LUND UNIVERSITY

A Self-Tuning Regulator for Systems with Known Dynamics and Unknown Disturbance
Characteristics

Mannerfelt, Carl Fredrik

1982

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):

Mannerfelt, C. F. (1982). A Self-Tuning Regulator for Systems with Known Dynamics and Unknown Disturbance
Characteristics. (Technical Reports TFRT-7246). Department of Automatic Control, Lund Institute of Technology
(LTH).

Total number of authors:
1

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

« You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00


https://portal.research.lu.se/en/publications/0433d547-dfa2-4275-b564-1e6c11205783

CODEN: LUTFD2/ (TFRT-7246)/1-20/(1982)

A SELF-TUNING REGULATOR FOR SYSTEMS WITH KNOWN DYNAMICS
AND UNKNOWN DISTURBANCE CHARACTERISTICS

CARL FREDRIK MANNERFELT

DEPARTMENT OF AUTOMATIC CONTROL
LUND INSTITUTE OF TECHNOLOGY
AUGUST 1982



A SELF-TUNING REGULATOR FOR SYSTEMS WITH KNOWN DYNAMICS
AND UNKNOWN DISTURBANCE CHARACTERISTICS.

Carl Fredrik Mannerfelt

Department of Autumatic Control
Lund Institute of Technology

Lund 19782



DOKUMENTDATABLAD RT 3/81

LUND INSTITUTE OF TECHNOLOGY

Document name

Report

Date of issue

DEPARTMENT OF AUTOMATIC CONTROL

Box 725 August 1982

Document num

S 220 07 Lund 7 CODER: TOTED2/ (TFRT-7246) /1-20/ (1982)

Sweden

Authorls) Supervisor

. Sponsoring organization
Carl Fredrik Mannerfelt

Title and subtitle
A Self-Tuning Regulator for Systems with Known Dynamics and Unknown

Disturbance Characteristics

Abstract

The problem of control of systems with known dynamics and unknown disturbances
is adressed. A solution to the problem is obtained by first assuming that the
disturbance characteristics are known. The corresponding controller is a pole-
placement regulator. Then the unknown parameters of the system that generates
the disturbance are estimated by the least squares method. By using the para-
meter estimates as the true parameters in the regulator design, the controller
is made self-tuning.

Simulations show that the proposed self-tuning regulator has attractive proper-

ties, also when the disturbance has time-variable parameters.

Key words
Self-tuning regulator; Parameter Estimation; Piece-wise Deterministic Signals;

Classification system and/or index terms (if any)

Supplementary bibliographical information

ISSN and key title ISBN

Languadge Number of pagés Recipient’s nofes

English 20

Security classification

pistribution: The report may be ordered from the Department of Automatic Control or borrowed through
the University Library 2, Box 1010, 5-221 03 Lund, Sweden, fetex: 33248 lubbis lund.




1- INTRDDUCTIDNI.lI--III-.lli-I.-IllIllIntlI--UIInIII-I-IQS

2. DESIGN FOR SYSTEMS WITH KNOWN PARAMETERS.....ccuvanee-. 3

3- THE SELF-TUNING REGULATOR--.-.-.IllIIIIIInIl-lll-I-I-IIS

a- SIMULATIDNS.-.-----IIIll-nnnliul-linI-I-luIII-Iltn--lllz

5- CUNCLUSIDNS.II.IIlllll.l.lIIlIIIIIIIlllll.‘.l..ll.'.l.iq

60 REFERENCESII'I‘I.III.IIlllIII.Illlll.Ill.lIlIIIlll.lulzo



(o

1. INTRODUCTION

The theory for adaptive and self-tuning regulators has
developed considerably during the recent years. There has
appeared some new approaches to the problewms of regulator
design and parameter estimation. However» the basic design
principles for self-tuners can still be divided into two
cathegories:

I. The regulator problem formulated in a stochastic
framework. This problem is often solved with optimal
contrel techniques» e.g. self-tuning wminimum variance
controls see Astrdm and Wittenmark (1973).

II. The servo problem formulated in a completely
deterministic framework. This is wusually done by
specifying a desired set of poles and zevos for the
closed-loop systems e.g. self-tuning pole-placement
design, see Astrom and Wittenmark (1930).

It iz assumed that the reader is familiar with these basic
design principles.

A combination of the stochastic control problem and the
deterministic servo and regulator problemss seems to be
non—trivial to solve with self—-tuners. This was indicated in
Wittenmark (19273)s where a self-tuning wminimum wvariance
regulator with forced integral action was simulated.

The present paper is concernsd with self-tuning control of a
special class of systems. The systems we consider have known
dynamicsy and are subjected to deterministic disturbances
with unknown characteristics. The control situation implied
by these assumptions is quite common. It is often
disturbances of the type step» ramp or sinusoids that is the
main reason for controls while the dynamics of the process
is well defined and is no source of trouble.

The designh method is first formulated in the case of khown
process disturbances. The resulting controller is a
pole-placement regulators which has infinite gain at the
frequencies of the disturbance. When the disturbance
characteristics are unknowns they can be estimated with
system identification methods. By estimating the parameters
in a wmodel of the disturbance and using estimates in the
regulator designs the regulator is made adaptive.
S8imulations show that the self-tuning regulator has good



ability to eliminate disturbances. They also show that the
regulator can adapt itself to disturbances with slowly
time-varying characteristics.

The paper is organized as follows: The proposed design
method for systewms with khnown disturbancess is presented in
Section 2. In Section 3, the algorithm for the self-tuning
regulator is given. The simulation experiments are presented
in Section 4y and Section S contains the conclusions.
Finallys the references are listed in Section 4.



2. DESIGN FOR SYSTEMS WITH KNOWN PARAMETERS

In this section we start with the formulation of the control
problem. Then a design method for systems with both known
dynamics and known disturbance characteristics is presented.
The method is not new. It is rather the formulation of the
control problem that makes the design wmethod suitable for
sel f—-tuners.

Caonsider a process with the input—-output relation

Ay = Bu + w (2.1)

where u is the inputy w is a disturbance and y is the
process output. A and B are polynomials in the forward shift
operator q. The process disturbance w is assumed to be the
output of a linear autonomous dynamical system. The
disturbance then satisfies

Dw = 0O (2.2)

where the zeros of the polynomial D are the poles of the
system that generates the disturbance. D is also referrved to
as the generating polynomial of the disturbances see
Astrdm (1979). It is assumed that the polynhowmials A and B
ave knowns and that the polynomial D is unknown.

The design problem is to find a regulator such that the

transfer function from command input u to output y is given
c

by

/ 2.3
BMB AM C )

where A and BM are given polynomials. Furthers the

disturbance should be totally eliminated in the system
output.

If the generating polynamial D of the disturbance is known,
the posed problem is easy to solve with the pole-placement



desigh method, see Astrdm and Wittenmark (17230). A general
linear regulator can be represented as

Ru = - 8y + Tu (2.4)
c

where R» 8§ and T are polynomials in the forward shift
operator. By combining (Z.1) and (2.4)sy we can represent the
closed-loop system as

Yy = e U A e W (2.5

The condition that the effects of the disturbance should be
totally eliminated in the outputs leads to

Rw = 0O (2.4
Thiss and equation (2.2), give that R can be factorized as
R = RID (2.7)

Since the poles of the regulator are the =zeros of the
polynomial Rs vrelation (2.7) shows that the regulator has
infinite gain at the frequencies (modes) of the disturbance.

The other condition of the designs is that

AR+ B8 - B/ fim (e s

which implies that T can be factorized as
T =4AER (2.9

The polynomial A can  be interpreted as an observer
[w]

polynomialy see Astrdm (19746)y and it should be chosen to
have zeros inside the unit cirele |(z| = 1 (the stability
region). The regulator polynomials R1 and 85 can now be

derived from the equation

A = ADR, + BS (2.10)
AD ™ 1



3. A SELF-TUNING REGULATOR

We will now proceed to derive a self-tuning regulator for
the control problem described in the previous section.

The idea behind self-tuning regulators is the following:
Start with some suitable design method for systems with
known parameters. Then use some identification procedure:
such as the Recursive Least Squares (RLS) methodsy to
estimate the unknown parameters of the system. The regulator
is then redesigned at each sampling step: using the
estimated parameters.

We start with a discussion of the parameter estimation.

In the posed control problems the charactewrization of the
disturbances i.e. the coefficients in the D-polynomials are
assumed to be unknown. The disturbance w is itself also
unknowns but it can be computed from known datat

w = Ay - Bu 3.1

Since w is khown to satisfy

Dw = 0 (3.2

for some polynomial Dy it is straightforward to estimate the
unknown coefficients in D. Practically any estimation method
can be used. Here we proceed with the recursive least
squares methods RLS.

First specify ns the number of parameters in D that is to be
estimated. the structure of D is thus assumed to be

Diq) = q @ + dlqn—1+ .. .+ d (3.3
n

Introduce a vector of parameter estimates

and a vector of regression variables



By examining egquation (2.10) it is possible to get
conditions on the degrees of the polynomials R1 and 8. This

is fully elaborated in Astrdm and Wittenmark (1932).
The resulting design procedure can be summarized as:

Data: Given polynomials AsB and D that represent the
processy and polyhomials AM and BM that describe the
desired closed- loop systewm.

Step 1: Determine a desired observer polynomial AD, of
degree

deg A 2 2 deg A + deg D — deg AM -1 (2.11)
o
Step 2: Solve the equation

= ADR, + B
ADAM A i S

with respect to R1 and 5. The degrees

of R1 and S are

deg R1 = deg A + deg AM - deg A — deg D
o

deg S = deg A + deg D - 1

Step 3: Form the control law

RDu= -8y + A Bu (2.12)
oMc

In the next section we will present an algorithm for a
self-tuning regulators based on the proposed design method.
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A

where w is computed according to (3.1)s but with delayed
inputs and outputs

A —deghA
w = q L Ay — Bu 1 (3.6)

The RLS estimate is then given by
e(t) = 0Ct—-1) + Pitorpltrelt) (3.77

where € is the equation error

A T
(k) wit) — ot o(t-1> (3.3)

and

PCt)

]
1
~
r

|
Foy
~

|

————————— - /ACED (3.
ACEY + @(BYP(E-1)p(t)

The forgetting factor A(t) can be chosen as a constant,
usually in the range of 0.95 to 1.0» or as a time-varying
variabley see e.qg. Astvém (1982). Use of a forgetting factor
that is 1less than unity has the positive sffect that the
estimation algorithm (3.4) tao (3.9) is able to track the
parameters of slowly time-varying disturbances. This will be
illustrated in the next section.

If it is known that the D-polynomial can be factovized as

D=D0D €3.100

(Y
[

where D1 is knowns only Do needs to be estimated. In this

A
case we redefine the variable w as

A -(degA + degD ) )
w=q 1 DIE Ay - Bu 1 (3.11)

and the 6é-vector contains only the estimates of the
coefficients in the unknhown Dz—polynomial. An example of
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this is when it is known that the disturbance w has a
constant level. The D-polynomial can then be factorized as

D= (q -~ 1)DH 3.1
o<

In some situations it may be known that the system is
subjected to high-frequency disturbances. Such disturbances
are difficult to eliminate since this often requires large
control signals. It is then no longer interesting to
estimate the corresponding factors in the D-polynomial. A

A
way to avoid this is to filter the w-variables before using
them in the estimation algorithm» according ta

A -degA
w = q HC Ay - Bu 1 (3.13)

Here H is a (causal) low-pass filter with appropriate
bandwidth. This measure also reduces the disturbing effect
that high-frequency modelling evrors in the process model,
i.e. the A and B polynomials: may have oan the parameter
estimation.

In the oviginal formulation of the problemy it was assumed
that the disturbance satisfied

Dw = 0O £3.14)

for some D. This assumption may in fact be relaxed to

Dw = & £3.15)

where & is zero for most times. At the time instants when
& £ 0s the system that generates the disturbance is
excitated by some wmechanism. The RLS estimation of the
D-polynomial works well also in this case. If we use the
assumption that the sequence {&£(t))} is a stochastic process
which can be represented as independent white noisey the
parameter estimation still works well.

The algorithm for an adaptive regulator for the control
problem can now be formulated. The following steps are
repeated at each sampling instant:

Step 1: Estimate the parameters of the D-polynomial with the
recursive least squares method.
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Step 2: Desigh the regulator accordihg to the algorithm in
Section 2y using the estimated D-polynomial.

The assumption (2.2) of the disturbance means that future
values of the disturbance can be exactly predicteds if the
D-polynomial is known. When the D-polynomial now instead is
estimateds the self-tuning regulator can be interpreted as a
combination of feedback from a pole-placement controller and
feedforward from an adaptive predictor.

In the next section we illustrate the properties of the
self-tuning regulator with some simulation examples.



4. SIMULATIONS

In this sections two simulation examples are presented to
illustrate some properties of the self-tuning regulator. The
simulations are made using the simulation package Simhons
see Elmquist (1977).

Assume that the system to be controlled can be represented
as

yit+1) = y(t) + ulft)d) + wit)d (4.1
where the disturbance w is the sum of a constant level and a

sinusoidal component

witt) = w + w sin(2nt/T ) (4.2)
0 i P

This process model could e.g. be used as a description of a
tank with variable inflow and outflow» or as a model of a
product inventory when the demand for the stored article is
varying periodically.

The desired input-output relation of the system is

ytt+1l) = u () 4.3
c

The relevant polynomials thus are

Atgy) =g - 1 and Big) = 1
A gy = g and B (g) = 1
M M
3 2
Dég> =g + dgqg +dg+ d
1 2 3

From relation (2.11) we see that the observer polyrnomial A
o

is at least of Z:rd ordery and we choose it avbitrarily as



A (g) = q3
o

13

This leads to the follaowing structure of the regulator

polynomials

R (g =1
" q
(g = & q3 + g q2 + 8 Q+ 8
o i 2 3
3
Tiq) = A (q)B (g} = q
(a] M

By solving the polynomial equation we get

In Figs. 4.1 and 4.2 are shown the simulations of the

process when the system is controlled by the self-tuning

regulator. The command input u is a square wave signal. The
c

characteristics of the disturbance is w,_ = 2y w, = 0.5 and

0 1

TP = 10. The forgetting factor was A = 0.95. It is seen that

the control rapidly is becoming very good. The estimates
the D-coefficients quickly converge to 'constant. values.
time t = 100 the period of the disturbance is changed
TP = 20. The self-tuner is seen to rapidly adapt itself

the new disturbance.

of
At
to
to
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Fig. 4.1 - The variables of the simulated process. At time

t = 100 the period of the disturbance is changed
to Tp = 20.

l
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2. i
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0.- )
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-1 I i T
. e
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3 1 L= —
0. 50. 100. 150. 200.
Time

Fig. 4.2 — The D-coefficients and their estimates.
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Assume that we want to control the speed of a DC servo
motors described by the set of differential equations

- = — + - N
x1 x1 25u 2051n(x2/100)
2 T
- = — - B = + .2
x3 ¢0x3 2400xa SOOx1
xa = xs
4.4)

y = X

a

Here xi is the angular velocity and xd_'h is the angle of the

o<

motor axis. The states X_ and x4 represent a resonance mode
~

that is due to a flexible coupling between the motor and a

tachometer generator. This mode is poorly dampeds § = 0.3
and mo = 50. The motor is subjected to a periodic 1load

disturbance that is dependent of the angle of the axisy via
a gear with ratio 100:1. The system thus is nonlinear. This
type of disturbance is common for instance when motors arve
used to drive rotating pumps.
To avoid aliasing effects the process is sampled with a
short sampling intervals h = 0.01. We use a simplified
linear process model for the sampled system

Ay = Bu + w 4.5
where vy is the measured angular velocity» u is the control
signal and w is a periodic disturbance. The polynomials are

ACq) =g - 0.99 and B(q) = 0.25

We require that the regulator should have integral action,
and the relevant D-polynomial therefore has the structure

2
Digy =D (g)L + d + d 1]
q 1 q q iq >
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where

D (q) =q -1
1 q

The closed-loop system transfer function is desired to be
represented by the polynomials (according to (2.33)

AM(q) = (q - 0.95)2 and BM(q) = 0.01q

This choice represents a moderate speeding—up of the motor,
but is otherwise arbitrary. With the above polyhomialss it

follows from relation (2.11) that the observer polynomial A
o

is at least of 2ind orders and we choose it arbitrarily as
2
A (g = (g — 0.
o

The regulator polynomials then have the structures

R (q) =1
N q

Si(qg) s q3 + 5 q2 + s g+ s
O i 2

T¢Q) = (q - 0.9)%0.01q

By solving the polynomial identity we obtain

SD = - 6.84 ~ 4d1
= - + l- -
51 16.57 7 Vbdl 4d2
s, = —12.654 - 3.96d1 + 7.96d7

=2- und .
53 724 3 96d2

We tried to simulate the self-tuning regulator based an the
data aboves but the caontrol of the motor was rather poor.
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The reason for this was that the resonant mode in the system
dest royed the estimation of the parameters of the
Dﬂ—polynumial. We then used a low-pass filter in the

R

parameter estimator, according to (3.133s to reduce the
effects of the high freguency modelling errors. The filter
was

0.05 q°
(q - 0.95)(q - 0.995)

H(q) =

This choice was not critical. The remedy proved to be
satisfactory. A simulation of the closed-loop system is
shown in Figs. 4.3 and 4.4. It is seen that the control is
quite satisfactory. The command input is a sSquare wave
signals switching between the levels 100 and 30
radians/second. The forgetting factor in the estimator was
chosen to A = 0.95.

It is obvious in this example that the sawmpling rate is
unnecessarily highy a sampling interval in the range 0.1 to
0.5 would probably have been more appropriate. In this case.
howevers a presampling filter would have beenh necessary in
order to avoid aliasing. Since the inclusion of such a
filter partly would have destroyed the illustrating effect
of the examples we prefered to use the high sampling rate
instead.

Here it is appropriate to stress that the proposed
self-tuning regulator eliminates the disturbances in the
sampled system. In the corresponding continuous time systems
the disturbance is in general only eliminated at the
sampling instants and not during the sampling intervals. The
faster the process is sampleds the better the control
becomnes. A cownon choice of sampling period for a system

with desired bandwidth mba is given by mbh { 0.5. Since the

disturbances we want to eliminate are within the closed-loop
system bandwidths: this choice aof h usually gives sufficient
disturbance attenuation.
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S. CONCLUSIONS

We have presented a self-tuning regulatuv for systems with
khowh dynamics and unknown disturbance charactervistics. The
regulator is based on a design method for systems with known
parametersy which is a variant of pole-placement design. It
is assumed that the disturbance acting on the process is a
completely deterministic signals which thus can be described
by its generating polynomial. It is this polynomial that is
estimated in the proposed adaptive regulator. Some
properties of the regulator are illustrated by two
simulation examples. The controlled systems behave
satisfactorys and the estimation of the unkhnown C(and
sometimes timevarying) coefficients of the generating
polynomial of the disturbance is quite acceptable. A means
to reduce effects of badly modelled system dynamics in the
estimationy is also presented.

An interesting goal for future research is to extend the
present self-tuning regulator to additiornally estimate the
dynamics of the system.



