

measuring session, the registrations are examined. In chapter 2 the measure

ment experiments and the preparations are presented. In chapter 3 the

identification and the validation are presented. The results of the iden

tifications have lead to state space models. These state space models have

been used to design controllers (chapter 4). These controllers have been

tested at the feeder. The results of these sessions are presented in chapter

5.
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1.2 FEEDER PROCESS

In section 1.1 the term black box modelling has been mentioned. This

'Jould implicate that nothing is kno'Jn about the process. But this is not

true. In this regard, sometimes is spoken of grey box modelling (e.g. T.

Backx, 1987) .

Physical models of the feeder have been derived, but because of the

complexity, assumptions had to be made. The resulting models, however, did

not suffice for the design of accurate controllers.

In section 1.2.1 a description of the furnace installation is presented

and in section 1.2.2 some underlying physical backgrounds are mentioned.

1.2.1 Furnace installation

fig.(cL

A part of the produced glass is used for recycling

as a part of the input of the furnace), the rest

plant in Eindhoven is only used for experimental

of the furnace are smaller then furnaces used for

theatfurnaceThe

purposes. The dimensions

commercial productions.

(glass fragments are used

is thro'Jn a'Jay.

The furnace installation can be divided into two major parts

1.1): the melting tank and the feeder.

burners

section 2
....-__A-......_---..,

section 1
cooling air

0000000000----------.---------
F31 • F·Binput

recuperator

HELTING TANK
SPOll!

FEEDER

Fig. 1.1 Outline of the Universal Furnace installation
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1.2.1.1 Melting Tank

The input for the melting tank mainly consists of glass-silicate. Glass

fragments are added to the input. The presence of those glass fragments

provides a better melting of the input, and also the blend will melt at a

lower temperature. In the melting tank the glass blend (with the presence of

glass fragments) is heated to a temperature of about 1400 °C. The hottest

point of the melting tank (the atmosphere at the middle of the roof) is

about 1550 °C.

The furnace temperature is kept constant by manual control. The control

led temperature is either the hottest point (C4 cf. fig. 1.1) or the glass

temperature just before the inlet to the feeder (B11/G cf. fig. 1.1).

The melting tank is fed at both sides. The speed of the wormwheel in the

supply channel is controlled by the glass level in the melting tank. The

glass is circulated and mixed by use of bubbling with oxygen, and also by

the streams, caused by temperature differences. The glass blend reaches the

feeder via a short channel at the bottom. The channel has a small diameter

to make the melting tank independent of adjustments made in the feeder.

1.2.1.2 Feeder

The feeder consists of nothing but a long channel. At the entry the

glass still contains bubbles and also layers with different temperatures.

The glass should homogenize in the feeder. At the outlet of the feeder the

glass should be cooled down to about 975 °C. The aim is to get the

temperature-distribution at the outlet homogeneous in time as well as in

space.

The feeder is divided into two

attaching a separating-wall just above

both sections are separated, but so

the separation.

In section 1 there are burners. These are located at th~ sides. Cooling

air can be fed through a cooling channel along the long axis of the feeder,
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center of the glass-stream. Whereas the burners influence

of the glass-stream, the cooling air will mainly influence

making use of this property, control of the temperature

be achieved. Section 2 only contains burners.

As explained the operator has three inputs at his disposal to control

the temperature and the temperature distribution at the spout. There are two

PIO-controllers. In section 1 the temperature (F31 cf. fig. 1.1) is deter

mined by the PIO-controller that controls the input(gas or cooling air). The

other innut is used for manual control. In section 2 the ~emperature (F41

cf. fig. 1.1) is determined by the PIO-controller that controls the gas

inflation of section 2.

Through the bottom of the spout there is a hollow pipe (mandril) through

which air is fed. The glass flows along the mandril and is partly pulled out

by gravitation, partly by a drawing machine. This form of shaping is done by

the "vello" process (cf. fig. 1.2). The temperature of the glass at the

outlet is controlled by the "cup-heating", an electrical heated ring around

the outlet. Behind the drawing machine the tube is cut into parts of about

one meter. J Blo.,ng air

MandrIl

Fig. 1.2 Outline of the shaping part of the feeder
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1.2.2 Properties

An important aim of the feeder is to reduce the temperature gradients in

the cross section. The highest temperature will be near the bottom centre,

and will diminish towards the top and the edges. A possible pattern of the

isotherms is depicted in fig. 1.3.a and the corresponding velocity distribu

tion is depicted in fig. 1.3.b (cf. H. Wilming, 1979). The glass will flow

from a place with a hot temperature towards places with lower temperatures.

This will lead to circular convection in the cross section (cf. fig. 1.4 cf.

S. Rech, 1978), but it can also lead to circular convections in the direc

tion of the feeders long axis, e.g. at the crossing from section 1 to

section 2.

Surface

lI>
'1:l...
til

905

935 965

Bottom

lI>
<:

~---; III

----,~

1:-....

E~

Fig. 1.3.a Pattern of the isotherms Fig. 1.3.b Corresponding velocity
dis tri bu t ion

Long section Cross section

3 Glass surface2
-, ,

,...--- .......... /'~--=----- "- /' """ --("CJ ~ (f ~------'\ \ f ~, \ f--;'-"':\
\ \ ---"'----J II ,fO)H4 C>,\ -----+---~...... __ /
" ----I-----j \'-/ ..... //- .\. -- \... .,./

\ \

Fig. 1.4 Pattern of the glass flow

1 Blend
2 Incoming flow
3 Incoming and

forward flow

4 Separation plane
of forward and
reverse flow

5 Reverse flow
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The glass temperature can only be influenced from above by the gas

burners and the cooling air. The top of the glass will react almost im

mediately on adjustments, whereas the bottom will react very slowly. In

order to let the glass cool down in the feeder, and homogenize the glass

temperature at the outlet of the feeder, the glass will be cooled down in

the first section, and be heated in the second section. This will cause an

increase of the temperature at the top of the glass at the end of the

feeder. Because the bottom of the glass reacts a lot slower, the result will

be, that the temperature gradient at the end of the feeder will diminish.

The energy and impulse transport mainly take place by

-conduction e.g. heat conduction through refractory

material and through the glass.

-convection e.g. glass flow through the feeder.

-radiation e.g. burner heating.

Of course these transports take place simultaneously, together with other

forces, like gravity and friction.

From a mathematical description of the feeder (described in appendix A)

it can be derived that the viscosity depends on the temperature, the tem

perature depends on the velocity, and the velocity depends on the viscosity.

This results in a system of coupled partial differential equations. And as

the coefficients are dependent on temperature and thus on place, it results

in a distributed parameter system. For these reasons it is hard to find a

mathematical model for the feeder.

1.2.3 Concluding remarks

As can be seen from the last paragraph, it is very difficult to obtain a

mathematical model. Therefore, severe assumptions should be made. This will

lead to unavoidable model errors. In the last years, the demands on the

control of the feeder are increasing. For this reason, a model will be

determined by a black box approach. With this black box model, only the

input-output behaviour is consiucred. Having the knowledge of this input

output behaviour, more insight in the operation of the feeder could be

gained.
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1.3 MEASURING SYSTEM

When a measuring system is used for identification purposes, high

demands are made upon that measuring system. PICOS is not only active at the

plant in Eindhoven, but also at other places. So the measuring system must

be transportable and also applicable to other processes than the feeder

process.

For these and other reasons, PICOS has developed its own measuring

system. The description of this system is divided into a hardware part and a

software part.

1.3.1 Hardware

MIOS

DAC
PC1762

VAX/VHS

PRIMAL

Micro VAX

VAXELN

Front-end

HIOS

~

PC1755

PUNIC

Signal
condition
ing

Universal
Furnace

Fig. 1.5 Outline of the PICOS measuring system

The central part of the hardware is a VAXELN front-end (cf. fig. 1.5), a

Micro-VAX computer with real time programming software. The input

(measurements of the process) is collected via PICOS Universal Input Cards

(PUNIC) and analog/digital converters. The output (test signals, control

signals) is sent via digital/analog converters. The front-end computer is

connected to the host computer, a Micro-VAX with the VAX/VMS operating

system. The software packet PRIMAL is available on the host computer, mainly

to plot the signals on-line.
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The input is collected via PUNIC cards. The main property of these

signal conditioning cards is that the analog signals are measured and condi

tioned, so that they get an optimal amplitude, level and bandwidth. Low pass

filtering has been applied. The settings of these cards must be determined

by the user. From the PUNIC cards the input is sent via an analog-digital

converter.

The output of the front-end computer is sent via a digital-analog con

verter to an adding circuit. The output will only refer to changes on a

setpoint. For this reason the output is added to the value of the input

actuator of the process. So no output will cause no change of the setpoint.

1.3.2 Software

The software for the front-end computer is written in VAXELN real time

Pascal. The VAXELN properties make it possible to execute concurrent

programs. Some of the functions are measuring signals, filtering, gener

ation and output of excitation signals, data storage and user interaction.

The user interaction consist of the determination of measuring

parameters. To obtain a clear overview of the different parameters, they are

divided in the following categories:

-system parameters :e.g. experiment name, sample time, filter

coefficients.

-system status :e.g. booleans for data storage and connection

to PRIMAL, number of samples before the ex

periment end.

-signal description :e.g. signal name, physical unit, conversion

factor, input address and output address.

-excitation description :e.g. signal type and signal parameters.

The data storage not only consist of the production of a data file with

the sample number, sample time and the corresponding values of the measuring

points. A second file is produced with an abstracted contents of the system
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parameters and the signal descriptions. This file is called

tion file. To avoid misunderstandings, the data file and the

file have the same name , but a different extension.

1.3.3 Concluding remarks

the configura

configuration

The measuring system had only been completed just before the beginning

of the measuring sessions. Some problems arose during the first sessions.

Later on this measuring system proved to be a reliable one. This same

measuring system has been used to create a measuring- and control system.

Later on in this report more details will be presented about the control

part. For more detailed information about the measuring system and the

corresponding software, the reader is referred to "Identification of a

glass-feeder process", G. van Vucht (1987) or to "PICOS Measuring System

User Manual", G. van Vucht e.a. (1988).
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2 MEASUREMENTS AND SIGNAL PREPARATIONS

During the preparations of the identification, model properties (e.g.

type of model, order, structure) are determined. Test signals are designed

in accordance with assumptions (based on the available a priori knowledge)

of the process behaviour. The more accurate the preparations, the better the

performance of the model will be.

2.1 MEASUREMENTS

To obtain useful measurements, just measuring the data signals will not

suffice. Some investigations will have to be done. The important inputs have

been described in section 1.2.1. It will have to be determined which output

signals will be used for identification. Next, the linearity of the process

will be tested. This can be achieved by presenting a staircase signal to the

process. From the responses, the sensitivity from input to output can be

determined as well. The bandwidth of the process will have to be estimated,

by use of step responses. An experiment without excitations must be per

formed, to get insight in the noise behaviour of the process. To obtain

information about the dynamical behaviour, Pseudo Random Binary Noise

Sequences (PRBNS) have been presented to the process.

2.1.1 Measuring points

In order to obtain a useful picture of the feeder process, as many

points as possible have been measured. This means that not only the inputs

and the temperature at the outlet of the feeder have been measured, but also

temperatures throughout the entire feeder as well as in the melting tank.

This will give more insight in the temperature distribution and the tempera

ture drifts, and also in the disturbances occurring.

As has been shown in section 1.2.1, there are three inputs available to

influence the temperature in the feeder. These are the gas flow of the

burners in section 1 (f1_gas), the cooling air in section 1 (cool_air) and
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the gas flow of the burners in section 2 (f2_gas). The corresponding excita

tion signals are called: gas_I_in, air in and gas_2_in. The difference

between these signals is that gas 1 in, air in and gas_2_in are the computed

excitation signals, whereas fl_gas, cool air and f2_gas are the measured

excitation signals.

In the melting tank the temperature of the hottest point and the tem

perature of the glass, just before it leaves the melting tank and enters the

feeder, have been measured. Also the input (mainly glass silicate) and the

air pressure in the melting tank have been measured.

In figure 2.1 the measuring points in the feeder are depicted. The words

beneath the upper picture are the names of the measuring points, the words

within the pictures are the extensions of those names. The positions of the

measuring points are depicted in fig. 2.2.a. At the beginning of the spout,

there is not only a threefold thermocouple, but also another threefold

thermocouple and a sixfold thermocouple. The positions of these couples are

depicted in fig. 2.2.b. The measuring point fdsp_f51 is the temperature of

the glass just before it leaves the feeder.

2.1.2 Measuring experiments

Before the measurements were started, bandwidth analyses of the feeder

were performed. Because the front-end was not yet active, registrations from

the measuring system at the plant were used. This measuring system takes

only three samples per hour. The input signal f2 gas has been changed, and

the step response of the measuring point fdsp_f51 has been estimated. Vhen

the, process is considered to be a first order process, a time constant ~ ofm

1.5 to 2 hours could be derived.

Also the sensitivity to the three inputs was determined. To compare

results, the influence of these three inputs must be equal.

One of the first experiments was a linearity test around the working

point. Only f2_gas was excited with a staircase function. The assumption was

made that the other inputs would behave in the same way. The input f2_gas

and the measuring point fdsp_f51 are depicted in fig. 2.3.a and fig. 2.3.b.
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Fig. 2.3.a Input signal f2_gas
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Feeder

Fig. 2.3.b Output signal fdsp_f51

As a result of the temperature drift, it is only possible to estimate the

responses. The estimated temperature steps are: +7.5, -4, -10, +3.8 and 3.8

°C. The corresponding steps on the input f2_gas are: +4 (the actual step is

not depicted in fig. 2.3.a), -2, -6, +2 and +2 %. This means that the

accuracy is too small to draw a proper conclusion about the linearity.

The most important experiments were the estimation experiments. In these

experiments the inputs are excited with a pseudo random binary noise se

quence (PRBNS). In order to obtain an input signal that can be considered

white, compared to the process transfer, an appropriate clock frequency of

the generating shift register must be found. If a clock frequency f isc

chosen such that the -3dB point of the spectrum of the input signals is

placed on the -20dB point of the approximation of the process spectrum, the

high frequency signals with 1% of the DC component are still excited

properly. The -3dB point of the clock frequency lies at 0.4 f (ace. fig.c

2.4). This results in 1
0.4 ir-

e
~ T =0.25 ~ . If we take ~ = 1.5c m m

hours, T will be 1320 s. (22 min).
c

From previous PICOS experiments is known that an experiment must obtain

1250 PRBNS switches, to perform a proper estimation. Having a clock fre

quency T 1200 s., this experiment would last more than 16 days.
c
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Feeder experiments
F'requency spectrum.

E1 T
f.,

EO'

f
~ .
\)

E-1 t)

"
Q r

E E-2 {
q; I

t
I

E-3 t
+
t

E-4 .:.

PRBNS,

-1 ~

clock:

!
I
I
I

0.4 I I
C"t

o.
rrequency

frequen.cy =

(Hz)

1 Hz.

1.

Fig. 2.4 Frequency spectrum and bandwidth of PRBN sequence with clock

frequency f .
c

Having only six weeks to perform the experiments, and having more experi

ments to perform(e.g. linearity, validation), it was impossible to perform

such an experiment. As a result the clock period was taken 300 s. and the

amplitudes of the inputs were taken ± 20% in stead of ± 10% of the maximal

amplitude, in order to compensate the loss of excitation power.

These excitations appeared to cause far too small changes in the spout

temperatures. So in the next estimation experiment the clock period became

500 s. and the amplitudes of the inputs were doubled. In order to be able to

perform signal preparations, a certain redundancy should be available. As a

result each clock period of the PRBNS has been sampled 10 times. Because the

three inputs must be independent of each other, in order to perform a proper

estimation, different start values (seeds) were used for the generating

shift registers. The indepen~ences were checked using the regarded seeds.

This experiment will be used for the estimation, described in chapter 3. The

measured input and output signals of this session are depicted in fig. 2.5.

In addition, two validation experiments were performed. In order to deter

mine a signal-to-noise ratio, an experiment witpout excitation was

performed.
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2.1.3 Concluding remarks
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During the experiments, disturbances of the process and of the measuring

system have been noticed. The most important disturbances are mentioned

below:

- The PUNIC cards were very sensitive for capacitive loads. In some cases

this caused oscillations at the output of the PUNIC cards, and hence in

the registrations. A few signals appeared to be useless because of these

oscillations.
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- In the spout, a sensor is used to determine the glass level. This sensor

descends slowly, and at the moment it contacts the glass, a small current

is conducted through the glass. That moment is an indication for the glass

level. After the contact, the sensor is raised again. This current,

however, causes small peaks on the sensors of the sixfold couple in the

spout.

- Large drifts were noticed in the temperature in the feeder. These drifts

had periods of 20-25 hours. Although the origin of these drifts has not

been spotted, some of the most obvious causes were:

fluctuations of the temperature outside (the differences between day and

night were 20-30 °c at that time) .

. fluctuations of the gas mixture.

fluctuations of the gas pressure.

fluctuations of the inlet temperature.

fluctuations of the glass silicate mixture .

. fluctuations of the feeder environment.

fluctuations of the glass level.

Because the feeder behaves very slowly, it is difficult to distinguish

drifts from the slower process responses. The estimation method that will be

used later on is not very sensitive to low frequency disturbances.

As has been mentioned before, there was a lack of time. Only the most

important experiments have been performed. It is possible that this fact has

influenced the quality of the results.
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2.2 SIGNAL PREPARATIONS

The research towards the identification of the feeder process has been

focussed on two different models. The object is to provide a constant glass

temperature at the outlet, and a homogeneous temperature distribution. For

this reason the temperature in the outlet has been modelled as well as the

profile of the spout, containing six temperatures in the cross section of

the spout. The three inputs are fl_gas, cool_air and f2_gas. In the first

model fdsp f51 is the output. This model has been described in detail in

"Identification of a glass-feeder process" (G. van Vucht, 1987). The other

model contains six outputs: fdsp_fml, fdsp_fm4, fdsp_fmS, fdsp_fll, fdsp_fl2

and fdsp_fr2. This model will be described in this report.

Process data must be prepared before it is used for

process data must not only contain as much information as

should the irrelevant information be removed. The signal

will be applied in this report are:

- visual inspection,

- spectral analyses,

- trend correction,

- correlation analyses and

- data reduction and scaling.

estimations. The

possible, but also

preparations that

The results of these preparations will be depicted. These results all

concern the experiment that will be used for parameter estimation. This

experiment is the second estimation experiment as described in section

2.1.2. The preparations for the validation data are the same.

2.2.1 Visual inspection

Many disturbances can be observed by visual inspection. Some of the

possible kinds of disturbances are:

a. a disturbance has occurred because of a human mistake (e.g. the wrong

setting of a PUNIC card).
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b. a disturbance has occurred, but the original data is known (e.g. because

of symmetry).

c. a disturbance has occurred and nothing is known about the original data

(e.g. because of oscillations).

d. signals have been measured, which values are physically impossible (e.g.

peaks, ]~rge temperature steps).

In order to perform proper estimations, the data should contain as much

relevant information as possible. This means that the disturbances should be

removed, and if possible, correct information should be restored. If the

correct data is not available, data without a contribution to the power

spectrum should be restored. In this case a disturbance can be replaced by

an interpolation between the last sample before the disturbance, and the

first sample behind the disturbance. This is also true for spikes. Another

aspect is that disturbances like spikes will give a negative contribution to

the signal-to-noise ratio.

As an example the four possible kinds of disturbances are illustrated

below:

ad a: Between sample 1816 and 1935 the setting of the PUNIC card had been

changed by mistake (fig. 2.5.c). An offset value had to be subtracted,

to obtain the correct value again (fig. 2.6.a).

ad b: As can be seen in fig 2.5.c, the signals has been clipping during the

first 1935 samples. Obviously, a wrong setting of the PUNIC card had

been applied. Because the amplitude of this PRBNS signal will remain

the same during this session, the lower bounds of the signal can be

estimated. The calculated values will not be exact, but they will be

better than the recorded ones.

ad c: As can be seen in fig. 2.6.b, many oscillations have occurred during

this session. In this case the signal cannot be repaired, without

loosing too much information. In other cases, where the oscillation

took place over short intervals, the oscillations can be replaced by

interpolations.
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ad d: At sample 2836 a dip can be noticed in fig. 2.6.c. From sample 2838

on, the temperature slowly returns to its original value. This value

is reached at about sample 3030. The origin of this offset shift is

unknown. A possible cause could be that the measuring cart has been

opened, and so a temperature shift has occurred within the cart. This

could have influenced the PUNIC cards which are dependent on tempera

ture. Because the correct data is not known, the data with a wrong

offset value has been replaced by an interpolation (fig. 2.6.d).

Because the disturbed interval is small compared to the total data

set, not much information has been lost.
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Vhen data is replaced, it is crucial that the restored data indeed is

better. The measurements from the front-end can be compared to the registra

tions of the measuring system at the plant. If there is any doubt, no

information should be restored (e.g. by means of interpolation).

In this stage only measuring disturbances are repaired. It is not pos

sible to repair disturbances that have been caused by the process, without

having sufficient knowledge of the process behaviour.

2.2.2 Spectral analyses

The frequency spectra of the various signals are depicted in fig. 2.7.

All input signals have the same spectrum, so only f1_gas is depicted. In

this figure fdsp_fm5 has been omitted, because it has almost the same

spectrum as fdsp_fm4. The following aspects can be concluded from fig. 2.7:

- In fig. 2.7.a the clock frequency can be found: 1/500 Hz.

- At the -3dB point of the inputs, the amplitudes of the outputs have been

reduced to ~10%. Under the assumptions that the spectra will stay flat

from that point (the -3dB point) on, indeed all frequencies of the process

have been excited.

- The process has a low pass behaviour. The information with the lowest

~requer'Lies contain the major part of the power. Remarkable is that the

drifts with periods of about 20-25 hours cannot be found in the spectra.

- No special disturbances can be spotted in the spectra.

- The deeper the sensors have been situated in the feeder, the stronger the

higher frequencies have been damped.

2.2.3 Trend correction

Since the data should contain only relevant data, trend correction is

applied. This means that the trend of the signal is determined and sub

tracted from the original dataset. The trend is determined by filtering the

original data. A second order low pass filter with real poles has been

applied. Some of the reasons f0r trend correction are mentioned below, in

order to determine a cut off frequency. The appropriate cut off frequency
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has been determined from this point on by trial and error.

- In section 2.2.2 can be seen that the data with the lowest frequencies

contain much power. These data will not only represent process dynamics,

but will partly consist of trends. These trends have not been excited by

the input signals, but have been produced by other causes. Removing the

trends, however, means that the data that represent the process dynamics

and have the same frequencies as the trends, will be removed as well.

The DC component is not taken into account, when modelling process

dynamics. For this reason the data must be zero mean, or the DC component

must be estimated.

- The estimation algorithm that will be used, will only give unbiased

results, if the inputs can be considered as white. For very low fre

quencies, too few samples have been measured in order to consider the

inputs as white.

- In order to perform a proper estimation, a certain number of periods will

have to be available in the data set. Information with very low fre

quencies will not contain a sufficient number of periods.

- Slow frequency drifts can easily be controlled by applying a feedback.

With respect to the design of an appropriate controller, the information

with higher frequencies is more interesting.
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Fig. 2.8 Impulse response of a HPSSH direct model.
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1In the first instance a filtering with a cut off frequency f c ~n~-

c

with is s. (period of 17.5 hours) had been applied (the total

experiment lasted about 175 hours). The data, that has been detrended with

this cut off frequency, has been used for estimation. The impulse responses

of the MPSSM direct model (described in chapter 3), however, contained large

trends with a period of about 24 hours (cf. fig. 2.8). For this reason a

higher cut off frequency had been applied, with a ~ of 3500 s. (period of 6
c

hours). Of course the processing of all input and output signals must be the

same.

The trend of the signals has been determined by filtering the dataset

forwards and backwards (i.e. forwards filtering of the reverse dataset) and

taking the mean of these two. The advantage of this kind of filtering is

that it produces no phase shift.

2.2.4 Delay time estimation

In order to estimate the time delays, the cross correlations between the

input signals and the output signals have been computed. The cross correla

ti(ns between some of the inputs and some of the outputs are depicted i~

fig. 2.9. In normal circumstances the cross correlation should contain a

weighted impulse response. As can be spotted in fig. 2.9, the cross correla

tions have been disturbed by noise. The correlation peaks can be spotted,

but the results cannot be used for the estimation of the time delay in the

various transfers.

To find appropriate values for the time delays, a FIR model (described

in chapter 3) has been estimated without compensation for the time delays.

In fig. 2.10 an example of the estimation of the time delay is depicted.

Before the FIR model could be estimated, the data had to be reduced and

scaled, as described in the next section.



-26-

1'(,(·<1<'1' e-.p(·t'llllpnL-...

( C"l \ I' III L'<.I ~.·I·<J·:-;~.{ <-''-'') r·~·l.'~ tit ~ r\ ...

Feeder expel~irncnls

C'UJ 1.. pu Lcd ~rosl'lil cc.rre1.nLic:>n s

l',p", ~ .... 1

.... \

o.
•.• .....--.-+-.~.~...... _..-._~.-. _ ...- .. -O- ....- ••-l.~ ...... "_-0 ,-. 1....- ....·.... ·0--._·... -._1

C. .:;: L'...J ,). 6 O. a /.
so ....np1es *103

Fig. 2.9.a :omputed cross correlation
of fl gas and fdsp_t~l

Fig. 2.9.b Computed cross correlation
of cool air and fdsp_fmi

Feeder" experiIl:1.cnts
('OI111)'Llt4t~d cr055 cc.J'rC"IEl..t-ioJl.S

Peeder experinlen ts
COTrl.put.cd cross correlaL1ons

,,
!~
~\.

n,.
: • £) t ~

I,

lJ. .,7

Inp .... t "' ..... I _.'~ t ....... e.

(. b L '. t"
-1 1-"'

f -.-•••_•• ' __~_~"""'~' j_ _ _+ .. ~ ..__ ---------.._++-_._ _..........-._l
O. (I. ~"> LI. .; O. b O. B 1.

50 rn ple.s *103

Fig. 2.9.c Computed cross correlation
of f2_gas and fdsp_fml

Fig. 2.9.d Computed cross correlation
of fi_gas and fdsp_fmS

Feeder experitTlcnts
CorTlp'-lt-ed cross correlaLtol"l.s

Feeder cxpcrinlcnls
COI"llPl-l.lccl cross cc.rrel""l1orls

Inpul KC'OI 2

(\
r \

( \
.\ /\, \

"." ,., , .. ·t'\' IJ •.. .p.;.;r '·~"'1·'·· ,,-..•.... ;
.r/-'/ \1 ~

\ \.,:' 'J \
., !

\_ _ - _ .. ---t _- i ••..•.- - ". +---- - ..••"-'---+----+ .. ----.-----<
O. J. ~ O• ." O. 6 O. B 1.

scr""p/es ... J 0 3

ll~
Ii \

I"\
c). \

\ ...
i \
I \

i .. , . ,
I
j'

1

1
0.6

\'\ / ......... \ /./------"-

.-~""'-"- -.". ,..... • -' +-'-."'..~<"~''''''''' .- ......... -' -- ~ ....__....,....!.-+----- -' •
, \~~ , r- ....... , /,/

\ /
\)

h

h
H-·-·· +-,. 7"'"
i'l

,-_.-......... - •• -l ,--. -' ., p' ••••••••• ~- •••• ......- ••--. >--......---- ... -+ .--, -' -' ....... ~ ••••

O. 11

{.J. '1.1

D.2 r

1

Fig. 2.9.e Computed cross correlation
of cool air and fdsp_fmS

Fig. 2.9.f Com~uted cross correlation
of f2_gas and fdsp_fmS



~5. 50.
:5~"-'O es (TS = 5005)

-27-

r 1 _ .n·1

",5 1 i>llatec !'i!~-I.

/ -

/

-..-_. ...---.-- ~-----~ ......_~---~-- ~-+-I~_~_+__+,-~

75.

Fig. 2.10 Impulse response of a FIR model without delay time correction

2.2.5 Data reduction and scaling

First of all the time delay is compensated. The time delays have been

determined as described in section 2.2.4. The time delay from the inputs

f1_gas and cool air in section 1 to the outputs have been estimated as 15

samples (750 s.). The outputs reacted almost immediately to changes of

f7_gas in section 2. To correct the data for the estimated time delays,

f2_gas and the six outputs in the spout have been shifted back over 15

samples.

The measured data set contains a certain redundancy. During every clock

period of the PRBNS signal, the signals have been measured 10 times. This

redundancy is necessary to enable signal reparations and signal prepara

tions. The information with frequencies near the sampling frequency contains

very little power. The used estimation algorithm for a FIR model computes a

pseudo inverse of an input matrix (the algorithm will be described in more

detail in chapter 3). To obtain a well estimated FIR model, the signal-to

noise ratios of the input signals may not to be too small, so that the

algorithm will be conditioned well.

For this reason the signals have been decimated. This has been performed

by taking one out of ten samples. As a consequence every step of the PRBNS
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signal has been retained, and the outputs still have been excited properly,

because the sample frequency now becomes the clock frequency of the PRBNS

signal, and this frequency fulfilled the condition.

The applied estimation algorithm uses the minimization of a cost func

tion. This would imply that signals with the highest numerical values will

be considered as most important in the minimization. The model however,

should simulate all outputs with the same accuracy. Therefore, the input and

output signals have been scaled. The power of all signals have been equal

ized to one. This has been achieved by dividing each signal by its standard

deviation (i.e. the square root of the variance). Hence, all input/output

models will be estimated equally accurately.

2.2.6 Concluding remarks

At this point, the data has been prepared for the estimation. It has

been checked from spectrum analyses, that the process has indeed been ex

cited properly by the input signals. The detrending has taken place by trial

and error; a cut off frequency has been determined so that slow drifts will

not be present in the impulse responses, and therefore not in the model.

At this point, no conclusions can be drawn about the influence of the

noise. The cross correlations, however, indicate that the noise can playa

role in the estimation phase. In chapter 3, a consideration about the in

fluence of the noise will be presented.
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3 IDENTIFICATION

The identification method that will be used in this report, has been

developed by PICaS, during the last five years, in cooperation with the

technical universities of Eindhoven and Leuven. This identification method

has delivered good results, for modelling industrial processes. The model to

be obtained should be accurate, but should also have a small size. In order

to draw conclusions about the obtained model, th~ model has been validated.

3.1 ESTIMATION

Indu~trial processes, like the feeder process, will have properties like

non-linearities and non-stationarities, and the processes will be dis

tributed parameter systems. In order to approximate the input/output

behaviour, linear and stationary models will have to be used, and the

process will be considered as a lumped parameter system (the coefficients

are independent of place). Because the process cannot be described com

pletely by the model, the process will always be outside the model set. And

as only rough information about the feeder is available, a large model set

has been used. As a first step, a finite impulse response (FIR) model has

been determined.

FIR:
m

l(k) = L M(i)~(k-i),

i=O

with: ~(k) is the output vector at time k,

M(i) is the i-th Markov parameter,

~(k) is the input vector at time k.

(3.1)

A recurrent relation for the Markov parameters can be determined (cf.

Gerth, 1972):

r
M(r+j) L -a(i)M(r+j-i),

i=l
(3.2)



-31-

MPSSM model, Gerth approach,

MPSSM model, direct approach,

state space realization,

minimal realization.

3.1.1 FIR model

The process will be described by the following system:

Y = M.Q + N.

with :Y is the output signal matrix,

M is the Markov parameter matrix,

Q is the input signal matrix,

N is the noise signal matrix.

(3.4)

~(k+1)

~(k+1-s)...

u(k+l) ]

~(k+l-S) ,

M [M(O);M(l); ... ;M(s)],

So the output is described by the s+l previous inputs. In general, for real

physical systems (s+l) ~ 00. Since only a finite number of previous inputs

can be examined, the process will not be described completely by the model,

since the tail effects cannot be taken into account. A model will be deter

mined with a number of parameters (m+1) such that the tail effects can be

neglected.

Y M .rl .m m

with: Y is the measured output signal matrix

(3.5)
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M is the measured Markov parameter matrix

Y [l(k) ;l(k+l); ;l(k+l) I,

M [M(O);M(l), ;M(m)],
m

Q
m l

U(k) ~(k+l)

~(k-m) ~(k+l-m) ...

u(k+l) ]

~(k+l-m) .

In this report , 75 Markov parameters have been estimated. Also the noise

has been estimated. For this model a finite number of samples has been

estimated (in this report 2 AR parameters), such that the tail effects may

be neglected. So the noise model becomes:

N = A .H .
n n

with: A is the autoregressive noise parameter matrix,

H is the matrix containing the output error samples.

A [A(O);A(l); ... ;A(n)]
n

(3.6)

H [
" .
e(k-l) e(k)

~(k-n) ~(k+l-n)...

!<k+l-ll].
e(k+l-n)

The complete model can be described by:

Y = M.Q + A .H .m m n n (3.7)

Since the tail effects are neglected, the following model has been used for

estimation purposes:

Y = a. Q.

wi th a

Q

[M ;A I,m n

(3.8)
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So the Markov parameters have been estimated by minimizing the function:
" "" T "T"T

V(8) = tr(y-8.Q).(y - Q .8 )}. (3.9)

This FIR model assumes, however, that the tail effects are negligible. The

noise parameters have been estimated, but will not be used in the next

steps. The impulse responses of the various signals are depicted in fig.

3.1.

A disadvantage of the FIR model is its enormous number of variables

mxpxq.

with: m is the number of Markov parameters estimated (75)

p is the number of inputs (3)

q is the number of outputs (6).

3.1.2 Order reduction

Before a polynomial fit can be made upon the Markov parameters(i.e. the

MPSSM model, Gerth approach), first an order of that polynomial will have to

be estimated. This has been achieved by making use of the singular value

decomposition of an estimated block Hankel matrix (cf. T. Backx, 1987). So

assume:

H(i,j) [ " " "]vec(M(l)} vec(M(2)} vec(M(j)}

Vel(M(i)} Vel(M(i+1)} vel(M(i+j-1)} .
(3.10)

wi th: vec(M(i)}

and Mab(i) is element mab of Markov parameter H(i).

The singular value decomposition can be written as:

TH(k,l) = U.S.V . (3.11)

with: U is the orthogonal matrix containing the left singular

vectors of H(k,l),

S is the diagonal matrix containing the singular values of

H(k,l),
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V is the orthogonal matrix containing the right singular

vectors of H(k,l).

Equation (3.12) can be written as:

m
H(k,l) = E a(j)u(j)v(j)T. (3.12)

j=l

The singular vectors are orthonormal. Each singular value is a weighting

factor that gives the attenuation in a direction, and a(j) ~ a(j+1). The

first r values represent the system plus noise, whereas the other values

will only represent the noise. Under the assumption that the noise is white,

it will give an equal contribution to all singular values in every direc

tion. This means that the ratio a(j+1)/a(j) ~ 1, for j ~ m. The last

singular value a(j) that represents the system significantly, will produce a

a(j+1)/a(j) significantly different from 1. In fig. 3.2 the singular values

of the Markov parameters, and their ratios are depicted. From fig. 3.2.b,

the order r can be estimated. In this case, the order r=4.

6.

Feeder Experiments
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Fig. 3.2.a Singular values of the

block Hankel matrix of estimated

Markov parameters in vector form

3.1.3 HPSSH model, Gerth approach

sequence numbe'"

Fig. 3.2.b Ratios of successive

singular values of the block Hankel

matrix

A polynomial fit will be made upon the Markov parameters. A recurrent

relation for the Markov parameters can be made:
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r
M(r+j) = E -a(i).M(r+j-i).

i=l

The a-parameters can be computed by solving two sets of linear equations

in least squares sense, starting from the Markov parameters obtained from

the FIR model (d. Gerth,1972):

G.a = V. (3.13)

vec{M(l)} vec{M(2)} vec{M(r)}. · .
with: G vec{M(2)} vec{M(3)} vec{M(r+1)}

and:

v

a

H.M M
v

vec{M(m-r)} vec{M(m-r+1)} ... vec{H(m-1)}
. T . T ' . T

[vec{M(r+1)} vec{M(r+2)} ... vec{H(m)}],
•• • T

-[a(r),a(r-1), ... ,a(l)] .

(3.14)

H
T 2 m-rwi th: = [I ; AE ;A E ; ... ;A E] ,r r r r

I is the identity matrix with r rows and columns,
r

A

E
r

[

0 ° .i ..... O

r-1

[n

-~ ]· r· ,
-a1

vec(M )],
r

vec(M )].
m

The impulse responses are depicted in fig. 3.1. Contrary to the FIR

model, the Gerth model contains impulse responses with infinite length. As

can be spotted from fig 3.1, the first 4 parameters fit badly on the FIR

model. These 4 parameters are the start sequence of the Markov parameters.

The Gerth algorithm first estimates the polynomial coefficients a1... ar , and
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in the next step the start sequence is calculated so that the polynomial

fits best. The model, however, has a reduced order (rxmin(pxq)}!

3.1.4 MPSSM model, direct approach

Again a MPSSM model is derived, but this time the input/output data is

considered with respect to the minimization criterion. The model can be

described by:

y(k) I: F(i)(a(j),M(j) U£1).u(k-i).
i=O

(3.15)

D is the direct transfer,with: F(O)

F(i)

M(O)

M(i) i£1, I (l,2, ... ,r),

r
F(r+i) I: -a(j).F(r+i-j)

j=1

Assume the process can be modelled by:

Y = M.Q + N.

i£I, I = (1,2, .... ,~).

(3.16)

with: M is the matrix containing the estimated Markov parameters,

N is the additive output noise signal matrix.

The minimization criterion will become:
. T· •

V = tr{(M.Q - Y) .(M.Q - Y)}. (3.17)

The function to be minimized is non-linear in the parameters a .• Hill
J

climbing techniques have been used to find the minimum. This procedure takes

an enormous amount of computation time. In the previous estimation step

however, an initial MPSSM model has been determined. This Gerth model will

be used as a start value for the direct estimation of the HPSSH model. This

is one of the main reasons for performing the previous steps. The impulse

responses are depicted in fig. 3.3. As can be seen from fig. 3.1 and fig.

3.3, the impulse responses of the Fir model and the MPSSM direct model do

not have exactly the same characteristics. When the MPSSM direct model was

derived, no noise parameters have been estimated, so a different criterion

has been used. A second difference between the two models is that the FIR
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model has a finite horizon, whereas the MPSSM direct model has an infinite

horizon. The very slow input/output behaviour has not been modelled by the

FIR model. A third cause for the differences in the tails of the responses

is that the very slow input/output behaviour has not been excited properly

by the input signals. After the preparations, the input signals do not have

a flat frequency spectrum for the slow frequencies. This will result in a

biased estimation for the very slow input/output behaviour.

3.1.5 State space realization

The obtained MPSSM model is transformed to a state space description:

~(k+1)

~(k)

A~(k) + B~(k),

e~(k) + D~(k). (3.3)

As a result all techniques for state space analyses, design and simula

tion can be used. The state space description is also appropriate for

controller design. The order of the model is n ~ r.min(p,q) (cf. R.

Oudbier, 1986).

3.1.6 Minimal realization

The obtained model has distinct, multiple eigenvalues, and not all of

these eigenvalues will contribute equally to the input/output behaviour.

This means that a next order reduction can be performed. The state space

model must be transformed into a balanced state space realization. The

controllability and the observability gramians will both be equal and

diagonal. The gramians are the solutions of the Lyapunov equations (cf.

Laub, 1980):

P _ APAT BBT, (3.18)

Q _ AQAT eTc.

with P Q E. The matrices P and Q can be computed by:

P T
6.6 ;

TQ r.r .
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..... ith: D.

r

[BjABj ... jAn- 1B] the controllability matrix,

[CTjATCTj ... j(An-1)TCT]T the observability matrix,

(3.19)2
a.
J

>..(P.Q)

and: n ~ CD.

The singular values of the infinite block Hankel matrix of the system are

(cf. Glover, 1984):

2 T T T
a (H) >..(H .H) = A(D. .r .r.D.)

..... ith: a is singular value,

>.. is eigenvalue,

H is the block Hankel matrix,

and: using the property >"(A.B) = >..(B.A).
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Fig. 3.4 Hankel singular values of the HPSSH model

In fig. 3.4, the singular values are depicted. The orders corresponding

to a singular value smaller than 1 % of the largest value, are deleted. In

this case, a sixth order approximation remains. The impulse responses of the

sixth order approximations are depicted in fig. 3.3. Only small differences

..... ith the impulse responses of the HPSSH direct model can be spotted, so that

this last order reduction seems justified.
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3.1.7 Concluding remarks

The impulse responses, presented in fig. 3.3 show a slow behaviour. They

are not yet died out after 14 hours. The slow responses are caused by con

duction; the heat transport takes place by the refractory material of the

feeder. The temperatures in the spout react, on the other hand, very fast to

ch~nges in the input signals, and almost immediately to changes in f2_gas.

The tops of the impulse responses are reached within half an hour. These

very fast responses will be ~ue to radiation. The fast and the slow mode can

be found again when the poles in the z-domain are computed (table 3.1).

poles in the z-domain

0.9861
0.9801
0.9767
0.8037 ± iO.0833
0.4204

Table 3.1 Poles of the model of the sixth order approximation

Again a slow mode can be spotted; the pole 0.9796 has the equivalent of

-11/10 hours in

crease of the

-11/14 min .

From the impulse responses can be concluded, that the sensitivity to the

cool air is larger than to f1_gas. It must however be considered, that the

gas flames in section 1 have a lower temperature than the glass. So the gas

flow only involves that the glass does not cool down as much as in other

places. The cool air also cools down the glass, but the difference in tem

perature is greater, so the influence on the glass temperature too. The

response time to changes in f1_gas and cool air is about the same.
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3.2 VALIDATION

been used to predict the input/output be

been presented to the model, and the output

In section 3.2.1 the data of the estimation

In order to get an indication of the accuracy of the models, the models

have been validated. The models have been analyzed during the estimations;

the results have already been checked with the a priori knowledge, e.g. the

polarity of the impulse responses can be explained by physical behaviour (an

increase of the cooling air will cause a decrease of the temperature of the

glass) .

The obtained models have

haviour; the input signals have

signals have been predicted.

sequence have been used, and in section 3.2.2 the data cf the validation

sequence have been used. In section 3.2.3 the signal-to-nc·lse ratio has been

determined.

3.2.1 Validation on estimation data

As has been mentioned, the MPSSM model has been fit on the second half

of the estimation data set. The entire estimation data set has been used for

validation. In order to avoid influences of transients due to filtering and

modelling, the first and the last part of the data set have not been taken

into account. The output error power E has been defined as the average power

of the output error divided by the average power of the measured output

signal. The output error has been defined as the difference between the

measured output and the simulated output:

n(k)

u (k I
P

y (k)

·1p
P"'e.~' .

.
-

!tIo<1.1

z (k)
P

n(kl

Y (k)
m

Fig. 3.5 Reconstruction of the output error n(k)
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n(k) = z (k) - y (k) (cf. fig. 3.5)
p m

(3.20)

with: n(k) is the output error signal at time k,

z (k) is the measured process output signal at time k,p

y (k) is the model output signal at time k.m

I 2 I 2
E = I: {z (k) - y (k)} I I: z (k)

k=1 P m k=1 p

I . 2 I
I: n(k) / I:

k=1 k=1

2z (k) • (3.21)
p

with: I is the number of samples used to compute the power of the

output error and of the measured output

The results of the simulation, and the output errors are depicted in

fig. 3.6. The output error powers E for the outputs and for the 4 different

models are presented in table 3.2.

FIR MPSSM Gerth MPSSM direct 6-th order approx.

fdsp fm1 0.0937 0.1930 0.1163 0.1165
fdsp-fm4 0.0844 0.1408 0.1025 0.1045
fdsp-fm5 0.0862 0.1430 0.1041 0.1060
fdsp-fl1 0.0284 0.2350 0.0324 0.0375
fdsp-fl2 0.0310 0.0542 0.0357 0.0358
fdsp~fr2 0.0564 0.1009 0.0665 0.0697

Table 3.2 The output error power computed with the 4 estimated models on the

data set used for estimation

The differences between the MPSSM direct model and the 6-th order ap

proximation model are negligibly small. This result justifies the last order

reduction of the model. Compared to the results of the FIR model, only a

small increase of the error can be spotted. The size of the model, on the

other hand, is much smaller. The results of the MPSSH Gerth model appear to

be the worst, as could be expected. Remarkable is the error of fdsp_fl1 for

the MPSSM Gerth model.
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3.2.2 Validation on validation data

The data of the validation sequence must be prepared equally to the data

of the estimation sequence. This means that the same detrending has been

applied, and that the signals have been normed by the standard deviation of

the corresponding signals of the estimation data.

As validation data, a data set with a PRBNS as input has been used. The

nominal values and the amplitudes of the input signals are different from

the values of the estimation sequence. The results of the validation are

depicted in fig. 3.7. The output error powers have been calculated according

the formulas derived in section 3.2.1 and the errors are presented in table

3.3.

FIR MPSSM Gerth MPSSM direct 6-th order approx.

fdsp fm1 0.2719 0.2719 0.2648 0.2633
fdsp-fm4 0.3058 0.2874 0.3026 0.3028
fdsp-fm5 0.3064 0.2918 0.3051 0.3048
fdsp-fl1 0.0664 0.1057 0.0479 0.0504
fdsp-fl2 0.0888 0.0584 0.0604 0.0602
fdsp=fr2 0.1689 0.1173 0.0949 0.0984

Table 3.3 The output error power computed with the 4 estimated models on the

data set used for validation

Again the results justify the last order reduction of the model. The

results as a whole are worse than the results from the validation on the

estimation sequence. This increase of the errors may be caused by the dif

ferences between the input signals (nominal values and amplitudes).

3.2.3 Noise considerations

An experiment without excitations has been performed, to obtain insight

in the noise behaviour of the process. When the noise behaviour is con

sidered stationary, the average power of the output signal is:
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• 2
2z (k).n(k) + n(k) }/l

p
(3.22)

with: y (k) is the real process output without noise at time k,p

z (k) is the measured output at time k,p

n(k) is the process-plus-measuring noise at time k.

The signal-to-noise ratio SIN can be described by:

SIN =
1 1. 2
E Y (k)2 1 E n(k)

k=1 p k=1

1 2
E(z (k) 

k=1 p

. . 2 1. 2
2.2 (k).n(k)+ n(k) }I E n(k)

p k=1

(3.23)

Under the assumption that the true output signal and the noise are not

correlated, the signal-to-noise ratio may be described by:

1 2 . 2' 2 1 . 2 1 2 1 . 2
SiN = E(z (k) - 2.n(k) + n(k) }I E n(k) = E 2 (k) I E n(k) - 1.

k=1 P k=1 k=1 P k=1

(3.24)

The signal-to-noise ratios for the different output signals is presented in

table 3.4, together with the contribution of the average power of the noise

to the average power of the measured signal (%N).

1
%N = E

k=1

. 2 1 2' 2
n(k) I E (y (k) + n(k) }

k=1 P
(3.25)

The power of the input signals of the estimation sequence was 4 times as

large as the power of the input signals of the validation data. For this

reason, the signal-to-noise ratios of the estimation data are better than

those of the validation data.

The signal-to-noise ratios for the output signals fdsp_fm1, fdsp_fm4 and

fdsp_fm5 are worse than the others. This has probably been caused by the

glass level sensor. This sensor causes small peaks on the sensors of the

sixfold couple (cf. section 2.1.3).
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SIN %N

estimation data
fdsp fm1 14.3 6.54 %
fdsp-fm4 11.0 8.32 %
fdsp-fm5 10.2 8.94 %
fdsp-fl1 189.7 0.52 %
fdsp-fl2 134.6 0.74 %
fdsp=fr2 25.5 3.77 %

validation data
fdsp fm1 4.5 18.09 %
fdsp-fm4 3.7 22.35 %
fdsp-fm5 3.8 20.64 %
fdsp-fl1 57.9 1. 70 %
fdsp-fl2 44.1 2.22 %
fdsp=fr2 8.1 10.99 %

Table 3.4 Signa:-to-noise ratios and the contributions of the average pvwer

of the noise to the average power of the measured output signal

The computed signal-to-noise ratios are not very accurate. An ap

proximated variance of the ratios appeared to be about 50%. This means that

these ratios may only be regarded as a rough indication.

3.2.4 Concluding remarks

In table 3.2, the average powers of the computed output error of the

validation on the estimation data are presented. This computed output error

will consist of a model mismatch and an error due to the noise during the

measuring experiment. It is not known how much of the noise has been

modelled. If no noise has been modelled, the model mismatch will consist of

the computed output error minus the error due to the noise. If all the noise

has been modelled, the model mismatch will be the computed output error. The

approximated lower (output error minus error due to noise) and upper bounds

(output error) of the model mismatches are presented in table 3.5. The

contribution of the noise to the measured signal have been used, for the

errors due to the noise (ace. eq. 3.25).
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The approximated model mismatch for the validation data is in general

even smaller than for the estimation data. This will probably be caused by

the large contribution of the noise power to the power of the measured

signal. It must, however, be noted that the approximated variances of the

determinations of the signal-to-noise ratios were about 50%. It was expected

that the model mismatch of the validation data would be larger than the

model mismatch of the estimation data, because of the non-linearities that

were expected. Because of the large variances in the determinations of the

signal-to-noise ratios, there cannot be drawn any proper conclusions about

the differences between the model mismatch of the estimation data and of the

validation data.

~hen the data will be used to control a process, errors can be expected

as presented in table 3.3, since the excitations will not be the same as in

the estimation data, and also noise will be present. Since also the working

point differed in the validation data, this validation was a representative

one. So it may be expected that the output can be predicted such that the

output signals fdsp_fml, fdsp_fm4 and fdsp_fm5 will have an output error

power E of 25 to 30%, and an output error power of 5 to 10 % for fdsp_f11,

fdsp_fl2 and fdsp_fr2.
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3.3 SPOUT KODEL

As has been mentioned in section 2.2, also a spout model has been es

timated. The results are described in more detail in "Identification of a

glass-feeder", G. van Vucht (1987). Because this spout model will be used

later on, the results will be mentioned briefly. The inputs of the model

are: f1_gas, cool air and f2_gas. The output is: fdsp_f51. The preparations

performed are the same as described in section 2.2. The only difference is

that another delay time correction had to be applied. The delay time from

f1_gas and cool_air to fdsp_f51 was 1250 seconds (in stead of 750 seconds).

As in the profile model, the output fdsp_f51 reacted immediately to changes

of f2_gas.

The estimated order of the model is: r = 4. The model is also trans-

formed to a state space description. Since there is only one

are no multiple eigenvalues, so the state space realization

minimal realization. The computed poles in the z-domain are

table 3.7.

poles in the z-domain

0.9819
0.9128
0.6329 ± iO.125

Table 3.7 Poles of the MPSSM direct model

output, there

is already the

presented in

The poles are larger compared to the poles of the profile model. So

fdsp_f51 behaves slower on changes of the inputs, than the outputs of the

profile model.

Since only one output has been estimated, it may be expected that the

average power of the output error will be smaller than the average powers

of the output error of the profile model. The results of the validation are

mentioned in table 3.8.
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output error estimation data validation data

fdsp f51 0.0146 0.109-

Table 3.8 The output error power of the output signal fdsp_f51

The signal-to-noise ratios and the contribution of the noise to the

measured signals (%N) are presented in table 3.9.

SIN %N

estimation data
fdsp_f51 215.3 0.46 %

validation data
fdsp_f51 96.5 1.03 %

Table 3.9 Signal-to-noise ratios and the contribution of the average power

of the noise to the average power of the measured output signal

So the result of the validation on the estimation data can be considered

as very good. The result of the validation on the validation data is worse,

but still good.
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4 CONTROLLER

The models obtained in chapter 3 can be used for the design of a con

troller. A model reference controller has been applied. This controller does

not require an exact process model. The model may be used for the design of

a feed forward control system that significantly reduces the process

response times (cf. T. Backx, 1987). The design of the model reference

controller is described in section 4.1. Simulations with the obtained con

trollers are presented in section 4.2.

4.1 CONTROLLER DESIGN

From the estimation, described in chapter 3, the following model S has
m

been obtained:

x (k+1)-m

Y (k)-m

A x (k) + B u (k),m-m m-m

C x (k) + D u (k).m-m m-m (4.1)

with: u (k) is the input signal applied to the model at time k,-m

lm(k) is the output signal of the model at time k.

The model S has been depicted in fig. 4.1.
m

u (k)
m

Y (k)
m

>

Fig. 4.1 Outline of the model

The process S is assumed to be described by:
p

x (k+1) = A x (k) + B u (k),-p p-p p-p
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z (k) = C x (k) + 0 u (k). (4.2)-p p-p p-p

with: u (k) is the input signal applied to the process at time k,-p

z (k) is the deterministic part of the of the process output-p

signal at time k.

The measured process output is the real output added with noise:

Y (k) = z (k) + !!(k). (4.3)-p -p

with: 'i.. (k) is the process output signal at time k,p

!!(k) is the noise part of the process output signal at time

k.

One of the aims with respect to the controller design is to impose a desired

dynamic behaviour of the controlled process. This has been achieved by

applying a state feedback. The state feed back controller will be designed

so that the resulting controlled process will have a first order behaviour.

A first order behaviour already suffices for a smooth response to a new

setpoint without any overshoot. For the design of the state feed back con

troller, the implicit model-following technique has been used (cf.

Kreindler, 1976; Tyler, 1964). The desired dynamic behaviour of the control

led system is described as:

(4.4)

with: Ad is an autoregressive parameter matrix.

Comparing this desired dynamic behaviour with the system to be controlled

yields, using eq. (4.1) and neglecting the input signals u (k):m

zd(k) = v (k+1) - Adv (k) = (C.A - A .C ).x (k).- Lm Lm m m r m -m (4.5)

The following criterion has been used to compute the state feedback gain

matrix F:

J

(Xl

1 to (t
2: l. ~d

i=O
t [ Qu ) ..

-m 1 0
(4.6)

The minimization of J as a function of the matrix F should result in a

behaviour of the controlled system that will closely follow the behaviour of

the desired system. In this case, more attention has been paid to the output
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behaviour than to the input behaviour. This means that the weighting matrix

Q must be chosen much larger than the weighting matrix R (e.g. Q = 1010xI,

and R I). Minimization of this criterion as a function of the state feed

back F results in a behaviour that will closely follow the desired system

behaviour. If the controlled process should have time constants of about

half an hour, the matrix Ad could be chosen 0.97xI, with I is the identity

matrix. This would result in a first order system with poles at 0.97. Having

a sample time of 60 seconds, the time constant of the system would be: ~ =

Ts/(1-0.97) sec is about half an hour, with Ts is the sample time. The model

with the state feedback gain matrix has been depicted in fig. 4.2.

u (k)

"

r-r------1L_

Fig. 4.2 Outline of the model with state feedback

The steady state transfer from u (k) to y (k) can be described by:-sp -m

"l (k)m H l'u (k),c -sp (4.7)

-1with: H I = (C - D .F).(zI - A + 8 .F) .8 + D .c m m m m m m

Since the

must be

signal of

steady state transfer from the setpoint to the output of the model

equal to I, the transfer function from the setpoint to the input

the model becomes:

-1
~sp(k) = Hcl·"lf(k). (4.8)

with: If(k) is the setpoint signal applied to the controlled

process (cf. fig. 4.3)
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The input signals that will be applied to the process are the same as the

input signals applied to the model, so u (k) = u (k). If the model and the
-m -p

pr~cess have about the same input/output behaviour, the difference between

the measured output signal and the simulated output signal can be regarded

as an estimate for the process output noise ~(k):

n(k) = y (k) - y (k). (4.9)- -p -m

The estimated process output noise is subtracted from the setpoint signal.

The resulting corrected setpoint is described by:

(4.10)~(k) y (k) - n(k).-sp -

This corrected setpoint will be filtered in order to suppress disturbances

with period times smaller than twice the delay time. The filter can be

described by the following state space description:

~f(k+1) Af·~f(k) + Bf·~(k) ,

(4.11)

y
•

-
n

H -,
•

s,

This filter can be a first order low pass filter, with a steady state gain

equal to one (the steady state transfer from the filter input to the model

output must be equal to one). The controller cannot suppress disturbances

with period times less than twice the delay time. A filter could be applied

with a pole, corresponding to a cut off frequency of 1/(2.Ld) with Ld is the

delay time).

The resulting controller is depicted in fig 4.3.

Fig. 4.3 Outline of the MIMO control system
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4.2 SIMULATION

fdsp_fm5),

fdsp_fl2),

(fdsp_fm1

(fdsp_fm4

(fdsp_fm4) .

in section 4.2.2.

The main objective for the experiments performed, was to obtain a con

troller that could control the glass temperature at the outlet of the feeder

(fdsp_f51) in the following way: the disturbances occurring should be sup

pressed by the controller, so that the temperature changes around the

setpoint are as small as possible. The controller should also enable that

the glass temperature can follow set point changes according to the desired

behaviour. The results of these simulations are presented in section 4.2.1.

A second objective was to control the temperature gradients in the cross

section of the feeder. Since there are three input signals, it is possible

to control at most ~hree output signals. The profile model, described in

chapter 3, contai~s six output signals. A possibility to control the

gradients could be the control of:

a vertical gradient

a horizontal gradient

an absolute temperature:

The results of these simulations are presented

4.2.1 Spout model

The spout

tions. First

inputs (y f in

model (described

of all the step

fig. 4.3) to the

in section 3.3) has been used for simula

responses have been determined from the three

spout temperature fdsp f51 (y in fig. 4.3).- m

These responses are presented in fig. 4.4. The output reaches a steady state

after about 27 hours. The feed back gain matrix F has been designed, using

the implicit model-following technique, such that the controlled system has

a pole at 0.97. Having a sample time of 60 seconds, the controlled process

has a time constant of half an hour. In order to obtain a first order con

trolled process, the state feed back gain matrix F has been designed such

that the transmission zeros outside the unit disk will be compensated by

poles at l/z. (z. is a transmission zero), whereas the
1 1
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transmission zeros inside the unit disk will be compensated by poles placed

on the transmission zeros. As an example the poles and transmission zeros of

the model without and with state feedback are presented in table 4.1.

eigenvalues transmission zeros

model without 0.9485 ± iO.0222 2.7823
state feedback 0.9891 0.9685

0.9978 0.9936

0.3594 2.7823
model with 0.9685 0.9685
state feedback 0.9700

0.9936 0.9936

Table 4.1 Location of the poles and the transmission zeros of the model
without and with state feedback

4.2.1.1 MISO controller

The responses of the output to the setpoint change and the corresponding

input signals are presented in fig. 4.5. The output signal reaches its

steady state after about 2 hours. The input signals f1_gas and cool air have

about the same characteristic. Since the polarities of these input signals

are opposite, these input signals act against each other. This effect will

only cause disturbances in the spout. For this reason also a controller has

been examined with only one input (f2_gas).

4.2.1.2 SISO controller

The response of the output signal to the setpoint change and its cor

responding input signal are depicted in fig. 4.6. As can be concluded from

this picture, the output response from the MISO controller and the 8180

controller are about the same. The characteristics of the input signals

f2_gas are about the same too.

Since the input signals f1_gas and cool air will cause disturbances in

the spout, and the response of the MISO and the SI50 controller is about the
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same, the S1S0 controller has been used in the controller experiments,

described in chapter 5.

4.2.2 Gradient model

Although the main objective was to control the temperature at the outlet

of the spout (fdsp_f51), also the controllability of the temperature

gradients has been examined. Since only temperatures have been modelled, the

temperature gradients will have to be constructed. The gradient model can be

constructed by adapting the consisting profile model (4.2.2.1), or by es

timating a new model using the temperature gradients, computed with the

measured data (4.2.2.2 and 4.2.2.3). The state feedback gain matrix F has

been designed as described in section 4.2.1, so the poles of the controlled

process are again 0.97.

4.2.2.1 Profile model

First of all, the gradient model has been constructed from the consist-

ing profile model:

~(k+l) A~(k) + B~(k), (4.12)

l(k) T.C~(k) + T.D~(k).

with: T is the transformation matrix.

The output signals are a vertical gradient (fdsp fml - fdsp_fm5), a horizon

tal gradient (fdsp_f12 - fdsp_fm4) and the temperature fdsp_fm4. A step on

the setpoint of the horizontal gradient of the controlled process is

presented in fig. 4.7, together with the corresponding input signals. As can

be seen from fig. 4.7, the input signals fl_gas and cool_air have about the

same characteristic again. The signals excite the process with large

amplitudes, and with a periodicity with a large period time (about 8 hours),

and cool_air has a phase lead with respect to fl_gas.

A great disadvantage of this model is that it only controls temperatures

in the first part of the spout. The most important temperature (fdsp_f51)

cannot be controlled, since, having the same input signals, cnly one model

at the time can be applied. A second disadvantage of this model is that the
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input signals must have large amplitudes, to control the

obtain a better model, the computed temperature gradients

directly. Another advantage of this new model is that the

fdsp_fSl can be modelled as well.

4.2.2.2 Directly estimated gradient model

temperatures. To

have been modelled

spout temperature

The output signals are a vertical gradient (fdsp_fm1 - fdsp_fmS), a

horizontal gradient (fdsp_fl2 + fdsp_fr2 - 2*fdsp_fm4) and the spout tem

perature fdsp_fS1. The estimation and the preparations took place the same

way as described in chapter 3. From the step responses of the vertical

gradient (fig. 4.8) the presence of a period of about 24 hours can be

spotted. This periodicity with large amplitude has been spotted in the

impulse responses (not depicted) too. Apparently, the filtering used is not

sufficient anymore, when gradients are computed from the measured tempera

tures. A step on the setpoint of the horizontal gradient, together with the

corresponding input signals, are presented in fig. 4.9. These results show

that the setpoint does not reach its steady state within 5 hours (there is a

transmission zero just outside the unit disk, which has been compensated by

a pole just inside the unit disk, and this causes a non-minimum phase

behaviour), and the other output signals cannot be kept constant. The input

signals f1 gas and cool_air have about the same characteristic again. To get

rid of the periodicity, again a gradient model has been estimated, but with

another type of filtering.

4.2.2.3 Gradient model with FIR filtering

To obtain a model without periodicities of about 24 hours, the computed

temperature gradients have been filtered with a FIR filter. First of all a

Fourier transformation has been applied, and the coefficients, corresponding

to period times larger than 6 hours, have been replaced by zeros. Next, the

inverse Fourier transformation has been applied. The same output signals

have been used, as described in section 4.2.2.2. The responses of the output

signals to a step on the setpoint of the horizontal gradient are depicted in
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fig. 4.10, together with the corresponding input signals.

Again the two other output signals cannot be kept constant, and fl_gas

and cool air have about the same characteristic again. The output signals

show that the horizontal gradient reaches its steady state after about two

hours, without too great disturbances of the other two output signals. This

however, only concerns the possibility to impose a desired dynamic behaviour

of the controlled system; it does not guarantee a good prediction of the

output behaviour. Moreover, the output error, calculated as described in

section 3.2, was about 100% for the temperature gradients. The main reason

for this enormous output error can be found in the signal-to-noise ratio

(SIN ~ 1). The amplitudes of the input signals are limited in order to keep

the process in its working point. Apparently, the amplitudes of the input

signals offered were not large enough to provide a good signal-to-noise

ratio. The model however, has been used in the controller experiments,

described in chapter 5.

4.2.3 Concluding remarks

As mentioned in the previous sections, fl_gas and cool air have about

the same characteristic, and their polarities are opposite. Cool_air has in

general a small phase lead compared to fl_gas. It is possible to rewrite eq.

3.3 (cf. appendix B) into:

~(k+1) (4.13)

with: x(k) is the state vector containing the eigenvectors,

A is a diagonal matrix containing the eigenvalues.

The contents of the matrices A, Band C of the spout model are:

A [

0.6329 + iO.125 0 0 0]
o 0.6329 - iO.125 0 0
o 0 0.9128 0
o 0 0 0.9819



B l
-0.0364 +
-0.0364
-0.0682
0.1579

iO.0912
iO.0912
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0.0621 - iO.1452
0.0621 + iO.1452
0.0155

-0.1563

-0.1602 - iO.5089 ]
-0.1602 + iO.5089
0.2218
0.2228

C 1 1 1 1]

As can be seen from matrix B, the transfer from input 1 and 2 (f1_gas and

cool_air) to the state vector (eigenvector) corresponding to the slowest

mode (largest eigenvalue) of the system, is about the same. Only the

polarity differs. An increase of f1_gas and cool air with the same amount at

the same time, will only influence the temperatures within a certain time

period. When the influence of the fast poles has ceased, there will be no

resulting influence because of the slowest pole, since the 'two input signals

compensate each other. A similar conclusion can be mad~ for the profile

model (appendix B). Probably, mainly the phase difference of the two input

signals is used to control the output signals; f1_gas and cool_air are not

fully independent. This means that there are not three independent input

signals (as presumed) for low frequencies, but only two. As a result, at

most two output signals can be controlled.

The simulation on controlling the spout temperature fdsp_f51 gave good

results. The expectation is that in any case, the spout temperature will

reach its steady state value after a setpoint change, within 1 1/2 hours.

It is expected that problems will arise, when controlling a temperature

gradient. The controller described in section 4.2.2.3 will, however, be

tested. If the predicted output signal has the right polarity, it could be

possible to control the gradient within certain limits.
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5 CONTROLLER EXPERIMENTS

The models, obtained in chapter 3, showed good results at the validation

(section 3.2) and simulation (section 4.2). But in this stadium, no conclu

sions can be drawn about the accuracy of the controllers, when operating at

the BH-F feeder. The models have been obtained from zero mean, filtered,

scaled data; only the process dynamics have been modelled. In order to draw

proper conclusions about the controllers, they will have to be tested at the

BH-F feeder.

In section 5.1, the control system used, is described. The controller

results are presented in section 5.2, and in the last section (5.3) some

conclusions will be drawn about the controller and the controller experi

ments.

5.1 CONTROL SYSTEM

In order to collect the data, the measuring system, described in section

1.3 has been used. This measuring system had to be extended to a measuring

and control system, so that the process could be excited with the proper

control signals. The layout of the controller, used in this control system,

has been depicted in fig. 5.1.

noise

y
5p

Fig. 5.1 Outline of the controller used in the control system
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In order to explain the operation of this controller, the following

notes should be considered:

-0 :5ince the controller has been designed to control the dynamicm

behaviour, the direct feed through matrix (0 ) has been omitted.m

-delay :The data signals have been compensated for delay times, during the

estimation. This compensation must be included in the model. As an

example the profile model will be illustrated: The input signals

f1_gas and cool_air have a time delay of 750 seconds towards the

output signals, the input signal f2_gas works immediately on the

output signals. For this reason, the input signal f2_gas will be

delayed for 750 seconds, before it can excite the process. Yhen

the model output signals are also delayed for 750 seconds, they

will correspond to the process output signals.

-conv. :The data signals have been scaled during the estimation. In order

to excite the process with the proper control signals, these

signals will have to be converted to the real values. The process

output signals, after subtracting them from the setpoint, are

converted to the internal representation again.

-offset :The controller has been designed, so that the process will be

controlled at its working point, and will only cause changes

around the setpoint. 50 the process must be in its working point.

The corresponding nominal values of the input signals are excited

to the process, and the controller superposes the control signals

on this nominal setting.

-filter :The controller cannot reduce disturbances with period times of

less than twice the process delay time. This must be taken into

account when designing the filter. The filter can also be used to

tranquilize the control signals (In case only f2_gas is used as an

input signal, there is no process delay time. Yithout filtering,

the controller could react on disturbances with a period of twice

the sample time. Applying a filter will tranquilize the control

signals).
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:~hen the process output signals drift slowly, the controller will

follow these signals with a phase lag. By applying an integrator,

this phase lag can be deleted. The integrator has been realized by

the transfer function: H(z) = Ts/~i(z-l), with ~i is the integra-

tion time, and T is the sample time.
s

-delim. :The gas flow through the burners and the air flow through the

cooling channel are realized by use of mechanical systems. In

order to keep these signals within the linear behaviour of the

mechanical systems, the input signals are limited by a delimiter.

-loops :It is possible to control the process open loop, or closed loop.

The inner loop 'and the outer loop can be opened or closed inde

pendently.

Before the controller is started, it will be reset; all states are set

to zero, and the various parameters (e.g. delay time) are initialized. ~hen

a process output signal differs too much from the setpoint, the controller

will be reset for safety reasons in order to let the process return to its

working point.

The user of the system will be warned when one or more of the following

events occur:

-a process output signal differs too much from the setpoint,

-a control signal is limited by the delimiter,

-the output of the integrator exceeds a predefined limit.
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5.2 CONTROLLER RESULTS

The controller experiments have been performed together with other

experiments of higher priority, performed by another group. For this reason,

the temperature at the outlet of the spout (fdsp_f51) should not vary more

than 2 or 3 °e. It was not allowed to cause major disturbances in the melt

ing tank or feeder. In the period that the controller experiments were

performed, the glass temperature in the spout was very constant, and very

few disturoances occurred. Two models have been used for the controller

experiments: a spout model (section 5.2.1) and a gradient model (section

5.2.2).

5.2.1 Spout model

First of all, an open loop first order controller has been used (so

there is no feedback from the process and model output), in order to inves

tigate the operation of the controller. Some setpoint changes were made

(fig. 5.2.a) and the temperature changes in the spout temperature fdsp_f51

appeared to be twice as large as the setpoint changes (fig. 5.2.b). A pos

sible cause could be the large drifts in the melting tank (fig. 5.2.c). The

drift in the melting tank shows a behaviour similar to the setpoint changes.

The controller had a pole at 0.966 and since the sample time during all

controller experiments was 60 seconds, the controller has a corresponding

time constant of half an hour. The time constant can be found in fig. 5.3.

A closed loop second order controller has been applied with poles at z

0.84. The corresponding time constants are about 390 seconds (6.5 min.).

Setpoint changes of 3 °e were made. From fig. 5.4 can be concluded that the

temperature in the spout (fdsp_f51) can be changed to another working point

within half an hour.

Also some experiments have been performed, where the process was con

trolled by the conventional PID controllers. The standard deviations of
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these sessions have been compared to the standard deviations of the ses

sions, performed with the model reference controller. Of course only the

parts of the sessions without setpoint changes have been considered. The

standard deviations of the sessions with the conventional PlD controllers

appeared to vary from 0.10 to 0.15. The standard deviation of the session

with a closed loop second order controller with time constants of about 900

seconds (15 min.) appeared to be 0.23, whereas sessions with a closed loop

second order controller with time constants of about 390 seconds (6 1/2

min.) appeared to have a standard deviation that varied form 0.10 to 0.16.

This means that the sessions with the model reference controller have a

slightly larger standard deviation. Frequency spectra of the sessions showed

that this increase of the standard deviation was due to high frequency

variations, whereas the session with the model reference controller con

tained slightly less low frequency variations. Again must be noted that

barely any disturbances occurred. Only slow variations were present in the

melting tank, and these trends will be damped by the feeder. This means that

these experiments have not been a good test for the controller operation.

The suppression of some faster variations has been considered.

Disturbances that occurred in the melting tank during the sessions with the

conventional PlD controller have been reduced in the spout from 6.5 °c (fig.

5.5.a) to 0.5 °c (fig. 5.5.b) and from 0.8 °c (fig. 5.5.c) to 0.3 °c (fig.

5.5.d). During sessions with the model reference controller, disturbances in

the melting tank have been reduced in the spout from 6 °c (fig. 5.5.e) to

0.5 °c (fig. 5.5.f) and from 9 °c (fig. 5.5.g) to 0.45 °c (fig. 5.5.h).

These results show a better result for the model reference controller. The

results however, are not very accurate, and too few disturbances occurred,

to draw proper conclusions.

From fig. 5.6 can be seen that the temperature fdsp_f51 has

drifted away from its setpoint. This slow variation has been caused

drifts in the feeder. Such a drift can be caused by variations

slowly

by slow

of the
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Fig. 5.6 Drifting of the output fdsp f51-
surrounding temperature with a day-night rhythm (period time of about 24

hours). These drifts were aJready sputted during the estimations. These slow

deviations from the setpoint can be eliminated by applying an integrator.

During the session, as depicted in fig. 5.6, no integrator has been applied.

Finally the frequency distributions of some of the controller sessions

have been determined. These distributions are depicted together with the

corresponding measured data in fig. 5.7. Again only parts of the sessions

without setpoint changes have been considered. The width of the foot of the

distributions appeared to be about 0.0005 for the session with the conven

tional pro controller (fig. 5.7.b). The width of the foot of the

distribution of the session with the closed loop second order controller

with time constants of about 900 seconds (15 min.) was about 0.0008, and the
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width of the foot of the distribution of the session with the closed loop

second order controller with time constants of about 390 seconds (6.5 min.)

appeared to be about 0.0003. As expected, the fast controller with time

constants of about 390 seconds gives a result that is about 2.5 times as

good as the slow controller with time constants of about 900 seconds, since

the time constants are also about 2.5 times as small.

5.2.2 Gradient model

As has been shown in section 4.2.2, problems arose when modelling the

gradient. During the measurements, described in section 2.1, the excitation

signals offered to the process were too small, to perform proper estimations

on the gradients. The signal-to-noise ratios of the gradients appeared to be

bad as well. Such a model, however, has been used to design a controller.

During the controller experiments, such a controller was applied: the spout

temperature was controlled closed loop, and the horizontal gradient was

controlled open loop. The horizontal gradient however, drifted quickly away

from the setpoint, and as a result, fdsp_f51 drifted away too. Since only

little changes in the spout temperature were allowed, the controller had to

be stopped. The gradient controller never operated for longer than one hour.

Because of the restriction of a constant spout temperature, no proper tests

for the gradient controller could be performed.
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5.3 CONCLUDING REMARKS

The universal furnace has been constructed such that adjustments made in

the feeder will not be noticed in the melting tank. It is expected however,

that even adjustments made in section 2 of the feeder can be noticed in the

melting tank. The tem~erature in the melting tank (smel_bll) and the excita

tion of f2_gas are depicted in fig. 5.8. After an increase of f2_gas, the

temperature in the melting tank increases. It is not sure whether the in

crease of the temperature in the melting tank is a result of the increase of

f2_gas, but more examples are known, where such a conclusion could be drawn.
F51CTF2D

control experlrn.eCl.tl!ll

60. r '"
1 :
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control experlrT1.e.n.ts

I .

'J

j d:O. .1. 1.
+-- •••

O.

I
I

• • >- '. >- , t -
(.J. ;} J.

:SC""""""'P'cs

.. ,
1. h

X j.' ;;3

Fig. 5.8.a Registration of the input
f2_gas

fig. 5.8.b Registration of the tempe
rature in the melting tank

The constraint that the spout temperature should not vary more than 2 or

3 °c caused that the experiments did not appear to be a good test for the

controller. Since no disturbances should be caused, it was not possible to

draw proper conclusions about the suppression of the disturbances.

The temperature gradients appeared to be hardly controllable. The tem

perature drifted quickly from its setpoint, and the controller had to be

stopped in order to keep the spout temperature within its range. As a

result, not many conclusions can be drawn with respect to the gradient

controller. In order to test the gradient controller and the spout control

ler properly, it should be possible to vary the spout temperature more than

3 °C.
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The spout temperature, however, can be controlled very well:

-The spout temperature stayed within about 0.3 °c of the setpoint tem-

perature, during an experiment that lasted 16 hours.

-The spout temperature can be changed to another working point ( in this

case a change of 3 °C) within half an hour.
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6 GENERAL CONCLUSIONS

The main objective of the project, described in this report, was to

develop a controller that could control the glass temperature at the outlet

of the feeder. Other objectives were to gain insight in the dynamic be-

haviour of the feeder process, and to test the controllability of

temperature gradients in the spout.

-First of all a measuring system has been developed, in order to collect the

data. The measurement sessions took place over a time period of six weeks.

-The data obtained from the measurement sessions have been used for iden

tification of the input/output behaviour of the feeder. Two different

models have been estimated. These models have the same input signals: the

gas flow at the two different sections of the feeder and the cooling air in

section 1. The spout model has one output: the temperature at the outlet of

the spout. The profile model has six outputs: the temperatures at the cross

section of the spout. After the preparation of the data, impulse response

models have been estimated in several steps. Balanced realizations of the

state space descriptions have been derived. The identification of the

temperature at the outlet of the spout resulted in a fourth order model,

and the profile model appeared to be a sixth order model.

The response of the profile model to changes of the gas flow in section 1

and of the cooling air appeared to begin after about 900 seconds, the

temperature at the outlet of the spout reacted after about 1250 seconds.

Both the profile model and the spout model reacted immediately on changes

of the gas flow in section 2.

During the estimations large drifts were noticed, with a period time of

about 24 hours. Probably these drifts are due to changes in the surrounding

temperature with day-night rhythm.

-Validation with the models at another working point showed that the tem

peratures at the left and right side of the cross section and in the outlet

of the spout can be predicted such that the output error power is about 10%
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and the temperatures at the middle of the cross section can be predicted

such that the output error power is about 30 %. The signal-to-noise ratios

of these last signals appeared to be worse!

-The models have been used for the design of a model reference controller.

Simulations showed that the behaviour of the cooling air and of the gas

flow at section 1, are opposite. Evidently, these two input signals are not

independent, as presumed. This means that there are only two independent

input signals. As a result, the temperature at the outlet of the spout has

been controlled with only the gas flow at section 2 as input signal.

From the profile model, a model has been computed that can predict the

input/output behaviour of temperature gradients in the cross section.

Simulations with this model showed the presence of drifts with period times

of about 24 hours. To eliminate the presence of these large drifts, a new

model has been estimated. FIR filtering was applied, and the gradients were

computed before the estimations. The signal-to-noise ratios of these

gradients appeared to be about 1(1), and the output error after validating

appeared to be about 100 %. Yet this model has been used to design a model

reference controller.

-From the controller experiments at the BH-F feeder it can be concluded

that:

II .it is very difficult to control the temperature gradients.

The restrictions made, prevented good testing of the gradient controller.

The spout controller showed better results:

.it is possible to keep the temperature at the outlet of the spout

within 0.3 °c of the setpoint temperature,

.the temperature can be changed to another setpoint within half an hour,

compared to about one day without the reference controller.

Since no disturbances were allowed during the controller experiments, no

proper conclusions could be drawn about the suppression of disturbances.



-84-

When further testing the BH-F feeder, the following notes should be

considered:

-When testing the controllers, the outlet temperatures of the feeder should

not be restricted.

-The gradient model obtained, will probably not be sufficient because the

signal-to-noise ratio is too bad. In order to improve the signal-to-noise

ratio, larger input signals should be offered to the process, for estima

tion purposes. This means, however, that new measuring experiments should

be performed.

-More attention should be paid to the 24-hours periods in the data signals.

Another kind of filtering should be considered in order to get rid of these

trends.

-The cooling air and the gas flow in section 1 appeared to be dependent.

Both input signals work from the top of the feeder. Perhaps the temperature

gradients can be controlled better by heating the glass from the sides or

from the bottom, and cooling it from the top (or vice versa).

-Another possibility to improve the controllability of the feeder could be

the increase of the number of independent sections in the feeder.
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APPENDIX A

A mathematical model of the feeder can be derived:

(a) Law of conservation of mass:

ap
at = -div(p'~)

with p mass density,

v velocity vector.

(b) Law of conservation of energy:

~t(CPt) = -div(cpt·~) - div q

(A.l)

(A.2)

with c

T

heating capacity,

temperature (dependent on place: T(~»,

heat flow density.

(c) Law of conservation of impulse:

~-(p) = -div(p'v) - div _~at -
with ~ = impulse changes due to viscosity forces.

Other relevant equations are:

q = \ff grad(!:)

with Aeff = a coefficient for the heat conduction and

together.

~ = tl grad(~)

with tl = viscosity coefficient (dependent on place: tl(x».

(A.3)

(A.4)

radiation

(A.S)

(A.6)
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Equations (A.2) and (A.4) lead to:

a--(cpT)at -div(cpT·~) + A (~~2 T + ~~- T + ~~2 Tz)·
eff ax x ay2 y az

(A.7)

Equations (A.3) and (A.5) lead to:

a
-div(p·~) (a

2 a2 a2
vz)--(p) + II a~2 Vx + --2 v + --2 +at ay y az

all av all av all av
x + __ __"t.. z

+ -- ax- + -- az-ax ay ay az (A.B)

From the equations (A.6), (A.7) and (A.B) can be deducted that the

viscosity depends on the temperature, the temperature depends on the

velocity, and the velocity depends on the viscosity. As can be seen, this

results in a system of coupled partial differential equations.
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space description (cf. eq. 3.3):

(B.1)
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APPENDIX B

The model can be described by a state

~(k+1) = A~(k) + B~(k),

~(k) C~(k) + D~(k).

The system matrix (A) can be transformed to a diagonal matrix containing the

eigenvalues (A) by applying the following equation:

A.T = T.A

with A is a diagonal matrix containing the eigenvalues,

T is a matrix containing the eigenvectors.

When the matrix T can be inverted, the system matrix (A) can be written as:

-1 --1A = T.A.T = T.A.T .

Substituting eq. B.3 into eq. B.1 yields:

(B.3)

- -1
T.A.T ~(k) + Bu(k),

C~(k) + D~(k).

(B.4)

This equation can be written as:

-1T ~(k+1)

~(k)

- -1 -1
A.T ~(k) + T .B~(k),

C~(k) + D~(k).

(B.5)

And finally, the equation can be written as:

~(k+1) A~(k) + B~(k),

l(k) C~(k) + D~(k).

with: ~(k)
-1T ~,

A -1T .A.T,

B -1
= T .B,

and C C.T.

The contents of the A, Band C matrix of the profile model are:

(B.6)



A

0.4204
o
o
o
o
o

o
0.8037-iO.0833

o
o
o
o
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o
o

0.8037+iO.0833
o
o
o

o
o
o

0.9767
o
o

o
o
o
o

0.9801
o

o
o
o
o
o

0.9862

B

-0.0070
0.0127+iO.5330
0.0127-iO.5330
0.2504

-0.5353
0.1192

0.0873
-0.2166-iO.7580
-0.2166+iO.7580
-0.0425
0.5350

-0.0383

-0.6080
0.1721-iO.2090
0.1721+iO.2090
0.2846

-0.2479
-0.1144

c

-0.2322
0.1015
0.0990

-0.5245
0.0443
0.0760

0.2455+iO.0403 0.2455-iO.0403 -0.0366 -0.4470 0.0618
0.3445+iO.0529 0.3445-iO.0529 -0.0076 -0.4379 -0.1083
0.3427+iO.0528 0.3427-iO.0528 -0.0048 -0.4328 -0.1048
0.2615+iO.0731 0.2615-iO.0731 0.2174 -0.1780 -0.0278
0.4348+iO.0890 0.4348-iO.0890 0.1196 -0.3509 -0.0408
0.5545+iO.0898 0.5545-iO.0898 0.2202 -0.2044 -0.0177

The elements of the fifth column of the C matrix are significantly larger

than the elements of the sixth column. Apparently, the mode corresponding to

the eigenvalue 0.9801 has a significantly larger influence on the

input/output behaviour than the mode corresponding to the eigenvalue 0.9861.

As can be seen from matrix B, the transfer from input 1 and input 2 (f1_gas

and cool_air) to the state vector (.igenv~ _tor) corresponding to the eigen

value 0.9801, is about the same, only the polarity differs. This eigenvalue

(0.9801) has about the same value as the largest eigenvalue of the spout

model (0.9819). An increase of f1_gas and cool_air with the same amount at

the same time, will only influence the temperatures within a certain time

period. When the influence of the faster poles has ceased, there will be no

resulting influence because of the slowest pole, since the two input signals

compensate each other. Probably, mainly the phase difference of the two

input signals is used to control the output signals; f1_gas and cool air are

not fully independent.
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LIST OF SYMBOLS USED

A:

B:

c:
D:

F:

Y:

M:
Q:

N:

Y:

H:

M:

T:

6:

f:

I:

l(k):

~(k):

x(k):

z (k):
p

Ym(k):

Yp(k):

n(k):

um(k):

u (k):
p

n(k):

yf(k):

is the state matrix,

is the input matrix,

is the output matrix,

is the direct feed through matrix,

is the state feed back gain matrix,

is the output signal matrix,

is the Markov parameter matrix,

is the input signal matrix,

is the noise signal matrix,

is the measured output signal matrix,

is the block Hankel matrix,

is the matrix containing the estimated Markov parameters,

is the transformation matrix,

is the controllability matrix,

is the observability matrix,

is the identity matrix.

is the output vector at time k,

is the input vector at time k,

is state vector at time k,

is the measured process output signal at time k,

is the model output signal at time k,

is the real process output without noise at time k,

is the process-pIus-measuring noise at time k,

is the input signal applied to the model at time k,

is the input signal applied to the process at time k,

is the noise part of the process output signal at time k,

is the set point signal applied to the controlled process.
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M(i) : is the i-th Markov parameter,

a(i): is the i-th coefficient of the minimal polynomial,

Mab(i): is element mab of Markov parameter M(i) ,

a( i) : is the i-th singular value,

A( i) : is the i-th eigenvalue.

r: is the order of the minimal polynomial,

m: is the numbel- of Markov parameters estimated,

p: is the number of inputs of the system,

q: is the number of outputs of the system.

Ts: is the sample time,

ld: is the delay time,

z. : is a transmission zero.
1
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IDENTIFICATIE EN REGELING VAN EEN GLAS FEEDER PROCES

SAMENVATTING

In dit verslag wordt de identificatie en de regeling van een glas feeder

proces beschreven. De glas feeder is het laatste gedeelte van een glasoven,

waarin de glastemperaturen worden geconditioneerd. Deze feeder bestaat uit

twee onafhankelijke secties. In de eerste sectie kunnen de glastemperaturen

beinvloed worden door gastoevoer en koellucht, in de laatste sectie enkel door

de gastoevoer.

Allereerst is een meetsysteem ontwikkeld. De metingen zlJn gedaan bij de

BH-F feeder van de Universeeloven in Eindhoven. Nadat de verkregen data waren

voorbewerkt, zijn in verschillende stappen schattingen uitgevoerd. Er zijn

twee verschillende modellen geschat, met de gastoevoeren en de koellucht als

ingangssignalen.

Het eerste model beschrijft het ingang/uitgangsgedrag van de temperatuur

aan de uitgang van de feeder. Een vierde orde model werd verkregen, en bij

validatie in een ander werkpunt bleek dat het model het ingang/uitgangsgedrag

kan beschrijven met een foutvermogen van 10% van het uitgangssignaalvermogen.

Het tweede model beschrijft het ingang/uitgangsgedrag van zes temperaturen

~n een dwarsdoorsnede van de feeder. Bij validatie van dit zesde orde n~del

bleek dat het ingang/uitgangsgedrag aan de zijkant beschreven kan worden

beschreven met een foutvermogen van 10%, en in het midden met een foutvermogen

van 30%. Dit model is gebruikt om een temperatuurgradi@ntmodel te bepalen.

De modellen zijn gebruikt om een model reference controller te ontwerpen.

Uit simulaties bleek dat de gastoevoer en de koellucht in de eerste sectie

niet onafhankelijk zijn. Om de regelaars te testen, is het meetsysteem met een

regeltaak uitgebreid.

Hoewel de gradi~ntregelaar niet afdoende getest is, werd het weI duidelijk

dat de temperatuurgradi@nten zeer moeilijk te regelen zijn. De temperatuur aan

de uitgang van de spout kan binnen 0,3 °c van zijn setpoint gehouden worden,

en kan binnen een half uur naar een ander setpoint omgesteld worden, in ver

gelijking met ongeveer een dag met de conventionele regelaars.
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