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1. IMTRODUCTION

The developmant of the digital caomputer opens new
possibilities to do engineering designh. Thirty years ago the
major techniques for analysis and design of control systems
were based on pencil and paper analysis in combination with
graphics. When a digital computer is available the analysis
and desigh can be done in very different ways. The purpose
of this project was to explore different ways of using a
digital computer in the fields of analysis angd design of
automatic control systems. The basic idea is  to cowmbine an
engineer’'s expevience and overview with the computing powsr
of a digital computer in order to obtain efficient design
tools. The approach includes both  development of design
techniquess which use the computational powar of the digital
computers and the design of an intevactive man—-machineg
ipterface:s which allows the engineer to intervact with the
computer. These two aspects were consideved in the project.
Control system design includes many different steps such as
modelings data analysigs identifications analysiss
simulations desigh and implemnentation. The algorithms needed
and the type of interaction required in these phases are
guite different. To get a good picture of the whole problem
it was therefore decided to consider in the project examples
of all the different steps. & brief review of the project
and the major results are given in this report. We refer to
the references for details.

2. OBJECTIVES
The objectives of the project were the followings

To make advanced methods for analysis and design of
control systems easily accessible to ehngineerss
ressarcherss and students. <Y

To explore the potentials of interactive graphics for
control system desigh. -

The digital computer has jhad a significant impact on the
methods used in control engineering. Many of the technigques
developed over the past 25 years requirg that a digital
computer can be used for the calculations. It has turned out
that even with a digital  computer and a good subroutine
library it is a substantial effort to wuse many of the
techniques. This tend to limit the usefulness of the methods
substantially. In otherdwords the methods ars simply not
cost  effective. Anntheqﬂoﬂ;sadvantage aof the conventiornal
approach is that the, problew solver often interacts with the
computer indivectly through a programmer. This can irvad to
misunderstandings and mistakes. It is also a waste of
resourees. A major goal of the project was thus to
investigate if it was possible to create an gnvironment for
problem seolving so that the person with a problesm could




integract directly with the computer without intermediaries.
The system should be so flexible and so easy to use that a
person who understands the basic ideas of a technique should
be able to get results even if ke is nokt familisr with
particular details of the numerical method. The system could
thus also serve as a good learning tool.

Graphics has always played a major role in engineering. The
fFirst books used in engineerving education weres books of
drawings of machines by Leonardo da Vinci. Ever since
various forms of graphical representations have besn used
extensively. In control engineering many of the major design
tools are still graphical. The availability of computer
graphics thug seams to be a useful way to interarct with the
user.

The way graphics was used was constrained by the hardware
that was available when the progect was started. A
minicomputer with 32 k bytes of core memorys a 512 k disk
file and a storage oscilloscope was used originally. This
amount of hardware is considered very modest today. There
are nows howevers also advanced polor graphics which admit
other types of interaction.

3. RESULTS
The projgeet has resulted in

ideas on the use of interaction for analysis and design
of control systems.

a comprehensive set of program packages.
theory for design of multivariable control systemss

four PhR dissertationss eleven MSec dissertations and
many publications. ,

An  averview of these results are given below. Further
details are given in the references.

) 2 24 ;

O B R T e e e e o

When the project was starteds it was by no means obvious how
the interaction should he | organized. The predominant
approach at the time when the project was started was to use
a Ffairly rigid question dand answer dialog. This was for
example used by our cnllggpés in England {(Imperial College
and UMIBT) » Germany (University of Btuttgart) and
Switzerland (ETH) with whom we have maintained close contact
throughout the projgect. It was also comwon to wmix the code
for the interaction into the application routines.




In our project we discovered at an early stage that the
guestion and answer approach was too rigid for an
exparienced usev. The main disadvantage is that the computer
iz ih command of the work rather than the user. It was
therefore decided at a fairly early stage in the project to
make the intaraction command oriented. This had the=
unexpected effect +that it was possible to create new
commands easily. It was thus possible to use the packages in
ways which were not anticipated when the packages were
designed. The decision to use commahds instead of a gquestion
and answer dialog thus had far reaching consequences. The
commands can in fact be viewed as a hiah level _problem

o o Tk e Sy i s e ey s e By s e i s e e

oriented _language. The ideas on interactionh are further

elaborated in Wieslander (19793 which is one of the main
references.

& majoar result of the progeect is a comprehensive set of
program packages!?

Intrac
Idpac

Madpac
Simnon
Synpac
Polpace

which cover a wide vange of control systems problems. The
major work on the pachage Sinnon was supported by ITM but it
is part of the design suite. The different packages are
described in detail in the references. & short deseviption
of their major features are given below.

INTRAC

The eore of the interactive programs is a set of subroutines
called Intrac. These routines hagndle the interaction between
the user and the application packages. Intrac can be viewed
as a toonl which makes it ppssible to convert a cpllection of
Fortran subroutines into abk interactive package. Intrac thus
handles command decoding. ;It~also has a macrofacility. The
macra handles: ‘

a formal arguments in the commandse
.
o ecommanhds for control of execution of a macro»
s
Tho
v a facility Fnr9~géLlecting a8 sequence of commands
into a new command.

o input and outputs

o commands which facilitates implementing a question
and answay dialog»




o nesting of macros.

Intrac has a olean and welldefined interface to the
application routines. This is in fact what makes it such a
good tool for building the packages. It is a large advantage
for the user that the interaction is implessnted in this
way. The interactions the macro commandss and many general
application commands for data handling and editings are the
same in all packagess. This makes it easy to learn a new
package.

Intrac has also been used to implement other packages by
aother groups. ITH has =2.g. used Intrac in several
applications. A detailed description of Intrac is done by
its oreators Wisslander and Elmgvist (1978).

IbPAC

Idpae is a package for data analysis and system
identification. It contains commands for manipulation and
plotting of data» porvelation analysiss spectral analysis
and parametric system identification. The basiec technigues
for parametric identification that are implemented are the
least squares method and the maximum likelihood wmethod. By
using the macro facility it is however possible to generate
commands for most of the parametric identification wmethods
which are proposed in literatuvre. Theve are alsp commands
for model validation. ldpac can be viewed as a convenient
way of packaging the research in systems identification that
has been done at our departmwment for a perviod of 15 years.

ldpac has gone through several steps of development. The
latest wversion is described in Wieslander (1%80bY. The
report edited by Gustavsson (197%a) is a tutorial on the
package which has been used in courses. The reports
Gustavsson (1979b and 1979c) contains many examples. The
paper Astridm (1980} gives the relevant theory for the
parametric identification wmethods. It also contains a
comprehensive set of examples of using ldpac.

MODPAC 4
B A

There are many ways to describe a control system.
Monparametric methods in the time and freguency domain can
be used. Parametric descriptions like state equations and
rational transfer functions can alsp be used. There are also
many ways in which state equations can be transformed. For
digital control is is nedegsary to go betwesn continuous
time and discrete time représentations. All  these problems
can be handled by HModpac. The package alsn  has facilities
for finding the Kalwat decomposition of a system.

Modpac is described in Wieslander (41980c2.




SIMNON

Simnon is a package for interactive simulation of nonlinear
continuous time and discrete time systems. The package also
includes noise generators, timedelays: a facility for using
data files From Idpac as inputs to the syvstem and an
optimizer. Bimnon has also gone through several stages of
development. See Elwmgvist (19273y 1975 and 1%78a). Examples
of using Simnon ave found in a lavge number af MS5e
dissevrtations.

SYNPAC

Synpac is a state space oriented design package. It includes
facilities for esalculating state feedbackss Kalman Filters,
and observers for continuous and discrete time QG problems.
It also has facilities for transforming continmuous time
problems into discrete time problems. This is necessary far
digital control. There are alsn commands to design
feedforward control. Bynpac was ohe of the first pachkages
that was implemented. & test version was made as an HMSc
project. Ses Noven (1%972). Based on experiences from later
work it has been improved and updated considerably. The
currant version is described in HWieslander ci2s0d: .
Applications of Synpac ta the design of & realistic
avtopilot of an aircraft is described in &strim and Elgerona
(19740 .

POLPAC

Polpac is a4 polynomial orisnted design package for
multi—-output single-input systems. It includes algorithms
for pole placements minimum wvariance controls and LOG
control. The package s&lsa has farcilities for classical
desigh using root lorci and Bode diagrams.

Portability

The programs were initially developed on a minicomputer
PDP-15. The programs were written in Fortran. 4 considerable
effart was also devoted to development of subroutine
libraries and programming standards. The advantage of using
a larger computer for progypam development was soon apparent.
More powerful program development tools oould then be used.
The wmajor development work was then shifted to a Univac 1108
at the university computing centre. Since there was a
considerable interest from pérsons outside our own group to
use the program a substantial &ffort went into making the
programs portabls. o /
b ;
It took a considerable effort to make portable code. This
work included development of a complete set of Fortran
routines for files character and string handling. A plotting
library in Fortran was also developed. These routines arve
interfaced with a welldefined small set of assembler coded




routines. A seriss of manuals and implementation guides have
also beesn prepared. See Schiinthal (1977: 1978 1980Das 1980b»
and 1280c) and Essebo (19803.

A result of the efforts is that the packages are indeed
portable. Packages are curraently running on the following
computers PDP-15+ PDP-11y DEC-10» Vax 11/780s NOVA~3»
ECLIFSs 1IBM 1800, IBM-3460s CDC  1700: CDC-6400s HP-3000,
Honeywell: SEL-32s Univac 1100s PRIME~750. Implementations
on Nord computers are also planned.

Generalities

To summarizes the packages are coordinated and designed in a
uniform ways since they ave all based on the interaction
module Intrac. This makes the different packages easy to
use. Common data structures are also used in the programs. A
datafile from Idpac can thus be used as an input signal file
in Gimnon ete. It is interesting to observe that wany of
these features were inspired by visitors who wanted to use
the programs in hew ways.

The packages are command driven. It is easy to create new
commands either by using the macros in Intrac or by adding
new commands and new appliecations directly in Intrac. The
programs are separated into packages for expedience only.
The packages are quite large as is seen from the Table 3.1.
It is more manageable to keep them separvate. It iss howevers
gasy to generate special new packages based on commands
available and new commands.

It is possible to solve wmany different types of control
problems using +the packages although they are by no means
complete.

— el T e i e s i Pt it el e S e

At the start of the progect it.- was clear that theory was
lacking in several important areas: notably in the theory of
multivariable systems. Work was thevefore initiated in this
field. The design problem for multivariable systems was
investigated in Bengtssons ¢1973). Further wark on this
problem was done by PRengtsson. Bee the extensive list of

'

Source code k lines Program size kbytes
Intrac 7- " 70
Idpac i 37 ' 470
Modpae 41 570
Himnon 23 3460
Synpac 43 &30

Table 3.1 - Examples af program sizes.

e e s o A — —




publications in Sention &. Techniques for designing
fesdforward compensators and reduced order state feedback
were developed. These methods have been incorporated in
Synpac.

Further work on control systems design was wade by Pernebo
(1978>. Inspired by Rosenbrock (1970) and others Pernebo
used algebraic system theory to develop design techniques.
Algarithms based on this approach are discussed in Pernebo
(1980a and 1280b). Astrdm (197%c) has also givan a
comprehensive design technique for multi-output single—input
systems based on the polynomial approach. These ideas avre
incorporated into Polpac.

Disgertations

Four PhD dissertations have been rcompleted on problems that
are closely related to the progects Bengtsson (19733
Elmgvist ¢(1978)» Pernebo (1978) and Wieslander (1977). See
Appendix A. Beveral HMBc dissertations have also been
completed in the progect. A list is given in Appendiyx B.
Mastars projects have to a large extent been used to test
ideas and as feasibility studies.

B e o i e e i e i vt e

Az a result opf the project we ave now in the forefront of
CAD in the control system community. This is e.g. manifested
by a recent research proposal to NSF in  the United States.
See Spang and Gerhardt (1981).

4, INFORMATION DISSEMINATION

The interactive program packages are very powerful tools for
splving control problems. They represent an effective way to
package powerful theory in such a way that it is easy to
apply to veal problems. The availability of packages will
have a drastic influence on the way control engingering will
be practiced in the future. With the packages the angineav
has very powerful tools availeble at his fingertips. The
packages are thus one way ,tp fake control theary cost
effective.

The packages have been used .

at our department: )
at other universities, ' 2
in industry. b
i
In this Section we will describe some ways in which the
packages have already been used. We.will also speculate a
little on the future uses of the packages.
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A primitive version of the package Synpac was used as early
as 1972 in connection with research projects. We have
continued to use the packages ever since. The major reason
was that the packages were very powerful problemsolving
tools. & person can come to the computer terminal with a
control problem and he can leave with a complete solutions
or at least with a good approximation. The results are well
documented in terms of listings and printing quality graphs.
An important feature is that the problem is solved directly
by the person in charge without nesds foy programmers as
intermediaries.

The egarly use of the packages provided very good feedback to
the development of the packages. At the early stages there
was a continuous dialog betwsen users and inplementors. Very
valuable input was also provided by visitors who often had
diffaerent ideas on how to use the programs.

All staff wmembers of the department and a lavge nhuwmber of
the studentss who have done MSc dissertationss have used the
packages. We have also used the programs in some of our
advanced courses. The identification package Idpac and the
nonlinear simulation package Simnon have been used most. We
have found +that ldpac is a wvery good tool to teach system
identification. It is possible for the students to gain a
lot of experience by working with real data. Similarly we
have found that Bynpac is an excellent tool for teaching LOG
design. The students can work with realistic problewms with
reasohnable effort.

It has also been our axperience that the students who have
experience in using the programs are good vehicles for
transterring the programs to industry. 1t is difficult to
appreciate the power of the packages if one does not have
eiperience in using them. :

8o far the programs bhave not been used in the general
courses. The reason has simply been lack of suitable
hardware. To use the packages it is necessary to have a
graphiecs terminal and a gomputer with a reasonable capacity.
The computational facilities at Lund Institute of Technology
have however recently been upgraded. There are now rooms
with graphical tevminals available for student use, In the
spring of 1981 we will therefore try to use the pragrams in
some of our regular courses.

g

Several courses are nm#ibéeing revised. In connection with
this we are planning to make extended use of the programs.
The simulation language Simnon will e.g. be used as a
standerd language for dooumenting models. We are also
planning model libraries which will make it possible to use
realistic examples in the courses. Similarly Idpac files
will be used as the standard way to document data. Use of




the programs will be standard techhnigques in many of our
rourses. It can be expected that this will alseo increase the
industrial uses of the packages.

e I o o i it mEin oy i it s e o s i W e P e i e b S

The packages have been made freely available for use at
gther universitiss. Different packages have been installed
at the universities of Lunds Stockholms Giteborgs Linkdpings
Luled and Umed in Sweden at DTH in  Denmarks at NTH in
Norways at the Technipal University in Helsinkisy at Imperial
College it London and at University of California  in
Perkeley. Apart from departments of automatic control the
programs have been used at departments of statistics (ldpaec)
and mathesmatics (Simnoh?.

e et e T e it S ot o e o i il i s Tt Py e i i i P e ot i B o S P et Bt S it St S

The programs have also been made available to industry on a
licenee basis. The programs arve currently used at

Time sharing servicess
Triforskningsinstitutet in Stockholms

Foa in Stockholm _

Statens Skeppsprovhningsanstalt in GSteborgs
Saab-Scania in LinkSping:

ABEA in VHsteras:»

AngpannefSraningen in Stockholm and Malmis
Sydkraft in Malmis

Billerud-Uddeholm in Karlstad.

Several industrial users are also running the programs at
the university computing centers from terminals. This is in
fact the way we recommend new users to start.

We are currently discussing licence agreements with several
industries both in SBweden and abroad. There is €.g. a
possibility that Simnon will be used as a standard tool for
documenting and moniteoring the dynamic behaviour of nuclear
powar stations in Bwedsn.

The industrial uss of tﬁg iyéckages ig interesting and
encouvaging. It was not / dnticipated when the project was
initiated. -

To spread khowledge of the packages we have also given &
number of courses on the use of interactive computing. The
following short courses have been givent
Sy 'f
g
Interactive Cnmputﬂng for Dynamical Systems.
Lund May 22-23s  1975.

Use of Interactive Computing for Analysing
Dynamical Systems.
Lund June 1-2y 1274.
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System Identification using Idpac.
Lund April 2-5s and May 8-11s 1979,

Simulation of Dyhamical Systems.
Lund May 5-&s 1280.

We are planning to run courses of this type regularly in the
future.

5. FUTURE WORK

In this Section we will give a few remarks on  the current
state of the progject and some speculations on possible
fFuture work. We will start with @& quick summary of the
current situation.

T o et A ot o e it Yo B St Y Fonp $y Tk

We have a collection of packages. They are very powerful
topls for solving many different control problems. The
packages ares howevers neither complete nor perfect. The
packages will be used as standard tools for teaching and
ressarch. They are also used in industry to a modest extent.
We will continus o maintain the packages and to make
moderate extensions of them in connection with the teaching.

in retrospect it was very important to keep the activity
above a critical level. The effort requived to make the
programs portable was in retrospect very useful for the
programs to be used cutside the department. At times it felt
like a very heavy burden because we were not doing nhew
things gust improving old. However we leavned a lot about
software and portability.

— s Tyt S St St it Ty .

Since the interactive packages seem to be so usefuls why
should we not econtinue with the progect and do Further
gxtensions and impravementg, Q

Firstlys the packages are no longer gond PhD progects. With
pur current approach it can safely be said that the
innavation involved in making another package is marginal.

Secondlys it reguires 5gh§tantia1 resources ko develop the
packages. & permansnt statf of 2Z-3 persons full time on a
project is a minimum. This' is a substantial commitment of
resources in our environment.

Thirdlys there are dramatic changes in havdware and software
under way. It is our opinion that these developments will
drastically change the conditions for designing interactive
packages. This is further elaborated below.




14

= R N R h L 1LE =Ry —

Thare has been substantial advances in hunerical software
for linear algebra over the past five years. A substantial
effort has gone into subroutine packages such as Eispack and
Linpack which are rnow available in the public domain. A
gsimilar effort has not yet bheen devoted to the numerical
calculations reguired for analysis and design of control
systams. Within the progject a wmodest activity was wmade to
organize a Scandinavian Control Library of subroutines fonr
control  problems. Since 1943 we have also maintained a
library at our departament. It cans howevers bhe safely said
that much work still remains on the humerics. To stimulate
activity in this direction we organized an international
workshop on Numerical Problems in  Automatic Control in Lund
in september 1780. The workshop was very well received and
there may perhaps be payoffs over the next ten vear period.

R S S, e S A S S T

Interactive computer graphics is now started to be used in
many places for mahy different problems. Consequently therse
is an acecumulation of knowledge which can be incorporated
inmto future packages.

Hardware

When the project wes started we received criticism from some
potential industrial users because our computer was too
large. One remark was that anything which uses move that 16
kbyvtes aof fast memory is totally impractical for industrial
use. Fortunately these predictions have not come true. The
hardware now available make it reasonable to use much larger
conputers. According to one source (Carnegise Mellon) the
personal scientific computer availlable in the mid eighties

will have a fast memory of 2-8 HMbytess a disc of 300 Mhytes

ard a high resplution graphics screan.

Even if this will not be true it is clear that the packages
we are currently dusing can be implemented very conveniently
on machines cuvrrently avaiflable.
P A
Oour use of graphics is fairly limited. It was dictated by
the characteristics of a terminal with a2 storage tubes which
was the only facility available at reasohable raost when the
design was frozen. It is obvious that refresh graphics and
high resglutiaon caloy graphics aof far many othar
possibilities. o 7
‘l/ - ]

Callaboration with PmuFéésoé Polak at UC Berkeley

;

We have found arn  interesting way to follow sone of these
recent develeopments. 4 Joint progect with prof. L Pplak at
University of California in Berkeley has been started. Prof
Polak is interested in investigating the possibilities of
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using optimization methods as a basis for desighn of control
systens. This requires a more intense man—machine
interaction becausse the optimization can bs made very
efficient by putting a man in the iteration loop. Prof Polak
also uses color graphics. We have provided prof Polak with
our software (Intrac) which gave him a flying start. In
return we will have full access to his results. Qne of our
programnerss T. Essebos has also visited Berkeley for two
supmers. We may also do more Joint work with Polak in the
future.

Software

This is the key factor for deciding on future work since it
iz the most +time consuming effort. When the progsect weas
stavrted the possibilities of using the programwming languages
Fortrans Basic or APL were investigated. The advantage of
Basic and APL was that they were intervactive languages. They
were discarded because they gave programs which were too
slow. APL also suffered from not being very portable. The
possibilities of using Basic or APL with Fortran subroutines
for the calculations were also investigated. This could not
be done in a portable way. It was thus decided to use
Fartvan and to provide the interaction ourselves with
Intrac.

It is elear that Fortran is tot a good language for
implementing the interaction. This could be done better and
much easier with a language like Pascal. Unfoartunately there
is however hot yst a standard Pascal language available. The
Ada language wmay be another possibility. Compilers for Ada
will however not bs available until after a few yeavs.
Because of good libraries like Eispack and Linpack are
available in Fovtran but rnot vet in Pasecal or Ada it may be
necessary to use several languages.

A real break—through would be an incremental compiler for an
ADA—-like language. This would give the users good algorithas
and data structuring facilities in the sawe language.
Inerenental compilation would also give the user a very good
interaction capability. % Note the similarity between
interactive use of a |, program and interactive program
developnent and debugging.

Conclusions .
A synthesis of the facts stated above has led us to the
ponclusion that it is ~wise for us to stop substantial
development of packagag'fér,a while., We will waintain the
existing packages and we will make mavrginal additions. We
wills however: not undertake any substantial new development
until the development of the modern programming languages
will stabilize. In the meantinme we will follow the
possibiiities offered by the new hardware for computing and
graphiecs closely by means of progects like the Berkeley
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project. We will also investigate the possibilities offered
by the new languages in exploratory studies. None of these
activities will require much effort. They can largely be
done by MBc-projects. We will also continue to stinmulate
activities in good numerics for econtrol.

&. CONCLUSIONS AND RECOMMENDATIONS

Pasad on our experiences we would like to make the following
gtatements and recommendations.

Interactive computing is an important tool for the engineer.
This project has shown that the productivity in analysing
and designing control systems can be increased substantially
by using this tool.

Computer Aided Design seems to appear in many branches in
snginsering. Crossfertilization hetween different
appliration areas should be encouraged. The results  from
this project can perhaps be used in the CAD/CAM area.

Numerical methods for analysis and design of control systems
should be improved. This is probably dona better by
numerical analysts than by control scientists.

8TU should be prepared to support new projgects in the area.
when the languages currently under development stabilize.
The field of computer aided analysis and design of control
systems may then be a good field for a national projact.
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