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DEFINING AUTOMATION 

In June 1956, when members received their 
first intimation* that the subject of the 1957 
Convention is to be "Electronics in Automa-
tion," the American periodical Electronics 
published the following definition of auto-
mation: 

"The technique of improving human 
productivity in the processing of materials, 
energy and information by utilizing in 
various degrees elements of self-control 
and of automatically executed product 
programming," 

the authors of this definition being the Radio, 
Electronics and Television Manufacturers' 
Association of America. 
Now, whilst it can often be said that a 

subject has become sterile when it reaches the 
stage in which experts are prepared to waste 
time discussing definitions when they might be 
better occupied in research, it is worth con-
sidering if this is true of automation and in 
particular whether the above definition is valid. 

The first notion which has to be dispelled is 
that automation is a new thing. Certainly by 
the above definition this is not so, and the wheel 
gives an example so ancient as to have its 
invention lost in pre-history. Coming to more 
recent times, the spinning jenny and Jacquard 
loom date from the eighteenth century, and the 
capstan and automatic lathes from the 
nineteenth. If more evidence is needed, it is 
necessary only to remark that automatic data 
processing was clearly envisaged by Babbage 
in the 1830s, and that the first practical punched 
card installation was produced by Herman 
Hollerith in the 1880s. 

These examples show that our subject is 
ancient and readers may be wondering: firstly, 
why so much interest exists at the present time, 
and secondly, is our Convention justified? 

DECEMBER, 1956 

To the first of these questions there is a 
simple answer, but one which is not strictly 
within the province of the engineer. It lies in 
an examination of the sociological and political 
scene as it existed at the end of the second 
world war, and as it had been developing since 
the end of the first. Without entering into 
contentious argument, the situation may be 
described as the desire of the worker to do less 
and less for more and more, coupled with a 
realization by the more intelligent elements of 
our society that economic survival could result 
only from an offsetting of this trend by an 
increasing use of automatic methods. 
For an answer to the second of our questions 

we need refer only to the last phrase of the 
previous paragraph, and to the objective of the 
Institution as expressed at the head of this page. 
If more is needed, a consideration of the 
enthusiasm with which the discussion on 
Automation at the 1956 British Association 
meeting was received gives a clear indication 
of general desire, whilst at the same time 
revealing the need for an opportunity for the 
exchange of ideas on a more technical plane 
than was then possible. 
What then of the definition? Certainly it fits 

those few facts which it has been possible to 
cite here and, at least superficially, it accords 
with the general corpus of knowledge. From 
the offers of papers for the Convention so far 
received, it is clear that active research is still 
being carried out in the field of automation. It 
is hoped that many more papers will follow 
and thus give justificatior ‘o a refusal either to 
argue the detailed validity of the present 
definition or to attempt another. 

A. D. B. 

* "The 1957 Convention" J.Brit.I.R.E., 16, p. 297, 
June 1956. 
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NOTICES 
New Format of the Journal 

As announced in the Annual Report, the 
January issue of the Journal will include a full 
colour reprOduction of the Institution's Armorial 
Bearings, together with a heraldic and general 
description. The cover has been redesigned to 
to incorporate the Coat of Arms, and a number 
of alterations have been made in the format and 
to the typographical lay-out, with the object of 
improving readability and appearance. One 
change is that the contents list, instead of being 
on the cover, will be given on an inside page. The 
distinctive pale blue cover is however being 
retained. 

Other contents of the January issue will include 
the Presidential Address of Mr. George A. 
Marriott, the fifth of the Technical Committee's 
Reports on Materials Used in Radio and 
Electronic Engineering—Electrodeposition of 
Metals, and papers on Analogue Computers, 
Travelling Wave Tubes, and the E:ectronic 
Circuitry of a Balancing Machine. 

Completion of Volume 
This issue completes Volume 16 of the Journal. 

An index to the Volume will be distributed with 
the January 1957 issue. 
Members wishing to have their Journals bound 

by the Institution should send the complete set 
of issues and index to the Institution together 
with a remittance of 12s. 6d. 

Inaugural Meeting of the South Midlands 
Section 

The establishment of a South Midlands Section 
holding meetings alternately at Cheltenham and 
Malvern was authorized by the Council during 
the summer, and the inaugural meeting of the 
Section was held on 5th October at the North 
Gloucestershire Technical College, Cheltenham. 
The Chairman, Mr. D. L. Leete,* introduced 

Professor Emrys Williams, who brought greetings 
from the General Council and from the South 
Wales Section. A paper was then given by Mr. 
A. E. Robertson, Assistant Head of the B.B.C.'s 
Engineering Training Department at Evesham, on 
"Television Lighting Effects." He dealt with both 
the technical and artistic aspects of lighting for 
monochrome television, and also referred to 
the special problems which arose with colour 
television. His paper was accompanied by 
comprehensive demonstrations. 

* See page 679 of this issue. 

Preparations for the I.G.Y. 
The scope of the investigations into radio, 

meteorological and magnetic phenomena to be 
carried out during the International Geophysical 
Year were referred to in an editorial in the May 
1955 Journal. The I.G.Y. starts next July and 
extends until December 1958, and preparations are 
now well in hand for setting up research stations 
in various parts of the world. 

During November, the Royal Society's Antarctic 
Expedition left London for its base at Halley Bay 
(75°31' S, 26°36' W) and its equipment includes 
ionospheric sounding equipment and wind-finding 
radar. Most of the investigations will be related 
to the variations in activity of the E and D layers 
of the ionosphere and their correlation with 
magnetic and auroral activity; atmospheric noise 
at low radio frequencies (below 500 kc/s) will also 
be studied. Observations of radio star scintilla-
tions will be made using 60 Mc/s equipment. One 
of the members of the ionospheric group is Mr. 
L. W. Barclay, a Graduate of the Institution, who 
has been a research engineer with E. K. Cole Ltd. 

Institution members are also participating in 
other Antarctic expeditions, and the New Zealand 
second-year party at Scott Base in the Ross 
Dependency will be led by Mr. L. H. Martin 
(Associate Member). With six colleagues, he will 
be in Antarctica from December 1956 to March 
1957, and again from December 1957 until the 
final withdrawal of the I.G.Y. parties early in 
1959. Mr. Martin, who serves on the Committee 
of the Wellington Section, is with the New Zealand 
Broadcasting Service and contributed a paper to 
the Journal in 1953 on ionospheric disturbance 
forecasting. 

Robert Blair Fellowships 

Applications are invited for the 1957 Robert 
Blair Fellowships in Applied Science and 
Technology. These applications should be made 
to the Education Officer of the London County 
Council before the 28th February 1957. 
The Fellowships are open to candidates who are 

British born subjects and at least 21 years of age 
and who have been trained in Applied Science and 
Technology. 

Preference will be given to candklates who are 
qualified in engineering science and to those who 
have completed a course of study in a London 
institution. 
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2. Representative Requirement Specifications 
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2.3. Aero-dynamics testing installation 
2.4. Automatic digital weighing installations 

3. The Integrated Data-reduction System 
4. Analogue-Digital Converters 

4.1. Electro-mechanical and electro-optical devices 
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4.2.2. Subtractive comparison method 

I. Historical Introduction 
Recent social and technical discussions 

around the concept and the reality of "Auto-
mation" have focused interest on the industrial 
applications of new electronic techniques. The 
real history of these developments is at first 
sight fairly short. The first papers on analogue-
digital converters were published in 1948, and 
the first references to systems designed to 
process and handle digital data in 1950. 
However, in retrospect, the rapid progress of 
these last seven years may be seen as the logical 
outcome of two parallel lines of development: 

• Manuscript received 7th August 1956. (Paper 
No. 377.) 
t Panellit Ltd., Stanmore, Middlesex. (Formerly 

Elliott Bros. (London) Ltd.) 
U.D.C. No. 621.398:621.374.32. 

INDUSTRIAL DATA-REDUCTION AND ANALOGUE-DIGITAL 
CONVERSION EQUIPMENT * 

by 

P. Partos 

SUMMARY 

Representative examples of specifications for data-reduction systems are presented and the 
data-reduction system considered as a tool which can meet the wide variety of practical 
requirements. The central elements of the system are analogue-digital converters which are 
described in detail. Existing and proposed installations are reviewed in two main groups: 
electro-mechanical and electro-optical devices, and pure electronic converters. Only the main 
features of the other malor elements of the system—input devices, programmers, alarm detectors 
and digital output devices—are discussed. The probable trend of future development is outlined. 
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5.2.1. Scanning elements 
5.3. Deviation detectors and alarms 
5.4. Digital recording elements 

5.4.1. Automatic typewriters 
5.4.2. Punch and magnetic tape devices 

5.5. Ancillary apparatus 
5.5.1. Computing devices 
5.5.2. Digital clocks 
5.5.3. Trend recorders 

6. Conclusions 
7. Acknowledgments 
8. References 

the growth of the modern industrial process 
plant outstripping the potential of conventional 
instrumentation and control, and the rapid 
development of new electronic techniques, 
mainly from the impulse of military needs, 
which created new means of solving the 
industrial problems. Jointly these two 
developments have lead to the techniques of 
"data-reduction," which together with digital 
computers, machine control, mechanical 
handling, and automatic process control are 
essential parts of "automation." 
The tools of data-reduction are as yet too 

little tried and too much subject to further 
development to allow for a balanced final 
judgment of their capabilities and merits. 
However, enough has been solidly accomplished 
to date to form the basis of a report on "work 
in progress." 
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Industrial requirements have outgrown the 
conventional means of instrumentation and data 
handling in three directions: size, speed and 
character. 
The large industrial plant of recent con-

struction, chemical and oil plant, iron and steel 
manufacture, power stations, rolling mills, etc., 
present new problems of plant control and 
management. Not many years ago, descriptions 
of new plant control rooms referred with some 
pride of achievement to the hundreds of feet of 
control panels or the many hundreds of 
indicating or recording instruments. It soon 
became evident however that it is difficult, if not 
impossible, for the operators to gain a clear 
picture of the state and changes of the manu-
facturing process through observing hundreds 
of instruments and singling out the relevant 
ones from the dispersed mass of irrelevant data. 
Log sheets on which "loggers" record periodi-
cally the data become unrepresentative because 
of the long lag between reading the instruments 
from first to last, and their interpretation so 
long a task, that the information has lost its 
usefulness by the time it becomes available. 

Instrument miniaturization, "graphic" panels 
which present the information semi-pictorially 
in a flow-diagram of the plant, were the first 
palliatives devised to enable the human 
operator to retain control of the process by 
direct observation. This is the prevailing 
method of control in fairly recent or recently 
modernized plant; but it has an inherent limit 
in the capacity of the human operator, and this 
limit is exceeded by the continuing growth of 
plant both in size and complexity. Hence the 
need for a new technique which can bring all 
relevant data simultaneously together on a 
single sheet, and which can "reduce" data by 
omitting irrelevant information and bringing 
out the essentials. 

In the ordinary running of large process 
plants, power stations, etc., changes are slow 
and speed of record is not very important. 
This is, however, only true when the plant is 
well known and long experience has built up 
enough knowledge to make efficient control 
possible. When a new plant is commissioned, 
or existing plant turned to new or unusual 
conditions, it is of great importance to obtain 
data on the plant characteristics, and the short 
and long term effects of change in any one para-
meter on all the others. The more accurately, 
more frequently and more instantaneously 
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readings can be taken on all measuring points, 
the easier it will be to establish empirically the 
dynamic characteristics of the plant and formu-
late best control action. The manual logging of 
conventional instrument readings is obviously 
inadequate here. A number of strip chart 
records may give the information, but on a 
compressed time scale and with only very 
approximate synchronization of the different 
charts. 

In another field of application, the per-
formance of aero-engines or car engines, stress 
studies of aircraft structures in wind-tunnels, 
etc., speeds of a quite different order become 
essential. Changes of important conditions 
may take place here in seconds and simul-
taneous information on a great number of 
parameters at high repetition rate is impera-
tive. Conventional instrumentation cannot 
begin to satisfy these requirements. 

In the third aspect, character of the informa-
tion, the introduction of digital computers into 
industry has created a new type of requirement: 
the translation of inputs into digital form. The 
operational computer requires a high number of 
digital data, derived from primary information 
normally reproduced on indicators, meters and 
recorders. Even the business-type computer 
requires a certain amount of data on plant 
inputs and outputs normally registered on 
analogue instruments. In most cases, the task 
of manually converting the information into 
digital forms would be quite impossible. 
The technical conditions for the new 

techniques are those which have produced 
computers, radar, etc. J. F. Coales' has 
recently given the credit for the new "Industrial 
Revolution" to the development of servo-
mechanisms and pulse techniques. They 
certainly deserve pride of place, but other 
parallel developments such as d.c. amplifier 
techniques, the development of new electro-
mechanical components capable of working on 
very low signal levels, and a range of trans-
ducers to convert physical data accurately into 
electrical information, should be added as other 
basic elements. Also, it would not be too far 
fetched to say that the recent developments in 
the field of information theory, together with 
mathematical progress in the fields of matrix 
theory, transforms, and non-linear network 
analysis have all been less visible, but essential 
contributors to the present developments in data 
handling. 
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2. Representative Requirement Specifications 
Data-reduction is still too recent to permit 

the formulation of one or two specifications 
which can be applicable to all requirements. 
Every industry, every plant even in the same 
industry, seems to present some special problem 
involving the design of equipment tailored to 
meet the specific requirements. The main 
reason for this may be that too little is known 
in industry about the potentialities of the 
technique, and this retards the knowledgeable 
formulation of requirements. However, from 
the available limited experience some common 
trends emerge, and can be used as pointers 
towards the design of standardized equipment. 

In the following sections, four typical installa-
tions (two in the United Kingdom and two in 
the U.S.A.) will be described as an illustration. 
Table 1 shows the principal features in them 
side by side. They will serve as reference to 
the elements of the system which will be 
discussed subsequently. 

2.1. Large Power Station (U.S.) 
This is a large power station supplied from 

natural gas, and providing electrical output with 
a maximum capacity of 410 megawatts. For a 
complete monitoring of the plant, the following 
information must be checked at frequent 
intervals:— 

Table 1 

Representative Data-reduction Specifications 

Number of input 
points 

Points to be 
logged 
Additional points 
computed 

Alarm points 
Input levels (full 
scale) 
Non-linear inputs 

Resolution 

Accuracy 
Scales of variables 

Logging rate, 
normal 

Deviation scan 
and log 
Logging time per 
point 
Deviation 
scanning rate 
Type of record 

Power Station 

192 

Chemical Plant 

48 

92 48 

8 1 

100 

<10 mV 

Thermocouples, 
flow square-
root-laws 

1000 parts 

<1% 
Various, 
individually 
calibrated 

Hourly 

Continuous 

1-2 sec. 

5 points 
per sec. 

Automatic 
typewriter 

45 

<10 mV 

Thermocouples, 
flow square-
root-laws 
1000 parts 

<1% 
Various, 
individually 
calibrated 

Hourly 

Every 5 min. 

1-2 sec. 

2 points 
per sec. 

Automatic 
typewriter 

Aero Test Bed Weighing Installation 

350 6 

350 6 

12 6-12 

<4 mV 

Thermocouples, 
flow square-
root-laws 

Up to 10,000 
parts 

<0.1% 
Various, 
individually 
calibrated 

One every 
5 min. 

None 

1 sec. 

Punched 
tape 

<10 mV 

200 parts 

<1% 
All common 
scale 

Sequence 
controlled 

None 

5-7 sec. 

Automatic 
typewriter 
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(1) Flows of natural gas input, and 
feed water 

(2) Pressures of steam, oil, water 
and gas at different stages of the 
process 

(3) Levels of water tanks 

(4) Conductivities of boiler 
and condensate 

(5) pH of feed water 

(6) Power output 

(7) Temperatures of gas cooling, oil 
cooling, superheater and reheater 12 

(8) Temperatures of generator 
bearings 100 „ 

With the exception of the last item, a total 
of 92 points is required as quantitative 
information to accuracies of 0.1 per cent. , In 
the last item, temperature of bearings, the only 
important information is whether the safe value 
is exceeded. The requirement, therefore, is for 
digital logging of the variables on the first 92 
points, and alarm detection on the 100 bearing 
temperature points. 

Further, the information of flow rates must 
be integrated and in some cases averaged to 
obtain total and average flow. Similarly, the 
kilowatt output rate must be integrated for 
the total kilowatt-hour production. Efficiency 
must be calculated constantly, from the ratio of 
fuel input to kilowatt output. 
A number of the measurements, involving 

particularly pressures and flows, are affected by 
temperatures and pressures at the measuring 
point. In order to gain information of true 
values, measured values have to be corrected 
for the prevalent temperature and pressure. 
When the station is operating normally, an 

hourly log of each variable is sufficient for 
recording, accounting and statistical purposes. 
However, the plant may be subject to dis-
turbances, due to imperfect control, break-
downs etc. The installation, therefore, must 
monitor all the measuring points more or less 
continuously, and provide alarm indication and 
a logged record at any time when any one or 
more points deviate from the normal band of 
readings. Should such disturbance occur it is 
of interest to get as complete a picture of the 
disturbance as possible. Apart from the digital 
logged records, which provide regular logs at 
hourly intervals, and a logged record of any 
deviation from any point, a small group of 
654 

water 

14 points 

39 

2 

11 

4 

10 

99 

9, 

trend recorders must be made available, which 
may be switched on to any section of the 
measuring points for continuous pen record, 
either manually or automatically, as soon as a 
disturbance is observed. 

2.2. Chemical Industry Distillation Plant 
(British) 

Automatic instrumentation of two sections in 
a major continuous process chemical plant 
covers the same types of primary measure-
ments: flow, pressure, level and temperature. 
The flow rates of the chemicals involved in the 
process and of steam in the heat exchanger are 
measured at 10 points. Gas pressures are 
checked at 7 points. Feed tank levels are 
monitored at 6 points. The temperatures on 
the different levels of the distillation columns 
are measured at 25 points. A total of 48 
measuring points is covered, and each point 
must be logged automatically for record 
purposes every hour. The log must also be 
available on demand any time (for instance the 
beginning of new working shifts) and, in 
addition, the plant must be monitored at 
5-minute intervals for any deviation from set-
point levels. Deviations are recorded and must 
operate an alarm signal. 

2.3. Aero-dynamics Testing Installation 
Air frames and engines of high performance 

aircraft are tested in wind tunnels and 
pressurized chambers, both in experimental 
stages to establish best designs and in pro-
duction testing. Tests are, of necessity, of short 
duration and the changes of variables occur at 
very high speeds. The quantities measured are 
again of similar order: temperatures of 
bearings, fuel burning, etc., flows of fuel, air 
and oil, pressures of fuel, oil and air, and work 
output measurements of torque or thrust. The 
number of measuring points varies from 
installation to installation, being usually 
between 50 and 400; one American installation 
of this type is in construction now for over 
2,000 points. 
A particular installation of this type, with 

about 350 measuring points, calls for accuracies 
of better than 0.1 per cent. in the majority of 
the input points, and scanning rates at less than 
1 minute intervals for the total of 350 points, 
i.e., 6-10 points per second. No set-point 
comparison and alarm facilities are required. 
The information is logged on magnetic or 
punched tape for subsequent use in a digital 
computer. 
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2.4. Automatic Digital Weighing 
Installations (U.K.) 

This installation is used in 
unloading of cargoes by cranes. 
A battery of cranes (usually 5 to 
6) takes successive loads out of a 
ship's holds, and discharges them 
into wagons, barges or lorries. 
An accurate digital record of the 
nett weight being unloaded in 
each crane movement is required, 
together with cumulative totals of 
the discharges, both in respect of 
the total amount unloaded from 
a particular cargo, and the sub-
totals of that load transferred to 
a specific fleet of barges, lorries 
or wagons. The rate of informa-
tion covered is much slower than 
the previous cases discussed, with 
each individual crane unloading 
operation taking up periods of 
the order of 1 minute. However, 
the record is complicated by the 
fact that there is no pre-
determined sequence of opera-
tions, and that more than one 
individual load may be recorded on one of the 
primary measuring devices—electric load cells— 
simultaneously. A further complication is 
introduced by the fact that the individual crane 
control points are not easily accessible, and not 
well suited to house complex control equipment, 
so that the information must be transmitted to 
a remote centre point where recording and 
controlling takes place. 

3. The Integrated Data-reduction System 
The general functions and the make-up of 

Data-Reduction systems have been described 
by various authors.2-5 The descriptions vary 
slightly according to the particular methods and 
techniques employed by the authors, and the 
following definitions follow the presentation 
given by Laws2 and Sperry' as the author's 
work was most closely associated with them. 
The block diagram of a system in Fig. 1 

shows the major elements of a system and their 
inter-relation. The input information is 
received in some input units where they are first 
transduced into terms acceptable to the digitizer 
and/or deviation detector, calibrated in terms 
of the digital output, in some cases linearized, 

NPUT 

2* 

3. 

n• 

INPUT 
SHAPING 

• 
2• 

3. 

n• 

SET POINTS 

I • 
2• 

3• 

n• 

ALARM AND. 
MEMORY 

DEVIATION 
DETECTOR 

DIGITIZER 

MODE 
COMMAND 

CYCLING COMMANDS 

PROGRAMMER 

I • 
2. 

3. 

OUTPUT 
SHAPING 

4  
FEEDBACK SIGNALS 

LOGGING 

Fig. 1.—Block diagram of a complete Data-Reduction System. 

and provided for any other special features such 
as "suppressed zero" scale, etc. 

There is one input shaping element for each 
input, though in some cases certain provisions 
may be shared between a group of homo-
geneous input points. For instance, thermo-
couple inputs of the same junction type may in 
suitable cases share a common cold-junction 
compensating circuit. 
Where there is a deviation-detection require-

ment, each such point is also provided with 
means for setting up the high or low limits, or 
both. 
The programmer shown in the lower half of 

the diagram provides the automatic sequence 
of events. It has two major functions; one is 
to initiate the commands which determine the 
mode of operation, and the other is to supervise 
and progress the correct cycle within each 
mode. 

There is usually more than one mode of 
normal operation. There may be logging cycles 
at fixed time intervals, deviation detecting 
cycles at other fixed intervals, or continuously. 
Either cycle may have to be initiated by manual 
command, or sequence-controlled, i.e. as a 
consequence of some event occurring, or the 
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completion of some process. Some mode of 
operation may need priority and over-ride any 
other simultaneous commands. The pro-
grammer must be shaped to cover these 
requirements. 

Once the mode of operation is settled and a 
cycle started, the further duty of the pro-
grammer is to sequence the cycle through. It 
must switch each relevant point successively 
into the cycle, again either controlled by a fixed 
time interval, or sequentially, i.e. the completion 
of one point determining the start of the next 
one. The different "feedback" lines on the 
diagram supply the information on the com-
pletion of an operation to the programmer and 
enable it to progress forward on the cycle. 
The remaining blocks of the diagram repre-

sent elements of which there is normally only 
one per equipment. Their basic function is 
self-explanatory. Deviation detectors, operating 
the alarm provision for each point, digitizer 
and output logger complete the functions, in 
the form of suitable records and deviation 
alarms. Some idea of the complete system may 
be gained from Fig. 2, which shows a repre-
sentative data-reduction unit, with a capacity 
of up to 200 points. 

These major elements of the system will be 
discussed in detail in the following sections. 
The digitizer will be considered first, not only 
because it is the heart of the data-logging work, 
but also because the choice of the digitizer—or 
by its fuller name the "analogue—digital con-
verter"—has strong repercussions on all the 
other elements and the general performance of 
the system. 

In some cases there may be other elements 
included in the system which are not shown in 
this general diagram. Some simple or more 
complex computing operations may be required, 
such as integration, totalizing, averaging, or 
possibly the calculation of some further 
quantity which is a function of one or more. 
input measurement. These will be briefly 
discussed in Section 5.5. 

It may be of interest to compare the data-
reduction equipment as discussed here, say in 
the example of Section 2.2, with the conven-
tional methods of instrumentation and recording 
which were employed in similar plants up to 
the present. The 48 measuring points would 
be covered probably by 2 multi-point recorders, 
3 individual recorders, 1 multi-point indicator, 
8 other instruments or gauges and approxi-
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mately 30 safety alarms. In addition an 
operator would be required to take record on 
a manual log sheet at hourly intervals. 

Data-reduction equipment therefore justifies 
itself economically as the comparatively high 
cost of basic digitizing recording equipment is 
at least compensated by the large number of 
instruments and recorders which it replaces and 
the saving of manpower. The upgrading of 
information in accuracy and in the common 
time scale of measurement (a manual log of 
50 variables) are additional benefits. On the 
other hand any breakdown or failure affects 

Fig. 2.—Standard Data-Reduction equipment with 
200 point capacity (Fanelli: 605 .system). 

only one measurement in the conventional 
instrumentation while in the data-reduction 
method it could conceivably immobilize all 
plant information. It is therefore necessary to 
provide a certain amount of standby instru-
mentation; hence, on the score of direct 
economics, the balance has to be drawn from 
case to case taking into due consideration the 
characteristics of the plant and the possible 
disastrous effect of any gap in the flow of 
information. 

In view of the complexity of the data-
reduction system the observed reliability is 
surprisingly high. This is largely due to the 
fact that the weakest element in electronic 
equipment, the thermionic valve, is only barely 
represented. In a full scale installation there 
are only approximately twelve valves (at any 
rate in units using electro-mechanical analogue— 
digital converters). The principal source of 
possible life trouble comes from the different 
switching elements. In these, present standards 
of reliability do not give complete safeguards 
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against breakdown even with conservative 
circuitry and the highest grade available 
components. Further reference to this will be 
made in the Conclusions. 

4. Analogue-Digital Converters 
The first papers on analogue—digital con-

verters were published around 1947 to 1949 
and were in the main concerned with telemetry 
applications.6-'° A general review" prepared in 
1954 lists 41 different types of standard con-
verters developed in the U.S.A. only; of these 
34 are commercially available. These figures 
illustrate the rate of development in this field. 

Several reviews of the existing approaches 
have been published in the last two years. 12-14 
Different classifications of the available types 
are found in these reports, according to the type 
of inputs, speed of operation, methods em-
ployed, etc. We have chosen to divide the field 
into two main groups: ( 1) electro-mechanical 
and electro-optical devices, and (2) electronic 
devices. 
The choice is guided by pragmatic considera-

tions: all the devices in group (1) employ 
moving parts and are, therefore, comparatively 
limited in operational speed by the friction and 
inertia of moving parts. Group (2) devices are 
basically high-speed digitizers involving more 
complex and costly equipment. Since in indus-
trial installations simplicity, ruggedness and low 
cost are important considerations, and moderate 
speeds are often sufficient, devices in group ( 1) 
have been generally preferred and further 
developed, and at present there is no known 
major industrial installation using a purely 
electronic analogue-digital converter. The trend 
of development suggests, however, that require-
ments will more and more often exceed the 
theoretical capacity of group (1) systems, and 
work on electronic devices is actively pursued. 

4.1. Electro-mechanical and Electro-optical 
Devices 

Four fundamentally different techniques fall 
under this heading. The first three have as 
common denominator the property that they 
convert into digits the position of a rotating 
shaft. They require, therefore, the conversion 
of all variable inputs into a shaft position. 
This is invariably achieved by a self-balancing 
bridge servomechanism, and the properties of 
this bridge servo have an important bearing on 
the overall performance. These servos are 
nowadays almost universal in industrial 

instrumentation. They consist of a servo-motor 
geared to a shaft on which a precision potentio-
meter or slide wire is mounted. The simplified 
circuit of the self-balancing bridge is shown in 
Fig. 3. The input voltage is compared with the 
voltage on the potentiometer slider in an 
amplifier. Any error voltage will cause the 
servo-motor to turn in the appropriate direction 
until the slider voltage is identical with the 
input voltage. By means of adjusting Real, the 
voltage across the slide-wire R, can be adjusted 
to correspond to the full scale of the variable 
voltage. The bridge may be zeroed or zero 
offset if necessary by the pre-set control Ro. 
The bridge can be energized from a.c. or d.c. 
sources to suit the type of input signal. 

INPUT 

fk cat 

Re Rv 

r ER 

Fig. 3.—Simplified self-balancing bridge circuit. 

Typical performance figures of available self-
balancing bridges give full scale rotation of the 
slider by the servo-motor at best around 1 sec, 
with a servo discrimination (i.e. sufficient error 
signal to cause the servo-motor to turn and 
correct the error) of the order of 0.1 per cent. 
of full-scale deflection. The total scale varies 
between 300 and 336 deg. of shaft rotation, 
according to the type of slide wire, or precision 
potentiometer used. Slide wire linearity is of 
the order of 0.1 per cent. Signal-noise ratios 
of the combined bridge and amplifier are such 
that minimum full-scale _ deflections are on 
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standard type bridges at about 10 mV d.c. (or 
50 c/s a.c.). Special models have been 
produced to give full-scale slide wire travel for 
1 mV input signal, but they usually require 
elaborate standardization and do not exhibit 
very good long term stability. 

4.1.1. Geared mechanical switches 
This is the simplest way of obtaining digital 

information on the position of a rotating shaft. 
The rotating shaft is coupled, directly or 
through a suitable gear, to the moving arm of 
a switch which has as many positions round 
the circle as the highest unit in the digital 
system employed. In a normal decimal system, 
for instance, 10 switch positions would be 
placed round the circle corresponding to 
numbers 0-9 in the most relevant digit. Geared 
down from the shaft in 10:1 ratio is an 
identical switch again giving the nearest 
relevant digit, and so on to the number of digits 
required in the digital answer. 
With a potentiometer of limited angular 

rotation, say 300 deg. or 336 deg., the most 
relevant digit of the coupled shaft digitizer has 
to be geared to the shaft in a suitable ratio, so 
that the switch contacts effectively divide the 
rotation angle of the potentiometer. 
The most direct experimental realization of 

this type of digitizer is described by Hampton. 15 
There is an obvious difficulty in the co-

ordination of geared switches at the time when 
digits of higher significance change. Unless 
there is zero tolerance in the manufacture of 
switch contacts, brushes, gear box and overall 
assembly, the three switches will not operate 
simultaneously when the reading changes from 
say, "099 to 100." Suppose, for instance, that the 
"ten" and "hundred" switches each lag behind 
the "unit" switch by a very small fraction, there 
will be two intermediate false readings during 
the change-over; first "090", then "000' before 
finally the correct reading " 100" is reached. A 
false reading is more dangerous when producing 
unchecked records than an obvious and com-
plete breakdown. This "ambiguity" must be 
eliminated from any practical switch digitizer. 
The simple solution of spring loading the 
switch so that it positively jumps from one 
digit to another imposes unacceptable loads 
on the input shaft. Hampton solves the 
difficulty by a simple device involving double 
brushes on the higher digits, one leading and 
one lagging. When the last significant figure 
changes, it automatically controls a change from 
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lagging to leading brush. This ensures a 
non-ambiguous transition of digits. 

British experimenters, and some American 
commercial designs have used standard com-
mutator and brush assemblies for the digitizer. 
Even with special precautions of finishes, low 
friction and inertia, and even at low operating 
speeds this must lead to short contact life. 

Fig. 4.—Standard analogue-to-digital converters. 
On the right is the Coleman shaft decade switch 
digitizer, and on the left the Giannini shaft encoder 
with the lid removed to show disk and brush assembly. 

One American design, the "Coleman" 
digitizer, shown in Fig. 4, has overcome this 
difficulty and produced a device which was 
successfully used in data-reduction equipment 
in the U.S. and is fitted in one major British 
installation. Here the brushes are removed 
from the contactors while the shaft rotates, by 
means of solenoids, which may be seen in the 
two cylinders on the upper part of the illustra-
tion. This produces first of all very light shaft 
load (of the order of 0.01 oz-in.) and thereby 
makes high-speed bridge balancing possible. 
At the required read-out time the solenoids are 
de-energized by a pulse, and make momentary 
contact between brush and switch plate. The 
read-out figures are immediately stored else-
where, in relays or other similar stores and the 
brushes removed again. 
The "Coleman" digitizer also uses a double-

brush system, and the least significant figure 
dictates the selection between leading and 
lagging brushes. Selection is done by a small 
high-speed relay which is mounted between the 
two solenoids. 

Another American design developed by the 
Minnesota Electronics Corporation overcomes 
the friction problems by using magnetic 
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switching. The digits are represented by 
magnetization of small magnetic drums which 
rotate with the input shaft, and the brushes are 
replaced by stationary reading heads. The 
actual performance of production models of 
this design is not yet known. 
The speed of decade switch-type digitizers 

will be governed by the speed limitations of the 
switch itself. The best times are achieved by 
the "Coleman" type, where the solenoid pulse 
of a few milliseconds is the only time lag 
imposed so that conversion time is approxi-
mately the same as the bridge balancing time 
on the input shaft. 
4.1.2. Shaft digital encoders 
An alternative method to obtain by electrical 

switching a digital datum from a shaft rotation 
is to mount on the rotating shaft a number of 
switches and brushes. Each switch is made up 
of make and break sections of different length 
extending over the relevant part of the shaft 
rotation. Each switch can, therefore, convey 
on each point of the shaft rotation a "binary" 
information; it is either "on" or "off" at that 
particular point. For example, the first switch 
may be making for the first half of the rotation, 
and breaking for the second half. The second 
switch may be making in the first and third 
quarter. and breaking in the second and last 
quarter. Denoting making of the switch by " 1" 
and breaking. by "0", these two switches would 
"digitize" the shaft rotation in 4 parts: " 11" 
for the first quarter, " 10" for the second, "01" 
for the third, and "00" for the fourth. A third 
switch making on the odd &ghts and breaking 
on the evens would bring the discrimination up 
to eight parts, and so on, each additional switch 
being theoretically capable of raising the 
digitizing discrimination by a power of two. 
Seven switch segments can supply a discrimina-
tion of 128 parts, i.e. somewhat better than 
two figure accuracy, and 10 switch segments 
1024 parts, i.e. 3 figure accuracy. 

Practical shaft position encoders differ from 
the one described here only in one respect: the 
use of a "cyclic progressive" code to avoid 
ambiguity. The danger of ambiguity arises in 
the same way as in the mechanical switches of 
Section 4.2. 

This danger can be removed quite simply. 
If in our simple four-part digitizer, the second 
switch is arranged to break in the first quarter 
and make in the second, but left unchanged in 
the second half, the digital answer for the four 

quarters will now be as follows : —10 11 01 00. 
It may be seen that at the mid-point only the 
first switch changes now. Therefore, a small 
misalignment in the switch system will only 
advance the time of change-over of the digits 
by a very small fraction, but can in no position 
produce incorrect digits. The same condition 
arises at all the other digit changes and would 
exist between the last and first digit if this 
cycle would be repeated at the end of the first 
one. 

This alteration of code to avoid ambiguity 
is called the "cyclic progressive" code. It 
consists of the reversal of the make and break 
portions of alternate sections. If the above 
simple rule is carried on, for instance, in all the 
odd sections of each switch of a 1024 part 
binary shaft digital encoder, the table of 
resulting switch codes shows that in each change 
of digit only one switch has altered its contact 
arrangement. Therefore, if the accuracy of the 
total brush and switch assembly can be kept 
within limits of better than one digit, the 
accuracy of the total assembly will be better 
than the last significant digit. 
When the analogue-to-digital conversion 

is used in combination with a digital computer, 
an answer in the binary code is the most 
suitable form for direct input into the computer. 
However, the true binary code as used in 
normal digital computing has been deliberately 
distorted by the "cyclic progressive" code in 
which the binary quantity of significance of 
each segment has been reversed in alternate 
portions. Some simple decoding arrangement 
is, therefore, necessary to give the answer in 
true digital values. This is normally done by 
means of a system of relays which are so 
interlocked that they give in their output 
contact combinations the same answer in the 
even sections of each switch, but invert the 
O's and l's in the odd sections. 
Where digitizers are employed for straight 

logging, digital display or other direct forms of 
application, an output in binary numbers is not 
convenient as it would require either difficult 
mental interpretation or rather complex equip-
ment to convert mechanically the binary figure 
into a straight decimal. A simpler means exists 
to obtain the digital answer in straight decimals 
by dividing the complete shaft rotation into 
decimal parts and "binarize" each decimal part 
in turn. The make-break combinations of four 
switches can discriminate between sixteen 
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different parts. By using only ten of these 
sixteen possible combinations and associating 
each used combination with a digit, the four 
switches used may give a direct digital answer 
from 0 to 9. For a three-digit accuracy we 
require, therefore, a total of twelve switches as 
against the ten of the pure binary code. The 
use of a higher number of switches is, however, 
amply justified by the advantage of obtaining 
the answer in direct decimal digits. 
With the high degree of redundancy available 

in the four-switch presentation of a decimal 
digit, there are a number of possible arrange-
ments which exhibit the "cyclic progressive" 
characteristic. The choice among these com-
binations is largely arbitrary, though some 
advantages of simplicity and greater ease of 
manufacture are claimed for some particular 
codes. Two codes, the one used on the Giannini 
encoder'9 and that of the R.A.E. disk 16. 17 are 
compared in Table 2. 

Table 2 

Cyclic Binary Coding of Decimal Digits 

Digit Giannini Farnborough 

o 

2 
3 
4 
5 
6 
7 
8 
9 
o 

---> 
1000 0101 
1100 0001 
0100 0011 
0110 0010 
0010 0110 
0011 1110 
0111 1010 
0101 1011 
1101 1001 
1001 1101 
1000 0101 

Note.—Arrows show direction of increase. Neither 
code employs the combinations "0000" or " 1111" for 
any digit. This gives a check against the most 
obvious failures. 

It may be seen that this method is equally 
applicable to systems which are not on the 
decimal basis. By suitable arrangement of the 
switches, the shaft encoder may deliver its 
output in £ s. d. units, by having its lowest 
significant figure digitized in twelve parts, the 
next step in twenty parts, and decimal units 
thereafter. Similarly, for other applications, 
weights may be expressed in tons, hundred-
weights, pounds or ounces or a system of 12 
and 60 units may be used for a digital clock. 
Also, in any application, where the shaft 

rotation corresponds at its full scale deflection 
to a given quantity which is not a full decimal 
digit, say for instance, 800° F, the shaft encoding 
may cover only 0-8 in its most significant 
figure. These advantages are only obtainable, 
however, where the digitizer is used only for 
one particular type of input, having always the 
same full-scale range. 

Shaft digital encoders operating in decimal 
or other arbitrary scales must be followed by a 
translator which interprets the switch combina-
tions in terms of the final digits. These usually 
consist of one relay for every one of the 
digitizing switches. The relay switch combina-
tions are wired in series so that each combina-
tion of breaks and makes closes the circuit— 
and only the circuit—of the appropriate digit. 
One such arrangement is shown in Fig. 5, 
translating one digit of a cyclic progressive 
decimal code (the Giannini code shown in 
Table 2) into decimal digits. 
The translator may consist of self-locking 

relays, which hold the information, once read 
out from the shaft digitizer. This is usually 
necessary, as the input information may change 
during the process. If the shaft moves suffi-
ciently to cause a change of at least one digit, 
further processing of the information may be 
confused or made incorrect by the presence of 
two different digits, or, even worse, the 
uncertain transition period between two digits. 

Switch and brush assemblies giving a digital 
code pattern output are now commercially 
available in the U.S. and several British firms 
have announced that they will have similar or 
identical devices available in production in the 
near future. The best known American disk, 
the "Giannini" type, shown on the lower half 
of Fig. 4, is manufactured by the "etched foil" 
technique. The R.A.E. disk is currently made 
by a photo-etching technique, with the eroded 
insulating sections filled by a good insulating 
material and the final surface given a ground 
finish. 
The coded disk dimensions are determined 

by the desire for minimum size, weight, 
rotational torque, and inertia loading for con-
venience of application, on the one hand, and 
accuracy limitations in preparing the coded 
pattern and manufacturing the conducting and 
insulating surfaces, on the other. For a disk 
encoded into 1,000 parts over 300 deg. of shaft 
rotation, for instance, the length of one digit 
will be about 0.005 in. per inch radius. Most 
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practical disks are, therefore, encoded with all 
the working switches grouped between radii of 
about 1.750 in. and 2.250 in., as this is the 
minimum size for reasonable accuracy of the 
final product with existing printed circuit 
techniques and the available precision in the 
mounting and assembly of the brushes. It is 

Fig. 5.—Translator from cyclic to progressive decimal 
binary code into decimal digits. 

usual to give a rhodium flash or gold flash finish 
to the switch, consistent with the prevailing 
practice in contact design. The brushes are in 
some cases conventional phosphor-bronze or 
beryllium copper wipers; in other cases ball 
bearings are used. In either case, dependent 
on the type of load on the switch, it may be 
necessary to de-energize the switching circuits 
while the shaft is moving, in order to avoid 
damage to brushes or plates from sparks; also, 
highly inductive loads, such as relay coils, 
require spark suppressors. 

With these precautions and careful manufac-
ture, in spite of continuous contact, surprisingly 
high life figures are claimed from shaft 
encoders. Users of disks have found barely 
measurable falling off of performance after 
several months of continuous use at fairly high 
speeds. 
The disadvantages of shaft loading by a 

mechanical switch, and the risks of failure 
through mechanical wear have led some 
workers to replace the mechanical switch by a 
photo-electrical one. The switching pattern in 
these is identical to the mechanical switches 
described above, but the alternative conducting 
and isolating sections are replaced by trans-
parent and opaque sections respectively, and in 
the place of brushes there are pairs of light 
sources and photo-sensitive devices, such as 
photocells or photo-transistors. Provided that 
the difference of signal level on the photo-
detector for "on" and "off" signals is well above 
the light and electrical noise, this could in 
principle provide as reliable a switch as a 
mechanical circuit interruption. However, the 
detector output must be amplified before it can 
effect useful switching; and the bulk and 
expense of light sources, detectors, light 
focusing and screening normally involved in 
this approach seem to outweigh the advantage 
offered by the lack of friction and wear. 
A device of this type has been described by 

W. S. Elliott. 21 

4.1.3. Shaft counters 
In a different approach to shaft position 

digitizing the digital information is obtained, 
not by the positioning information, but by 
means of counting intervals whilst the shaft is 
traversing from zero to the balance point. In 
this method the angle of revolution of the shaft 
is divided into n equal intervals, and each 
interval is made to give a pulse. The digital 
output is then obtained by counting the 
number of pulses. 
The pulse may be produced in a variety of 

ways. Cam-operated switching of the micro-
switch type operated from a suitable gear ratio 
has been attempted. However, the shaft 
loading, the accuracy obtainable from the gear 
step and switching differential, and the difficulty 
of discriminating between forward and back-
ward direction of rotation, are usually too great. 

There is only one known device of this type 
available, produced in the U.S. by the Clary 
Corporation. A more practical approach 
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consists of assembling a number of magnetic 
poles which rotate with the shaft and their 
passage is counted on a fixed point, provided 
with a suitable winding. This method has the 
advantage that it is free from friction, and that 
the number of pulses round the shaft may be 
high enough to require only a comparatively 
small gear step between shaft movement and 
the counting device. It is possible to add a 
small magnetic device to sense direction of 
rotation, and thereby control the count in a 
forward or backward direction. 
The American Austin Company is pro-

ducing a device of this type using a drum with 
500 engraved magnetic slots and an electronic 
multiplier giving an overall resolution of 1 part 
in 4,000. A similar model, produced by the 
Telecomputing Company of California, is 
claimed to handle 200,000 counts per second. 
A more practical approach is counting by 

photo-electric means, which will be discussed in 
some detail. This method, described among 
others by Colley and McAuslann consists of 
attaching a disk to the shaft on which segments 
of blacked-out and transparent strips alternate. 
At a fixed point, a light source is focused on to 
a photocell. The disk rotation interrupts the 
path of the light ray, so that each black segment 
produces a pulse in the photocell current. 
Digitizing consists of counting the interruption 
pulses. It may be seen that the method can 
only be accurate if each measurement starts 
from zero, or another fixed reference point. 
Further, if the shaft overshoots at all in the 
process of taking up the required position, 
provision must be made for "counting down" 
in order to get the right result. The counting 
device employed must be capable of responding 
to the highest possible transient speed of the 
shaft in order to ensure that no count is missed, 
and provision must be made to avoid "dither" 
due to input noise or servo-hunting, in order 
to avoid possible mis-count in either direction. 
The application for which this work was 

developed is individual weighing of masses. 
The shaft is a pointer rotating element of a 
standard type mechanical weigher. The 
absence of any frictional load is of great value 
in this application. Due to the comparatively 
long time intervals between weighings, it is 
possible to cope with the bandwidth require-
ments imposed by the highest and lowest 
possible shaft speeds, though the need to avoid 
miscounts due to "dither" imposes some 

f62 

HUNDREDS 

25 R 

25R 

TENS UNITS 

INPUT 

Fig. 6.—Kelvin-Variey potentiometer shown in "123" 
position. 

difficulties. 
In this work, the counting device consisted of 

simple Dekatron tubes with special provision to 
reverse the sequence of guide bars, and thereby 
direction of count, with shaft rotation direction 
reverses. 

4.1.4. Sequential scanning digitizers 
An entirely different approach to digital 

conversion of analogue voltage consists of 
dividing the voltage range into fixed increments, 
in which the smallest corresponds to the digital 
unit size. The digitizing consists of comparing 
the input voltage quantity with the fixed level 
successively until identity with the nearest 
available fixed point is found. The number of 
this particular position will be the digital 
equivalent of the input voltage. 
The process of comparison is usually carried 

out by stepping switches which may be of the 
uniselector type. The total number of steps to 
achieve balance may be greatly reduced by 
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scanning the range first in larger intervals 
corresponding to the most significant digit first, 
and stopping the process when—counting 
upwards—the digit reached exceeds the input 
voltage. A second ladder of resistance net-
works is then switched across this digit and is 
scanned step by step until balance is reached 
on the next significant digit, and so on. For 
a pure binary output, the range could be 
reduced by successive dividing by two, and a 
1,024-part accuracy achieved by 10 compari-
sons. For a decimal output, each decimal digit 
involves 10 possible comparisons, so that a 
3-digit accuracy may involve 30 steps—still a 
considerable reduction from the 999 possible 
steps in digit intervals. 
One disadvantage of this system is that it can 

only deal with a single input law, usually the 
linear one. Any linearization of non-linear 
inputs must, therefore, take place before the 
digitizing stage. 
The stepwise comparison in decimal stages 

is greatly eased by the use of the Kelvin-Varley 
type potentiometer networks, which offer 
constant impedance to the input (Fig. 6). By 
the use of bi-directional stepping switches, and 
a phase-sensitive discriminator amplifier, search 
for balance may replace the step-wise com-
parison process. 
A stepwise comparator built on these lines 

(Fig. 7) has given satisfactory results on life 
tests , carried out over more than a year. The 
speed of operation is in the main determined 
by the stepping speed of the switch used, and 
with components available here at the present 
time, it is doubtful whether a speed of one 
second per point can be reached. In American 
equipment of this typen 0.6 to 0.8 sec per 
reading is claimed. A simple laboratory-built 
version, prepared by British workers, is 
described by Dean and Nettell.n 

4.2. Electronic Analogue-to-Digital Converters 

The purely electronic techniques of analogue-
to-digital converters have so far followed, in the 
main, three major and fundamentally different 
approaches: 

(1) Voltage-time conversion and clock 
digitizing, 

(2) Subtractive comparison method. 

(3) Cathode-ray tube modulation method. 

4.2.1. Voltage-time conversion digitizers 
The basic principle of this method consists 

in converting the voltage to be digitized into 
time by comparing its amplitude with a precise 
fixed frequency saw-tooth generator, and 
measuring the time between the start of the 
saw-tooth and the coincidence with the input 
voltage. The time obtained is converted into 
digits by means of a clock pulse and a counter. 
The general block diagram of such a system 

is shown in Fig. 8. The essential element of 
the time converter is the precision saw-tooth 
generator. Provided that the saw-tooth 
generator is perfectly linear and its slope 

marr 
• 

Fig. 7—(top) Uniselecier digitizer ( Ellkt Bros. 
(London) Ltd.). • The complete assembly with 

the typewriter. 
(below). The left half of the equipment pulled 

out to show assembly details. 
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corresponds exactly to the digital calibration of 
the input voltage, the time interval between 
the beginning of the saw-tooth and the coinci-
dence will be exactly proportional to the input 
voltage and the time measure obtained will be 
on the correct scale. 

The saw-tooth generator may be any con-
ventional oscilloscope time-base circuit, such as 
a Miller integrator, etc. The linearity of rise 
must, of course, be closer than the final 
accuracy of the digitizing required, i.e. for 1,000 
parts it must be better than 0-1 per cent. 
Furthermore, this slope must be very accurately 
controlled, as any error in the slope will also 
give proportional digitizing errors. This latter 
point is usually achieved by means of a feed-
back amplifier adjusting the slope every time 
when the peak amplitude achieved differs from 
the standard reference voltage.24 

CLOCK PULSE 
GENERATOR 

START 
PULSE 

INPUT , GATE 
SIGNAL - 

SAW- TOOTH 
GENERATOR 

COMPARATOR 

TRIGGER 

CLOSING 
GATE 

COUNTER 

LLLU_LL.Lujiwim,_ 

INPUT SAW -
'0TH OTH 

TRIGGER Y PULSE 

(a) (b) 

Fig. 8.— Voltage-time converter digitizer. 
(a) Block diagram. (b) Corresponding waveforms. 

Considering now the whole of the block 
diagram, Fig. 8, it may be seen that the general 
sequence of digitizing is as follows: 
A trigger pulse initiates the saw-tooth wave-

form, and at the same time opens the gate 
between the clock pulse generator and the 
counter. The counter, therefore, begins to 
count clock pulses and the rising saw-tooth 
waveform amplitude is continuously compared 
in the comparator and trigger. At the precise 
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time when the input amplitude and the saw-
tooth waveform become equal, the trigger 
operates and shuts the gate between the pulse 
generator and the counter. The total count 
accumulated in the counter will be the digital 
value that corresponds to the input voltage. In 
practical equipment the clock pulse may be of 
the order of 1 microsecond repetition frequency 
giving a count of 1,000 in 1 millisecond. This 
in turn implies a saw-tooth wave repetition 
frequency of somewhat longer than 1 milli-
second. Taking into account the need 
for the counter to operate into some other 
store such as say a magnetic tape, and the 
necessary time lag for connection to the next 
input, the maximum rate of digitizing for an 
equipment of this sort is of the order of 500 
readings per second. These figures are by no 
means limiting and claims have been made for 
much higher speeds of operation, using higher 
repetition rates of both block pulses and saw-
tooth comparison waves. 
Two limitations to the system will become 

immediately evident. First, the nature of the 
comparison technique and diode gate switching 
requires fairly large input voltages with full 
scales of the order of 50-100 volts. At this 
level, with 1,000 part discrimination, compari-
son and switching accuracies are of the order 
of 25-50 millivolts. However, with input levels 
of the order of 10-20 millivolts full scale, such 
as are obtainable for instance with thermo-
couples, switching accuracies would have .to be 
of the order of microvolts which is not a 
practical proposition. 

In consequence, when this system is employed 
it is necessary to amplify low level signals to 
the comparison level required for the saw-tooth 
technique. However, stable amplification of 
d.c. levels of the order of microvolts with an 
amplification factor of about 1,000-10,000 is, as 
is well known, a very difficult problem. The 
nearest thing to an adequate solution is offered 
here by the chopper amplifier which, however, 
introduces a new minimum time constant the 
equivalent of at least 1-2 cycles of the chopping 
frequency, which is, at best, very much longer 
than the sampling frequency available from 
the saw-tooth comparator digitizer. 
Another disadvantage of the system is that 

for reliable operation the clock pulse frequency 
and the slope and amplitude of the saw-tooth 
wave must remain constant for all samples. In 
consequence, there is a single digitizing scale 
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(a) 

INPUT = 72.3 V — 
REF = 50.0 V 

BINARY DIGITAL VALUE 
72.3V = 1011100100 

(b) 
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1 0001 
2 0010 
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5 1001 
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C. & S.=Comparison and Subtracting Unit. 
X=Multiplier Unit. 

Fig. 9.—Subtractive comparison digitizer. 

(a) In pure binary code. 
(b) In binary decimal code using 4, 4, 2, 1 comparison steps. The number of steps 

shown may be reduced by building in the rule to write, after a first zero, a second 
zero without testing, and after a one in the first two steps, write automatically a 

zero for the third step. 

available for all inputs measured. Where 
amplification of inputs is used, this drawback 
may be removed by using different amplification 
factors for each input. In some data-reduction 
systems all inputs are homogeneous and the 
disadvantage does not apply here either; but 
in the general case of direct reading of inputs 
the single scale available limits the usefulness 
of the arrangement. Similarly, there is no easy 
means of dealing with non-linear inputs. 

There are some variations to this basic 
method. Instead of the saw-tooth comparison, 
the voltage to time conversion may be carried 
out by other pulse width modulation methods. 
Another approach published recently converts 
the input voltage into variable pulse-repetition 
frequency and uses a fixed time-interval for 
counting.25 
4.2.2. Subtractive comparison method 
The principle applied in this digitizing 

method is to compare the input voltage with 
fixed reference voltages representing digits of 
the final answer. After each comparison, if the 
input voltage is greater than the reference, the. 
reference is deducted from the input voltage, 

and a "one" is marked for the appropriate. digit. 
If the input is smaller than the reference, a zero 
is marked. A further comparison of the residue 
with the appropriate reference voltage yields the 
next lower relevant digit, and so on. The 
simplest application of this method is in a pure 
binary system. 
A block diagram of the steps in a subtractive 

binary comparator is shown in Fig. 9a. The 
first reference voltage compared is equal to 
half the full-scale input voltage. The result of 
this comparison gives an answer to the first 
relevant binary digit: 1 if the input voltage is 
greater, zero if it is smaller. If the answer is 
1, the reference voltage is simultaneously sub-
tracted from the input voltage and the residue 
is passed on to the next stage. The next stage 
of comparison takes place with a voltage which 
is one half of the previous reference and gives 
again 1 or zero for the next relevant digit, and 
so on. 

In an alternative. application of this method 
the reference voltage is retained as constant 
during the whole operation, and the residue 
input voltage is multiplied by 2 in each stage. 
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Evidently, the same answer is obtained by this 
method, which is illustrated in the example of 
Fig. 9a. 
A series of successive comparisons of the 

input voltage or its appropriate residue can give 
the digital final answer in pure binary notation. 
Ten steps of comparison provide an answer 
which is accurate to 2"= 1024 parts, i.e. better 
than 0.1 per cent. 
The critical part of this system is the accuracy 

of the reference voltage, and of the subtractions. 
Each stage from the first onward must, of 
course, be stable and accurate to better than 
the smallest digit to be read, i.e. usually better 
than 0.1 per cent. In order to achieve this 
accuracy and stability, again it is necessary to 
operate with input voltages at levels at which 
the minimum parts are of the order of 10 milli-
volts or more, i.e. at inputs of greater than 10 V. 
The subtractive comparison method has been 

put into operation by the use of digital 
computing techniques, on a "circulating pulse" 
basis. The successive comparison operations 
of this method are controlled by a clock pulse. 
A delay of one pulse length is inserted in series 
with the residue of the subtraction and fed back 
in synchronism with the next comparison 
operation. By this means the total digitizing 
may be carried out at the rate of one significant 
digit per clock pulse, i.e. using 1 M/cs clock 
pulse, and 10 binary digits, the digital answer 
may be completed in 10 microseconds giving a 
total of between 50,000-100,000 samples per 
second. 
The "circulating pulse" method could of 

course be substituted by a "parallel" operation 
in which all the digits are simultaneously 
compared and the final binary decimal answer 
produced as a process of selection of wanted 
and unwanted channels in a chain. This would, 
however, involve as many subtracting and 
comparing amplifiers as there are digits, all of 
them maintained at a high degree of stability 
and accuracy. For this reason the "serial" 
method of subtraction is generally preferred. 
The process described may be applied, of 

course, to a binary • coded decimal system, 
except that the number of digital steps is 
increased to four steps per decimal digit, and 
that special provision must be made for the 
correct programming. In order to achieve the 
result in four steps, more than one subtracting 
reference or residue multiplying factor may be 
needed. For instance, the first step may decide 
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whether the input is greater or less than 5, the 
second step whether the residue is greater or 
less than 3 and the last two steps may be 
subtracting one each from the residue. 
Alternatively, the same result may be obtained 
by steps of 4, 4, 2 and 1, and an example of this 
is shown in Fig. 9b. There is at least one 
analogue-digital converter commercially avail-
able in the United States operating on this 
principle, and claiming speeds of 50,000-
100,000 samples per second. 

4.2.3. Cathode-ray tube modulation digitizing 
This system, experimentally devised and 

published' by the Bell System Laboratories as 
early as 1948, uses the deflection of a straight 
line trace on the cathode-ray tube as a measure 
of input voltages. Digitizing is carried out by 
a mask placed in front of the tube which has 
coded openings very much on the same 
principle as the coded disks described in 
Section 4.1. The mask is divided into an 
appropriate number of binary digits (for 
instance, for a three figure decimal binary 
notation 12 digits) and each nth part of the 
displacement of the line corresponds to a 
different combination of mask openings. The 
arrangement of the mask is on the progressive 
cyclic system described in connection with 
coded disks, so that errors are limited to one 
least significant digit. 

Reading is carried out by photocells, one 
photocell corresponding to each digit. In each 
position of the line behind the mask a number 
of photocells will receive light and others will 
not. The "on" state of the photocell corre-
sponds to figure 1 and the "off" state to the 
figure 0. The sampling rate of this method is 
only limited by the intensity of the beam and 
the response of the time-base, modulation 
circuits and photocells. Readings of the order 
of 10,000 per second or more are obviously 
quite practicable. 

The principal difficulty in achieving the 
required accuracy and stability is in obtaining 
a beam focus which can produce a beam less 
than one-thousandth of the width of the total 
available beam traverse. Photocell inputs and 
sensitivities must be of a very high order, as 
must be the manufacture of the mask, in order 
to avoid errors and inaccuracies. This method 
of digitizing has been applied in some United 
States projects, but as far as it is known, it is 
not commercially available. 
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5. Other Data-Reduction Elements 
5.1. Input Devices and Transducers' 
The complete. range of input devices 

measuring industrial and similar process 
variables is very wide and there is literature 
available describing it. We limit, therefore, 
our description to devices which give direct 
electrical output, and transducers which convert 
measurements in other units into electrical 
quantities. 

There are but few primary devices which 
produce electrical output directly from the 
measured quantity. The most important 
among them are temperature measuring devices, 
mainly thermocouples (giving thermal e.m.f. in 
a closed bi-metal circuit, when the two junctions 
are at different temperatures) and resistance 
thermometers (in which an electrical resistance 
element made from a material of high tempera-
ture coefficient is placed into the ambient 
temperature measured and connected in a 
bridge, with the other bridge elements main-
tained at constant temperature; the degree of 
unbalance giving the measure of temperature 
change). 
Some measured parameters have electrical 

outputs in an obvious and conventional way; 
for instance, rev/min measured by tacho 
generators, light quantities measured by 
photocells, etc. 
A large amount of process measurements 

relate, however, to pressures, flows, levels, 
strain, mass, etc., in which there is no easy 
direct means of obtaining electrical output. 
Conventional measuring instruments in these 
fields provide. a small displacement as a 
measure of the quantity. In the measurement 
of flow and level there are some exceptions to 
this which will be described later. 
The most usual way of measuring pressure 

is by means of a diaphragm or bellows. The 
displacement of the diaphragm against the 
retaining spring force is the measure of the 
pressure applied. Total displacement of the 
diaphragm for full-scale deflection usually does 
not exceed a few thousands of an inch. 
Bourdon tube devices operating on a similar 
principle give slightly greater displacements. 
One of the most frequent ways of measuring 

flow rates is by measuring differential pressure 
along the flow line before and after the flow has 
passed a restriction point, the pressure drop 
being proportional to the square of the flow 
rate. Tank level is also often measured by 

means of diaphragms giving the pressure 
exercised by the column as a measure of liquid 
level. 

For a large number of existing reliable 
primary devices it is necessary therefore to 
convert very small displacements into an 
electrical quantity. The two most important 
types of transducers to carry out this conversion 
are the differential transformers and the strain 
gauges. 

MOVABLE CORE 

DIFFERENTIAL OUTPUT 

Fig. O.—Differential transformer. 

A differential transformer26 consists of a 
winding assembly in which the primary is 
looking —into an electrically and physically 
matched pair of secondaries. The coupling 
between the windings is obtained by a core 
which can be moved and which in its centre 
position gives identical coupling to the two 
secondaries (Fig. 10). With the core in its 
central position and the secondaries connected 
in opposition there is obviously zero output 
from the secondaries. If, however, the core is 
displaced in either direction the coupling 
factors of the secondaries change and one or 
other of the secondaries will have a higher 
voltage developed in it. The two secondaries 
do not cancel any more, and an unbalance 
output is obtained which is a measure of the 
core displacement. 

Differential transformers are normally rated in 
terms of voltage unbalance per thousandths of 
an inch of core displacement, and per voltage 
energizing supply. It is possible to obtain 
figures of the order of 1 millivolt per volt input 
per 0-C101 in. and linearity over an appreciable 
fraction of an inch. Care must be taken to 
exclude any extraneous couplings, or other 
noise signals at the excitation frequency in order 
to avoid residual quadrature voltage outputs at 
the nominal balance position of the core. The 
core may be made to have very small mass and 
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friction so that it imposes a negligible load 
on the primary device which provides the 
displacement. 

Strain gauges are the other important devices 
used to measure small displacements.27 The 
picture of a strain gauge type transducer is 
shown in Fig. 11. Strain gauges measuring 
circuits are very similar to that described for 
resistance thermometers. The basis for 
measurement is the resistance change in the wire 
when it is put under strain or stress. In the 
type shown four wires are placed between the 
centre peg and the corners of the fixed frame. 

Fig. 11.—Strain-gauge 
transducer. 

The centre peg is subjected to displacement 
through the base of the instrument, and as a 
consequence the two upper wires contract and 
the two lower ones expand. If the four wires 
are so connected that the expanding ones and 
the restricted ones form the opposing arms of a 
bridge respectively, this bridge will be at 
balance with no displacement of the peg, but 
will give an unbalance reading when the peg is 
moved. The instrument shown provides an 
unbalance of approximately 1 millivolt per volt 
energizing per 0.001 in. displacement. The 
limit of linearity is at around 0.006-0.008 in. 
total displacement. The output obtainable for 
the few thousands of an inch displacement is, 
therefore, quite adequate to drive a self. 
balancing bridge when the strain gauges are 
energized from a source of the order of 10-12 V 
which corresponds to the maximum current-
carrying capacity of the strain gauge wires. 

In another application strain gauges are 
bonded to some elastic material which is made 
to support a mass or the stress of some working 
apparatus. These billets with strain gauges 
bonded on to them, usually called load cells, 
find increasing use in weighing and the 
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measurement of stress such as cylinder 
pressures, or drawing dies, extrusion moulding 
etc.28 The principle of measurement is the 
same as the unbonded strain gauge. The strain 
elastically deforms the billets, the total dimen-
sional changes amounting to a few thousands 
of an inch. Through the bonding the stresses 
are transferred to the wire gauges which change 
their resistance in proportion to the stress 
applied. They are normally connected in a 
bridge circuit with some passive elements; the 
bridge unbalance is the measure of the weight 
or dynamic load. 

Strain gauges and differential transformers 
are sometimes employed as "open loop" 
measurement elements, i.e. the unbalance 
voltage is taken directly as a measure of 
the primary quantity. However, there are 
increasing numbers of instruments which 
incorporate "closed loop" systems. In this 
approach the measured element causes an error 
signal: this actuates through a servo-amplifier 
a restoring force which brings back the dis-
placement element to its original position, or as 
near its original position as the finite servo gain 
permits. The measure of the original quantity 
is then derived from the measure of the force 
required for restoring. The most convenient 
force is, of course, electromagnetic as this can 
be easily produced by standard servo amplifica-
tion methods, though for convenience in some 
cases pneumatic or hydraulic restoring forces 
may be used, which are in turn controlled by 
electromagnetic valves. 
The chief advantages of the closed loop 

system are that the non-linearities arising from 
the characteristics of the original displacements 
system, such as diaphragm, bellows or Bourdon 
tubes are eliminated and that the measurement 
is available at the output of a servo amplifier 
at comparatively high power levels. Also, this 
method may offer easy means of compensating 
against non-linear characteristics of the original 
input quality. Flow rates, for instance, when 
measured through differential pressure across 
an orifice, are proportional to the square root 
of the pressure differential. To calibrate against 
a square root law is ordinarily a fairly elaborate 
and difficult process. If instead a servo 
restoring force is supplied in a closed loop 
system, in which the magnetic pull varies with 
the square of the current, then the current 
delivered by the servo amplifier will be a linear 
measure of flow rate. 
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There are other flow rate measuring instru-
ments which deliver their output in electrical 
terms. One method is to place a light propeller 
into the flow. The flow rate can be determined 
by measuring the propeller shaft speed which 
will be proportional to the flow. It is also 
possible to make the propeller vanes from a 
magnetic material and place coils round the 
pipe which can detect and count the passage 
of vanes. This method produces a digital 
answer for rates by counting during a fixed 
interval, and it can also provide a digital 
measure of total flow by the simple method of 
summating the total count of vanes during the 
integrating period. 

Another electrical flow measuring device is 
applicable only to liquids which are at least 
slightly conductive. Here at a given point of 
the flow pipe a magnetic field is created, 
inducing a magneto-motive force in the liquid 
which behaves as if it were composed of a set 
of conducting filaments. Further along the 
tube the induced m.m.f., which is proportional 
to the. flow rate, can be detected between the 
two pole pieces. The measurement imposes no 
restriction on the flow and, by use of a suitable 
a.c. magnetization, can be accurate and linear 
for a wide range of flow rates. 

For level measurement apart from the mass 
measurement by means of diaphragms or load 
cells, mentioned above, a widely applied method 
is to use a float on a liquid surface, which will 
wind itself up and down with the variation of 
level. The measurement can be carried out on 
the winding shaft, either by gearing the wiper 
of a potentiometer to it, or by synchro type 
angular position transmitters, or coded disks of 
the type described in 4.1 which can supply an 
already digitized answer. 
A further group of instruments converts 

small linear or angular displacements into 
electric quantities by the use of a mirror, and 
photocell detection of angular changes from a 
fixed light source. 
There are a number of specialized measure-

ments employing a diversity of electronic 
and electrical techniques which cannot be 
adequately surveyed here. Dimensional gauging 
is often done by capacitive methods. Viscosity 
may be measured as the rate of damping on an 
ultrasonic transducer of the magnetostrictive or 
barium titanate type. The oxygen contained in 
gases may be measured by the paramagnetic 
effect of oxygen in magnetic fields, etc. 

5.2. Programmers 
Programmers have two major functions in 

data-reduction systems. One of these is 
basically common to all types of installations, 
the organization of the sequential scanning of 
input points. The other function, that of 
general instructions controlling the type of 
service provided, varies very greatly from 
system to system, and even in a family of 
systems employing the same techniques, may 
vary appreciably from installation to installa-
tion. 
5.2.1. Scanning elements 
The primary function of the scanning element 

is to connect in turn each input point to the 
digital equipment, and to supply the digitized 
answer to the record in the correct position. 
The simplest way to achieve this is in the form 
of a stepping switch such as the standard Post 
Office type uniselectors, which are available 
with 25-100 switching positions, and with 8-12 
poles switched simultaneously. If the number 
of points exceeds the maximum capacity of one 
stepping switch, several of them may be con-
nected in series, so that the last step of any 
switch automatically starts the following switch 
from the zero position. They are available 
with step-by-step actuators which can be 
controlled from a clock motor through a cam 
if the scanning is done according to a fixed time 
sequence, or they may operate from an external 
pulse, provided by the equipment, for instance, 
as a signal that the previous logging point has 
been completed. 

According to the nature of the equipment, 
the scanning sequence may have to cater for a 
number of other instructions as well. In the 
case of tape, punch card, or strip record for 
instance, it is necessary to record the code 
numbers or letters of the input point, together 
with the reading value, and some poles of the 
stepping switch would be used to issue the 
necessary instructions to the logging equipment 
for this purpose. Similarly, any particular input 
point may require additional instructions with 
regard to its calibration, possible correction of 
a non-linear law, digital scaling, energizing of 
the primary device or of the transducer at the 
time of scanning, and in some types of records 
the possible insertion of decimal points and of 
additional zeroes or suppressed digits into the 
result. Unless any of these corrections are 
shared by all the points scanned, each point 
must carry its own specific instruction. With 
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Fig. I2.—Scanning switch programmer. 

a mixed system catering for a variety of 
different inputs, the number of instructions per 
point may well exceed the number of poles 
available on the stepping switch and slave 
relays may be needed to carry out the necessary 
instructions. Alternatively, a switch point may 
operate on more than one instruction though 
in this case it is necessary to use blocking diodes 
in order to prevent "cross-talk" of the 
instructions between the different points. A 
scanning switch section illustrating some typical 
programme instructions is shown in Fig. 12. 
From the point of view of speed of operation, 

the available stepping switches such as uni-
selectors with speeds of operation of one to 
some tens of points per second are quite 
adequate. However, when it comes to high 
speed scanning, such as may be required for 
electronic digitizing of the type discussed in 
Section 4.2, no mechanical switch is equal to 
the task. The mercury jet switch which has 
made its appearance in the last two years offers 
speeds very much in excess of any electro-
mechanical switch, but has other limitations, 
particularly in the fact that it can only cater 
for a restricted number of poles. Its speed, 
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which may be of several hundred points per 
second, is nowhere near the capacity of 50,000 
scans per second available on some electronic 
digitizers. The satisfactory answer to high 
speed input switching is still to be found. 

In the electro-mechanical type of digitizing 
the stepping switch is a convenient answer, 
except when it comes to handling low level 
input signals. On these levels, and also at 
medium speeds it is extremely important to 
have the input free from contact noise, thermal 
e.m.f. induced in the contact materials and 
pick-up noise. Recently gold-plated uniselectors 
and stepping switches have made their appear-
ance, and this refinement goes a long way 
towards curing the troubles arising from low 
level signals. For greater safety, however, it is 
advisable to use uniselectors only as sequence 
controllers operating on the coil of a slave relay, 
and use for the switching of the actual input 
lines high grade sealed relays with gold or 
platinum contacts. 
The stepping switch type of scanning 

sequencer does not offer much flexibility in 
rearranging programme sequence. In many 
cases the logging programme may need to be 
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Operation Sequence 
I. Logging cycle switch closes and through normally made con-

tact of RF/I energizes RI. 

2. R1 operates; first input is digitized and logged; RI/I is 
pulled in. 

3. On completion of log " Record finished" switch closes and 
energizes RF; RF/1 momentarily changes over and, through 
second coil of Rl. energizes first coil of R2. 

4. R2/I and R2/2 are pulled in. 

5. R2 digitizing starts. RF is reopened, and in the change-over 
RI falls out. R2 is held in through R2/2 and normally made 
contact of RF/I. 

. . . Procedure is repeated until the nth relay. De-operation 
of last relay energizes " logging cycle finished" relay which 
breaks logging cycle switch. Chain is ready for the next cycle. 

Fig. 

'RECORD 
FINISHED' 
SWITCH 

R F 

13.—Relay chain. 

varied from time to time due to changes in the 
plant or changes of emphasis in the records 
required. If, for instance, one measuring 
point incorporated in the sequence becomes 
redundant on the stepping switch programmer, 
there will be either a blank column left in the 
record, or a substantial part of the programmer 
must be completely rewired in order to advance 
all the positions by one step. In such cases the 
stepping switch may be replaced by a chain 
of interlocked relays providing their own 
sequencing. The diagram of such a chain is 
shown in Fig. 13. From the point of view of 
wear and maintenance the relay chain has the 
further advantage that each element is only 
operated once in a cycle instead of the con-
tinuous operation of the stepping switch 
mechanism, and also that in the case of a 
breakdown only one measuring point is put out 
of action instead of the whole sequence. 
The other duty of the programmer is to 

initiate the sequences of the general data-
reduction programme. The requirements of 
these vary, of course, from plant to plant. 
Generally speaking these commands are 
entrusted to relays which are closed either by 
a clock pulse (if the operations are to take place 
at pre-determined time sequence), or by manual 
switches (if the operations are "on demand") or 
they may be closed by some external switch 
operated by some event in the process such as 
the completion of a given operation. In some 
systems, apart from periodic automatic com-
plete log records, there is a requirement for 
continuous or frequent scanning of all the input 
points and records are required when any of 

TO' LOGGING CYCLE 
FINISHED' RELAY 

R2/2 R 3/2 R111/2 

R3 RN 

RI/1 

RF/ 1 ( MAKE 
BEFORE BREAK) 

LOGGING CYCLE 
SWITCH 

R2/1 R3/1 RN!' 

the points exceed certain set-points limits. In 
this case, the function of the programmer is to 
initiate or maintain the cycle of scanning and, 
when a deviation is recorded by the alarm 
scanning equipment, to bring the digitizing 
equipment back into operation in order to 
digitize and record the abnormal value. The 
programmer may be required to carry out some 
occasional tasks such as to record accurately 
once a day or once a shift the totals from 
the integrators, and to clear and re-set those 
integrators. The possible combinations of 
varying commands with superimposed priorities 
of certain commands to others are very large, 
but it may be seen that fairly simple circuits 
will always be capable of carrying out these 
commands. 
5.3. Deviation Detectors and Alarms 

In any process which in normal operation 
conforms to known and static parameters, the 
rapid and frequent recording of practically 
invariant data is of little value, and a record in 
which the revelant points are hidden among 
hundreds of irrelevant figures would make the 
task of interpretation unnecessarily compli-
cated. It is, therefore, of interest to build into 
the data-reduction equipment elements into 
which the expected behaviour of a system may 
be pre-set. The record can then be limited to 
the time and points where the process deviates 
from the normal values. Since for digitizing 
purposes each input is converted into d.c. 
potential, the easiest way of achieving deviation 
data is to provide voltage dividers into which 
the upper and lower limits of the normal value 
may be manually set. The detecting equipment 
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consists then of a simple comparator amplifier 
which accepts simultaneously the input voltage 
and the manually pre-set set-point voltage. If 
the input voltage exceeds the pre-set upper limit 
or falls below the lower limit, the deviation 
detector will close the appropriate self-locking 
relay. 

Since the deviation detector carries out a 
single comparison check by purely electronic 
methods, the deviation scanning can take place 
at much faster rates than the digitizing and 
recording and is normally limited only by the 
permissible rate of input switching and relay 
operation times. Deviation scanning at the rate 
of 5 or 10 points per second can be achieved by 
the simplest means. If the set point level 
calibration is required in terms of the measured 
parameter at high accuracy, each set-point 
would have to be provided with either high 
accuracy precision potentiometers, or individual 
calibrated accurate scales. To circumvent this, 
it is possible to use the digital equipment as a 
calibrator for set-point setting. Operation of 
a manual switch will feed the set-point value in 
place of the signal of the appropriate point into 
the digitizer, and the digitized value of the 
set-point setting may be either produced on the 
record, or visually displayed. Since the 
switching sensitivity of the detector can usually 
be made much better than the lowest digit of 
the variable, by this method of setting there is 
a certainty that the deviation detector will 
operate at exactly the digit at which it has been 
set. The picture of such an arrangement is 
shown in Fig. 14, which is the set-point panel 
for a 50 point data-reduction unit. In the 
centre of the illustration is the visual display 
unit and selector switches. Each point has its 
associated high and low set-point potentiometer 
and helical potentiometer giving approximately 
5,000 part discrimination. Knobs are provided 
with coarse calibration only to assist the 
operator in assessing the rate of turning. 
Accurate calibration takes place by operating 
the push-button for the appropriate point, 
together with the high or low push-button on 
the upper right-hand side of the centre panel. 
The circular visual displays show the digital 
value of the set-point setting selected, so that 
the correct setting is obtained by turning the 
knob slowly until the right figure appears in 
the windows. 

When the deviation detector observes any 
abnormal reading it is usually required to 
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produce a record of the time and the value of 
the point; the point itself will have to be 
identified either by recording its number or 
other identification code or else by placing the 
deviation record in the appropriate column of 
the whole log sheet. 

In addition to recording the presence of an 
abnormal reading, other action may be 
required, such as audible or visual alarm, or 
actuating of on ¡ off controllers, for instance to 
open or close a valve. The practice is to 
provide on the alarm detector a switch with at 
least two poles which may carry out any of the 
above functions according to requirements. 
Alarm cancellation requirements may also 

vary. In some applications the alarm can 
remain operative until it is manually cancelled. 
In another case the alarm is automatically 
cancelled when the next scanning reaches that 
point and re-operated if the abnormal condition 
still persists. Finally, in some cases the alarms 
are provided with a self-locking relay or similar 
memory, and successive scanning cycles take 
no fresh action if the abnormal condition 
previously recorded still persists, but will make 
a fresh record on the first occasion when the 
condition is found to be returned to normal 
limits. 
5.4. Digital Recording Elements 

Digital records are produced in the main in 
three forms; automatic typewriters giving typed 
records and log sheets; punch cards or tapes, 
mainly for computing and accounting applica-
tions; and magnetic tape in the case of high 
speed records, and again mainly for computing 
work. 

5.4.1. Automatic typewriters 
The standard instrument available for 

producing automatic records is an electrical 
typewriter converted to remotely controlled 
operation. Four such machines are now 
currently available: Underwood, Olivetti, 
I.B.M. and Flexwriter. 
The provision for remote control operation 

is made by fitting solenoids to each key (or at 
least to each key required for remote operation, 
which may not be the full keyboard), and to 
levers operating other commands such as space 
bar, tabulator, line change, carriage return, 
ribbon colour change, etc. The solenoids are 
either operated from a capacitor discharge, or 
from a direct d.c. supply pulse. 
The remote commands to the typewriter are 

in the simple form of a pulse provided by the 
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11.•••• 

15.—Autoinatic electric typewriter with log sheet (Saxby Coinpuprinter). 

closing of relay contacts or switches in the 
digitizer or programmer. Through these 
switches the supply is applied to the solenoid 
and the typewriter is enabled to perform the 
required operation; the typing of a character, a 
space, or the carriage return and line change. 
The required pulses for solenoids are normally 
of approximately 50 milliseconds duration. 
Since the solenoid only operates on a lever and 
the final typing is by inertia, a delay is necessary 
in order to allow the previous key to fall back 
before the next one rises. Consequently, the 
maximum speed obtainable from automatic 
typewriters is of the order of 10-12 characters 
per second. 

Automatic typewriters suffer from some 
shortcomings inherent in the history of their 
development. The original instrument is a 
mass-produced mechanical typewriter, and the 
electrical operation must be fitted on to this 
design. Consequently, the basic motion of the 
carriage is that of a spring release against a 
ratchet. The space available for solenoids is 
fairly cramped and therefore the operation is 
fairly critical; a minor fall in either amplitude 
or duration of the energizing pulse may result 
in failure to type a character or to move the 
carriage by one step. In some designs, 
increasing the time or the amplitude will result 
in double typing of the character, in others the 
power rating due to the limitation of space is 
such that any increase in input power will cause 
solenoid failures. The effect of these failures 
is aggravated by the fact that there is no feed-
back information available from the typewriter 
to indicate that the command to type or to move 
one step has been effectively carried out. A 
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figure or a space missed in one column will thus 
cause the rest of the whole line to be displaced 
by that amount. Also, when there is a require-
ment to place a record in a specified column of 
the sheet there are no direct means to drive the 
typewriter to the required space, and the 
column required must be found either by 
driving the typewriter step by step on the space 
bar, and counting the steps, or possibly by the 
use of the tabulator carrying out the same 
operation column by column. 

These shortcomings appear to be overcome 
by developments carried out by R. N. Saxby 
in this country who based his design on 
the requirements for an automatic remotely 
controlled printer rather than the adaptation of 
the existing mechanical typewriter. There 
is no manual keyboard in the conventional 
sense; the keyboard is designed to operate 
from electromagnets and the electromagnets 
directly operate the printing means without 
a complicated sequence of leverages. The 
carnage motion is a positive Geneva wheel 
drive from a constant speed motor giving a 
fixed typing speed of 20 characters per second. 
The carriage in its progress also drives wipers 
over fixed contacts in four or eight banks, 
which may be used as feedback information to 
check that the typewriter has carried out the 
required operation, or to drive the carriage to 
the beginning of any particular column by 
means of telephone line seeking techniques. In 
some cases, the available contact arrangement 
may be used to carry out part of the normal 
programming task. With a maximum capacity 
of about 400 characters per line against the 
maximum of 300 of the modified conventional 
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:lectric typewriters, this development appears 
o offer a much improved answer to automatic 
•ecord production. 
This typewriter, with a 24-in. logsheet 

nserted, is shown in Fig. 15. 

5.4.2. Punch and magnetic tape devices 
High-speed electronic type digitizing devices 

:annot operate directly into typewriters as the 
naximum obtainable speed of the latter would 
;low down excessively their rate of operation. 
Vimost the only means available for permanent 
ecords at the rate of several hundred to some 
tundred-thousand decimal digits per second is 
nagnetic tape. 
At lower speeds of operation the information 

ubtained may be required exclusively or alterna-
ively for computer evaluation. According to 
:he type of computer used, punch cards or 
3unch tapes are chosen as the medium for 
information. Both for magnetic tape and for 
punch card and punch tape the information 
must be provided in binary form. For computer 
use, the preferred information is pure binary, 
but if typed or other records are required at 
the same time the binary coded decimal is often 
retained, as this gives a pure decimal record 
without difficulty, and the conversion from 
binary coded decimal to pure binary is a simple 
task for the digital computer. The devices used 
for preparing magnetic tape or punch tape and 
punch card records are well known from the 
digital computer input techniques, and need not 
be described here. As was seen in preceding 
paragraphs the information obtained from any 
of the digital converter devices, and other 
additional information such as point coding, 
can be made available in the form and at the 
rates required for tape recording devices. 

5.5. Ancillary Apparatus 
5.5.1. Computing devices 

In many instances, the direct readings of 
process instruments give information which 
must be modified or further computed before it 
discloses the true state of the process. As an 
instance, most flow measurements are modified 
by pressure and temperature values prevalent 
at the time of the measurement and in order to 
establish true mass flow, the nominal flow 
values have to be corrected according to 
pressure and temperature charts available with 
the flow meter. 
Again in many cases, the instantaneous 

values of flow rates are of little interest and the 

relevant information is the total integrated rate 
of flow over a period. Similarly, in heat 
exchangers of all types the relevant information 
is the total efficiency of the plant measured as a 
ratio of aggregate input to aggregate output. 
This performance efficiency may not, therefore, 
be immediately obvious, particularly in 
processes using a variety of inputs and pro-
viding a variety of outputs. 

Similar minor computing requirements arise 
in a number of processes. Computing equip-
ments providing corrected or calculated values 
from primary information are usually expensive 
and, in most cases, the necessary calculations 
are performed manually with a large expendi-
ture of labour and an appreciable time lag 
between the process and the knowledge of its 
true state. 

Data-reduction equipment as described in 
this paper is a major piece of capital equipment, 
which must be adequately justified either by 
labour saving generally or, much more often, 
by the up-graded and speeded up information 
obtained from the process, which results in 
better quality or quantity of the final product. 
Further it incorporates high speed automatic 
information-gathering elements and provides 
this information in easily usable digital form. 
It is often a minor step, therefore, to add to it 
further elements which can carry out some of 
the computations mentioned, and provide 
correctly computed process information, if not 
in real time, at sufficient speed and frequency 
to be of real use in controlling the process. 
The elements involved in this computing are 
generally well known from analogue and 
computing techniques, and will be only briefly 
mentioned. 

Corrections such as temperature or pressure 
adjustment of flow levels are in effect multipli-
cation of two functions where both of them may 
be non-linear. However, the flow information 
must be linearized for digital recording 
purposes, and non-linear pressure and tempera-
ture corrections thus follow a fixed law 
which may be built into an analogue multiplier 
either of the servo or of the electronic type. 
It is often possible also to obtain a linear 
approximation to the correction in the limited 
region which is most relevant for the process, 
and the accuracies obtainable are often 
sufficient. 

Integrators of the servo, R-C or sampling 
type are well known and need not be discussed 
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in detail. Where the flow varies sufficiently 
slowly to give a close approximation at the rate 
at which the information is scanned for data-
reduction recording purposes, the sampling 
methods of integration provide an obvious 
means of arriving at total figures. Since true 
total flow rather than true flow rate is usually 
important, the pressure and temperature correc-
tions may sometimes be introduced with 
advantage into the integrating processes rather 
than the rate recording. 
On the digital side, sums and averages are 

often of more value than the individual 
readings. To obtain sums such as the 
instantaneous or integrated output of units 
operating independently in parallel, only a 
simple digital adding unit is required, together 
with an accumulator store. As the individual 
instantaneous output is recorded, it is a simple 
matter for the programmer to arrange to put the 
digital figure at the same time through the 
adding unit, into the accumulator store. From 
this store, the programmer can call out the 
accumulated total and record it in the appro-
priate log sheet column, clearing the store at 
the same time. 
Where averaging is involved, it depends on 

the type of application whether a simpler 
approach is to obtain the average by means of 
an analogue summing amplifier, or by dividing 
the digital sum by the number of input data. 

Generally speaking it may be said that with 
regard to further computing, no standard 
techniques have been introduced into the data-
reduction field, as yet. The available elements 
are known but the application is in general 
individually suited to the particular problem. 

5.5.2. Digital clocks 

An ancillary equipment which is almost 
invariably needed in data-reduction equipment 
is the digital clock. There are several standard 
designs available, based on two types of clock 
measurement, and two types of display. The 
simplest and most frequently used clock element 
is the ordinary clock motor which is available 
as a standard article, giving one pulse every 
minute. Where closer intervals are needed such 
as half minutes or 10 seconds, these may be 
obtained by a suitable cam operated by the 
minute pulse motor. The alternative standard 
method is that of the crystal clock which can 
provide, of course, fixed rate pulses at high 
accuracy at any desired interval. 
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Having obtained pulses at regular intervals, 
it is necessary to integrate and display them. 
The simplest form is the electro-mechanical 
clock composed of stepping switches which 
move one step forward on the lowest digit for 
each pulse, and are electrically or mechanically 
geared to provide the necessary steps on the 
higher digits. The visual display of the clock 
position may be obtained either by coupling a 
pointer to the stepping switch shafts, or by 
displaying electrically their instantaneous 
position by means of pilot lights or neon lamps. 
The alternative method of integrating and 

displaying is the use of Dekatron counting 
tubes, which will progress one step with every 
clock pulse. They must be connected in such 
a manner as to transfer to the next digit at the 
correct position, for instance, after the figure 
5 in the "tens" digit of minutes. 

In either form of presentation the digital 
value of present time is readily available for 
typewriter or punch record any time the record 
is taken. 

5.5.3. Trend recorders 

In some processes or test installations subject 
to major short term disturbances, it is some-
times desirable to have a continuous record of 
the general trend of these disturbances. 
Standard pen recorders are available which can 
display 6, 12 or 54 variables simultaneously on 
a single 10-in, wide chart, which may move at 
speeds between an inch per second and an inch 
per day. Such trend records are often used as 
auxiliary to the digital log record. Connection 
may be arranged in the form of a telephone 
switchboard type patch-panel, so that the 
individual traces may be connected to any point 
manually when desirable. In other instances, 
the points where traces should be observed are 
fixed and permanently connected to the indi-
vidual pens, and the data-reduction equipment 
automatically provides the start of the trend 
record every time when it observes a dis-
turbance in the form of readings exceeding 
set-point levels. In a similar way, one or 
several indicators may accompany data-
reduction equipment with a patch-panel switch-
board arrangement which permits any point to 
be connected to the indicator. 

This may be used for visual inspection of the 
behaviour of a variable and can be arranged so 
that the digital scanning overrides for a few 
seconds the instrument display. At the same 
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time it can be used as stand-by instrumentation 
in cases of maintenance trouble on any point 
of the data-reduction equipment. 

6. Conclusions 
This short review of the existing systems and 

elements used in data-reduction equipment 
gives a broad outline of the present state of the 
art. It may be useful perhaps to outline in a 
few closing words the trends for the immediate 
future, as far as they can be ascertained. 

It is clear that in its present development, 
data-reduction and digital techniques cannot 
live up to the somewhat wild "Automation" 
claims made for them on occasions. It is 
certain that digital methods of data processing 
and the techniques of reducing records by the 
elimination of irrelevant data have come to stay 
and there is no doubt that the next few years 
will see the introduction of them into many 
plants and many industries, at any rate in 
countries of advanced technology and in plants 
of medium and large size. In this period the 
direct application of automatically collected 
data to control is likely to be rather the 
exception than the rule excepting in the case of 
processes or parts of processes particularly 
suited for it. 

Nevertheless, it may be forecast with 
certainty that the longer term of development 
will inevitably tend towards perfection of 
techniques which permit ever more comprehen-
sive control of processes through digital 
programming. In this trend of development the 
new techniques in information gathering will 
play an important part, as programming for 
automatic processing implies an accurate and 
rapid knowledge of plant behaviour, which is 
not in general obtainable with conventional 
techniques. Consequently, on the application 
side it is possible to forecast that the immediate 
future will see a broader basis of data-reduction 
techniques established in many plants and in a 
variety of industries, together with a consider-
able use of trial-and-error approaches designed 
to assist in collecting the data and experience 
necessary for standardizing the techniques, 
programmes, etc. 
On the technical development side, both in 

components employed and in techniques there 
are a number of items which cannot be con-
sidered as being solved even provisionally. 
Each one of them is absorbing a large amount 
•of development and research effort, and one 

• may reasonably anticipate that these will bring 
forward improved elements. 
The major points on which effort is being 

concentrated are as follows; 

(1) High-speed digitizers capable of operating 
reliably at low signal levels. 

(2) High-speed multiple switches for the 
scanning of inputs. 

(3) Improved transducers to measure process 
variables with higher accuracy and giving 
outputs more suitable for data processing. 

(4) Improved computing elements to carry 
out simple computations at high speed 
and with high accuracy, particularly in 
the case of non-linear functions. 

(5) Improvement in the field of high speed 
digital recording; automatic typewriters, 
strip printers, type punches, etc. 

It may be seen that the immediate programme 
in the field aims largely at increased speed and 
reliability. These are primary requirements. 
At the same time, there are increasing signs that 
the up-grading of information accuracy brought 
forward by these new techniques will in turn 
create a new demand for even closer accuracies. 
An accuracy of 0.1 per cent. is now available 
for many measurements in which, up till 
recently, accuracies of better than 1 per cent. 
were the best obtainable. Already, however, 
there are occasions when the requirement for 
0.01 per cent. is being formulated. Research 
effort is devoted in many laboratories to this 
further upgrading of measurements, but in some 
instances at least the problem seems to come 
up against irreducible levels of available 
information energy, signal-noise ratios, and 
other at first sight insuperable difficulties. The 
general aspect of development may be broadly 
and somewhat inaccurately summed up as a 
slow process of replacing components and 
techniques of mechanical, electro-mechanical 
and pneumatic nature by electronic and allied 
components and techniques. Here, however, as 
well as on the application side, it is safe to say 
that the replacement process will be slow and 
gradual and it is unlikely that within the next 
generation we shall see the complete disappear-
ance of conventional instrumentation, even 
though alongside there may grow up an 
increasing number of devices based on the new 
techniques. 
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MEMBERS OF THE COUNCIL 

Air Vice-Marshal Colin Peter Brown, who was 
born in 1898, was educated at Dulwich College. 
He served during the first World War as a fighter 
pilot in the R.N.A.S., 
transferring to the 
R.A.F. on its forma-
tion. He was awarded 
the D.F.C. and bar and 
the Croix de Guerre. 

After the war he 
was for several years 
concerned with experi-
mental flying duties, 
and in 1924 he qualified 
in the 1.A.F. Long 
Signals Course. The 
next fifteen years were 
devoted to alternate periods on the Air Ministry 
Staff and with flying commands, and at the 
beginning of the second World War he was 
appointed Senior Air Staff Officer of No. 60 
Group. This Group was responsible for all 
aspects of radar in the Air Force, and in 1942 
Air Vice-Marshal Brown was appointed a C.B.E. 
for his work. From 1942 until the end of the 
war he held the important post of Director of 
Radar, and was appointed a C.B. in 1944. 
From 1946 to 1948, Air Vice-Marshal Brown 

was Director of Operational Requirements at the 
Air Ministry, and for the next two years he was 
with the Middle East Air Force as Chief Signals 
Officer. On his return to this country, he was for 
three years Assistant Controller of Supplies (Air) 
at the Ministry of Supply, and from 1953 to 1954 
he served at the Air Ministry on special advisory 
duties. Since his retirement from the active list, 
Air Vice-Marshal Brown has been associated with 
the Electronic Control Division of Redifon Ltd. 

Air Vice-Marshal Brown was elected a full 
Member of the Institution in 1954, and in 1955 
was appointed to the Membership Committee. He 
has served on the Council since October 1955. 

Hugh Brennan was born in 1900, and received 
his general education in Newcastle-upon-Tyne 
and at Armstrong College (now King's College) 
of the University of Durham. After graduating 
with a B.Sc. degree in 1921, he joined the North 
Eastern Electric Supply Co. Ltd. 

In 1930 he started his own business as a 
consulting radio and electrical engineer, being 

responsible among other work for the installation 
of sound cinematograph equipment. During the 
late 1930s Mr. Brennan became interested in 
wire broadcasting, and 
has established operat-
ing networks in various 
parts of North East 
England. Before the 
establishment of local 
television transmissions, 
Mr. Brennan also set 
up experimental wired 
television systems. 

Elected an Associate 
Member of the Institu-
tion in 1938, Mr. 
Brennan was transferred 
to Full Membership in 1944. He was the joint 
author with Mr. A. Cross (Member) of a paper on 
Public Address Systems, published in the Journal in 
1943. Mr. Brennan was the first Chairman of the 
North Eastern Section on its formation in 1943, and 
has since served the Committee in other capacities. 
He has recently again been elected Chairman. 

David Latcham Leete was born in London in 
1918, and was educated at King's School, Ely, and 
at King's College, University of London, where 
he gained his B.Sc. degree in 1941. 
From 1941 until 

1945, Mr. Leete was 
engaged in work on 
airborne radio counter-
measures at the Royal 
Aircraft Establishment, 
Farnborough, and 
subsequently at the 
Telecommunications 
Research Establishment 
at Malvern (now the 
Radar Research Estab-
lishment). At the end 
of the war he trans-
ferred to the Ground Radar Department to work 
on transmitter research and design problems. 

Mr. Leete was elected an Associate of the 
Institution in 1941, and was transferred to 
Associate Membership in 1943. He took a leading 
part in the foundation of the new South Midlands 
Section based on Cheltenham and Malvern, and 
has been elected its first Chairman. 
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INDUSTRY'S CONTRIBUTION TO FURTHER EDUCATION 
A recent publication by the Federation of 

British Industries* emphasizes the need for 
closer co-operation between industry and the 
technical colleges if colleges are to provide the 
right type of technical training required by 
industry. The present time, when so much 
attention is being paid to technological training, 
offers an excellent opportunity for the study of 
existing and potential problems, and for a 
review of the links, both formal and informal, 
which exist between industry and the technical 
colleges. 

One link is provided by industrial representa-
tion on the governing bodies of technical 
colleges; in itself, however, this is not enough. 
Many governing bodies have only advisory 
functions, with little control over major policy, 
so that industry's views and requirements do not 
always carry as much weight as they should. 
Where this applies, a revision of the composi-
tion and functions of the governing bodies 
would do much to attract the membership and 
active help of industrialists. 

Liaison between industry and college depart-
ments ensures that college courses are in line 
with current industrial practices and needs, 
giving members of industry a good opportunity 
of exercising influence in the compilation of 
curricula, and keeping them in touch with the 
college staff. Representatives of industry and 
the colleges also serve on the Regional Advisory 
Councils for Further Education; each Council 
has a number of advisory committees dealing 
with technical and commercial education for the 
industries to be found in the region. 
The complexity and variety of industry make 

the planning of technical education on a 
national or regional basis exceedingly difficult. 
Firms frequently require individually planned 
courses, and it is in connection with such 
prolllems that informal contacts are invaluable. 
A plea is made in the booklet for more personal 
contacts between technical college staffs and 
members of industry. 

It is also stressed that the need is for an 
extension of the co-operation that already 
exists, rather than for a new approach. 
Increased opportunities for members of industry 

* "Industry and the Technical Colleges." Federa-
tion of British Industries, 21 Tothill Street, London, 
S.W.1, September 1956. 3s. 
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to become part-time teachers in colleges, more 
vacation work in industry for college staff and 
students, more works visits, and the extension 
of prize schemes for students doing part-time 
study, would greatly benefit both sides. The 
encouragement of teachers to carry out research 
and consultancy work, and their seconding to 
industry for periods of up to a year, would 
enable them to keep professionally up-to-date. 
An important aspect of this co-operation may 

be described as flexibility. The college must be 
willing and able to adjust its courses and 
teaching methods to the changing requirements 
of industry, and the firm must plan its education 
and training programme with due regard to the 
facilities available at the technical colleges, and 
to their sources of recruitment, the secondary 
schools. It is also recommended that increasing 
use should be made of part-time day release 
and sandwich courses, and that the works 
training of students should, as far as possible, 
supplement the work done at the colleges, and 
vice versa. It is suggested that smaller firms 
should, where necessary, co-operate in jointly 
sponsoring specialized courses. 
The provision by technical colleges of 

advanced short courses in applied science and 
technology is another factor which will enable 
those established in industry to keep abreast of 
current developments.t 
The White Paper on Technical Education 

expects that Colleges of Advanced Technology 
should " . . . develop a substantial amount of 
research," and it is felt that this should, for the 
most part, be linked with the work of firms. 
Wherever possible, industry-sponsored research 
should be published; publication is both a 
natural right and an exacting discipline for staff 
and student alike, while the sponsoring firm will 
benefit from prior access to the results. 
The efficient performance of such research 

work depends greatly on the equipment avail-
able, and firms can offer considerable assistance 
by donating equipment, or by the endowment 
of laboratories and workshops. In cases where 
a local college. has no need of an item offered, 
a college in another area might be glad of it, 
and the establishment of regional clearing 
houses for this information would be helpful. 

t A list of advanced short courses available in 
Great Britain in early 1957 is given on page (xvi) of 
this issue of the Journal. 
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SUMMARY 

The significance of objective tests is dealt with in relation to the various properties of the 
loudspeaker. The characteristics of a hypothetically perfect vibrating disc are stated and the 
extent of their achievement in moving-coil loudspeakers for low and high frequencies discussed. 
In the ribbon loudspeaker the advantage of a uniform mechanical drive over the entire radiating 
surface is offset by the disadvantage of a small diaphragm area; this may be overcome by the 
adoption of electrostatic principles. The electrostatic loudspeaker is described and the con-
siderable advantages of the balanced push-pull type over the single-sided type are pointed out. 

1. Introduction 
This paper is primarily concerned with 

loudspeakers for use in the home, that is, with 
loudspeakers which are not prohibitive as 
regards size, appearance, unreliability, or cost, 
and which are sufficiently sensitive to work 
with amplifiers of the usual domestic type 
having undistorted power outputs of the order 
of 10 watts. Under these conditions the term 
"high fidelity" is applied here to loudspeakers 
which reproduce speech and music as naturally, 
or almost as naturally, as is possible at the 
present time. 
When one speaks of a loudspeaker having a 

certain degree of naturalness of reproduction 
one is assessing the subjective impressions 
derived from listening to it, and herein lies the 
difficulty of defining "high fidelity," for it is 
not often that any two people will agree entirely 
on the degree of naturalness or be capable of 
describing it in words. It follows, therefore, 
that some of the assessments made in this 
paper are personal, subjective impressions, and 
these impressions may not meet with universal 
agreement. These difficulties of agreement 
arise because all loudspeakers have known 
imperfections or distortions, and because the 
psychological attributes of hearing vary greatly 

* Manuscript received 12th July, 1956. (Paper No. 
378.) 
t H. J. Leak and Company Limited, Acton, 

London, W.3. 
U.D.C. No. 621.395.63.741/3. 

between individuals. The tolerance or accept-
ance of distortions varies with individuals as 
regards the types, amounts and admixtures of 
the distortions. 
2. Objective Loudspeaker Tests 

It is possible to stipulate a series of objective 
tests on all the links in a sound reproducing 
chain, with the single exception of loudspeakers, 
from which measurements can be correlated 
(by experienced interpreters) with the results of 
listening tests. This is not yet possible to the 
same degree in the case of loudspeakers, and 
we are forced to rely greatly on listening 
impressions. This position is unsatisfactory 
and frustrating to engineers working on loud-
speaker development, but it has to be faced. 
However, there is agreement that certain 
measurements can be correlated to some degree 
with the results observed when listening, and 
the general opinion is that four objective tests 
can yield information which is useful when 
interpreted with care and experience. 
2.1. Steady-state Frequency Response 
A characteristic commonly used to describe 

the performance of a loudspeaker is the steady-
state frequency response, and this is often the 
only characteristic of any significance quoted 
in present-day specifications. There is a con-
siderable body of informed opinion which 
agrees that the steady-state frequency response. 
characteristic is of little value in assessing the 
performance of a loudspeaker when it is the 
only measurement given. 

E 
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2.2. Transient Response 
There is a growing opinion that study of the 

transient properties of a loudspeaker will more 
accurately predict its goodness as a reproducer 
than the steady-state frequency response. When 
assessing the transient response of a loud-
speaker the accuracy of reproduction of square 
waves can be observed, and it is also en-
lightening to measure the rate of decay of 
sound after the sudden cessation of electrical 
signals applied to the loudspeaker. A plot is 
then made of the attenuation of the signal with 
time, and this graph is called "the delayed 
frequency response." It is found that a loud-
speaker whose delayed frequency response is 
flat (and considerably attenuated below the 
steady-state level) will have a steady-state 
frequency response which is also flat. On the 
other hand, the steady-state frequency response 
of a loudspeaker may be flat, or nearly flat, 
and yet the delayed response may be peaky, 
pointing to the storage of energy which is 
apparent in the "hangover" of sound. 

2.3. Distortion Characteristics 
The next measurement on a loudspeaker 

which can yield significant information on its 
goodness as a reproducer is the distortion 
characteristic, which is a plot of non-linear 
distortion for a given electrical input signal. 
The distortion can be a measurement of total 
r.m.s. harmonic content from sine wave input, 
or it can be measured as the intermodulation 
products arising from the application of two 
tones, each of sine wave form. It is necessary 
to measure the sub-harmonic products as well 
as the harmonic products when applying sine 
waves. Many engineers believe that the results 
of intermodulation measurements are more 
indicative of the goodness of a loudspeaker than 
the results of harmonic distortion measurements, 
but there is not agreement on the methods to 
be employed when measuring and interpreting 
intermodulation distortion. 

2.4. Directional Characteristics 
The fourth physical test which might be 

expected to yield information of value in 
determining the quality of speech and music 
given by a loudspeaker is the directional charac-
teristic. This is a plot on polar co-ordinates 
of the sound pressure level as a function of 
angle from the principal axis of the loud-
speaker. If measurements are made at a 
number of frequencies the plots so obtained can 

be combined into a single plot to give a 
"directivity index" as a function of frequency. 
Now, it is difficult to assess the importance, 
precisely, of the directional characteristic. 
When walking across a room in which there is 
a loudspeaker operating it is often noticeable 
that one walks into a beam where the high 
frequencies are accentuated, and this is dis-
turbing. If one sits in a selected position one's 
subjective impressions will be affected by the 
ratio of direct sound to indirect sound (reflected 
from the walls of the listening room) and this 
ratio will, of course, be influenced by the 
directional properties of the loudspeaker. 

Clearly, if a loudspeaker in an infinite baffle 
has a "flat" pressure/frequency response when 
measured on the principal axis, but dis-
criminates against the higher frequencies off the 
axis, then the total power radiated at the 
higher frequencies will be less than at the 
lowest frequencies, for which sound is radiated 
hemispherically. The importance of the 
directional characteristic as it affects the 
reproduction of speech and music has so far 
received little attention. 
2.5. Other Measurements 

There are three other characteristics to be 
kept in mind when designing loudspeakers. 
The efficiency characteristic is the ratio of the 
acoustic power output to the electrical power 
input. The impedance characteristic is a plot 
of the electrical impedance on a frequency base. 
The rated power handling capacity is usually 
defined in terms of the maximum electrical 
power which can be supplied to the loud-
speaker without mechanical failure, though the 
author's view is that it would be better defined 
in relation to distortion rather than to break-
down. For instance, the author can cite a 
12-in, loudspeaker rated at "20 watts power 
handling capacity" which has severe intermodu-
lation distortion when supplied with one watt 
of audio power composed of a 1,000-c/s signal 
plus a 50-c/s signal, the latter being 6 db below 
the former. These three characteristics are 
related to the amount of electrical power which 
can be supplied by the amplifier, or to 
reliability, and they need no further attention 
here because they are covered by the opening 
assertion that the loudspeakers presently 
discussed will work satisfactorily in the largest 
room likely to be found in a home, with 
amplifiers of power ratings such as are normally 
used. 
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3. Hypothetical Circular Vibrating Plate 
Before the characteristics of practical 

moving-coil cone loudspeakers are discussed it 
is of interest to consider the characteristics of 
a circular plate which is free to vibrate in an 
infinite baffle. Hypothetically, let us stipulate 
that the plate is mass-less, and that all parts 
of the plate vibrate with uniform amplitude 
and in phase (which is another way of saying 
that the plate is effectively infinitely stiff). If 
the plate is freely suspended in an infinite 
baffle it will radiate equally from both sides, 
but our interest is in the sound coming from 
the side facing us and the measuring micro-
phone. If in some manner the output from 
an amplifier is converted into a mechanical 
driving force applied to such a plate, the plate 
will reproduce transients perfectly, and it will 
not generate harmonic, sub-harmonic or inter-
modulation distortions, because the plate is 
infinitely stiff and has no mass. The pressure/ 
frequency response will be level when 
measured on the axis, but the directional 
characteristics of such a circular plate show 
discrimination against the higher frequencies 
when the measuring microphone is moved away 
from the central axis. The relationship between 
the dimensions of a circular plate and its 
directional characteristics is given in Fig. 1, 
this relationship being shown as the ratio of 
diameter to wavelength. Because we shall soon 
be discussing practical loudspeakers with cone 
diameters of 12-in., real frequency values have 
been appended for this particular dimension. 
The formula from which the directional 
characteristic is computed is derived from the 

Fig. 1.—Directional characteristics of a circular 
piston source as a function of the diameter and 
wavelength (After Olson6). Real frequency values 
shown for a 12-in, diameter circular piston or plate. 

pa= ratio of the pressure for an angle a to the 
pressure for an angle a=0 

Pa — (2aR / k) sin “, 

2 Ji[(2nR ik) sin a] 

where 

J1= Bessel function of the first order 
R=radius of the circle, in centimetres 
a=angle between the axis of the circle and the line 

joining the point of observation and the centre 
of the circle 

1= wavelength, in centimetres. 

fundamental laws of acoustic propagation. A 
circular plate tends to radiate sound hemi-
spherically at the lower frequencies, but in the 
form of lobes at higher frequencies, and it can 
be shown experimentally that a practical cone 
loudspeaker will have approximately the same 
directional characteristics. 
The vibrating plate focuses at high frequen-

cies because of its shape—because it is flat. 
If we could mould its area into a pulsating 
hemisphere, mounted with its dome towards the 
measuring microphone, it would have a broader 
directional characteristic. The future may well 
produce electrostatic loudspeakers tending 
towards this shape. 

4. Moving-coil Loudspeakers 
In this investigation of practical high-fidelity 

loudspeakers, it will be found logical to start 
by assuming that high-fidelity bass repro-
duction is desired. At present (December 1955) 
the only way of reproducing bass from loud-
speakers of acceptable domestic size, reliability 
and cost is by using the moving-coil principle, 
and this discussion is limited to direct-radiator 
moving-coil loudspeakers, that is, loudspeakers 
which are mounted in cabinets or baffles and 
do not employ horns. If good bass repro-
duction down to the lowest frequencies is 
required, then a diaphragm of reasonable area 
is desirable because with a smaller diaphragm 
the amplitude of motion to produce the same 
sound pressure will have to be greater, and 
this increased amplitude tends to introduce 
distortions due to non-linear suspensions and 
to varying flux linkage in the coil. For these 
reasons there is a widely held opinion that a 
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Fig. 2.—Reflection-free measuring station. 

15-in, loudspeaker is the optimum size for 
reproducing bass in the home. Now, the 
diaphragm diameters of so-called 15-in, loud-
speakers approximate to 12 in., and this is why, 
when previously considering the circular plate, 
directivity values were given for a diameter of 
12 in. Because we are now going to consider 
the pressure/frequency response of practical 
loudspeakers, it should be emphasized that the 
environment of the roof-top measuring-station 
(see Fig. 2) is reasonably non-reflective and as 
good as an anechoic chamber ("dead-room") 
above 200 c/s, and better than a "dead-room" 
of practical dimensions below 200 c/s. This 
measuring-station is also effectively an infinite 
baffle. 

Figure 3 shows the cone configurations of 
two 15-in, loudspeakers of different design, 
and though these differ it will be seen that there 
are marked similarities in the response curves. 
The similarities consist of: ( 1) a falling off 
below 60 cis; (2) a relatively level response 
between 60 cis-1,000 c/s; (3) a dip slightly 
above 1,000 cis; (4) a rise to 3,400 c/s and 
(5) a falling-off above 3,400 c/s. It will be 
shown that these similarities are not remark-
able; on the contrary, the general shape of 
the response curves may be predicted with 
surprising accuracy without recourse to a 
measuring microphone! Both loudspeakers 
are of conventional design; both have cloth 

surrounds; both have 2-in. speech-coils ("A" 
wound on a durai former, "B" on a paper 
former). Both have "hard" or stiff cones of 
approximately the same weight, and as the 
suspension compliances are of the same order, 
the low-frequency resonances will coincide (at 
40 c/s approximately). Now, it will be 
observed that the curves show no sign of 
increased pressure response at 40 c/s, and this 
is because the bass resonance is more than 
critically damped by the internal impedance 
of the driving amplifier. We are discussing 
high-fidelity loudspeakers for use in the home, 
and these response curves were taken, logically, 
with a high-fidelity home amplifier. All 
modern low-distortion feedback amplifiers have 
output impedances which are one-tenth, or less, 
of the impedance of the loudspeaker at low 
frequencies, and it will be shown that the 
amplifier's internal impedance is the only 
parameter of any significance determining the 
magnitude of the bass response in the region 
near resonance. 

4.1. Electrical "Analogue" of Moving-coil 
Loudspeaker 

In all serious investigations into the 
behaviour of loudspeakers, recourse must be 
made to electrical analogues, whereby the 
mechanical and acoustical elements of a 
loudspeaker are converted into electrical 
elements, the resulting circuit then being 
amenable to analysis.' Now, it is impossible 
to draw a completely accurate electrical 
analogue because a moving-coil loudspeaker 
has several degrees of freedom. At best an 
analogue will only be a simplification, but 
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Fig. 3.—Axial pressure response of two 15-in. 
loudspeakers. 
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eu=open circuit voltage of audio amplifier 
(volts) 

R u= amplifier resistance (ohms) 

R,,= speech-coil resistance (ohms) 

L=inductance of speech-coil measured 
with speech-coil movement blocked 
(henrys) 

II,=speech-coil velocity (mf sec) 
=e/BI where e is the counter e.m.f. 

B= steady air-gap flux density (gauss) 
(weber! m2) 

l= length 'of wire on the speech-coil 
winding (m) 

M „= mass of the diaphragm and the 

speech-coil (kg) 

C --= total mechanical compliance of 
suspensions (ml newton) 

R ms= mechanical resistance of the 
suspensions (mechanical ohms) 

u,/ f,= mechanical mobility =Z„ 

Fig. 4.—Electro-mechano-acoustical circuit for 

nevertheless it can be of inestimable help in 
research and design. Fig. 4 shows an 
electro-mechano-acoustical circuit (suitable for 
the following explanations) for a direct-radiator 
moving-coil loudspeaker mounted on an infinite 
baffle, and as far as can be judged from 
experience, the circuit is approximately correct 
for frequencies where the coil and cone move 
substantially as a whole. 

Consider first the low-frequency region, 
bearing in mind that in practical modern 15-in. 
loudspeakers the permanent magnet will have 
a lower limit of 10,000 gauss (1 weber/nil and 
an upper limit of about 13,000 gauss, these 
limits being set by reasons of efficiency and 
cost. The circuit shows that in the region 
around the frequency of bass resonance the 
output is almost entirely dependent upon the 
internal impedance of the amplifier. The 
circuit also disposes of the belief that the flux 
density materially affects the relative magni-
tude of response at resonance. Fig. 5 shows 
response curves obtained by solving the 
circuit. With all modern feedback amplifiers 
the output around the bass resonant frequency 
will be depressed below the middle-frequency 
level, due to the radiation impedances facing 
the loudspeaker, since XM=O and the power 
output is determined by the total resistance in 
the circuit. The bottom curve shows the 

egBl 

(R9+ RE) +Irk 
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B2 
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 A.  

Kmo Rms CMS 

B212Z „= motional electrical impedance 
Z„-= mechanical radiation impedance 

(mechanical ohms) 

the The power-available efficiency 
frequencies is given by 

PAE— 
(Ru+ R by (I 2 ,2 + X ,42) 

frequencies below cone break-up (After Beratzek2). 

nature of the response. The middle curve shows 
the usefulness of the added back radiation 
available from a bass reflex cabinet. The top 
curve shows the type of response obtained from 
a pentode output stage without feedback. 
Fig. 4 shows that in the region above the bass-
resonant frequency the radiated acoustic power 
tends to remain constant in value because both 
Rif. and X«2 vary as the square of frequency, 
and the frequency variation therefore cancels 
out, and thus cancels the fall in velocity due to 
mass control. Referring to the equivalent circuit 
for the higher frequencies it can be seen there is 
a possibility of a second resonance taking place, 

2 MR 

2XmR 
XI 
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db 
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Fig. 5.—Theoretical graph of the power-available 
efficiency of a direct-radiator loudspeaker in an infinite 
baffle—with particular reference to 15-in. loudspeakers 

(After Beranek2). 
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the responsible circuit parameters being L113212 
and MMD +(Xi' (0). It can be seen from the 
equivalent circuit that the condition for 
resonance is: 

(0L (13212) 
0,21,2 +(R,+ REY = fp + 2 X „ 

To maintain this condition w2L2 must be 
greater than (R, + RE)2. On the other hand, if 
eL2 is less than (R, + REY the reactance of 
C, and R1 works out to be a negative inductance, 
and there is no second resonance. The follow-
ing data apply to the 15-in, moving-coil loud-
speaker marked "A" on Fig. 3: 

13---_-10,000 gauss = weber/ m2 
R0 05 -Q 

.511 
MmtiA---_-0.048 kg 
X  mit --- 1.26 newton.sec/m 

x10 -3 H 

Hence 

(R„ 

Solving the circuit with these practical values 
shows that the high-frequency resonance should 
occur at 3,400 c/s. Reference back to Fig. 3 
shows that there is good correlation between 
response measurements and the results com-
puted from the equivalent circuit. Notice that 
on the response curve of Fig. 3 resonance does 
not reach its peak exactly at 3,400 c/s, as 
expected according to calculation, and this is 
because the diaphragm is breaking up, which 
can be" proved by watching the patterns made 
when the diaphragm is dusted with lycopodium 
powder. 

It is seen, then, that the circuit can predict 
with good accuracy the performance of typical 
loudspeakers in the low-frequency region 
around resonance, in the middle-frequency 
region, and with fair accuracy in the region of 
high-frequency resonance. There is, however, 
one significant characteristic which this circuit 
has not explained, and that is the dip in the 
frequency response curves at just over 1,000 c/s. 
The dip is not explained because the analogue 
is not complete, for it does not allow for the 
fact that the velocity of propagation of sound 
in the paper cone is approximately twice the 
velocity of sound in air. The wavelength 
corresponding to 1,000 c/s in air is approxi-
mately 13 in., and the distance between the 
coil-former and the edge of the cone is 61 in. 
(see A in Fig. 3), that is, approximately half a 
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wavelength. Sound propagated from the area 
near the coil will arrive at the periphery of 
the cone a quarter wavelength out of phase with 
the sound from the edge of the cone, and hence 
there will be partial cancellation, which explains 
the dip in the response curve. This explanation 
should emphasize two unfortunate character-
istics of moving-coil cone loudspeakers. First, 
the regrettable shape, and second, the fact that 
because the cone is driven by the annular coil 
from the neck there must be travelling waves in 
the cone material. Further consideration of 
these travelling waves points to the possibility 
of their being reflected back when they arrive 
at the periphery, so causing reinforcements and 
cancellations in the sound output. 

4.2. Performance of Practical Moving-coil 
Loudspeakers 

Figure 6 shows the response of the two 
loudspeakers, "A" and "B," to square wave 
inputs. These are tracings from the microphone 

Fig. 6.—Response of loudspeakers of Fig. 3 to 500 c/s 
square wave. 

FREQUENCY RESPONSE   
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OUTPUT WAVEFORM 

Fig. 7.—Response of idealized 15-in loudspeaker to 
500 c/s square wave. 

oscilloscope. In each case the positive and 
negative half-cycles are not symmetrical; the 
author has traced these asymmetries as being 
the result not only of asymmetrical suspension 
compliances, but to inherent asymmetric 
stiffness of the cone to "push" and "pull" forces, 
a factor previously unmentioned in the litera-
ture. It should be noted that a perfectly 
reproduced square wave is an impossibility, 
because all loudspeakers attenuate below the 
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Fig. 8.—Response of an improved 15-in, loudspeaker. 

bass resonant frequency and above the treble 
resonant frequency, but on the assumption that 
the axial response is flat within practical limits 
the waveform of Fig. 7 has been computed to 
show the ideal output for a square wave with a 
repetition frequency of 500 c/ s. 

It has been found possible to obtain a much 
flatter response than from the above examples 
by employing novel materials and constructions, 
and Fig. 8 shows the response curve of an 
improved 15-in. loudspeaker. It is seen that 
the response is relatively level on the axis up 
to 3,000 c/s, and for the curve for 30 deg. off 
the axis the response is level to 1,500 c/s. 
Fig. .9 shows the square wave response of this 

loudspeaker. 

--------

Fig. 9.—Improved bass loudspeaker: response for 
500 c/s square wave. 

Non-linear distortions in loudspeakers of this 
size are kept to a minimum by employing a 
speech-coil which is considerably longer than 
the magnetic gap, and by having suspensions 
which are not only compliant but which are 
equally compliant in both directions. With 
regard to suspensions at the periphery 
(surround) the author has no hesitation in 
stating that for the best results a paper 
extension of the cone should not be used—the 
only point in its favour is its cheapness. Its 
great disadvantage is that it radiates sound, and 
it can be proved by powder investigations that 
within the pass-band the surround will move in 
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peculiar modes, and, at some frequencies, out 
of phase with the main body of the cone. A 
paper surround is also an unsuitable termination 
because it allows waves to be reflected back 
from the periphery towards the coil. These 
disadvantages tend to give an irregular 
frequency response characteristic and a poor 
transient characteristic to cones which are 
terminated with a paper surround. However 
well such a suspension may be designed, and 
however well it may be damped, better results 
can always be obtained in practice by the use 
of some other particular surround material. 

4.3. High-frequency Moving-coil Loudspeakers 
In view of the foregoing investigation we 

shall not need to go into as much detail when 
considering moving-coil direct-radiator high-
frequency loudspeakers, because the problems 
are similar, though the scales of frequency and 
size are different. If, as a practical example, a 
15-in, loudspeaker will reproduce satisfactorily 
up to 1,000 c/s, then when considering a 
"tweeter" to take over from 1,000 c/s a 
diaphragm diameter of approximately 4 in. will 
be needed. This diaphragm can be suspended 
so that low-frequency resonance occurs an 
octave or more below 1,000 c/s. The diameter • 
of the diaphragm has to be 4 in. so that the cone 
will radiate enough sound at 1,000 c/s. 
Similarly it has to be stiff enough not to break 
up at 1,000 c/s. It therefore has a certain mass, 
and since the speech-coil also has mass, such 
a practical loudspeaker will have its high 
frequency resonance not higher than, at best, 
5,000 c/ s. This, then, is the high frequency 
limit and such a tweeter will not achieve high-
fidelity reproduction if only for this restriction 
in frequency range. 
The measured frequency response character-

istics of two typical loudspeakers of this type 
are shown in Figs. 10 and 11; the effective 
diaphragm size of the circular loudspeaker is 
4 in. and of the elliptical speaker 5 in. x 3 in. 
There is similarity between these two curves, 
and high-frequency resonance appears to take 
place at around 5,000 c/s. The axial response 
at resonance would be greater if the cone were 
stiffer, and the fact that the cone breaks up is 
responsible for the irregularities in the curves. 
A cone break-up pattern is shown in Fig. 12. 
The white lycopodium powder has collected on 
those regions which are not moving with as 
great an amplitude as the regions which show 
up black, the latter being the surfaces of the 
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cone which are moving at greater amplitude and 
which have vibrated the powder away from 
them. Investigation with two small probe 
microphones will show that some parts of the 
cone are moving out of phase. 

If we try to make a cone stiffer without 
reducing its size, its thickness and therefore 
weight must be increased so that the loud-
speaker's sensitivity will be lowered. Reducing 
the size of the diaphragm in order to make it 
stiffer, will again lower the sensitivity because it 
will then not move enough air to be an efficient 
radiator unless it is coupled to a horn. This is 
the reason why horn tweeters are made and 
why they have a flatter frequency response, 
when well designed, than direct-radiator cone 
loudspeakers. It is important to realize that 
the sharp hills and valleys in the response 
curves of Figs. 3, 10 and 11 have been proved 
to be indicative of a poor response to transient 
signals and a slow decay time. A paper by 
Corrington3 on the correlation of transient 
measurements on loudspeakers with listening 
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tests proves this point. To sum up, moving-coil 
direct-radiator high-frequency loudspeakers 
have an irregular and restricted frequency 
response and a poor transient response because 
the moving parts are too large, too heavy, and 
not stiff enough. The most important aspect of 
the lack of stiffness is that the mechanical 
driving force originating at the speech-coil is 
mechanically remote and mechanically de-
coupled from the main area of the radiating 
diaphragm. The movement of the diaphragm 
is therefore not completely controlled by the 
electrical signals delivered to the coil; hence the 
distortions in the sound output. 

5. Ribbon Loudspeakers 
The only type of moving-coil loudspeaker 

which does not possess the above inherent faults 
to anything like the same degree is the ribbon 
loudspeaker. This has a mode of operation 
essentially different from cone loudspeakers 
because the mechanical driving force is applied 
evenly, or nearly so, over the whole area of the 
diaphragm. It can be appreciated from Fig. 13 
that this diaphragm is extremely light, being 
made of foil 2 in. X in. and only a fraction 
of one-thousandth of an inch thick. The 
diaphragm is actually the moving-coil and will 
obviously not be infinitely stiff. Now, this is a 
very important point indeed: the diaphragm 
does not need to be infinitely stiff because it is 

Fig. 12.—Cone break-up pattern. 
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Fig. 13.—"Leak" ribbon loudspeaker. 

forced to move by the electrical signal as if it 
were infinitely stiff. It really is important to 
grasp the fact that we are no longer attempting 
the impossible; we are no longer attempting to 
make a diaphragm infinitely stiff, and we no 
longer have travelling waves in it. 

Figure 14 shows the frequency response of 
the ribbon loudspeaker illustrated in Fig. 13. 
The relative smoothness of the response is 
indicative of a good transient response. In the 
author's opinion the ribbon loudspeaker has 
been the most faithful transducer available in 
the past though it has not come into wide use 
because of some limitations. Because the area 
of the ribbon is small, and because its amplitude 
of movement is small, the ribbon loudspeaker 
must employ a horn in order to move an 
appreciable amount of air. In this particular 
loudspeaker the horn is small to ensure that 
the frequency response off the axis is well 
maintained. This ribbon loudspeaker has its 
lower cut-off frequency at 3,000 c/s, and this 
means that it will not be entirely suitable for 
use in conjunction with a 15-in, bass loud-
speaker unless a third loudspeaker is interposed 
to cover the octave from 1,500 c/s to 3,000 c/s. 
This solution is rather costly and cumbersome, 
and for these and other reasons the model has 
not gone into production. 

It appears from the above considerations that 
it would be desirable to have a system similar 

to the ribbon system in its essential of a light 
diaphragm forced to move as a rigid whole, but 
having a diaphragm many times the area so 
that it can radiate directly without a horn. This 
is impracticable by stepping up all the dimen-
sions of the ribbon "tweeter," for the magnet 
would be of great size, weight and cost. 
However, there is another way of electrically 
forcing a very light, flexible and large 
diaphragm to move as a whole—the electro-
static loudspeaker. 

6. Electrostatic Loudspeakers 
Electrostatic loudspeakers have been under 

development for some thirty years, but have 
not been generally acceptable because of 
their performance limitations. Comparatively 
recently these limitations have been largely 
removed by the development of new materials 
and techniques, coupled with the conception of 
new ideas. It will greatly help us to grasp the 
significance of these developments if we 
consider the basic form of the earlier electro-
static loudspeakers. 

6.1. The Single-sided Electrostatic Loudspeaker 
A typical single-sided electrostatic loud-

speaker is shown, with its associated circuit, in 
Fig. 15. The isolating capacitor merely serves 
to prevent the transformer short-circuiting the 
polarizing potential applied across the rigid 
plate and the flexible foil which comprise the 
actual electrostatic transducer. The high 
resistance may be several megohms in value 
because negligible current is drawn from the 
polarizing source by the loudspeaker, which can 
be seen to be a capacitor. This resistor also 
prevents the transformer being loaded by the 
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source impedance of the polarizing voltage. 
This voltage will be several hundred volts or 
more, and in practice will be derived from a 
power supply unit, though for simplicity a 
battery is shown in Fig. 15. The air-gap 
between the plates, and the area of them, will be 
related to the lowest frequency which the 
loudspeaker is expected to reproduce efficiently. 

ISOLATING 
CAPACITOR -----y 

TO LS TERMINALS 
ON AMPLIFIER 

HIGH RATIO 
STEP-UP TRANSFORMER 

ELECTROSTATIC 
LOUDSPENCER 

HIGH 
RESISTANCE 

NON-RIGID 
DIAPHRAGM 
OF THIN FOIL 

AIR GAP 

RIGID 
POLARIZING METAL PLATE 
VOLTAGE 

INSULATED 
SUPPORTING SPACERS 

Fig. I5.—Schematic drawing of single-sided 
electrostatic loudspeaker. 

A few square inches may suffice to cover the 
range from 8,000 c/s upwards, but to extend the 
range downwards to 1,000 c/s may require a 
square foot or more. Whatever may be the 
dimensions and spacing of the plates, the 
capacitance between them can be measured or 
calculated. This value gives the impedance 
range of the loudspeaker, which behaves as a 
capacitive reactance. A step-up transformer 
can thus be designed to give "optimum" 
matching between amplifier and loudspeaker. 

Considering the modes of behaviour of the 
single-sided electrostatic loudspeaker, we first 
assume that the high-ratio step-up transformer 
is temporarily disconnected from the amplifier. 
If the polarizing voltage is now switched into 
circuit a potential will build up across the rigid 
plate and the diaphragm, and the resulting 
electrostatic force of attraction will cause the 
thin diaphragm to move towards the rigid plate. 
If this flexible diaphragm is not constrained, as 
by stretching, it will obviously move into 
contact with the rigid plate. If the diaphragm 
is tensioned sufficiently to prevent this collapse, 
then it will take up a position of equilibrium 
whose location with respect to the rigid plate 
will be determined by the ratio of the forces 
contributed by the polarizing potential (towards 
collapse) and the diaphragm tension (against 

collapse). Hunt has shown4 that to ensure 
stability the diaphragm must not be pulled 
towards the fixed plate more than a quarter ol 
the distance which separated them before the 
application of the polarizing voltage. If the 
high-ratio step-up transformer is now connected 
to the amplifier the electrical signals from the 
latter will cause the diaphragm to move back 
and forth about the equilibrium position, se 
producing a sound output. 

The degree of faithfulness of this sound 
output depends on how accurately these 
backward and forward movements duplicate 
mechanically the positive and negative half-
cycles of the electrical signals which cause 
them. It can be shown, experimentally and 
theoretically, that the degree of duplication is 
poor, that is, the distortion in the sound output 
is high, unless the amplitude of movement of 
the diaphragm is kept very small. This 
amplitude restriction means that the sound 
output is small, and the loudspeaker is therefore 
effectively too inefficient to be of practical 
interest. There are also other disadvantages 
arising from these older constructions. First, 
the layer of air trapped between the diaphragm 
and the rigid plate adds to the non-linearity 
of frequency response of the system; next, 
temperature changes will affect the tensioning 
of the thin foil diaphragm; a drop in tempera-
ture will stiffen it, and a rise may expand it 
sufficiently to cause the polarizing potential to 
arc across the reduced air-gap. Furthermore, 
chemical reactions are likely in some climates 
when very thin aluminium foil is exposed. 

To sum up, the single-sided electrostatic 
loudspeaker does not appear desirable as a 
high-fidelity reproducer, certainly when expected 
to reproduce over a wide frequency range, and 
this conclusion has been confirmed by every 
engineer labouring on the project. But the 
theoretical attractiveness of having a uniform 
drive over a large diaphragm area has ensured 
that many engineers have thought deeply and 
worked hard on these problems, and as the 
result of many years' development there has 
been evolved a form of modern electrostatic 
loudspeaker whose performance is markedly 
superior to that of other types. We will jump 
the slow progressive stages of its evolution and 
proceed to examine the basic form of the 
balanced push-pull electrostatic loudspeakers 
recently developed. 
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6.2. The Balanced Push-pull Electrostatic 
Loudspeaker 

It will be seen that the circuit of Fig. 16 bears 
some resemblances to the last one. There is 
still the high-ratio step-up transformer, the high 
polarizing voltage, and the high resistance, but 
the actual loudspeaker elements are quite 
different, and their basic features are as follows: 

TO L.S.TERMINALS 
ON AMPLIFIER 

HIGH-RATIO 
STEP-UP TRANSFORMER CONDUCTIVELY COATED 

PERFORATED RIGID 
FRONT AND BACK PLATES\ 

\ 

POLARIZING HIGH 
VOLTAGE + RESISTANCE 

111111111-*/  

FLEXIBLE PLASTIC DIAPHRAGM 

Fig. 16.—Schematic drawing of balanced push-pull 
electrostatic loudspeaker. 

First, the thin flexible diaphragm is no longer 
a sheet of foil, but a sheet of extremely tough 
plastic material having a negligible temperature 
co-efficient of expansion, which is coated with a 
conducting material so thin that it does not 
materially add to the weight of the diaphragm. 
The thickness of the diaphragm is a fraction of 
one-thousandth of an inch. 

Second, the thin diaphragm is held by a 
system of insulating spacers equidistant between 
two rigid plates. These plates are acoustically 
transparent, that is, they allow sound waves to 
pass through them unimpeded. 

Thirdly, the whole assembly is formed into 
an arc in the horizontal plane (Fig. 17). 
Now, if one changes from a single-sided 

amplifier to a push-pull amplifier there are 
appreciable improvements in distortion and 
power output, but when one changes from a 
single-sided electrostatic loudspeaker to the 
balanced push-pull type it would, as Hunt says, 
"be an understatement to say that the im-
provements are appreciable: they are indeed 
spectacular." Assume for the moment that the 
transformer is disconnected from the amplifier. 
When the polarizing voltage is switched into 
circuit the diaphragm will not move, because 
it is subjected to equal and opposite electro-
static forces from each plate. This means that 
the diaphragm need not be stretched to resist 

the static forces, thus removing one cause of 
the non-linearities inherent in the single-sided 
loudspeaker previously discussed. Further-
more, if the diaphragm is moved towards one 
plate it does not upset the condition of equal 
and opposite forces acting on it provided that 
the charge is maintained, and this can easily be 
ensured by making the resistance in series with 
the diaphragm of sufficient magnitude to give 
a long time-constant. 

This resistor also fulfils another very 
important function—that of controlling the 
amplitude of the second harmonic distortion. 
When considering the structure of this balanced 
push-bull loudspeaker one can envisage that, in 
practice, it will be difficult to maintain exact 
symmetry. One capacitor will be of greater 
value than the other, and the capacitor which 
is greater will tend to behave in much the same 
way as a single-sided electrostatic loudspeaker. 
It will be non-linear, with a tendency to 
generate second harmonic distortions. Hunt 
carried out experiments to determine the 
magnitude of the distortions in relation to 
capacitance unbalance between the two sides, 
and to determine how the magnitude of the 
second harmonic distortions varied with the 
value of the series resistance. Two of the 
conditions of the test were particularly stringent. 

Fig. 17.—The author's high-frequency electrostatic 
loudspeaker. 

First, he chose a relatively low fundamental 
frequency of 170 c/s so that the amplitude of 
the diaphragm motion would be substantial. 
Next he made the peak alternating voltage on 
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each half of the push-pull unit 10 per cent. 
higher than the d.c. bias voltage. The electro-
static speaker on which these tests were made 
was relatively small. It had a diameter of 
about 5 in. and it was so arranged that one of 
the spacings could be altered to allow the degree 
of capacitance unbalance to be varied. 

Figure 18 shows Hunt's results, and very 
astonishing they are. The base of Fig. 18a 
is the percentage capacitance unbalance. 
The graph shows how the magnitude of second 
harmonic distortion is progressively reduced as 
the series resistor is increased. The appropriate 
measure of this resistance is the quantity 
2fRoCe, which is the ratio of the time-constant 
of the charging circuit to a half-cycle. In 
practice, it is not difficult to construct balanced 
push-pull electrostatic loudspeakers with 
differences as small as 10 per cent. capacitance 
unbalance, and one may therefore gauge from 
the graph that by increasing the series resistor 
one can get down to extremely low distortions— 
distortions of 0-1 of 1 per cent. Much the 
same data is used in Fig. 18b in which is 
shown the second harmonic as a function of 
the time-constant ratio with the capacitance 
unbalance as a parameter. Hunt's experiments 
and his theoretical analyses show that the 
magnitude of each order of distortion will be 
lower than the preceding one, hence the third 
harmonic will always be less than the second 
(rather a surprising result from a push-pull 
circuit!). As regards transient distortion, this 
balanced push-pull type of construction may be 
expected to give better transient response than 
any other form of loudspeaker, with the 
possible exception of the Ionophone,7 which is 
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50 

an inertia-less gaseous discharge device. The 
frequency response of this type of electrostatic 
loudspeaker, with its smooth and gentle 
undulations, confirms the impression that the 
transient response will be extraordinarily good, 
and Corrington has confirmed that a similar 
type of balanced push-pull electrostatic loud-
speaker gave transient decay measurements 
greatly superior to those of any other 
loudspeaker tested in the R.C.A. Acoustic 
Laboratories.3 
The high frequency response is well main-

tained off the axis (Fig. 19) on the horizontal 
plane because of the curved construction, but 
in the vertical plane the response will be more 
directional. 
The acoustic output from this type of 

balanced push-pull loudspeaker is of the same 
order as from conventional cone loudspeakers. 
Its sensitivity is therefore satisfactory, in direct 
contrast with the single-sided system. 

ee 
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Fig. 19.—Frequency response of the balanced push-
pull electrostatic tweeter of Fig. 17. 

2C 

Dec?mber 1956 



H. J. LEAK HIGH-FIDELITY LOUDSPEAKERS 

As regards reliability, there is no difficulty 
with presently available materials in con-
structing electrostatic loudspeakers operating 
from 1,000 c/s upwards, and freedom from 
breakdown appears to be of the same order 
as with moving-coil types. 
As regards cost, an electrostatic high-

frequency loudspeaker of this type will cost 
about £20, including its housing, polarizing 
potential, and built-in 1,000 c/s crossover 
network to match the 15-ohm low-frequency 
speaker, which will also cost about £20 (without 
cabinet). 

7. Conclusions 
At present the author cannot produce an 

electrostatic bass loudspeaker having both the 
necessities of reasonable size and great 
reliability. This is because materials of suitable 
form and physical properties have not yet been 
made. The problems are technological, and 
they will be solved in time—probably within a 
year. 

During this period the author expects to 
show: ( 1) that electrostatic bass loudspeakers 
will not take the form represented diagram-
matically by Fig. 16, and (2) that it will be 
logical to integrate the loudspeaker transducer 
with the power amplifier as a single unit which 
will be driven remotely by a small control 
pre-amplifier. 
To sum up, the author believes that imminent 

developments in electrostatic loudspeakers will 
result in as great an advance in listening quality 
as occurred with the advent of the Rice-Kellogg 
moving-coil loudspeaker in 1925, and with the 
author's introduction of very low-distortion 
amplifiers in 1945. 
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GRID CONTROL OF THYRATRONS WITH PARTICULAR 
REFERENCE TO SERVO-MECHANISM APPLICATIONS* 

by 

K. R. McLachlan (Associate Member) 

SUMMARY 

A brief review of existing methods and their limitations is followed by a description of what 
is believed to be a new approach to the problem of thyratron control. This approach enables a 
linear control of firing point to be achieved over the whole range from 0-180 deg. and details 
of a practical circuit are given together with some experimental results. 

1. Introduction 
The use of thyratrons for the control of 

motor speed is well known and the circuits for 
biasing their grids to obtain the required control 
are many and varied. These circuits fall into 
one of two broad categories: those in which 
the control is effected by mechanical movement 
and those in which it is brought about by an 
electrical signal. 

In the first category come such methods as 
phase control of an alternating signal applied 
to the thyratron grid by means of a phase-
shifting transformer or by means of a CR 
phase-shifting network. These methods give 
excellent control, from zero to maximum of the 
thyratron anode current as shown in Fig. 1, 
but require the rotation of a shaft or some other 
form of mechanical movement to vary the 
control voltage. 
The second category contains methods in 

which the control is effected by the application 
of a voltage which either directly or indirectly 
varies the bias on the thyratron grid. An 
example of the direct method is that in which 
an alternating voltage is applied to the thyratron 
grid, the mean level of which is set by the 
control signal. For correct operation the 
alternating voltage must be 90 deg. out of phase 
with respect to the anode supply voltage as 
shown in Fig. 2. As an example of the indirect 
method that in which the alternating voltage 

* Manuscript first received 20th December 1955 and 
in final form 21st November, 1956. (Paper No. 379.) 
t Engineering Department, University of 

Southampton. 
U.D.C. No. 621.385.38:621,316.718.5 

is controlled in phase by means of a zero 
frequency voltage may be quoted. Here a CR 
phase-shifting circuit is employed in which the 
required variation of R is accomplished by 
employing the variation of anode resistance 
which takes place in a thermionic valve with 
change in grid voltage. A skeleton circuit of 
this method is shown in Fig. 3, together with 

(a) 

ANODE VOLTAGE 

GRID VOLTAGE 

- - TIME -9.-

CRITICAL GRID VOLTAGE 

Fig. 1.—Voltage relationships for grid control of 
thyratrons using mechanically controlled phase-shifter. 

(a) Grid voltage in phase with anode voltage. 
(b) Grid voltage lagging by 90'. 
(c) Grid voltage lagging by 180*. 

Shaded areas represent voltage available to the load. 
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la) 
•••• 

GRID VOLTAGE 

MEAN V6 

TIME —11. 

CRITICAL GRID VOLTAGE 

Fig. 2.— Voltage relationships for grid control of 
thyratrons by varying grid bias. 

(a) Mean V a= + Peak Va. 
(b) Mean V a=Zero. 
(c) Mean Va= — Peak Va 

Shaded areas represent voltage available to the load. 

the relationship between control voltage and 
phase which can be obtained in a carefully 
adjusted circuit. 

2. Limitations of Existing Methods 
From this brief review, the relative merits of 

the different methods for motor speed control 
applications may be assessed. The methods in 
the first category are quite satisfactory in cases 
where quasi-constant speed is required under 
steady load conditions. Changes in speed must 
be made by manual operation of the control 
shaft and the full range from zero to maximum 
speed is available. Where control of speed by 
velocity or other feedback signals is required, 
however, these methods are clearly unsatis-
factory since such feedback signals are usually 
derived from a tachometer generator or similar 
device giving a voltage output. 
To cater for such applications a method from 

the second category must be chosen so that 
the control and feedback signals may be 
combined to produce the required conditions. 
Closer investigation of these methods however 
shows that they have a number of limitations 
which reduce their range of usefulness. 
Referring to the method shown in Fig. 2, it will 

be seen that as the mean level of the sine wave 
is changed by the controlling signal, the effect 
on the anode current will be far from linear. 
In addition, the firing point will be dependent 
on the characteristics of the thyratron and as 
these will vary with time and temperature, the 
accuracy of control is correspondingly poor. 
The method shown in Fig. 3 is also non-linear 

and in addition the maximum range of control 
which can be obtained is of the order of 130 deg. 
Hence, if the thyratron anode current is to be 
brought to zero by this means the maximum 
current cannot be achieved. Conversely, if the 
circuit is arranged so that a maximum anode 
current can be reached, the minimum current 
is not zero. 

CONTROL 
SIGNAL 

-10 -6 - 4 - 2 0 
CONTROL SIGNAL ( VOLTS) 

80 

160 LI 

140 

120 1 

80 

Fig. 3. — Phase shift by variation of the anode 
resistance of a valve. 

(a) Skeleton circuit. (b)Typical control voltage/phase 
shift relationship. 

3. Description of a New Method 
To provide a method of control which is 

suitable for servo-mechanism applications 
where a number of feedback voltages may be 
required and where linear control of the firing 
point over the whole range from zero to 
maximum current is necessary, a new circuit 
has been devised. This circuit, a block diagram 
of which is given in Fig. 4, produces a steep-
fronted control voltage at the thyratron grid 
and hence has the additional advantage of 
being sensibly independent of the characteristics 
of this valve. 
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The principle of operation of the circuit can 
be understood from the block diagram and 
from Fig. 5 which shows the voltage wave-
forms at various points in the circuit. A square 
waveform is produced from the 50-c/ s supply 
mains by the limiting amplifier and fed to a 

RELAXATION. OUTPUT 

SINE WRVE-10. LIMITING INTEGRATOR TO 
INPUT AM OSCILLATOR THYRATRON 

  GRID 

CONTROL 
SIGNAL 

Fig. 4.—Block diagrams of the method described in 
the paper. 

simple integrating circuit. This results in a 
triangular waveform, the fundamental com-
ponent of which is 90 deg. out of phase with 
respect to the sine wave input. The mean level 
of the triangular waveform is adjusted by the 
control signal and the resultant fed to the grid 
of the relaxation oscillator having a frequency 
of oscillation much higher than that of the 
supply mains. As this oscillator is inherently 
a trigger circuit, there is a critical grid voltage 
at which oscillations will commence and cease. 
Thus, if the grid voltage is more negative than 
this critical value oscillations will be inhibited, 
but if it is more positive continuous oscillations 
will be maintained. Referring to Fig. 5, it will 
be seen that if the mean level of the triangular 
waveform is adjusted to be equal to this critical 
voltage then the oscillator will function for one 
half of the supply cycle only. When the mean 
value of the triangular waveform is set such 
that the negative peaks just fail to reach the 
critical value, then continuous oscillations will 
be maintained. If, however, the postive peaks 
fail to reach the critical value, then the oscillator 
is completely suppressed. Between these limits 
there will be a linear relationship between the 
point in the supply cycle where oscillations start 
and the mean level of the triangular waveform. 
The pulses from the relaxation oscillator are 

fed to the thyratron grid, driving it positive to 
initiate anode current. A steady negative 
voltage is also maintained at this grid to prevent 
the thyratron firing during periods when the 
relaxation oscillator is suppressed. 
The need for a free running oscillator rather 

than a bi-stable trigger circuit can be seen by 
considering the case where the control signal 
has exceeded the peak value of the triangular 
waveform. Depending on the polarity of the 
control signal the oscillator will either be 

suppressed or continuously running and conse-
quently the thyratron anode current will be zero 
or maximum. With a bi-stable circuit however, 
such a simple differentiation between the 
maximum and zero current conditions cannot 
be achieved. 

This circuit then, enables the firing point of 
a thyratron to be controlled by a voltage and 
the relationship between this voltage and the 
firing point is linear over the whole range from 
0 to 180 deg. In addition, due to the steep 
leading edge of the relaxation oscillator pulse, 

INPUT 

OUTPUT FROM LIMITING 
AMPLIFIER 

O 
OUTPUT FROM INTEGRATOR 

CRITICAL GRID VOLTAGE 
I / OF RELAXATION OSCILL-

ATOR 

O BONI 
DELAY ANGLE 

360° 

CONTROL SIGNAL PLUS 
TRIANGULAR WAVEFORM 

O 

PULSES FROM RELAXATION 
OSCILLATOR APPLIED TO 
THYRATRON GRID 

O 
'HOLD OFF'131AS ON 
THYRATRON GRID 

80° 
DELAY ANGLE 

360° 

O 

O 

SIMILAR TO ABOVE 
BUT WITH LARGER 
CONTROL SIGNAL 

Fig. 5.—Voltage waveforms in circuit of Fig. 4. 

this control is virtually independent of changes 
in the thyratron characteristics. 

4. Practical Circuit 
in practice the obvious advantages of 

operating two thyratrons in a full-wave rectifi-
cation circuit are normally required and the 
prototype circuit outlined may easily be modified 
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330 
50 

I M 

330K 

V 1 EF9I 

47K 

47K 
TO 

TACHO 
GENERATOR 47K 

V2 EF9I 

SiOrK 

FEEDBACK 
CONTROL 
R4 

VS I2AU7 

220K 47K 47K 

1.2K 22 

V4 I2AU7 VS I2AU7 V7 V6 l2AU7 

33K 33K 100K 

470K 
20K 
R2 

BALANCE 

6.—Practical circuit of Fig. 4. 

to cater for such operation. A complete circuit 
diagram for controlling two thyratrons in this 
manner is given in Fig. 6. In the diagram VI 
and V2 form the limiting amplifier which feeds 
a 50-c/s square waveform to the simple 
integrating circuit composed of R1 and Cl. 
The triangular waveform appearing across C 1 
has a peak-to-peak amplitude of approximately 
1 volt and is fed to one grid of the phase 
invertor stage V3. The gain from grid to each 
anode of V3 is approximately 10 and the 
in-phase signal from A, of this valve is applied 
via a capacitor to the quiescent grid of V4. The 
latter valve is connected as a cathode coupled 
relaxation oscillator having a repetition 
frequency of some 2,000 c/s. The mean level 
of the voltage at the quiescent grid of V4 is set 
by adjustment of R3 which forms part of a 
potential divider connected to the h.t. supply. 
Pulses from the relaxation oscillator V4 are 
applied to V5 connected as a cathode follower, 
which isolates V4 from the adverse effects of 
grid current in the thyratron. V5 also clips the 
negative part of the pulses and at its cathode 
provides positive pulses of 20 volts amplitude. 
The valves V6 and V7 which have similar 

circuit function to V4 and V5 respectively are 
controlled by the anti-phase triangular wave-
form appearing at A1 of V3, the mean level of 
which is set as before by adjustment of R3. 
Thus, there is a difference of 180 deg. between 

61? 

• 0 1 p 

8V 

33K 33K 

50K 

50K 

TO 
THYRATRON 
GRIDS 

450V 

SPEED 
NT ROL 

the commencement of pulses at the cathodes of 
V5 and V7 in each cycle of the supply 
frequency. By feeding the output from V5 and 
V7 to the appropriate grid of each thyratron 
the desired full wave operation is obtained. 
The thyratrons (type MT57) obtain their 

anode supply from a transformer having a 
centre-tapped secondary capable of delivering 
2.5 A at 500 V. Other circuits are also included 
in the unit to provide the constant voltage for 
the motor field, negative bias for the thyratron 
grids and to delay the switching of the anode 
supply during the warming up period of the 
thyratron cathodes. 
A conventional d.c. shunt wound motor is 

used in conjunction with this control unit and 
its normal maximum output is 0.5 h.p. at 
1,500 rev/min. 

5. Control and Feedback Circuits 
With the circuit described linear control of 

the firing point of the thyratrons over the range 
0 to 180 deg. is achieved by adjustment of the 
voltage at the slider of R3. Current balance 
in the thyratron anodes depends on the firing 
point being identical for each valve. This is 
achieved by adjustment of R2 which enables 
the critical grid voltages of the two relaxation 
oscillators to be made identical. 

In addition to the control signal derived from 
R3, a signal from a tachometer generator is also 
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16 

14 

12 

6 

4 

2 

x WITH NEGATIVE FEEDBACK 
o WITHOUT FEEDBACK 

00 5 tO 15 20 25 30 
TORQUE ( 1.81114) 

Fig. 7.—Typical speed/torque characteristics. 

used. The signal derived from this generator 
is placed in series with the control signal and 
its magnitude and direction can be varied by 
adjustment of R4. 

Thus, when the generator voltage opposes 
the control signal, negative velocity feedback is 
produced and any change in speed due to load 
causes the firing point of the thyratron to be 
adjusted in such a direction as to maintain the 
speed constant. This effect is analogous to the 
reduction of output impedance of an electronic 
amplifier due to the application of negative 
voltage feedback and the speed/torque charac-
teristics shown in Fig. 7 are similar to the 
output voltage/load current characteristics of 
an amplifier. As in the amplifier case, the 
"output impedance" of the system cannot, in 
practice, be made zero by this means and some 
change in speed with load will always occur. 
The curves given in Fig. 7 however, show that 
when the negative feedback is maximum, the 
motor speed is constant within 10 per cent. 
over the whole load range. 

a,▪ -36,1' 
cc 
3 80-35 e, 

t, ▪ 70-34 

▪ 60-33 

`-n- 50-32 

o 40-31 

5 "0 2 4' 6 8 10 12 14 16 18 20 22 24 
SPEED (REV/MIN) x100 

Fig. 8.—Control signal required for various motor 
speeds. (a) With no negative feedback; (b) with 

maximum negative feedback. 

When the generator voltage assists the control 
signal, positive velocity feedback is produced 
and the "output impedance" is increased. 
Hence, by adjustment of R4, a wide range of 
speed/load characteristics may be obtained. 

In addition, this circuit may easily be 
modified to work with other feedback signals 
to provide, say, constant current or constant 
voltage output conditions over a wide range. 
The control and feedback signals may also be 
modified by CR networks to give voltages that 
are proportional to the derivative or integral 
of these signals. 
Two curves relating control signal voltage to 

motor speed are given in Fig. 8, the relationship 
with no negative feedback being given by curve 
A and that for maximum negative feedback by 
curve B. From these curves it can be seen that 
the inherent linearity of the system is good over 
the whole control range. 
6. Application 
The circuit described was developed for a 

particular application in which it was required 
to simulate the characteristics of an internal 
combustion engine and to add to these 
characteristics various forms of governor 
control. The governor may also be represented 
by electric circuits fed from a tachometer 
generator and the resulting signal applied in 
series with the control voltage. In this way 
the overall characteristics of the engine and 
governor may be simulated and the ease with 
which the various circuit parameters may be 
changed makes it possible to study the effect 
of combining a wide range of engine and 
governor characteristics. 

Thyratron control of motor speed is particu-
larly suitable for this application since, like the 
internal combustion engine, it is not possible 
to feed mechanical power back into the primary 
source of supply. Thus, when the input is 
reduced from one value to another, the speed 
drops in a manner which is dependent only 
on the mechanical energy stored, the total 
energy supplied to the load and the mechanical 
losses. 

Although the circuit given is more compli-
cated than those normally used for thyratron 
control, the advantages of linearity, range 
and flexibility outweigh the disadvantage 
of increased complication. In addition, the 
stability of performance of the circuit is high 
and in practice has proved to be much better 
than that of the circuit shown in Fig. 3. 
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The British Institution of Radio Engineers 

NOTICE OF 
EXTRAORDINARY GENERAL MEETING 

NOTICE IS HEREBY GIVEN that an Extraordinary General Meeting of the corporate 

members (Honorary Members, Members, and Associate Members) of the British Institution of 

Radio Engineers will be held at the London School of Hygiene and Tropical Medicine, Keppel 

Street, Gower Street, London, W.C.1, on Wednesday, January 30th, 1957, at 6 p.m., for the 

purpose of considering and if thought fit passing with or without amendment the subjoined 
resolution as a Special Resolution. 

RESOLUTION 

That the Articles of Association contained in the printed 
document laid before this Meeting and subscribed for identification 

by the President be and the same are hereby adopted as the 

Articles of Association of the Institution in substitution for and 
to the exclusion of its existing Articles. 

A copy of this notice convening the meeting, together with the proposed new Articles of 
Association, is being circulated to corporate members. The alterations are unanimously recom-

mended by the General Council as a result of proposals made by the appropriate Committees 
and referred to in successive Annual Reports of the Institution. 

The Council also wishes to take this opportunity to bring the Articles of Association 

into line with the provisions of the 1948 Companies Act. The existing Articles have, with few 

amendments, been operative since the incorporation of the Institution in 1932. 

The proposed alterations also provide for the use of the word "Institution" instead of 

"Institute" consequent upon the change of name of the Institution in 1941, and for full expression 

to be given to the objects of the Institution by the use of the term "electronics" following the 
alterations to the Memorandum of Association sanctioned in 1945. 

Adoption of the new Articles will also give effect to the new subscription rates sanctioned 
at the Annual General Meeting held on October 31st, 1956. 

Decen‘ber 20th, 1956. 

9, Bedford Square. 

London, W.C.1. 
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General Secretary. 
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