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lntroduction

The National Science Foundation (NSF) and the Swedish Board for Technical
Development (STU) have signed an agreement for cooperation. Both agencies are
currently supporting research in adaptive control. The purpose of the seminar
was to bring the research in the supported projects together to provide a
perspective of the field, its accomplishments and deficiencies and to find directions
for future research.

The laboratory for Information and Decision Systems at the Massachusetts
Institute of Technology, directed by Professor Sanjoy Mitter, and the Department
of Automatic Control at Lund Institute of Technology, Lund, Sweden, directed by
Professor Karl Johan Âström, have long maintained close informal contact on
research problems of common interest. Therc is interest on both sides in
formalizing this arrangement so that exchanges of faculty, staff (and possibly
students) can take place. The workshop on Adaptive Control was organized within
this framework.

The workshop program was discussed with Dr. Abraham Haddad, former
Program Director of the Systems Theory and Operations Research Program of
the National Science Foundation and Mr Ove Berkefelt Program Director for at
the Swedish Board of Technical Development. They were in agreement with the
aims and objectives of the workshop.

The workshop was held at the Department of Automatic Control at the Lund
Institute of Technology, Lund, Sweden, on July I - 11, 1984 this week followed
the IFAC Congress in Budapest.

The workshop was informal. There were 14 US and 20 Swedish participants. The
formal presentations covered industrial needs and experiences, applications,
stability theory, system identification, stochastic adaptive control, unmodeled
dynamics and new directions as well as many informal discussions. The workshop
was viewed very favourable from the participants who found it a stimulating
intellectual experience.

A brief assessment of the field can be summarized as follows. There has been
research in adaptive control for at least 30 years. The field is, however, still not
in very good shape. There is a proliferation of ideas and techniques, and a lack
of coherence. Recently there has, however, been some limited theoretical results.
Adaptive techniques are also starting to be used in microprocessor based
controllers. It appears as a good research field because theoretical results are
badly needed to get insight, to structurc the problem, and to unify the field.
There is also a considerable industrial interest to use adaptive techniques in
many different fields. Several new products havc recently been announced. There
are several strong research groups in the field, both in the United States and in
Europe. The theoretical aspects have been emphasized in U.S. research. In Europ
the theoretical research has however also been blended with practice. There are
new application areas emerging, e.g. in robotics.

This report contains abstracts, copies of the viewgraphs and a summary of the
discussions.



Dedication

This report is dedicated to the memory of Dr. Howard Elliott a prominant
researcher in adaptive control. He contributed significantly to the success of the
workshop which was the last formal mceting in which he participated.
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Cooperation between NSF and STU

Ove Berkefelt

STU
Stockholm

Nearly three years ago NSF and STU reached a general egreement on cooperation
in research. This agreement covers all scientific areas where STU and NSF are
funding research projects.

For a small country like Sweden with limited resources in pcrsonnel and money
it is of course difficult to find areas where our research is of adequate level and
size compared to US. I am therefore very pleased to note that we have recently
managed to arrange workshops in two areas within the field of electronics,
computers and systems sciences. About two months ago we had a joint NSF-STU
workshop on computer based vision and this week wc will have this workshoP on
adaptive control.

It is interesting to compare these two areas. Computer based vision is a new
' science. By a generous budget we have managed to crcate a good scientific level

in a short time, approximately 5 years.

Adaptive control on the other side has been built up gradually during a long time
and I would say more -thenks to excellent and devoted researchers than to a

generous budget. In any case we have in adaptive control enough research
results, enough researchers and enough applications to attract the interest from
NSF and US reseaichers and this is in a timc when, as I understand it, NSF is
putting heavier conditions on research cooperation with other countries than
earlier.

The purpose of this workshop is apart from thc exchange of research results
between the two countries to find out whether adaptivc control is an area where
we can find possibilities for future cooperation. A Joint US-Swedish project on
adaptive control would have a great chance to get funding at least from STU.
Unfortunately my counterpart from NSF is not here so that we can hear NSF's
opinion.

This workshop happens to be very suitably located in tine. We are at present at
STU planning a new national program in information technology. We are trying to
cstablish which areas in systems and computer scienccs where wc can compare
with other countries and where scientific results are likely to lead to industrial
applications and progress. I hope this workshop will help in this respect.

Let me end by saying that I hope that our Ar¡erican guests will have a pleasant
time at Lund for some days and that this workshop will lead to deeper contacts
between Swedish and US researchers and to a future more or less formalised
cooperation.



The ASEA-Novatune cystem

Bo Egardt

ASEA AB
Västerâs, Sweden

Egardt gave an overview of the system hardware, containing process interfaces
etc.

The application program is written in a block oriented language. This is the
industrial control engineers look at processes and control. Besides the selftuning
regulator the language contains arithmetics, logics and other functions like PlD.

The signal types in the language are integer and real, and there are modules like
sclectors, arithmetia operations, logic, delays, interfaoc modules, filters, regulators
etc.

All modules are available in the system library. TTre program is entered via a
simple hand terminal or a standard terminal in a laboratory or at the installation
site.

The programmer selects sampling intervals and priorities for the different control
tasks. Except standard clock interrupt it's possible to use software interrupts or
pulse counters to determine the sampling instants.

The system contains three different adaptive regulators built around the same
algorithm. The difference between the regulators is the degree of flexibility
offered to the user. The regulators are

STARl
STAR2
STAR3

Basic, least complex regulator
Medium complex regulator
Complex regulator

STAR3 is the most frequently used regulator. STAR2 and STAR3 both contain
feedforward, but in STAR3 the number of parameters in the control law is
selected by the user.

The signals connected to the STAR3 module are the manual control signal, the
feedback signal (process output), the reference value and the feedforward signal.
The control value can be given both absolute and incremental limits.

lnteger signals dctermine the mode of the regulator, i.e. adaptation can be
switched off, saved parameters can be restored etc. Unconnected inputs are given
default values.

The regulator uses a minimum variance algorithm with least squares
identification. Besides, one closed loop pole can be defined, the prediction horizon
and the sampling interval can be chosen, and the integral action can be switched
on and off. A penalty can be introduced on the control output.

.a-
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Bengtsson G, Egardt B (198a): Er<periences with Self-Tuning Control in the
Process Industry. Preprints of IFAC gth World Congress, Budapest,
Hungary, vol XI, L32-14O.
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Experiences with the ASEA-Novatune

Gunnar Bengtsson

ASEA AB
Västerås, Sweden

A number of feasibility studies for adaptive controls have been made at Asea
during the past t0 years. The adaptive system Novatune was announced in 1982.
A lot of experience has been gained during the past years use of it. About 70
systems are currently in operation. The systeros cover a wide range of
applications in paper mills, steel mills, boilers, waste water treatment, building
automation, and looms. The installations of Novatunes is currently increasing
rapidly. To do this it has been necessary to train a number of people in the
commissioning of the system. A series of courses has been designed to give the
proper background for customers and ASEA engineers.

There are several reasons why the Novatune systern has got a good acceptance.
In many process industries ordinary PID regulators are frequently badly tuned.
As a result of this they are oftened switched to manual mode. There are a

number of critical control loops where there are tangible economical benefits by
reducing variations in quality variables. Experience indicates that reductions in
standard deviations by a factor of two compared with a welltuned PID is quite
common. The reason for this is that there frequently are time delays which the
Novatune handles better than PID. The improvements in comparisons with poorly
tuned PID are of course more favorable. Improvements in variances with an
order of magnitude have been found in several cases when feedforward can be
applied. Effective use of feedforward requires however good models which have
to be updated. It is thus a good case for adaptive control.

Two applications are described in some detail, a cold rolling mill and a chemical
reactor.

The rolling mill is a typical batch process there are roughly speaking three
phases, startup, full speed operation and breaking. The Novatune was applied to
the gauge control loop. The screw position was controlled using feedback from a

gauge sensor after the rolls and by feedforward from a gauge sensor in front of
the rolls. The main disturbances are variations in gâuge and hardness. The time
constants and the time delay varies with a factor of 25 over the operation range.
The variations in the time delay are handled by having a speed sensor and by
introducing length as the independent variable instead of time. The actual sampling
period in the regulator will thus vary with speed from 40 ms at full speed to
several seconds at slow speeds. The adaptive regulator performed significantly
better than a conventional PID regulator with feedforward.

The first Novatune application was made in connection with temperature control
in a chemical reactor. The temperature fluctuations were reduced by an order of
magnitude mainly due to feedforward operation. The application is critical with



respect to safety and production. The possibility of storing paraneters which will
give a safe performance of the closed loop system and reinitializing the adaptation
using these parameters was incorporated in the system. This application is
described in more detail in [t].

The key problem areas that have been found havc to do with nonlinearities like
friction, dead zone and hysteresis. lt may be a good idea to havc more flexible
ways of modeling these in the regulator. The unstable zeros which appear when
the sarnpling rate is increased is another problem of practical importance.

Reference:

[1] Bengtsson G, Egardt B (198a): Experiences with Self-Tuning Control in the
Process Industry. Preprints of IFAC gth World Congress, Budapest,
Hungary, vol XI, 132-140.
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Automatic tuning of cimple regulators

K.J. Äström and T. Hãgglund

Department of Automatic Control
Lund lnstitute of Technology

Lund, Sweden

Abstract.

Procedures for automatic tuning of regulators of the PID typc are described. The
methods are based on a simple identification method, which gives critical points on
the Nyquist curve of the open loop transfer function. The key idea is a scheme
which provides automatic excitation of the process which is ncarly optimal for
estimating the desired process characteristics. The methods proposed ere
prfmartly lntended to tune slmple regulators of the PI(D) type. In such
applications they will of course inherit the limitations of the Pt(D) algorithms.
They will not work well for problems where more complicated regulators are
required. The proposed algorithms may be used in several differcnt ways. They
raay be incorporated in single loop controllers to provide an option for automatic
tuning. They may also be used to provide a solution to the long-standing problem
of safe initialization of more complicated adaptive or self-tuning schemes. ln
contrast to other methods based on self-tuning control, they do not require
apriori information about time scales.

References

Ãström, K. J. and T. Hägglund. Automatic Tuning of Simple Regulators with
Specifications on Phase and Amplitude Margins. Proceedings IFAC Workshop on
Adaptive Systems in Control and Signal Proccssing. San Francisco 1983.

Âström, K. J. and T. Flägglund. Automatic Tuning of Simple Regulators with
Specifications on Phase and Amplitude Margins. Automatica 20, 645-651, 1984.

Ã,ström, K. J. and T. Hägglund. Automatic Tuning of Simple Regulators.
Proceedings ¡FAC gth World Congress, Budapest, Hungary. 1984.
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The NAF - Autotuner

Lars Bååth

NAF Controls AB
Stockholm

Among other. products for instrumentation and control NAF Control AB
manufactures the Control and Information system NAF-Unic. As a special version
of the software of the systems NAF-Unic S SDM-10 and NAF-Unic S SDM-20 the
NAF-Autotuner can be obtained.

The NAF-Unic S SDM-20 system consists of one central unit, one or two color,
screens and function keyboards, one alphanumeric keyboard for program
development, one printer and one tape recorder. The system has the capacity of
handling 30 analog and 30 digital inputs, 16 digital and 16 analog outputs and up
to 45 PlD-controllers. With 45 PlD-loops the system loop time is 250 ms. The
expanded version can handle 240 inputs and 128 output signals.

The system can be programmed with function r¡odules such as PlD-controllers, a

deadtime controller, limiters, alarm modules, adders, rnultipliers, logical modules
and so on. In total there are about 30 different rnodules. The software of the
system can contain 220 function modules. The system also contains a PLC-system
which is integrated with the analog control system. It is possible to prograru the
system on line.

A major goal in the design of this system has been high system security. Several
measures have been taken to achieve this, for example

. All PC-boards are duplicated

. Checksum calculation of configuration in RAM and code in EPROM

. A triple serial bus for internal communication is used

. Self diagnostic routines for the inputs and outputs

The NAF-Unic S SDM-20 and SDM-10 systems also have incorporated an
autotuner to help the operator in tuning the PID- controllers. A major design
effort has been to simplify operation of the autotuner. All 45 PID regulator loops
can use the Autotuner. The Autotuner has been developed by NAF-Controls in
collaboration with Karl Johan Ã,ström and Tore Hägglund at the Department of
Automatic Control at Lund Institute of Technology. The principle of the Autotuner
is to replace the normal PlD-controller by a relay controller. A system with a
relay controller starts to oscillate. If the period and amplitude of this oscillation
are measured, the critical gain (k^) and the critical period time (T^) can be
computed, because the describing fuñction of the relay is known. When Ï^ and T-
are known a PlD-controller can easily be designed.

The use of NAF-autotuner is very simple. Tuning can bc started on operator
command or by a digital signal. When no previous tuning is done, the operator
must bring the process up to desired reference valuc in MAN-mode and start
tuning.



If there is a controller that already has bcen tuned, just start tuning. Tuning can
be interrupted by setting the controller in MAN- or AUTO-mode. When tuning is
ready, the controller is automatically set in AUTO-modc with new PlD-parameters.
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History and issues in adaptive flight control

Gunter Stein

Honeywell Systems Research Center
Minneapolis, USA

This paper attempts to answer three questions: Why are there no adaptive flight
control systems in modern aircrafts? Why has adaptive theory been irrelevant to
all attempted designs? What is happening to change this around?

lnspection of aircraft physics reveals that the linearized aircraft dynanics depend
typically on three parameters, dynamic prcssure, Mach nu¡rber and angle of
attack. If these parameters are known it is straight forward to design flight
control systems which accomplishes dcsired goals. Two conmeting alternative
designs are discussed: the adaptive schemes and systeras based on air data
scheduling. The history is described from the point of view of competition
between these schemes. An irnportant aspect is that the control systerus are flight
critical in new aircraft. This means that rigid safety measures are required. The
space shuttle is another example. It requires four identical control channels plus
a fifth backup channel. These channels are not adaptive. The adaptive systems
described include the ones used in the X15, F-111 and the F-8.

The tradeoff between performance and stability are reviewed in order to discuss
quantitatively the influence of plant uncertainty on feedback design. The plant
uncertainties are separated into structured uncertainty which corresponds to the
rigid body dynamics and unstructured uncertainties which correspond to flexure
modes. Adaptive control can only deal with the structured part. Some
assumptions on the unstructured dynamics must be made beforehand. It is
interesting that the frequency ranges are surprisingly sinilar for a wide range of
aircrafts. The airframe typically has rcsonances et 40 rad/s, the nonstationary
aerodynamics around 60 rad/s actuator dynamics is around t2 rad/s,
presampling filters and delays around 100 rad/s.

It is concluded that adaptive control can help only with the structured model
errors but that it must work in the presence of unstructured model
uncertainties. Some knowledge about the unstructured model crrors must be
available. This knowledge must be included in the design of thc adaptivc system.

The main conclusion is that the adaptive control has lost thc competition against
gainscheduling for regular flight control. Some potential problems where adaptive
control may apply are when airdata is impractical (small r¡issiles and rentry
vchicles), where air data wilt not work (flexure and flutter control).

It is suggested that some work in the adaptivc field is devoted to understand the
cngineering fixes that are made to make the systems work and particularly that
unstructured uncertainties are considered.
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Gustaf Olsson and [-ars Rundqwist

Department of Automatic Control
Lund Institute of Technology

Lund, Sweden

The activated sludge process is recognized as thc most comnron and major unit
process for the reduction of organic wastG. An overview of of the control
problems is found in [1].

A fully structured model of an activated sludge' system is very complex and
includes the following phenomena,

the degradation of degradable pollutants, containing both organic carbon,
phosphorus and nitrogen;

* cell growth and basal metabolism;

* the oxygen requirements of the system;

* the flow regime in the aeration basin;

* the representation of the settler and clarifier Performance;

* the effect of secondary parameters, such as temP€raturc, pH and toxic or
inhibitory substences.

The goal for the reactor operation is of course to degrade the degradable
pollutants. However, the operation must be such that organisms with the
preferred floc formation are produced, thus giving desired clarification and
thickening properties. Otherwize the opcration of the system will fail, even if the
degradation is efficient.

The DO concentration is an essential variable of the activated sludge process. It
has a significant influence on both the plant operation economy and on the
biological activity, and consequently on the quality of the effluent water.

A detaited derivation of the equations can be found in [1]. ln a dispersed plug
flow reactor the resulting DO dynamics can be described by

Self tuninE control of the
dissolved orvËen concentration in

activate-d-sludge systems

0c

at

^2-oc-^2
oz

-uô" +kra(cs-c) -R
^Ldz

(1)



where

z=length along the reactor

c(z,t)=d¡55olved oxygen concentration

cs-dissolved oxygen saturation concentration

kra=oxygen mass transfer rate= f(u), u . air flow rate

E= dis pers ion coefficient

v=stream velocity

R=oxygen uptake rate (respiration rate)

The phenomena influencing the DO concentration have widely different timescales.

The control of DO as a physical variable docs not require any in-depth
knowledge of the microbial dynamics. The problem of finding the right DO
set-point has been discussed e.g. in [3].

There are some important reasons for self-tuning control" The oxygen transfer
rate is approximately proportional to the control signal, the air flow rate.
Therefore a self-tuner can compensate for different "time constants" at different
operating levels. Moreover, the oxygen transfer rate ls tlrne varyÍng on a
day-to-day time scale. The respiration R varies on an hourly time scale and is
the main reason for control. However, R is interesting to know for other
reasons. This can be part of the estimation schemc of a self-tuner. If the fact is
used, that k, a and R vary in different time scales they can be estimated
simultaneousli.

Since last year full scale experiments of DO control have been performed at the
Käppala wastewater treatment plant at Lidingö, outside Stockholm. The plant
setrves the northern suburbs of Stockholm and has a flow rate of about 2-4
m-/sec. A Novatune controller has been installed to take care of both the DO
control loop and the air production system.

The figure shows some important features of the control. A constant setpoint of
the DO concentration is given to the STR, sampled every 10 minutes. The DO
sensor is fed into the controller and the control signal is cascaded with a local
analog controller to adjust a throttle valve for the air flow rate. A limiting switch
tells the STR if the valve saturates.

The pressure control is currently based on constant pressure set-point. It is kept
via guide vanes on 3 of the 6 compressors. This does not give full control
authority, and discontinuities of the control signals cannot bc avoided. A
pressure optimized will be added as soon as a sensor of the throttle valve angle
can be measured. Then the pressure will be minimized so as to keep the valve as
open as possible.

The results hitherto are encouraging but the evaluations of the biological
properties due to control have just started. An expansion of the control to the
whole activated sludge system will be made during the Fall of 1984.
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Adaptive pole placement for robots and leryomechanisms

H. Elliott and R. Spada

Department of Electrical and Computer Engineering
University of Massachusetts

Amherst, Ma. 01003 USA

Robots or mechanical manipulators are multi-degree of freedom systems whose
dynamics are often nonlinear. Furthermore, because such systerns pick up and
move loads of various shapes and weights, the dynamics can also be viewed as
time varying. The difficutties of working with nonlinear dynamics and time
variation lead researchers to consider adaptive control es an alternative. Many
recent papers have applied adaptive control schemes originally developed for
unknown linear dynamics to such systerns[1]-[ ]. In this presentetion we will
begin by showing that this is a potentially dangcrous design methodology. That is,
adaptive controllers of this type will not perform as expccted if the nonlinearities
are dominant.

With this as motivation, we then develop a ncw approach to adaptive contro¡ of
manipulators where the controller adapts to load changcs but not nonlinearities.
Rather the nonlinearities are included in design of the adaptivc control law. The
approach first uses nonlinear feedback to cancel thc effect of the nonlinearities.
Linear feedback is then used to place closed loop poles. The controller is intended
for digital qomputer implementation and is discrete in nature. Most inportantly,
the design is based upon discrete time model for the nonlinear dynamics which is
derived using Euler approximations for derivatives.

As a step toward understanding the stabi¡ity and performancc properties of such
an adaptive scheme, one must first determine the stability and performance
properties of the corresponding fixed computer control algorithm designed using
the same Euler approximation model. To this end, we restrict our attention to the
case of a single link or single degree of freedom manipulator. Assuming torque to
be supplied by a D.C. motor, this boils down to design of a D.C. servo system.
However, because the link represents an asymmetric load rotating in a
gravitational field the resulting model is still nonlinear. In the case where the link
rotates in a horizontal plane the model becomes linear. By considering this simple
case of computer control of a linear servo, it is shown that fixed computer
control algorithms for pole placement, designed using Euler approximation models
are stable for a very wide range of model parameters, sample rates and closed
pole locations.

Furthermore, it is shown that considerable performance improvcments can be
obtained when designing zero cancelling controllers such as are used in model
matching. ln particular the problems which arise because sample data models have
zeros on or near the unit circle can be avoided. Since many adaptive control
schemes are based upon fixed zero cancelling control strategies these results are
also of potential importance in the design of adaptive sample data systems.

During the course of the presentation, simulations will be presented



demonstrating the potential performance of the new nonlinear adaptive control
algorithm on a three degree of freedom manipulator. ln addition exPerimental

results will be presented for a hardware implementation on a one degree of
freedom servo system in both the linear and nonlinear cases'
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Some desirable features of industrial adaptive controllers

Jan Sternby

Gambro AB
Lund, Sweden

Abstract

After a short introduction, three different physical processes will be described,
for which adaptive control have been tried or considered. They are: a level
control for a tank in a pulp production plant, an autopilot for ships, and a
pressure and flow control system for a medical treatment system (artificial
kidney). It will be discussed why adaptive control could bc useful in these cases,
and how it really works in two of them with certain algorithms.

Each process and its operators represent different demands on the adaptive
control system such as robustness, variations in model structure, interpretability
of identified pararueters. These demands will be discussed for cach process
separately. This results in a small list of some deslrable features of industrial
adaptive controllers.
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Self-tuning regulator with increaced prediction horizon

Karl Johan Ãström and Björn Wittenmark

Department of Automatic Control
Lund lnstitute of Technology

Lund, Sweden

The basic self-tuning regulator based on least squares estimation and minimum
variance control is not suited for systems with zeros outside the unit circle. In
the presentation it is shown that the basic algorithm often can be used also for
this type of systems by increasing the prediction horizon of the regulator.

Examples are given which show how the algorithm can be used for non-minimum
phase systems. Possible convergence points are discussed and some new results
concerning local convergence of the algorithm are presented.

The new insight into the properties of the algorithm explains why it can be
applied to a wide range of practical problerns provided that some design
parameters are corectly chosen.

Reference

Wittenmark 8., A,ström K.J. (198a): Practical issues in the implementation of
self-tuning control. Automatica 20, 595-605, 1984.
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A universal control caoable of stabilizine
anv sinsle-inout. sinsle-oütout. minimum oh-ase- linëar slstém oT relatìve'degree 3 2

A.S. Morsc

Deptartment of Electrical Engineering
Yale University

New Haven, USA

Within the past few years there have been developed several smooth dynamical
controllers, not requiring "sufficiently rich" probing signals, which are capable of
stabilizing any process which can be modelled by a linear system with transfer
function of the form

r(s) ='ffi|
where g is a nonzero constant, and c(s) and p(s) are rtronic, coprime polynomials,
provided it can be assumed that
tl c(s) is a strictly stable polynomial (i.e., Ð is minimum phase)
2l a bound n ) degree p(s) is known
3l' the relative degree n' o degrec B(s) - degree c(s) is known exactly
4l the sign of g is known

Since the preceding assumptions are very restrictive, therc is ample motivation to
see if controller structure can in some way be modified so that at least some of
these assumptions can be avoided.

Prorhpted by this, we have just discovered that the Tdimensional control system
consisting of sensitivity function 0 . [0rr,0",V]', where

0 . -)0
= -10

+u
+y,

u u
0
v v

filtered sensitivity function 0 . [0rr,0r,0'l', wherc

ò --lô +0'u'uu
0r'-ì'ûr+e,

parameter adjustment law

k . ôy,

Gain N(x) . x cos(x), where x . k'k, and fecdback law



u - r{(x)k,e + 12IGI)(k'0)2y + x(¡)0'0v
r x cos(x) (k'e + 0'0y) + (cos(x) - r sin(:)) (L'0? v
. N(x)k'e + 0'$¡{n{*)r.)

stabilizes any relative degree 2, minimum phase system of any dimension. What's
surprising is that this control can also stabilize any relative degree 1 minimum
phase system of any dimension. In other words, to achievc stability with the
above control, it is only necessary to know that the minimum phase systêm to be

controlled has relative degree not exceeding 2; i.e., it is not necessary to know
relative degree exactly only an upper bound is required. lt is natural to speculate
that this should be true in general. In other words, with apriori knowledge of an
upper bound ñ, it should be possible to construct a smooth control system not
incorporating a probing signal, which can stabilize any minimum phase system of
any dimension, provided the system's relative degree does not exceed n.
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Adaptive stabilization of linear multivariable rystemr

Christopher l" Byrnes

Division of Applied Sciences
Harvard University

Cambridge, Mass. 02138, USA

Framework:
We have a system known only imprecisely, and we want to find a "universal
stabilizing controller" which makes the output y(t) of the system * 0 as t + oo,
while the parameters in the controller stay bounded.

I. The SISO case
Theorem. Consider the SISO system * . Ax *
ph*'e en.l cb > 0. Define the controller k n y¿
true that kt - k- < æ and *t - 0 as t + oo.

II. The MIMO case
Theorem. Consider the m x m system * o Ax¡ Bu; v = Cx and suppose thqt
det G(s) . 0 + Re(s) < 0 and that spec(CB) c C'. Then, the controlter k. llyll-,
u = - ky satisfies *t - 0 and k, - k* as t + æ.

The proof consists of two ideas: First multivariable root-locus methods are
cmployed to show that the eigenvalues will go into the left half plane, then
"frozen analysis" as below shows that this is sufficient to deduce stability. An
example of multivariable root locus was analyzed.

III. Frozen Eisenvalue AnalÙsß
Theorem. Consider the system *' Ax - k(t)Bx, where (i) for k >> 0 A - kB is
stable, and, (ii) k(t) 1 +oo as t + æ. Then each' solution x(t) tends to 0
exponentially.

IV. Modifications and Extensions
The standard assumptions of necessary a priori knowledge for adaptive
stabilization of an unknown SISO system are:

1) minimum phase
2) n-S N, i. e. we have an upper bound on the order of the system
3) tr', the ¡'glqtive degree of the system, is known
4) sign(cA"'-'b¡ is known

We havc shown that 2) is æ! nceded, actually under weak condition the results
can be generalized to a Hilbert space context. By a variant of Nussbaurn's result,
it was demonstrated that 4) is not needed either.

bu; y ' cx. Assume it is minimum
, u ' -ky. Then, for all (xo.ko) it is



V. Necessarv Conditions for Adaotive Stabilization
Met"p.i""ipl;. "Whatever can be done adaptively can bc done if we know (A,b,c)."

Framework: Let the adaptive regulator be a n-{imensional lincar system with
i"ì*""1-r't"te z, and dependent on a par meter k] which is updated according to k
- f(k,y). By convergence we mean that (xrZ,.k,) - (0,0,kæ) as t + æ.

Theorem. If we have a convergent parameter adaptivc stabilization scheme, thenãE--r.z-
Theorem. Suppose S(s) . c(st - e)-lU is minimurn phase and of rclative degree ñ
5 n-. Then, if p(s) is minimum phase of degree n-, the regulator

will stabilize g(s)

:2lc-y F'e kk(s) -
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Lyapunov functions, cost functions, and adaptive control

Rolf Johansson

Department of Automatic Control
Lund Institute of TechnologY

Lund, Sweden

Abstract

Lyapunov functions are derived for a class of discrete time adaptive systems. The
derivations have been performed under the following assumPtions: Reference
value = O, no non-minimum phase zeros of the control object, well damped
desired closed loop poles. The parameter estimation is made via a gradient type of
algorithm which makes use of the output error.

It is shown that the considered adaptive systerû have the following properties.

o Global stability in the sense of Lyapunov

o Exponential convergence to zero of the state vector and the output error

o Monotone convergence (not necessarily to zero) of the parameter errors
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lnstrumental variable methods for systems operatin-g
in closed loop with application to ãdaptive öontrol-

Torsten Söderström

Automatic Control and Systems Analysis Group
Department of Technology, Uppsala University

Instrumental variable methods are nor[rally designed for systems operating in
open loop. The reason is that the instruments are typically computed by filtering
the input signal. Such an approach does not work if the system oPerates under
feedback control, since then the instruments and disturbances becomes
correlated. However, if there is a measurable setpoint (which anyhow is a modest
identifiability condition) then this signal can bc used for constructions of
instruments. Some ways to achieve this are described.

Recent theory of instrumental variable methods show that the estimates are
asymptotically Gaussian distributed. The instruments and data prefilters influence
the covariance matrix of the estimates. They can in particular be chosen so that
an optimal accuracy is obtained. This result is extended to the case of closed loop
operation. A key part is then to use the "noisefree" part of the input and the
output, i.e. the part that depends of the setpoint but not on the disturbances. The
optimal instruments are easily computed once these noisefree signals (o.
consistent estimates thereof) and the noise correlation properties are known.

An optimal lV method can also be designed on a minimax basis. MinimizatÍon is
then with respect to the instruments and maximization with respect to the
disturbance properties. Also this IV variant is closely related to the noisefree
input and output data.

It is further discussed how the above results for a time invariant feedback can be
used for design of adaptive control system. Some few numerical simulated
examples are also presented.
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Adaptive spectral factorization

Victor Solo

Department of Statistics
Harvard University, USA

Despite the great amount of work in the last ten years on the behaviour of
various recursive parameter estimation and self-tuning control schemes the
situation is disappointing. though a number of global convergence results are
available they usually entail restrictions that amount to knowledge of the true
system.

Thus, the positive real condition cannot be checked unless the true system
parameters are known. Further, monitoring schernes cannot be properly designed
unless the true system Parameters are known. Also, even for the globally
convergent algorithms, various internal filters are not guaranteed to be stable.

In this work some building blocks for algorithm design are suggested. The
Levinson, Burg or Lattice algorithm guarantees stability for autoregressive (AR)
models. Wilson's (1969) Newton Raphson scheme for spectral factorization
guarantees stability of the spectral factor iterate at each iteration. Finally, general
regression enjoys a bounded posterior error power proPerty. The use of these
building blocks together with the idea of split recursions is illustrated by
developing a number of algorithms for ARMA and ARMAX recursive estimation
(no iteration is involved).

One of those schemes (called RF
scheme is then used to develoP

is shown to be globally convergent.
convergent self-tuning Kalman filter2l

a

This
The

algorithrn is free of the criticism mentioned above.

Finally, the three tools above are combined to Produce a self-tuning LQG
controller. It enjoys some stability properties but no convergence proof is
available.

Reference

G,T. Wilson (1969). Factorization of the covariance generating function of a pure
moving average process, SIAM J. Numer. Anal., 6, l-7.
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ADAPTIVE SPECTRAL FACTORIZATION

Victor Solo

Department of Statist.ics
Harvard Un'ivers.ity

Despite the great amount of work in the last ten years on the be-
havior of various recursive parameter estimation and se'lf-tun'ing control
schemes the situatjon 'is disappo'intìng. Though a number of global con-
vergence results are avai'lable they usual'ly entail restrictions that
amount to know'ledge of the true system.

Thus, the positive real condition cannot be checked unless the true
system parameters are known. Further, monitorìng schemes cannot be

properly desìgned unless the true system parameters are known. A1so,
even for the globaì'ly convergent algorìthms, var.ious .intental fi'ìters
are not guaranteed to be stable.

In this work some buiìding blocks for algorithm design are suggested.
The Levinson, Burg or Lattice algorithm guarantees stab'i'lity for autore-
gressive (AR) modeìs. l,ljlson's (1969) Newton Raphson scheme for spectral
factorization guarantees stability of the spectral factor iterate at each
iteration. Fina'l'ly, genera'l regression enjoys a bounded poster.ior error
power property. The use of these bui'lding b'locks together with the idea
of split recursions is illustrated by developing a number of algorithms
for ARMA and ARMAX recursive estimation (no iterat'ion is involved).

One of those schemes (caììed RF2) 'is shown to be g]oba]ly convergent.
This scheme is then used to develop a convergent self-tuning Ka'lman fi'lter.
The algorithm is free of the criticisms mentioned above.

Finaì1y, the three too'ls above are combined to produce a self-tun'ing
LQG controller. It enjoys some stability propertìes but no convergence
proof is avaiìabìe.

Reference

G. T. Ì,Jil son (tg0g). Factorization of the covariance generating funct'ion
of a pure moving average process, SfAj,I J. Nu¡ner. AnaL., 6, I-7.



Lennart Ljung

Department of Automatic Control
Linköping University, Linköping

Consider the problem of identifying the transfer function of the system

y(t) -Go(c)u(t) +v(t)

where y is output, u is input and v is a stationary disturbance with spectrum
o,r(o)'

The input spectrum is supposed to be rÞ..(to). From data up to time N an estimate
ô*,("'-) is formed. One method for this iË a k-step ahead prediction error method
in"a given model set

v(t) = G(q,e)u(t) + H(q,e)"(t) ,

ôN("i") = c(eit, ôn)

Frequencv domain Drooerties of identified' trãnsfer fudctiön estimates

ot'¡

Nî
-{ 'f{t,e)

er(t,e) = L(q) e(t,o)

e(t,0) = nk(q,e) [v(t) - c(q,e) u(t+xr)]

H(q,e) = Fk(q,e) + c-k H*{c,e) t* . t1H t

Several design variables are involved in this method, like k (the prediction
horizon), T (the sampling horizon), H (the noise model) and O.r.

Then

êN ("i') - c* (ei') w.p. 1 as N -, o

where G*(ui') is "essentially" determined as the closest function to C^leio¡ in the
model set, es measured in the weighted Lr-norm (over the frequenciËs -rlT < ø
S ÍlTl with weighting function

= argmin 0

e

t
ñ t



Q(o) - Au(or)'t,.(e tKk (ei(u) t2It,

This can be used for a more or less formal discussion of optiraal choices of
design variables.

References

L. Ljung: Fstimation of transfer functions. Report LiTH
L. Ljung: Asymptotic variance expressions for identified transfer function

estimates. Report LiTH
B. Wahlberg & L" Ljung: Design variables for bias distribution of identified

transfer functions. Report LiTH
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1)
2l
3)
4)

Multi-armed bandits

Pravin Varaya

Electrical Engineering
University of California

Berkeley, USA

Contents

Bandit process
Multiarmed
lndex
Adaption

A bandit process is {(x(1), F(1)); (x(2), F(2))...}, where
x(s) = reward on the sth continuation
F(s) = o-field of information after s-l plays.

B(
x(s
F(t

2. A multiarmed bandit is defined according to

{*t(r),pi(r)} i -"1,...,n ri(-) [ rJ(-)

t - 1 = tl* ...+tn r11t1*t)u...urn(tn+r¡ - p11¡

The control u(t)e{1...n}
u(t) is the decision which bandit that sha¡l continue.

I

Coin toss
) É {0,1}. F(0) . prior information about success
)' F(o) u {x(o)...x(s-l)}

iÉj

u(t) = ¡
R(t) . *t (tt*t)

F(t+t).F(t) uF'(t I +1)

The control u(t) has to ma¡cimize the total reward

vp(n) .lraxE!Otn{t) 0<F<1
ó

t=l



3.

B close to zero ---> we want to maximizc the reward in the first Play(s).

p close to unity ---> all rewards are equally valuable

There is a conflict between getting i¡nmediate rewards and learning more
about the other bandits.

lndex of a bandit process {x(s), F(s)}

r{i, pt *(t) , ,(,)}
Acc. reward,U(s) =

9,¡ia

Hax
t>l "Acc. time"

E Ft rF(s)

r ranges over the stopping times of F(s). The best policy is to continue the
bandit with the largest index (multiarmed case).
Notice that the calculation o1 uU îor a bandit involves only the bandit itself.

Two coins 0. and 0,

r"ã il; iJd;;iêf ' ,U (n) (distribution of success probabilitv)'

1) Expected reward Just noï

,o(n) =ñ-exPofe

2l "t(p) 
. Xax 0 (the most favourable

P(O)>O Possibleevent)

tp (P'l - Ç¿tv+'l ¿'*tn

ø-,rlar

uê(p.t) - {irer Lo{¡¡.

þ
t.

ò$+,rt_ f rli rain

t
*c**[ @rr^

Pt
\.-.

1

¿hb+'{¿



Optimal solution for ß . t, r - æ
(infinite horizon problem) [Kelly Am. stat. 1981]

tìar-þ"{ h¿[e ¿r(P W h;¿h
sqñe' f\leS o,{t' So,ic

u¿, LFR rute, FlaJ øilf afá'ral Jat/tl
I I

4l{cr6a tiv

0
Tr * ' l^an don ..*Tn

LFR = least failure rule: Try the one that currently looks best. As soon
as it fails (no reward), choose another one.

4.
The procedure above constitutes a kind of adaptation.
Unsolved problems: Transient behavior

Length of the first two phases.

References

F.P. Kelly: Multi-armed bandits with discount factor near one: the Bernoulli case,
Ann. Statist 9, 1981, 987-1001.

P. Varaya, J. Walsand and C Bnynkkoc: E¡<tensions of the multi-armed bandit
problem: the discounter case, IEEE AC Trans, 1985, to appear.

J. C. Gittins: Bandit processes and dynamic allocation indices, J. Roval Stat. Soc

41, 1979, 148-t77"
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On ¡elf-tuning to the optimal controller

P. R. Kumar

Department of Mathematics and Computer Science
u.M.B.C.

Baltimore, Maryland

Summarv

The question of whether some adaptive controllers automatically tune themselves
to the optimal control law is examined.

First we consider an adaptive control law consisting of a Stochastic
Approximation (or Stochastic Gradient) parameter estimator followed by a

minimum variance control law. Under some conditions it is shown that, see [12].

i) the parameter estimates converge to
parameter,

a @!!@ multiple of the true

ii) and so the adaptive control law converges to the true minimum variancc
control law,

iii) even though the standard persistency of cxcitation condition is not
satisfied.

Next we consider the same parameter estimator followed by a linear ouadratic
control law. Ljung's O.D.E.'s are examined to show that though the Parameter
estimates may converge, they will 4! generally converge to en gg¡E! control
law.

In fact, the result for the case of the minimum variance control law rests on a

fortuitous mathematical coincidence, and it is unlikely that self-tuning to the
optimal will occur for general cost criteria, see [31.

References

A. Becker, P. R. Kumar and C. Z. Wei: Adaptive Control with the Stochastic

$pproximation Algorithm: Geometry and Convergence, to appear in ¡FFF
Transactions on Automatic Control, March 1985.

P. R. Kumar: A Survey of Some Results in Stochastic Adaptivc Control, March
1985.

W. Lin, P. R. Kumar and T. I. Seidman: Will the Self-tuning Approach Work for
General Cost Criteria?
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A comoarison of ¡ome control ¡tratecies
for systems with fast parameter charii¡es

Mille Millnert

Division of Automatic Control
Linköping University, Sweden

This seminar is concerned with adaptive control of systems with abrupt changes
in the parameters. First an algorithm for recursive identification of the
parameters in a special model-class, suitable for raodeling sudden time variations,
is presented. Then it is shown how this identification procedur can be used for
adaptive control. To illustrate the algorithm and also to discuss some points on
adaptive control a comparison study is then referenced.

The basic idea behind the algorithm is to use several parametcr sets to model the
system. The different parameter vectors correspond to different typical modes of
the system. By combining estimation and detection techniques it is possible to
estimate the different parameter vectors describing the system.

Thc purpose of the comparison study was to compare some strategics for
adaptive contro¡. Among the "competitors" were for instance a self-tuning
regulator (LS with forgetting factor combined with a pole-placement procedure), a
time-invariant robust regulator, the regulator mentioned above and an algorithm
based on an identification procedur called AFMM (adaptivc forgetting through
multiple models). A conclusion from the tests was that it can bc useful to design
regulators which saves information for later use.

References

Millnert, M. (1982): Identification and Control of Systems Subject to Abrupt
Changes, Linköping Studies in Sciencc and Technology, Dissertation. No. 82

Miiinert, M. (i98s): eontroi Strategies lor systems with Abruptly changtng
Parameters, INTERNAL REPORT, LiTl{-l-lSY-0634.

Andersson, P. (1983): Adaptive Forgetting in Rccursivc ldentification through
Mulriple Models, ¡NTERNAL REPORT, LiTH-ISY-I-0638.



(

(

(

A tc.rifÀlìIscli o!: 501!lì coliTRol. STR^TEGIES
f oP. 3YST! i.ls i'Ji TH F^ S T PÀR^IIETER CItÀn'GES

lvÍi!le iliiinert
Divisiou of Áutoaatic Co¡t¡ol

Lio.köPiog UoiversitY
Sçeden

TITE CC}.ITEST

i,he plaat

Curêu!

(;

A par.uci:: 3tr.iÐalicD tlgoritbo

À coutest betçse¡ soae strategies ¡br'ôd¿PtiYe cottroÌ

C

(

(

(

2

(

(

(

(
f

To!que
produc€d
by Dle3el

VoltqSo

y(È)

!pe€d

È)

v?

loEtue of
5êro Caorratcr

ActEl
throtÈ¡e
opcalBg

(

(

3

K!

K2
RIñrñffi lzs * ß2

=tft
s
oa
B{
!

9
ã
E
6

(

a



(

<2

(

(

TUE COITIFETITORS

Â r;lf tr¡:; (LC f pcleplacemeut)

,\ ce'rs¡¿¡t reg'ullìor midmizir:g: ¡ rari¡¡ce.inrc c:iterio¡.

A regdrtrr mlaicjziug tb,e ciiteriou

.E'{iy-r)2+\u2}

The LfP- algoritÈE

TÈc .¡.F},!l,l :rl;orithn ( forgcttiag th:origh mdùipie rir,èell)

Ô(ôH l^ 0C+) r tv(¿ )

fita"rpb0ol+ ectl

[/ rr I w.?. q
W(e)=

0 u/.ç- l-4

6v tÌrt> = Rt
4

5

à

n

h

?( 6u I Yt )= 4 artss ìq.n SuYn

base¿. on tí*l ¡Ø

0; ' L¿¿: ¡- SïtL¿t r'¿ s

^L 
I tt/-r v ?JtLCh þt-øe

)-
,Þ<l W;tf^ Sno,lles{' fob .

0,rc) t¡l:Hn l,uo¡est Trab'

0 !b1

tt-i-u-r* 
¡ìlot'r

6tlørt 1= f ,

i=/-

t
{¡

6
5
L
G
6
G

E
Lo
5o
E
¿

c
o

L



o'@t
s3l4¡us utuo l0 tlsHil

7)l Nìl ri¡.o ¡irc gt.o ú.a
NUIOER (r mn SFÍPLES

¡t.o

¡EJ
ìrñæ¡ r lnTñ sfl?t¡s

fJ

ì
I

!
I

:
I
I

i
I

;

I

¡

;

7-- 7--

ÉT



Recursive estimation of rlowly time-varying parameters

Torc Hägglund

Department of Automatic Control
Lund Institutc of Technology

Lund, Sweden

Abstract

The problem to extend traditional algorithms for cstimation of constant
perameters, such as the least squares algorithm, to capture even the case of
time-variable parameters has become important becausc of thcir use in adaptive
control. Several ad hoc methods have been proposed to handlc slowly
time-varying parameters. Previous methods, such as the use of a forgetting
fector, are here discussed from an infor¡nation handling point of view. A new
method is presented, which is based on the idea to retain a constant amount of
information in the estimator. The method is shown to avoid well-known problems
associated with other, more heuristic schemes. Analysis as well as simulation
experiments are presented.

References

Hägglund, T. The Problem of Forgetting Old Data in Recursive Estimation.
Proceedings IFAC Workshop on Adaptive Systcms in Control and Signal
Processing. San Francisco 1983.

Hägglund, T. New Estimation Techniques For Adaptive Control. PhD-thesis. Report
TFRT-1025. Department of Auto¡naic Control, Lund lnstitutc of Technology,
Lund Sweden. 1983.
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Robustness of (MRAS) adaptive control

Petar Kokotovic

CSL, UniversitY of lllinois
Urbana, USA

The topic ) adaptive control subject to

high frequ model. This area of stability

problemsHCG-highcontrollergain'
HAG-high quency input. Here only the adaptation

loop is 
-considered i.e. HAG- and HF-instabitities. In this way the resulting system

to analys remains linear, time-varying.

The main idea is to approximate the high frequency dynamics with a right half

plane zero. (Cf. padé åpproximation of a timedelay.) Consider the example below'

The approximation is valid for ¡rs<<1.

-,, I 1 ,!.rr--!llt "4.f1-usì -tlï-u (1)G(s¡ r ,.i'¡r.f - ;TI'1r- Jlþt - s*-i'lrl¡), - s+T

For stability analysis the differentiating effect of the RHP zero is stressed while

for synthesis the througput effect gives a clue how to improve robustness'

The MRAS scheme was analysed on the process above (r) using a first order
reference model with unknown gain.

Fis. 1. The MRAS systen and the transformed error system (2)'

After the approximation (1) of the process and change of coordinates to to an

error system, the following equations arc obtained:



rtti] = l1îi"" ";u'][i] . F$']" (21

where

x . difference in output between the actual and tuned systen.
I - difference in controller gain in reference to the tuntd system.

HAG instability is shown in the following way. Assume r.R const. and e=0. Thechyacteqistic equation gives the stability condition on the adaptive gainrK < u -.

To reveal HF-input instability, choose r-Rsin(r.¡t) and assume u".'rrr, e=0.
Simulation shows a slow drift in rþ and 4 limit èycle in x. Approximation of the
equations (2) lor storl a{aptation, i.e. -rR'|./(t+,r¿) is sufficieãtly smatt, gives rhestability condition u-< tt '. One interpr etation derived fror¡ the apprtxiruated
equations is that instability is reached when the noise-to-signal ratio is larger
than unity. Another ¡nterpretation is that the positive real condition for the plant
is violated at high freguencies due to the RHp zero.

For the combined problem of HAG and HF stability, a detailed analysis shows that
the joint stability condition is somewhat conservative.

In the approximation (1) it is seen that the unmodeled high frequency dynamics
can be seen as a negative throughput. A siriplc device tó increase tt " rt"uitityproperties of the MRAS scheme could therefore be to introduce a positive bypass
B' Analysis by means of a Lyapunov function shows that stability is achiev"l fo.
B)p. The positive real condition for the plant with bypass is also satisfied for
these B.

The analysis shows that a bypass increases stabitity properties against unmodeledhigh frequency dynamics. However, a tracking erior 'is introauced, which isdifficult to predict when FÉt. For instance, when p increases toward ¡r, thetracking error can decrease or increase depcnding on thê frequency oi trr"
reference signal.

Reference

Kokotovic, P., Riedle, B.: lnstabilities and stabilization of an adaptive system. prec.
American control conference, San Diego, carifornia, June 6-g, 19g4.
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Parameter convergence i¡cue¡ in MRAC

S. Shankar Sastry
Dept. of Elect. Eng. and Comp. Scicnces

University of California
Berkeley, USA

This contribution addresses paramcter convergence in continuous time model
reference adaptive control. The scheme of Narendra et al. is considered. The
reported result can be summarized as follows:

The technique of generalised harmonic analysis is employed to translate the
persistent excitation condition on the signal vector into an cquivalent
condition on the exogenous referencc signal only for parameter
convergence.

Partial convergence results for the case where the reference signal is not
sufficiently rich are derived.

Connections with robustness are illustrated by a first order example with
output plant disturbance and plant parameter variation.

s



P*Xene¡eR ¿d'¡tÉRGE'v¿Ær.

,flurs
HDOEL

fiO¡,t-tæt-

fn--\o/:ø'-

€ÆF€R.N(ã û?,DPfi.rÚE

nLC ttvfç. t)¡tflÍ¡o¡tt þ-o<

,1

'tLDg.'
CE,

f.t. ln'n4 W
so*

tl¡ttuû{!.tf | ó,tr Ø'u'rctti !F'

,hews''r7

].! d'r- Lù,{, t"¡'rË'-1ad3 q-et^ þ¿L'

. L-W þ.^{"b*: ¡vødr'L b"a"xþ- fi"^ø|d*"-

{= Þet P^<^fl¿rî'R' Le¡P¡¿

îû g41 (ttgclsorv, úÚeßnr' tÍ,eÛlDen' "'' )

É,r, nO oaþ$e 1¿,E',o ?
""ft,,f¿r 

z*l fs- o#;Hr"

s

v!- = fz, f", 'tl, tu'"J )

:,tt,,t.:1i! : r¡t (¿*lt)1t-øu n'''þ t'l'tú gukt' -t' ;'

' 

^, ,t1'.,ri' :*" t¿'¡¿t'-'*'if':l al-z'¡'t'i* /'*'t '

'rßtt\t;llt,tvr: ¡¡¡ Cttonc*'s Cn¡ 2'*ceen¿uq kc l'<nl4rt-

.(f', P ¡x^a'^*U* æY
(?) Ì*''* (gtt€Reeu I ?¡¡o'Æ

6) hxueet'o's L'ttrt {¡t't'EÍw'a.''t

íewarzco !{n's*'c lnttcrsß '

P.,,,(:) , .l ,ln" !,-{'')- s¡E-c1:1e{- ne¡éc¿€ t

t6- R*u[r)rc e {t"'l'>c

4

,æ9 îRntstc'tt br¡<t4
*' .n-ncLzè R*C'r*ÇLz>

)

l¡*xte<
ßuDtL

írc¡t<-
l€cloQ

l2¡1;2o c
,tt"J

o'. fu,{rd.,d'J , "t'
,t =-[,L r,t', ,rr1*J 

ttA'

f* Lttotíi ú= 'e,'"i
ry^l^+t

r4t1! t!.'...

¿. tj.^il

1,.s-a))1

útttt$ul:

r LÅ hlÉniR'

'.û,



T,u
|-

¡?r,1N'!

v0)
,/v'Ð

t4r,

- ¡t, vfr, þt
(¡I¡I

tt/rl ¿LL

e, ll-
E^, tutt, þt , uot'')

'%:"'ffiffi:ftT:ffi:'r>
F ':s ú t"''"Å 

' ñïr 
' "' 'vL 

¡¡í¿'tk4-'.''

k ,\-

QVo = ZêsJiì.$
Ç;¡^rs- '¡'s fu *'*7 L<'?-n Of '

''''-ft 
t 

:*" u ^¿ ,.r. 
-¡1..,'.,1L n8:^ "ë Êçs,'** JçJ "

4

a

4
r
Ê

{*

.u-

,,þ,, lr.-J'l
:J 
: 'à_'G>.

.,j _¿
\Åu a t'-'J.!=

?"rA..t= '',nþt

1.,1.¿)7¡- t4 Q',(o >c€7 fs tanlzc'

ù1.'¡ ' fiT-or'
,2r.''I lo '

y .," 94É (Ð
; ,¡)'+")'u 

P+"

i4 it¡' -o V rcScrS,-'

lz * 1"-''l

0, { (*rúolc

,'c- Q Çt,.-o
Y"u 7 (*nvl='J, ^"'.8;x 

11 +

' J tôQ'i')'s*'ln¡

V te S*¡e CS^).

Lt t¡t',F-¿{.?¡¡cÃ

h Þ- a/^- f-Ù-Jß

S=

A s^l
; O )'

>-'lr'- ', (i-. 'r¡,1 is

ûr;r-Jì
-l

b

f t-, rl lçr -¡.f 5 ., ''! ,
I ô'q") -tâCdt). *ë,W-'.. \' fd.r> . --_ .il{

q q">

L ,t
. Q4+s) r 2-- ts"*..'
lì1e lnro *'\o )rb) :- c

,r '\ 
-n-Lrr- 'A'

¿A
clç Þ-t 

^ I g

,rg z t- l^rl h-r- r4^r" ' ItitL c'rl''t"-

-lqR.ît M-

1,
e ¡È ce*.o,"FtÆ'íl:-

Yir. ì tg, 7** bk 0 X b'-*¡ t ei $'*-.

,us$;¿l^ uL'þt*b 'wJct*t n-dtl ¡c

lz:

-riÍ+ I

Ift-' A*'Á'¡'s'
@= gt*

t( +

T'à,¿"1 I
I l,i,r J

,Ì

r*à tt,JlS¡*,t-
?6",¡ ô

ì
s^t$f- ': 

p lgJe at ,&'c-t-^t"z""t-

z* a,Mu
i ltþ 'r' 

$' L's4

u- G*t',.ú 'n;' ' lrcuiia- 
'I\tr'fr

v'('ì.Jlt L\|T YsetÇ

s .+y ,l / , 
er7'-^ú'2'

tcø^, LyY""^t :Y 
t,,' 

t ,/L4,,' ",%p = fr,t*

Ç+

.,r r{.r¡l-
,l

C;

¡uLLÇtu¿-l*(Ð

.'þnn , Ú;t<'-t+"'Ëo

ht

i:¡t t t'?t*"'1tr'-t-i' ¡'rjrl.

Jr-( .



l[tlik dll"ÐtctL'z- æsî c

¿rl-122'ég' L 'tøÒà)' 
sla'Û¿'PI 'ln*Ã

ìtt:" 'þð- 
^ ¡¡ rßÐ a z"- !>+'"J< 

- 
. .".ì

^,r^f,b "t( 
ç'- L ,L .,-;:=,).î--.u

aL"a þ:*o)
b, 'i¡'¡-.;*

'" )ís**l-'-' ''

rþL &"-"1"*.: 
" !*J*.\!d¡¡¿''-cn*-t ,Ìrt*fte t 

0"""'^ /r''tt

&t$1taÍ1a4:g, Ätrrn Rogon'tesS ?

¡ I 1¡tt .t. r,' u Øt' r' /þíØ2¡)t'' ".' 
@ * = {$'aÈ1,'o*oa 

ttpscn*+z t- xn\'

lLt-, ;L
D

{( 1tl'¿
cy

i
t

1

à

19

t,

í,flçtort tl, tlÐ 7D
r-- - - - 

I
þt¿ J 

- -,

u¡'o' SdP¡'l r'¡!n = 
å-o'¿) !l"J"L ? þzT¿'

i

'Arn1t: G) î'I')?.Ne ¡tTlÈ'1- S'r>t:t'-: 7l ¡5

| *ltr¿r;ty-'t ^'r;*', 
ftt{ (rt'( 

.t'-.*"'u 
n

ç¿<ic' ^i!ileltl;s 
rst¡fdL:t! tl¡lt¡t'ü' itls1'-

, ,!o. ,JF'u rrt- ^t;;' 
'¿ 

3 'v: ''}¿'if^'*) 
n-'^'"u)

it t, îÌ*,É- *, 
:ir"r": ::^';^';"t

¿cn@ (iwtx'*-¡'t t

Þ,I¡;,y,t;"^,
U",¡¿tt'OW¡J

+ br¡.

la

¡'/
rsr ul¿ilÊ +.1, 

=û? - )ö, j ê. : .þ- tø
Etßtt *h't- :,,? -gLF.ca€t' är=
¡rr:àta-.,-f '-rts^iÌt = h* A'F 6 *i-^'

sL= - er ìlt PP*¡93¿--
E¿::ôL.--if¡L

LEJ=[-in-i"ü)

-_

tr'ì''t

f',"'
lì*tzl*1c"'
*( . l t-t

¿"h

,7( 0

þ"r-''; -
È<\')p ^,ln*

x - {[r,E)
3 !S:"(àt-;'ti

-lt.r,
e.t *é'!,

l3 -Pr'
i'{("':¡a

L\

)-,''f l,Vt¡'teftrL
Lt t 'a'nLt

-2?--<t

- t,, )tx

ç-tP-CÐ{tcl fi1,4 !^,> L('#

fP*
,,dÞ

:''lz'

)
Ltt¡fs
rîo

4P

of rl ooev I'LvclAL '

otsn)Cßtet¿s '"/P
Ò¡l eXXrtr or

F>
'-;Ñ4cDeu-Ð

Tec Nl

^ €.¿

.Êí tuL'f (A'¡\) r5g t{ÂdDÉÞ DePø't¡s



On adaptive control with prescribed robustnett properties

Eva Trulsson

Department of Electrical Engineering
University of Linköping

Linköping, Swedcn

We will describe a frequency domain method for regulator design. The resulting
regulator has a stability margin in terms of the Nyquist curve which is
independent of the system. This is a useful property in an adaptive control
application, where the controller at every step is designed for a recursively
identified model of the system, for the following rcason. Sincc the Nyquist curve
is known it is known at which frequences it is important to have a good model of
the system in order to have a good control result. Then the input-output data can
be filtered through filters which emphasizes these frcquenccs and this will lead to
a model of the system which is best there. (See B. Wahlberg and L. Ljung
( 1e84)).

The rnain idea of the method is to obtain a given Nyquist curve by a cancellation
of the systen poles and zeroes. Therefore the basic version can only be applt"ed
to stable minimum phase systems. By a slight modification it is however possible
to handle also pure integrators and discrete time real unstable zeroes.

Reference

B. Wahlberg and L. Ljung (198a): Design variables for bias distribution in
transfer function estimation. Internal report, Department of Electrical
Engineering, Linköping University, S-581 83 Linköping, Sweden.
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On living with the positive real condition

Charlcs Rohrs

Deptartment of Eectrical Engineering
University of Notrc Damc
Notre Dame, lndiana, USA

ln this lecture an example is given on a simple model reference adaptive system
for which instability is achieved for certain cor¡mand signals. A modification of
the adaptation is suggested to overcome the problem.

In the example the reference model is of lst order while the process is of 3rd
order. The adjust¡rble parameters are the feedforward gain k_ and the feedback
gain k.,. tf f.,.t.,* is known and the reference signal r(t) is ã step rn then the
closedloop sfsteln is linear and time invariant. It is then easy to see that for rO
sufficiently large thb closed loop system will becorne unstable unless the procesS
transfer function is positive real. AD easy way to eliminate this problem is to use
a normed adaptation gain g-'=g-/ro instead of g-. tf the reference signal is a
sinusoidal r(t)=5¡nr, then simufations show that'for frequencies larger than a
ccrtain frequency oO the systenr will bc driven into instability.

The proposed method is based on frequency domain arguments. The idea is to
turn off the adaptation for sufficiently high frequencies in the reference input.
For these frequencies the adaptation is done with respect to a benign rÍ¡odel with
positive real transfer function Ggoo¿(r).

r

Plant

Ggood

Low

Pass
filter

High
pass
filter

v

Fig. The "conditioned plant".

The following assumptions are made :

. The sign of the process gain is known.

. The process is minimum phase.

. The relative degree of the process is known.

. The controller uses 2nt parameters, where nt
is an upper bound on the process order.



Simulations of the MRAS when applied to the "conditioned plant" show that the
parameter drifts due to high frequency command signals are eliminated. There
are however no theo-retical results on the robustness of the modified controller.
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EFRCR SYSTEM CAN BE VIEWED AS FOLLOWS: CASE 2
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Then the.pass¡v¡ty theorem would say that the

loop ¡s stablc.

For lhe câse where the plant is propêrly model€d'

the stab¡llty result holds d€spite the fact that th€

feedback port¡on of the loop may have large gain'

Example: Assume r(l) and e(t)'are s¡nusoid of the

same frequency.

Nole:that:this;irstabilily is lndependent of the refe¡Ence
¡îodel useÉtc farûl the error.

The:înst2fülity' cannot be explained by any lnab¡l¡ty ot the

dãpllve: slsterE to match the model w¡lh a well behaved

fiorîihal syser¡-

Rt-exaÍrFlg, Case 2 could have arisen from the lollow¡ng

E¿31eÍÌ'

-ft)

We know from Parks that creating a posltlve real operator

ls sufficlent for stabillty. These results lnd¡iate that the

pos¡tive real cond¡t¡on is necessary,

lf true plant were flrst order' then there would b€

feedback Parameter ky* so that P* would be positivê

real or passive.
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Distributed asvnchronous alqorithms for
deterministic añd stochastic õptimization

Dimitri P. Bertsekas

Laboratory for lnformation and Decision Systems
Department of Bectrical Engineering and Computer Science

Massachusetts lnstitutc of Technology
Cambridge, Massachusetts 02139

There is presently a great deal of intêrest in distributed inplementations of
various iterative algorithms whereby thc computational load is shared by several
processors while coordination is maintaÍned by information exchange via
communication links. In most of the work done in this area the starting point is
some iterative algorithm which is guaranteed to converge to thc corect solution
under the usual circumstances of centralized computation in a single processor.
The computational load of the typical iteration is then divided in some way
between the available proccssors, and it is assumed that the processors exchange
all necessary information regarding the outcomes of the current iteration can
begin.

The mode of operation descrfbed above may bc termed synchronous in the sense
that each processor must complete its assigned portion of an iteration and
comr¡unicate the results to every other processor before a new iteration can
begin. This assumption certainly enhances the orderly operation of the algorithm
and greatly simplifies the convergencc analysis. On the other hand synchronous
distributed algorithms also have some obvious implementation disadvantages such
as the need for an algorithm initiation and iteration synchronization protocol.
Furthermore the speed of computation is limited to that of the slowest processor.
It is thus interesting to consider algorithms that can tolerate a more flexible
ordering of cornputation and communication between processors. Such algorithms
have so far found applications in computer communication networks, e.9,,
ARPANET and other networks designed like it where processor failures are
common and it is quite complicated to maintain synchronization between the nodes
of the entire network as they execute real-time network functions such as the
routing algorithm.

Processor network environments for which weakly coordinated distributed
computation seems particularly advantageous typically possess one or more of the
following characteristics all of which involve occurrence of some type of
unpredictable event.

1l Computation nodes and communication links are subject to frequent
and/or unexpected failures. (For example packet radio networks).

2l Computation nodcs have different and/or time varying speeds of
execution. (For example each processor is assigned to a perhaps time
varying number of tasks involving computation loads which are not
fixed a priori).

3l Computations at various nodes is event driven. (For example in data
collection or sensor networks where the timing, and ordering of
measurements may not be predictable.).

d.



It is possible to consider various degrees of coordination in different types of
distributed algorithms. An interesting question is to determinc the minimum
degree of coordination needed in a given algorithm in order to obtain the correct
solution. To this end we consider an extrene nodel of as¡rnchronous distributed
algorithms where by computation and communication are pcrformed at each
processor completely independently of the progress in the other processors. It is
perhaps surprising that even under thesc chaotic circumstances it is still possible
to solve correctly important classes of problems. An account of progress made in
this direction is given in a survey jointly written with J. Tsitsiklis and M. Athans
(1983). An analysis is given, in (Bertsekas, 1982) for broad classes of dynamic
programming problems and in (Bertsekas, 1983) for more gcneral fixed point
problems involving contractions and monotonicity assumptions. Further related
work is (Tsitsiklis, Bertsekas, and Athans, 1983), and (Tsitsiklis' 1983).
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Erpert control

K. J. Äström

Department of Automatic Control
Lund Institute of Technology

Lund, Sweden.

There has been substantial progress in theory and practice of automatic control
through application of mathematical analysis and numerics. Nonnumerical data
processing has, however, so far only had marginal influencc on control systems.
The purpose of this paper is to identify possible uses of expert syste¡¡ techniques
in implementation of control syst€ms. ¡t is first observed that actual
implementation of control laws often involves a substantial anount of heuristic
logic. This is true for simple regulators as well as for more sophisticated
multivariable control loops. The paper shows that thc heuristic logic may be
replaced by an expert system. This leads to simplifications in implementation as
well as new capabilities in the control system. Selected basic elements of an
expert system are presented. Stochastic dynamic programming offers a
framework in which the heuristics can be embedded. This points to requirements
for a new artificial intelligence approach for heuristic planning under uncertainty.
The ideas are illustrated by examples: a smart PID regulator, a self-tuner with
safety jackets and a pole-placement adaptive regulator which can by itself
determine suitable pole locations. Once the expert system approach is taken it is
possible to obtain control systems with new functions. This is illustrated by the
smart PID regulator which incorporates learning.
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Experiments with erpert control

Karl-Frik Ârz¿n

Department of Automatic Control
Lund Institute of Technology

Lund, Sweden

@!:
Expert control refers to a control system where an expert system is used to
orchestrate a collection of control and identification algorithms. This is done in
real time" Adaptive control algorithms need large safety Jackets of logic to work
in practice. Existing adaptive algorithms perform well locally but require a priori
information about time delay, system order etc.to do so. Simple algorithms exist
that can provide some of this information" An cxpert system is well suited for
implementation of logic. Heuristics and rules of thumb are also easily
implemented.

A testbench for experiraents is presented. The controller is divided in two parts.
One algorithm library written in Pascal and one expert system written in OPS4
and Lisp. These parts are implemcnted as conmunicating concurrent processes.
The communication is done with mailboxes and messages. A typical message is to
start or stop an algorithm. OPS4 is a rule based, forward chaining expert system
framework.

An experiment is presented where thc level of a watcr tank is contro¡led by a
PID controller with Ziegler-Nichols auto tuning and gain scheduling.

@e:
.Âström K. J. and Anton J. J.: Expert Control, Proceedings IFAC 9th World

Congress, Budapest, Hungary. 1984.
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Notes from the discucsion

A short summary of the discussion on Wedncsday aftcrnoon is givcn herc' The

conclusions given below should not be taken as declarations everyone agreed on,

but rather as a couple of interesting statements brought up during thc discussion.
Some statements were accepted by most participants, othcr naybe by very few'

t, Process eontrol versus aircraft control

process control and aircraft control arc two tota[y differcnt issucs. In aircraft
control, lots of time, Eoney and work ere sPcnt to obtain a very high
performance. In process control, the control work must often b€ both fast and

àh""p, and high performance is often not so important. Stability is often enough.

Furthermore, these systems have different tyPes of dynamics. These arc sornc

differences which has influenced the success of adaptivc control in the process

industry, and the luck of success in the aircraft control.

ll. Parametrization

Curent parametrizations used in adaptive control
probably using thern only because we know how
problem for these parametrizations.

Approximations are best done on an input-output basis, in the frequency domain'
Unstructured inaccuracy would e.8. be given as nominal phase and amplitudc
curves t ranges. State-space parametrization is not good for approximation.
Therefore, the state-space realization part should bc left to thc end of the design
procedure.

State-space is excellent for rigid body dynamtcs.

you cannot have an adaptive theory untess you have a feedback theory that deals

with plant uncertainty. Feedback reduces tolerance bound.

Ill. Is identification essential to adaotive control?

Identification is essential to adaptive systems. You havc to obtain knowledge of the

system from measurements.

From a theoretical point of view, identifiability may not be essential, but for
robustness it may. Otherwise we do not catch thc whole dynamics. As long as

you get the l/O-map, this is enough. The number of parameters may lead to
numerical problems. Even if the I/O map is not changing, the internal parameters

may change. This is a numerical problem.

lV. How to take care of aoriori knowledse

Prefiltering may be one way to include apriori knowledge to decrease the number
of parameters.

We would like to rernove as many critical parameters, such as nonmininum phase

and time delay, as possible. The relay mcthod can solve the time delay problem, at

least for systems with monotone steP responses.

are not good - wc are
to solvc thc identification



A lot of tricks are currently added to takc care of non-typical situations. Itshould be useful to get insight from theory why we need those tricks. someproblems are related to robustness. I


