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SUMMARY

Belt, H.J.W.; Two-loop adaptive control with open-loop identification

M.Sc. Thesis, Measurement and Control Section (ER), Faculty of Electrical Engineering, Eindhoven
University of Technology, The Netherlands, February 1993.

In this report a new adaptive control scheme, first proposed by Zhu [Zhu 90], is tested. This scheme can be
used in cases where it is impossible or prohibited to perform identification experiments on the process in
open-loop. The closed-loop system, containing the process and a provisional controller in the feedback loop,
is identified in open-loop instead. Zhu showed that knowledge about the closed-loop system is enough to
control the process optimally. He proved that in this scheme model accuracy and control performance
support each other, contrary to other schemes where they are in conflict with each other.

During controller design some quality is optimized, e.g. tracking behaviour. It is possible to design an
optimal controller that also satisfies some constraints in time domain, e.g. maximum allowed actuator signal
value or maximum output overshoot. The newly designed controller is implemented in a second control
loop, and therefore called the second-loop controller. The whole procedure of system identification and
controller design can be applied recursively. This makes the controller adaptive to changing process
dynamics.

The scheme will first be tested on a simulation model of the unstable and non-linear ball balancing process
available at the Measurement and Control Section. This simulation model has been written in MATLAB by
Vos [Vos 92]. The scheme performs quite well on this simulation model under different circumstances.
Finally it is also applied on the real ball balancing process. Also in practice the scheme appeared to perform
well.

Belt, H.J.W.; Adaptieve regeling met dubbele Ius en open Ius identificatie

Afstudeerverslag, Vakgroep Meten en Regelen (ER), Faculteit der Electrotechniek, Technische Universiteit
Eindhoven, Nederland, februari 1993.

In dit verslag wordt een nieuw adaptief regelschema getest, dat voor het eerst is voorgesteld door Zhu [Zhu
90]. Het schema tan worden toegepast in gevallen waar het onmogelijk cq. verboden is om identificatie
experimenten op het proces in open Ius te doen. Oaarvoor in de plaats wordt het gesloten Ius systeem,
waarin het proces met een voorlopige regellus zit, in open Ius geidentificeerd. Zhu heeft aangetoond dat het
met kennis over het gesloten Ius systeem alleen, mogelijk is om het proces optimaal te kunnen regelen. Hij
heeft bewezen dat in dit schema modelnauwkeurigheid en regelprestaties elkaar ondersteunen, in plaats van
met elkaar in strijd te zijn zoals in andere schema's.

Met de ontworpen regelaar wordt een bepaalde grootheid geoptimaliseerd, bijvoorbeeld het volggedrag. Het
is mogelijk om een optimale regelaar te ontwerpen die ook nog aan bepaalde eisen in het tijddomein
voldoet, bijvoorbeeld een maximale actuator signaal grootte of een maximale overshoot aan de uitgang. De
nieuw ontworpen regelaar wordt geimplementeerd in een tweede regellus, en wordt daarom de tweede Ius
regelaar genoemd. De gehele procedure van systeem identificatie en regelaar ontwerp kan recursief worden
toegepast. Oit maakt de regelaar adaptief aan veranderende process dynamica.

Het schema is allereerst getest op een simulatie model, geschreven in MATLAB door Vos [Vos 92], van het
balorige proces dat in de Meet en Regel Groep beschikbaar is. Oit proces is instabiel en is bovendien behept
met allerlei niet-lineariteiten. Het schema blijkt voor dit geval onder verschillende omstandigheden goed te
presteren en is daarom ook toegepast op het werkelijke balorige proces. Dok deze resultaten zijn bevredi
gend.
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CHAPTER 1
Introduction

Nowadays many different control schemes are available and well performing. However,
most of them need a model of the process to be controlled. In some cases this model
might be very hard to get, e.g. identification experiments cannot be performed on
unstable processes in open-loop. Another example is an industrial process. Most of the
times it is too expensive to run such a process in open-loop for identification experiments.

In the past a new control scheme has been proposed by Zhu that only needs the model of
the closed-loop system, composed of the process with a controller. Using this system
model a new controller can then be designed that is optimized in some closed-loop
quality, e.g. tracking behaviour, and also satisfies some constraints in time-domain, e.g.
maximum process actuator signal value. The scheme can be applied recursively, which
makes it adaptive to changing process dynamics.

During my final degree work the theory already developed for this control scheme had to
be tested. First on a simulation model of the ball balancing process available at the
Measurement and Control section, written by a former graduate student. With this
simulation model different circumstances, like non-linearities or disturbances acting on the
process, can be tested. A simple PDD-controller will first be used to stabilize the process.
After simulation a model of the system must be obtained. This model must then be used
for the second controller design. The new controller must fmally be implemented in the
simulation model and hopefully it will yield an improvement in performance.

If the scheme proves to be succesful on simulations, it can be applied to the real ball
balancing process which suffers from a few non-linearities and disturbances.



2 lWO-LOOP ADAPl1VE CONTROL WITH OPEN-LOOP IDENTIFICATION

CHAPTER 2
Two-loop adaptive control

This chapter explains the principles oftwo-loop control. It is a summary ofchapter 2 of[Vos
92J. After identification of a system containing the process and a first-loop controller, a
second-loop controller is designed that will result in optimal system behaviour. Next this
second-loop controller is added to the first-loop controller yielding a new first-loop
controller. The two-loop control can be applied recursively, which makes it adaptive to
changing system dynamics.

2.1 Basic ideas

In many control schemes a model of the process to be controlled needs to be available. Often
it is very difficult however to obtain a good model of the process. It is e.g. virtually
impossible to identify unstable processes in open-loop. It won't be possible to run an
identification experiment long enough to obtain a satisfactory amount of data because of this
instability. Another example is an industrial process. Mostly it is far too expensive to run
such a process in open-loop for identification experiments.

Mainly cases will be considered where identification experiments on processes in open-loop
are undesirable. Also for other systems the procedure to be described in the sequel will be
useful; we will then start with a controller equal to zero. Identification will be done on a
closed-loop system. Now the process input is correlated with the output disturbances through
the feedback loop. Therefore it will be difficult to obtain good identification results of the
process. In this report we will refer to the system when the process with a controller in a
feedback loop is meant. The process dynamics dynamics are denoted by P, the system
dynamics by S,. The system and process dynamics are related to each other as given in
equation 2.1. C stands for the controller dynamics.

s = P
y I+C·P

and (2.1)

Zhu [Zhu 90] stated that it is not necessary to know the process dynamics to be able to
control the system optimally. A good model of the closed-loop system, containing the process
and a controller, is enough for optimal controller design. So we will simply identify the
system in open-loop, Le. the process in closed-loop, leading to knowledge about the system
and we are not interested in the process dynamics. The big advantages of the controller for
the process are linearization, stationarization, effective order reduction and transient time
reduction (the unstable process shows an infinitely large transient time, which is reduced by
the controller to a finite transient time).

After identification of a system model a second controller, that will improve system dynamics
according to some measure, will be designed. This new controller will also be implemented
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on the system resulting in two control loops. For this reason we speak of two-loop control
and the new controller, denoted dC, is called the second-loop controller. Figure 2.1 shows
the principle of two-loop control [Vos]. Here both v and r are indicated as external signal
inputs but we will only use v as the external input signal in our scheme. The process actuator
input is denoted by w, the system input by u, the system output by y, the output disturbance
by d and the tracking error bye. The closed-loop transfer function between v and y is given
by formula 2.2 and can be expressed in the system transfer function Sy and second-loop
controller dC.

p y

r
I
i
i

ei
i
i

__ J

aC

Figure 2.1 Principle of two-loop control

y = ~----_P---:-.,......--
V 1+(C +dC) • P

(2.2)

According to Zhu this scheme has two important advantages over other schemes:

- When the available model of the system gets more accurate, better control can be
achieved with the second-loop controller.

- If the first-loop controller is improved the system model after identification will be
more accurate because the new controller will improve the effect of linearization,
stationarization, effective order reduction and transient time reduction even more.

We can make use of these advantages very effectively. After identification of the system a
second-loop controller is designed and implemented. By making sure that this second-loop
controller has the appropriate structure we can simply add it to the first-loop controller, thus
obtaining a new first-loop controller. Now it is possible to perform the same procedure
again. According to Zhu the newly identified system model will be more accurate and this
will result in better control.

2.2 The configuration used

Referring to [Vos 92] for other possibilities we will make use of the system identification
approach as is shown in figure 2.2. Here the model of the system is denoted by Sy. It is
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known that open-loop identification of a system gives good results under the conditions that
Sy is stable and linear and time invariant (LT!). The controller assures that the system is
stable and also reduces the effects of non-linearity and time-variance.

In figure 2.2 u is the system input and u' is the new system input when the second-loop
controller is implemented. Adding the second-loop controller to the frrst-loop controller
yields a new first-loop controller.

Y

aC

~ P iY-'
/

-

C
Sy

u

Figure 2.2 The 'system identification' approach

According to Zhu [Zhu 90] the variances of the system model estimation is given by formula
2.3:

A. n 4>d I 12var[S (eJ")] := _. - • S
y N 4»

u

(2.3)

In words: The variance of the system model Sy is proportional to the square of the
sensitivity of the system. So achieving a low sensitivity for the frequency band
of interest will result in an accurate model and vice versa.

Here Sy is the estimated system model,
4>d and cI>u are the power spectral density of d and u respectively,
n is the model order,
N is the number of samples,
S is the real sensitivity.

Amongst other possibilities Vos chose for the second configuration depicted by figure 2.3.
The frrst configuration is advantageous for tracking and the second configuration for
identification of Sy.

~_c_~-=p~ r C

L J C~stable

.s.y .

Figure 2.3 Configuration for good tracking
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Now the tracking behaviour is determined by the sensitivity (2.4).

s

I = S
I+C·P

(2.4)

We want this sensitivity to be as small as possible, especially for those frequencies that we
are interested in. E.g we could wish a good steady state tracking behaviour. To achieve this
the sensitivity should be small for the lower frequencies.

In figure 2.3 two possible and equivalent configurations are shown. As has been explained
in [Vos 92] the preferred configuration is the one on the right. The scheme now won't blow
up in size when recursively implementing second-loop controllers, as will happen with the
left configuration.

2.3 The ultimate two-loop adaptive control scheme

Figure 2.4 shows the final scheme we will use for two-loop control. We will start with
designing a first-loop controller with the only purpose to stabilize the system. The
performance of the system (e.g. tracking behaviour) does not have to be very good yet. An
experiment will give information that can be used to estimate the parameters of a system
model. Using this system model, denoted ~, a second-loop controller can be designed. This
controller will improve system behaviour when implemented. The procedure with
identification and controller design plus implementation can be done recursively. Hopefully
the controller will converge to one yielding optimal system behaviour.

r c y

r~~~li~~l ~---id;~tifi~ti~~---l
! design i ! (parameter esimation) I!E-,----'

L---t-_-_--_-I I-_-_--_--_-_--_--r----------J

Figure 2.4 The ultimate two-loop adaptive control scheme

Vos showed that the two-loop control scheme puts restrictions on the controller: it should
always be stable and proper. During second-loop controller design a constraint will be put
on the total controller to achieve this.

Changing system dynamics will be captured by the scheme since identification is done
recursively. Therefore this scheme can be called a two-loop adaptive control scheme. The
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identification and controller design is done off-line. The system dynamics should not change
too much in the time interval that is needed for identification and controller design, because
then the new designed controller would not be optimal anymore. So this two-loop adaptive
control scheme should not be applied to systems that show fast changing dynamics.

New controller implementation involves an addition of the first- and second-loop controller.
Generally this would imply that the order of the resulting controller increases at every
addition done. To prevent this the controllers will be restricted to a special class, namely a
[mite impulse response (FIR) with length L. Fonnula 2.5 defines the finite impulse response
of the controller C with length L.

L

FIR: C(Z-I) = L c
j

• Z -i+l

i=1

(2.5)

Now addition of two controllers with this structure has become very straightforward: simply
add their corresponding parameters.
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CHAPTER 3
The process under consideration

7

The process that will be used to test the two-loop adaptive control scheme on, is the ball
balancing process presented in this chapter. A linear physical model of this process will
be given, together with a first-loop controller to stabilize it. The characteristics of a
simulation model written by Vos [Vos] will be explained. Finally a few simulation results,
using the first loop controller, will be given.

3.1 The ball balancing system

For educational purposes the mechanical ball balancing process is available at our
university. It has been described for the first time by Driessen [Driessen 87]. This highly
unstable process is useful for validating identification and controller design techniques.
The purpose of the process is to control the position of a metal ball on a rail by changing
the angle of the rail. A servo motor drives a spindle which in its turn changes the rail
angle. The position of the ball can vary between -55 cm and +55 cm, measured from the
center of the rail, and should never exceed these values. The ball rolls across a resistance
paper strip at one side, on a copper rail at the other side. Across the resistance paper a
voltage is applied. The position of the ball can now be determined by measuring the
voltage on the ball. Figure 1 shows the ball balancing system.

1. copper rail
2. metal ball
3. perspex tube
4. spindle
5. turn axis
6. servo motor

Figure 3.1 The ball balancing process

The process is controlled and monitored by a personal computer. For details about the
software and hardware involved the reader is referred to [Driessen 87], [Bemmelen 88],
[Joosten 89] and [Fokkelman 91].
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3.2 A simplified linear model
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In order to be able to design a stabilizing ftrst-loop controller, a model of the process
needs to be available. First a linear model based on physical insight is given. The lineari
zed approximate transfer function pes) between servo input w(s) in Volts and ball position
yes) in meters is given by equation 3.1. This model is valid only for small rail angles.
For a detailed derivation of this transfer function, see [Driessen 87] and [Bemmelen 88].

(3.1)

Here the constant Ko equals -2,82 [m/Vs4
] and " equals 8,35 [S-l]. Since simulation and

controller design is done on a computer, we will work in discrete time and z-domain.
With a zero-order hold and sample time T=O, I s the transfer function becomes in z
domain:

P(z) = -9 9467. 10-6 (z + 8,5156)(z + 0,8478)(z + 0,0840)
, (z - 1)3 (z - 0,4339)

(3.2)

Because of the triple integrator the ball balancing process is unstable. To stabilize the
process a double differentiation term combined with a proportional term, hence a PDD
controller, is sufftcient to compensate for the three integrators.

3.3 A stabilizing PDD-controller

The general transfer function in z-domain of a PDD-controller is given by formula 3.3.

(3.3)

Here K is the proportional term and b l and bo are constants.

The way of controller implementation is shown in ftgure 3.2. The system Sy now can be
described by formula 3.4.

System Sy(z)
,_ -- .. - -_ .

r ....,. C(z)

- C(z) ~

Figure 3.2 Implementation controller
with system Sy
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(3.4)

The characteristic equation of the closed-loop system transfer function Sy(z) is given by
formula 3.5.

(3.5)

For small K the poles of the system Sy(z) are close to the poles of P(z)· (r + btz +
bo)/z2 and for large K the system poles are close to the zeros of P(z)· (r + biZ + bO)/Z2.
By giving the constants bi and bo the proper values (Le. putting two zeros on the right
place), K can be tuned to ensure that all the poles of the system Sy(z) lie inside the unit
circle in the z-plane. Figure 3.3 shows the root locus of P(z)· (r + biZ + bo)/z2.

..... - ....

o.~o-o.~-1

-1

· .
1 ••• ~ •••••••••:••••~••__=

E), :
-Il---~ ........~..............

i· ;:
.S' ~ ~ : ~ :
.§ -o.S ~ : ~ ~ ~ .· . . . .· . . . .· . . . .· . . . .· . . . .· . .· .

f\ o,~· ..~. . ; ~ : . . .. . .. : ..
I ' . , . .
I ' , . , ., : : : . .

·s
CI

real axil --->

Figure 3.3 rootlocus with PDD-controller

A PDD-controller that will achieve stabilization of the process is given by formula 3.6
[Klompstra 90]. Its zeros are located at 0,9838 ± 0,0272L

C(z) = -900931 z2-1,9676z+0,9686 (3.6)
, 2

z

The system Sy(z) = P(z) / ( 1+C(z)· P(z) ) has five zeros and six poles. Since the
denominator order exceeds the numerator order by one (strictly proper), the system shows
one unit delay. Figure 3.4 shows the pole/zero locations of the system Sy when the PDD
controller defined before is implemented on the plant.
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pole/zero dlo9rom or system Sy

, : ~..----~ ~ :.
· .

0.5

· .. .· .
o-0.5-1

· .-1 ., .· .

• Je 0
•°...•......;.......••..........;. .

• JiC. •· . .· . .· . .· . .· . .· .

· .
0.5 ; ..•...... ; ~.•.......:.

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

-0.5 . ~ ., ..•... : ......••• : ...•.•... ~. . . . . .. . .:.· . .. .. ... . .. . ..· . . . ... .. .. . .· .. . . .· . .· . .

-0,0589+0,0646· i
0,7876±0,3004· i
0,9838+0,0293· i

OOסס,0 (2x)
-0,0840
-0,8478
-8,5156

Pole locations:

Zeros locations:

real <lxl. --->

Figure 3.4 pole/zero diagram of system Sy

The diagram doesn't show the system zero in -8,5156 because it would change the scales
drastically. Apart from that the zero is of very little importance since it would only affect
frequencies near infinity which will never occur in practice.

We already mentioned in chapter two that the sensitivity is important. It should be small
for low frequencies to obtain good steady state tracking. Figure 3.5 shows the sensitivity
as a function of frequency together with the system transfer.

Sy

lot

100

10-1

e-
li!' 10-2

e- 10-3
~

10-4

10-1

1O·'
10-3

s

10-t 100 10'

frequency f --->

Figure 3.5 Sensitivity and System transfer in frequency domain

The system typically shows a low pass behaviour. The input power will appear in the
output for less than 1% for frequencies higher than 1 Hz. Therefore we consider 1 Hz to
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be the band of interest for our system. The sensitivity stays below the system transfer for
frequencies lower than about 10-1 Hz. For these frequencies output disturbances will not
have much influence which is desirable to obtain good model estimation results later on.
For frequencies above 10-1 Hz the output disturbance will have considerable influence
since the sensitivity is larger than the system transfer.

3.4 A simulation model

Before testing the two-loop adaptive control scheme on the real ball balancing process we
would like to test it on a simulation model. With this in mind a simulation model has
been written in MATLAB [Vos]. This model contains most non-linearities, time-variances
and disturbances that are present in the real process. All these non-idealities are optional
and their parameters can be changed. This is done in order to be able to test the control
scheme in the LTI noise free case fIrst. By adding the non-idealities one by one it is
possible to test the limits of performance of the control scheme.

The non-linearities are caused mainly by friction forces acting on the motor and spindle.
A part of these friction forces is static, thereby causing stiction of the motor axis. These
stiction forces cause a dead-zone. Also the movement of the ball is troubled by stiction,
but this non-linearity has not been modelled because of its uncertainty and place depen
dence. The fact that more strength is needed to get a mass in motion than is needed to
keep a mass in motion causes another non-linearity, viz. a hysteresis effect.

To make sure that the absolute value of the motor input voltage never exceeds the 9
Volts, a limiter is placed in front of it. If the dead-zone value is known, it can be
compensated for. By default this value will be I Volt. The non-linear, time-variant
process simulation model with limiter and dead-zone compensator is shown in figure 3.6.
The actual linear model of the process consists of two parts: a transfer from input voltage
to rail angle, and a transfer from rail angle to ball position. The rail angle is a measure
for the acceleration of the ball and therefore the second transfer function simply is a
double integrator. Now all the disturbances acting on the rail angle and ball position can
be modelled with noise acting on the rail angle only. For more details about the simulati
on model refer to [Vos 92].

d(k)

PROCESS

w(k) y 7- r 7- r fr P(z,T,IC,6)

----

COMP LIM NLl1 LTV

Figure 3.6 The simulation model
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Care should be taken with the choice of the reference signal for the scheme shown in
figure 3.2. Since the controller used has a double differentiative effect, a fast step at the
reference input would cause an enormous signal peak at the actuator input of the process.
Therefore we will use steps with a parabolic shape. In normal operation a so-called
parabolic pseudo random binary noise sequence (pPRBNS) is used. Working with the
simulation model written by [Vos] the user can derme such PPRBNS signals with a few
parameters determining the (de-)acceleration, the (de-)acceleration time interval, the
constant velocity time interval, the zero velocity time interval and the length of the
sequence. For more details about the PPRBNS signals used see [Vos 92].

Figure 3.7 shows an example of a simulation of the ball balancing process, using the
simulation model written in MATLAB by Vos. During this simulation no non-linearities
nor disturbances were active.

reference signal0.5.--------.----...:..,-------, boll position, max=O.40720.5 .-----........:...--.--.........::.----.-------,

: ..---

,..,
E
'-"...

o . o

15050 100

time (T=0.' s.)

-0.5'-----~---'------'
a15050 100

time (T=0.1 s.)

-0.5'-----~---'-------'
o

10 ong. octua~or input w, ,max=7.872

o

,..,
E......
L.

I-E......
GI

~

tracking error= 6,905ge-02
0.5 .------=r------r------,

15050 100

time (T=0.1s.)

-0.5~__....L-__-'-__---'

o15050 100

time (T=0.1 s.)

-10 L...-__~__-'-__----'

o

Figure 3.7 A simulation of the ball balancing proces
using the standard PDD-controller

The controller implemented here is the first-loop PDD-controller given by equation 3.7.
The control scheme used is the one drawn in figure 3.2. As can be seen the peak value of
the actuator signal equals 7,872 Volts. This value should never exceed the 8 Volts since
the real process actuator will get saturated at 9 Volts and the compensator shown in figure
3.4 will add I Volt by default. We also notice that this simple PDD-controller is perfor
ming quite well. The tracking error measured over N time samples and defined by
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T.E. =
1 N-l

- .L (r(i) - y(i»2 =
N i=O

1 N-l

-' L e2 (i)
N i=O

(3.7)

equation 3.7, equals only 6,9059.10-2.

Figure 3.9 shows almost the same simulation. However some ftltered white noise is added
as output disturbance and similarly measurement noise is added. The maximum value of
the amplitude of the disturbance d equals 1,667 percent of the amplitude of the reference
signal. The frequency band of the output noise is chosen to be 5 Hz. The maximum value
of the amplitude of the measurement noise 11 equals 2.5 percent of the amplitude of the
reference signal. The frequency band of the output noise is chosen to be 1 Hz. The
tracking error has become slightly worse compared to the ideal situation. The actuator
shows some disturbances compared to the ideal situation. These disturbances cause
saturation of the actuator. The limiter now causes some non-linear system behaviour,
which will trouble identification a bit extra.

Simulation results of the system with non-linearities are depicted by figure 3.10. The
dead-zone value DZ is chosen to be 1 Volt and the dead-zone compensation equals 1.1
Volts, so the dead-zone is overcompensated. HYSval equals 0,5 and HYSstp equals 1,
determining the hysteresis as shown in figure 3.8. The actuator signal clearly is troubled
by the non-linearities. It seems to show a limit-cycle. When we examine the actuator
signal from time sample 50 to 70 by 'zooming in' on figure 3.10 we can approximately
determine the frequency of the limit-cycle (see figure 3.11). By observation we estimate
this frequency to be approximately 0,8 Hz. Remarkable is that by coincidence in this case
the tracking error is smaller than in the ideal case.

/~-*---3>I
/

/
/

/
/

/
/

/
/

Figure 3.8 Dead-zone and hysteresis
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CHAPTER 4
Identification of the system

In this chapter the output error identification method is shonly explained. It is then
applied to the three simulations done in chapter three. The linear model found after
identification is validated using three criterions formulated in this chapter. It appears to
be possible to find a model that satisfies the criterions for all the three cases.

4.1 The identification method

After observation of the input and ou~ut data of the system Sy we will use this informati
on to estimate a system model called Sy. Ideally this system model is able to describe the
real system behaviour perfectly. In practice this is impossible however, due to a limited
model set and all kinds of disturbances acting on the system.

Here the output error method with the least squares criterion will be used. The quadratic
difference between the model output and system output is minimized. However, the
system output is disturbed by disturbance d and measurement noise 1] as can be deducted
from figure 4.1. The disturbances d and 1] are independent of u and not of w which
makes identification of the system preferable above identification of the process. The
advantage of not estimating a noise model is that the method will be faster, which is of
course important for use in an adaptive control scheme. As explained before the process
dynamics can be splitted in two parts: PI and Pz, describing the transfer from input
voltage to rail angle and from rail angle to ball position respectively.

c

r~Y~~~JP._._----------- ~------------------------,
I Pr II oces i
i I

U i+ I
----r----1'--:7{ PI ii _ i

I ! 11
!
I
i
i
i, ,L ~

Model

B(z)
F(z)

Figure 4.1 Output error identification of system

y

y,
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yO) = Y (i) + €(i) = B(Z-I) u(i -nil;) + e(i)
m F(Z-I)

B(Z-I) = b1 + b2z-1 + '" + b""z-o,,+1

F(Z-I) = 1 + f1z-1 + ... + fn.z-1Ir

17

(4.1)

Equation 4.1 gives the basic structure for output error models. Here nb and nf determine
the orders of the numerator and denominator polynomials B and F of the model and l\. is
number of unit delays from input to output. The structure of the linear model can be
represented by nn = [~ nf nJ. The residuals are denoted bye. All the model parameters
are gathered in the vector ~ and are the solution of equation 4.2. MATLAB's identifica
tion toolbox contains a standard function oe.m, written by Ljung, to perform the output
error identification.

N-l N-l

ft = arg min .:E (y(i) - Ym(i»2 = arg min .:E e2(i)
i=O i =0

From figure 4.1 we notice:

(4.2)

PY = •u +
1 + PC

P2 • d + I 11
1 + PC 1 + PC •

(4.3)

The relation between the measurement noise ." and output y is governed by the sensitivity.
The sensitivity is smaller than the system transfer Sy for frequencies lower than 10-1 Hz
(chapter three) so the disturbance." won't be troublesome for these frequencies. The angle
disturbance d 'sees' a transfer P2 to the output y. This transfer P2 from rail angle to ball
position shows a double integration (the rail angle is a measure for acceleration which
results in position after two integrations), so the lower frequencies of this disturbance will
be emphasized. Therefore for the lower frequencies the identifcation will be troubled
mostly by the output disturbance d, and for the higher frequencies (above 10-1 Hz) by the
measurement noise .".

4.2 Criterions for model acceptance

After identification we need to assure that the system model obtained is good. A criterion
is the whiteness of the residuals. If all the disturbances acting on the system were white
and the system is in the modelset, then the residuals should resemble these disturbances
and therefore be white too. In our case however, the disturbances probably are not white
at all. E.g. noise at the sensor to measure the ball position is mainly caused by little pits
on the resistance paper. The ball looses contact for a small moment and this results in
signal peaks in time domain. This only happens occasionally and therefore this kind of
disturbance cannot be modelled as white noise. This means that we cannot use the
criterion above to validate a system model, but we can formulate a similar criterion [Vos
92]:

- the mean residual power should be of the same order of magnitude as the mean
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noise power in a free-run experiment with primary controller.

Another criterion often used for system model acceptance is given by:

- the cross-correlation between the residuals and the system input should satisfy the
2q-bounds.

The third criterion we will use is based on human interpretation. The model is used to
calculate an output that can be compared with a validation set (cross validation). The
normed quadratic difference between model output and validation signal should be as
small as possible.

- a small difference in quadratic sense between model output and validation set.

4.3 The identification signals

Before we start any identification experiments we need to assure that the spectrum of the
identification signal used is as flat as possible over the band of interest. As explained
before we will use a PPRBNS signal at the reference input. But this signal will be fIltered
by the first loop controller, before it reaches the system input u (figure 3.2). Figure 4.2
shows the reference signal r and the system input u, both with their spectra R and U.

0.4 reference silmaI 107

;...., 'r----1
0.2 ................... 104

:? 0 ....... .............. "···r·····
t;:;'

101
'C ~

-0.2 ......... ......... ............ ,. .. ..I .. ·.. ·•• ..

'--' ,~

-0.4 10-5
0 200 400 600 800 10-2 10-1 10° 101

samples f [0:fs/ll=[O:5 Hzl

10 system inout sil!llaI
107

5 ...... " if·· 104

S o ij S 10 1
:::> ::J

-5
•

10-2

-10 ; 10-5
0 200 400 600 800 10-2 10-1 10° 101

samples f [0:fsl2l=[0:5 Hzl

Figure 4.2 Reference signal and fIltered reference signal
with their spectra, sample time T=O, Is

We notice that the two spectra differ significantly. For the band of interest the frequency
spectrum U is almost flat, contrary to the spectrum R. The spectrum U shows relatively
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less attenuation for higher frequencies. This could be advantageous for identification,
since for these frequencies the sensitivity is larger and thus the influence of the disturb
ances will be bigger.

An important rule of thumb is that the experiment for model estimation should last 5 to
10 times the largest time constant of the system. From chapter three we know the location
of the system poles of the physical model. The largest time constant is determined by the
poles in 0,9838 + 0,0293· i. Re{p(z)} = e(-T /-r) with T the sample frequency and T the
time constant. This gives for the largest time constant: Tmax :::::s 6 seconds, meaning that
our identification experiments should last between 30 to 60 seconds (300 to 600 samples
with sample time T=O,l).

The structure for the model that will perform best is not known in advance. Therefore
identification will imply some trial and error with different structures, trying to obtain the
best model possible according to the three criterions mentioned before. We could of
course start with the expected structure of the physical model: nn = [5 6 1], see figure
3.4.

4.4 Some identification results

The simulations done in chapter three will be considered. The results of these simulations
have been given by the figures 3.9 to 3.11. First the simulation from figure 3.9, without
any disturbances nor non-linearities, will be considered for output error identification.
After some trial and error the model structure [4 4 2] proved to perform well. The total
data set involved 1377 samples. Here 530 samples were used to perform the output error
identification, resulting in a linear model with poles and zeros depicted by figure 4.3.

1r---........---::::::::::-.-..,r---=::::::-........-------,

lC

0.5o

lC

-0.5

•• • •••• D•• ~ ••••• •• "ci •• • ~ 0:" • •• .. • • •• ..· . .· . .· . .· . .· . .· . .· . .

o : "' ....•.......: '"

-1 '"-__.........._....;;:::0,_'---=:;;;.._..........__----'

-1

O olE : a: :
.~ g •••••••• ,,, ,, .· . .· . .· . .· . .· . .· . .· . .· . .· . .· . .

-o.~

0,1573±0,5344i
0,2037

OOסס,0

0,7876+0,3007i
0,9838±0.0293i

Zeros:

Poles:

Figure 4.3 pole/zero plot of Sy after oe identification of ideal
simulation using structure [4 4 2]

We conclude that the model is minimum phase, since all the zeros lie inside the unit
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circle in the z-plane. If we compare this pole/zero plot with the pole/zero plot of the
physical model given in chapter three (figure 3.4) we note that the four dominant poles
have been estimated very well. The pole in the origin results in one unit delay.

Cross corr. function between in ut 1 and residuals from ou ut 10.2 .-----.::::=r==~=~-=.::..:.:..:=~;:=_~::.=..=~=~~=~~--~
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Figure 4.4 Cross correlation between system input and residuals, ideal case
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Figure 4.5 Validation of linear model, ideal case
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The cross correlation between the system input u and the residuals is shown in figure 4.4.
We may conclude that it doesn't satisfy the 2u-bounds perfectly. Since our simulation
didn't include any noise it is useless to inspect the mean power of the residuals. The
output error identification has been performed using only 530 samples from the total
available set of 1377 samples, so the remaining 847 samples will be used for validation.
Using the known system input the model output is calculated and compared with the real
system output. Figure 4.5 shows both outputs (continuous line for model output and
dotted line for validation set output) and the system input u. Judging from this, the model
performs quite well. It will therefore be accepted.

Secondly we will consider the simulation from figure 3.9. Now some disturbances are
active. Again the structure [4 4 2] proved to be best performing after some trial and
error. Now we used 600 samples for identification, so the 777 other samples can be used
for validation later on. Figure 4.6 shows the pole/zero plot for this noisy case.
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Figure 4.6 pole/zero plot of Sy after oe identification of noisy
simulation using structure [4 4 2]
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Figure 4.7 cross correlation between system input and residuals, noisy case



22 lWO-LooP ADAPTIVE CONTROL WITH OPEN·LooP IDENTIFICATION

The model is non-minimum phase. This will restrict the usable bandwidth. Again the
locations of the four dominant poles are close to those of the physical model. Figure 4.7
shows the cross correlation between the system input and the residuals. This function
approximately satisfies the 2u-bounds.

In figure 4.8 the output signal of a simulation without reference (noise measurement) is
shown together with the residuals of the identification. The mean power of the residuals,
defined by equation 4.4, is an order higher than the power of the output in a free run
experiment. This means that apparently a small part of the system dynamics has not been
modelled yet. We will however accept the model since the error made is not too big.

N-l

mean power of an arbitrary signal x = -.!.. L x2 (i) (4.4)
N i=O
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Figure 4.8 Output of free run experiment and residuals
with their mean power
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Finally the model will be validated on some available system output data. Figure 4.9
shows the result. The system input used is the one depicted in figure 4.5. The normed
quadratic difference between model output and real system output is somewhat larger than
in the first case, but still acceptable. Because the model satisfies the three criterions
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reasonably well, it will be accepted.
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Figure 4.9 Validation of linear model, noisy case

Finally we will consider the simulation with the non-linearities. Refer to figure 3.10 and
3.11 for details. Again structure [4 4 2] has been used for the linear model. Figure 4.10
shows the pole/zero locations. Two zeros, in 4,5531 and -2,7468, have not been shown
for illustrative purposes. Since these two zeros lie outside the unit circle the model is non
minimum phase. However they can be neglected because their distance to the unit circle
is large (> > 1). Two of the four dominant poles have moved closer to the unit circle.
This will result in worse damped responses. Possibly the identification algorithm tried to
find a model describing the limit cycle caused by the non-linearities with the typical
frequency determined by figure 3.11.

Poles;

OOסס,0

0,7712 +0,525li
0,9843 ±0,0293i

Zeros;

0,3003
- 2,7468

4,5531

Figure 4.10 pole/zero plot of Sy after oe identification of non-linear
simulation using structure [4 4 2]

The cross correlation between system input and residuals is shown in figure 4.11. The
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function satisfies the 20'-bounds.
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Figure 4.11 Cross correlation between system input and residuals, non-linear case
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Model validation is done in figure 4.12. The model is able to describe the system transfer
satisfactorily well. When looking closely at the model output (continuous line) we observe
some oscillation. Figure 4.13 shows a detail of figure 4.12. From this figure we derive
that the frequency of the damped oscillation is about 1 Hz. This is close to the frequency
we derived for the limit cycle in chapter three. So indeed during identification the limit
cycle is tried to be modelled linearly. To establish that, two dominant poles moved closer
to the unit circle (figure 4.10).
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Figure 4.12 Validation of linear model, non-linear case.

We have been able to find a linear model of the simulated system in three different
occasions. The criterions stated at the beginning of this chapter can be used to decide
whether to accept a model or not. These models now can be used to design a linear
controller. In the next chapter a linear controller design method is proposed. The
controller will be optimal in some quality and will satisfy some constraints on the closed
loop system.
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Figure 4.13 Detail of figure 4.12, limit cycle has been modelled
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CHAPTERS
Controller design with constraints in time
domain

Our controller design problem can be formulated as follows: given a model of the system
to be controlled and a set of design goals, find the optimal controller. Optimality is
expressed in some ldnd of design specification, e. g. minimal tracldng error. We will make
use of a CAD method for controller design proposed by S. P. Boyd and others [Boyd 88J
and [Boyd 91J. The design of the controller is based on a parametrization of all control
lers which stabilize the plant. Using this so-called Q-parametrization leads to a convex
optimization problem, which can easily be solved numerically. It is also possible to add
some constraints to the controller design, e.g. asymptotic tracldng or actuator limitation.

5.1 The general scheme

We will consider the basic plant shown in figure 5.1. The setup is very general, the plant
contains a model plus, if applicable, additional ftlters. The signals in this scheme can be
divided in two kinds:

W -1----;-----')1

Figure 5.1 Basic plant

z

y

First the inputs of the model:
- The actuator signal vector, denoted U, consists of the inputs to the model that can

be manipulated by the controller. The actuator signal vector U is exactly the signal
vector generated by the control processor as will be shown later on.

- The exogenous input vector, denoted W, consists of all other input signals to the
model, such as reference signals and disturbances.
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Secondly the outputs of the model:
- The sensor signal vector, denoted Y, consists of output signals that are accessible

to the controller. The sensor signal Y is exactly the input signal vector to the
control processor.

- The regulated output signal vector, denoted Z, consists of every output signal from
the model. Z will be minimized in some measure.

In this general scheme for the basic plant four transfer functions exist. The relation
between the two input vectors and the two output vectors is given by formula 5.1. In
closed-loop the scheme will become as shown in figure 5.2. The controller stabilizes the
plant. Now U = K· Y.

[ZJ = [Pzw pzu]. [W] = P •[W]Y PywPyu U U
(5.1)

EXOGENOUS REGULATED
INPUTS "- plant

otrrPUrS "-
/ /

W Z
"- P
/

U Y

controller
/

CIUATOR K "- measured
INPUTS OUI'PUfS

A

Figure 5.2 Closed-loop general scheme

The closed-loop transfer functions from exogenous inputs W to regulated outputs Z and to
measured outputs Y are given by equation 5.2. Here U=K·Y.

H = P + P • K • (I - P • K)-l • P
zw zw zu yu yw

H = (I - P • K)-I • P
yw yu yw

(5.2)

5.2 Some defInitions

Our controller design will contain some goals. A few goals will actually be hard con
straints on the closed-loop system. For example we want to assure that in closed-loop the
actuator will never get saturated. Or we want the step response of the ball position to
show asymptotic tracking. These constraints will be formulated in the form of so-called
design specifications:
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A design specification D is a boolean function or test on the closed-loop transfer matrix
Hzw with dimension Ilz x nw (5.3). Thus a design specification is either satisfied or not.

D : Hzw - {PASS, FAIL} ; Hzw E Hall (5.3)

Here Han is the set of all 11z x Ow transfer matrices.

Design specifications could be:

- No violation of boundaries of step response:
- No violation of maximum actuator effort:
- Closed-loop stability:

After we have defined our design specifications we want them to be jointly feasible or
achievable by at least one transfer matrix Hzw. We will see further on that Datable will
always be satisfied since our control design will be based on the optimization of some
quality as a function of the controller, taken from a set of controllers that stabilize the
system.

A functional ¢ on a transfer matrix Hzw is a function that measures some property or
quality of the transfer matrix Hzw. Formula 5.4 gives a description of a functional.

(5.4)

In words: the functional ¢ expresses some quality of the closed-loop transfer Hzw using a
real number. ~ is an element of the set Han containing all nzxfiw matrices. The quality
function is assumed to satisfy the axiom <I>{Hzw) S ¢(Hzw2) if Hzw2 has a better quality
than Hzwl , where the notion of quality is quantitively assessed by ¢.

(5.5)

otherwise

The design specifications mentioned above can be expressed as functional inequality
specifications. Formula 5.5 gives the general form.

{

PASS
Dq,(Hzw) ==

FAIL

In the sequel we will denote this as Dq, : <I>(Hzw) < a. Here ¢ is a functional on transfer
matrices and a is a constant. As an example the functional inequality specification of the
actuator effort is given by formula 5.6.

(5.6)

Here Wmax is the maximum value that the process actuator is allowed to reach.

If HI> H2 E Hall and A E R then A· HI + (I-A)' H2 is an affine combination of HI and
H2. We may think of an affine combination as lying on the line passing through HI and
H2 (H)~HJ.
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If 0 <A < 1 we will refer to the affine combination A· Hl + (I-A) 0 H2 as a convex
combination of Hl and H2• We may think of a convex combination as lying on the line
segment between Hl and H2•

Now the definitions of affine sets and affine and convex functionals will be given. These
definitions will become important later on.

Definition 1: Hx S; Han is an affine set if for any H h H2 E Hx , and any A E R, A0 Hl
+ (I-A)oH2 E Hx

In words: a set of transfer matrices is affine if, whenever two distinct
transfer matrices are in the set, so is the entire line passing through them.

Definition 2: Hx S; HaJJ is a convex set if for any Hl , H2 E Hx , and any A E [0,1],
AoHl + (I-A) oH2 E Hx

In words: a set of transfer matrices is convex if, whenever two distinct
transfer matrices are in the set, so is the entire line segment between
them.

Definition 3: A functional cP on H is convex if for any Hh H2 E H and any A E [0,1]
cP(AoHl + (I-A)·HJ < A°cP(Hl) + (I-A)·cP(HJ.
In words: a functional is convex if the graph of its values along any line
segment in HaJJ lies below the line segment joining its values at the ends of
the line segment. This demand results in one minimum of the functional.
Figure 5.3 shows an example of a convex functional.
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Figure 5.3 A convex functional

If we take a look at formula 5.2 we are mostly interested in the first closed-loop transfer
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function, since it is our goal to optimize this one. The only degree of freedom in Hxw is
the controller K. However, the transfer function is not affine in the parameter K. This
will make optimization of R- difficult since it will lead to a non-convex optimization
problem.
In order to achieve affinity a so-called Q-parametrization is performed. First a nominal
controller is implemented which stabilizes the plant. This controller is altered such that it
will give an additional output, denoted e, and an additional input, denoted v. This is done
in such a way that the transfer from v to e is zero, while the open-loop controller transfer
from Y to U remains Knom. Now a stable Q-matrix is put between e and v (figure 5.4).
Since the transfer from v to e is zero the Q-matrix 'sees' no feedback and therefore
cannot destabilize the closed-loop system. Now Q is a parametrization of stabilizing
controllers.

w "-
Z

PLANT
/

U Y

Knom

L WeQv

:K .......

Figure 5.4 extension of controller with Q-matrix

Since the closed-loop transfer from v to e is zero figure 5.4 can be redrawn resulting in
the scheme depicted by figure 5.5. Now there are three transfer matrices for the closed
loop system, denoted by U1, U2 and U3 • There is no transfer matrix describing the
transfer from v to e since we made this transfer equal to zero.

w

v

-----7 Ui
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/' /'

+7'
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Q /'

."

z

e

Figure 5.5 The scheme of figure 5.4 redrawn
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In this case the closed-loop transfer function is determined by formula 5.7.

Hzw = U1 + U2 • Q • U3
(5.7)

With this we have a description of the set of Hzw's achievable with controllers which
stabilize the system. The only degree of freedom in this closed-loop transfer is Q. The
difference with the situation before is that Hzw is affine in the parameter Q now. This will
lead to a more elegant optimization problem.

In our case a small simplification can be made. Since the plant contains the process plus a
stabilizing frrst-loop controller, the plant does not have to be stabilized anymore.
Therefore Knom can be made zero. This nominal controller has to be altered to give one
additional output and allow one additional input, while keeping the open-loop controller
transfer from Y to U equal to Knom=O. This is done the way shown in figure 5.6. The
closed-loop transfer from v to e is made zero by substracting Pyu from Y. Now a stable
matrix Q will not destabilize the closed-loop system transfer R-.

W--------7t
U.---~

PLANT
t-------------7Z

f----------,y

i
I
I
i
i
i
i

V e i

l~_~ . ~__--__--__~ l

1---------------------------------------------,
I I
! !

'--+---{ Knom == 0

Figure 5.6 The modified controller implemented on a stable plant

From figure 5.6 we deduct that U1 = Pzw, U2 = Pm and U3 = Pyw!

The transfer function of the second-loop controller is given by formula 5.8. The control
ler contains a model of the system described by Pyu.

(5.8)

5.4 The ball balancing process in the general scheme

First the control scheme is modified the way shown by figure 5.7, as proposed by Vos
[Vos 92]. Instead of the output y the tracking error signal r-y will be fed back. The
advantage of this modification over the old configuration is that now only one second-loop
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controller has to be implemented. This will simplify our control scheme.

r

Figure 5.7 Modification control scheme yielding only one AC

Now it's about time that we implement our situation in the control scheme proposed. The
exogenous input vector, denoted W, will only contain a reference signal in our case. The
regulated output vector, denoted Z, will contain those signals that we wish to minimize.
The goal of our control scheme will be obtaining a minimal tracking error (TE), defmed
by equation 5.9. N is the number of samples taken into account.

TE(AC) =
N-l

-.!- E {r(i) - y(i) F
N j&O

(5.9)

While optimizing this tracking behaviour we want some signals to stay below certain
levels. For example the actuator of the process should not be saturated. The process
actuator w will be an element of the vector Z. It will be used to put a constraint on
during optimization. Because this signal is not directly available (we have a model of the
system, not of the process) we must derive it from other signals. Figure 5.8 shows hows
this can be done.

Another variable that we want to keep bounded is the position of the ball on the rail. We
don't want the ball to roll off the rail. Therefore the second constraint will be put on the
ball position and this is the third element of the regulated output vector.

Of course it is possible to add more constraints to the control scheme, but for the time
being the two mentioned above will probably result in satisfactory control. In future we
could also add more objectives to the control scheme, e.g. in the form of a weighted sum.

Controller design involves tradeoffs. We hope to find a satisfactory compromise among
the design goals. If it is found that no controller can achieve a suitable tradeoff, Le. the
design specifications are not jointly feasible, then one or more constraints must be
relaxed.
Figure 5.8 shows the resulting general scheme for two-loop control. The actuator signal
of the process is not directly available since we have an estimation of the system model.
It can be derived however the way shown in figure 5.8. Formula 5.10 defines the signal
vectors in this figure.
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Figure 5.8 The general two-loop control scheme

W = r
Z= [~] = [;]

y = z = e
2

(5.10)

(5.11)= --...,.....---
J.,

I + L f i • Z-i

i=l

B
F

5.5 Formulation of closed-loop constraints and objective

After identifation we have obtained a linear model of the system, called Sy. This model is
expressed in a numerator polynomial B and a denominator polynomial F (5.11).
Here lb and If determine the degree of the numerator polynomial and denominator polyno
mial respectively. The delay nk from formula 4.1 now is assumed to be included in the
numerator polynomial B, as has been programmed in MATLAB.

l,.

Ebi·z-i
+

1

i=l

From equation 5.7 we know that the closed-loop transfer function Hzw is affine in the
parameter Q. The relation between Hzw and Q is determined by the maps Pzw' Pzu and Pyw.

These three maps are given in formula 5.12 in frequency domain. See figure 5.5 and 5.8
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p =zw

e. F-B·e
-...."F~-

F-B·e
F

B·e
F

p =zu

F-B·e
F
-B
F
B
F

p = F-B·e
yw F

(5.12)

Here e represents the first-loop controller and is represented by a FIR as motivated in
paragraph 2.3. In particular e, F and B are polynomials in Z·l. With this we can calculate
all the open-loop impulse responses from every input to every output of our general
scheme. This will be done in time domain using difference equations. As an example a
calculation of the impulse response in open-loop from input r to output e, the tracking
error, is done. The difference equation for this case is given by equation 5.13. The
controller e is defined by a FIR, see chapter two (2.4).

J. I" L J. (5.13)
zik ) = r(k) + E fj • r(k-i) - E E bj • c j • r(k-j -i+2) - E f j • ~(k-i)

j =1 j =1 j = 1 j.= 1

Here L is the number of parameters of the finite impulse response of the first-loop
controller. Making r(k) = o(k) (a unit pulse at time k=O), the impulse response of output
~=e can be calculated.

These impulse responses can be used in calculating the closed-loop constraints on Hzw,
and thus on the parameter Q. These constraints on Hzw must be convex. This means that
if the closed-loop transfer Hzw1 meets our constraints and Hzw2 does so too, then the
closed-loop transfer (Hzw1 + Hzw:z)12 meets our constraints. According to Boyd [Boyd 88]
our design problem can be formulated as follows:

minimize ""(H )'P zw
R- E L C0Il8tr n Hachiev

Here cf> is a convex functional on Hzw, L cOIIstr is a convex set defined by constraints and
Hachiev is the set of Hzw's achievable with stabilizing controllers. This can also be formula
ted as:

minimize
Q E L"CODstr

where

and
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Note that 4>. and L·OOIlslr are convex. This means that a convex functional must be
optimized in the parameter Q and this parameter can be varied in a convex set. Many
numerical optimization algorithms are available that can solve these problems effectively,
meaning they will fmd a solution if one exists.

We will formulate our constraints on R- in functional inequality specifications as
mentioned before. These constraints need to form convex sets as explained before. First
the constraint on the process actuator will be formulated. We want to prevent this signal
value from exceeding Wmax• We will denote the maximum reference signal value by rmax

and the closed-loop impulse response from input r to the process actuator w will be
denoted by hr-ow, closed-loop. Putting a constraint on the closed-loop process actuator impulse
response will however result in a too severe constraint, since the reference signal will
never be an impulse. In normal operation the reference signal is a PPRBNS-signal as
explained before. The largest change that will occur at the reference input is in this case a
parabolic step with size 0,6 V. Therefore a constraint will be put on the closed-loop
parabolic step response of the process actuator, denoted sr-ow, closed-loop. Formula 5.14
expresses the process actuator constraint. The parabolic step response Sr-ow, closed-loop is affine
in Q. Convexity of this constraint can be checked using the requirement that if the closed
loop transfer R-l meets this constraint and Hzw2 does so too, then the closed-loop transfer
(Hzwl + Hzw:z)12 must meet this constraint.

N

Dmax_1ct : 4>max_ICt (Hzw) = rmax • L ISr-ow,cloaed-loop (i) I s Wmax
;=0

(5.14)

Taking the absolute value of all the samples of the closed-loop parabolic step response of
the process actuator, adding them up and multiplying the result with the maximum input
signal rmax yields the highest signal value that the process actuator can ever reach. In
order to find a suitable constraint N has been chosen to be finite (the constraint value
would be infinitely large when N = 00).

Secondly we need a constraint on the position of the ball. Demands will be put on the
parabolic step response of the ball position. The overshoot will be limited and we demand
that the steady state tracking tends to zero with increasing time. Figure 5.9 illustrates the
boundaries of the parabolic step response of the ball position. Formula 5.16 and 5.17
describe the constraints on the output. Again convexity of these constraints can be
checked using the requirement that if the closed-loop transfer HZWI meets the constraints
and Hzw2 does so too, then the closed-loop transfer (R-l + Hzw2)12 must meet the
constraint.

We will define two functions f1,2 : 2+ - R., with f1 describing the upper bound of the
parabolic step response and f2 describing the lower bound. The closed-loop impulse
response from r to y will be denoted by l\-y, closed-loop and the closed-loop parabolic step
response by sr-y, closed-loop. A parabolic step will be denoted by pstep.
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o< 1 S sT: !t(t) = R(l + OS) ; A(t) = 0
-(t-s1) -(t-s1) (5.15)

1~ sT: !,.(r) = R(l +OSe-T -) ; A(t) = R(l-OSe-T -)
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Figure 5.9 parabolic step response overshoot, undershoot
and settling time constraints

DarI : cParI(Hzw) = max(s.-.y,clooed_loop(i) - fl (i»
N-l

= max(E (h.-.y,clooed_loop(k) • pstep(i-k» - fI(i» S 0
k=O

Dsr2 : cPsr2 (Hzw) = max (f2 (i) - Sr-oy ,closedloop (i) )
N-l

= max(f2(i) - :E hr-y,clooed_loop(k) • pstep(i-k» < 0
k=O

(5.16)

(5.17)

Here the input of the closed-loop system is again assumed to be a fixed parabolic
signal.The difference between the functions fl, f2 and the parabolic step response of the
output y is determined for every time sample. The maximum value of these differences
may never exceed zero (of course the order of the two functions in the substraction is
important) .

Our objective is minimization of the tracking error r-y. As a reference we will again
choose a parabolic step. The objective function can be described as formula 5.18, using
s.-y, closed-loop as the closed-loop parabolic step response. This functional is convex since it is
determined by a squaring of the parabolic step response Sr-oy, closed-loop' which is affine in Q.

N-I

cPobje<:tive ( Hzw ) = ~. ~ (s.-.y,closed _loop ( i ) - pstep ( i ) )2 (5.18)

For the process under study Q is single-input single-output (8180). A further restriction
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simplifies the problem more: Q will be in the set of finite impulse responses with length
L, given by equation 5.19.

L-l

Q(k) = L Xi 0 o(k-i) ; k=O,l, ...
;=0

(5019)

We have knowledge about all the open-loop impulse responses of the basic plant. The
relevant closed-loop impulse responses (I\-,closed-Ioop, h~y,c'osed.'oop and h.-e,c,osed-,OOP) can now
be calculated as an affme combination of the open-loop impulse responses and the FIR of
Q. For example t1 is the open-loop impulse response from r to Zz, ~ the open-loop
impulse response from U to Zz and t3 the open-loop impulse response from r to Y (here Y
is Zz by coincidence). Refer to figure 5.8 for clear understanding. Now e.g. the closed
loop impulse response hr-e,closed-Ioop can be calculated using a convolution sum.

; [ L-l ]
h.-e.cIOSed-loop(i) = t1(i) + L L xj 0 ~(k-j) otz(i -k)

k=O j=O

(5020)

Here we made use of equation 5.7 (a multiplication in frequency domain results in a
convolution in time domain). Convoluting this impulse response with a parabolic step
results in a parabolic step response. This parabolic step response is optimized using
equation 5.18 by varying Q.

The closed-loop parabolic step responses as a function of Q, needed for the two constraint
functions, can be calculated in a similar way.

Also a third quality has been constrained. From chapter two we know that the controller
must be stable. If we want to implement a FIR of the controller, we also wish this FIR
not to be too long. The second-loop controller is determined by formula 5.8. With
Pyu = -B/F (see figure 5.8), we get:

~c = =--F_o-:::-Q---::
F - Q 0 B

The roots of F-Q 0 B determine the pole locations of the second-loop controller. By
demanding these roots to have a maximum modulus of 0,99 we know for sure that the
second-loop controller is stable and the tail values of its impulse response are reasonably
small. Since our aim is to obtain a FIR approximating ~c we choose to truncate the
impulse response of ~c at a feasible length.

The remaining problem is optimizing a convex functional by varying Q in a convex
constraint set (figure 5.10). These kinds of problems can effectively be solved. In this
case the function constr.m from MATLAB's optimization toolbox has been used. It can
solve inequality constrained optimization problems. The function uses a Sequential
Quadratic Programming (SQP) method. In this method a Quadratic Programming
subproblem is solved at each iteration. Refer to the MATLAB's Optimization Toolbox
User's Guide for more details.
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Figure 5.10 Convex functional to be optimized under constraints
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CHAPTER 6
Controller design for simulations

39

In this chapter the techniques explained before will be applied to design a second-loop
controller for the three cases mentioned in chapter three. For the ideal case also a second
iteration step, consisting of identification and controller design, will be peifonned. The
second iteration step is of very little influence, meaning that the first iteration step almost
gives the best result obtainable. Shown is also that it is possible to tighten a constraint,
e.g. maximum process actuator effort, resulting in another quality, e.g..reduction of
overshoot, to improve.

6.1 Introduction

Using the techniques explained in chapter five and the models obtained in chapter four,
controller design can be done. As explained in chapter five we have to calculate seven
impulse responses in open-loop, determining the maps Pzw (three impulse responses), Pzu
(three impulse responses) and Pyw (one impulse response). However, the open-loop
impulse response from reference r to process actuator w, denoted h~, shows very large
peaks caused by the twice differentiative effect of the first-loop controller (see figure 5.8).
Therefore the parabolic step response s~ will be calculated instead. Figure 6.1 shows the
parabolic step used during optimization. The step size equals 0.6 Volts, which is the
largest step that will reach the reference input in normal operation (see figure 3.7). The
maximum value is reached after 2,5 seconds or 25 samples as is the case in normal
operation using the simulation model.

Darabolic step

0.6 f- ......,.-__+_--__+_--__+_------\

~ 0.4 f- : ~.· ..........•..... i -- ::
<n
0.

0.2 . ·············T·················r···o ~ .) ;;

o 50 100 150 200

samples

Figure 6.1 The parabolic step used during optimization

With the calculated open-loop impulse responses the closed-loop parabolic step responses
can be calculated as a function of the FIR of Q (5.18), in the sequel denoted by x. This is
done in formula 6.1. The closed-loop parabolic step responses from reference input r to
w, from r to y and from r to e have been calculated here. If the argument 'closed-loop' is
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added to the symbol s or h, then the closed-loop response with the second-loop controller
is meant. In case no such argument exists, the open-loop response is meant. The * stands
for convolution product.

sr_. closed-loop = sr_ + (hu_ * X * hr-e) * pstep
sr-oy, c1oled-loop = hr..y * pstep + (hu-oy * X * hr-e) * pstep
sr-e. c1oled-loop = hr-e * pstep + (hu-e * X * hr-e) * pstep

(6.1)

The unknown variable here is X, the impulse response of Q (which is required to be
finite). Increasing the length of X also increases the dimension of the objective function to
be minimized. Therefore choosing a larger length for X results in a longer time needed to
find the optimum. However the results will probably be better since more degrees of
freedom are obtained (the results won't be worse for sure).

6.2 A second-loop controller (or the ideal case

Figure 6.2 shows the parabolic step response s..-- and the six other impulse responses
calculated using the model of the ideal simulation (figure 4.3, 4.4 and 4.5). Only the
most relevant samples are taken into account, the tails of the impulse responses are
neglected. We will give x the dimension of 7. This will result in an optimization time of
about 10 to 20 minutes. For safety reasons we will restrict the process actuator to 7,5
Volts. The constraints on the output are determined by the next values: R=0.6,
OS=lO%, T=120 and sT=3. The optimization algorithm used will now minimize sr-oc.
closed-loop by varying x in a convex set defined by the process actuator and output cons
traints. Before calculating and implementing the second-loop controller, it is possible to
implement the optimal x on the linear model directly, using the scheme shown in figure
5.5. In this way can be checked whether the controller found at least satisfies the
constraints when implemented on the linear model. In practice due to all kinds of
disturbances and non-linearities these constraints will not be satisfied perfectly.

Figure 6.3 shows the result of directly implementing x on the linear model of the system.
In the first plot the output of the system is calculated using the same reference signal as
was the case in the simulation with the first-loop controller (the same reference signal will
always be used to be able to compare). The simulation with the POD-controller in the
first-loop resulted in a tracking error of 6,9059·10-02. Now the linear system model on
which x is implemented shows a tracking error of 4,8954·10-02, which is a factor of about
1,4 smaller. Also the maximum absolute ball position has decreased from 0,4072 to
0,3558. We note from the second plot that the process actuator response on a parabolic
step (see figure 6.1) never exceeds the 7,5 Volts, as we demanded. Also the parabolic
step response of the output satisfies its boundaries. In this third plot, also the parabolic
step itself is plotted with the dotted line. From this, and the fourth plot, we notice that the
response shows some delay but is able to decrease this when time passes. Obviously this
results in an overshoot.

Now the impulse response of the second-loop controller can be calculated. For this we
need a model of the system and Q, determined by the FIR x (5.18). From chapter two we
know that the total controller should always be stable and proper. Properness is
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guaranteed by the fact that a FIR is used. In order to assure stability another constraint is
implemented during optimization of x, as has been explained in chapter five. The poles of
the transfer of the second-loop controller in z-domain should never show a modulus larger
than 0,99. This assures a stable second-loop controller, that can be described by a FIR.
Adding the FIR of the second-loop controller to the FIR of the fIrst-loop controller will
always yield a stable controller.
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Figure 6.2 Open-loop parabolic step response and impulse responses
needed for optimizing a quality of the closed-loop transfer
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Figure 6.3 X has been implemented directly on the linear model of the system
containing the POD-controller, ideal case

Figure 6.4 shows the impulse response of the second-loop controller, calculated using
formula 5.8.
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Figure 6.4 The impulse response of the second-loop controller, ideal case

The first seven samples of this impulse response are the most relevant ones, although the
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tail of the impulse response usually cannot be neglected. Remarkable here is that the
dimension of x also equals seven. The numerical values of x (not given here) and the first
seven samples of the impulse response of the second-loop controller don't differ very
much. Apparently the term Q·Pyu in formula 5.8 has very little influence on the transfer
of the second-loop controller. An explanation could be that Pyu typically shows low-pass
behaviour and Q is high-pass.

Finally the finite impulse response of the second-loop controller is added to the FIR of the
PDD-controller (thr~ parameters), resulting in a new first-loop controller. With this
controller a new simulation is done. The results are depicted by figure 6.5 and 6.6. First
we chose the reference to be a single step with a parabolic shape and size 0,3 Volts.
When comparing this with figure 6.3 all the signal values from figure 6.3 should be
divided by 2, since the reference signal now is twice as small' in amplitude. Now we see
that the process actuator has a maximum absolute value of 3,775, which is slightly above
the 7,512 allowed, probably caused by model errors. The tracking behaviour of the output
surprisingly has improved compared to the linear model with x implemented directly.
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Figure 6.S Parabolic step as reference and simulation results
with new controller, ideal case

Finally in figure 6.6 a simulation in normal operation is considered. The tracking error
T.E. has improved from 6,9059.10-02 to 4,8993·10-02. The absolute value of the process
actuator signal has exceeded its allowed value of 7,5 Volts, although no disturbances nor
non-linearities were present. This is caused by the fact that in normal operation some
times the ball hasn't reached its desired position yet when it already has to move to the
next position. This results in a maximum position step size larger than 60 cm. Therefore
it's not surprising that the process actuator needs to give more effort to move the ball to
the next position. We also notice that now the maximum absolute ball position equals
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0,3558 compared to 0,4072 with the PDD-controller. So the overshoot has decreased.
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Figure 6.6 Simulation results with new first-loop controller, ideal case

6.3 A second controller design procedure for the ideal case

Using the simulation results from figure 6.6 we can obtain a model of the new system,
containing the PDD-controller together with the first second-loop controller. After some
trial and error a satisfactory model of the closed-loop system was obtained. The structure
used was [2 5 0] (see chapter 4) giving five zeros and five poles. Figure 6.7 shows the
pole/zero plot. We conclude that the model is minimum phase since all the zeros are
located within the unit circle in the z-plane. Again we distinguish four dominant poles,
although they moved slightly to the unit-circle. This will describe the little-damped
oscillations, which occurred in the simulations.

In figure 6.8 a model validation is shown. Identification has been done using the first 600
samples, therefore the validation set is formed by the remaining 777 samples. The
second-loop controller changed the system input a bit compared to figure 4.5. The model
output (continuous line) shows some small oscillation, caused by the fact that two poles
moved closer to the unit circle in the z-plane. The model seems to perform quite well.
Now we can use it to design a new second-loop controller.
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Figure 6.8 Validation of linear model of system containing
first-loop and second-loop controller, ideal case

The six impulse responses and one parabolic step response will not be plotted here. They
can be compared to the ones of figure 6.2. Only now some damped oscillation occurs,
caused by the pole-locations of the linear model as explained before. Again we chose the
dimension of x equal to 7, and for the constraints the same values were taken as before.
Figure 6.9 shows the results after direct implementation of x on the linear model. Again
the constraints are satisfied. However, only a very small improvement in tracking error is
obtained. The values of x, and thus of the impulse response of the second-loop controller,
are relatively small compared to those from the first iteration step. It seems to be
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impossible to improve system behaviour considerably from now, when restricting to the
dimension 7 for x.
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Figure 6.10 The impulse response of the 2nd second-loop controller, ideal case
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The transfer of second-loop controller can now be calculated using formula 5.8. See
figure 6.10 for the impulse response. Again the first seven parameters are the most
relevant ones, although small compared to the first iteration step. The tail of this impulse
response shows a damped oscillation.

Finally the second-loop controller is added to the frrst-loop controller yielding a new frrst
loop controller. A simulation using this new controller has been performed. Again no
disturbances nor non-linearities were added. Figure 6.11 shows the results. The performa
nce, expressed in the tracking error, has only slightly improved. There are no significant
changes for the process actuator and output signals.
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Figure 6.11 Simulation results with latest controller, ideal case

6.4 A tighter constraint for the process actuator

The ideal case without any disturbances nor non-linearities is considered again. The linear
system model obtained in chapter three is used. Now the maximum process actuator effort
allowed will be 6 Volts. The output, however, won't be restricted very much. Its con
straints are determined by the following parameter values: R=0.6, OS=60%, st=5 and
T= 120. Making OS equal to 60 % results in a maximum allowable absolute ball position
of 0,48 cm, well below the limit of 55 cm. Figure 6.12 shows the results when the
optimal x found is implemented directly on the linear system model. Indeed the process
actuator response on a parabolic step with size 0,6 Volts doesn't exceed 6 Volts, as
demanded. The tracking error has become worse for the linear model, because of the fact
that the process actuator is allowed less effort. The output shows a larger overshoot.
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Figure 6.13 The impulse response of the second-loop controller in the ideal case.
The process actuator has been restricted to 6 Volts.

The impulse response of the second-loop controller is depicted in figure 6.13. Again we
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notice that the first seven parameters are the most relevant ones. They still almost equal
the seven parameters of x (these values are not given here). The tail, containing samples
with much smaller values, cannot be neglected however. An attempt to neglect the tail of
the impulse response of the second-loop controller resulted in instability. This is probably
caused by the following. The controller was designed to satisfy a few constraints. These
constraints were only just satisfied, meaning that a small change in the controller will
result in e.g. actuator saturation which might have disastrous consequences for control. So
neglecting the small tail of the impulse response of the second-loop controller can result
in loss of control.

Figure 6.14 shows a simulation of the ball balancing process with the PDD-controller in
the first loop and the just designed controller in the second loop. The reference signal is
chosen to be a parabolic step with size 0,3 Volts. The process actuator response to this
reference shows a maximum absolute value of 3,015 Volts, which is just slightly above
the value of 3 Volts allowed. This is caused by inevitable model uncertainties.
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Figure 6.14 Parabolic step as reference and simulation results with new controller
The process actuator has been restricted to 3 Volts here.

A simulation with a PPBRNS signal as reference and the controller just designed gives the
result shown in figure 6.15. The maximum absolute value of the process actuator signal
had been restricted to 6 Volts. Still in this simulation the actuator becomes 7.032. The
reason for this has been explained before. The maximum step size is not 60 cm anymore
since on some occasions the ball hasn't reached its desired position yet before it has to
move on to the next position. The tracking error has become worse compared to the case
with only the PDD-controller, caused by the fact that the process actuator has been
allowed less effort now.
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Figure 6.15 Simulation results with new first-loop controller, ideal case.
The process actuator has been restricted to 6 Volts

6.5 A second-loop controller for the two non-ideal cases

In chapter three (figure 3.8) a simulation has been presented with disturbances d and ,.,.
After identification a satisfactory model was found (figure 4.6). The same was done for a
simulation with a dead-zone and hysteresis. Figure 4.10 shows the pole/zero plot for this
last case. Second-loop controller design has been performed for these two cases. Again
we chose the maximum actuator effort to be 7,5 Volts. The output constraint values were
determined by R=O,6, 05=16%, sT=3 and T=120.

Unfortunately we ran into problems when implementing the new controller in the
simulation with the disturbances d and .". The maximum rail angle acceleration value was
violated. During controller design this value was never constrained. In future it might be
useful to do so. Since the maximum rail angle acceleration was violated during many
different attempts (also with higher orders for Q), it seems to be impossible to find a
good second-loop controller. The fact that the model we found is not minimum phase
could also add to this problem, since this restricts the usable bandwith. No satisfactory
results have been obtained for this case, therefore none is shown.

The simulation results for the non-linear case (figure 6.16), using the newly designed
controller, indeed showed an improvement in the tracking error T.E, although the
actuator has saturated. With the normal POD-controller the T.E. was 6,3853 ·10-02, with
the new controller the T.E. is 4,9559.10-02

• Actuator saturation is caused here by the
influences of the non-linearities, but also by the fact that larger steps than 60 cm
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occurred.
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Figure 6.16 Simulation with new controller, non-linear case
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CHAPTER 7
Controller design for the real process

In this chapter a controller design procedure for the real ball balancing process will be
discussed. The first-loop PDD-controller has been chosen to perform quite badly. The
second-loop controller should make a big difference now. It appears to be possible to
control this highly non-linear and disturbed process quite well using the two-loop control
scheme.

7.1 Introduction

There is some software available to support the ball balancing process [Joosten 89]. The
user can supply a controller and then run an experiment. All the relevant signals, e.g. the
reference signal, the measured process actuator signal and the measured output signal can
be saved. These signals can now be used to estimate a model of the system containing the
process and a fIrst-loop controller. This model will in its tum be used to calculate an
optimal second-loop controller. Finally this second-loop controller will be added to the
fIrst-loop controller yielding a new fIrst-loop controller. However, in the software
supporting the ball balancing process the maximum order of the controller that can be
implemented is 9. So unfortunately it is not possible to implement a FIR of the new fust
loop controller. A FIR of length 50 e.g. would imply a 50th order description. A solution
is to calculate a ninth-order numerator and denominator polynomial describing the FIR of
the new frrst-loop controller. Equation 7.1 shows how this can be done, using equation
3.3 describing the frrst-loop PDD-controller and equation 5.8 describing the second loop
controller.

z2+b z+b
Cncw(z) = C(z) + .aC(z) = K· 1

2
0 + (I +Q . pyur1 • Q (7.1)

z

It is quite likely that the order of the new frrst-loop controller now obtained exceeds 9
since the order of the model Pyu normally equals 4, the order of Q is at least 7 and the
PDD-controller has order 3. Model reduction techniques will have to be used to reduce
the order of the new fIrst-loop controller.

7.2 An experiment with a PDD nrst-loop controller

The PDD-controller used is not the same as in the simulation experiments. For illustrative
purposes we would like to start with a badly performing fIrst-loop controller. In this way
the improvement of the second-loop controller will be more clear. The parameters of the
PDD-controller used are: K=-778, b1 =-1,18509 and bo=0,8650 (refer to equation 3.3).
The zeros of this controller are located at 0,9254+0,0926·i. Figure 7.1 shows the results
of this experiment.
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Figure 7.1 Experiment of ball balancing process
with POD-controller

Since the actuator never reaches the 8 Volts it never gets saturated. Therefore the
unlimited actuator signal and the limited actuator signal are exactly the same. The
measured output of the process, which is the ball position, shows quite some overshoot
and is badly damped. The odd thing here is that the size of the overshoot on a step of 30
cm is as big as the size of the overshoot on a step of 60 cm. This is caused by the fact
that the reference signal defmed in the software supporting the ball balancing process
shows a larger acceleration for the small step sizes of 0,3 V than for the large step sizes
of 0,6 V. This is an error we will have to live with for now.

An advantage of the badly damped overshoot is that the ball keeps rolling. In this way a
very unpleasant non-linearity, namely stiction of the ball to the rail, is avoided. This will
ease model estimation.

The tracking error now equals 6,4131.10-02
• Hopefully the second-loop controller to be

designed later on will decrease this value.

7.3 Estimation of a system model

The total data set available consisted of 1000 samples, corresponding with 100 s. The
first 550 samples are used to estimate a system model Sy using the output error method as
described in chapter 4. After some trial and error, the model structure [2 4 0] proved to
be best performing. This means that now the model will have four zeros (of which 3 are
located in the origin) and four poles. Figure 7.2 shows the pole/zero plot obtained.
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Figure 7.2 Pole/zero plot of system containing real
ball balancing process and POD-controller

The model is non-minimum phase since not all the zeros are located within the unit circle.
The zero in 1,4559 affects the usable bandwidth of the system. Figure 7.3 shows the
cross correlation between the residual e and system input u. This function clearly satisfies
the 2u-bounds shown.
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Figure 7.3 Cross correlation between residuals and system input

The 450 samples that have not been used for system model estimation will now be used to
validate the system model Sy found. Because the system input for validation, shown in
figure 7.4, was not directly available it had to be calculated. This could simply be done
by filtering the reference signal by the first-loop POD-controller. Figure 7.4 also shows
the system model output (continuous line) and the validation set output (dotted line). The
normed quadratic difference between the two equals 2,2315 ·10-02. Based on these results
the model will be accepted.
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Figure 7.4 Validation of linear model, real case

7.4 Second-loop controller design

With knowledge of the linear system model and the first-loop controller the process
actuator response to a parabolic step with size 0,6 Volts can be calculated (see figure
5.8).
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Figure 7.5 The parabolic step used Figure 7.6 Actuator response

We will use a slightly different parabolic step for the real ball balancing process. The rise
time now equals 5 seconds. Figure 7.5 shows the parabolic step used here. Figure 7.6
shows the process actuator response (derived using the linear system model). This
response clearly consists of two parts. The first part containing the first 60 samples shows
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a high frequency component. The second part simply is a damped oscillation. In the first
part the impulse response from the parabolic transition of the reference to the process
actuator is active. Just after the parabolic reference step has reached its final value of 0,6
Volts the system input u will not vary anymore (controller is PDD and thus only acts on
the last three time samples). Apparently it then takes about 1 more second for the process
actuator impulse response to die out. After this only the feedback controller loop will
change the process actuator input w. Since the ball position shows some oscillation, this
will also be visible at the process actuator input, now determined by the filtered measured
ball position.

The odd thing about the actuator parabolic step response is that now the maximum value
equals only 2,211 Volts, instead of the 7,567 Volts during the real experiment. Probably
this is caused by the disturbances d and mainly 1J. Another kind of disturbance that has
not been mentioned before is quantization noise q caused by sampling the measured
output signal. The situation is depicted by figure 7.7.

d

u
+ Pl(z)

C(z)

P2(z)

L.P.

y

Figure 7.7 Disturbances in feedback loop

The measurement noise 1J and quantization noise q are filtered by the low pass fIlter L.P.
shown in figure 7.7. This is done because we know our process is low pass so high
frequencies at the process actuator will not change the process output anyway. The result
is differentiated twice by the PDD-controller in the feedback loop, resulting in high
frequency disturbances on the actuator. Knowing that this will occur, we will restrict the
absolute value of the process actuator to 2,3 Volts in the second-loop controller design.
The output constraints are determined by the following parameters: R=0,6, OS=25%,
7=50 and sT=5. The dimension of x is chosen to be 10. After about 40 minutes an
optimal solution was found. When x is implemented on the linear model of the system
directly, the result of figure 7.8 is obtained.

This figure promises a tracking error about 10 times as small as was the case before. The
process actuator response on a parabolic step with size 0,6 Volts at the reference input
shows some high frequent components and a low frequency component. This is obviously
caused by x, and thus by the impulse response of the second-loop controller. This impulse
response can be calculated using equation 5.8. The result is given by figure 7.9. It also
shows high frequency behaviour added to a low frequency component. The length of this
impulse response is quit large (200 samples) due to a badly damped oscillation.
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Figure 7.8 X has been implemented directly on the linear model
of the system, real case
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Figure 7.9 Impulse response of the second loop controller, real case

7.5 Implementation of the new controller

The second-loop controller transfer and the transfer of the POD-controller can be added
the way explained in section 7.1. The resulting new first-loop controller now is of the
order 13 and can not be implemented on the ball balancing system due to software
limitations. Therefore model reduction will be performed.

The technique used is rather straightforward. First the known transfer function of the new
controller is excited with a PPBRNS signal, which is known to have a flat spectrum over
the band of interest as explained in chapter 4. The obtained controller output signal and
the input signal are used for output error idenfification. During identification we will
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Figure 7.10 Model reduction for the transfer of the new controller

restrict ourselves to model orders smaller than or equal to 9. After some trial and error
the structure [8 9 0] proved to be best performing. Since 700 samples were used for
identification, the remaining 1377-700=677 samples were used for validation. Figure
7.10 shows the results. The normed quadratic difference between the model output and
the validation set output equals 1,7167· 10-01

• The error made is of an acceptable level and
therefore this reduced model of the new controller will be used.

This new controller is implemented on the real ball balancing process and the experiment
results are depicted by figure 7.11. The tracking error now equals 2,4955 '10-00, which is
about 2,5 times as small as was the case in the first experiment. We notice that the
response of the output on a parabolic step with size 0,3 V shows a much larger overshoot
than on a parabolic step with size 0,6. This is caused by the too high acceleration in the
reference signal for the smaller steps.

Unfortunately now the actuator has saturated. Because of the uncertainties of the disturb
ances it is very hard to make sure that the actuator never gets saturated. Perhaps if noise
measurements on the ball balancing process were done and also a noise model was used
in controller design, this could be prevented.

Of course it is possible to perform a second controller design procedure on the ball
balancing process. However, from chapter 6 we know that the improvement made will be
very small. With all the non-linearities acting on the ball balancing process and with the
approximations made during controller design it is very questionable whether any
improvement will occur.
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CHAPTER 8
Conclusions

TWO-LOOP ADAPTIVE CONTROL WITH OPEN-LOOP IDENTIFICATION

The two-loop control scheme proved to perform very well not only during simulations,
but also in practice with the highly non-linear and disturbed ball balancing process. The
output error method for identification found a model accurate enough to use for controller
design in all .cases. Knowledge about the closed-loop system instead of the process
appeared to be sufficient for controller design. The FIR structure used for the controllers
appeared to be very suitable.

It was possible to add constraints in time domain. These constraints were satisfied on the
linear model of the system, but in practice they were not satisfied perfectly, due to model
errors, disturbances, non-linearities and step values larger than used in controller design.

The first iteration, involving one identification experiment and one controller design
procedure, appeared to be the most relevant one. Second-loop controller designed
afterwards resulted in a very slight improvement only. This is advantageous for fast
adaptive use.

Only the controller designed for the simulation with the disturbances d and TJ performed
badly. Partly this was caused by the fact that the system model found was non-minimum
phase leading to a high sensitivity for disturbances at low frequencies. The most import
ant reason for this controller to fail however, was the fact that during controller design
the maximum rail angle acceleration was not constrained at all.

Recommendations
For safety reasons in future the rail angle acceleration should be bounded. To achieve this
an extra output in the general scheme of figure 5.8 must be added. Now a constraint on
the maximum rail angle acceleration can be defined and used in controller design.

More research could be done on optimization algorithms. The algorithm used now didn't
make use of the fact that the functional to be optimized was convex. In this way too many
iterations were needed to find the minimal functional value. An algorithm that could
perform better is e.g. a cutting plane algorithm explained in chapter 14 in [Boyd 91].
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v external input signal ~(lIJ1 nominal controller
u system input U1 •• U 3 closed-loop input/output
w process actuator maps
d P2 • d is output disturbance I identity matrix
y process output Zi element of Z
r reference signal bi element of B
e tracking error signal fi element of F
P process dynamics c· element of C
A

I

P estimated process dynamics Xi element of Q
PI first part of P 1Ilb length FIB
P2 second part of P L length FIR of C
C first-loop controller LCOllSIr convex constraint set
aC second-loop controller Hachiev set of H-'s achievable

~y system dynamics with stabiliz. controllers
Sy estimated system model Sr-oy open-loop parabolic step
n model order response from r to y
N number of samples Ss-y. closed-loop closed-loop parabolic
CPd power spectral density of d step response from r to y
CPu power spectral density of u hr-oy open-loop impulse
S sensitivity response from r to y
Ko process model gain fl, f2 output constraint fctions
~ process model parameter sT rise time output
zol delay operator T time constant of fit f2

B system model numerator polynomial as relative overshoot %
F system model denominator polynomial R step size of fit f2

T.E. tracking error q quantization noise
71 measurement noise PDD proportional, derivative
E residuals derivative
Ym model output pstep parabolic step
nb numerator order 0 dirac function
nf denominator order rmax maximum reference
ampl
nk number of units delay R spectrum of r
!l model parameter vector U spectrum of u
A

!l estimated model parameter vector Pzw .. Pyu basic plant open-loop
W exogenous input vector transfers
U actuator signal vector Hzw closed-loop system transf
Z regulated output signal vector D design specification
y measured output signal vector Hall set of all nzxnw matrices
Q matrix parametrizing set of stabilizing 4> functional to be

controllers minimized
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