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Résumé

Un correcteur adaptatif doit être bien initialisé si I'on veut qu'il converge vite
et sans un transitoire trop perturbé. ce projet consiste en l'étude d'une
méthode d'autoréglage par bouclage du procéclé sur un relais initialisant un
correcteur RST conçu avec la méthode du placement de pôles, en son
implémentation et en l'étr¡de de ses limites a pariir d'expériences sur differents
procédés.

autoréglage - placement de pôles - relais - correcteur arJaptatif
- initialisation

Abstract

An adaptive controller needs a good intiatization to converge quickly and
without a too bad transient. This project develops an auto-runing rnåthocl
based on the relay experirnent initializing a RST controller designed-with pole
placement rules. This rnethod is implemented ¿rrd tested on cliffeìent
processes to study the limits of the algorithrns

Mots clé:

Key words: auto-tuning - relay experirnent - pole placement clesign _

adaptive controller - initialization.



Brief presentation of the
Department of Automatic Control
in Lund

Resea¡ch at the Departrnent concems the following areas
Adaptive control
Computer aided control engineering
Expert control
Robotic and sensory control
Power systems
Control of biotechnology processes
Modeling and control of medical systerns

Also, different courses dealing with these areas of research are given each
year at the Department. They are of various levels: Undergraduate courses
(same level as in a french engineer school), Graduate courses (for phD
students), an<l even external courses for engineers in the industry.

About 30 persons work at the Department. Arnong them, two professors,
Associate Professors, Research engineers, Research assistant and Teaching
assistant (Mostly PhD students) and secretaries. Karl Johan Åström wai
awarded the degree Doctor Honoris Causa from I'Institut National
Polytechnique de Grenoble in l9B7

It is a tradition for the Department to welcome guests from all over the
world to make seminars or to work some tirne on a subject of common
interest with researchers from here.

The main computer facilities are a sun workstation network, a vAX-
IlnS0 and some IBM-AT
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Preface

This project has been carried out in the Department of Automatic control,
Lund Institute of rechnology, in sweden.The purpose is to create an auto-
tuned pole placement controller with good performances for a certain class of
processes, among which are the stable systems with monotone step response.
The initialization of the model, of the controller and of the specificatións for
the closed loop systern are particularly stuclied. The operator-interface allows
a check of most parameters involved in the control,what makes experiments
quite easy to carry out. This report is primarily written for a reãder with
knowledge of automatic control at the end of the engineering stuclies.
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control in Lund, for the time they have spent in discussions with me and for
tlreir valuable criticism on the report

The ideas and the theories used in the work about auto-tunfurg have been
developed by Tore Hägglund and Karl Johan Ä.ström. The irnplementation of
the estimator and of the pole placement design has been dóne by Michael
Lundh (see Lundh, 1988). I thank thern particularly for their pãtience in
explaining to me all the details of these theories and guiding ,rr" ihroogh the
project.

The graphics part and a first simple version of the auto-tuning part of tlre
progr¿un have been clone by ulf Anclersson, ola persson and Mfute;lÅkesso,,
during a project in an irnplementation course (see persson, Anclersson and
Akesson, 1989).



1. Introduction

Different kinds of controllers are useful for different kinds of users and
control problems. But in any case, every operator wants to have a controller
that is easy to operate.

That is the reason why self tuning regulators have been createcl and
improved for years. The goal was to design ã.orrtroll., as easy as possible to
use. The problem is that, if you wanr to use a controller you have tô know the
right initial parrimeters to enter in, in order to obtain efficient control. And
even for a simple regulator as the pID, you have to know how to tune three
parameters before it can be used: the integral time, the derivative time and the
proportional gain of the regulator. It means that a certain knowleclge is
required to initialize the regulator. It would be easier for any operator to push
only one button so that the controller could start without any other action from
him.

__ ryi h this pu¡pose, Íul auto-runing pID controller has been designed by T.
Hägglund and K.J. Äström from the department of Autornatic conirol, Lund
Institute of technology. It is, now, manufactured by two companies, satt
control AB and Fisher controls Inc., and has been used in a lot of control
loops. It is based on a relay-experiment (explained in chapter 2) which
allows a measurement of the ultimate period and of the ultimate gain of the
process in order to calculate the controller parameters.

The goal of this project is to initialize an adaptive controller from such a
relay-experirnent in order to obtain a controller with higher perfonnance than
a PID controller, but which is as easy to tune as the pID controller.

It is wise to go on with one of the sirnpler techniques; pole placement
adaptive control. The problem with adaptive control is that you have to know
the sampling period and the gain of the process as with a pID controller bur
also you must have an idea of the achievable performance of the process and
above all, of its model to initialize the controiler parameters. Thaì is why we
will now try to get some more information frorn ttie relay-experiment. en-i¿"u
is to analyse the shape of the oscitl¿¡iorx under relay feedback control and to
extract a valid model from it (see Åströrn K.J. and Hagglund r.,l9gga).

The goal of this project is ro develop and impleÃãnt algoritlms which
comline auto-tuning and pole-ptacernent ãdaptive control.

This report is organised as follows: a certain knowledge is requirecl about
the Automatic tuning of simples regulators and the polJ-placeÅent design
which are clescribed in chapters 2 ancl 3. Then it is cliscússecl on the rigit
way to combine Automatic tuning and pole-placement design in chapter-4.
chapter 5 explains how to funplernent this control algorithmr. Th"., chåpter 6
deals with experiments on different processes. Finally, a conclusion on the
project is givcn in chapter 7.
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A regulator with automatic tuning is composed of four subsystems, an
ordinary feedback regulator with adjustable parameters, an excitation
generator, a parameter estimator and a block which performs design
calculations (See fig. 2-l). The excitation generator provides a signal wtrich
makes it possible to estimate the parameters of the process.

The controlled systern works in the following way. The process is excitecl
from the excitation generator, then the process dynamics are estimated from
the response of the process to the excitation and the regulator p¿uarneters are
calculated from the dynamics. Finally, the estimator, the control design and
the generator are disconnected and the system operates like a closeá-loop
process with regulator.

Yref

Figure 2-l:Block diagram of a regulator with automatic tuning.
T: connections on during the tune and off after.

Many schemes of this type have been proposed. The following scheme
has been developed by T.Hägglund and K.J.,Â.ström from the Deparrment of
Automatic control, Lund lnstitute of rechnology (see r.l. Åstrtim and
T.Hägglund, 1984 and before). The characteristic feature of this approach is
ttrat it gives a very simple system which does not require prior information.

The idea is to estirnare the ultimate point which is described by the
ultimate gain, kç and the ultimate frequency, coç. This point represents the
stability boundary, that is the reason why it is so important to know it. on
that point the closed loop system oscillates.

The original Ziegler-Nichols method proposes to cletennine these values
by connecting a proportional regulator to the process in a closed loop and to
increase the gain graclually until an oscillation is obtainecl. Then, the ôequen-
cy observed is roç. But it is very difficult to perform this experiment automa_
ticaly in such away that the amplitude of the oscillation is kept under conrrol.
So, another method for automatic determination of the últirnate point is
proposed.

The methocl is based on the observation that rnany systems may oscillate
at tiequency olç under relay control. It means that many processes will have
Iimit cycle oscillations under relay feedback The scheme is the same as the
one of figure 2-l if the regulator is replaced by a pID regulator and the
excitation generator by a relay.(See fig 2-2)

T

v

3

EstimatorControl
design

Regulator Process

Excitation
generator
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Figure 2-4: Relay output u and process output y for a system under
relay feedback.

The period of the oscillation can easily be determined by measuring the
times between zero-crossings. The amplitude may be determinect by measu-
ring the peak-to-peak values. This estimation method is very easy to
irnplement because it is based on counting and comparisons only. More
elaborate estimation schemes may also be used to cletermine the amplitude a¡rd
the period of the oscillation.

Then the parameters of the PID regulator are calculated. The Ziegler-
Nichols frequency response method, for example, gives sirnple formulas for
the parameters of the regulator in tenns of ultimate gain and the ultimate
period (See Table 2-1).Other better types of design methods have been usecl
too.

Controller K Ti Td

P
PI
PID

0.5 k"
0.4 kc
0.6 kc

0.8 tc
0.5 tc 0.12 tc

Table 2-1: Recommended PID parameters according to Ziegler-Nichols
ftequency r€sponse method.

when the PID parameters a¡e detemrined the pID regulator is activatecl.

Several irnprovements were made in the relay experiment: The amplitude
of the oscillations obtainecl under relay control can be specified by adjusting
the relay arnplirude. A hysteresis in the relay is also useful to make the system

v

t

t

5



3 . Adaptive control based on pole
placement design

3-L. fntroduction

Pole placement is one of the simpler incrirect design methods. It allows acontrol of stable or unstable systems with time deray. i-tre techniques presen_æd in this chapter are k'own by everybody dealing *itt, aoaptive control.
Th:t"fo.."' the puqpose-is not to-present a deep *oik ubout pole placenrentdesign, but to settle on the different notations used in tt" pro¡""t.

only the procedure used for this project will be described in section 3-2.The real-time estimator is. also a very 
^ir.rport*, 

part in the adaptive controller.In section 3-3, the recursive least square estimator will be presented.Finally,
the estimator a¡rd the design *" 

"o-bined to obtain the adaptive controller insection 3-3.

3-2. Pole placement design

The goal is to obtain the appropriate response of the process to commanclinputs by a simple and fast metho¿.

.. consider a process with one input u and one measured output y. v is adisturbance. The process to be contrålled cari be described by
Ay=Bu+v (l)

where A and B are polynomiars. It is assumed that A and B do not have anycolnmon factors i.e. that they are relatively prime. I, i, ulro ursumed that A ismonic, i.e., that the coefficient ofthe highesì power in A is unity. The desiredresponse frorn the reference signal us to-the oåçot i, gi.,r* Uy

A*Yrn= B-u" 
(Z)

where An and B¡¡ do not have any cornmon factors.
To get a ¡ealizable controller the nroclel (2) rnust have the sarne or higherpole excess than the process moclel (l).This gives the concrition
degA_ - degB_ à degA_ clegB (3)

The pole placement regulator can be clescribed by
Ru = Tu"_ Sy

where
(4)

7



AR+BS = AeAnrB+

It follows from this that B+ divides R. Moreover, to make sure that low-
frequency disturbances give smail erïors, the roop gain, H1g (7), must be

lge r9r low frequencies. This rnay be achieved by requiring-that R has the
following form

.T - BS
"ls - ÃR (7)

R(z) - 1z - t¡'Rr(z) n+12)

v[ith a suitable r. This is a classical principle of integral control.
Therefore, it gives

(z - t)hRr + B-S = AoA,n (g)

Equation (8) has a solution if A and B- are relatively prirne. It follows from
equation(6) that B- rnust divide B¡1. It gives

Bm= B-Bm

T = AeBn'
(e)

The pole placement design procedure ca¡r be summarized in algorithm 3-l

Algorithm 3,t:

Don:
Specificatíons:

polynomials A, B.
Polynomials Arn, Brn, 40.

C omp atib ílity c o ndit io tts :
B- divides 86.
degA. - degB- à degA- degB

degAo > 2degA-degAn'-degB+ +r -l

StepI: FactorBas B=B*B-

Step 2 Solvetheequation. (z-l)hRt + B-S = AoAn,
with respect to R1 and S. Choose a solution such that

deg Rr = cleg Ae+ cleg An.,- cleg A- r
degS < clegA+r

The control law is then given by
where

{

9

Step 3 Ru = Tu"- Sy



An interpretation of these equations is given in figure 3_2.

v(t) T(r) e(t) 0(t-l )

Figure 3-2: Recursive Least Square estimation diagram

[æt define the prediction efior

T
T(t) = y(Ð-0 (t_r)rp(t)

Then, the estimation rnethod can be very intuitive: 0(t) is corrected with
respect to the gain K(t) when the prediaion erïor T(Ð is clifferent from zero.

3'4. Global scheme of the indirect adaptive regulator
The indirect adaptive regulator based on the pole placement design and on the
recursive least square estimator can be expressed as the following algorithm.

Algorithm 3-2.

DM: BDesired close loop transfer function:

Desired observer polynomial: Aq

m

Ã;

StepI: Estimate the coefficients of the polynomials A andB
recursively using the least square rnethod clescribed above

Step 2: Replace A and B with the estimates obtainecl in step I a¡d use
the pole placement algoritlmr to fincl the controller poly¡ornials
R, S and T.

Step 3: Calculate the control signal u from

Ru = Tuo- Sy

Repeat stepl, Z and 3 each sarnpling period. 0

This algoritlun is illustrarecl in figure 3_3.

ll



4. Combining
placement

auto-tuning and pole
design

4-1. Introduction

In the two last chapters, an adaptive design methocl ancl an automatic tuning
method have been presented. They both work on different processes.

The idea is to rnake a deeper analysis of the information given cluring the
relay experiment described in chapter 2. Instead of onty using the amplitude
and the period of the oscillatio!, the shape of the oscillatiãn undeì relay
feedback can be analysed, (see Åströrn K.j. and Häggtund r., lggga) and a
valid rnodel of the process can be estimated from this analysis. This model
can thus be a good initial model for the pole placement control design and
allows the calculation of good initiar par¿uneters for the controller

It can be expected to outperforïn conventional PID designs because the
response speed is easily adjusted and it can also handle systems with time_
delay.

Tlre method is explained in section 4-2 andpractical aspects are described
in section 4-3.

4'2- Ãnalysis of the relay experiment and contror
design

chapter 2. has described how to find the period and the amplitude of the
oscillations created under relay feedbackl These m"asur"rn"nts give the
sampling rates and an indication of the achievable bandwidth.

In this section, it will be shown that conventional sarnpled data models
ca¡r be detennined using the wave-form of the oscillation. A rneasurernent of
some values of the process output will be computed in order to obtain this
model. The followfurg methocl will be used for thã computation.

Parameter estimation

Remernber that a relay feedback experiment in stationarity gives perioclic input
output signals for the process as shown in figure 4_1.

r3



U(z)- -z+z +"'+z
zn+L

n n-l
E(z)

zn+ 1

D(z)

(4)

(5)

n n-l
Y¿+tz * Yd+zz + +y zd+nY(z) =

"01"" 
* l¡

"01"n 
* 1¡

Then, the z-transform of equation (3) gives

Y(z) = ffiuør.f[iÌ
where the polynomiaf Q(z) corresponds to initial conditions which gives the
steady state periodic ourput. Replacing Y(z) and U(z) by the expressions (4)
and (5), it follows

D(z) B(z) E(z)
+ Q(z)

Ãø
"01"n 

* 1¡ (zn + r) A(z)

and

A(z) D(z) * 
"081"¡ 

E(z) = zd (zn + t) e(z) (6)

where D(z) and E(z) are known. It is thus possible to detemrine the
polynornials A, B and Q frorn the (n + deg A) linear equations obtained frorn
(6). The nurnber of unknown parameters in the polynomials A, B and e is
(deg A + 2deg B + 1) i.e. (3deg A - 2d +1). It gives a condition for n; indeecl
to determine all the parameters of A, B and Q, it is necessary to have

n>2(degA-d)+l e)
It is thus straightforward to determine the coefficients of the process model
(3) from the wave-form yo , y t, ... , yn-r of the periodic solution. A fixed
structure and a time-delay must be chosen for the process rnoclel fur that
method

The procedure is illustrated by one exemple where A and B are frst order
polynomials and the tirne-delay is r sarnpling periods.

Example I
Consider the process moclel

y (t+1) - ay (t) + blu (t-rh) + b2u (t-rh-t) (B)

'Where h is the sarnpling periocl. Therefore

A=rt*r(z-a)
B=brz+b2 and cl=r+1

The rnodel has th¡ee parameters. It gives n > 3. It is simpler to choose n = 3,
because there is the same nurnber of pararneters and equations.

The problem is thus solved with this value.The expression (6) becomes

t5



oscillating signal. [æt t-* be the distance from the extremum of the output to
the previous switch of the input. The value of r shoulcl then be chosen so that

'=+
where h is the sampling period.

It rnust also be noticed that the output of the system is close to sinusoidal
for certain processes. It is thus not possible to determine rnore than two
parameters in the model when three amplitude values are used.

As it was said in chapter 2, it is useful to introduce hysteresis in the relay
to avoid a too irnportant sensibility to noise. The hysteresis amplitude can be
determinated by measurirrg the rroise level in steady state. The retay amplitude
can also be adjusted to avoid too large perturbations on the outpur signal
during the relay experirnent.

4-4. Conclusion

This chapter has determinated a simple method for estimating a model from a
relay experiment. The information about the full wave-form is used, and not
only arnplitude and frequency. Moreover the algorithm can cope with systems
having time-delays.

The theoretical bases are given in this chapter and the practical problems
will be treated in next chapter dealing with implementation.

t7



OpCom

Get
Values

Scale
Monitor

Main
Monitor

Tsamp
Monitor

Parameter
Monitor

ExitAnd

DAOutU

ADlnExt

ADInY

Plotter Plot
Generator Regul

Data
Buffer

Plot
Monitor

DataBuffer

Figure 5-1:Real-time implementation structure.
6 processes and 9 monitors share the execution tine.

: The plotter is a process with low priority which musr ger
the signals U, Uc and Y when it has tilne to plot them.
These signals are put in a RingBuffer while waiting to be
plottecl.

: The time scale of the plotting is stored in this morúror.ScaleMonitor
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Figure 5-2: P¡ocess Regul (Priority 20)
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lnitialization
Get Time Scale

Draw plotling screen

Get New Scale

Changed

Draw New Windows

Flesel DataBuffer

Yes

End ol

OldAbscissaX=O

Yes

Calculation ol the New Abscissa X

Get New Dala lrom DataBulfer

Plot New Data

Plot Line between New Dala
and Old Data

Old Data = New Data

OldX=NewX

No

No

Figure 5-6: Process Plotter (Priority 50)

Presentation of the Man,Machine interface

Figure 5-7 describes the screen after sta-rt-up. On the upper half of rhe scree¡
are the measurelnent signal Y, the leference signal Uc rulcl the control siglral
U' Below, are a nurltber of lnouse sensitive buttons, whose functio¡rs are
described below.

The prograrn can handle three clifferent modes; Man (rnanual), pID
(control with PID regulator) or Pole Placement Control (Autonratic tuni¡g of
the regulator parameters according ro pole placement design). changin! of
mode is done by clicking one of the squares l, 4, or 7.

23



onfr 
.th1most important modules dealing with theory (Auto-tuning, control)

and display of variables are given (see appendix D).

The Auto-tuning part

The tune is divided in three clifferent parts: The first one measures the noise
level on the ouþut signal in order to 

"hoose 
the hysteresis of the relay. The

relay is then include-d il the crosed loop in the second part, and *re amilitude
of its ouçut is fixed after an analyse ôf the amplitude or ine process ão,pu,.
Indeed, the tune must not.disturb the process roo much. tn thã third partjthe
measurement of the amplitude, of the period of the oscillation and oi certain
values of the process ouþut are computecl. These rneasurements lead to a first
estimation of the process by a first order model with time delay (choice
explained in 4-3), then the design specifications (second order desired
dynamics, reasonably fast and with a damping of 0.7i and the pararneters of
the RST controller are initialized.

Directions for use

At the starting point, the mode Manual is running and the control signal ,u, isequal to zero. Then the sarnpling period can be 
"hoor"r 

by clicking ir the box
2, according to the time constant of the process. Then, to start the controller
based on pole placement design, the refeience signal arnplitude must be close
to the process ourput amplitucle (Bad stationarity can impty asyrnetric relay
oscillations). Afterwards,.you just need to click on the ,qu*" 7. At the end of
the relay experirnent, a fixecl controller is started. to mate it adaptive, you
can click o¡ the squTe 9, type 5(Adapt)-ENTEn-r then you type -e- to exit (It
is made adaptive only after exit). To get a fixed regulator ug"in you use the
same conunand in replacing the I by 0. The model ancl the controller can be
ryad in the square 6 (but you can not change them by the keyboard of course).
The design specifications initialized by the relay experiment can be read by
clicking in the square 8 ancl changed by the teyúoarå (do not forget that ttrey
are in discrete time).The estimation specifications can be read ancl changed aswell by clicking in square 9. Finally, the values rneasurecl in the-relay
experfunent can be checked by clicking in square 3.

5-3 Conclusion

This chapter showed how the argorithm developed in chapter 4 has bee'
implernented. It was tried to make a proceclure for each sirnple task in onler to
decompose the cornplicated parts of the algorithm in understandable routi'es.
The operator interface has not been irnproved as much as it could have bee' fur
order to spencl more tirne stuclying the auto-tuning ancl the control theories
involved in tlús controller, tn appendir C, the rnostLportant routirles usctllr
the progra''ning are described *¿ ttt.it code is give. in appendix D.

25



c(s)=#
(2)

Figure 6-l shows that the relay experiment is quite symetric and that the
ouþut is quite regular. Figure 6-2 shows that the step reponse of the process
is of expected type (fast enough with damping of 0.7). Big variations on the
control signal are required to obtain that performance. Then, when the
adaptive controller is started with these parametets for the model a¡cl the
controller, there is no bacl transient neither on the output signal nor on the
control signal and the estfunator converges, after a while, to a more accurate
model that the one initialized frorn the relay experirnent (see table I in
appendix C). Therefore, the goal is reached.

0.75

0.?

0.65

0.J
0 ¡o 20 30 40 50 60 70 EO 90 t00

Figure 6'1: relay experiment with a first order process of type (2) withour
noise

I
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Figure 6.2: step respollse with a first or<ler process of type (2) in close
loop with the fixed controller initialized after the relay
experiment.
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6-3 Further developments

A first order process is controlled better than with a PID. But a second order
process (of the kind choosen in experiment 4 and 5) is quite difficult to
initialize with a relay experiment especially if there is no noße on the output.
Also, with processes of higher order than one, the choice of the delay ,"å-,
to be of highest importance for the control. A tixed controller can gônerally
not be calculated from the relay experiment initializing a model of the kinâ
(1), but, in some cases, an adaptive controller can be startecl from this
initialization.

The rnethod is also quite sensitive to the value of the sampling period
choosen at the beginning. It must be short enough to allow the meazuiernent
of several points during one period of the relay experiment. A too big
sampling period will not make the system oscillate ancl a too small sampling
period will give a pole close to one for each process and lead to u u"ry uuã
control.

The initialization performed from the relay experiment can be improved
with a test determining the structure of the model to be choosen so that
processes with higher order than one can be modelized by a second order or
by the product of a second order by a first order.

The ouçut could also be filtered during the relay experiment to avoid the
perturbations created by the noise on the measurements.

The initialization of the clesired closed loop dynarnics could be also
improved by extensive simulations. This choice is however based on heuristic
knowledge. The observer polynornial is also fixecl to a deacl beat polynomial ,
this could be improved in choosing a first order polynomial with known
dynamics.

6-4 Conclusion

A first version of an auto-tuned adaptive controller has been realized in
this project. It allows a good initializ¿¡ien of an adaptive controller basecl on
pole placement design for first order processes with tirne delay and the
controller has good perfonnances. For processes with higher order which are
also stable with monotone step response the performances and even the
success of the initialization depend a lot on the noise level and orr the relative
location of the poles of the process.

The prograrn could be funprovecl with intensive experirnents w6ich coulcl
allow a better choice of tlre empirical values. On the otüer hancl, this tool nrust
not be designed for a too small class of processes, ancl even if it cloes ¡ot
control each particular process belonging to a certain class, with optirnal
plrfonlances, the purpose is that it gives average performances higher than
with a PID regulator for a class as large as possible.
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9. Appendix



A. About the relay experiment

Certain conditions must be fultilled so that the process oscillates under relay
feedback. In this section, the conditions for an oscillation to occur and the
period of this oscillation will be studied. Therefore a linear system under relay
control has to be investigated.

There are two me¿urs to analyse the conditions for existence of a periodic
solution. First a linear system under reray control will be investigated and
then the describing function anarysis will give a good approximation of the
¿mswer by a simpler condition.

First method: investigation of the closed-loop nonlinear system

Consider a system described by

(dx
{ jr:= Ax + Bu

l. T=c* (1)

This systern is controlled by a relay with hysteresis of the following form

u(t) =
d1 if e > r or (e > -e and u(t-) = dr¡
-d2ife<r or (e<e andu(t-)=dr) (2)

where e = -y., e is the hysteresis of the relay and u is the controller ourput.

conditions for relay oscillations have been given by Hamel (19a9) and
Tsypkin (195s). The key result is given by the roúowingitreorern.

Theorem A-1: consider the sysrem (r) with the feedback law (2).
Asstune that the matrix O-I is regular. A necessary condition for a lirnit cycle
with period T is then

{

c tr-o I

c tr-o I

I

{
-l

t is definecl in figure Z-4, and,

@="Æ o e
Ar

lO zf rdr-f zdz) = -e
[-Õ rf rdr+l 1d1] = s

Qr=,

where

A(T-t)

(3)

(4)

'r= .[" "["

I

rt Lo-u. 
"

oh. g



discrete time system. (The stroboscopic transformation) The inputs are u(t 2¡)
and u(t zt+r) and the ourputs are y(t zt+t) and y(t zX+ù.

zy
x(tzr-r)
x(tzr.)

llk =

The discrete time state equations of system (l) are

u(tzÐ
u(t2¡11)

-l
C [zI-O] Õrf,

-1
c td-Õl f 2

o

l; slYk= zy

{

{

H(z) =

x(tzr+ r) = O rx(t2/ + f ,u(r2¡)
y(tzr*r) = Cx(t2¡a1)

x(tzr+) = O, x(t2¡+r) + fz u(t2¡ç1)

Y$zv+ù = C x(trn*)

(s)

(6)

where the matrix (Þ1re¿,f1 and f2arc given by (4)
Equation (5) can then be wrinen as

zk+,=[;;] "-.[;i, î;,] .-

lc olvr=[o c] ,n

This is a time invariant cliscrete time system. Læt the pulse transfer function of
the system be

-1
C tzl-Ol fl

-1
C [zI-O] Õzfr

Putting z= I in(6), it follows that the condition (3) can be written as

H(l)
[:;]=[:]

Symetric oscillations

The case dl = d2 = d is of parriculiar interest. It folrows from (4) trrat
y',

andft=fz-f o (Þ
2I

In this case. Equation (3) then recluces to

ch-*l'' [r-']

3

or

fcl=g



But the conditions for existence of oscillations can be investigated by a
simpler method which is an approximation of the exact formula givðn befoie.

Second method: The describing function analysis

This methocl is userJ to analyse systems with a nonlinear function in a
control loop. To determine conditions for oscillation, the nonlinear block is
described by a gain, N(a), which depends on signal arnplitude,a, at the input
of the nonlinea¡ity. This gain is called the describing ftrnction. If the pro.är,
has the transfer function G(iro), the conditíon for oscillation is simply given
by

N(a) G(ico) = -1
This equation is obtained by requiring that a sine v¡ave with frequency CI
should propagate around the feedback loop with the sarne amplitude and
phase. since N and G rnay be complex nurnbers, this gives two equations for
determining a and co. The equations can be solvecl graphica[y by plotting
-1/|{(a) in the Nyquist diagram. If the negative inverse of the describin!
function is drawn in the complex plane (see fig A-l) together with thé
Nyquist curve of the linear system, an oscillation may occur if there is an
intersection between the trvo curves.

Notice that the input u to G(s) is a square wave. In rhe describing
function technique it is assurned that the input to the relay with hysteresis is ã
sine wave (Approximation of the input by its first harmonic). Therefore, it
must be assumed that G(s) has a low-pass filter action, so that tlre amplitudes

9f the high frequencies in Y are small compared to the amplitude of the
fundamental frequency. But, this is not a restrictive assumption, since almost
all practical processes are of low-pass type.

The amplitude and the frequency of the oscillation are the same as the
parameters of the two curves at the intersection point. Therefore, measuri¡g
the anrplitude and the period of the oscillation, the position of one point of thã
Nyquist curve can be determinated.

The describing function, N(a), for the relay is given by

N(a) = 1d
na

since this function is real, the oscillation may occur where the Nyquist curve
intersects the negative real axis. Thus, the conclusion is that the uitimate poi¡t
is conveniently determined by a relay feedback expedrnent.

To rnake the system less sensitive fo noise a relay with h1,5¡s¡esis cur be
used. The negative reciprocal of such a relay is
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The continuous time transfer function of the process, G(s), has to be
sampled. In that case, a zero-order-hold is perfect to 

"on 
r""t the continuous

system to the discrete input (square rilaves sarnpled at h = T/2) (see fig. A-3).

sampler hold process

u*

'Wlrere oJs=2n/his the sampling frequency

u
v

H(s)

Figure a-3: schematic diagram of the idearized mocrel of a sample and hold
circuit connected to a linear system.

_ The following theorem (in Ä.strom, K.J., ancl'v/ittenmark, B.,l9g4) will
be used to determine the sampled process description with zero-order-hold.

Theorem a-3: Let the function/have the Laplace transform F and the
z-tra¡rsfonn F',and let F* be the Laplace transform of the sarnpled represen_
tationf of/. Assume thar for some r > 0, lF(s)l < lsl-l-r for large lsl then

F(F*(s)=r'("'5=*
,)iko¡+s (e)

0

Proof:

The definition of F* gives

F*(s) = I,- ,-'þç¡ at

F*(s) = ,''kt) T
,t=-*

[,
F*(s) = e-'fu)nt(t) ttr

Interchange the orcler of integration ancr the sunmation gives

I, I
\

,),,\t-kh

["-
F*(s) = f

æ

7

G(s)
1 - exp(-sh)

S

-æ

e "rqgðlrth¡ ot



H(h'-r)= 
å ,#^crr,1r +2n))

H(h,-r)= I. ._ 
o 

^ . o,*,t +2n))
s rn(l +2n) 'h'

Remember that h =Tf2, so, if H(h,-l) is approximated by the first term of the
series expansion the condition (B) becomes

4i2nr
-ImG(::)---rEld

which corresponds to the describing function analysis

r- cljp¡ = - '4A 
t

This second condition is much more simple than the one obtained with
theorem 2-1.

lm

Poles of F Poles of M

Re

f*
Figure a-4: singularities of F and M and the integration conrour.

Remark A-3: The Nyquist curve of a first orcler process, situated
entirely in the right part of the Nyquist diagrarn will never intersects the
negative inverse of the describing function, whereas a first orcler system
oscillates under relay feedback control (That can be checkecl Uy tne fi'st
method explained in this appenclix).

In K.J.Åströrn ancl r.iraggtund (1984a) the conclitions ro ger srable
oscillations are discussed.

*

{<
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BEGIN

UStat - UStat+d

d=-d USlat = USlat+d

UStal - USlal+d

NrOlHallPeriods = 0

NrOlChanges = 0

Amp-9

END

Recall about the variables used in the routines: d is the arnplitude of the relayr
Amp is the arnplitude of the ouþut oscillations and Ustai is ttre steady staie
value of U during the relay experirnent

No

Yes

Figure B-2: routine f¡om AutoTune: RelayStarted.

Yes

Yes

BEGIN

TuningEnded=FALSE

Amp = g¿¡¡
(Amp,ABS(YStat-Y))

USlal = USlal+d

NrOfOhanges - NrOlChanges+l

d - -Newd

Uslat - UStal+d

No

END

Figure B'3: routine from AutoTune: Initialization of the reþ amptitude.
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BEGIN

Get Relsignal Uc

Get Outputsignal y

Calculalion of the Controlsignal U

DAOuI Controlsignal

RLS Estimation

Calculation of BST Controlld,r

Yes

._ Update Regulator Slate
lrrecalculalion lor nexl sample)

END

No

Figure B-7: routine poleplacement Cont¡ol.
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Deschiption of the table C-L.

Experiments I and 2 are performed on the following first order process:

0.113
z - 0.887

Experiments 4 and 5 are performed on the following second order process:

0.092 + 0.065

,' - l.zlr+ 0.368

The frst order model is clescribed by the following transfer fonction

bp+b2

,dela! * z(z-a)

(1)

(2)

(3)

* h is the sampling interval
* y|,y2,y3,y4, y5 and y6 are the measurements points from the output

signal
* Eps is the hysteresis of the relay
* emax and emin are respectively the maxirnum a¡rd the minimun values of y
* TPP and TPN are respectively the length of the positive hatf periocl and of

the negative half period.
* Tmax and rmin are respectively the times where the maximum ancl the

minimum.occur on the output signal (counted from the same point).
* Amp is the amplitude of the oscillation on the output signal.
* Period is the period estimated during the relay experiment.

0.8

0.75

0.

0.65
0 ,t0 @ 80 tu) r20 t40

Figure C-1: First order with noise (viriance 0.2). Relay experiment.
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Figure c'5: DC-servo with feedback on speed (the gain is different from l).
Step responses.
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F'igure C.6: second orde¡ without noise.
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Figure C-7: second order with noise(variance 0.2).
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D. Code in Modula 2

This appendix contains the following definition modules and implemen-
tation modules:

_Autoreg
_AutoTuner
_ AdISTR
_ DSpeBox

_ ReguModule
_ RLS

Each rnodule is cornposed of a definition part which contains the declarations
of the exported identifiers and an implementation moclule which contains the
procedure body. The code of the calculations is very similar to pascal.

* Autoreg is the main procedure.
* AutoTuner contains the implementation of the auto-tuning part and the
design part.
* adrsrR contains the implementarion of the pore placement design.* DSpeBox perfonns the display of the design specifications ott the user
interaction space
* RegulModule supervises the three different modes of the prograrn: Man,
PID, Tune.
* RLS contains the irnplernentation of the recursive least square estirnator.
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¡{ODûÍ.E ÀutoRegt

FROU ÀutoTunêr IMPORT GlobalData,.
EROM Elro¡8ox IMpORt prlntEtror;
FROM EsltÀDdEnsgency IMPORT ?falr.FotExlt, InltnalÈFolcExlt i
FROM TO IMPoRT Inltlo;
FROM Maln8uffer Il{poRT InlÈMalnBuffÊr;
FROM PlotBuffer D4pORf rnlÈplotBuffer;
FROM Regulmon $4PORT Inltp.egulmônl.tori
FROM RLs IMpORt InlrRLs,.
IMPORT Graphlca, Plot, RegutModELe, Opcom;
IMPORT R1lfouse, E:l tÀndEmergeÂcy, Getvaluê s ;

\¡AR
I : cÀPÐINÀf.'

BEGIN
RTMouse. Inlt;
InlttÍaltForErlt,-
InltIO;
fnlt9LotBuffer;
Ialtualn.Buffêr;
Inl.tReguleonl,tor,-
rnltRLS,.
OpCom.SÈarti
Eul tÀ¡dEEelgency. Start,-
c€tvaLues . Start.;
Plot-Start,.
R€gulModuIe. StarE,-
i{aitFolE¡1t,.

(* -----creatlon of a flLe froo thê æ¡ay 'FlL-JDatar.
rlth thê purpose to dGr cunes f¡om the esperirents ln MAIfÀA---- *)
J .' ô.

ïI1¡l clobalData.PlotFLle DO

IF l,ogon TIIEN
FoR l:-l lO NrofDara DO

Plot.log (FlIêDat.a ß j ) ;
(r PrlnÈEÌro!('FLn f.ogr) r*)

E!¡D;
E¡¡D;
Plot.Close;

END;
END ÀutoReg.
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ÐEFII¡ITI"N MODU'IE ÀutÐTuner;

FROM Pcalc IMPORT cpoly,.
FROU Regul.Module IUPORT À¡ralf lFe. vectÕtTlpe ;

EXPORf QÛÀI,IFIED
frê€, busy,
lunêPar, parType, ymean,
P lotlypeT!?e. S19maLTl?eT1?e, ÀdaptRegT!?e,
SetupDataT.'?e, ModêITl'pê, Designt!?e, p.e.JulatorÎ)rpe, Refslgnal.Tl?e,
ÀdaptDatallpe, EstlnDaÈaT!?e,
cloba]Data, TerpData,
InitÀutoÎune, ÀutoTune;

coNsr
f¡aÂ - 1.

busY = 6'

TYPE
Pa¡?l?e - RECORD

K,11,Td:REÀ¡;
END;

Mode1Ti?e - RECORD
B,A,,C : cprLy,.
Àddltlonalprleslno¡l,lln : CÀRDfNÀL;
deley : CÂRlfNÀf,; (+ Redundant lnfomaÈ1on r)
BadewLow.Bo.lewhigh : p€ÀL,.

ENDi

ÀdaptRegÎl?ê = (flxed. lnd;tr, ln.lstr2,dlrstr) ;
PlotÎt¡pell¡pe - (Red¡aw. plûtBêtween,

plotEverj'.. plotEver!.TwD. p LotEveryFour) iSlgaal?l¡peTl|p€ - (e3temaL. squaref trlan,Jle, stnê. stèp, ranp),.

SetupDatallÞe * RECORD

chanRef.
chanÏl.
chanY:.
chanY3.
chanû
NUD-be¡OfInputs
PlotWhen
Ho¡lzont¿lTlne
Tsamp
Real.TsmF.
Dt1, Dr:. Dr3
Olow, ûhl¡h

Eì¡D

Desl,lnTiÞe " P,-ECOPÐ

Bplus, Bmi¡us,
Bnprim/ Àn, -{..,.lInw : .:Fn::-
IntàJ13LA.:t 1,rn : B,JOLA{IÍ ;

END;

PêgulatolT:r¡F)€ - P'ECOpÐ

RèElfPe : AP.PêT[,)..1:] OF CIAR;
¿, -a! . uH,Jtl ,

END;

CÀPOINÀJ,,' (* IO channel.s *)
CAPÐINAÍ,;
P l ot T!¡FeTlæe,.
R-EÀI.t
cÀPÐI¡¡Àf.,.
ÞF !l .

c-ÀPÐIlI.À¡,' (* For Lntersùple plottLng *)
ÞFl1 .

¡tÀR
lunePat

RefSlgnalTlpe - RECORD
SlgnaIT!Þâ
Mean,
À.0plltude.

: SlgnalTlT)eTlpe;

Pe¡1od : REÀL,.
TlnelnPetrlod : REÀ¡i

END,

EstlnDataTlï)ê - RECORD

Bf, Àf : cpolyi
D0 : REA-!;
lan-bda : REÀL,.
HLstoryTlDe : REjLL;
lilsÈorllcard : CÀRDINÀL;
Estpurpose : ÀRRÀyto..gl OF C¡¡ÀR,

(t !{ODEÍ,POLY or REGIMOIy i)
END;

ÀdaptDataTlpe - RECORD
ÀdaptReg : ÀdaptRegll'pei

(* ReguLatorN! : CÀRDINÀL; r)
uI!¡lt : REÀL,.

END,

PlotFlleType - RECORD

Logon : BOOLEÀN;
N¡OfData : CÀRDINÀÍ,;
FllêDara : ÀRRÀy[l..500L tl..4] oF REÀL;

END;

: RECORD
Perlod, Î1me, 10¿ 13, TLnepettodpos, ÎlnêperlodNeg
Àmp, Ystat, Eps, æan, ælnnean
T1mêToMaxmean, tlneToMlnmeÐ, w, ratew
NrOfPerl-ods

END;
: RECORD

YD : ÀRRjà.Y [1..20] oF REjAr;
END;

: RECORD

SetupData : SetupDataÎlpe;
Model : Modeltypê,.
Deslgn : Deslg¡t!?e;
(* Regulator : Rêgulatorlypê,- *)
Refslgîal : Refs19na1ll'pe,.
Plotwhlchcuwe : BITSET;
Estl.nDaÈa : EstltrDataTlpê,.
ÀdaptData : ÀdapÈDataTlpei
Àdapt : BOOLEÀN;
PIoÈFlIe : plorFlleÎypei

END;

RE,LL'
REAI,.
REÀL;
INTEGERi

Ymean

GlobalData

RECORD

SetupDaÈa
ModêI
DesLgn
Regulatot
RefSl9îal

: SetupDataÎ]¡p€,.
: ModelTlpe,'
: DesLgnType,'
: Regulatorlype;
: RêfSlgDaIType,'

TênpData

(* PloÈwhlchcurve : BfTSET, *)



ÀdaptDatâ. 
EstlmDat3

ENDi

: ÀdaptDatalype,.
: EstlDDataTl¡pêi

PROCEDTRE Inlt&rtotunê (û, gc, f . b:REÀL),
PROCÊDITRE À:Èotune (VAp, g:REÀL, y :p.!ÀL; Itc : REÀL;

\¡Àp. îuniDgEnded, TunlnEok: BOOIEÀN) ,

El¡D Àutoluaêr.
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E'ROM

FROM

F?.OM

FROM

E'ROM

FROM

FROM
E*ROM

FROM

FROM

n{PfÐ4El¡TÀlION MODUIE ÀutoTunår,.

Debug IMPORT Debugltousê,.
ÀdIsTR IMPORT StartlndlrectsTR,fndlrectsÎR;
E¡ÌorBo:< fMpORT prlntError;
Maln8uffêt IMpORT Sêth.Ger.h;
Mãthllb IMPORT âlp,sqrt.s1n¿cosrarctan,entler;
Pcalc flrpoRî mdêg¡ee.power;
Plot'dlndow IMPORT Getfinltsu, cetflmltsy,.
RegulModu1e IMPORT Àrra:/:]?ê,.
Reguleon IUPORT UpdaÈep,e.Julatorstate,RegulMonltor;
St.orage IUPORT Àf,tOCÀîE, DE.ALI"OCÀTE,.

CONST Ma:NrofHaLfperiods - g;

I/ÀR

Checkh : RECORD
ch: ÀRRÀY[1.

EI.¡D;
NrofcaLls, Nrofsamples

61, t1..31 oF REÀL,-

NrOf HaIf Pêtlods, NrOf Chages
NrOf¡{eâsur&ents

ûStat, ftcsE at, Yl{!n, YMæ
Masdr d, Delt.a, EpsMln, h
sâT. enln, UoId,hprh
ÎLæTDMå:<, TlneTouln
TlnePos, llneNeg
St.artPos, StarcNeg

: CÀRDINÀ¡;
: TNTEGEP.;
: CÀRDII¡.AI;
: A¡rayî!¡pe.'
: P,EÀ!,.
. ÞtrÀl .

3 REÀ.T,,'

: P.EÀI;
: P.EAj,t
: BOOIEÀN,.

(* Renark: the varlables are only defined once in thê module:
the flrst tLDe they are used r)

(+ ---------- --------- *)
PRoCEDURE |,ün (4, B:REÀL) :R.EÀI,.
(* F&¡ds the mlnlmr¡m betswèen two reals À and Ê.

The result. ls ln M1n(À.-B) *)
\/ÀR C : REÀ¡;
BEGIN

IF À<B î¡IEN
e .r À.

a '- Ê.

END;
RETÛRN (C) ;

END U1tr,.

(*
PROCEDSP€ Mas (.A, B:REÀL) : REÀ],;
(r Fln.ls the mæ1mu betwee! tw,) r¿åls å and B.

The result 1s in Ma:(A.Eì
\TÀR C : REAL,.
BEGIN

]F À>B TTIEN
C .- À-

a .' Ê.

END,.

RETUPJ¡ (C) ;
END Uar;

(r - -------- *)
PROCEDURE Re lays Hltch€d ( d, Y : REÀ! ) : BOO!EÀN,.
(* ----- ÀnaLyses tf the rel.ay must swltch or not froû Èhe eplj.tude
of the process output y.

d 1s the amplltude of the ¡elay output
?hê ¡esult Ls Relavswltchèd whlch ls tnê if t!¡e rer.ay must s'ltch----- r)

VAR Swltched : BOOLE;Ê|N;
BEGIN
WITH funePar DO

Sritched :- ((d<0.0) AND (y<ysrar-Eps)) OR ((d>O.O) ÀND (y>ysrar+Eps));
E!.¡D;

RETI'RN (Swltched) ,.

END Relayswltchêd,.

(* ----------
PRoCEDURE ChægeRe1ayÀap (VÀR d : REÀL ; VÀR Changed. : BOO¡E.AN),.
(* ----- Ànalyses lf the uplltude of the relay output must be changed.
It must þe decreåsed tf the anptltude of the process output ls too bj.g.

the resul.t Is å boolean, 'Chæged' whlch ls truê 1f thê
relay output must bê changed ----- i)

\/ÀR Newd : REjA¡i
BEGIN

WÍlg TuePar DO

Newd :- dt4-o*Eps/Àmpt
END,.

I!' Newd<o.o f'¡¡EN
Newd :- Ma¡r(-MudrNewd) ;

Newd :- Mln(Maxd,Newd) i
END;
IF ÀBS(Newd-d) > 0.01td ÎHEII

d :- Newd;
Changed := TRIIE;

ELSE
Cheged :- FÀ],SE,

END;
END ChangeReJ.ayÂmp,.

*)

*)

(* *)
PROCEDURE Àutotune (VAR O :REÀL,- Y:REÀL, Uc :REÀL,-

VÀR TunlngEnded, Tunlngok : BOOIEAN) t
(* ----- RêãLlzes thê relay er?etleent if the process output
has rêached statlonarlty. It ls the Auto-Èulng part

û ls thê conttol signal
Y ts thè prôcess output
TunlngEnded ls a boolsæ whlch is tne If thê tune

cæ not be conputed
lunlngok ls a booleæ whlch ls true when the telay

exp€¡lment ls flnlshed
The outputs of the procedure a!ê Tu¡ln.JEnded, ?unlngok and TuePar ----- *)

CONST

UarNrofchanges - 3i
ÀnpÐlvEps - 2 -0,.

\¡ÀR
Chæged,OK : BOOf,8;Êùr¡,.

stoPo : ÀRFÀY[1..10] OF CmR;

BEGIN
IF Nrofcalls<-NrofMeasur€nênts THEN



IF ÀBS{f - ûcstat} < Delta tt¡EN
tß{1n :- Mt¡(Y,YMln),
Y¡{a-E :- ¡,Iâu (y, yMa:) ;
N¡OfcaLls := NrofcaL-Ìs + 1;
N¡lfchanges :- Oi
TunlngElded :- EÀ!SE;

EI'SE
tunlngEndêd :- TRIIE;
tunlngok :- FÀ!SE;

END,.
ELSIF Nrofcalls-Nroflfeasu-reûats+1 TÌ¡EN

lffTl¡ funepa! DO

Eps :- !,fa:(EpsMln,yMa.s - fMln),.
Ystat :- (yMæ+y¡tln),/2.O;

E¡¡D,
d :- Ma:d;
L :- ûStat + d;
NrOf¡IalfPerlods :- :1;
N¡Ofcalls :- Nrofcalls + 1,.
luDlngEnded ;- FÀ!SE;

&òE
CÀSE NlofHalfpe¡lods OF

-1
fF Retaysrltched(d,y) TfiENâ .- -â.

¡{-IT1¡ Tunepal DO
À&p :- 0.0,.

ET¡D;

NrofSanples := 1;
NrOfChæges :- 0i
NÌOfHaLfpe.rlods :- 0i

END;
t :- ûStat + d;
lulngEnded :- FÂj"SE; I

al .

IF Relayswltched(d.y) THE¡¡
ChangeRêlayAmp id, Changâl),.
IF Changed ÎHEN

Nlofchanges :- Nrofcheges + 1;
P rintErlor ('P.ela!¡Changed. ) ;

END,
IF NOT Changed OR (Nrofchanges-Ma:Nrofchanges) fgEN

NrofHalfperlÐds:= 1;
END;
NrofSaryles :- 1;
WITH Tunepar DC

Ànp :- 0.0;
d .- 

-â.

Tlae :- 0-0,.
E¡fD,.
fnl¿t'measuremênt;
YEeasu¡erenr (U, T) ,.

Nrolsaüples :- :{lofsuFles + 1,.
WrlH lunep3¡ DO

Ànp :- Hd (Àn:r,ÀBS (yst.3t-y) ) ,
EI¡D;

END;
ItDld :- g;
û :- Usbat + d,.

?uDlngEnded :- FÀ!SE; I

1. .UartlrofHal.fPerlods :
rF Relayswltched(d,Y) TÛEN

NrofÉalfperiods :- Nrof¡lalfperlods + 1;
NrgfSaq>les :- l.;

fF (N¡OfHa]fperlods <> tfa¡N¡Ofgalfperlods+1) ttfEN
WIl5t Tunepar DO

Anp :- 0.0;
EñDi

END;À.' -à.
EISE

ñrofsaÐples :- Nlofsamp1es + 1;
E!Þt
IF (N¡OfHaJ.fÞ€rlods <> t{axN¡OfEalfperlods+1) THEI¡

It :- Itstat + di
YDeasureltênt (9, y) i
ûold :- ti

g :- OStêÈt
END;
lu¡lngEndêd :- FAISE;
WITH Regu1Monltot DO

ylt4l :- yl[3], ref[4] :- rêf[3i,
Yl[3] ¡- y1[2]; ¡ef[3] :- ref[2]t
yl[2] ¡-y1 [r]; reff2l:-rêf[1],-
yl[]-l :- yl [0]; ref ltl :- rèf[O];
yltol :- Y,. ref [O] :- Uct
u[4] ¡- ¡¡31. v[4] :- v[3];
u[3] :- u[2], v[3] :- v[2],.
u[2] :- u[1], v(21 3- v[1];
u[1] :- u[0], v[1] :- v[0];
u[0] :- II; v[0] ¡- g;

END;
El.SE

lt :- Ostati
WITH lunePa! DO

b :_ perlod/6.0,
END;
seth (h) t
InltModelt
fnltPPDeslgmi
sÈarrIDdLlectsrR (clobalDatâ.ÀdapÈ, oK) ;
rF oK ÀND (NOT GlobalData.Àdapt) TEEN

IndLrectsTR (Fì¡SE ì g I y'),
tpdåteReg¡ latorSÈate ;

IF NOT O¡i THEN
PrlntErlor ( rlndhectslR no!, startedr) i

END,
END,.

tûrlngEndsd :- TRUE,
lunlngok :' TRûE;

END;
ElfD,-

EI.ID ÀutoÎunei

(r
PROCEDITRE fDltÀuloTune (it, Irc, y, Ts ep : REÀL ) i(r --- Inltlal.Izes the rarlables usêd LD tbe p¡ocedrâ ÀutoÎua6.

i)



UË ls the ¡êferênce slgnal
Tsamp Is the sæpt1ng lnte¡val --- *)

CONST ProcDelta - 0.03;
Procl.lå3d - 0.1;
P¡ocEpsMln - 0-ù2,

\rÀR H1,Io : P,EAL,.
T, J : INTEGEP.i

BEGTN
h :- lsa-e.p;
gstat :- U;
Ucstat :- Uc;
cetllmltsy (ro. El) ;
DeItå :- procDâlt.a* (!I1-Lo) .:

EpsMln :- ProcEpsMln*(Hl-I,o) ;
G€tl.InlcsU (tor Hl) ;
Ma:d :- t.lln (ProcMard* (Hl-Lo) .MIn (UStat.-Lo,Hl-UStãt.) ),.w:? ., v-
Wlñ .- v.
Nrof¡{easureents :- entler lS.A /hl ;
NÌOfCålIs :- 1;
WIT]¡ YmeÐ DO

FORI:-lTO20DO
YnII] :- 0.0;

END;
EIID,.
Wff'Il lunePar DO

NrofPeliods :- 0;
TÔ .- ô tl.
T? .: ô ¡r.
ttme :- 0.0i
Ðæeæ :- 0.0;
æ1nmeæ :- O.Oi
w :- 0.0;
rater :- 0 .5,.
ÎlrePerl,)dPos :- O .0;
Ti.mePe¡lodNeg :- 0,0;
TlreTÐ!{åsean:- 0,0;
TlæToMlmean:- 0.0;

ENDi

EñD InltÀutoÎune;

(* ----------
PROCEDITP,E Ymeasulemenr (U, y :p'EåL) t
(+ --- Cûmputes the measu¡êment ,)f val-uês of the prÕcess output. ___ *)

CONST

Pl - 3.141.593,.
¡¡ÀR

T1me1.11re3, Tlme3 : på¡,t;

*)

BEGTN
WIÎH TuePar Do

fLre :- 11æ + h,.
END,.

(i l'leåsurement of 6 val-ues Ðf y durln,f t-h:
relay-e:pertment/ the halfFèrl,tr,f,s an,C. rhè ma: a¡d mln
aeplitudes reache,J by f. ln? perj.:,i is shersl lnto 6
egual parts an.C the 6 fÕll.Hin.f ...ndj-tlons a:e obtalne.l
to æasure y at Èhe r1,lht Fl-a.:e i )

,,ffi
(* Measuro-ment of the fllst polnt r)
IF ( (Uold-ssrar)<0.0)AND ( (u-usrar)>0.O) TflEN

¡fflH TunePar DO
IF NrofPerlods-o THEN

St3rtPos :- ÎRûE;
Eì.¡D;
fF NOf SÈartNeg TI¡EN

NrofPerlods :- Ntofperlods + 1,.
EìID;
IF NrofPerl'rds>l fIfÊN

hprln:- Tlnepos/3.0;
END,.
TlmePos :- 0.0;
T0 :- llne;
fF NrofPêrlods>l T1¡EN

Tlne1 :- tlmèNeg - TlmêperlodNeg,.
TlmepetlodNeg :- f !¡eperlodNeg + !1r€1,/F!OÀT (Nrofperlods_l ),IF Nrofperlods>2 THEN

T1me2 :- TlneToMax - flmetol{a:rmean,.
Tlü.s?oMæeæ :- tlmeTo!.faeean + ÍLeezlELOÀT (Nrofpêriods-Z) ;l1ne3 :- llneToM1D -
llmeta!{ln4ee : - TlreToMlmêan + Tlmê3/Ef.OÀT (Nrofpêrlods_2) ieÞ:oean :È enasêan + (æ:a - eoaeêæ)/ELOÀT(NrofpeÌIods-2),.

END;
WITH YBean DO

Yn [1]
ENDi
WIfg Checkh DO

ch [ 1, NrofPerlods-1] :- hprlm;

:- (f - Yst.at)/¡tBs(d);
END'
Ystore [1, NrOfPerlods-1 ¡

ENDi
END,

IF (u-ustar)>0.0 THEN
Î1ûePos :- llDepos + h,.

EIID;
END;

(r Measursent of the sêcond polnt r)
¡{ITH funePa¡ DO

IF ( (À-Bs (rlme-To-hprlm]- < (h/2 .0't ) ÀND (Nrofperl,:ds>1) )
Ystor€[2,NrofPerlods-l] :- (y - ystar)/ÀBS(d),

WTlti Checkb DO

ch [2, NrofPerlods-1] :- hprh;
ENDi

mTH YEean DO

Ynt2l :- Yn[2] + ((Y - ysrar.)/¡¡s(A]
EI¡D,

END;

- Ín[2] ) /ELOÀT (ñ¡ofperLods-I) ;

(* Measu¡ement of the th1¡d pol¡t r)
IF ( (ÀAs (T1De-10-2.0rhpr1¡)< (h/?.Ol) ÀND (Nrofpêrldls>l) ) THÊN

Ystore[3,NrofPerlods-1] :- (y - ysråt)/ÀBS(d),
WITB Checkh DO

ch [3, NrofPerlods-l] :- hprlm;
END;

Htl!¡ YE€an DO
Yn[3] :- yo[3] + ((y - ysÈar),/ÀaS(d) - ynt3l)/FtoÀl(Nrofp€riods_1),_

:- Yn [ 1] + ( (Y-Istat ) /ÀAs (d) -y¡t 1 I ) /FT.oÀT (Nrofpêr1ods-1) i

lIIEN



EI¡D,.
END;

END;

rF (U-UStat)<0.0 TïEN
TlÞeNeg := TlmeNeg + h;

EI'¡D,
END,.

(* Measulement of the flfth Folnt *)
WITH TunePar DO

IF ( (ÀBs(TlEê-T3-hp¡lm¡<(h/:-0)) ÀND (Nrofperlds>l) ) THEN
Ystore[5,NrofPelLods-1] :: (y-'tstat) /À.BS (d) ;

WIîH Checkh Do
ch[5. NrOfPerlods-1] := hprlm,.

END;
¡ûl'$ Yeean DO

Yn[5] 3- Yn[5] + ( (y-ysEat) ,/ÀBS (d) - lnfSl ) /FI,OAT (tf¡Ofperlods-l) i
END,.

END;

(r MeåsureEere of the last p!-tnt. t)
IF ( (.A8S (Tlee-T3-?. 0 rhptlm) < lh / a .,) ) j At¡D (¡rr,lfFèri,r,ls>l) ) THEN

Ystoret6.NrofPerl,lds-11 := (y - ySÈ3Èl.i _{AS (,j) ,,

WfTH Checkh DO

ch[6,N¡OfPerlùls-1] := hp¡in;
END;

WIÎH Yæü DO

Yaf 6l :- Yn[6] + ( (y - ySE3c) r-ìAS (d) - :-nt6l ),/F!CÀI (Nrofpê¡iods_L);
END;

(* MeasuræenÈ of the fôutth poitrt *)
IF ( (UoId-UStar) >0.0)ÀND ( (It-Ustar) <O.O) THEN

WITH Tunepar ÐO
IF NrofPerlods-o ?HEN

StattNeg:- Îp,tlEi
END;
IF NOT Startpos THEN

N¡OfPe¡icds := Nrofperlods + 1i
END;
fF N¡OfPerlods>l rHEN

hprlm :- llmepos/3.0,.
EI.TD;

TlmeNeg:- 0.0;
13 :- 11nê;
IF NrofPerlods>1 THEN

Tlme1 := TlmePos - Tlm3perl,f,dpos,.
Îl-mePe¡todPos :- TlmoJ:¡lodpos + Tl¡e1 /FLOÀT (Nrofpêr1ods_1) ;IF NrofPe¡1ods>2 THEN

æj.mean :- emimear + (emin - alnnean)/F!OÀT(NrOfperlods_2);

WfTE Ymean DO

Yn[4] :- YÃt4l + ( (y-ysrår) /ABs(,1) - yn[4] )/E-!oÀT(Nrofperlóds_1) ;
END;
Ysto¡e[4,N¡OfPerlods-1. := (y - ysrat) /AAs(d),.

WITï Checkh DO

ch[4,NrOfPerlods-t] := hprim;

END;

E¡ID'
END;

(* Calculatlôn for the tiee whe¡e yDæ happ€ns *)
WITH TunePar DO

Ir ( ( {Y-Ystat) /ÀBS (d) ) >em:.) ÀllD
Tlmelot'Iæ :- Tlme - TO;

(NrofPerlods>1) THEN

ema:. :- (Y - TStaE),/ÀBS (d) ;
END,.

(* Calculatlon for the time where the ymln happens *)
IF (((Y-Ystat) /ÀBS(d))<emln) ÀND (Nrofpe!1ods>1) THEN

TlmetoMln :- Tlne - T0;
o,nln :- (y - ystar) /ÀBS (d);

E¡üD,

IF NrofPerlods>3 TIIEN
Àmp :- (emaæan - ênlmean) ,/2.0i
Pertod :- TlmePe¡l-odpos + TlmeperlodNeg,.

END;
END;

END Imeasuremênt;

(r ----------
PROCEDURE fnltYneasursent,.
(* --- Inltlallzes the procedure ymeasurerenÈ --- a)

vÀR
1,J : INTEGER,

BEGIN
FOR 1:- 1 TO 6 DO

FOP, J:- 1 To 3 Do
Ystorê[1,J] :- 0.0;
WIn¡ Checkh DO

chtt, jl := 0.0;
END'

END;
END'
êmax ;- 0.0,.
emln :- 0.0;
tl¡eToMa.x:- 0.0;
llmeToMLn :- O.Q;
TheNêg :- 0.0;
TlmePos :- 0.0;
St'arÈPôs :- FA.ISEi
StareNeg :- FÀI,SE;
hprlm :-0.0,.

END InltYEeasutênent;

PROCEDURE Inltuodel;
(* ---InltlalLze a fLlst ordê¡ model wlth tlme delay --- *¡

VAR
ÍI,82,t3,d2
detsml.nant, bIL, b]-Z I b2 L, b2 z
lndJ. ce2pr1n, Lndl ce3p11Ã. tndl. ce4p¡im
Lnd1ce2, lndlce3, lndtce4
1, d, dl.

BEGIN
(* Detêrû1natlon of th€ de.l.ay *)

i)

r)

REÀL;
REÀL,.
REÀL,.
TN:TEGER..

fNTEGERi



WIrIl Tun^-Par DO

d1 := entLex(Tlne1DMlnreÐ/h) ;
END,.
WIIï Ymea¡ DO

IF ÀBs (Yntd1+11 ) >ÀBs (ynId1+2] ) THEN
d .- ã1.

À .r ¡1t1 .

END;
END;
(* InltlallsaÈlon of the model i)
1nd1ce2 :' (d+:) MOD 3;
IFIndlce2=0TilEN

lndtce2 :- 3;
END;
lndlce2prln ;- power (-1.0, (d+2-in.Clce2) Dr ) ,
1nd1ce3 :- (d+3) MOD 3,
1Ê {nd{¡a" ' A strrl

1nd1ce3 :- 3;
END;
lndlcê3pr1m ;= power(-1.0. (C+3-indlce3) DM) ;
1nd1ce4:- (d+4) MoD 3,.
IFlndlce4-0ÎHEN

lndice4 := 3;
END;
lndice4prln ¡- power(-1.0, (i+4-1ndlce4) DI ),.

f{ITIi YBean DO

IF Ym[1]<0.0 TIIEN
f1 :- Ym[1];
f1 .= vñtîl .

f 3 := Yn[3] ;
YnIr] :- Yn[4],-
Yn[2] := Yn[5],'
Yn[3] :- Yn[6]t
In[4] :: f1;
Yn[5] :- f2;
Yn[6] :- f3;

Yn[d+2] :- lndlce2prh * YEIlnllce2],.
YÃ[d+3] :- lndlce3prlm * ]:mI j.ndl,:e3l;
Ynld+41 :- lndlce4prln * Ymt1n,C1,;e41,.
detemlnant :- fmtd+3] - l-n[d+:i,.

END;
IF ÀBs (,letemlnant) >0.0001 T!{EN

IÍITH Ynean DO

b21 :r -power(YEld+21,3)-Ðowet(YmId+3 j, :) +porê¡(YnId+4],2] t
b22 :- Yn[d+2] *yn[d+3]+ynIi+:1 tyr¡o*nt-yn[,]+3] ryn[d+4],
b11 := Fowe¡(Yn[d+:],:) -prwex (YEf.l+31 /:) -p.rwer(YnId+4],2) ;
b12 :* -YnId+2] rYeId+3] +:-n[.]+:] *yn[.]+4] +rnI i+3] *yn[,]+4] 

,.

END;
WITH Global-Data.Mfel .B D,) ( + --- Liz+b: --- +)

coeffs illl := {b11+b1l) / {:.,)*,1êt:minant) ,.

coeffs[1] :- (b21+b:¡) / (:.,)tdèÈ:ruinanr),.
FOR 1:-? TO mde.Jræ DC .:)èiÍs [!] := 1.,-ì,. EìrD,
IF ÀBS(roeffs [1] ) >0.001 THEN

.latrÂs .: 1.

EI,SE
dèlree :- 0,'

END,

WflH GlobalData.ModêI.À DO
coeffs[0] :- 1.0;

WTIH Yneæ DO
coeffs[1] :- -(Ynld+41 - Yn[d+3])

ENDi
FOP. 1:=2 TO mdeg¡æ DO coeffs[1]

degree := 1;
END;
WITH GlobalData.Model DO

ÀddltlonalPoleslnollgln :- d;*)
rF ÀBs (B.¿ôeffs [0] ) >0.001 lttEt¡

delay :- d+1,.
IF A.BS (B.coeffs [1] ) >0-001 THEN

(* --- (z-a) --- r)

/ deterrûlnant,.

:- 0.0,' El¡Dt

{*

AddltlonalPolesInorlgln :- d+1t
E¡SE

ÀddltlonalPolesl¡Orlgln :- di
END;

Êr cE

delay :- d+2i
IF À8S {B.coeffs [1] ) >0.001 THEN

ÀddlttonalPolês¡norlgln :- d*1;
Ef,SE

PrlntEltor ('b1-b2-0, Imposslble') i
E¡¡D 

'END;
END;

PrlntEffor ('Detemlnant - 0') ;
END;
lempData.Model :' GlobalDãta.ltodeli

END Inl¿Modêl;

(* r)
PROCEDIIRE lnltPPDeslgî ;
(t --- InltlaÌIzatlon of a controller based o¡ pole placeE'ent deslgn --- *¡

CONST
pL-3.1416;

R
1 : TNIEGER;
lntêrl,a1pha,beta : REAL;

BEGIN
I{IrH GlobalDatå Do

(* ---1f the nodel 1s a fLrst order llke k/ (z-¿l the desirêd closed loop
denomlnator i.s also a flrst order--- r)

IF ABS (Model.B.coeffs [1] ) <0. 001 îf¡EN
WITH TuePår DO

w :' ratew/Perl.odi
alpha :- exp(-t*h)i

END;
Deslgn.Àm.degræ :- Model.delal'+l;
Deslgn.Àm.coeffs[0] :- 1.0; (* Àn=zdelay(z-alpha] *)
Deslgn.Àn.coeffs [1] :- -alp]ra;
FOR 1:-2 TO Edegree DO Deslgn.Àn.coeffs[tl :-0.0,. END;
lntell : - ModêI. B. coef fs [ 0 ] +Model. B. coef f s [ 1 ] ¿-

IF ÀBS (1ntê¡1) >0.001 THEN
Desl,Jn.BnPrln.degræ :- 0; (* Bm' - const *)
Deslgn.Bnprlm.coeffs [0] :- (1.o-alpha) /lntêrl,-
FOR l.:-1 10 nd€grêe DO Deslgn.Bmpr!û.coeffs[1] :-0.0,. END,-

PrinEErro¡('bl+b: - 0.),



END,.

(* ---lf we a.re not l¡ thê prevlous case the closed loop desl¡ed dÐoEûl.r¡ator
ls a sæond orde¡ --- r)

nTlH lmePar DO
w :- rater+2.o*pl/pêrlodi
alpha :- exp (-0,7ru*h) ,.

bêta :- cos (w*hrsqrt (l.o-O.?rO.?) ),
END'
Deslg¡¡.Àm-,Cegree :- llodel.dê1åy+2;
Deslgn.Àn..coeffs [0] :- 1.0;
Deslg¡.Àm.coeffs [1] 3- -2.Oialpharbêta;
Deslgn.Ãm.coeffs [2] :- Foïer(alpha,2) ;

(* Àm-zdelay(z,2+plz+p2, *'ì

FOR t:-3 1O Edegreê DO Deslgn.Àm.c,lèffsIl] :-0.0; END;
lntêr1 :- Modet. B. coeffs [ 0 ] +Mode1. B. coeff s [11,.
IF ÀBS (1nÈ*1) >0 .001 Î!¡EN

Desl,ln.Bnprim.degræ := O; (* Bo,, - const *)
Deslgn.Bmp¡le.coeffs[0]:- (1-O-2.Oralpha*b€ta+power(aLphã,2))/lnter1;
FOR 1:-1 TO ndegree DO Deslgn-Bmprie.coeffsIi] :-O.0; E$D;

PrlntE¡rôr (!b1+b2 - 0rl ;
ENDi

END,.
Deslg¡.Bplus.degree :- 0; (* B+ - I *)
Deslçn.Bplus-cæffs[0] :- l.O;
FOR 1:-l TO ndegreê DO Deslgn.Bplus.coeffs[l] :-O.Ot END,
Design.Bmlnus :- Model.B; (* B- - B *)
Deslgn.Ào-deg¡ee :- Model.'lelay; (r Ào *)
Destgn.Ào.coeffs [0] :- 1.0:
FOR l:=1 10 ndegrêe DO Deslgn.Ào.cæffsfi] :-O.0,. ENÞ;

END,
END Inj.tPPDêslgr¡,

ElÌD Àutotune¡
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DEFTNIÎION MODUTE ÀdISTR;

ElæoP.T QUAITFIED
StartlndlrectsTR, fndllectsTR,.

PROCEDURE St artrndlrectsTR (Àdapt : BooI,EÀNi vÀR ok : BootEÀN) ;
PROCEDûRE hd1 ¡êct SlR ( Àdapt : BOOIE AN,. u, y : REjLL ),.

END ÀdISTR.
\032



IMPI,EMEI¡TÀ?ION MODUTE AdIS?P...

(i
(r

P,outlnes for pôles placÐent desigin

FF.OII ÀutôTuner IMPORT Mode]T:'pe. Des lgnTyFe, Regulatorllpâ,
GLobalData, ÀdaptDataÎype, TæpDatai

E.P'oM EfforBor IMPORT p¡lntError;
FP,OU Regul[on $lpORT NeHÀdaF,rl,reRegulator,

G€tPoIïInReguIatôr. NewpolylnRegulator;
FP'ou Pcalc r¡4PoRT ndegre¿, cpÕry. polncm, polmul, Ðlophantln€, FluDegræi
FP,OM P¿S IMPORT Resta¡tEstimatlÐn;
coNsl

relatlve =1-08-8t

ÀoÀn, fntegr, Ttmp,
Àe3t, Àextfntegr : cpoly;
æqeq1 : P€ÀL;

(r
PROCEDITRE Sr ãrr Ind,lrecrs rR (Àd3 pt : BoolEAN,. vÀp. o k : BootEÀN ),.(* Àdapt-fP,ûE rhen adaptlve re.Julator nnnlng, FÀI,SE when inltlallsatlon *)
\rÀr, 1:CAAÐINÀ¡;
BEGIN

(* 22???????2? hut al det æ.1 Eodellen -- behover testeÌ goras *)
fr¡T¡¡ clobalData.Dêslgn ÐO

PolDul {Ào, Àa" relatLve, AÐÀm),-
IF Polnom(ÀoÀm) <0.0001 THSN

Pr!ãtError(' Àm r Ào - 0,);
ok : - FA.LSE,
REIURN,.

END;

IF Polnon(Bnprln) <0.0001 :ûEN
PrlntError('Bm'-0');
ok :- FÀI,SE;
RETTRN,.

END,.

IF Intê.gralÀctlon TÍIEN
WfTH Integr DO

degr*:-1; coeffs[0] :-1.0;,:,)effs[1] :=-1.0;
FOR l:-2 TO ndeEree DO ,:oef!s[l]:-0.(J,. E]¡Ðt

¡fIT'I¡ Integr DO

degree:=0,' coeffs [0] :=1.,1,.
FOR i:-1 TO mdsfree DO ,:,rÈffs[1]:=r).0; E]¡D;

END;

wlTH Àe:t DO (r han,llè addtl,)n31. pDles in rhe ,lrlgtn *)
de.Jree : -CIobaIDaÈa . M,f,,lel . À.l,lit 1,¡na Ip,:.1-¿s ItO!1.J ln;
coefts [0] :-1.0;
FOR 1:-l 10 el+lree DO ,:oejfs[i]:=,1 .0,. Eì,lD;

END;
Poleul (Int€gr, Àe3i./ rel3t.ivå. À€:{tIntêgr) ;

Må¡êh 1988

*)
*)
*)
r)

(* degree test deg(Ào)+deg{Àn) >- 2deg(À}-dê9(B+)+l-1 r}
WITH GlobalData.Mode.L DO

IF ÀôÀ.E.degree < 2*(À.dêgræ+Aôlt.degrê€) -O +Integr.degre€ _1 THEN
ok:-FÀISE;
PrlntÊr¡oÌ(' Degree faultl'),-
RETSRN,.

END;
END;

amqeql :- 0.0t
FoR l:-0 TO .Am.degrêe Do (+ Àn(1) r)

æqeql :- aoqeql + ÀB.coeffs[1]i
END,
rF À3s(æqeq1) < 0.001 ltfE¡¡

ok:-FÀ.LSE;
PrlntElror(' À&(1) - g r¡-
RETURN;

END;

Polmul (Ào, Bmprln, retatlvê, Ítnp) i

(* tllldela .regulatot pollmon gradtal *)
GetPolylnRegulator (lspData. Rêgulator) i
TempDaÈa.Re9ulaÈÕr.Regf\p€ :-' fSTR' i
TempData.Râfulator.T :- Ttnpi
lenpData. Regui-at.or. R. deg!êê : - ÀoÀn. degræ - Àe-zt. degtæ

- GlobalData.Model.À. dêgræ,.
leEpÐata. P,êgul ator. 51. degræ :- TæpData. Regulator. R. degræ ;
TêmpDat.a. Regul aÈ or. T. deglêe : - TÐpData. Regulator. R. degræ ;
Te¡rpDat.a.RegulaÈo¡.Ào.degræ :- TæpDatå.Regulatot.R.degræ;

TempData.R€gulator.52 -degræ :- 0;
TenpData.Regulator.53. degræ :- 0 i
FOR 1:=0 1O ndegree DO

TeepData.Regulato¡.52.coeffs Il] :- 0.0;
TenpData.Regu.¡-ator-53.coeffs Il] :- 0.0;

END,.

NeHPolyInR€gulator (l€npData-Regulator) ;

ok:-ÎRUE;
END;

RestartEstlmatlon (FÀ.I,SE, ok) ;
END StartlndlrêctsfRi

(r ---------- ---------- *)
PROCEDITRE rndL rêcr sf R ( Àdapr : Eoot EÀN; u, y : REjLL ),.
(* Àdapt-TRÌtE when adaptlve regrlator lunntng, EÀ],SE when lnltlallsåtlon r)
\rÀR I:CÀRDINÃI;

bmqeql, t0. r0: REÀL,-
a1, bm, 11: cpolyi

BEGIN
rITH ÈlobalData DO

Þo leui. (Model .À, Àe.stlntegr, relatlve, a1 ) ;

("8--B B+-1i)
Polmu1 (ModêI .8, Des lgn. Bmprln, ¡eLatlvâ, b¡tr) ;

bnqeql :- 0.0;

r)



FOR 1:-O tO bD-degræ DO (* bD(1) f,)
bmqeql :- bnqeqt + b¡.coeffs[l],.

END;
t0 :- æqêql/bnqegl;

¡{r!H laJpData. ReguLator Do
DlÕphantlne (a1, Model -8, ÀoÀD, 11 ¡ 51) ;
Polmul (r1, htegr. relatlvê, R) ;
FlaD€grêê (S1, R.degreê) i

rO:=R.coêffs[0li (* - 1.0 ã1ways ??? *)

FoP. l:-0 TO R.dêgræ Do
R.coêtfs[l¡ ;- R-coeffslLJ / rO¡
Sl.cæffstll :- Sl.cæffs[ Lj / rO;
T.coeffs[i] :' Ttry.cæffs[1.] / ¡9 * ¿9,-

EMDi
END,.

ENDi

Nêr{AdaptlveRe$¡lator (TedpData. RegulaÈor) i
END InúltestsÎRi

END AdISlR,.
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DEFTNITION UoDIILE DsPêBo3i

FROSI c¡aphlcs D4PORT lectaDglêi

E¡CPORÎ QUÀIIFIED In1t, D.raw,DSpe;

PROCEDURE Inlt (Ì:rætangle) i

PROCEDITRE Drani

PRoCEDITRE Dsp€,.

END Dspe8o3.
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IMPIE¡,fENTAIION MoDUTE DSpeBoE;

FROU
FROM

FROM
FROM

FROM

À¿tsTR
À.ut oÎwer
ConvReal
ErrorBÕ.3
GraphHelp

FROM Graphlcs

FROM IO
FROM MalnBuffe¡
FROM Mathllb
FRCM Nunberconvetslon IMPORT CardTÐStrlng, StringTocard,

IntloSt.rin.l, StrlngTolnt ;
FROM Regulnon I}{PORT ltpdâteRegulatorstatê;
FROM Strlngs I¡4PORT Copy,Insere,.

VÀR DSHåndle:handle;
Bor: rectangle..
Texr:ÀRRÀy[0..2], [0..10] oF cH.aR,.
TestPolnt :ÀRPÀY[1. .2] oF point.,.

(* ----------
PROCEDITP€ In j.t. (VlewPort : ¡ectâ¡¡l.l-e) i
BEGIN

VlrluaJ-Screen (DSHÐdIe) t
SetvlewPort (DSHæd1e, VlewpcrE ) ;
SêtRectægle (8o3, 0. 0, 0. 0, 1. 0, 1. 0) ;
Setftlndow (DSHædLe. Bor) t
SetFlllcolor (ÐSHandle¿ ceÈBrxcolor O ) ;
SetTEf,tCo Lor ( DsHandle, c€tÎ:-1:tco 1,rt ( ) ) ;
Copy ( 'Ðes lgn¡. û, 6, Têrt [ 1] ) ;
SetPolnt (Tert.PÕint [1], O.L, X. 6) ;
Copy ('Speclfs', 0, ?. lest [2 ] ] ,.

SetPolnt (lertPoint [2] ,0.1,1.1) ;
EñD IniÈi

(r ----------
PROCEDUP,.E Draw;
BEGIN

HldeCursor,'
FLllP-ectan.lle (DSHæCIe, Bor' ,.

W¡ltestring (DSEÐdle, lestP,)int [ 1] . Te:t [ 1] ) ;
WrltêStrlng (Ds¡lÐdle, Te:itP,rinr [: ] , Tesr I: I ) ,.

ShoHCursor;
Êl{D Drar :

(*
PROCEDTP€ DSpå;
(t ---FÊrf,)m thê 'lj.sFLav of the .l:si,fn spê.:1fi:atlons Ln thê

user lntelactlon space --- -¡
CONST NrOf St.rings=7,'

r!ñ-1 .
râr.r-^.

\/ÀR DSpêHandIè : han,3le;
VlewP.rrt, Box : rÊ,:-.an,Jle;
Hldth. helght,Value,Y,U : F-Eå¡;

1i;Ìii¡iläii:i!r:'Ítiiì:::,iiiir:i;üii*
:.i.Ja-i'-.:.:+i.:¿ : !r:v .!!|j:j :.,!t:!n!t::¡-

:i.i:üi i!:È.1!ti:4 ;t::j¡:¡ir:;::;1:;:;:::4

BPORT startfndlrectsÎR, fndlrectsTRi
IMPORT Globa IDat a, TempDat a, Regu1 atorÎl¡I)ei
IMPORT P,eâllostrlng, SÈrlngToReal ;
IMPORî PrlntErro¡,.
n4PORT cetTe:.tCo 1Ðr. GetBozcolor, Setpolnt, SetRectÐgle,

c€t],efcln, Clearleft;
DIPOP,T handle. lectangle, color, polnt, VlrtuaLsc¡e€n, Setwlndow,

SetViewPo ¡t, Writ.eSttl"ng, SetFl llColo¡, SetTertcoI Dr,
F11 1P.êatang Ìe. ReadStrlng, Charactêrs lze, EraseChar,
Hl.lecursar, Shôwcursol;

n4PORT ÀDInY;
IMPORT ActualÐata,.
IMPORT tôund;

*)

Test,ModlfÀoÀn.OK :
len,Llne,Pos,Valuec :
Te:t :
Àns :
Numstrlng :
TêrtPolnt :
PÌomptPolnt, ReadPolntl, Readpolnt2 :
ReadPolnt3, ReadPolnt 4, ClearPolnt :

BOOIEÀNi
CÀRDINÀf,;
ÀRRÀY[1. .NrofSÈrlngs], t0..30l oF CHÀR;
ÀRRÀYII..2] OF C¡¡ÀR;
ÀRRÀYIo..12] oF cEÀRt
ÀRRÀy[].. .Nrofstrlngsl OF polnti
point.,.
Point;

*)

BEGIN
ModlfAoÀn :- FÀISE;
vlrtuaLScreen (DSpe¡¡afidlê),.
cetf,eft ln (VlêwPort ) i
SetvlewPorb (DspeHandle, Vletpott) t
SetP.ectang]e (Bo:, 0 .0, 0. 0, 1. 0, 1. 0) ,.
SetWlndor (DSpeHandle, Boz) ,.

SetFl 11Co lot ( DSpeHandLå, GetBo:CoIor ( ) ) ;
SetTestColo¡ (DSpeHandLe. ce¿Test.Color ( ) ) t
ChaÌactetsÍze (DSpeHandle, wldth. hetght) ;
FOR lLne:- 1 TO Nrofstrlngs DO

SetPolnt (testPotnt [I.lne] ,0 .05. 1. o-ELOÀ! (rlnê) *1.2*hê19ht) t
EI'¡D;
SetPolnt (P¡onptPolnt, 0. 05, 0.05),
SetPotnt (ReadPolnt.l-, 0 .0S+wldth, 0 .05 ) ;
setPolnt (clearPolnr, 0 .0 5+2. o*wldth, 0. 05 ) ,.

SetPolnt (ReådPo1nt2, 0 .05+3 . 0*s{dthr 0. 05 ) ;
SetPolnt (clearPolnt., 0 . 05+4. o*wldth, O. 05 ),
SetPolnt (ReadPolnt3, 0 .0 5+5. 0*widrh, 0. 05) t
SetPol.nt (ClearPotnt, 0 - 05+8. oiwldth, O. 05 ),
SetPolnt (ReadPolnt.4, O. 05+9. 0irldth. 0. 05) ;

REPEJLÎ
Copy (i1 Ào.degrèe,, 0, 11, Têsr [1] ] ;
copy('2 Ào', 0, 4, TerE [2] ),.
copy (¡3 Àm.degree¡. 0, 11, Text [3] ) ;
copy ("4 ÀD',0,4, Tesr, [4] ) ;
copy (¡5 Bn¿', 0, 5, Têxt [ 5] ) t
Copy (¡6 IntÀctlonr, 0, 11, TêsÈ [6 j ),
copy ('E Ealt',0, 6, Tâxt [7] ) ,
I.en:-?,.
WIÍ'H GlobalData-Deslgî DO

Cardlostrlng (Ào. degræ, NUDStlIng, Len ) ;
Insert (NmStrl-ng, lext [ 1], 11) ;
RealTostrlng (Ào, coêf f s [ 0 ], Nunstrlng. ten) t
Insêrt (NunstrLng. 1æt [2], 4),
IF Ào-degre€>-1 THEN

ReaLTostrlng (Ào. coeffs I l] , Nunstrlng, Len) i
rnsert (NumsÈrlng, T*r [?], 13) ;
IF Ào.degræ>-2 T¡IEN

ReaÌTostrlng (Ào. cÕêffs [2 ] , Nunstrlng, fen) ;
Insert (Nustrlng, T*r [:] ,22) ,.

ENDi
END;
CardTostrlng (À¡û. degtæ, ñuostrlng, LÐ ),.
InserÈ (NunsÈr1ng,Î€t [3] ,11) ,
ReaIlost.lng (Àn. coeffs [0 ] , Nunstrtng, fen) ,.
Insert (NmsÈrlng,Iest [ 4] , 4) ,.

Reallost¡lng (Àn. coeffs [1 ] , NuESEring, !ên) t
InserÈ (Nust¡lng, Test [ 4] ,13) ,
RealTost¡1ng (Àm. coeffs [2 ] , Nu¡Strlng, Len) ;

r)



:: :i i. ::

::]]'::-].:::

InserÈ (NmSE.r1!g,Tàct t4),îZ) ,
P,eaIToSE.rlng (BEprln-coeffs IO] , t¡urìStrlng, !en) ;fnsert (NumsErlng, Teït t 5l, 5 ),.fF IntegralÀctlon THqN

fntTostttng ( u¡, Nu_.tr1ng. l,en ),.

lntTostrlng ( zero, N.ustrlng, Len ) i
END;
fnsert (NunsÈ!1ng,Texr I 61, 11),

END;
Hldecu¡sor,.
FlILRectægle (DSpe¡Iand_e. Bo:|),.
FOR T.tne:- 1 TO NrofsÈr1ngs DO

Wrlteserlng (DspeHæctle, Te:<rpoint Irine]. Text [flne] ) ,.

Wr j.tsStrlng ( DspeEandle, p romptpolnC. "¡r ¡,.
Showcurs or;
Readst¡lng {DSpeHÐdIê, Feadpolntl. À.ns ) ,.
HldeCursor,.
Erasechar (DspegandJ"e, Ctearpoint, L ) ;
Showcursor,.

(* ---Ào and Àm can be changel fr--,m the usex lntêractlon spacethe coefflcl.sts ånd the de]ree should be changed, ___ È)
IF (ÀDs[1]-'1'] THEN
IF NOT GtobalData.Àdap: THEN

ModlfÀoÀD :- ÎRUE;
Readstrlng (DSpeHand1e, Readpol-nt2, Numstring) i
Þ^e.-^.

Strlngtocard (NuûSt¡1!g, vatuec, Test ),.
IF lesr ÎHEN

clobaLData .Des ign -Ào.deJree: -Valuec,.
É15E

PtlntE.rro¡ ('Conversion Erxor'),.
EI.¡D;

ALSE
PrlntEffor('Àdaptive Re.lulatÕr" ) ;
PrlntError ('Modlfhatlon teposslbJ.e,),.

EI{D,.
END;
IF (Àns t1l -r2', O*
IF NOT GlobalDara.Àdapt THEN

ModlfÀoÀm :- Ip,UE;
Readst¡lng (DSpeHandle. Readp.1nt2, ìIumstring ) ;
PÐs:-0;
SÈrlngToReal (NunSt!1ng. pos, Value),.
lF O^ êz\ô îÎFrt

GlobalData.Des l,Jn. Ào. coeff s [ 0 ] 3 =Value,.

PrlnÈErrot (¡Convelsion Er¡,x") ;
END;
Rea.ls trlng ( DS peHandle, p,êa.lp,f, lnt 3, ¡tuL< t. r j.n g ),.
Pos :-ù,'
StrlngloReal {NumStrln.l, pi,s, Vatue) ,.

fF Pos<>O THEN
Global.Data.Des i,Jn..l! . c,rèff s [ 1 ] : =ve l-uè;

PrtntEl¡,Jt ("Conversi x Error'),.
E¡JD;
P,eads lring ( DSpei{and1e. Rea.ip,r tnt 4, UumS trLng ) ;

.:. r:.....::
: : :i:.. r. i::::l

StrlngToRêaI (NuÐStr1ng, pos, value) ;
IF Pos<>O THEN

clobaJ.Dåta -Deslgn.Ào. coeff s [2 ] :-Val-ue;
EISE

PrlntError ('Conve¡s1on Erro¡') ;
E¡ID;

PrlntEEo¡ ( 'ÀdapÈIvê Regr¡Lato¡') ip.rlntE¡rôr ('Modlflcatlon lnposslblâ'),.
END;

END;
IF (Àns [1] -'3') l''t¡EN
IF NOt GlobalData.Àdapr IEEN

ModlfÀoÀn :- TROE;
Readst¡1ng (DSpet¡andl€, Readpoint2, NumStÌl.ng),
Þôa .-ô.

StrlngTocard (NunSttlng, valuec, Test) ifF Tèst ?liEt¡
cIobalDatå.Des lgn. Àn. degree : -Valuec;

ElSE
PrlntEEor ('Converslon Error') ;

END;
ELSE

P¡lntEffor ('Àdaptlve Rêgulator. ) ;
PrlntError ('!.{odtf lcat lon Lrnposs 1.ble' ) ;

E¡¡D;
END;
IF (Ans[1]-'4') T¡;EN
IF NOT ctobâLDara.Àdapt îHEN

ReadsÈrlng (DS!ÞHandle, Readpotnt?, NunSttlng),
Pos:-0;
StrlngloRea1 (Nu.Bstrlng, pos, value) ,.
fF Pos<>o TUEN

cIobalData.Des 19n..An. coeff s I O] :-Value,.
FÎ CË

PrlntErtor ('ConversLon Errot¡) ;
E¡¡D;
Readstrlng (DSpe¡iandle, R€adpolnt 3, Nun.Strlng) ;Pos:-0i
SttlngloReal (NuDSt¡lnq, pos, Value),-
IE Pos<>o ÎI¡EN

cÌoba1Data.Des19n.Àn. coeffs [ 1] :-Value;

PrlntEllor ('Conve¡s1on El¡or') i
END i
Readsttlng (DSp€¡fandl€, Readpolnt 4, Nu¡nSt¡1ng),.
Pos:-0,.
StrlngToReaL (Nunstrlng, pos, Value) ;
IF Pos<>O THEN

clobalData.Des lgn.Am. coeff s [ 2 I :-Value,.
ETSE

PrlntE¡ror ('Conve¡slon Errol.) ;
END;

PrhtEtror ('Àdaptlvê Rêgulato!¡ ) ,.
PrlntE.rror ('Modlf lcatLon íEposslblê') ;

END;
E!¡D;

UNTÛ (cÀP(Àns[1] ]-'E') -
IF UodlfÀoÀE ÎttEN



srarr Indl¡ectslR (GlobalData.Àdapt, oK) ;
IF OK THEN

PrlntEr¡ô¡ ('fnditætslR srartedtr) ;
Y :* ÀDIntO,
tt :- ÀctualData.uto;
IndlrætstR (FÀ¡sE¿9, Y) ,-
{tpdarep.eg'ulat o.rst atei

P!1ntEÌror('Indl.tect StR not started') ;
END;

E}¡D;
clead€fti

Ðì¡D DSpê,-

EñD DSpeBor.
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DEFINI TfON ¡4ODttLE RegulModuÌe;

El(PORl QUÀ¡.IFrED StarÈ, À¡r¿lelpê, Vætot:llPe;

TYPE vectorTl?e - ÀRRÀytl..111 oF REÀL,

ryPE Arral{lpê - ÃRRÀy [1..6],t1-.31 oF REAL;

PROCEDI'RE SI,Arti

END Regu!{odule.
\032



IMPInfENTÀTION MODULE RegulMcdule,.

TMPORT DebugPMÐ'
F.ROM ÀdI51R II{PORT fndlrætsTR,.
FROM AutoTuèr IMPORT Tunepæ, pa¡t]¡pe. InltÀutoTuna. Àutolue,

GJ-obalÐat â, TempDåta / ymean i
FP.OM EltorBou IMPORT ptintE¡rÕr;
FP.OM fO û4PORT ADIry, À¡rnE.Ît, DÀOurU;
FROM Kernel IMPORT Tlne. Setprlorlty, GêtTlme, fncTl¡De, ¡{alttntlJ.,

create-> r')cess ;
FP,OM MainBuf:er IMPOF-T ModeTlDe, cetMo,lê, SetMo.Ce, cetpar, Setpal, cetslgnal,

Setslgf,al, cêth, Sêtlunlngok. Setcsslgnals,
GetGSSi,lnaI. SlgnalType, ÀctualData;

E-P.OM PlotBuffer IMPORT putDatå,.
FP.OM Plottvlndow IMpORf cèt¡,imitsg,.
FROM Regulâtor IMPORî Cont¡olslgnal, I¡ltRegulator, ResetRegulator,.
FROM Regulmon IMPORT Newconrro1siEnal, NewAdapelvep.êgulato¡,

UpdateRegul atÕrSt.ate ;
FROM RLs IMPOP,T Estlnatlon,.
FRoU SEorage IMpORT À¡!OCÀ:E, DEÀL!oCÀTE,

l¡ÀR
K,Meã : REÀLi

(*
PROCEDTJ1RE InltMea;
BEGTN

K :- 100.0;
!.reæ :- 0.0i

ENÐ InltMean;

(* ---------- ------- È)
PROCEDURE UpdaEeMean (X:REÀL) ;
(* Computes the mean of a r€al slgnal, X *)
CONST Laabda - 0.95;
BEGTN

R :- R/ (K+T.aEbda) ,.

l.feæ :- Mean + K* (X-Mean) ;
END ûp.lateMeÐ,.

PROCEDTTRE G€tMean O : REÀL t
BEGIN

PtfgP¡l (Mean) ;
END G€tl.lêani

(r

(*
PRCCEDURE Regul;
(* Process whl,:h supenises th= chrlce,rf th: ml,les Man,
\rÀR Modê, Last-Made. !'lc,deBef,rraÎu:1ng : MÐ,1êT!?e,.

h. uc, y, u, e:t., v, LrMln/ UMa:i. Djm? : pf*\I,.
par : ÞàrT;p€,.
lunlngEnded,Tunlngok : EOOTE¡N,.
T : T-hÊ,'

BEGIN
SetPrlorit!¡ (20 ) ;
LastMod€ :- CËtMc,le ( ) ;
Gètl.lmltsû (uuIn. tMar) ,.

'r 
.' ô ô.

*)

*)

*)

P ID. Tune,Àdapt i)

GetTl-ee (T) ;
h :- ceth() t
fncTlme (T, TRUNC (L000.0*h) ) ;
Modê :- GeÈModeO;
CÀsE Mode OF

Þfan : uc :- cetslgnal (ûc) t
y 3- ÀDrny0;
Setslgnal (y, y) i
cetpaÌ (par) i
Dllmy :- ControLslgnal (uc,y,u,h,par) ;
v :- c€tslgna1(U);
rF v < tMln TIiEN

u :- UMln,.
EISIFv>UMâxTHEN

u :- U!{ar,.
Ft cÊ

u :- v,'
END;
DÀOurn(u) t I

PID : uc :- cetslgîal(gc)t
y 3- ÀDrnyO;
Serslgnal (y, y) i
cetPa¡ (Par) ;
v :- Conttolslgnal (uc,y,u,h,pat) ;
fFv<UMInTHEN

u :- UUln;
Ef.SfFv>UMaxTHEI{

u :- UMax;
gLSE

u :- v;
END;
DÀOutIt(u) i I

Tune:y:-ÀDInYO;
lF LastMode <> lune fIfEN

v:- GetMean0,.
InltÀutoTmê (v, GeÈS19na1 (Uc) , y, t|t ;
SÈtcsslgnãls (v, y,ÀDInExt ( ) ),
HodeBeforêTunlng :- lastuode;

END,.
ÀutoTune (v, y/ uc, TuningEndedr Tunlnqok) ;
IFV<T'MINTHEN

u :- Ol{ln;
EI"SIFv>Ul{a:ÎHEN

u :- ûMæi

u :r v;
END'
DÀOutU (u) ;
IF TunlngEnded TI{EN

IF Tunlngok THEN
SetTunlngok,.

NewÀdaptiveRegulator ( TempData -Regulator) i
P¡lntError ('Tutng was successful .') ,.

SåÈMode (Cont¡oL ) ,.
É1 CE

PrlntElror('Tunlng wasnrt successful.'),.
SetMode (ModeBef oreÎunlngl ;

END;
END; I

control : uc :- Gêtslgnal(Uc),.



y :_ ÀDInYO,
Setslgnal (Y. l¡) ;
WIîH ÀctualData DO

rêfrn .: r,^.
y1t0 := ADfnyO;

Y2t0 :- 0.0;
y3t0 := 0.0;

uto :- NewconÈlols lgnal ( reft o, ylto. y?t.o, y3to ),
END;
v :- ÀctualDåta.uto,-
IFv<ûM1¡!HE!

u :- ûMlni
ELSIFv>TJMa.aÎHEN

u :- t Mâ3,.
ELSE

END;
DÀOutU(u);
EstfuoaÈlo¡ {u, y) ;
IF clobalData.Àdapr SHEN

IndlrêctsÎR (TRUE, u, y),.
END;
ItpdåtêRegulatorst atê i

END,' 1* case *)
Opdate¡4êan (u) ;
Setslgnal (U, u) ;
PutData (u, uc) ;
last!{ode :- Mode;
Ìraltûntll (T) ;

EÑD;
E$D R€qult

(*
PROCEDÛRE Start.;
BEGIN

lnltRegulatoti
InltMêæ;
CreatêProcess (Reqn¡l, 20000 ) ;

EñD StarÈi

El¡D RegulModule-
\032

*)



DEFINITION MODÛIE RLS'

EXPOP.? QnÀ¡rFrED
Maxst.ors, &â31ndeÍ, co.L, na:t, Estlnatajaræeters,
RestartEstimat.lon, InltRLS, Estlmtloû, DORLS;

coNsr
Mazstore - 710,.
naxl-ndez - 10i (* maa uunber of estl-matê.C paraaeters i)

TTPE
ccl - ÀRRÀY[0.-m¡lndes] OF REÀL,-
latr - ÀRR-AY[o..mxlnd*l OF col,-

Ftlter2state - RECORD
x1,x2 : REÈL;

END;

\lAR
EstlmteParaeêtels : RECORD

fhêÈa : col; (* esÈlnated paræeters *)
Phf : cofi (* regresslon vector *)
L a ûatr; (r 1oiler trlangn¡Iar part. o! LD decompo-

sLtlon of P. Notlce that tbê eleûæts
are stôred coluDf¡vLse *)

D : côl; (È dleg. part ôf LD decoryosltlon of p *)
N : CÀRDINÀ!, (t number of estlnat.ed par¿nû *)

END'
PROCEDURE Rest artEst lnat 1on ( ze rothet a : BOOTEÀN ; VÀR ok : BOOLEjAIÍ) ;
PROCEDURE In1tRLS,.
PROCEDURE F11ter2 (3:R¿A.f,; R srates:Fllte¡:State,- VAR xf:REÀL),
PROCEDITRE EstlMtlon (u, y :P,EÄL),-
PROCEDURE DORLS(1IÀR theta,d:col,. !'AR I:marr; phi:col; n:CÀRDINÀ¡) i

END RLS.



IMPI,EMENTÀIION MODÛTE RLS;

Routlnêg fo¡ re.:usLve least squatê estimtÍon

Mlchael l,un,lh March 1988

(*--
(r
(*
(*

FROM Pcalc IMPORT Ðdegrêe. cceffvecto.r,
FP.OM ÀutoTme! IMPORT ModeLÎi?e. clÐbalData,
FROM ErrorBos MORT prl-ntEr:Õr,.

CONST

râlatlve -1.0E-8;

*)
cpoIy,.

Est lnÐataTl¡lpê;

vÀR
uf1, uf2, uf3
uflLÈêrsÈater
yflJ-terstate

: REÀ¡,.

: Fll.ter2State,-

PROCEDûRE F11ter2 (Î:REÀL; \/ÀR states :Fllter2state; VÀR :f :REÀL) ;(* Second ordet fllter for regressors *)
\rÀR nx1,nx2: REÀL,.
BEGIN

WIÎH GlobaLData. Estl[Data DC
WITH ststes DO

nx1 :- -Af.coeffs[].1 *x1 -.Af.coeffs[:]r::: + x,
E2 :- 31;
zf ¡- (Bf.cæffs[1]-Bf.coeffs[0jrAJ..Õeffs[1])rx1

+ (Bf . coeff s [2 ] -Bf .coef fs IO ] *Af ..oeff s t2) ) *zZ + Bf . coeffs [O] *r;

vl.-nvl '

x2:=re2¡
END;

END,.
END Fj.lter2t

(*
(i
(*
(r
(*
(*

Routl¡es for Rf.S estleatlon based ,f,n dvadl,: reduction
Ref. Pêterka IFÀC-86.

Karl-Johan Àstrom æd M:l,:hae1 Lundh 87 .05. 05

PROCEDI'RE
Dl¡ad1cRêductlon (\rÀR ã. b : co1 ; Våp. atpha, beta : p.El¡ t0/ 11,12 :CÀRDINÀ!) i
CONST

@erÐ - 1.0E-10,.
r,?R

I : CÀP¡IN¡!,.
wl-,w2.bl,9æ: REA!;

BEGIN
IF beca<nze¡o TIIE¡I beÈa:=O-0;
bl :- bIi0];
wl :- alpha;
w2 :- betatb1,.
alpha :' alpha + w:*bL;
fF alpha > nzeÌo T¡iE¡¡

betå :- wlrbeta/älpha,.

EìiD,.

gæ :- wz,/alpha;
FOR 1:-11 TO 12 DO

b[1] ;- bItj - bl*atl];
a[1] :- aIt] + gurb[t],.

END;
END;

END DyadlcReductloni

(r ---------_

LDFllter(VÀR theta,d:co.].,. \¡AR l:mtr,. phl:cot; lanbda:REÀL,. n:CÀRDINÀ! ),VAR
t,J : C¡.R'DINÀ!;
ê,W : REÀL;

BEGTN
d[0] :- lanbda,.
e :- ph1[0];
8OR 1:-1 TO n DO

e:€-cheta [1] *Phl[1] ;
s¡=pþJ. [1],-
FoR J:-1+1 To n Do w:-H+ph1[J¡*1lf,Jl,. END;
I [ 0, 1] :'o.0;
I [1, o] :-ç;

END'
FOR 1:-n TO L BY -1 DO (* n.b. backward loop r)

ÐyadlcReductlon (l [0], 1 I1 l, d t 01, dt Ll, o, f , g ;
END;

FOR 1:-L TO n DO
theta [1] :-rheta[1] +] [0, 1] *êt
ditl ;-¿¡1¡,/læbda,.

END;
END ¡DF1ltet;

*)

( *---------__
PROCEDUP€ RêstartEst lmat lon ( zêrothêta : BOOIEÀN; VÀR ok : BOOI-EÀN) il/AR I,J:cÀRDINÀJ.;
BEGIN

WIT!¡ Global.Data.Model. DO (i seC modêl polynomlâIs *)
IF À. degree+B.degræ+1>maxlndes T¡iEN

PtlntE¡ro!('Deg À + Deg B>9.) i
ok :- FÀ.LSE;
RETT'RN;

END;

-------i)

FOR 1:-À.degrsê+l TO mdegræ DO
EOR l:=B.dêgree+1 TO mdegre€ DO

À.coeffs[1]:-O.0t
B.coeffsltl:-O.0,

END;
END;

À. coeff s [0] :- 1.0,.

IF zerothêta Î¡lEN (* default sêttlngs of À and B *)
FOR 1:-1 TO trdâJre€ DO À-coeffs[1] :-0.0; END,.
CÀSE À.dê,f¡ee OF

1: À.coeffstll :- -0.51
22 À.coeffstll :- -1.5,. À-co€ffst2l z- 0.7:

EI,SE À-coeffs[1] :- -2.0; À.coeffst2l :- 1.4; À-coeffs[3] :- 0.4;
ENDi
FOR l:-0 lO B.Cegræ DO B.cæffs[1] :- 2.Oi Et{D,.

ENDi



lfltH EstlmateParaDeters Þ) (* Èransfèt pata.nêters from modeJ. *)
lheta[0]:-0.0,.
FOR i:-1 !O À.de.gree DO

ThetaIl] :- À.coeffs[l];
END'
FOR l:-0 10 B.degræ DO

Tl¡etâ[1+À.dêglee+l] :- B.cæffs [1] ;
END;
N : -À. deglee+B. degrê€+L t
FOR 1:-N+2 tO m:rlndæ DO

theÈalll :- 0.0;
E1ND;

FOR l:-O tO naaindã DO
FOR J:=0 TO mxlnds DO

r,[1'J] :-o.o;
ENDi
I.[1,1]:-1.0,'
Dtfl :- GLobalData.Es¿inÐata.DO;
PhI[1] :- 0.0;

END,.
END;

END,

WffH ufllte.rstate DO s1:-0.C; x2::0.0; END;
wfTg yfllterstaÈe Do ¡1:-0.0i :!2:=0.0; END;

Phl[0]:-yfo;
IF GlobalData.Àdapt T!¡EN

DORLS (Theta, D, I, P¡¡l, N) ,
END;
lfllH GlobalDatå.Model. Do

(* Update regressors (pbl-vector)
FOR 1:-N TO 2 BY -1 Do

PhlII] :-Phl[L-1];
E¡¡D'
Phl[1] :- -yfoi
cÀsE delay oF

1: Phl.[À.degree+1] :- ufol
2: Phl[À-degreê+l] :- ufll
3: PhlfÀ.de9reå+11 :- uf2l
4: Phl[À.dègtee+l] :- uf3i

END;
IF GlobalData.Àdapr IEEN

FOR 1:-1 10 À.degree Do
A.coeffs [1] :- TbetaIt] ;

glüD;

FoR l:-0 fO B.degrê€ Do
B.coêffs Él :- theta[1+À.de9rêâ+1],

EÑD'
END,.

END,.

END,.
uf3 :- uf2i
uf2 :- uf1,.
ufL :- ufOi

END EstlEtlon,.

END RLS,
\032

ar¡d trÐsfer paramêters to modêI *)

ufl :' 0.0i u!2 :- 0.0; uf3 := O.O;

GIobalData.Estl&Data.EstPulTrcse : -¡ ¡4ODELPOf.y' ;
Elr¡D RêstartEstbationi

(*
PROCEDSRE INITRLS;
vlR l,J : CàRDINA!;

ok : EOOIEÀNi
BEGIN

RestarÈEstlEatloÀ (fRItE, okl ;

WIî¡l ufllterstâte DO s1:-0.0,- x.::-{).0,- END:
WITI¡ yflLterstatê DO 11:-0.0,- x2:=0.0; END,-

*)

u!1 :- 0.0;
END IDi.tRLS;

uf2 :- 0.0,' uf3 :- 0.0,.

(r
PROCEDûRE DORLS(\rÀR thêta,d:co1/- vAR 1 :matri Fhi :.o1,. n:CÀRDINÀ¡) t

LDFIIÈêr (Chet.a,d, I, phl.clobalDâÈa. Estls¡Ðar3-Lanbda, n) i
E}ID DORLS,.

*)

(r
PROCEDURE EstlGÈlon (u,y:REÀL) :
lÌAR 1 : cÀP.tlNÀL,.

ufO,yfO: REÀL;
BEGTN

FilÈ€!: ( u, ufll.terst3tê, uf rl) ,.

FiJ.Èer2 ( y, yfllte¡sÈaÈe, yfrrt ;

mfE EstLDatePa¡aDeters DO

*)


