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Preface

The adaptive control of systems has been a dream of control system theorists
and practitioners for at least a quarter of a century. It arose from a desire and
need for improved performance of increasingly complex engineering systems
with large uncertainties. ‘This ‘is especially important in systems with many
unknown parameters that are changing with time. Roughly speaking, an
adaptive system is one that continually monitors these changes and adjusts its
control parameters automatically to maintain good performance. In mathe-
matical terms, such a system is generally a nonlinear nonautonomous dynamic
system. Hence, adaptive systems can be considered as a class.of control systems
that have been made deliberately nonlinear. -

We have engaged in many hours of discussion throughout the past decade as
to why the promise of adaptive control has been $6 slow in comirnig to fruition.
From these discussions several key reasons’ emerged. First, early schemes for
adaptive control; thoiigh ingeneous, did not guarantee global stability of the
adaptive system. Those who' tried 'to apply these schemes either had" great
difficulty in showing even local stability of the resulting control systems and,
therefore, were reluctant to use them, or, worse; implemented them on systems
with unfortunate, and perhaps even disastrous, results. Second, globally stable
adaptive control algorithms have been developed only recently, and these are
not yet known to most practitioners. Third, researchers in adaptive control, for
the most part, are not well versed in the potential applications of the theory.
Finally, the technology of the past decade was not adequate to the task.

* With recent advances in microprocessor technology, it has become feasible to
implement adaptive algorithms efficiently in real time at reasonable cost. This
fact together with recent developments in theory and the keen interest shown by
industry in adaptive control prompted us to organize the Workshop on
Applications of Adaptive Control, which was held in Auéust 1979 at Yale
University. Of the one hundred participants-at the workshop, approximately
sixty percent were potential users of adaptive control from industry and forty
percent were researchers from universities. The objectives of the workshop were
to: s
'(i) make potential users aware of recent advances in control theory;
(ii) make theorists aware of the potential applications and especially aspects
of applications which do not satisfy the assumptions beirig made by the
| theorists; A e ‘

(iii) determine if the reasons for the coticept of adaptive control falling into

disfavor in the flight control community are still valid.

ix
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Workshop participants agree that the objectives were met reasonably well.
This motivated us to share, via this book, the workshop experience with a
broader audience. Papers included here represent a selection of those presented
at the workshop and do illustrate that it is becoming increasingly realistic to
consider using adgptive control in many practical problems.

The first two papers, “Self-tuning regulators—design principles and applica-
tions” by Astrom and “Design of stable model reference adaptive controllers” by

‘Narendra and Lin are tutorials that bring together important recent results in

two of the most studied approaches to adaptive control—self-tuning regulators
(STR) and model reference adaptive control(MRAC). In addition to presenting

a clear exposition of the theory of STR and its relationship to MRAC, Astrom
also gives numerous examples of successful apphcatxons, The importance of
error models in the stabnllty analysis of MRAC is stressed in the paper by
Narendra and Lin, and it is shown that the different independent proofs of
stability  given, recently .are equivalent. Although STR and MRAC. were
developed separately by different research groups, current research is beginning
to reveal the similarities between these two approaches.

The settion on signal processing has papers contributed by N. L. Owsley and

E. H. Satorius and M. J, Shensa. Though not dealing with adaptive control per

se, it wap felt essential to include these papers because algorithms used for
adaptive i processing are very similar to those used.in adaptive control. For
this. reason, control theorists. and practmoncrs can benefit from.an under-
standing of work in this area.

In the section on power systems, the paper by R. K. Mehra and J. S. Eterno
presents a good description of the types of power systems problems that oould
benefit from application of adaptive control. Electricite du France | has had a
rescarch and development effort in adaptive controls for several years now, and
E. Irving describes how they are attempting to apply adaptive control algorithms
for controlling large electric generators.

Adaptive control in aircraft systems is discussed in the papers by E. G.
Rynaski, G. Krensselmeler G. Stein, and M. J. Balas and C. R. Johnson. G.
Stein makes the point that many fhght control problems are solvable by gain
schedulmg based on data from air sensors. However, he does point out some
areas in flight control where an adaptive controller. may be necessary. In his
paper, Rynaski describes how adaptive control fell into disfavor in the fhght

- control community, and points out that a residual negative bias still exists. He

also describes the utility of the model following approach in flight control,
where, in the examples he consnders, the adaptive feature is not required.
Kreisselmeier dicusses the desirability of eliminating the cost of air data sensors
in less-sophisticated fllght control systems This may be made possible by use of

g adaptive control techmques In the paper by Balas and Johnson, adaptive

control of distributed parameter systems is considered. The problem they
address, control of large structu,rss in space, is one where adaptive coptrol may
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be the only method to deal with ignorance: of system structure, order, and
parameters. ) . : ;
The set of papers on process control includes applications not only to
chemical processes; but to electromechanical systems as well. P. Belanger, in his
paper “Adaptive control in the process industries” offers.a number of interesting
reasons as -to: why adaptive control,.:so far, seems to have found- wider
applicability in the area of chemical process:control than in electromechanical
systems: One:of these, which strikes us as particularly important, is the fact that
in- process:.control the dynamics -are almost -always: well damped, whereas
clectromechanical systems often- have several highly underdamped modes
usually related to bending or vibration. Also, parameters of electromechanical
systems can change rapidly, whereas changes in-many chemical processes take
place slowly enough to allow time for parameter identification to take place.
Haiber et al., in their paper on “Adaptive level control in a glass furnace” show
experimental results which clearly demonstrate the improvement. possible with
adaptive control. Their self-tuning regulator ensures a much smaller variance of
the output around the reference value than does the traditional controller.
Johnstone et al. show that model reference adaptive control applied to liquid
level control is robust and has superior tracking and regulation properties as
compared to the classical PI control. It is important to note that their results
were achieved in spite of the fact that their pilot plant had nonlinearities and
rapid changes of parameters which were not covered by the theory. Haque and
Monopoli, in “Discrete adaptive control of a radio telescope,” show the
effectiveness of the discrete model reference control algorithms in removing the
undesirable effects of unknown Coloumb friction level and unknown system
inertia. Three adaptive gains in the telescope control system resulted in a
decrease of tracking error by a factor of two. Gutmann, Monopoli, and Van
Allen show the potential for using model reference adaptive control to improve
the pointing accuracy of a high power laser pointing and tracking system. In
their paper, “Adaptive control of a laser pointing and tracking system: A
feasibility study,” it is pointed out that good results are obtaifiable even though
the design is based on a dominant second order model of a sixth order plant. In
“Classical control interpretation and design of microcomputer adaptive con-
trollers,” Neuman and Morris compare three classes of model reference adaptive
controllers in a common framework from the viewpoint of microcomputer
implementation. This is a particularly important contribution because of the
blending of the latest technology and theory. Hopkins and Borcherts, in.
“Discrete time modelling of the torque response of a-spark-ignited fuel-injected
engine,” give experimental results of a model reference identification technique
on which to base control strategies generated by linear quadratic theory. In the
paper “Application of adaptive systems in process control” by Unbehauen an
excellent survey of successful applications of adaptive control in various process
control industries is given. Also, Unbehauen makes the important point that
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further successful applications of adaptive control will depend on a close and
épntinuous'eﬁll'aboration betwéen control design engineers and researchers in
adaptive control theory. . EEL ’
Sound theory provides the basis for 8ood practice, even though in real world
* problems the assumptions made for theoretical analysis are almost never strictly
satisfied. The applications given in this. volume are no exceptions since, in one
"way or another, they fail to satisfy theassumptions that have to be made to prove
theoretically global stability. However, they appear to be robust, and to achieve
the desired objective of improved performance over nonadaptivesystems. These
successful applications provide motivation for reseéarchers to re-examine current
theories ‘and develop new ones to explain their behavior. This continuing
interaction between theory and practice should lead to systematic design
procedhires for adaptive control systems.
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SELF-TUNING REGULATORS -

DESIGN PRINCIPLES AND APPLICA'I.‘IONS1

Ko Astrﬁm

Department of Automatic Control
Lund ‘Institute of Technology
Lund, Sweden '

The basic principles of self-tuning regulators are .discussed.
The regulators are motivated from the viewpoint of nonlinear
stochastic control theory. Self-tuning regulators based on pole-
zero placement, minimum variance control and linear quadratiec -
gaussian coﬁtrol are described in a common framework. Relations
between self-tuning regulators and model reference adaptive control
are discussed. Applications to different industrial process con-
trol problems are described. Practical and theoretical issues of

relevance to design of self-tuning regulators are also treated.

1This,research was supported by the Swedish Board of Technical
Y Development (STU).
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2 APPLICATIONS OF ADAPTIVE CONTROL
1. INTRODUCTION

The tuning problem is one reason for using adaptive control.
It is a well-known fact that many processes can be regulated
satisfactorily with PI or PID regulators. It is fairly easy to
tune a PI regulator which only has two parameters to adjust.
However, for an installation which has severél hundred regulators
it is a substantial task to keep all the regulators well tuned.

A PID regulator which has three or four parameters is not always
easy to tune, particularly if the process dynamics is slow. The
derivative action is, ‘therefore, frequently switched off in indus-
trial controllers.

Since many control loops are not critical three term control-
lers will undoubtedly be used extensively in the future too. With
an increasing demand for efficiency in the use of energy and raw
material there are, however, an increasing number of control prob-
lems where it is reasoﬂable to use regulators which are more
complicated than PID regulators. Such regulators, which may in-
clude feedforward, staté feedback, and observers, can often have
more than 10 adjustable parameters. It is not possible to adjust
SO0 many parameters without a systematic procedure. The lack of a
suitable tuning procedure is one reaéon why modern control theory
has not been used more extensively.

One possibility to tune a regulator is to develop a mathe-
matical model for the process, and its‘distutbances, and to derive
the regulator parameters from some control design procedure. The
appropriate mathematical models can be obtained from physical
modeling or from system identification. The drawback with such a
procedure is that it may be fairly time consuming, and that it :

requires personnel with skills in modeling, system identification,
and control design. The self-tuning regulator can be regarded as
- a ‘convenient way to combine system identification ‘and control de-

sign. 1Its name does, in fact, derive from such applicationms.
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One reason for using adaptive control is thus to avoid the
tuning problem. Another motivation for using adaptive control is
‘that the characteristics of the process and its disturbances may
change with time. If the changes are not too rapid a properly
designed self-tuning regulator may be used for continuous tuning
to obtain close to optimal performance.

Adaptive control has been a challenge to control engineers for
a long time [1]. Many different schemes have been proposed [2-4].
In spite of this, progress'in the field has been comparatively
slow. One reason for this is that adaptive systems are difficult
to understand because they are inherently nonlinear. The field
is also fairly immature as a scientific discipline. Many ideas
that are basically the same are derived and presented using very
different approaches.. There is a wide divergence in.notationa.'

A fundamgntal conceptual framework is also lacking. Recently
there has been an increased interest in adaptive control. One
reason for th;s is the availability of microprocessors which make
it possible to implement adaptive controllers conveniently and
cheaply [5-7]. Another reason is the success of adaptive control
in pilot installations in industry [8-16]:. A third reason is that
some progress has recently been made in the theorf of adaptive
control [17-23].

The purpose of this paper is to give an overview of self-tuning
regulators, which is one approach to adaptive control. The focus
will be on concepts, theory, and applications. The paper is
organized as follows. .

A brief review of nonlinear stochastic control theory is given
in Section 2. This theory gives a conceptual framework and a

' general structure of an adaptive regulator with many interesting
features. The regulator obtained from nonlinear stochastic
control theory is, however, so complicated that it can only be
computed numerically in almost trivial cases. To obtain something

useful it is thus necessary to make approximations. Self-tuning



