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1. INTRODUCTION

Contrd engireerirg startel to emerg & a discipline
in the late30’s ard early 40’s ard simuldions & this
time wee intially dore ushng mechantd devices,
sud as the bdl and disk integrate incomporatel into
differertial analysers The fdlowing two decades
sav a rapd growh in contrd theory, often refared
to & classid contrd theory, bu perhag more
precisel/ describe a tha control theoy which
existal prior to the formuldion of stae space
mettods armd a rapd advamce i electronics
paticularly vaauum tuke ampifiers. This led to the
developmen of electrontc anabgue conputers for
simulation Ther capaliities, accurag and
componens changd with time & electronics
devebpal from the use & vaauum tube circuits, to
transistos ard finally integratel circuts. They were
employel both for teachig ard reard in
universties with sone institiions building ther own
equipment This, h fact becane qute a popular
adivity in the 60’s amd early 70’s whee researchers
increase ther capaliities by interfacing o the
newly devebped smédl digital computerssud as the
PDP8 to provike so-ced hybrid computers.
Severd companis  maufacturel  analogue
computes which were sotl to boh industries and
universties The manufactie d anabgue ard later
hybrid computes was essetially the sole businesof
sone companiessud as Ekectront Associates and

Applied Dynamics bu for other compant sut as
Solartron ard Telefunk& analoge computes were
just ore d a diversifig rang o products.

Analogue computes usel to suppadrthe teachig of
contrd engineerng wee mainy initially, but not
ertirely, confinel to ekectricd engireering
departmerg whee thee was less reluctare to
conned things togethe with wires bu as
commercid product improvel they becane more
common in mechanickand chemtd engireering
departments They were use toillustrate mary basic
corceps d linea contrd theory ard in sone case to
introdwce studers © the dfed of commonly
occuring nonlireaities, suh a deal zone,
saturdion ard backlash.

In industy ard governmen laboratories analgue
computes wee usuay usal to simulag¢ larger
systens than in academiausualy incoporaing more
redistic models The later invariably mean the
inclusion o nonlinea elemens for which theoréical
analyss ard design epproaches wee lacking It was
therefoe canmon pradice b do aiy theordical
studies an alinearisel systen ard then stug/ the full
nonlinea systen with propose contrdler desgns on
the analgue computer Analogue computes were
alo used m industy as conponens d training
simulators perhag the bes known being flight



simulators, but this usage will not be mnsidered
further in this paper.

The paper is organised as follows. The next sedion
discusses the basic oomponents of analogue
computers, their development and computer
operation. Sedion 3 describes Me gpedfic
analogue cmputers and includes me personal
reolledions of the analogue mmputer install ation at
the University of Manchester. The objedive of
sedion 4 is to illustrate uses of the analogue
computer in studying control engineaing. The major
emphasis will be placal on its use in teading and
reseach in acalemia, where my own experience was
obtained.

2. FEATURES OF ANALOGUE COMPUTERS

Simulation using analogue tedniques developed
quite significantly during the war time period in
government laboratories in the U.K. and U.S.A. The
major need for simulators was for studying the
design of milit ary equipment for fire control, tradking
and misdle guidance Linea anaysis alowed some
estimation of control system behaviour but
simulators were required to look at more complex
models than used in the basic anaysis and
particularly the dfeds of nonlineaity. The
technology and manufaduring of products in those
days was such that nonlineaity was far more
prevalent than might be the cae today. Badlash in
geas, nonlineaity in amplifiers and motors,
nonlinea friction and the neal deliberately to use
nonlinea components, such as relays, becaise
eoconomicdly they were agoodform of robust power
amplifier. Unlike integrated circuits used today,
vaaium tubes did not take ‘kindy’ to operation in
harsh  environments, for example of high
temperature and vibration. An excdlent paper
describing analogue computers of that era is by
Williams and Ritson entitted ‘Electronics Servo
Simulators [Willi ams F.C and Ritson F.J.U. 1947 ]
and one describing wsage in a pradicd investigation
is[Ritson F.J.U.and Hammond P.H. 1957].

The heat of the analogue computer is the d.c.
amplifier.  Simulation of a linea second order
differential equation is normally done in terms of the
controllable canonicd form block diagram requiring
two integrators a summer and some variable
coefficients.  To set initial conditions on the
integrators and to pause the simulation requires
suitable switches. This was not easy to doefficiently
with 1940s technology so many ealy vaaium tube
analogue @mputers were dther off or running
continuously. When this approach was used the
amplifiers were often provided with external sockets
so that different impedances could be dtached for the
input, often more than one, and feadbadck
components. Another fador that dictated this
approach was the relatively high cost of the amplifier

compared to components, such as resistors and
cgpadtors. An analogue drcuit designer, for instance,
wishing to produce asecond order filter would doso
using resistances and capadtors around a single
amplifier. Research was done in the 50's on how one
could produce higher order transfer functions using a
single amplifier — quite a different philosophy to
today when the amplifiers are cheep.

The vaauum tube drcuits required 6.3 V a.c. for the
heders and d.c. amplifiers were typicdly supplied in
addition with a voltage in the range £150 to +300V.
The linea output voltage range was normally around
+100vV. A difficulty in d.c. amplifiers was to avoid
d.c. drift, that is the output drifting from zero when
the input is zero. The input stages of the amplifier
circuits were long tail pair circuits and the positive
terminal was not available & an input as it was
supplied from a variable d.c. voltage to provide zeo
setting, that is adjusting the output to zero with zero
input. High gain amplifiers were required to ensure
that transfer functions were acurately defined by the
input and feedbadk impedances © sometimes zero
setting was done with the amplifier gain reduced by
feedbadk to the order of 100. Speda chopper
stabilised d.c. amplifiers were built to overcome the
drift problem but they were relatively very expensive
and with the mntinuously running simulator were
redly only necessry if integrators were to be
conneded in open loop.

Fixed gains, when required, were produced by using
different input and feedbadk resistors, typicdly
available in steps of 10, say 10kQ, 10kQ and IMQ.
To produce accrate gains these had to be high
stability, low tolerance omporents. Variable gains
were obtained using potentiometers of around 1kQ,
typicdly ten turn, to allow for fine ajustment. To
avoid loading problems due to amplifier input and
output impedances potentiometers had to be set * ‘in
situ' ' High quality low loss cagpadtors were needed
and values above 0.01pF, as they were required also
to withstand high variable polarity voltages, were
extremely expensive. Eledronic signa generators
were used to provide system inputs and
oscill oscopes, sometimes with recording cameras
were usually used for monitoring the voltages at
various parts of the simulation. Biased diode drcuits
were used to provide nonlinea charaderistics. Some
madines had so cdled variable function generators
where gains (slopes) and hbre&points of functions
were ajustable with the d.c. voltages applied to the
diodes. Whilst commonly used circuits, such as ided
saturation and dead zone, were often built in.

The major problems with ealy machines were in the
setting Yo procedures which had to take acount of
reliabili ty and the requirement for time and amplitude
scding. Plugging in components and connedions
between units did not ‘go down well’ with non-
eledricd engineas. Reliability of components made
modular programming a necessity, long before the



digital computer people wined the phrase. One
always checked ead part of a simulation in sequence
due to the posshility of amplifier or component
failure, broken wires etc.

Time and amplitude scaling came into prominence
more when simulation was used for a spedfic
system. For acalemic like studies, say for example
the investigation of jump phenomena in the
frequency resporse of a second order system, no
amplitude scding reed be done and the time scde
could be chosen to suit the measuring equipment.
With a spedfic physicd system simulation both
amplitude and time scding would normally be
required. Time scding to run the system at a suitable
sped for the studies envisaged and amplitude scaling
in terms of how the voltage & a particular point was
related to the physical variable it represented.
Although ‘a chore’ this was good engineeing
pradice & one knew that if the output of a particular
amplifier represented a arrent one should not,
athoudh it would be possble, as perhaps regrettably
so intoday’s digital simulators, connect it to an input
which represented temperature.

The major change when transistor based analogue
computers became available was that the drcuits
typicdly operated on £15Vd.c., so that the linea
range for the operational amplifiers was +10V. Also
because of improved transistor circuit design, both of
amplifiers and switches, it became much easier to
provide controlled integrators with time constants of
one seoond or longer, All commercial computers had
the three modes of initial condition, run and hold so
that the solution could be frozen either at any time or
possbly on the occurrence of a spedfic event. More
numerous nonlinea feaures garted to appea and
with the avent of integrated circuits the st of
amplifiers and multipliers became relatively chegp.
This meant that the volume occupied by the
eledronics became quite smal relative to that
required for terminals and patching, in contrast to the
situation in vacuum tube machines. So cdled hybrid
computers, started to appea in the 60's, with parallel
digital logic and sometimes interfaced to a small
digital machine. Other functions, such as trad-store,
were implemented in analogue form as were data
sampling and A/D conversion. The interface to a
digital machine dlowed for eassy simulation of time
delays and for digita processng of signals to
evaluate mrrelation functions and spedra.

3. SOME REFLECTIONS ON SPECIFIC
MACHINES

The purpose of this sdion is to describe some
fedures of spedfic analogue mputers and to
include some persona rewlledions. The major
concentration will be placed on the ealy yeas when
vaauium tube machines were used. The heat of these
machines as mentioned ealier was the vaaium tube

d.c. amplifier. An excdlent bodk on the status of this
technology in the late 40's is Vaawum Tube
Amplifiers published in the Radiation laboratory
series by McGraw Hill, a series better known to
control enginees for the bodk Theory of
Servomechanisms. One of the m-authors of the bodk
on amplifiers was F.C. Williams, who in the war
yeaswas a ‘boffin’ a TRE in Malvern UK. He did
a lot of pioneeing reseach in this field and
maintained close mntad with MIT. After the war he
took up the post of Professor and Head o the
Eledricd Engineaing Department at Manchester.
He was an outstanding enginee who after studying
E.E. a Manchester went to Oxford where his D.Phil
was on noise in vaauum tubes. During the war yeas
he made many major contributions to eledronics,
radar and control and after taking up his position at
Manchester was resporsible for starting the research
there on digital computers. He is perhaps best known
for producing one of the first computer storage
devices using a cdahode ray tube, which became
known as the Williams tube in many countries.
Reseach in control engineging developed at
Manchester due to his influence and one of the ealy
projeds was implementing suitable speed control on
magnetic drums also used as a digita storage
medium. Incidentaly the IEE has for many yeas
awarded a prize, cdled the F.C. Williams Premium,
for an outstanding publicaion in its Procealings on
Control Theory and Applicdions. By the mid 50s
he had again changed his reseach field to variable
spedl a.c. machines and linea motors. He had some
interesting reseach philosophies one of which was
esentidly if you are no longer aheal of ‘the pad’
then it is time to change. No daubt his switch to
eledricd machines gemmed from his recognition of
the immanent expansion of digital computer research.
Very much a source of ideas and an experimenter he
also addressed the problem of shortage of fuel in the
post war yeas. For example, he investigated fly-
whed energy storage for an automobile and once
caused a small fire in the laboratory when doing
some work on an internal combustion engine. When
the firemen arrived he was in the laboratory in hislab
coat looking as usual very much the technician and a
fireman was head to remark to him “l am afraid
you'll bein trouble when the professor finds out”.

| went to the University of Manchester in 1956 after
graduating in Eledricd Engineaing from Sheffield
University. The undergraduate ledures | had receéved
on control were minimal, limited to the concept of
the smple feedbadk loop with constant values in the
elements to illustrate aspeds sich as the value of
high loop gain and acairate sensing. It was perhaps
rather surprising therefore that |1 opted to go on and
do reseach in control, but | had gained the opinion
that there were challenging problems and the
discipline used the sort of mathematics that |
enjoyed. At the time there were three university
Departments in the UK leading research in control,
one & Cambridge led by Dr John Coales and one &



Imperial College led by Profesor Arnold Tustin,
who had recently moved from Birmingham, and was
suppated by Dr John Westcott, and in Eledricd
Engineeiing at Manchester University a group led by
Dr John West [Broadbent T.E.,1998]. John West was
supparted by Dr Mike Somerville and Dr John Douce
who held a reseach appantment. Shortly after |
arrived in Manchester John West moved to a chair in
Belfast and persuaded John Douce to follow him a
few months later. The murses taught by the group of
one semester duration were ameasurements course in
first yea, a d.c. machines and power amplifiers
course in the second yea and a final yea control
course, which in addition to clasdcd linea control
contained a few ledures on nonlinea problems and
random signals

Mike was resporsible for the first two courses and
the analogue computer, which he had designed and
was built ‘in house’ by the technicians. He was a
gifted praditioner and eledronic drcuit designer and
later becane technicd diredor at Eurotherm. It was
on the basis of his clever controller designs at the
start of the changeover to eledronic oontrols in
industry which provided the company with its initial
rapid growth.

This analogue mmputer used vacuum tubes and was
primarily used in a ontinuous mode with the
operational amplifiers able to provide single transfer
functions, by the gpropriate use of feedbadk and
input impedances, as well as smmers and
integrators. The power supplied from bulky power
supplies fixed to the lowest level of the post office
radks on which the cmmputer was ‘housed’ supplied
+300V d.c. and 6.3V ac. for the heders. The use of
+ 300V d.c. meant that it was not unknown for an
error or fault to occur in which an amplifier output
readied one of these levels and touching the metal
rather than the insulation of a mnneding wire could
produce anasty little burn on the finger. None of the
amplifiers were dopper stabili sed to avoid d.c. drift
so in general integrators were only run open loop for
a short time, for example to integrate the sguared
value of the eror. This meant compromises becaise
although the computer performed best when running
fast this was often not compatible with the
requirement to get hard copy of signals. For
example, suppaose one wished to simulate apasition
control system and look at the effed which different
levels of torque saturation hed on the step response.
The natural frequency of the system might be aound
afew radians per second but one muld simulate it a
thousand times faster and apply a square wave input
from a signal generator. The time domain resporse
or phase plane waveforms could then be observed on
an oscill oscope, which did not neal to be along
persistence one. Obvioudly if one made changesto a
parameter its effed could be observed very quickly
a this geal. Although cameras were available to
take photographs of the oscill oscope screen this was
relatively expensive. The avail able hard copy device

was typicdly an x -y plotter, which would have st
more than half my annual sdary as an assistant
lecurer in 1958 With a plotter bandwidth of a few
hertz the step response could anly be plotted with
the computer on a very dow time scde. A slow time
scade meant large integrator time nstants, which in
pradice were limited by the maximum value of
feedbadk cgpadtor available, which had to be low
lossand handle more than £100V.

As mentioned above ‘sources to use the modern
term of SIMULINK were typically signal generators
with sine, square and paossbly triangular waveform
outputs. Noise generators also became available.
These were signal generators producing a random
signal with a nea Gaussian distribution of wide
bandwidth. The Manchester computer had a home
built one which used a gas fill ed vacuum tube. One
way to measure the phase of asinusoid is ‘to cancd it
out with a signa of known sine and cosine
components. Another source avail able was therefore
a signa generator which produced two orthogonal
sinusoids.

‘Sinks’, to use the SIMULINK term, consisted of
oscilloscopes and plotting tables, as previously
mentioned.  Using these observations of many
variables could be made with a slow running
simulation. Means for measuring the phase of
sinusoids for frequency resporse evaluations were
aso avalable using signa generators and
oscilloscopes. Thermocouple  wattmeters  were
introduced around 1960 Mike designed his own for
the Manchester machine which was very similar to
that marketed by Solartron as a transfer function
analyser.

The Manchester machine had only a few nonlinea
units. These included diode drcuitsto produce sharp
brek point charaderistics with a bandwidth of
typicdly 1kHz, for dead zone, saturation and relay
charaderistics. Two multipliers were provided one
based on a pulse width-pulse height modulation
tedhnique and the other on the so cdled quarter
squares principle. This employed two sqguare law
charaderistics synthesised from diode drcuitry and
used the relationship:-
0.25[(x +Yy)* - (x-y)*] = xy.

Patchable drcuits were employed to simulate
hysteresis and badlash.

Another desirable feaure which was difficult to
adchieve with analogue computer techniques was the
simulation of a time delay. Early methods usually
involved simulating a Pade egproximation. A
colleague produced what he said was an excdlent
approximation for atime delay, a transfer function of
around numerator order 8 and denominator order 10.
The difficulty then was to oltain a theoreticd
solution for itsaacuracy. Another method used was a
tape recorder with fixed write and read heals but
with avariable speed driveto vary the delay.



Analogue @mputers, certtainly in the ealy days,
were used as smulators for continuous systems An
interest in sampled data systems was gimulated at
Manchester in the late 50's with the publicaion of
the bodks by Jury, and Ragazinni and Franklin. Mike
therefore took up the dhallenge to design a suitable
sample and hold circuit. The desigh was not easy as
it required a switch which enabled a cgadtor to be
charged in a very short time with the switch closed
and hold its charge when open for the longer hold
period. Indeed the work went much farther. By
arranging to slightly stagger in time the pulses which
closed the switch several units could be mnreded to
provide alow order pulse transfer function D(z). In
retrosped, this work was very interesting and if there
had been today’s presaures would have undoubtedly
resulted in several journa publicaions but sadly
there were none.

It is perhaps of value to look at costs associated with
various adivities relative to today’s prices. The
relative asts for purchased equipment to salaries was
basicdly higher than today as has arealy been
indicaed by reference to an x-y plotter. Relative to
the starting sdary for a ledurer around 1960 a
chopper stabili sed operational amplifier would cost a
few months slary and even the chegest with no
stabili zation at least two weeks. Since good
tedhnician suppat of roughly one technician per
teading staff member was available it was
eoconomicd to huild equipment in-house. The budget
for equipment and components must have been
comparable with the teaching salary budget. This is
different from the situation today in UK universities
where the figure is probably around 0.1 to 0.2 and
fewer tedhnicians are dso available. The
performanceto cost ratio for equipment has of course
incressed significantly over the yeas. But the
originators of this technologicd development have
surely ‘missed out’ in a dimate where funding for
eledronic equipment in universities has dedined
dramaticdly. This funding dating badk fifty yeas
suppated technicd developments which  now
underpins the entertainment and sports industries .
Praditioners in these industries now receve huge
salaries because the dedronic technology enables
them to be seen and head in every living room.
More regrettable is the fad that the Eledricd
Engineeing Department a the University of
Manchester has closed. The result of a pdliticd
climate where student numbers count and the pursuit
of an ill-advised strategy, which will do significant
damage to the UK engineging industry, of
unjustifiable targets encouraging 40 —50% of 18 yea
oldsto attend university.

Simulators were required by the government defence
agencies and industry, in particular for studies of
high-speed flight of aircraft and guided missles.
Typicd of one such ingalation was TRIDAC, a
large analogue computing machine [Speaman FR.J.

et a. 1955] instaled a the Roya Aircraft
Establishment in the UK. (the aconym stands for
tridimensional analogue computer). The projed took
four yeas from its conception in 1950to completion
in 1954 The machine used eledronic, mechanical
and hydraulic components, and was housed in its
own building. The power consumption was 60kW
of which 20kW was for the dedronic components,
including more than 8,000 vacuum tubes. It cost
around £0.5 milli on, which in today’ s terms would be
well over £20 million. The same problems it was
designed to study would now be solved with a
standard simulation language on a good PC. Some
pictures of TRIDAC and aher analogue computers
will be shown during the presentation.

Papers published in the IEE at that time were often
also presented at Savoy Place ad the discusson
recorded and publi shed with the paper. A contributor
to the discusson on TRIDAC was John Coales
whose comments were:-  The paper raises important
guestions about the relative merits of analogue and
digital computers. When | first became involved in
the design of this computer, in 1948 | thought that
analogue cmmputers were on their way out and dgital
computers would replace them. | now think quite
differently, partly becaise of the experience of
TRIDAC, but partly because of other considerations
met in solving nonlinea problems where one grea
value of the analogue computer is that a very much
better appredation is obtained of how the process
being investigated redly behaves. With an analogue
computer one can see what is going on in different
parts of the system while it is adually happening,
whereas with the digital computer, although one @an
make provision for doing this by printing out
different results from within the process one cainot
eaily see what is happening while the process is
being worked out’’.

| quote John rot becaise his prediction has proved
wrong but becaise he dealy identified the short
comings of digital simulation at that time and the
required feaures that digital simulation would have
to achieve with improved technology for it to be
accetable. Clealy a modern simulation language
such as SIMULINK has these caabiliti es.

4. USESIN CONTROL

In universities analogue cmputers were used for
reseach and teading. The reseach computer at
Manchester has been discused in the previous
sedion and it was primarily used for investigating
various aspeds of nonlinea control. Initialy in the
ealy 50's much of the work was concerned with the
effects of various nonlineaities in position control
systems. Several papers were published using phase
plane methods, which were ealy chedked by
simulation, looking into the effeds on the step
response of error limiting, torque saturation and



nonlinea friction. Results were dso produced on the
time optimal response for the double integrator
system, known as SERME, the aconym for sign
error root modulus error, the shape of the required
nonlineaity to control the torque switching. Work
then moved on to the frequency response of these and
other nonlinea systems and led to the extension of
the describing function to the dua input case. The
initial use of the term by West et al [West J.C., 1960]
was for the second input either a bias. sine, or a
related harmonic. The latter was required to look at
such problems as the forced response of systems
which might display a related harmonic oscill ation,
i.e. subharmonic oscillations. To analyse this
situation required the determination of the response
of a nonlinead element to the simultaneous
application of asinusoid and , say, its third harmonic.
The output is then a function of four parameters, not
two. These ae the input amplitudes, the frequency
ratio and the relative phase. Nedalless to say this
analysis used an enormous amount of time on the
department digital computer as the program sampled
the waveform for a spedfic choice of the four
parameters, passed it through the given nonlineaity,
say ided saturation, and performed Fourier analysis
on the output samples. Later work built upon the
random describing function approach of Booton to
consider problems involving a random signal plus
bias or/and an harmonic.

To suppat the undergraduate control course several
experiments involved analogue simulation, typically
using simulators designed for a spedfic investigation.
For example aseocond order paosition control system
in which ronlinea elements could be included and a
temperature ontrol system involving an on-off
nonlineaity with variable hysteresis.  Standard
supparting equipment was a signal generator and an
oscill oscope. Step responses were usually considered
and methods using frequency responses concentrated
on the amplitude, for example in a jump resonance
investigation, rather than the phase & this was
difficult to measure acarately with an oscill oscope.

As mentioned previously analogue simulation work
in industry and government laboratories tended to be
for the study of relatively large systems. The main
uses were in the aeospace &ad chemicd industries,
where some @mpanies built their own macines
before turning to commercial purchases when
transistor machines came on to the market. People
whose role was to program and run spedfic
simulation studies were employed as sSmulation
experts. The ‘size’ of problems was restricted by the
number of integrators on the computer and this also
affected the number of people involved. For
undergraduate work transistor machines with
typicdly around 10 integrators were built
commercially.

5. CONCLUSION

The objedive of this presentation has been to provide
some idea of the ealy uses of electronic analogue
computers in control engineeing. The paper has
concentrated on the vacuum tube ea and has covered
usage primarily in universities for reseach and
educaion but aso in industry and government
laboratories. It has tried to bring out not only the
tedhnicd limitations of ealy simulation techniques
but also the wst of doing various smulations. Both
these apeds improved with the introduction of
transistor and then integrated circuit technology but
despite this the analogue technology has eventually
‘lost out’ to today’'s digital simulations which
esentialy provide dl the feaures that the simulation
spedalist could only dream of 50 yea's ago.
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