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SUMMARY

In recent years a lot of attention has been paid in control
society to H_-Robust Control design. The design requires not
only a nominal model of a process, but also an upper-bound for
the model error in the frequency domain. For this purpose, a
new method has been developed by van den Boom, Klompstra &
Damen [1]. This method is executed in the frequency domain and
requires bounds for all disturbances acting on the process,
actuators and sensors. A first attempt is made to perform this
new technique on a SISO laboratory process called the watervessel process. The most troublesome part is the determination
of the bounds for the disturbances. Especially hysteresis in
the sensor gave some problems and therefore it is suggested to
do some more experiments. Models for the process are also
estimated using a time-domain technique i.e. the estimation of
a MPSSM model (Backx & Damen [3]). This techniques minimizes
the sum of squares of the output-error.
Comparing of the results of the estimations showed that the
models estimated with the time domain technique resulted in
smaller sum of squares of the output error, while the new
technique yields upper bounds for the model-error which are
approximately 1.5 smaller. Validation experiments showed that
these bounds hold, while there is no difference between the
estimated models looking at the criterion minimized in the
time-domain technique.
Furthermore, a theoretical model for the process has been
derived, which could not be validated. Flow-resistances in the
process are hard to model and therefore some adjustments of
the process are suggested.
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1. INTRODUCTION.
Over the years several identification techniques have been
developed to estimate models of physical processes. These
models are estimated such that they can be used to serve
several purposes like diagnoses, simulation, prediction, guarding or control of the process. The traditional estimation
techniques are all executed in the time domain and parameters
of the the models are tuned to fit best to the input-output
data regarding some criterion. Assumptions about noise and
considerations concerning applications lead to this criterion
but they may not be valid entirely. The criterion usually is
the minimization of an artificial error which accounts for
disturbances acting on the process and unmodelled dynamic
behaviour. Validation studies should indicate if the estimated
model represents the behaviour of the process under study in a
satisfactory way.
In recent years a lot of attention has been paid in control
society to fL-control design. This technique requires a model
of the process together with a bounded model-error. The traditional estimation techniques do not yield a model error, due
to the way the error-sources are treated.
Recently a new technique is proposed by van den Boom, Klompstra and Damen [1] [2] which is executed in the frequency
domain. The main feature of this new technique is that a
nominal model together with a norm-bounded model-error is
obtained which is applicable to H:control design. This technique assumes the process to be linear and time-invariant. The
main difference with the traditional techniques is that every
error source is treated separately and this implicates that a
closer look has to be taken at every error source by extensive
preliminary measurements on the sensors and actuators used. In
this report is described how this technique works out when it
is applied to a real process. The process under study is the
water-vessel process which is already in use for educational
purposes at the Measurement and Control Group.
Also a time-domain identification technique will be applied
which results in a Minimal Polynomial Start Sequence of Markov
Parameters (MPSSM) model (Backx & Damen [3]). This technique
has already proven its significance at industrial processes
and will be used here to compare the new technique to.
In the next Chapter the theoretical background of both techniques is described. In Chapter 3 the process to be modelled is
discussed and a theoretical model is derived. Chapter 4 gives
a description of the measurements done to come to the required
bounds of the disturbances acting on the process. In Chapter 5
measurements are discussed to validate the theoretical model
and to obtain the datasets used for identification and validation which are performed in Chapter 6. In the final Chapter
the results are discussed and recommendations are given.
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2. BASICS OF TWO IDENTIFICATION TECHNIQUES.
Both identification techniques discussed in this Chapter are
developed out of requirements for control design. Only the
basics of the techniques are discussed and details can be
found in the references. Both techniques are going to be
compared by using them to estimate a model for the watervessel process.
The first technique is recently developed by van den Boom,
Damen and Klompstra [1] [2] and differs from traditional techniques in the sense that a nominal model is obtained together
with a norm-bounded model-error. The criterion used to fit the
model to the measured data, is the minimization of a norm in
the frequency domain. The technique is developed in a deterministic setting. Until now this method has only been developed
for SISO processes. The estimated nominal model and modelerror can directly be used in the design of a H_-robust controller. Application of this method to a real process requires
an estimation of the order of the process. This
system property is an intermediate result of the next identification
method to be discussed.
Control design constraints for MIMO processes initiated the
development of this second method. This method, developed by
Backx & Damen [3], estimates a Minimal Polynomial Start Sequence of Markov Parameters model (MPSSM) by minimization of
an output-error criterion.
The estimation
is done in three
consecutive steps leading to an optimal model. Given this
simulation model, a controller can be designed.
The estimation of a MPSSM model will be shortly discussed in
the next Section. The basics of the identification for H-robust control design will be given in a succeeding Section.
2.1. Estimation of a MPSSM model.

The estimation of a MPSSM model is developed by Backx & Damen
[3]. Although this method is developed for MIMO processes, it
will be discussed in a SISO setting. The setup is given in
Figure 2.1:

n
u

y

PROCESS
+

Fig. 2.1: Setup for the estimation of a MPSSM model.
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The input signal is denoted by u, the noise corrupted output
signal by y. For control design a good simulation model over
the whole frequency range of the process is required. So the
criterion to fit the MPSSM-model to input-output data is the
minimization of the sum of squares of the output error. Moving
average parameters appear quadratically in this criterion. The
auto-regressive parameters however show up in higher powers
causing local minima. The MPSSM is a trade off between the
total number of parameters and the number of autoregressive
parameters. Take r as the order of the minimal polynomial:
(2 . 1)

Then the MPSSM-model is defined by a convolution:
00

(2 .2)

Yk=LFjU k- j

j=O

j=O

(2.3)

j=1,2, .. . ,r

j>r

To overcome the problem of finding the global minimum, the
estimation is performed in three consecutive steps.
An indication about the length of the impuls respons L is
derived from preliminary measurements. Then a Finite Impuls
respons model (FIR) of length L is estimated by
fitting the
Markov parameters to the input-output data in a least squares
sense.
The number of independent Markov parameters is equal
to the order of the minimal polynomial and thus equal to the
order of the SISO process. The order r can be obtained by
applying a singular value decomposition on a Hankel-matrix
with the estimated Markov parameters as entries.
Next, the large number of estimated Markov parameters are used
to estimate initial values of a i and Mi by Gerth method.
Finally, initial estimates are used as starting values for the
iterative fitting of the MPSSM model to the input-output data.
The three steps are visualized in Figure 2.2.
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Fig. 2.2: Estimation of a MPSSM model.
This technique is implemented and available as a part of a
software package under the name IPCOS. This package also
offers the possibility to transfor the estimated MPSSM-model
into a state-space description.
2.2. A new identification technique for H.-robust control
design.

In this Section the basic setup of a new technique is discussed which is developed by van den Boom, Klompstra and Damen
[1] [2]. Derivations and proofs are omitted and can be found in
the references.
Unlike the traditional estimation techniques, this new method
treats every error source separately. The basic setup is given
in Figure 2.3.

Fig. 2.3: Basic setup.
The true input- and output signals U t and Yt are samples in the
frequency domain. The disturbances are characterised by filters with bounded normed inputs:

II wd-ldtll ..~l

II We-let 11 ..~1

Wd accounts for:
- Disturbances on the input.
- Measurement error of u or uncertainty in
u due to an uncertainty in the actuator
model.
6

We

accounts for:
- Output disturbances.
- measurement error caused by the sensor
used.

In this case a unstructured additive model error for the true
process description P t is used (Pt=P+~t) but also other types
can be appropriate.
The estimation of a model comes down to finding a model P from
a model set S which minimizes the model-error ~=Pt-P with some
weighting on the frequency axis by Wm (Wm and wm- 1 E RH_):
(2 .4)

The derivation of uncertainty regions for the true process P t
out of the error source descriptions and the optimal tL-model
fitting are discussed in the two following Sections.
In practice the signals u and y often are time samples of
continuous signals. A Discrete Fourier Transformation (DFT) is
needed to calculate the frequency samples.
The error caused
by the DFT can be made minimal if the input signal is chosen
correctly. This is discussed in a final Section.
2.2.1. Derivation of the uncertainty regions.

The true input and output signals u t and Yt are not known
because of the disturbances d t and e t • The following holds for
the true signals U t and Yt:
u t (z) =U (z) +d t (z)
Y t (z) =y(z) -e t (z)

(2.5)

The only information available on the true noise d t and e t is
that they belong to the following sets:
D={a(z)

E={E:! (z)

III w;/ (z)
III ~l (z)

a(z) 1I-~1}

(2 • 6)

E:! (z) "_~1}

Therefore two sets can be defined for a specific frequency
where the true signals U t and Yt belong to:

I

U={O o=u (1 +uueJIII) ,
Y={9\9=Y (1 +uye Jt ) ,

O~'l'~21t, O~Uu~~

O~<I>~21t, o~U?W

21

(2 .7)

The sets 0 and Y describe an uncertainty region for u t and Yt
in the complex plane, based on the knowledge of u and u which
is visualized in Figure 2.4:
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Fig. 2.4: uncertainty regions in the complex plane.
Take the set 0 as the set of all relevant frequencies
O={Zlf ...••. , zJ={e Pl , . . . • . • , e:Pi}

Z1:

(2.8)

The true process P t at a frequency Z1 is defined as Pt=Yt/Ut. An
uncertainty region in which P t (Z1) is lying can be derived
given the uncertainty regions U and Y. This region is represented by the set:

p=<P! 15=

yu·

UU·-Wd~

(I +CX e J+) (1 +cxue Jlll ) ,
y

(2 • 9)

OS<j>S21t, OS'l'S21t, OScxy<W, OSCXuSW}

The above representation of the set P is only valid if the set
U does not include the origin of the complex plane. This means
that the amplitude of the signal u must be larger than the
maximum noise amplitude.
The set P does not have a circular boundary like Y and U. An
enclosing set of P which describes an (not necessarily smallest) circular region is the set Pc. First define:
(2.10)

then the set Pc is given by:

pc=<P1 15c=P c+CXceJ'Il, OS'US21t, OScxcSr)

(2.11)

This set is derived to make a.-model fitting more easy as is
described in the next Section. Note that P~c' and Pc encloses
P more tightly if the uncertainty in in- and output signals is
small.
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2.2.2. Optimal El-model fitting.
In this Section is described how an optimal model is chosen
out of a model set. Several model-types are appropriate like
ARMA and State Space models. To choose a proper modelset, the
order of the process is needed. An elegant method to estimate
the order is described in Section 2.1.
Optimal model fitting means minimizing the maximum model-error
over all frequencies Zi e O. Take 8 as a parameter-vector which
is an element of the set of all admissible vectors e, and
define a model set S and a set with model errors F:
(2.12)
S={p (8, z) 18ee}
(2.13)

F={3.(z) I~=p(z) -P(z) ,'Vp(z)eS,'VP(z)ep}

The true model error ~=P(z)-Pt(z) belongs to the set F because
P t e P. The calculation of an optimal model with some weighting
on the frequency-axis by a filter Wm comes down to:
minll WmL\tll ..~min maxll Wm~II ..=min maxI! Wm (P-P) II ..
PES

PES

PeP

PES

(2.14)

PeP

The weighting filter must be stable and minimum phase.
the enclosing set Pc' the problem definition becomes:
min maxll Wm (P-P)
PES

PeP

lI..~in
&9

maxi Wm (z)
2EO

I (I P (8, z) -Pc(z) I +rc(z))

Using

(2.15 )

In words: The optimal model from a modelset S is the model
that minimizes the maximum distance to the boundary of the
enclosing set Pc.
The problem of finding a model from the modelset means minimizing a H..-norm of a function Wm (z) E max by tuning a parametervector. However, the H.-norm is not differentiable. A minimization which does not need gradients has to be used, for
example a Simplex method. A good initial estimate of the
parameter vector is then needed to guarantee convergence to
the global minimum. A possibility is to take the estimated
MPSSM model from Section 2.1. as an starting model.
It is always possible to calculate for each frequency three
distances in the complex plane if a model has been estimated,
as long as
upper-bounds for the disturbances are available.
These three are given by:

maximum distance:
average distance:
min imum di st an ce:

The

bound

Emax

is

£max

(8,

z)

=1 P (8, z) -Pc(z) I +rc(z)

£med(8,z)=lp(8,z)-P c (z)

£ min

(8,

the

z)

=max{( I P (8,

error

which
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I

z ) -Pc ( z)

is

(2.16)
(2.17)

I - r c ( z) ) , o}

minimized

(2. 18)

during

the

estimation. If the estimated P is an element of Pc then P might
represent the true process and £min will be zero. The error
function £~d is the average of the two error functions £~X and
£min'

Using the set Pc instead of the set P changes the criterion of
finding the optimal model. The model closest to the centerpoint of the set Pc is not necessarily close to the best model
in the set P which makes this method conservative. The way the
model-error is calculated, is only an approximation which is
not unique. In the next paragraph another approximation is
derived. Which one is the best depends on the process to be
modelled and the disturbances, and this is subject to further
study. In this report, both approximations will be used to
estimate a model for the water-vessel process.
2.2.3. Another approximation of the model error.

In this paragraph, another method for calculating the model
error will be derived. From Figure 2.3. it is easy to see
that:
(2.19)
Using

Pt=P+~t

equation (2.19) becomes:

~t (u+d t ) =yt-P(u+d t )

(2.20)

To visualize the estimation of an upper-bound for the modelerror, two sets in the complex plane are needed. The first set
is the set Y as defined in Paragraph 2.2.2., the second is the
set Pu:
(2.21 )
Pu={P· u I'Vue u}
Both sets are drawn in Figure 2.5.

rr:· ..

-§

J

0

-1

-2

-3
-3

'u
-2

-1

0

Fig 2.5: The sets Y and Pu.
The estimated process-description P might equal P t if the two
sets Y and Pu have an overlap because then Yt and PUt might be
elements of the overlap. An upper bound can be derived as
follows:
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(2.22)
with

I (u+d t ) I ~I ul-I Wdl

(2.23)

inequality (2.23) yields:

I ~tl ~e

with

e = I y-Pu\

+\ Wei +\ PWdl

~

(2.24)

This upper bound for the true model error can be used to
estimate a model by minimizing the H..-norm of the weighted
upper bound WmE.
The numerator of (2.24) is equal to the length of the dashed
line in Figure 2.5. The three parts of the numerator can be
explained as follows. The parts Ipwdl and lWei define a minimum
in the upper-bound because a more accurate model cannot be
estimated as the uncertainty regions allow. The part I y-Pu I
tries to pull the center-points of the sets Pu and y together.
A good initial process description for the estimation algorithm would be a P, which makes the total distance between Pu
and y minimal over all frequencies. This comes down to minimizing a Hz-norm. The denominator makes the upper bound conservative since it is the smallest possible input signal.
The two methods for calculating an upper bound will be compared in a simulation study in the next Section.
2.2.4. A simulation study.

In van den Boom, Klompstra & Damen [1] several simulations are
described which use the calculation of the upper bound for the
model error as derived in Paragraph 2.2.2. This method will be
denoted in this Paragraph as method 1, the method described in
Paragraph 2.2.3. as method 2. Both methods are now compared in
a simulation study. The setup for the simulation is slightly
different as given in Figure 2.3.

Fig. 2.6: Setup for the simulation study.
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The true process description is given by:
p _ z2-1.1z+0.24
t - z2-1. 6z+0. 68

(2.25)

This model is excited with an input signal u(k) of 1024 samples which has an approximately flat spectrum. The inputsignal is constructed by multiplication of a white Gaussian
noise sequence with the window drawn in Figure 2.7.

~_L_~y

time ~
L

Fig. 2.7: Window for construction of the input-signal.
The true in- and output signals are corrupted by white Gaussian noise with Wd and We as the 3a-bounds in the frequency
domain. This yields for the noise to signal ratios:

I We (z)
lY(z)

<0 16

(2.26)

r- .

The way the input-signal is constructed allows the negligtance
of the error introduced by the Fourier transformation. The set
of frequencies 0 is chosen as:
j

j Sl1lt

It

(2.27 )

O={l, e ~ .... e lU"Z'l'}

In Figure 2.8. the uncertainty regions are drawn
frequencies 2 1 and the centerpoints are connected.
PROCESS UNCl!RTAINIY REGIONS IN 1111! COMPU!X PI.-4NE

0

.....

~

j
-I

-l.S

Fig 2.8: Uncertainty regions for the process model.
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for

all

with the program INFIDENT, a model is estimated by both methods. The modelset S contains all second order models:
S3Z2+S4Z+SS

(2.28)

p---:;-~-~

Z2+S 1Z +S2

The model error is weighted with the low pass filter:
W=0.375 z-0.2
m
z-O . 7

(2.29)

The estimated parameter vectors are:

Smethodl=

-1.6107
0.6861
1.0281
-1.1466
0.2508

-1.6004
-0.6815
1.0048
-1.1154
0.2540

Smethod2=

(2.30)

The calculated upper bounds are drawn in Figure 2.9.:

0.6,-~~_----",ME~T-",KO",-D-=-1_1
~_~_ _~_--,
£...
[.in

0.5 ,--;--~_.--:::ME;:.:.T~KO~D2,---..-:-_~ _ _~_--,

:0:--

=----------

£- -

0.35

~I~

0.3
0.25
0.2

0
0

sao

600

0.15

0

100

200

300

400

sao

600

Fig. 2.9: Upper bounds for the model error.
Both methods result in a rather conservative upper bound.
Method 2 is sligtly less conservative for this simulation.
More conservative upper bounds are found as those given in
Figure 2.9 if the bound is calculated by method 1 resp. method
2 using the model estimated by method 2 resp. method 1. Furthermore, the weighted model-errors show five maxima which are
approximately equal. This means that both methods converge
since there are five parameters to be estimated.
Another interesting result follows from the Nyquist diagram of
the true and estimated process descriptions.
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0.4r----~--~--~-

0.2

true process ..method! • -+_•.•method2 =.....

,

_ _- _ _ ,

"".
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o
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-I

-1.2~--~-----;:;-::::---::::;---~---:::::---:::···;::'-:..---~--~
0.3

1.3

2.3

Fig 2.10: Nyquist diagrams of true and estimated process
descriptions.
The second method estimate a nominal model which is closer to
the true model description.
Which method is the best at which levels of input and output
noise should be investigated in more profound simulation
studies.
2.2.5. Input design.

The signals u and y usually consist of time-samples of continuous signal U c and Yc. So a Fourier transform is needed to
calculate the frequency samples out of Uk and Yk. To make the
error introduced by the transform as small as possible, the
input signal has to be chosen correctly. In van den Boom,
Klompstra & Damen a design method is proposed which is a
special case of the following.
The N-points Discrete Fourier Transform (DFT) F(e~) of a datasequence f(k) is defined as:
N-l

F(e~)

=L f(k) e- Pk

(2.32)

-1t<!2::;1t

kzO

The N-points discrete DFT calculates the exact Fourier coefficients of the Fourier series of a continuous periodic signal
(except for a constant factor liN) if the following conditions
are met:
1. The signal is band-limited.
2. The sample-frequency is at least twice the greatest frequency present in u c •
3. An integer number of periods is sampled.
An appropriate input signal is the Pseudo Random Binary Noise
Sequence (PRBNS). This signal is periodic but not band-limited
(see Appendix B), but aliasing is negligible if the sampletime is chosen small enough.
The output signal, however, will not be periodic due to the
transient effect and disturbances on input and output. To get
14

rid of the transient effect, the begin part of the sampled
output should not be used to calculate the frequency contents
of the output. The length of this begin part has to be at
least a few times the length of the impuls respons. If this
part has been removed, then the output signal consists of a
periodic part yp and a noise part Yn:
(2.33)

The noise part consists of output noise and input noise which
is filtered by the process. Generically, this part is not
periodic because it is a time limited part of a noise sequence, and so it will introduce an error. Time limiting of an
non-periodic signal by multiplication with a window will lead
to a convolution in the frequency domain. The result will be
that an amplitude at a certain frequency is spread out over a
small frequency band. This effect is also called leakage and
can be accounted for by changing the upper bounds for the
disturbances. In
the identification performed in Chapter 6,
this effect is assumed to be negligible. In other words, it is
assumed that the bounds for disturbances obtained by preliminary measurements are also valid after performing a DFT.

15

3. THE WATER-VESSEL PROCESS.
The watervessel process is a laboratory process, that is used
by students during practical training to study some aspects of
continuous and discrete control theories (Eggink [4], Beckers
[5]). The process consists of three vessels placed above each
other. Water is pumped into the top-vessel and flows via the
middle vessel into the lowest vessel.
The main goal is to
control a water-level in one of the three vessels of the
process. During the practical training some parameters are
estimated and a PID-controller is designed. After that some
simulations are done and finally the controller is implemented
and tested.
Before a quantitative description of the process is determined
by the identification done
in Chapter 5 and 6, a qualitative
description is given in this Chapter. First the whole process
is described and several properties are discussed. Then a
theoretical model is derived, based on Bernouilli's law.

3.1. Description of the water-vessel process.
Although several of these processes have been built, they are
all in use for practical training. So a new one had to be
constructed. The water-vessel process essentially consists of
4 parts:
- Three vessels, made of glass with different diameters.
A rollerpump with rotation speed detector.
- A level sensor.
Three taps.
Other components needed are a supply-vessel to store the water
and a Personel Computer extended with a Analog/Digital and
Digital/Analog converter to measure several signals. In Figure
3.1 all the components are drawn:

PI!RSllNAL COMPl1IU

--

.......

TAP

MIIIIIU! .WSSI!L

LO_·VI!SSEI.

TAP

Fig. 3.1: The water-vessel process.
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The roller-pump pumps water from the supply vessel into the
top-vessel after which it flows via the middle one
into the
lowest vessel. The taps act as a flow resistors. The flow out
of a vessel depends on the level of closure of the corresponding tap and the pressure drop over the tap. A good approximation of this pressure drop is the height of the watercolon in
the vessel since the pressure drop in the short hose the taps
are attached to, is negligible.
The difference of the flow in
and out of a vessel determines how much water is stored and,
together with the diameter of the vessel, the change in waterlevel. The time constants of the vessels varies between about
15 (s) for the top-vessel to 40 (s) of the lowest vessel.
The level sensor, rollerpump and extended Personel Computer
are discussed in the following Paragraphs.
The process itself has several properties that have to be
considered while doing measurements.
First of all, the taps can cause some trouble if no clean
water is used. The taps are made according to the Saunders
patent which means that the flow is controlled by making a
slit more or less narrow. This slit acts as a sieve for particles of certain size. If such particles are present, the flow
through the tap is considerably changed and the tap has to be
cleaned. Then it is almost impossible to readjust the tap to
the same slit-width as before, resulting in a different behaviour of the process. So it is of great importance to prevent
particles from floating in the water. A solution would be to
replace the taps by other restrictions which are unchangeable.
A possibility is to use a contracted glass-pipe (Appendix B) .
Some copper-sulfate is solved in the water to prevent the
growth of algea and to lower the electrical resistance of the
water. A low resistance is needed because of the level sensor,
discussed in Paragraph 3.1.2. Evaporation causes a second problem that has to be taken care of. The resistance of the water
decreases if the water evaporates because then the concentration of copper-sulfate increases. Of course the amount of
water evaporating in one day is negligible, but in several
weeks so much water has disappeared that the process is changed considerably. So the amount of water present in the process has to be kept at a certain level.
A third phenomenon is the disturbance of the waterlevel in a
vessel. The vessels are constructed such that the water flows
along the inside of the vessel. If the water reaches the
waterlevel, the level is disturbed. Also some airbubbles arise
in the water. These two effects might affect the level measurement.
A last property of the process is the presence of time-delays.
If the flow is changed, it takes some time before this affects
the water level of the top vessel due to the distance between
the water level and the place the flow enters the system. The
same holds for the middle and lowest vessel.
The other parts of the process are the rollerpump, the levelsensor and a Personal Computer which are described in the
following Sections.
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3.1.1. The ro1lerpump.

The rollerpump has been studied more extensively by Liebregts
[6]. The pump basically consists of two rollers with the
attached rotation speed detector, a motor and a hose as drawn
in Figure 3.2:
FLOW

<

PUMP·MOTOR

Fig. 3.2: The rollerpump.
A roller closes the hose at the contact point and as the
rollers rotate, the water in the hose is forced to move. Due
to friction and a not completely closure of the hose when the
rollers are in vertical position, the flow will not be a
constant one. Although the hose between the pump and the topvessel acts as a low pass filter, the flow into the top-vessel
fluctuates around an average level. Only higher frequencies
are present in these fluctuations, compared to the bandwidth
of the water vessel process. Step-responses showed that the
pump is a much faster process than the water vessel process,
so as a model of the pump, only the average flow as a function of the control voltage or the average rotation speed is
considered. From Liebregts [6] it is known that the latter is
more accurate. The control-signal, however, is the inputvoltage. The model error consists of the deviation from this
average.
The average flow depends on the way the hose is placed around
the rollers and how long the hose is used. So if the pump is
used, first the flow as a function of the average rotation
speed should be measured. The control voltage should not be
above 2.9 (V) because then the pump-motor goes into saturation.
3.1.2. The level sensor.

The level sensor consists of two plane-parallel plates which
are isolated from each other (Eggink [4]).
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Vout

ISOLATION
RING

Fig. 3.3: The level sensor.
ac-voltage with a frequency of approximately 1 (kHz) results in an ac-current. This current depends on the resistance
between the two plates. If the concentration of coppersulfate
is constant, the current is inversely proportional to the
waterlevel. The current is proportionally transformed to a dcvoltage. The proportional gain can be adjusted by a potentiometer. Due to the ac-voltage the effect of polarisation on the
surface of the plates is omitted, a disadvantage is a small
ripple of about 10 (mV) p-p remaining present on the output
signal. Therefore the output signal is filtered by a simple
third order passive filter:

An

R=3.3

kO

R=3.3 kO

kO

T T-'v,,",

~--T
Q>-

R=3.3

T=82 1":82 T=82
nF

nF

nF
El

Fig. 3.4: A third order filter.
This filter attenuates a signal of 1 (kHz) more than 23 (dB)
while the filter has a flat frequency response for signals
below 1 (Hz).
A major problem is adhesion between water and the plan parallel plates because this means that hysteresis is present in
the level measurement. If the waterlevel drops, the water
sticks to the plates and a greater area of the plates is
covered by the water as will be the case by a rising waterlevel. This is explained in Figure 3.5.
PlAl1lS

/\
ASOlI/IlIl<G

LEVEL

t
DIlSa!IIDING

LEVEL

Fig. 3.5: Cause of hysteresis in level measurement.
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This problem has to be dealt with by estimating the disturbances of level measurements as will be done in Chapter 4.
3.1.3. The extended Personal Computer.

For measurement purposes a Personal Computer (Phi Ips P3102) is
extended with a Labmaster card [7]. This card has one 12-bit
Analog-Digital converter, but by a multiplexing technique 16
signals can be connected. Two 12-bit Digital-Analog converters
are available. The Labmaster card offers great flexibility
like bipolar or unipolar conversions of several ranges and
timers and counters for several purposes. Jumper settings on
the card determine the ranges of the signals to be converted,
in this case:
o - 5 (V) Digital-Analog converter.
o - 10 (V) Analog Digital converter.
The D/A-converter is used to control the pump, the AID-converter is used to measure the output of the level sensor and the
rotation speed detector.
A driver written in Turbo Pascal by Joosten [8] is used to
control this card. This driver contains procedures to initialize the card, to read from and write data to the converters
and to adjust the sample time. The procedures of the driver
can easily be used in any program written in Turbo-Pascal and
makes the transport of data very easy.
3.2. A theoretical model of the water vessel process.

A theoretical model of one vessel of the process can be derived using Bernoulli's law. Basically this law is an energy
balance between two points in the process (Potting [9]). If
there is no pressure difference between those points then
there are three kinds of energies to consider i.e. kinetic,
potential and energy-loss due to friction. Bernoulli's law
says that the difference in energy-contents at the two points
is equal to the energy-loss caused by friction:

~~ii+gh=F (~)
,dl

(3.1 )

kg

kinetic+potential=friction

a = kinetic energy coefficient
0. = average flow speed (m/s)
h = difference in height (m)
F = energy loss due to friction (J/kg)
g = gravitation constant (ml S2)

The constant a is included to account for the flow profile. If
the flow is turbulent, the flow profile is approximately flat
and the average flow speed 0. equals almost the flowspeed at
every point in the flow profile. Then a is about 0.98. If the
flow is laminar, the flow profile is parabolic and a is about
0.5. The constant varies between these two values and a more
accurate value of a can be found in Potting [9].
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When Bernoulli's law is applied to one vessel, then the problem arises how to take the tap into account. One way to do it
is to define an equivalent length of hose for that tap as is
done for many other appendages (Potting [9]). This is illustrated in Figure 3.6:

L

Dl = diameter vessel (m 2 )
D2 = diameter hose (m 2 )
h = difference in height
u l = average flow speed in
U2 = average flow speed in
L = equivalent length for

(m)
vessel (m/s)
hose (m/s)
tap (m)

Fig. 3.6: Equivalent length for a tap.
In a stationary state the flow into the vessel equals the flow
out of the hose:
(3.2)

To determine whether the flow is laminar or turbulent,
nolds number Re has to be calculated:
Re= puD

Rey-

(3.3)

T\

p = water-density (kg/m 3 )

= diameter (m)
(m/s)
= average flow-speed
2
)
viscosity
(Ns/m
=
T\
D
U

From Liebregts [6] it is known that the maximum flow delivered
by the pump is approximately 35· 10- 6 (m 3 Is). This yields a
Reynolds number of about 2475. A rather arbitrary boundary
between laminar and turbulant flow is the Reynolds-number of
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2100. This means that the flow becomes turbulant only when the
pump delivers its maximum flow.
The energy loss F due to friction in a pipe or hose of length
L is equal to:
F=4f

L
li
D

(~)

(3 .4)

kg

For laminar flow the friction f factor equals:
8 _8Tl
f=_=
_
Re puD

(3.5)

Combining equations (3.4) and (3.5) yields:
F= 32TlL
pD 2

(~)

u

(3 • 6)

kg

The energy loss due to flow from the vessel into the hose is
assumed to be negligible because the edge is rather smooth.
Applying Bernoulli's law to the point where the flow enters
the water level and the point where the flow leaves the hose,
yields:
1 -2 1 -2 h 3211L- 3211hu1 -""?'\'::: u 2 +g =
2 u2 2 u1
.dl
La
pD 2
pD1

(J )
-

""?'\':::

kg

=:)

(3 .7)

Entering numerical values
p = 1000 (kg/m 3)
TJ = 0.001 (Ns/m 2)

D1 = 80· 10- 3 (m) for lower vessel
D2

=

18· 10- 3 (m)

yields:
h(9.8+5·10-3U1) =9.9·10- 2 Lu 2 +

21au~- 21au;.

(3 • 8)

From Liebregts [6] it is known that the maximum flow is approximately 35'10- 6 (m3/s) and with (3.2) this means that
111~7·10-3 (m 3/s). So the second part on the left in (3.9)
is
negligible. Using (3.2) to substitute 11 by the average flow
(in m3 /s) yields:
h= 0.101j2+1.0·10- 2LU

2a

2

2

=

6

1.54.10 flow 2 +39.3Lflow
2a

(m)

(3 • 9)

Equation (3.9) shows that if height h and the average flow
speed 112 are known at different stationary states, a and L can
be calculated. Measurements to do so are described in Chapter
5.
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4. BOUNDS FOR THE DISTURBANCES.
The new method of identification for H_-robust control design
differs from other identification methods because bounds of
the disturbances acting on the process, actuator and sensor
are required. As discussed in Chapter 2, the method will fail
or result in a very conservative upper-bound for the modelerror if the noise to signal ratio of the input-signal is
large. A large noise to signal on the output-signal will
result only in a conservative upper bound. These effects put
restrictions on the actuator and sensor used, but it also
implies that the bounds should be estimated as small as possible. So a close look has to be taken at the sensor and actuator before any measurements are done on the actual process.
The determination of the bound for the output-disturbances is
done by measurements on the level-sensor. The pump is already
studied by Liebregts [6] and the results are used together
with some extra measurements, to arrive at a bound for the
input-disturbances.
All disturbances are indicated in Figure 4.1. and they are
discussed in the following Sections.

rontrol sign

rreasurement

l*---noise
caIculaled water-level

ca.IcuIaled flow

Fig. 4.1: Disturbances on the process.
4.1. The level sensor and output disturbances.

The principle of the level-sensor has been described in Chapter 3. There are three effects that may cause disturbances and
therefore an uncertainty in the determination of the waterlevel. These three effects are:
Errors made during the determination of the level
sensor characteristic, i.e. the transfer from water
level to output voltage.
- Hysteresis present in the level-measurements, as
shortly discussed in Chapter 3.
- Disturbances of the water surface in the vessels
caused by the flow.
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Now each effect will be studied in three Sections. A last
Section is used to come to a final bound which is needed in
the identification with the program INFIDENT.
4.1.1. Static characteristic of the level sensor.

A more detailed picture of the level sensor is drawn in Figure
4.2. The two plates are seperated by seven plastic rings which
keep the distance between the two plates equal over the total
length of the sensor. Due to adhesion the water "crawls" up
the plates, especially at the angle where the plates are
bended and around the screws and rings.

Fig. 4.2: The level sensor.
Adhesion is the cause of the hysteresis and will be delt with
in the next Sections.
The static characteristic is measured in the following way.
The flow from bottom vessel into the supply vessel is cut off.
Then a small amount of water is poured into the vessel which
causes a rise in water level. After every addition, the output-signal of the level sensor is sampled. and the water-level
is measured on sight. This is done 103 times and the results
are drawn in Figure 4.3.
characteristic level-sensor
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Fig. 4.3: Characteristic of the level sensor.
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3500

Figure 4.3. shows small extra increases at the levels 0.10,
0.18, 0.26, 0.34 and 0.42 and 0.50 (m), and these are exactly
the levels at which the rings are placed. Estimating a line or
a polynomial through the points in Figure 4.3., would result
in a relatively small error at these points. The absolute
error may be about 2 (rom) which would result in in a large
error-bound. So it is better to interpolate between the measured points in Figure 4.3., for example by a cubic spline. This
will be done with the final data-set before the identification.
The error made at the determination of the characteristic
depends on the accuracy-range at which the level can be measured on sight. The accuracy-range is 0.5 (rom), so the error
around the average is ± 0.25 (mm).
However, there is another effect present in the level measurements. The measurements described above are not reproducible
in the sense that there may exist a proportional deviation. In
Figure 4.4., another measured data sequence, measured at a
different time, is drawn together with the one already drawn
in Figure 4.3.
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Fig. 4.4: Two measurement sequences on the level sensor.
The deviation between both datasets is approximately proportional to the water-level. There are two possible causes for
this effect:
The resistance of the water has changed due to a
change in water temperature. An increase in temperature means an increase in the mobility of the copperand sulfate-ions, resulting in a lower resistance.
- The amplification factor of the lac to Vdc converter
has changed due to a drift in the potmeter on the
converter. This amplification factor can be changed by
adjusting the potmeter-setting.
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To overcome these effects, the level-sensor should be calibrated before actual data-acquisition. Otherwise the deviation
will be present in the estimated model, as will be the case
here.
4.1.2. Hysteresis in the level measurements.
As already mentioned in Chapter 2, there will be a hysteresis
in the level measurements. Because of adhesion, the water will
stick to the plates. If the water level is descending then the
water leaves a trail on the plates which means that a greater
surface is covered and thus a higher level is registered. The
opposite is true if the water-level is ascending. To give a
quantitative description of this effect, the water-level has
to be measured in a different way with no or much less hysteresis. For this purpose an alternative level sensor is designed and built. This sensor consists of ten needles and some
electronic circuitry. A detailed description is given in
Appendix C. If the water-level reaches one of the ten needles,
the output signal of this alternative sensor is changed. The
ten needles are placed next to the level sensor.

PLAlES

f\
10 NEEDLES

-- ''\.
-·
·•

--""',
\.

Fig.4.5: The level-sensor and alternative sensor.
The ten needles represent ten predetermined levels. These
levels are measured by increasing the water level. The output
of the alternative sensor is sampled with a frequency of 10
(Hz). Every time the level reaches a needle, an acoustic
signal is given and the level is measured on sight. Now the
ten predetermined levels are known and the sensor can be used
to estimate the amount of hysteresis in the level-sensor, as
is described in the following.
The experimental setup is drawn in Figure 4.6.
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PERSONAL COMPUTER
control voltage
..l=~~=*

pump
D/A CONVERTER \--...;....."'----...,

MIDDLE ·VESSEL
ROlJ..ERPUMP
wmI ROTATIONSPEED
DETECTOR

LOWER·VESSEL

TAP

SUPl'Ly VESSEL

Fig. 4.6: Experimental setup for the estimation of hysteresis.
The water-level in the bottom-vessel has to be varied within
the reach of the ten needles. This however is not easy to do
because, after all, the identification of the process is
needed for the design of a controller. But with some trial and
error, control-voltages for the pump can be found which result
in the appropriate level-changes. The flow is not pumped
directly into the bottom vessel because of the fluctuations
present in the flow. These fluctuations have a relatively high
frequency contents (Liebregts [6]) and are filtered out by the
middle vessel if the flow is entered into this vessel.
During the variation of the water-level, the output of both
sensors is sampled with a sample time of 0.1 (s). At one
sequence, 10000 samples are taken and a total number of 11
sequences are measured, spread over the full length of the
level-sensor. The result of one sequence is drawn in Fig 4.7.
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Fig. 4.7: One measurement sequence with both level sensors.
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Plotting the sampled output of the level sensor against
water-level measured with the alternative sensor, shows
hysteresis.
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Fig. 4.8: Hysteresis in level-measurements.
Now the possibility arises of estimating the hysteresis as a
function of the descending and ascending speed of the waterlevel. That is why the level represented by the ten needles
are also measured on sight. An increase in descending speed
would leave a greater amount of water on the plates, resulting
in an increase in sampled value. The opposite holds for a
ascending level. This estimation, however, fails because the
effect caused by adhesion is not a constant property over the
full length of the plates of the sensor.
To estimate the error caused by hysteresis, the difference
between the sampled values at a de- and ascending level are
calculated at every level of the ten predetermined. This is
done for all data sequences resulting in 510 differences in
sampled values, which are drawn in Figure 4.9. This Figure
shows that the hysteresis results in a maximal error of ± 12
in the sampled value. With the characteristic of the level
sensor, this results in an error of ± 2.0 (mm).
Two additional remarks have to be made. Firstly, the alternative sensor suffers from adhesion too, but with this sensor,
the effect is very small as can be seen by moving a needle up
and down in the water. This effect is therefore neglected. A
next experiment is recommended in which the sensor is moved
vertically combined with a position detector. This experiment
probably yields better results.
Secondly, the measurements are done with the level sensor
placed in the bottom vessel. So the error caused by any additional output-noise is included in the error for hysteresis.
Free run experiments are therefore not necessary, but are done
anyway. These experiments are discussed in the next Section.
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Fig. 4.9: Difference in sampled values at ascending and
descending water-level

4.1.3. Free run experiments and output noise.
The free run experiment is done by entering the flow in the
top-vessel, while keeping the control voltage of the pump at a
constant value. The level-sensor is sampled with a sample
frequency of 0.5 (Hz). The rotation-speed detector is sampled
with a frequency of 20 (Hz) and 80 of these samples are averaged. The results are drawn in Figure 4.10.
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Fig 4.10: Free run measurements.
During the measurements, the level does not remain constant
but increases a little. The rotation speed of the rollers are
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also measured during the experiments and this speed showed an
increase too. An increasing rotation speed results in an
increasing flow and thus in an increasing water-level. So the
rising of the water-level is not a process disturbance, but
caused by actuator disturbances. The change in rotation speed
can be explained as follows. During the experiment the friction between rollers and hose, warms op the hose and making the
hose more flexible. This then decreases the friction and the
rollers start to rotate with an increasing speed. This effect
is also observed during the experiments to measure the final
data-set which is used for the identification of the process.
These measurements, described in Chapter 5, show that after
some time the rotation speed remains constant, although this
will be at a higher level than the starting level.
The fluctuations around a constant level are very small. They
can be seen to be in the range of about three times the AID
accuracy. This output noise is already included in the estimated error for hysteresis.
Output noise can be reduced by a controller, while measurement
errors prevent a good control. For identification purposes
however, both error sources result in an uncertainty in the
signal and are therefore treated in the same way.
4.1.4. The final bound in the frequency domain.

In the preceeding Sections, two errors are estimated in the
time domain. These errors are:
- measurement error = ± 0.25 (mm)
- error because of hysteresis and disturbances = ± 2 (mm)
Now the problem arises of how to transform these time-domain
errors into the frequency domain. This will be discussed in
the following.
The measurement error is relatively small and the uncertainty
in amplitude at every frequency is assumed to be smaller than
this error. So the first error results in a bound of 0.25 (mm)
in the amplitude for every frequency.
The hysteresis can be transformed to the frequency domain as
follows. Hysteresis in a sinusoidal signal can be approximated
by the superposition of two rc/2 phase-shifted sinusoids with
the same frequency but with different amplitudes. This is only
an approximation because higher harmonics are neglected. The
approximation is shown in Figure 4.11.
The errors at rc/2 and 3rc/2 are zero which is a reasonable
approximation because looking at Figure 4.8., the error at the
lowest and highest level are the smallest. Now the error-bound
at one specific frequency is the amplitude of sinusoid 2 in
Figure 4.11, which in this case is 2 (rom).
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Fig. 4.11: Approximation of hysteresis.
Now the total bound becomes 2+0.25=2.25 (rom). If this bound is
to be used in the program INFIDENT, then it has to be multiplied by 0.5~N, with N the number of samples. This has to be
done because the program INFIDENT only uses the positive
frequencies and the DFT is calculated as:
N-l

F(e:.'l)

=~E f(k)

{Nk-O

(4.1 )

e-:.'lk

The bound calculated in this way will be very conservative. It
is better to determine a bound from the experiment with a
moving level-sensor, as mentioned in Section 4.1.2.
Now the bound on the output-disturbances are known. In the
next Section the bound on the input-disturbances are calculated.
4.2. The rollerpump and input disturbances.

In this Section an upper-bound is calculated for the disturbances on the input signal which is the flow. From Liebregts
[6] it is known that:
- The rollerpump has a very small time-constant «0.5 (s))
compared to the time-constant of the water-vessel process,
so any dynamics of the pump can be neglected.
- The fluctuations in flow due to the way the pump operates,
contains frequencies which are very far beyond the band
width of the water-vessel process and can therefore be
neglected.
- The flow as a function of the control-voltage shows a
hysteresis and a drift (see Section 4.1.3). The flow as a
function of the average rotation speed is the most accurate characteristic of the pump.
During the experiments to measure the data-set for identification, the control signal for the pump will be a PRBNS sequen31

ceo The average rotation-speed and flow will then be a PRBNS
sequence too. To calculate an upper-bound in the frequency
domain for the uncertainty in flow, the only information
needed is the uncertainty in the amplitude of the PRBNS sequence of the flow. The relative error in the PRBNS-amplitude
in the time domain will also hold for all amplitudes in the
frequency domain, because there is a proportional dependency
(see Appendix A) .
To estimate the uncertainty in amplitude of the flow, the flow
is determined as a function of the average rotation-speed.
These measurements are done with the experimental setup drawn
in Figure 4.12.

PERSONAL COMPUTER
TOP·VESSFL

control voltage
.d=~~ D/A CONVERTER

TAP

~

voltage rotationspeed detector

A/DCONVERlB ~...z=":=::::,,,_-r-H--..,

1lJ11l.E
WATER

ROLLERPUMP
wrrn ROTATIONSPEED
DETECTOR

BEAKFR

SUPPLY VESSa

Fig. 4.12: Experimental setup to measure the flow.
The water is pumped into the top-vessel and the water that
flows out of the vessel is collected in a beaker with volume
indications. Then it is measured how long it takes to collect
one litre of water. The rotation speed detector is sampled
with a sample-frequency of 20 (Hz) and the samples are averaged. In Figure 4.13, the flow is plotted against the average
rotation sample.
Generally the average of the rotation speed samples will not
be equal to the true average because not an integer number of
periods of the fluctuations are sampled. This is one of the
two measurement errors. The other error is made during the
time measurement. The clock is started and stopped if the
water in the beaker has reached a marked point, and this is
determined on sight. Both errors can work either way and can
be decreased by averaging. This will be done in the following
way.
The rotation sample axis of Figure 4.13 is divided into 29
intervals:
[301. .400],
[401. .500] ..... [2901. .3000].
These
intervals are indicated in Figure 4.13. All the measured flows
and rotation samples are averaged which have a rotation sample
in one interval. This is allowed since the rotation speed
measurements and time measurements are independent.
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Fig. 4.13: The average flow as a function of the average
rotation sample.
The results of the averaging are 25 points which characterize
the roller-pump (see Figure 4 .14a). Just beyond a rotation
sample of 1500 there is a small extra increase in flow. This
is caused by the fact that the fluctuations in flow are close
to the resonance frequency of the hose.
Although the number of measurements is not very large, the
characteristic of 4.14a. is going to be used to calculate the
flow by interpolation with a cubic spline if the rotation
sample is known. The maximum deviation in flow between the
individual measurements of Figure 4.13 and the flow calculated
by interpolation in Figure 4.13a, is taken as the maximum
absolute error in flow. The deviations are given in Figure
4.13b. So if the rotation-speed varies between 1500 and 3000,
the error is 0.8.10- 6 (m 3 /s), for a variation between 500 and
1500 the error is taken at 0.55.10- 6 (m 3 /s) .
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Fig.4.14: Characteristic of the flow.
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3000

The relative error depends on the amplitude of the PRBNS which
should be as large as possible because then the relative error
decreases.
A final remark has to be made. It is known that the characteristic of the pump will change after a period of time because
the hose looses some of its flexibility. This means that the
flow should be checked before and after every experiment to
see if it is still within the error bound.
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5. DATA ACQUISITION.
The topics discussed in Chapters 2 and 3 were mainly theoretical, like the basics of the estimation techniques and a model
for the process. Measurements discussed in Chapter 4 resulted
in estimates for the disturbances acting on the water-vessel
process. Now all is set to discuss measurements on the actual
process. These measurements are directed by the goal to obtain
a dataset which is suitable for the estimation of a model.
This final dataset should contain
enough information about
the real process to allow a reliable estimation. Several
preliminary measurements have to be done to gather information
about the process so that a suitable input signal can be
designed that will lead to the final dataset.
The laboratory process had to be built. The very first measurements to check whether it was operating correctly, already
gave some information. Some of the properties mentioned in
Chapter 3 were observed during these measurements. In the
following Sections, the approach is more structural and every
new kind of measurements yield necessary information that will
lead to the final dataset (Backx & Damen [3]). The different
kinds of measurements are given in Figure 5.1.

FINAL DATASET

Fig. 5.1: The structural approach.
The determination of the static behaviour requires an estimate
of the largest time constant which is available after the
second step. However, a rough estimate is available from the
very first measurements on the process. The second step only
gives a more accurate value.
Every step will shortly be discussed in the following Sections, after which it is performed on the process. Then the
measurement results are given and commented.
5.1. Static operation.

The determination of the static behaviour will give information about the static linearity of the process. The result is
used to determine a number of working points around which the
35

process is sufficiently linear to allow a good estimation. It
also offers the possibility to check the theoretical model of
the process.
Description of the experiment:
The control voltage is increased from 0.6 (V) up to 2.5 (V),
with steps of 0.1 (V). After every increase, a time period of
9 minutes is waited to let the process reach its new static
situation. Then during 10 (s) the rotation speed detector is
sampled with a sample frequency of 20 (Hz). The 200 samples
are averaged and the water-level is measured on sight.
Result:
The flow is calculated from the measured rotation speed by
interpolation in Figure 4.9. with a cubic spline. In Figure
5.2., The water-level is plotted against the flow. A parabolic
function is fitted through these points in a least squares
sense by minimizing the sum of squares of the deviation of the
water-level. The largest uncertainty is present in the flow so
the sum of squares of the deviation in flow should be minimized, but this does not change the result considerably. The
parabolic function is also drawn.
static behaviour
0.6

0.5

~P"""""""'P

p;

·i·············

P ••••

P

•••.••••••••••••

··,··············7/

/

......................................................························,····Z·····················l.

0.4

:g
'is
>
.£

•••••••••••••

0.3

~

~
~

0.2

/

....•......... ...........•.
0.1 "".····················~·············:.:r..Ac

~

0

1

0

2

1.5

0.5

2.5

3
x10- 5

flow (m3ts)

Fig. 5.2: Static operation.
The parabolic function:
h=3.97·10 8 flow 2 +5.38·10 3 flow+0.02

Comparing this function with equation
and a can be calculated:
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(5.1)

(m)

(3. 7),

the following L

6

1.54'10 =3.97' 10 8

~

2a

39.3L=5.37·10

3

~

a=2'10- 3

(5.2)

L=137 (m)

The magnitude of L is about 7600 hose diameters and that is
too large. According to Potting [9] the length can be up to
800 diameters. The value for a is too small since it must be
between 0.5 and 1. The cause for these values probably is that
the flow is disturbed so very rigorously that Bernoulli's law
should not be applied.
Another conclusion from the measurements is that the process
is not linear. The process is divided into two approximately
linear regions. The two regions are indicated by the dashed
lines in Figure 5.3.
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Fig. 5.3: Two approximately linear regions.
The deviation between the measured points and the straight
line falls within the measurement error of the flow, except at
very low flow. So the assumption that the process is linear in
these regions is reasonable.
These regions correspond approximately to the control voltage
Vc of the pump of 0.7 (V) ~c~l .5 (V) and 1.5 (V) ~c~2 . 7 (V). These
intervals will be referred to in the succeeding Sections as
the upper and lower area.
5.2. Step responses.

Step-respons experiments are done to estimate the smallest and
largest time constant of the process and to estimate the time
delay. The largest time constant puts a limit on the repetition-frequency of the PRBNS-signal used to determine the
bandwidth of the process (see next Section)
The smallest
time-constant constraints the clock-frequency.
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The smallest time constant t r is the time it takes for the
output to rise from 10% to 90% of the final level. The largest
time constant t s is the total time the output needs to reach
the final level within 1%.
Description of the experiment:
To measure the step responses, the control-voltage of the pump
is changed from 0.8 to 1.5 (V) for the lower area and from 1.5
(V) to 2.4. (V) for the upper area. Care has been taken that
the level did not change before the signal was applied. After
1400 (s) the control voltage is changed back. The level sensor
is sampled with a sample-time of 2 (s).
Result:
The sampled values of the level-sensor and input-signal are
not converted to the actual water-level and control voltage
since this is not essential in these experiments. The result
is drawn in Figure 5.4.
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Fig. 5.4: Step-responses.
The smallest time constant is approximately t r =160 (s), the
largest is approximately t s =540 (s) and these values are used
to design a PRBNS-signal in the next Section. Figure 5.4 is
zoomed in around the actual step to give an estimation about
the time delays.
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Fig 5.5: Estimation of the time delays.
It takes about 5 samples before the level starts to increase
or decrease after a step on the input signal. So the time
delay is estimated at 5*2(s)=10 (s).
5.3. Determination of the bandwidth.

Now an estimation for the smallest time constant is available,
a PRBNS sequence can be designed which is used to estimate the
bandwidth of the process.
The input signal in these experiments is the control-voltage of the pump, the output-signal is
the sampled output of the level-sensor.
The smallest time constant gives an indication for the frequency beyond which the transfer-function of the process
starts to decrease. Now a PRBNS-signal is designed such that
the lowest frequency of this PRBNS sequence is approximately
1/ (21t't r ) with 't r =160 (s). A PRBNS-signal is designed with the
following properties:
Length shift-register
Clock-time shift register
Repetition PRBNS-signal
Repetition time

n=7
T c =20 (s)
(2 n -1)=127 clock-pulses
Tr (2 n -1)T c =2540 (s)

This results in:
1 _
1 ""l' 1 0 -3
21t't r ~1t160

( Hz)

Lowest frequency in PRBNS signal:

1 :::

Tr

1
:::4' 10- 4 (Hz)
127'20

The transfer-function decreases beyond the smallest frequency
present in the PRBNS signal, according to the smallest time
constant. The PRBNS-signal is repetitive with approximately
five times the largest time-constant and thus not repetitive
within the impuls response.
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Experiments.
The PRBNS-sequence is extended with 73 clock-pulses to a total
length of 200 clock-pulses, so that the first part is used to
get rid of the transient effect. This first parts takes 73*20
=1460 (s) and is almost three times the largest time-constant
which should be long enough. The levels of the PRBNS sequence
are 1.5 (V) and 2.4 (V) for the upper area and 0.8 and 1.5 (V)
for the lower area. The level-sensor and control-voltage of the
pump are sampled with a sample-time of 2 (s) and this an
oversample-ratio of 10 of the PRBNS-signal.
Results.

The averages of the measured signals are removed. The transfer-function of the process is approximated by the ratio of
the cross-spectral density of the sampled values of controlsignal and level-sensor, and the power spectral density of the
control signal. The results are drawn in Figure 5.6.
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Fig. 5.6: Estimation of the transfer-function.
Both upper and lower area show that the transfer-function has
reached a noise level beyond 0.02 (Hz).
The damping at this
frequency is about -20 dB. The relevant frequency range is
taken approximately at 0-0.005 (Hz). At
0 .005 (Hz) the damping is about -10 (dB).
These results are used to define the final experiments which
result in the data-set to be used for estimation.
5.4. Acquisition of the final data-set.

The PRBNS-sequence used to collect the final data-set is
designed as follows. Take the clock-frequency approximately
equal to the frequency where the damping of the transferfunction is -20 (dB), i.e. 0.02 (Hz), so Tc =50 (s). Now divide the
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frequency-range up to this frequency into 1023 frequencies
which means that the length of the shift-register equals n=10
because 2 n -1=1023. Then the input signal has an approximately
flat spectrum over the first 200 frequencies i. e. up to a
frequency of 0.004 (Hz).
Measurements to collect the data-set for validation should be
done with a different input signal as used in the experiments
to collect the dataset for estimation. Therefore a PRBNS
signal is chosen with a different clock-time as the signal
used in the experiments to measure the estimation set.
Experiments.
The clock-times and signal-levels used during the measurements
directed to estimation and validation are given in Table 5.1.
Table 5.1: Clock-times and levels PRBNS sequences.
experiment

I

I

clock-time
PRBNS-sequence (s)

levels control-voltage
(V)

estimation upper area

45

1. 5-2.7

validation upper area

50

1. 5-2.4

estimation lower area

45

0.7-1.6

validation lower area

50

0.7-1.6

The choice of the clock-frequencies for estimation and validation yields data-sets which have one frequency in common over
every 9 frequencies.
The length of the PRBNS sequences are extended from 1023 to
1100 clock-pulses. The first part of 76*45 (s)=3420 (s) is
used to get rid of the transient effect.
The sample-time of the level-sensor is 5 (s), the rotation
speed detector is sampled with a frequency of 20 (Hz). All the
samples of the rotation speed detector during one clock-period
of the PRBNS signal are averaged. This is done because every
average of the samples taken in 5 (s) probably is not the
average of an integer number of periods of the fluctuations in
the rotation-speed.
Finally the data-sets are converted to water-level and flow.
Results.
The data-set measured at the upper area and which is going to
be used for identification, is drawn in Figure 5.7.
The flow is increased at the beginning and then stabilises at
a constant level. This corresponds with the effect described
in Section 4.1.3. The amplitude spectra of exactly one period
of the PRBNS-sequence are calculated. For the flow, the sample-numbers 695-9898 are used. The number of samples then
equals the length of one period of the PRBNS-signals multiplied with the oversampled ratio. For the water-level, the
sample-numbers 697-9900 are used so that the delay is accounted for.
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Fig. 5.7: Data-sets for identification, upper area.
The amplitude-spectra are given in Figure 5.8. At the very low
frequencies, the spectrum of the input shows some peaks. This
is caused by the fact that the flow has not yet stabilized at
the beginning of the data-set. The input shows an approximately flat-spectrum over the bandwidth of the process so the
data-set is suitable for identification.
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Fig 5.8: Amplitude-spectra of estimation set.
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6. IDENTIFICATION AND VALIDATION.
In Chapter 5 has been described which measurements are done to
design suitable input-signals, which are used in experiments
that yield the final datasets. These final datasets, one for
the upper area and one for the lower area, are used in this
Chapter to estimate several models of the process. For every
area, three models are estimated by using:
- IPCOS resulting in an MPSSM model (see Section 2.1)
- INFIDENT, with the two approximations for the
upper bound:
1. as described in Section 2.2.1.,
referred to as method 1.
2. as discussed in Section 2.2.3.,
referred to as method 2.
The estimations are described in the next Section. Also experiments were done that yielded datasets to be used for validation of the estimated models, which is done in the second
Section of this Chapter.
Pictures of the results for the lower area are omitted if they
do not give any extra information. Those pictures are included
in Appendix D.
6.1. Estimation of the models.

The results of the estimations using IPCOS are presented in a
first Section. The second Section contains the results using
the new identification technique for H_-robust control design.
The results are compared in a final Section.
6.1.1. Estimation of the MPSSM-models using IPCOS.

For detrending the data-sets are filtered by a low-pass causal
and anti-causal filter. The minimum period-time of the trend
is taken at 50000 (s) and the maximum damping for this region
is chosen at 0.5 (dB). The output of the filter is subtracted
from the data-sets. The sample-frequency is reduced to the
clock-frequency of the PRBNS-sequence. This means that an
oversample ratio of 9 is entered, resulting in a sample-time
of 45 (s). The number of Markov-parameters estimated in the
first step of the identification procedure is 20. These Markov-parameters are used to construct a Hankel-matrix after
which a singular value decomposition is performed. The singular values and the ratio of two succesive ones for the upper
area are drawn in Figure 6.1, and the order chosen is two.
This also holds for the lower area.
In expectation the order would be three, i.e. one for every
vessel. The time-constant for the upper vessel is approximately 30 (s) and 60 (s) for the middle- and lower-vessel. The
sample-time is 45 (s) which is 1.5 times the time-constant of
the upper vessel so the upper vessel has almost no contribution in the output. This is what results from the singular
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value decomposition because the singular values can be interpreted as the energy-transfer from past inputs to future
outputs. The sample-frequency is chosen correctly as is shown
in Figure 5.8, so the upper-vessel probably is a much faster
part than the other two vessels together.
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Fig. 6.1: Singular values and ratios, upper area.
The starting parameters are calculated with Gerth method and
the MPSSM is tuned to the input-output data. Only 1023 samples
are used, the remaining samples are used to account for the
transient effect. The impuls-responses of the estimated models
are drawn in Figure 6.2.
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Fig. 6.2: Impuls responses of the MPSSM models.
Increasing the sample-frequency would give smoother impulsresponses, but then the estimation fails because the inputsignal has only little power at the higher frequencies.
The MPSSM-model is transformed to a state-space representation. A MATLAB routine is used to transform the state-space
model into a transfer function representation. This results
in:
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20

upper area

P(z)=6.80·1030.0028z2+0.2023z+0.2555
z2-1.2230z+0.3956

poles: 0.6115 ± jO.1473
lower area

zeros: -71.65

-1.2854

P(z)=5.46·1030.0135z2+0.4051z+0.3050
z2-0.8840z+0.2098

poles: 0.4420 ± jO.1200

zeros: -29.31

-0.7727

The large zeros show that the degree of the numerator is 1.
The model for the upper area has a non minimum phase zero and
this will cause difficulties at the design of a controller.
The values of the output-errors are given in Section 6.1.3,
where they are compared with the results of the models found
by using the second identification technique.
6.1.2. Identification with the new method for EL-robust control design, using INFIDENT.

The uncertainty regions in the complex-plane have to be calculated before the identification can be done. The uncertainty
regions will be very large if the upperbound for the outputdisturbances are used as deduced in Section 4.1. This will be
shown first, and after that, a new bound will be derived using
the MPSSM-model.
The nine-times oversampled PRBNS and the output signal are
Fourier-Transformed by an 9*1023=9207 points DFT. The absolute
error in flow for the upper area is 0.80 10- 6 (m3 /s), for the
lower area this error is 0.55 10- 6 (m 3 /s). The relative errors
are resp 11% and 8.6% and these errors also hold for the
amplitude spectrum of the input-signal. The error in the
output-signal is taken at 2.25 10- 3 (m) which is multiplied by
the appropriate factor (see paragraph 4.1.4). The calculated
uncertainty regions for the upper area are drawn in Figure
6.3:
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Fig. 6.3: Uncertainty regions in the complex plane.
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The uncertainty regions are very large, which is caused by the
very conservative upper-bound for the output disturbances. The
estimation could fail using these regions, or will at least
result in very conservative upper-bounds for the model-errors.
Therefore a new upper-bound for the output disturbances is
calculated using the estimated MPSSM-model. With this model
and the real input-signal, a simulated output-signal is calculated. This output signal is the input of the non-linear
element with the worst possible hysteresis:

Fig. 6.4: Worst possible hysteresis.
The total setup looks like:

u(k)

'\ MPSSM MODEL
/

Ytk)

WORST POSSffiLE

'\ HYSTERESIS
/

z(k) '\.
/

Fig. 6.5: Estimation of the hysteresis in the frequency
domain.
The simulated output sequence y (k) is available, the output
z(k) is calculated as follows.
Take as a starting value z (k) =y (k). If I Y (k+l) -z (k) I is smaller than y, take z(k+l)=z(k). If not, take z(k+l)=y(k+l)-y or
z (k+l) +Y, depending on a ascending or descending level. The
calculation of z(k) is illustrated in Fig. 6.6.

y(k)

Fig. 6.6: Calculation of z(k).
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Now the signal y(k)-z(k) can be calculated and represents the
effect of hysteresis in the time domain. Fourier-transformation gives the result in the frequency domain:
eatimaled error caused by hysteresis
0.016,---~---.---~---.--~-_

0.014

0.012
frtquency (Hz)

Fig 6.7: Bound for hysteresis in the frequency domain.
The solid line is taken as the upper-bound for the outputdisturbances and the new uncertainty regions in the complexplane are calculated. This results in acceptable uncertainty
regions.
PROCESS UNCERTAINTY REGIONS IN THE COMPI£X PlANl!

PROCESS UNCERTAINTY REGIONS IN THE COMPI£X PLANE

6OOOr---~---~---~-"""""'~""""""

SOOO .
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2.S

Real axis

.10'

Real axis

Fig. 6.8: The new uncertainty regions in the complex plane.
The center-points of the uncertainty regions are spiralling,
especially in the lower area. This may indicate that there is
a delay present and the process description can be written as
the sum of the transfer-function and a delayed version.
(6.1)

a.< 1

The exponent is a circle in the complex plane. The delay can
be explained by the fact that the level-sensor shows a hysteresis. The area of the plates covered by the water remains
constant for a while because of adhesion if the water-level
changes from ascending to descending or vice versa. Whether
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this is the cause for the spiralling should be investigated.
Define the frequency-set:
j

0={1, e

211:
""'l'UZ:J,

j 2- 211:

e

"'I"O"2"J • • •

j 500- 211:

(6 .2)

e -rrrz:r}

The first 4 frequencies are not included during the estimation
because the center-points of the uncertainty regions are very
badly placed. This probably is caused by a trend in the signals and so the bounds are not valid for these frequencies.
The remaining 496 frequencies are used during the estimation
with the two approximations for the upper bound of the modelerror using INFIDENT. The estimated models are:
method 1:
upper area

2

P(z) =6.80.10 3 0.0029z +O.2353z+0.2522
z2-1.1932z+0.3914

poles: 0.5966 ± jO.1884
lower area

zeros: -136.1

-0.6665

2

P(z)=5.46.10 3 0.0147z +O.7812z+0.1337
z2-0.6767z+0.0932

poles: 0.4842

zeros: -53.09

0.1925

-0.1717

method 2:
uppe rare a

P ( z) =6 . 8O. 1 0 3 0 . 0 02 6 z 2 + 0 . 27 85 z + 0 . 2 64 3
z2-1.1293z+0.3447

poles: 0.5646 ± jO.1609
lower area

zeros

-107.4

-0.9577

2

P (z) =5.46.10 3 O. 0294z +O. 7402z+0 .1590
z2-0.6582z+0.0816

poles: 0.4925

0.1658

zeros: -24.95

-0.2166

Again, the large zeros show that the numerator is of order 1,
all the other zeros are minimum-phase. The impuls responses
are drawn in Figure 6.9. for the models estimated with method
1. The Nyquist-diagrams with the center-points of the uncertainty regions are given in Figure 6.10. Both figures show
that the differences between the two estimation techniques
especially show up in the lower area, which is the area where
the water-vessel is the least linear. This will be studied in
the next Section and in the validation study.
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Fig 6.9: Impuls responses estimated with INFIDENT, using
method 1.
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Fig. 6.10: Nyquist diagrams of the estimated models.
6.1.3. Comparison of the identification results.
In this Section the results of the identification are compared. This will be done by looking at the different criteria
which are minimized during the identification. For the new
identification technque for HM-robust control design,
the
criterion is the minimization of the model-error. Model-errors
will be looked at further on in this Section. First the output-errors and the whiteness of the residuals are considered.
Take y(k) as the measured water-level and 9(k) as the simulated level. Both levels for the upper area are drawn using the
MPSSM model and the model estimated by method 1. The simulated
and measured output are hardly distinguishable for the MPSSMmodel, but also the model estimated by method 1 gives small
differences. Method 2 gives approximately the same result as
method 1.
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Fig 6.11: Measured and simulated water-levels, upper area.
A more objective measure is to look at the relative
error which is minimized during the estimation with
This error is defined as:

output
IPCOS.

1023

1:

E=

(y (k) -.}> (k) )

2

( 6.3)

hI

Now E can be calculated for 1023 time-samples of the estimation sets using every estimated model.
Tabel 6.1: Relative output errors estimation sets.

I output

error

II

upper area
lower area

MPSSM

I

0.0113

I

0.0213

Method 1

I

0.2013

I

0.0374

0.0375

I

Method 2

I

0.1817

I

The output errors for the MPSSM-model are smaller than the
errors for the other models, as could be expected, since this
error is minimized during the estimation. The differences are
very significant for the lower area. In this area, the process
is the most non-linear. IPCOS can handle this better than
INFIDENT, although the relative output-error is twice the
value for the upper area.
The whiteness of the residuals ~ (k) =y (k) -9 (k) can be checked
by calculating the autocorrelation. The cross-correlation of
the residuals with the input-signal shows whether there is any
information left in the residuals due to the input-signal.
Both correlations are calculated according to Soderstrom and
Stoica [11]. The correlations for the MPSSM model and the
model estimated by method 1 are given in Figure 6.10 for the
upper area. The 95% reliability boundaries are also drawn. The
results obtained by method 2 resemble the ones of method 1.
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The residuals are not white for any model. Increasing the
order of the MPSSM model gave no improvement. The cause for
the non-whiteness probably is the fact that the process is
non-linear. This information is present in the input-output
data but the true process description is not in the model-set.
The model estimated by minimizing the model-error leaves more
information in the residuals. This technique does not only use
the input-output data, but also information on the disturbances. The estimation is a trade off between the usage of the
two kinds of information, and this can obviously mean that not
all information in the input-output data is used.
Both cross-correlations show strong peaks outside the reliabiIi ty boundaries at a lag of about 8 a samples, for which no
explanation can be found.
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Fig. 6.12: Correlations of the residuals and input-signal.
The identification technique for H..-control design minimizes
the model-error, and these will be looked at in the following.
The three bounds Emax ' Emed and Emin as defined in Section 2.2.2.
and the bound defined in Section 2.2.3. are calculated for
every estimated model. The latter always appeared to be
sligthly larger than Em~ and is thus of no further interest.
The different bounds are drawn in Figures 6.13.
bounds model-error "",thod I upper aru
1000.---~--:....~--~-..:..:...,..---.----,

boW1ds model-error mpssm upper area
1000.--~---.---~-~--~----,
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Fig. 6.13: Bounds for the model-error, upper area.
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The spiralling of the center-points of the uncertainty r:gions
causes fluctuations in the bounds for the model-errors, which
is even more apparant for the lower area (see Appendix ~) .
The bounds for the model-error are smaller for the models
estimated using INFIDENT, as could be expected. The difference
is approximately a factor 1.5.
A lower bound E max for low frequencies might be obtained by
weighing the model-errors with a low-pass filter during the
estimations. This however, is not done.
6.2. Validation of the estimated models.

The validation sets are used to validate the estimated models
in the time- as well as in the frequency domain by calculating
relative output-errors and checking whether the estimated
bounds for the model-errors hold.
The data-sets are made suitable for validation by, firstly,
detrending with the same filter as used for the estimation
sets, and, secondly, increasing the sample-time of the delaycorrected data set to 45 (s).
The process is simulated with the estimated models and after
taking care of the transient effect, the output-errors of 1023
time-samples are calculated as defined in equation 6.3. The
results are given in Table 6.2.
Table 6.2: Relative output-errors validation sets.

I

output error

II

upper area
lower area

MPSSM model

I

0.1736

I

0.1615

Method 1

I

0.1748

\

0.1811

0.1894

I

Method 2

I

0.1576

I

All the models are approximately equally good regarding the
relative output-error. The increase compared to the relative
output errors of the estimation-set is large for the models of
the upper area and for the MPSSM-model in the lower area. This
could mean that the estimation with INFIDENT results in small
relative output-errors if the process is linear, although not
as small as any time-domain estimation technique like IPCOS
(see Table 6.1., upper area). If the process is less linear,
the relative output-error is worse than the error of a time
domain-technique, but the error will hold for any input-signal
and this is not necessarily true for the model estimated by
the time-domain technique (see tables 6.1 and 6.2, lower
area). A first step in verifying this would be to use the
validation set for estimation and vice versa, but this is not
done.
The simulated and measured output for the upper area of the
MPSSM-model and the model estimated with method 1 are given in
Figure 6.14 for 300 samples. The difference with the estimation set is obvious.
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Fig. 6.14: Simulated and measured outputs of the validation set for the upper area.
The validation in the frequency-domain can be done as follows.
The uncertainty regions in the complex plane with centerpoints Pc and radius r c as defined in (2.10) can also be calculated for the validation set. The model error Emax for every
frequency is calculated in Section 6.1.3, so an uncertainty
region in the complex plane of the estimated model can also be
drawn. Both uncertainty regions should have an overlap, otherwise the model-errors do not hold. This is illustrated in
Figure 6.15.
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Fig. 6.15: Validation in the complex plane.
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There is, however, a difficulty in calculating these absolute
values because the validation set contains mostly different
frequencies than the estimation set does. Therefore the following approximations are used:
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1,k=O .. 1022

These approximations are drawn in
model and the model estimated with
that there always is an overlap so
are not invalidated. The same holds

(6.5)

Figure 6.16 for the MPSSM
method 1. This figure shows
the models and model-errors
for the lower area.

validation complex plane rnpssrn model upper .,..

8000

Fig. 6.16: Distances in the complex plane for the validation set in the upper area.
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7. CONCLUSIONS AND RECOMMENDATIONS.
The water-vessel process has been studied the whole way but
not in every detail. From building it up, checking its correct
operations, doing measurements on the pump, level-sensor and
the complete process to finally, the estimations of several
models. Therefore, the conclusions and recommendations are
divided into two parts, i. e. a part about the process and a
part about the new identification technique.
The water-vessel process.
The most critical parts of the water-vessel process are the
taps, which are used as flow-resistors. The taps act as sieves
for dirt in the water, which will always be present, and this
changes the flow considerably. Furthermore, if the slit-width
of the tap is changed, it is almost impossible to change it
back. Therefore, an alternative is proposed which uses a
contracted glass-pipe. The opening of the pipe cannot be
changed and is always easy to clean.
A theoretical model is derived, based on Bernoulli's law.
Validation of this model failed, probably because of the
artificial way the taps are accounted for. The glass-pipe is
easier to model which should make a better theoretical model
possible.
The process is a rather slow one, which makes the measurements
time-consuming. The experiments directed to measuring the
final data-sets took approximately 15 hours. It is easy to
speed up the dynamics of the process by decreasing the flow
resistors (larger diameter of the glass-pipe) while using a
pump with a greater capacity.
The level sensor caused some trouble because there is a hysteresis present in the level-measurements. Furthermore, the
measurement results were not always reproduceable. A model for
the hysteresis has been estimated, but it appeared to be
useless because it resulted in very conservative bounds for
the uncertainty-regions in the frequency domain. Therefore, a
new bound was estimated in a rather artificial way using the
estimated MPSSM model and the hysteresis model. The simulated
level was taken as the input of the worst possible hysteresis
and a new bound was deduced from the output. A more realistic
bound can be determined by changing the real water-level,
according to the simulated output, and measuring the output of
the level sensor. The easiest way to do this is to change the
position of the level-sensor in a large vessel with a simple
servosystem. This requires some experimental setup to be
designed. These measurements could also give more insight in
whether the hysteresis causes a delay or not.
Another possibility to overcome the difficulties with the
level-sensor is to replace it, for example by a pressure
sensor which is placed at the bottom of the vessel. This might
be a subject for further study.
The new identification technique.
The new identification technique for H..-robust control design
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does result in significant smaller bounds for the model-error
than the time-domain technique of estimating a MPSSM model.
These bounds remained valid for the validation set
The relative output-error in the most linear area is about
three times as large as for the MPSSM model. This is increased
to a factor 10 in the lower area, which is the least linear.
However, the relative output-errors are all approximately
equal for the validation set. This could mean that the models
estimated with the new technique are more reliable in the
sense that the output-error will more easily hold for any
validation set. This can be investigated by using the validation sets for estimation and vice versa, and collecting more
data-sets.
The estimated models will not be very accurate for the very
low frequencies because the data-sets are detrended and the
very low frequencies are not used during the estimation with
the new technique. IPCOS offers the possibility to correct the
models by using the step-responses and this can also be used
for the models estimated with the new technique.
A final recommendation concerns the approximations for the
upper-bound of the model-error. A simulation study showed that
the upper-bound derived by van den Boom, Klompstra and Damen
[1] is slightly more conservative than the bound derived in
Section 2.2.3. The reverse is true for the identification of
the water-vessel-process. The output error is always smaller
if the method of Section 2.2.3 is used, although the differences are small. Further study should indicate which approximation is the best under what condition.
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APPENDIX A: The PRBNS-sequence.
The Pseudo Random Binary Noise Sequence is generated with a
shift-register and one or more exclusive-or ports:

CLOCK. CLOCK·TIME T (5)

nREGI~

Fig A.1: Generation of a PRBNS sequence.
The output is periodic with every 2 n -1 clock-pulses if the
correct registers are taken as the input of the exclusive-or
elements. For n=7, the registers 3 and 7 are appropriate, for
n=10, the registers 10 and 3 should be used.
The output signal contains only discrete frequencies because
the signal is periodic. If an output '0' represents a level -a
and an output '1' a level +a, then the power-spectral density
is given by (van den Boom, Damen [10]):
<l> (jW)

=a 2rr/ sinWT/2)2t
.\ WT! 2
k~--

8ku21tJ
C T

(A. 1)

r

with Tr =(2 n -1)T.
The power-spectral density is drawn in Figure A.2.

2'JT
Tr

2'JT
T

)

Fig. A.2: Power spectral density PRBNS-sequence.
The power spectral density is
frequency range 0 .. 1/4T (Hz).
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APPENDIX B: Al.ternative for the taps.
An alternative for the taps is the following contracted glasspipe:

" "f3(::--..
flow from vessel

)

/
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--~

~

L.

L-_

U-----j

Lp

~

'-

1

T

0=18 (mm)

Fig. B.1: Contracted glass-pipe.
rf the angle ~ ~ 20 0 , than the energy-loss due to the flow
into and out of the contracted pipe is negligible. The restriction then basically consists of of a pipe with length Lp
and diameter Dp • The values for Lp and Dp can be approximated
as follows.
Using Bernoulli's law between the points where the flow enters
the water level and where the flow leaves the hose yields, as
discussed in Section 3.2:
(B. 1)

ex. == kinetic energy coefficient.
U == average flow speed (m 3 /s) .
h == water-level.
F == energy loss due tom friction (J/kg) .
g == gravitation constant (m/s 2 ) •
The dimensions of the contracted glass-pipe are approximated
such that the maximum flow out of the pump, which is 35 10- 6
(m 3 /s), results in a water-level of 0.5 (m).
The kinetic part in (B.1) is negligible compared to the potential part and this can be seen as follows. At the maximum
flow, the flow-speed in the hose is smaller than 0.13 (m/s),
the flow-speed in the vessel is smaller than 2% of this value
and can therefore be neglected. The maximum value for the
kinetic part is 0.02 (J/kg) at a laminar flow (ex.==0.5). This is
small compared to the potential part at a level of 0.5 (m)
which is 9.8*5==4.8 (J/kg). So only the potential and friction
part remain.
Assume that all energy loss due to friction takes place in the
contracted glass pipe. This energy loss is given by:

59

(B. 2)

f = friction-factor
u = average flow speed in glass pipe (m/s)
The friction factor f depends on the roughness e of the glass.
If the flow is turbulant, then it holds for the frictionfactor f:
1
e )
---=3.20-2.4Sln{
__
Dp

(B.3)

If

The ratio e/D p is called the relative roughness. Tabled values
were not available and therefore a plot is included at the end
of this appendix where the friction factor is given as a
function of the Reynolds-number for several e/D p ratios (from
Potting [9]).
Now he following equations should hold:
2
gh=4f.....!.u
L
D
p

flow=u. {1tD;

2

J

(B. 4)

(:3)

(B.S)

~L
(!!!"'s

Reynolds-number

pUD
11

(B. 6)

Re=--.....!.

The reynolds-number should be larger than 4000 because then
the flow is completely turbulant. Substitute the maximum
values for flow and water-level in equations (B.4) and (B.S),
and take L p =O.l (m) and f=O. 007. This gives the following
results:
Re=2.8 10 4
Dp =1.6 10- 3

e/D p =2.S 10- 2

So for a pipe with length of 0.1 (m) the equations (B.3) and
(B. 4) hold but these values are only approximations because
the relative roughness e/D p is unknown. Nevertheless, these
values give a indication about the dimensions of the restriction.
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61

APPENDIX C: The alternative level sensor.
The alternative level-sensor and circuitry are drawn in Figure
C.1 :

R =IIOK I
4
I
RS=220 K I
R6~30K I

~""70K I

10 NEEDLES

AMPLIFIER

RECTIFIER

I

RS -81OK I

Rv • SUM OF RPSISTORS

wrrn NO NI3EDU IN THE "'A1ER

Fig. C.1: The alternative level-sensor.
The alternative sensor consists of three parts:
- a sequence of registers
a amplifier with high impedance
- a rectifier.
The ten contact needles are hung in the vessel, next to the
level-sensor. The ac-voltage over the plates is picked up by
the needles that are below the water-level. Every time a the
water-level reaches a needle, the amplification is changed.
The amplification is inversaly proportional to the sum of
resistors, whose needle is not in the water. The resistors
R1 •• R 10 are chosen so that every change in the in the output of
the amplifier is approximately equal. The output of the amplifier is an ac-signal which is rectified.
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APPENDIX D: Results of estimation and validation for
the lower area.
In this Appendix the results of the identification and validation of the lower area of the water-vessel are presented, as
far as they are not already given in Chapter 6.
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