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PREFACE

In the manufacturing industry there are fewer examples of integrated

‘control systems than the current state of control technology would suggest

feasible. There are many reasons for this. One obstacle to the successful
introduction of control systems is the difficulty of reaching agreement
between the two main parties concerned. On one side there is the production
engineer. He must understand’ what is required from the control operation
in every detail. On the other side there is the control engineer. He has
the task of meeting these requirements within the limitations of the tech-
niques available to him. On each side other specialists become involved.

If misunderstandings come to light too late in the implementation, the con-
sequences can be disastrous.

In this book there is an attempt at‘bridging the gap by concentrating
on the logical formulation of control requirements, before describiné the
relevant control techniques. However, under the same cover, many practical
aspects of control technology are discussed (notably in Chapter 4). Even
the man who conceives the control system must be aware of them, leét his
demands turn out to be impractical. ’

In putting together such a document, the authors are aware of the cri-
ticism which can be levelled at them from both sides. The specialist in
control engineering may decide that the treatment of the techniques is too
elementary. The production engineer may consider the approach too theoretical
and general, not giving enough precise points of guidance. The real diffi-
culty is to give a treatment of the subject which is helpful 1in the great
variety of situations which occur in practice.

The book is neither an introduction to the subject of digital control,
nor a treatise on the state of the art in the relevant technologies. 1Its
aim is to further the interdisciplinary approach to the subject. Therefore
it has both to introduce subjects that are outside the specialist's territory
and take them through to a point where he can take advantage of the latest
techniques available. It should also help him to counteract biased views of
the power of certain techniques.

The authors have come to believe that to every control problem there
is a 'natural' solution. Advances in technology do not substantially change
this; only the details of the implementation are affected. The starting
point should always be a thorough analysis of the tasks of the control system.

This will lead logically to the most appropriate form of organmisation. It
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will decide the balance of centralisation versus decentralisation, generality
versus particularity. Finally, there is the choice (governed by scientific

and technical, and to some extent cost, considerations) of the most appropriate
control mechanism for various parts of the system. Never should this reasoning
be reversed. A great deal of sterile controversy about the merits and demerits
of particular techniques can thereby be avoided.

The book is more of a compendium of experience gained than a tutorial
text. Few users would want to read it from cover to cover. However, they
might find something at odd points which really helps them over a particular
difficulty. The authors will then be satisfied that their efforts have been
rewarded.

As always, recognition is due to the innumerable colleagues with whom
one has exchanged views on various subjects and obtained clarification as a
result.

Particular acknowledgement is due to Michael Cook, Ann Ballantyne and
Isobel Boyd for assistance with editing, typing and the onerous task of

camera-ready preparation.

W S Blaschke, Glasgow
J McGill, Ceneva
June 1976
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1 INTRODUCTION

Systems engineering, defined as the integration of available control
techniques to satisfy the requirements of a given control function, cannot
really be described as a discipline. The control engineering aspect (cyber-
netics) is probably the only part which has an underlying theory that can be
rigorously formulated and applied as such to practical problems., The digital
control of sequences of operations, in which the operations have a separate
existence, is to a large extent dependent on the nature of the operations
themselves. It can be given theorctical treatment only in very idealised
situations. Yet there is a practical need for a text which gives guidance
on such problems and at the same time is more than a catalogue of available
techniques.

As the available control hardware increases in power, becomes more
abundant and reduces in cost, there is a tendency to let it dictate the
control mechanism which will be used to perform a given function. That such
an approach is wrong is self-evident. Therefore an attempt to rationalise
the techniques of digital control is worthwhile even if it does not amount

to a comprehensive theory. What can be given is

1 a method for the rigorous formulation of a control task,

2 practical examples of such formulations, taken through to the point
where an appropriate control unit could be built,

3 a description of the relevant control techniques which explains both

their potential and limitations.

Thus the treatment must bring together subject matter which is normally found
separately in specialist literature. What has made this feasible, is the
availability of a wide range of control hardware in integrated modular form.
Thus it is now possible for complex technical means, such as electronic
devices, to be included in a design without first giving a complete intro-
duction to the technology and science on which the devices depend. Fund-
amentals should never be ignored, but it is unnecessary to describe all the
internal details of a module before considering its incorporation in a

control system.



1.1 SCOPE OF THE TEXT

The purpose of the text is to describe a range of techniques which are
employed in industrial control operations,

A conceptual appreciation of the techniques is given,rather than a
series of recommendations on their applicability in given situations. This
is appropriate since the requirements are so completely dependent on the
process to be controlled and cannot be generalised.

For the same reason bounds have to be set on the part of the control
system which can be encompassed in the description. Fig 1.1 is a block
diagram of a complete system and shows which parts are covered in the text

and which parts are outside its scope.
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Fig 1.1 Complete control system showing coverage in the text.

There is a further restriction on the type of industrial process whose
control is envisaged. The techniques are aimed at the control of processes
which are made up of sequences of operations of essentially fixed duration.
There may be several such sequences which run contemporaneously and are
dependent on one another. The dependence is such that the outcome of one
operation determines the choices within another operation or the selection
of alternative operations from a sequence.

This contrasts with continuously variable processes in which the con-
ditions under which a process is carried out are subject to adjustment by
controlling parameters. These parameters are functions of the results of

measurements carried out on the process. The control theory which is applic-
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able here, in which the plant is represented by its transfer characteristic
in a closed loop system is completely outside the scope of the present text.

Having defined the types of control to which the techniques apply a
certain bias towards electronic techniques is justified. The control logic
(Fig 1.1) is concerned with the logistics of the control. Apart from respond-
ing to external instructions, this means processing data and signals from the
plant and determining therefrom the choice of subsequent actions., It may also
have a data logging function and do a certain amount of computation. 1In all
this,the techniques of electronic logic are by far the most convenient and
the most powerful.

Outside the control logic the choice of technique is not so one sided.
Electronic techniques have the disadvantage that signal communication must
be protected from interferences due to the 'noisy' environment and from cross-
talk between signal lines. While there is an obvious advantage in using
electrical cables as lines of communication, the longer they are the more
serious does the problem of interference become. The corruption of signals
extracted from the plant will mislead the control logic,no matter how care-
fully it has been designed. The discovery of transmission errors is not
sufficient in itself, since the control logic must have the necessary infor-
mation to keep the plant functioning properly. On the actuator side it
could be argued that it is best to convert logic signals into power signals
and transmit the latter (at the cost of slightly heavier cables). However
even this is generally unacceptable since it brings sources of electrical
interference back into the sensitive area of the control logic.

The alternative of changing medium immediately outside the control
logic must certainly be considered for slow processes., Hydraulic or ' pneu-
matic transmission, actuation and even sensing (if not data transmission) is
a valid alternative. The inconvenience and extra cost of handling a more
difficult medium could easily be justified by the increased reliability and
robustness of the arrangement.

The omission of non-electronic techniques is not to be interpreted as
meaning that they play a subsidiary role. The problem is that any treatment
of hydraulic or pneumatic components would have to lay much greater emphasis
on practical engineering consideration. There are less subtle difficulties
but many more practical difficulties in selecting elements of the right size
and capacity and finding suvitable mechanical arrangements for their disposi-
tion and interconnection. The latter can only be assessed in a given situ-

ation and it is of doubtful value to describe the techniques in a general
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sense. It is better to refer the potential user to the manufacturers' data
books, many of which give useful introductions to the technology.

What is not advocated is the use of hydraulic, pneumatic or even fluidic
devices in the control logic where the procedures are of necessity complex
and involve some form of data processing.

Chapter 2 defines one of the main objectives of the text. This is to
show how the requirements of the control operation can be translated into a
form in which it can be executed with the available hardware. The starting
point here is the control algorithm, which is orientated entirely towards
the application in hand. Since the latter is best understood by the plant
engineer rather than the specialist in control technology, the suggested
methods of formulating the algorithms should help to bridge a gap which is

often the stumbling block in the implementation of control systems.
1.2 APPROACH TO THE DESIGN OF CONTROL SYSTEMS

The wholesale automation of an industrial plant in one step is seldom
a practical proposition even in the case of a new plant. This leaves the
problem of planning piecemeal developments of the control system in such a
way as to avoid contradictory requirements arising in subsequent extensions.

This is one of the reasons why a decentralised control operation is
favoured. The cycle of operations to be performed in any unit of the plant
is embodied in an autonomous program controller which can be developed
independently.

The centralising function then reduces itself to

1 an interlock system which synchronises individual program controllers
at points of interdependence,

2 the organisation and the storage of data which is prepared in one part
of the control system and used in another,

3 the distribution of control signals from a central control console,

4 the collection of data for logging and signals for control panel display.

There is always a point in the planning of a control system when
decisions on the mode of implementation have to be made with little fore-
knowledge of the repercussions. It is also important to know at the outset
what technologies will have to be used. A list of considerations which

influence this is therefore given. They are:
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a The physical location of parts of the process to be controlled,
b The speed with which events take place (cycle times),

c The sensors and measurements to be used,

d The mechanisms which must be operated and controlled,

e The degree of interdependence of parts of the process,

f The amount of data which has to be handled and stored,

g Changes in operation which might prove necessary at a later stage,
h Methods for continued operation in the case of failures,

i The safeguards needed,

j The method of installation, commissioning and fault diagnosis,
k The environment in which the control system has to operate.

The following general comments can be made.

Problems of communication between different parts of the process multi-
ply as distances inside the installation become large. Assuming that electri-
cal communication is used, it will be seen (Chapter 4) that the techniques
applicable Qithin a range of say 1l meter are quite unusable over distances
of tens of meters. Techniques for signal and data transmission which cope
with longer distances are given (Section 4.2),but even these reach their
limit, Carrier-based telecommunication techniques then become necessary.
Communication problems must be considered at an early stage in the design of
a control system.

The actual processes in a plant will generally be slow compared to the
speeds at which the control logic can function. As an example,components
might be handled in the process at a rate which is appreciably less than
100 per sec. Electronic speeds, even in the serial form advocated in the
text, are 3 orders of magnitude faster. On the other hand some of thé simpler
interface elements such as relays and solenoids have a speed limitation not
much higher than 100 operations/sec. Since they will be dedicated to individ-
ual actions, their speed would still be adequate in this case. Higher process
speeds, however, change all this. The consideration of speed must therefore
also figure early in the design.

The subject of sensors, transducers as well as operating mechanisms
and mechanical drives (not covered in the text) is fundamental in any plant
control operation. It is important to establish first whether the measure-
ments at the required speed and to the required accuracy and resolution are
physically possible. Similarly sensors, such as photocells observing

passing components, must have a large enough signal to give reliable infor-
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mation. If difficulties in this area cannot be resolved, it is pointless to
proceed further.

Mechanisms, such as would be used to handle components, must be des-
igned so as to malfunction as rarely as possible and must have a long life
They should be able to cope with grossly faulty components without permanent
damage. The final performance of the control system will depend on the
quality of the mechanisms used in the actual plant,

The next point to be considered is to what extent and in which way the
control system can be decentralised. The advantages of decentralisation are
obvious. Individual parts of the process may be developed and proved
independently. Any failures will be localised and manual intervention
facilitated. Fault diagnosis becomes much easier. On the other hand,there
is a limit to the complexity of the interlocks and to the amount of data
interchange which it is practical to handle. Hence the degree and nature
of the decentralisation must be decided in any particular application.

There will be parts of the process in which the logistics consist of
no more than a sequence of signals leading to action and vice versa. An
asynchronous method of control which has been used by Ashley and Pugh [1.@
will be referred to in Section 1.3. The technique could prove to be the
right one in certain parts of the plant. Tt has much to commend it, particu-
larly in slow processes, if the control can be implemented in low speed relay
or fluidic logic. The control would then be much less sensitive to disturb-
ances. An asynchronous system has no control over its response to signals
from the sensors. If however the logic elements only recognise genuine
signals,this does not matter.

At the other extreme is a centralised on-line computer system
(Section l.4) to which all signals are routed and from which all actions are
directed. An on-line programmable computer which handles interrupts,
receives data and performs all the data processing in its own order code can
be an alternative to the special purpose hardware. The main advantage is
the consideration of subsequent program modifications,which are obviously
much easier than the rebuilding of special purpose hardware. However the
penalties are considerable. 1If a number of processes run simultaneously and
their cycle times are comparable, the permutations of interrupts which can
occur become numerous and very sophisticated routines are needed to react
correctly to all situations. The general purpose computer is therefore
regarded as more appropriate to a data logging and storing function, which
might involve the computation of statistics relevant to the process. It

would still be on-line, but function as a peripheral to the control logic.
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It is wrong to dismiss the advantages of any form of control because
of a preference for a homogeneous set of techniques for the whole control
system. Therefore the following two sections will be devoted to a brief
description of asynchronous and on-line computer control which do not figure

in the main text. Full treatment of these subjects will be found elsewhere.

1.3 ASYNCHRONOUS CONTROL

A mechanism goes through a sequence of independent movements. The end
of each movement signifies the start of the next.

Microswitches or other such devices are used at both ends of each move-
ment. Electrical,pneumatic or hydraulic actuators provide the movements.

Such a mechanism can be driven simply by making each movement dependent
on a logical combination of the end of movement signals. The only memory is
the state of the signals themselves and there is no other form of timing.

The change of state of a signal is called an event, the movement an action.
Events result from actions and actions result from events. The mechanism,
once started, will continue operating until some signal or some actuator is
inhibited.

In the simple case, which will be considered here, movements are entirely
sequential. Therefore only one signal can change state at any time. A con-
trol which depends on such signals is said to have monostrophic properties.
It cannot deviate from the planned sequence of actions. Delay or contact
bounce in the signal merely causes a delay or hesitation in the next action.
There is no danger of transient combinations of signals which do not corres-
pond to the planned .state of the signals either immediately before or immed-
iately after an event.

A simple example serves to illustrate the technique®. A pick and
place mechanism starts with its transfer arm retracted. It lowers its grasp
hand, closes the grasp, lifts the hand, extends the arm, lowers the hand,
opens the grasps, lifts the hand, retracts the arm and repeats the cycle,

The actions are defined as

A reach down
B grasp close
C transfer extend

*It is the same example as used by Ashley and Pugh ﬁ.g . The symbols are
kept the same for ease of comparison with this paper.
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The actuators are energized in one sense when A, B, C are true and
reversed (or de-energized in case of single-acting mechanisms) when A, B, C
are false. For the latter the Boolean notation X, E, C is used to denote the
negates of A, B, C. The absence of a third state implies that it requires a
physical stop to the movements, so that an actuator cau remain energized

after the end of a movement. The corresponding limit switches are

reach mechanism up
reach mechanism down
gre;sp mechanism open
grasp mechanism closed

transfer arm retracted

“< X n x O 9w

transfer arm extended.

!

7

Transfer Retract Reach Down

A

.

6

’

1
Grasp Close
B

Reach Up
A

[

5
Grasp Open
8

2
Reach Up

A

4
Reach Down

A

3’ Transter Extend
C

Fig 1.3.1 Cycle of operation. Pick and place mechanism.
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The signals are true when a movement is at the limit and false (name
barred) away from it.

Fig 1.3.1 shows the cycle of operation. The events are shown as circles
numbered 0 to 7. The connecting actions are numbered accordingly 0/ to 77,
where 0’ connects 0 and 1, 1/ connects 1 and 2 and so on.

The occurrence of an event coincides with the closing of a limit switch.
For example event 2 is due to the change Stos (grasp closing to grasp
closed). The end of the event is a limit switch being broken. For example
the end of event 2 is the change Q to a (reach mechanism down to moving up).
Therefore two letters ace associated with every event as shown in Fig 1.3.1.

Associated with every action is the actuator which is energized when
the action commences. The letter is written accordingly alongside the
action, but it must be understood that the actuator remains energized even
after the end of the action.

The corresponding sequence diagram is given in Fig 1.3.2. Here the
limit switch signals P, Q, R, S, X, Y are shown against the sequence numbers

0 to 7 and the actuator signals A, B, C are given below them.

It remains to derive A, B, C from P, Q, R, S, X, Y using the Boolean

operators A(AND) for conjunction, wv(OR) for disjunction, as in 2.2.1.

001 172233445566 77

E

Mj
P

]
|

>
L

<}
-
[

'

- —— — - — - - — - - —— -

ﬁ

oMo

[L
:

Fig. 1.3.2. Sequence diagram corresponding to cycle diagram (Fig. 1.3.1.)
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The formulae required,can be distinguished almost by inspection in
such a simple case as Fig 1.3.2. A few observations however help to make a

systematic derivation clear.

(i) Transitions of A, B, C, take place at the beginning of an event which
means the transition of sequence number n’ to n + 1.

(ii) Transitions of P, Q, R, S, X, Y from the signal barred to the signal
also take place at the beginning of an event

(ii1) The reverse transition to ii (signal to signal barred) takes place at

the end of an event which means the transition n to n’.

The simplest case is that of A, which follows immediately. A is formed
by the signal whose rise is coincident with the rise of A in conjunction with
the negate of the signal whose rise coincides with the fall of A. Thus

A= (XAS) v (Y AR
The case of B and C is slightly more involved. The rise of B coincides with
the first transition 5 - Q, the fall with the second transition. Hence the
conjunction with a signal which changes state between the first and second
transition is needed. Y is such a signal. Next there is the transition
Q - 6 while B remains true, ltere the conjunction of Q with a signal which
has changed just before the first tranmsition Q - Q and is changed back before
the second transition is needed. A signal which satisfies this condition
is S.

Therefore B = (U A Y) v {Q A S)

and by a similar argument C = (P A S) V(E/\ Y).

The control system requires no ancillary logic whatever. TIf 2-pole
microswitches are used (1l NO + 1 NC contact), they need only be wired as in
Fig 1.3.3 to generate .thc actuator signals X, E, Cx.,

It may of course be impractical to have solencid currents flowing
directly through microswitch contacts. 1In that case relays are required,
whose coils are in the microswitch circuit and whose contacts are in the
solenoid circuit,

Whatever form the practical solution takes, there is no need to resort
to high speed logic. Thus there will be no effective response to transient
disturbances on the lines connecting the microswitches to the logic. More-

over any spurious signals that carry sufficient energy to make a relay,are

*Connection to earth,instead of to supply,is preferred at the microswitches
and actuators are energised by earthing signal lines.
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unlikely to change the state of its contacts long enough for the solenoids

to respond.

MICROSWITCHES ACTUATQR SOLENOIDS
s AN
i A
= Y TOTO—+V
= R .\
\\EL
B Y B — —
-———B—/‘(SUUU\———N
= S
- o N\
NN
[ ] -C- V
=1 Y *
= L :\.
CONTACTS

—e—a— NORMALLY CLOSED INC)
—:\\»—— NORMALLY OPEN [NO}

Fig 1.3.3 Control wiring for pick and place mechanism.

What has been described is a very satisfactory way of controlling a
process,as long as there is no choice of alternative sequences which depends
on data derived from the process. Beyond this point the techniques described
in the subsequent chapters have to be used. A number of new complications
are thereby introduced.

As an example,solid state memory elements,whose setting is controlled
by gating signals from the plant,are extremely vulnerable to spurious sig-
nals on the éommunication lines, Memory elements can make the most transient
disturbance look like a genuine signal. It is therefore good policy to gate
the signals with a synchronising pulse which comes up just prior to the time
when a valid signal could occur. Moreover such a pulse should be of the
shortest practical duration. In this way the acceptance of a spurious sig-
nal, though occasionally inevitable, is made less likely by reducing the
probability of the signal coinciding with the gating pulse.

" One concludes that sophistication in control operations has to be fully
justified before accepting the consequences of the more powerful but also

more hazardous form of synchronous control.
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1.4 ON-LINE COMPUTER SYSTEMS

Certain techniques - generally grouped under the term 'timesharing' -
have been developed to allow a single computer® to work on a number of inde-
pendent data-processing tasks at the same time,by giving attention to each
in turn and overlapping computation with input-output (I/0) activity. 1In
industrial automation, the problem of controlling a number of parallel
operations simultaneously is similar to that found in scientific or commercial

data-processing, but differs in the following important respects.

(1) The computations performed are generally simple.

(ii)  The signal processing (I/0) section of the computer will be larger in
comparison with that of other data processing systems since, even in a small
automation project, the number and variety of signals involved is considerable.
(iii) Although many parallel operations may be involved in the process, the
individual operations will often be quite simple and involve only a few pro-
gram steps

(iv) Certain critical areas of control may require rapid response from the
control computer. In conventional data processing applications,momentary loss
of response may be tolerable and can almost always be recovered later. This
is not true in a real-time control application involving mechanical motion,

such as the positioning of a tool or workpiece.

The process to be analysed is first split up into its component control
sequences., These will be coded as subprograms in the complete control program.
The progress through each sequence will be determined by status signals from
the plant and the results of measurements of plant conditions, as well as the
status of related sequences. Up to this point both hardware and software
solutions take the same path. Beyond this, however, there is the fundamental
difference between the inherent parallelism of the hardware control units
described in Chapters 2 and 3 and the serial form of control which has a
common origin in the computer.

The simplest way of making the computer appear to exercise simultan-
eous control over each aspect of the process is to employ a supervisory pro-

gram (scanning supervisor) which will execute each subprogram in turn in the

*The arguments developed in this section apply in general to both minicomputers
and microprocessors. These are functionally identical, The microprocessor is
the central processor (usually in Integrated Circuit form) of a minicomputer.
It does not incorporate the interfaces which are normally associated with
computers.,
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following way. As each subprogram is entered, a check is made to see if
conditions are set to proceed to the next step in the control sequence. If
they are set, instructions are executed until held up by another condition;
if they are not set, rather than wait for status signéls to change, the
next subprogram in the cycle is entered. Communication and interlocks
between programs use particular computer memory locations which hold binary
indicators. )
This approach has some drawbacks. It is slow and inefficient since a
complete scan cycle may be required between successive steps in a sequence
if an interrogation of status signals occurs between them. Also the sub-
pfograms are entered irrespective of necessity. The supervisor is, however,
easily programmed and is quite adequate where response times are not critical.
The alternative approach could be called 'event driven'. Here the
change in state of signals from the process triggers the execution of the
appropriate subprogram. This is done by means of the interrupt system of
the computer which causes it to suspend and store the state of its current
operation, identify the source of the interrupt and branch to the correspond-
ing routiné. This is obviously more complicated than the scanning program
described above and requires that the computer be built with the following

features.

(i) Capac{ty for accepting a large number of interrupt signals.

(i1) Ability to inhibit (mask) each interrupt signal individually,so as to
select only those interrupts which are pertinent to a subprogram at any
instant.

(iii) Identification of interrupt source by hardware. Testing each interrupt
source one at a time (flag polling),under program control,is inefficient for
a large number of interrupts.

(iv) A multilevel interrupt structure to give priority to those events which

require attention more urgently than others.

With these facilities no supervisory program is required to schedule
the control sequences. However,routines must be provided to mask/unmask the
appropriate interrupts as the control sequence proceeds and to resolve
possible conflicts between subprograms.

The advantages of on-line computer control are clear. A well-designed
program is easily modified if the process changes or expands. The computer

is ideally suited to the calculation and data logging aspects of the problem.
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It does however require special purpose software¥*, Particularly demanding
is the problem of providing adequate test and maintenance routines and of
ensuring continued operation of the plant when an actuator or sensor has
failed. The software required to cope with these conditions may be very
complex. A distributed control,using the techniques which will be described

later, makes it possible to incorporate these features more easily,

*While high level languages could be used in some parts of the program, much

of it must be written in machine-dependent assembly language, since so many
functions are tied to the structure of the input-output mechanism.
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2 FORMULATION OF ALGORITHMS

The starting point for the representation of a control algorithm is
normally a flowchart or block diagram. 1t gives a bird's eye view of the
process by condensing minor detail into appropriately described blocks. Such
a representation is generally useful, but the question arises whether it is
in an adequate form for the next step in the design procedure,

1f the implementation is- centred on a programmable general purpose
computer there are good reasons for the block diagram presentation.

One reason is the centralized nature of the processing. The block
represents a sequence of instructions to which the computing unit is dedicated,
together with all working store, whenever it is called. As soon as a number

of computing units operate simultaneously the block diagram form is unen-

“lightening.

Another reason for the use of block diagrams is the construction of a
program from subroutines. Some of these may be incorporated in library
systems and hence need not be described in detail. Others will be detailed
separately with their own flowcharts so that no one diagram becomes exces-
sively complicated.

1f the object is the construction of a special-purpose computer/con-
troller the above considerations are no longer relevant or important.

Single computing units are seldom used, since it is generally more con-
venient to have a multiplicity of independent computing units, each of which
is called into action when required and allowed to function in parallel with
others,

The use .of subroutines is not entirely irrelevant. It will be shown in
Section 2.6 that the use of closed subroutines is easily realizable in hard-
ware and is sometimes very powerful. However they are not used as extensively
as in a computer program (again largely because of parallel processing) and
there are no standard subroutines in hardware for inclusion in a controller,

The main reason however for advocating a different method of formulating

the algorithm is the need for complete rigour in the representation, since

there is no other (coded) form to arbitrate on points of detail.

The approach which will be adopted is similar to that advocated by
Iverson [2.1} in 1962, 1In his book 'A programming language' (APL) Iverson

formulates a symbolic language for the description of algorithms which is
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both concise and definitive. Much of its rigour will be dispensed with, but
the general principles are well suited to the translation of an algorithm
into special purpose hardware. To support the use of such symbolism the
following paragraph from the introduction to the book is quoted.

'Ordinary English lacks both precision and conciseness. The widely used
Goldstine-von Neumann (1947) flowcharting provides the conciseness necessary
to an overall view of the process only at the cost of suppressing essential
aetail. The so-called pseudo-English used as a basis for certain automatic
programming systems suffers from the same defect. Moreover the potential
mnemonic advantage in substituting familiar English words and phrases for
less familiar but more compact mathematical symbols fails to materialise

because of the obvious but unwanted precision required in their use.'
2.1 DEFINITIONS

Boolean vectors and matrices will be used to represent the bit con-
figuration of a store and set of stores respectively. The notation conven-
tions of matrix algebra will be applied but with the following variations.
(i) A vector g will be considered a row vector to correspond to the general
convention of drawing stores horizontally. Where the algebra requires a
column vector a' will be used to indicate transposition.

(ii The elements of a matrix A, whose row suffix is i and column suffix j

will be denoted by a?. The corresponding elements of the transposed matrix
J

I
(1ii) Suffices will run from the highest (one less than the number of com-

A' are a

ponents) to the lowest (0) from left to right, contrary to the normal
convention,

The reason for the last convention will be obvious from an example.
If the register B, of dimension t contains a vector b, the value of its

content is obtained by scalar multiplication with a weight vector g whose

2

components are (ZT”I. 2T—2: cees 29,
= [ =1 5,172 + + b
b=bs'=b 27 +b 2 ceo+ b

The vector b 'represents' the number b. The components of the vector
are written with the most significant (br-l) first, the least significant
(bo) last, as in ordinary number representation.

The contents of registers are the operands of the algorithm. Operations
on the registers are carried out by a number of basic operators which are

incorporated in the circuitry. More complex operations are called derived
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operations and take the form of subprograms. Some of these will be described
in Section 2.3.

The basic operations include the Boolean operations, addition, sub-
traction, counting, scaling and register transfers. Siﬁce the execution of
the operations is to be controlled by a synchronising clock, there is a
distinction between two modes of execution: parallel and serial.

In parallel operation vectors are operated upon by providing a gating
operator for each component of the vector, so that the operation is completed
in one clock period. For example the operation which transfers j to g,
denoted by g ¢ b consists of replacing every component of ¢ by the correspond-
ing component of b.

The slightly more complicated operation,

LTtk
in which the addition of two components may produce a carry into the next

mere significant component is represented diagrammatically in Fig 2.1.1.

C | Cry l’cr-z TR i cs | ¢ |

B | beey | brop J-----— | by | bo ]

Fig 2.1.1 Parallel addition.

The multiplicity of gating operators is only justified if the speed of
operation demands the completion of the operation in one clock period or if
the number of components is small.

The alternative is serial operation in which each component is passed
through a single gating operator sequentially in time. If the dimension of
the vector is t, the operation is completed at the end of xtclock periods. The
time lapse of T clock periods is called the 'Characteristic Period' of the
serial operation, henceforth to be known simply as the Period.

The basic storage element for serial operation is the shift register.

The vector (¢) is here continuously right circularly shifted. The weight of
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component ¢, depends on the value of a synchronizing count t which is counted
so that successively t =0, 1 ... 7~ 1, 0, 1 ... and so on. At t = 0, S

s .
k+t
Since the shift is circular, a modulo notation is needed to allow for the

has weight Spe at t = 1 weight S1t and in general the weight of ¢ is

repetition of the same weighting after T clock periods. Using the Iverson
notation m|n for n modulo (m)%, the weight of Cy in a shift register of
length T 18 sT|k+t'

Fig 2.1.2 shows the content of such a shift register at three different

times during the Period.

t=0 qcr-4 [ Cc-p Jo=e-==1] ¢4 | <o p

Fig 2.1.2 Shift register content.

The gating operator is inserted into the circulation between the least
significant and most significant stage of the register. 1In fact these are
generally the only access points to the register. The simplest case is the
transfer b to ¢. This means making the input to the most significant stage

of C the output of the least significant stage of B instead of recirculating ¢.

Fig 2.1.3 Serial addition of operands.

*Residue 0, see lverson (1961) [2.@ .
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Fig 2.1.3 shows the serial execution of an operation involving 2 operands
such as the addition ¢ = ¢ + b. The gating arrangement labelled @1is slightly
different from that used in Fig 2.1.1 since it includes the storage of the
carry from one clock period to the next.

To be able to use the vector nmotation, a selection vector has to be
defined as follows. A unit vector EF(T) has T components in which the com-
ponent with suffix k is a 1 and the remainder 0. If the value of k depends

on a time parameter t, a family of unit vectors may be defined by the selection

vector €_, where ¢ = ek when t = k. The vectors are:
~t ~t ~
0
for t = 0, € = L....0... 0001,
1
t=1,€ = ve.vn.... 0010,
2
t =2, = ....00... 0100 etc.

The transfer of b into g can now be written formally as
g virgy
where v and A denote the logical operation OR and AND respectively and ¢ is
assumed to have its previous content cleared. The A operation selects the
components of b. The v operation signifies that wherever and whenever the
component is 1, it is inserted into ¢, otherwise ¢ is unchanged.

The formulation does not specify whether b is held in a parallel
register or‘shift'register. In the former case gating with €y serializes
the components. In the latter case they are already available serially from
the least significant stage of the shift register.

Similarly € may be a parallel or serial register. In the former case
¢ is reset initially and then has the components of b inserted as a parallel

operation. 1In the latter case the input to the most significant stage of C

receives the components of b

-

while the previous content is removed.
With this understanding the notation ¢4« b will be used to denote the
transfer and ¢€»b an interchange of contents.
Similarly for any other operétion (op), g e g op. b will be used for
g gop (E.A‘Et)
One extension to the notation will 'be used. If, for example, the

selection vector ¢ in the above example is replaced by Ereps all components

t
are selected from b one clock period later. The result is that their weights

are doubled.

Thus ¢ = 2b is obtained from

).

c+«c vib ace
~ ~ ~ e

t-1
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The notation ¢ € b , will be used to show such scaling. 1In general

1
. r
g,e—bir results in ¢ = 2 ¥'b,

Some operations are realised by using different synchronizing counts,
so that not all the registers are synchronized to the same (t) count. In
such cases the shorthand notation is inadequate and it will be necessary to
revert to the more rigorous definition with explicit selection vectors.

It remains to show how the parallel storage of a vector is converted
into the serial form and vice versa. The first is referred to as multi-
plexing, the second as demultiplexing.

1f, as an example, an 8-component vector is involved, a timing count t
of dimension 3 is required for the conversions. The sequence of values taken
by this count is 0 1 234 56 7 01 2

For the parallel to serial conversion a multiplexer has its parallel
inputs connected to the components of the vector in the parallel store. The
multiplexing inputs are taken from t and the serial ouput feeds the circula-
tion of the serial store. The arrangement is shown in Fig 2.1.4, The shift
register is loaded in one Period (t, to t, inclusive) during which LOAD is

0 7
true, while the normal circulation is blocked by LOAD.

T T T T T T T 1 | paraLLELSTORE
ts)
3 BIT MULTIPLEXER B
o]
LOAD
CLOCK —
~ }— LOAD
| .y ind
)
17 T [ | [ SERJAL STORE
CLOCK

Fig 2.1.4 Parallel to serial conversion.

The reverse process of serial to parallel conversion requires a demulti-

plexer or decoder. The encoded input is taken from t and the decoded output

~

goes to the parallel store. The shift register is connected by its least
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significant stage to the decoder ENABLE which gates all the decoder outputs,
The parallel store is initially reset. If the enabled decoder output becomes
1, the stage of the parallel store connected to it, is set. If the output

is 0, the stage remains in its previous state¥.

A Period is needed for the conversion. Fig 2.1.5 shows the arrangement.

-t

'_|4 T T T T T T 1 |—|SER3ALSTORE
CLOCK

ty tq | to

t
CLocK ™

ENAECE" 3 BIT DECODER B

1
C T T T T 1T 1 1 | PARALEL STORE

Fig 2.1.5 Serial to parallel conversion.
2.2 BASIC OPERATIONS

Operations are broadly classed as Boolean or arithmetic; subsections
2.2,1 and 2.2.2 deal with Boolean and arithmetic operators separately. In
the subsection 2.2.3 (conditional arithmetic operations) Boolean and arith-
metic operations will be combined with the following understanding. If a
Boolean operand remains unchanged throughout an entire arithmetic operation,
it can be used to perform a Boolean operation on the latter.

For example, if .a and b are two arithmetic operands, their addition
when o (Boolean) is true and subtraction when @ is true can be written as

[a A a+blv [E A a=">b]l. This means simply that the adder/subtractor is

set to one or the other state depending ona.

2.2.1 Boolean and relational operations

Boolean operations are concerned with Boolean operands which can only

take one of two states, true or false,

*Where this mode of setting is not available on a parallel store a decoding
(addressable) latch can be used in place of the simple decoder.
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Relational operations perform comparisons on arithmetic operands and
give a result which is Boolean. The latter becomes a Boolean operand for
subsequent operations.

A Boolean operand is held in a single bistable. Boolean arrays are
held in parallel bistables whose inputs and outputs are accessible independ-

ently. The use of shift registers is not favoured in this context.

Boolean operations

If ¢ and B are two Boolean operands, ((2)2)2: 16 distinct Boolean
operations can be performed with them. Table 2.2.1 gives the complete list

and the symbolism which will be used¥*.

Table 2.2.1 Symbolism for Boolean operations on 2 operands ¢ and B.

OPERATION NUMBER
af 012345678 9101112131415
010 01 0101010101010 1
on 001100611 00110011
110 0000111100001 1 1
1 00000000111 1 11111
Operation number Symbol Name

0 redundant

1 > NOR

2 & negated reverse implication

3 redundant

4 > negated implication

5 redundant

6 §é, not equivalent

7 A NAND

8 A AND

9 = equivalent

10 redundant

11 — implication

12 redundant

13 — reverse implication

14 v OR

15 redundant

“An ambiguity in the use of €—(reverse implication) is tolerated since it
occurs rarely and is unlikely to be confused with the symbol for transfer.
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It is well known that the operations given in Table 2.2.1 are far from
independent. They can all be reduced to one operation (say A or v) operating
on & , B and their negations 4,8 . In fact the Sheffer Stroke-notation even
reduces these two operations to one. However the understanding of the
operations is often made easier by using the separate symbols given in
Table 2.2.1.

The only operation which may need some explanation is the implication
denoted by —». This suggests that o false has always a true implication,
namely either B false or true is implied, How this can be was the question
addressed by the Scottish philosopher McTaggart to the Cambridge mathematician
G.H.Hardy. He asked ‘if twicé two is five, how can you prove that I am the
Pope'? The answer given was 'If twice two is five, then four equals five.
Subtract three from each side then one equals two. But McTaggart and the
Pope are two. Therefore McTaggart and the Pope are one.'

In other words if o is false nothing can be said about f. This
characteristic of an implication will come to the fore again when conditional

out of sequence entries are dealt within section 2.4.

Relational operations

The six relational operations which define comparisons between two
arithmetic operands are:
< > o= 4 44
They are to be reduced to Boolean operations on the components of the arith-
metic operands. The results of the comparison is formed in the Boolean B.
Fig 2.2.1 shows two arithmetic operands 2 and b held in shift registers

A and B.

INITIAL SET a3 b
J
Q B a — 1 S
A |'L = T T T s B
BOOLEAN
OPERATOR BISTABLE
SHIFT REGISTERS GATES
B |’" 2 ‘l ' — B

!
INITIAL RESET a<b

Fig 2.2.1 Serial comparison.
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The least significant components of g and b are inputs to two Boolean
operator gates. The one shown in line with register A performs the operation
2 of Table 2.2.1. The one shown in line with B performs operation 4. A 1
at the output of the gates is used respectively to set or reset the bistable
which holds 8. If B is given an initial setting its stite at the end of the
circulation gives the results of the comparison. The cases of a « b and
a b (ag b) are illustrated in Fig 2.2.1.

The complete set of relational operators and their Boolean equivalents

are given in Table 2.2.2,

Table 2.2.2 Relational operators.

Relational el ‘e, ..

operation Set B if: Reset B if: Initial B
a<bhb 0
a¥b a+b af b 1
a>b 0
a{b asp b a 4b 1
a=b aFhb 1
a#b a#b 0

The initial setting of B is needed since the Boolean operators give a

setting of B for only two out of the four combinations EE, aE, ;b, ab.

2.2.2 Arithmetic operations

0f the four arithmetic operations
+ addition - subtraction x multiplication / division

the first two are basic, and will now be described, together with some
related operations., Multiplication and division are derived from them and
will be given in the form of subprograms in Section 2.3,

Befcre describing the operations the question of the representation of
negative numbers has to be answered.

In a general purpose computer the signs of quantities which will be
handled in the registers cannot be predicted. Hence allowance has to be made
universally for the occurrence of negative quantities. The multiplier and

divider must be programmed so that they can handle quantities of both signs.
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The 2's complement representation is the most common, This means that
a store of length T+ 1 is needed to hold quantities in the range -2 <x <27,
The most significant bit (2') is then read as a sign bit which is 1 for
negative quantities and O for positive quantities¥*,.

In the case of special purpose computing and control equipment,the
situation is different. The occurrence of negative quantities can be antici~
pated and in general will be much less common. Moreover at some stage control
action will be required. As an example,a movement in positive or negative
direction,according to the sign of a quantity, requires separately the
numerical distarnce to be moved and a two-state indicator for the direction
of motion.

For these reasdns the alternative form of sign and modulus will be
used for the representation of numbers.

For subtraction, where the relative magnitude of the operands is uncer-
tain, the arithmetic operation will be preceded by comparison and, if
necessary, reversal of operands. With this exception the choice of number
representation simplifies the logic. All operands in the subsequent logic

will be assumed positive.

Addition/Subtraction

In the following,addition and subtraction are expressed as Boolean
operations on the components of the arithmetic operands. (As before,the
shorthand ¢__ will be used for £4 Etoy)

atb=a?tbigc,

where ¢ (initially 0) is the carry derived from
c=anbv[(@aZb)arc. ] for a + b
~ =" ~ o~ ~-1

Abv [(é Zb) A c_ll for a - b.

~ ~

mt

c =
~
In serial operation the vector ¢ need not exist as such. It needs only a

single bit storage which at time t is

set by an b for addition

5 A E for subtraction
and reset by E.A E for addition

a A E for subtraction

and remains unchanged otherwise. It is used in the evaluation of a # b # ¢ at
~ e

time t + 1 and then adjusted to its new state.

*In a few computers (for instance Univac) a 1's complement representation is

used,which leads to a troublesome ambiguity in the centre of the range, viz
the value O which has a different representation a +0 and -0.
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Counting

Counting is only a special case of addition and subtraction in which
the operand is 1 (vector go). However it is more usual to use counters which
may be incremented or decremented at the end of every clock period.

Counters are unsuitable for other arithmetic operations and it may be
necessary to transfer operands between counters and registers or vice versa
during the course of an algorithm,

Generally counters only control arithmetic operations and are not
involved in them as operands.

This controlling function depends on the value of the counter, which
will be denoted by a bracketed suffix. Thus t(u) is’ the Boolean which becomes
true when t = u. Important in this respect is the termination of a modulo
(0) after tér—l)' T - 1 clock

) the terminator t is set. The terminator is reset

{r-1)

counter. A modulo (T) counter returns to t

periods after Lo

at the end of T clock periods.

A modulo (T) counter is needed to synchronize serial registers of

dimension T and control program sequences which use them. The terminator

plays a central part in the program sequence.

Li-1)

Scaling and floating point form

The operations of scaling, (multiplication by a power of 2) has been
already explained.

One method of scaling is as follows. If the registers shift at a
frequency v, the controlling clock is derived from a clock of frequency 2v
which is divided to provide a two-phase (non-overlapping) clock (see
Fig 3.1.8). Let the shift take place at the end of the second clock (clock
odd). 'The first clock (clock even) is available for extra shifts, For
every such additional shift the content of the register is right shifted,
that is halved. Doubling or left shifting is obtained by an equivalent
suppression of shifts.

Scaling is the key to the floating point form of holding variables.
This form commonly used in computer arithmetic, but occurs less frequently
in control systems.

In the floating point form,all variables are standardized such that a
variable (say a) is held in two stores as the mantissa p and the exponent q,
where

a=p2% and § <p< 1.
After an arithmetic operation the result must be restandardized. A

convenient way is to use one circulation to count the number of leading Os
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in the mantissa. In the next circulation this count is subtracted from q
and an equal number of shifts is suppressed in recirculating p.

Multiplication and division present no further problems. In addition

and subtraction however exponents must be aligned so that the addition
a+b=p2®+r2®

involves finding the smaller of g and s and recirculating its companion

mantissa with |g-s| additional shifts. The exponent of the result is the

larger of q and s and restandardizing may be necessary in the case of

subtraction.

It is also possible,in the case of addition,that the mantissa of the
result could become equal to 1. All registers must thus have an extra stage
at the most significant end to allow this to happen. An additional shift
and an increase of the exponent by 1 will return the result to the standard-
ized form.

The obvious advantage of the floating point form is the determination
of register capacity by the number of significant figures in a variable
rather than by its magnitude.

The question of accuracy of floating point arithmetic is dealt with
in the many modern textbooks on numerical analysis [Z.ﬂ . The only general
comment worth making is that the presence of a certain number of significant
figures in the mantissa does not necessarily mean that all these are mean-
ingful., Thus in a subtraction of two nearly equal quantities the result in
unstandardized form will have fewer significant figures. Restandardizing

does not change this.

Modulo

The notation c¢|b, b modulo (c), is used to denote the remainder of
b4 c. If b> ¢, division is the most appropriate way of obtaining
the remainder. If b and ¢ are of the same order of magnitude, it is obtained
by successive subtractions of ¢ from b and simultaneous comparison of the
difference with ¢ until it is smaller than c.

A particular case occurs when ¢ = 2%, Assuming vectors of T components

clbe b Ag (D

where g%T} is the masking vector of T components whose s most significant
components are 1's and the remainder 0. Its negate is Q?

As an example, let T =5, r = 3, b = 10101,

then ¢ = 2° = 01000, g = 11000, &% = 00111

~

clp = 10101 A 00111 = 00101, or numerically 8|21 = 5
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2.2.3 Conditional arithmetic operations

A stored program computer relies on a sequence of program steps for
the execution of an algorithm. Every conditional alternative takes the form
of a condition-dependent branch into alternative sequences. In a special
purpose computer the serial execution of program steps is only needed where
a particular program step depends on an earlier one in the sequence. Other-
wise the algorithm can be implemented in parallel,as part of the circuitry,
in the form of logical gating between the various registers and bistables.

It follows that many conditional operations do not require alternative
sequences, but merely suitable gating logic, such as alternative inputs to
an OR gate. The algorithm may set up a condition (say g) in one program step
and follow this by an operation, such as for example,

d«[(a+b)aalv [(a+c)aal

where a > (d <« a+b) and a+ (d<a+ c)
or d<a+ (-1)%
where a > (d<+a-hb) and o+ (d < a+hb).

By a suitable formulation of the algorithm the number of program steps
and alternative sequences can be kept to a minimum sc that complex program

controllers are seldom needed.

2.2.4 Array operands

A structured list of operands is called an array of operands. Since
each operand is represented by a row vector, the elements a},i=u—l,...0;
j=v-1...0 represent an array of y operands, each of which has v components.

To address the operands the suffix i becomes the selection input to
a multiplexer whose parallel inputs are the y operands. The case of u = 4
is illustrated in Fig 2.2.2.

The effect of the multiplexer is to decode the vector i so that the
value of i determines which of the operands appears at the serial output.

If i is held in a modulo (y) count and the shift registers are syn-

chronised to a j (modulo (v)) count, operations like

i . i
¢t «at + b
~ ~ ~

can be performed in one program step. The termination of the j count clocks

the i count. The termination of the i count indicates the completion of the

operation.



BIBLIOTHEQUE DU CERIST

29

|-lo3v-1_l°’v-zl- - -~ [a% Ja% }T.'Ti*

rl“zu-il“zv-jl' ---19% | °zoh"i_=‘2"

rl“‘v-ilu'v-zl- -~~]a' fal

o
w
]
-8
-
3 ai
I ~
Lo
[+
o~

r‘oo\‘-‘lu%'d” R [ 001 l°°0 =0

Fig 2.2.2 Addressing of serial array o

The use of shift registers means
needed to address a two-dimensional bit
is implicit and the multiplexer is used
of vector operands.

1f the two-dimensional array is h
in a core store, a two-dimensional mult
Fig 2.2.3 shows the case of a 4 x 8 mat
adjacent to one another horizontally.
multiplexer tree. If the lower suffix
upper suffix (i), the result is to seri

8 components. A general form of store

in Fig 2.2.4.
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eld in static parallel form, such as
iplexer tree is required to access it.
rix A, in which the rows are drawn
The elements a% are connected to a

(j) is varied more rapidly than the
alize the matrix into 4 operands of

selection is shown diagrammatically

4

] C1 | 6 P SR TR S A

¢|[o" Jatla’lat JokJab]at lay) oo fel aQlag)

14 ' i

A |

COLUMN [ MULTIPLEXER [

ROW MULTIPLEXER L:! I
i

Fig 2.2.3 Addressing and serializing of parallel array operands.



BIBLIOTHEQUE DU CERIST

30

Nt v-2-- |- == - =0

L 3

oo Y R S

Fig 2.2.4 General representation of store addressing.

The element addressed is at the intersection of the lines which run
through the decoded i and j valucs. A W xv matrix requires p+ v selection
lines. It follows that the most economical arrangement for an n element

store is a square matrix, when the number of selection lines is 2/ n.
2.3 DERIVED OPERATIONS

The method of deriving more complex operations from the basic operations
of the last section will be illustrated with four examples.

The first two are the operators

x multiplication
©/ division.

They are of particular value in demonstrating the formulation of an
algorithm. However, where control systems require such arithmetic operations
to any extent, the use of a microprocessor with a stored program is often more
convenient [2.3]. Here a computer is stripped down to its essentials in order
to execute what are very simple computer tasks. It is an alternative to
building up a control system to perform in the computing area.

The other two examples arc the code conversions

BDC - binary
binary - BCD.

They occur, at least in the integer form, at the interface between
data input and output devices and the control system.

Derived operations are executed in a number of program steps which are
brought together to form a subprogram., This may require program steps to be

repeated cyclically,until some condition is satisfied which causes the program

to exit from the loop.
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The formation of a subprogram is illustrated below and explained in the

next paragraph.

ISE OSE
Pp Basic operations P; A6
P;| Basic operations Y
P, Exit § Pp Ay
Three program steps PO, Pl’ P2 are assumed to be needed, of which PO
and P, are cycled while § and Y are true. If either § ory become false

1
the subprogram proceeds to P, from which it returns to the main program.

The abbreviations ISE and OSE are used for In Sequence Entry and Out

of Sequence Entry respectively. The entries are given as the conjunction of

the entry condition and the program step from which the entry is made. Arrows
on the left show backward OSEs, arrows on the right forward OSEs,
The subject of program structure has been anticipated here. It will be

dealt with more fully in 2.4 and 2.6,

2.3.1 Multiplication

The product to be formed is
d=bxg.

Arbitrarily ¢ is taken as the multiplicand, b as the multiplier. If
both b and ¢ have dimension T, the product d will have dimension 2T. It will
be formed in T successive steps during which the components of b are examined
in turn., If the component is a 1, < is added to i scaled by the appropriate
power of 2.

The algorithm may be formulated in several alternative ways. The first
choice is whether the components of 2 will be examined from the least signi-
ficant up or most significant down. If the latter is chosen,the algorithm
rT? if bT_r = 1.

The successive scaling of b and d relative to ¢ can be obtained by

. h
requires that at the et step d « d + ¢

lengthening the circulations B and D by one component. A better alternative

is to operate with two selection vectors g

~t

and Eq where q is derived from a
count which is 1 shorter than the t count. Thus
Sq 7 Seer
where r = 1, 2 ..,.T are the successive steps in the multiplication.
Since it is necessary to distinguish the most significant from the
least significant half in the 27 dimensional product d, the q count has to

be a modulo 2t count. The t count can remain a module T count, since it is
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only used for synchronisation. However, if it is assumed that t also runs
from 0 to 2T~ 1, the relation q = t + r is obtained by double counting q
when q = 0.

Thus b and d are synchronized to the t count and are selected by the
q count. On the other hand the multiplicand ¢ must be synchronized to the
q count so as to remain unscaled. This is achieved simply by providing an
extra shift at the same time as the double count occurs. q(2 - 1) = t(T -
transfers to the exit step and all stores are left synchronized to t (includ-
ing the q count).

The program is given in Table 2.3.1, where it is assumed that upon
entry d is clear and that b and ¢ are set to contain respectively the multi-

plier and multiplicand.

Table 2.3.1 Multiplication d = b x ¢.

]
Pg (b A et) -+ {d «~d AE_+ ¢ Ag J
R 3 ~ o~ st~ s oy 2 Yr+1) " Y(20-1)
(q«q+ 1)
%(0)
P; EXIT e e ettt e e .

| IREEEEETRIL POSNNEN

The following notes are added.

(i) t =q - r, when t is assumed to count from 0 to 2T- 1.

(ii) During the first cycle, r = 1, the component T - 1 is selected from

the multiplier b and components T - l,T, ..., 27T~ 2 of d receive components
0, 1 ... T=-1o0f ¢ and so on for subsequent cycles.

(iii) While the addend to the d adder is admitted only from q<T) to q(ZT -1y
the addition continues for the full cycle since a carry may be propagated.

By tabulating the T2 steps of the operation in an actual example, the
formulation of the algorithm can be confirmed. The design of circuitry for
the operation is dealt with in Chapter 3 and the circuit for integer multi-
plication is one of the examples of 3.4,

So far only integral operands have been considered. Fractional operands
are needed when there are angular values (fractions of 7) or trigonometric
functions. Mixed operands are much rarer in control algorithms and can
generally -be avoided by scaling or by using floating point arithmetic (see

2.2.2).
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The extension to fractional operands follows immediately provided
negative suffices are admitted for fractional components.

1f the suffices 0, - 1, ..., - T + 1 are used for components of weight
2°, 2—1, e , P 1, a new selection vector § , where QF(T) = Ek"T*l(T)

~

1
replaces £ At t(o)’ Qo selects component -T + 1; at t(l)’ ﬁ component

- T+ 2 and so on up to component 0.
2.3.2 Division

Three schemes have been used.

(i) Trial and error subtraction.
(ii) Non-restoring subtract and add.

(iii) Successive approximation by subdivision of intervals.

(1) is the familiar method of division, which is not generally favoured
because a comparison of current dividend and divisor is needed before every
subtraction, (ii) .is the most common since the only testing involved, is at
the end of a subtraction or addition when the next step is decided. 1t is
also easily adapted to signed division, and (iii) can be shown to reduce

to (i).

Since it is intended to control division by the same mechanism as
multiplication (to treat it as the reverse process) method (i) will be used.
The comparison will be shown to present no problem,since it proceeds in
tandem with the subtraction and is controlled by the same t and g counts. A
further advantage is that the remainder is always positive without the
additional correction step required in method (ii).

The method is éxplained for the case of a 271 dimensional integer divi-
dend g and a T dimensional divisor ¢, where d < c2%, The quotient is formed
in b.

Successive cycles, denoted as before by r, will this time run from r = 0
to r =T because the dephasing of the g count takes place in the middle of
the cycle,instead of at the beginning as in multiplication. Thus initially
r=90for t=q=20,1..,. T~- 1. The q count is then double counted at
g ; 1) and again at Y- 1) in each successive cycle. Exit is again at
Yot~ 1) ~ t(T - and synchronism is retained.

Comparison takes place at 90) q(l} R IR The divider is

admitted to the subtractor (if the comparison indicates positive remainder)
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at q(T)’ 9t + 1y e 91 - 1" However, the comparison must also include
the next more significant component of the dividend beyond the range of the
divisor since this may be non-zero.

The divisor ¢ is again synchronized to the g count by double shifting
whenever the latter is double counted (at q( - 1)). Components are set
into the least significant end of b at 91y to form the quotient.

The program is given in Table 2.3.2. Apart from the comparison, the

expression is the exact reverse of that given in Table 2.3.1 (multiplication).

Table 2.3.2 Division b = d/c.

ISE
) (d » ¢ ZFCAE ) v (d A e ) -
~ ~ttr-l ~ T e ~  ~ttT
19790y * 91y ** U1 -1y
> (d<«dae,_~-caAce ) > (b« e)
~ o~ ~t ~ ~T q PO ~ ~t
1979 Ve Y21y e
+ 1
(CI] )q(T_l)
P EXIT
'1 .......................... U501y
The following notes are added.
(i) In line 1 components are selected from g by‘§t+1_1 and Erer Input

to the comparator is thus from stages T - 1 and T of the shift register (D)

which holds the dividend.

(i1)  da Epyq.p 3CcCesSEs d components
=1, 1T, +eo 2(t = 1) at q(o), q(1> ER P when r = O
T=2, T~ 1 voe 2t - 3 r=1
O vevennennee T =1 r=1-~-1.

(iii) (d a ft+1) 9,1y accesses d components

2t ~ 1 whenr =0
21 -2 v r=1
T n r=71-1.

2.3.3 BCD-binary conversion

The decimal digits of a number in BCD are shown in Fig 2.3.1 as a one-

dimensional array of four component vectors. The example shows a 6-digit
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integer for which the elements of the array gl(i =5, 4, 3, 2, 1, 0) have

5 2 .1 .0
weights 10°, 10%, 102, 10%, 10}, 10°.

J——

)

ELEMENT
WEIGHTS

QO - o - O O

0
0
'
1
0

OO 000 O
cCOoO O — -0
OW mWwN -

23222'20
COMPONENT
WEIGHTS

Fig 2.3.1 Example of matrix A holding the number 123 890 in BCD form.

The process used for evaluating the number is expressed as follows.
a=(..(@ 10+ 2" 910 + 2 H10 + L.010 + 2°,
~ ~ ~ ~ ~
This form is suitable for the BCD-binary conversion which will now be

described.

Integer conversion

The central mechanism consists of 2 alternate program steps P1 and PZ'

In P1 an accumulator ¢, %nitially cleared, is multiplied by 10. 1In P, suc-
cessive array elements f} (Fig 2.3.1) are added to ) starting from g“'l
and finishing with 30 after which the cycle is ended.

The serialisation of the array elements has already been described in

2.2.4.

Tt remains to-explain the transformation of ¢ into 10c. Using the above

notation Sip for 2*'c a multiplication by 10 results from
~T

+ .
£+ (2t 9

The multiplication by 2 outside the bracket is obtained by suppressing
1L shift at t(O)‘ The scaling inside the bracket cannot be achieved by

suppressing shifts since both ¢ and c¢_, must be available for addition. It

2
is therefore necessary to extend the shift register at the least significant

end to give the two additional components c¢_. and c

Fig 2.3.2a illustrates the mechanism fir a 5—c§mponent vector in which
3 is transformed into 30. Fig 2.3.2b shows the shift register and gating
which has to be applied in Pl for the multiplication by 10. The shifting
pulses are applied at the clock input as normal. t(O) ~ Pl is applied at

the shift enable input in order to suppress a shift at t The addend

(0)°
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Actual circuitry is given

from c_y is introduced into an adder during Pl.
in 3.4.2.
€4 Gy Cp € Co 0 Cy VALUE t(o) API
SuPRESSED ___Yd|0 0 0 1 1 3 €, C3CpCy CoCyCoy
SHIFT 9|0 0 0 1 1 ]
tz1 00 0 11
st 1 0 0 Of1 1 CLOCK
twjt 1 1 000 1
tljt 1 11 0/0 O 30
(a) (b)

Fig 2.3.2 Example of multiplication by 10.

The complete program for BCD - Binary Integer Conversion is given in

Table 2.3.3.

Table 2.3.3 Program for BCD - Binary Integer Conversion.

ISE OSE
Po C+9, i*‘U
. L A“i‘"‘;——

Pf e« (cp + )y, i<i-1 Py, A (1 =0)
Py c+tc+a

e~
Py  EXIT (i=0)

The following explanations are added.
(i) The operations are given as either operations on vectors or values,

whichever is the more convenient.

(ii) In PO’ < (accumulator) and suffix i (decimal digit couht) are initial-

ized. The latter is set to p and is decremented in P1 before the decimal
digit a' is added.

~
(iii) The condition (i = 0) determines the end of the conversion. If (i = 0),
PL and P2 are repeated to take in the next decimal digit. If (i = 0) the
least significant digit (the unit decade) has been added and the next step
is P3.
(iv) The BCD data need not necessarily be available in the parallel form of
Fig 2.3.1. It may be provided as a sequence of decimal digits (such as from

a tape reader). In this case P, would be enabled only when the next decimal

2
digit is available. There must be an interlock with the mechanism which

supplies the data. Interlocks are dealt with in 2.5.
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Fraction conversion

The conversion of a BCD fraction of say 6 decimal places into binary
form requires a matrix of constants E,in which ei = 10-1. Array elements
of this matrix are multiplied by the decimal digits of the fraction to be
converted and added into an accumulator C.

The matrix E is given in Fig 2.3.3 for a 20-component result j = 0,
-1 ..., -v+ 1 where v = 20 (the reason for including components -20, -21,

-22 will become obvious later).

j v

i N -1 <2 =3 =4 =5 <6 =7 -8 =9 10 <1 -12 13 -14 -15 -1 -17 -18 -19 -20-21 22 .
MJ0 0011001 100110011001 10] 10
2000001010001 11101011 1] 1007
30000000006 100000 1100010 wj
4000000000000 01 1010001 1] 10
5l0000000000000000101 01 0] 10°
460 00000000000000000GC1 00 10°

Fig 2.3.3 Constant matrix E, where et = 107",

Negatlve component suffixes are used and the selection vector is
+ . . . s
$, where 6 (1) =g ¢ 1( ). & _is again omitted from the notation and ¢,
~t ~tr
used in place of c A S

~tir
Before proceeding to give the conversion program, namely the multi-

plication of E by the fraction to be converted, a simplification of E is
explained.

A matrix of constants need never be stored as such. Only components
which are 1 need be stored since all others must be 0. Thus E may be stored
in the form of a single row vector n of dimension 19 whose components have
suffices from -4 to -22 inclusive (see Fig 2.3.3). The components are formed
from the Boolean (i = -1), (i = -2), ..., (i = -6) or disjunctions of these
as demanded by the presence of l's in E. Writing the value of i for the

Boolean i equals the value, n is defined by:

ey = =1
Ne5 = ~1
g = O
N-7 =wy ~2
N-g = -1
Neg mp =l v =2
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ponents nN-y...N.pp are formed by OR gates whose inputs

from the right hand side of the above table.

The serialization of E may be realised easily in

N-10
n-11
N-12
N-13
N-1y
N-15
N-1g
n-17
N-18
n-19
N=-20
n=-21

N=-22

= =3

= 0

= 1

= ~lv -2

= —2 v —4

= 2 v =4

- ~lv =2 v -3

= ~lv -3 v =4v -5
- ~2

— =5

e ~lv =2 v =6

— "lv -2v -3v-4v =5
- 2 v =4 ‘

practice.

The com-

are the Booleans given

Each component is then selected

using a single stage 19-input multiplexer (as encompassed for instance by

three 3-bit multiplexers).

lel form as the matrix B;.

Fig 2.3.4 shows an example of a BCD fraction (0.512 389) held in paral-

into binary form.

Fig 2.3.4

Table 2.3.4 gives the program for its conversion

oy

- 20000
OocC OO -

o0 - - OO0

_—D e O - —
WmWwN -,

Example of matrix B holding the BCD fraction 0.512 389.

Table 2.3.4 BCD - Binary Fraction Conversion.

¢+« 0, 1+0, 3«0

~

i«1-1

e et antl 4G+

EXIT

ISE

Pg/\(j

G=0a >0

OSE

0) A (1> ~u)
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The following explanations are added.

(i) Py adds to g a 20-component vector made up from

Nelg ... Ng When j =0
N-29 ... N=] when j =1
N=21 ... N=p When j = 2
N-22 ... N=3 when j = 3 with the assumption np=n-; = n.y = n.3 = O,

This accounts for the existence of N_y0° N.91 and ”-22 which are needed to
obtain a result which is accurate to 20 binary places.

(ii) The operation described in (i) is conditional on b§ (cf 2,2.3). This
gives the effect of multiplication by B.

(iii) j is held in a modulo 4 counter and shown counted in PZ' In practice,

it would be counted at the end of P_,when the termination (j = 3) presets

20
the change of program step (to Pl if (i >-u), to P, otherwise).
(iv) BCD data in serial form would require enabling P2 only after the

decimal digit is available.

2.3.4 Binary - BCD conversion

There is a similarity between binary-BCD integer conversion and BCD-
binary fraction conversion and again between binary-BCD fraction conversion
and BCD-binary integer conversion. A matrix of constants is required in the
former but not in the latter. This matrix of constants was used as a multi-
plicand in BCD-binary fraction conversion and a similar matrix will be used

as divisor in binary-BCD integer conversion.

Integer conversion

A binary integer c,held in a shift register,is to be converted into
the BCD array 51 (matrix A) of Fig 2.3.1. The form of storage of g} in this
case will be conveniently a set of 4-bit counters.

A constant matrix D (Fig 2.3.5) in which d1 = 101 will be used for the

conversion. If the case of a 6-decimal digit integer is treated, W = 6
(i=5, 4 ...., 0), while V = 17, since 10° < 2'7.

Starting from i = - 1, at (in the example 105) is subtracted repeatedly
from ¢ until the remainder is smaller than d'. The resulting count a® is the

coefficient of 10°. The process is repeated thereafter with the remainder
for i = u-2, u~3... 0.
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N161514131211109 87 65 43 210
571 00001 101010000 C0] 10°
4000100111 00010000O0| v
3loooo0oo0o001 1t 1110100 0] 10
2000000000001 1001 00y 1
iloocoocoocooo0oo0o00101 0
0l00 000000000000 00O 110°
215 215 21& 213 212211 21029 25 27 26 25 24 23 22 21 20

Fig 2.3.5 Constant matrix D, where di = 101.

Again the constant matrix D is not stored as such. An equivalent

vector [ is defined as in the last section by

J

16s ©15
%13, Gy
10
tg

J

J

J

J

z:
%7
%
L5
&3
T2

Ly =

U
O N W U W e
<

J

g =~

The complete program is given in Table 2.3.5.

Table 2.3.5 Binary - BCD integer conversion.

ISE OSE

Po A<«0,i«yp-1

Py B+ (c2D P, v [Paa (c=0)]
Py c+«c=-1, at «at 41 B
~ A A
P; i<i-1 , Py A B
P, EXIT (c =0)

In PI a relational operation uses the method described in 2.2.1. The

result (Boolean) presets the program to branch to either PZ or P%'
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Fraction conversion

I1f the fraction is multiplied by 10, the first decade (after the
decimal point) is converted into an integer. Removing the integer the
process is>repeated with the remainder, The number of repetitions depends
on the number of significant decimal digits in the original fraction. For
an unbiased round-off half the least significant digit is added to the
fraction before conversion (eg a fraction of 6 decimal digits has 5 x 10_7

added).

As in BCD-binary integer conversion multiplication of the shift register

content ¢ by 10 is obtained from

2-« (2 + 3_2)-1

Thus 2 additional stages are required at the least significant end of
the shift register. Moreover to allow carry propagation in the integer for-
mation, 3 extra stages are needed at the most significant end so that the

integer is formed in ¢ c.. A shift register with 3 extra stages

3 20 ‘1 %o
necessitates 3 additional shifts per cycle. But one of these is suppressed

in the above multiplication by 10. Thus 2 additional shifts at t have

(0)

the desired effect and the transformation used is

£+ (e g2)2.

As a simple example the rather special case of the conversion of 0.111

2V + 2724 273 into 0.875 is demonstrated in Fig 2,3.6.

A four-phase clock (see 3.1.3) is used to obtain the additional shifts

at t The normal shift is at the fall of clock 3. The content of the

0y .
shift register is thus shown in Fig 2.3.6 at clock O and additionally at
clock 1 and clock 2 during t(O)' A carry, which occurs in the first cycle
during the x10 transformation, is shown at the right of the table. The

decimal digits, held in the encased 4-component vector ¢, , ¢ c c are

3 T2 T o

shown in a further columm.

Table 2.3.6 gives the program for a fraction of u significant decimal
digits. The result is formed in the array gi(i = -1, =2, ... -W), which in
this case is simply in the form of a set of latching bistables. A masking
vector‘gé,such as was used in the modulo operation (2.2.2),isolates the
integer components c Its negate removes them from the

33 Cy» €5 o
register ,to produce the remainder fraction. (In the first operation of P2,
< /\gé is treated as a 4-component vector.)

The above completes the list of derived operations which are described

in detail.



BIBLIOTHEQUE DU CERIST

42

Clock
Clock
Clock
Clock
Clock
Clock
Clock
Clock
Clock
Clock
Clock
Clock
Clock
Clock
Clock
Clock
Clock
Clock
Clock

N OO0 0O 0O N = O C C O N = O

o O o ©

o
—
(@]
-

Yo
to)
to)
e
Y@
Y3
£ )
)
)
E)
t2)
£(3)
o)
©)
©0)
)
(2)
(3
(0)

t

t

Lo SR o S =

t
t
£

C3 Co €] €g €m] Cop Co3 Cay C-g Carry Digit

= O O O = = O
- O OO O ] e e OO O OO R = OO
- O O © QO igQ] = = O O ©

O = = e = O

= O = O O

Ol © O = = ©

O = O O O] e = = O O

0 0

C5 C'). c1 COC-1 C_2C_3C_LC_5

IHEEEEEA

CLOCK3v

{{CLOCK 0 v CLOCK 1) A t(o))

0

:

OO O o O

1

o O 0O O O 0 =~ O O O O 0O = = o 0O O ©

1

O O O 0O O = O 0O O O 0O +H = O O O O
SO0 0O O - 0 O O O O o O O O O = =

| | -
. n_

0

O 0O =0 0O O 0O 0O = = 0 0O 0 O - oo

0

1

1 1

1 1

o] 1

0
0

0
1

1

0

0 7
0

¢}

0]

1

(]

0

CLOCK 3
CLOCK O

II Il CLOCK 1

Fig 2.3.6 Example of binary-BCD fraction conversion.

Table 2.3.6 Binary-BCD fracticn conversion.

(i>-w

OSE

Py A (1 > -p)
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2.4 OUT OF SEQUENCE ENTRIES

ISEs and OSEs route the program through alternative sequences of opera-
tions according to the truth or falseness of given conditions., While the
occurrence of conditions and OSEs in the formulation of an algorithm is
unrestricted,their links should not be allowed to cross. OSEs may be com-
pletely separated,occurring one after the other. If they are not separate,
they should be nested, that is occur completely one inside the other. The
consequences of violating this rule is illustrated in the example of Table

2.4.1.

Table 2.4.1 Example un-nested OSEs.

ISE OSE

Pz D R R R a

P3 LA A A A I R A I I B A IR B

Py I AN -

Ps E T - NS 2

Written as Boolean relations, the result is to shorten the sequence

for & and B so that
a > Py, Py, Pg
8 > Py, Py, Ps

from which should follow the further shortening to
o AR~ Py, Ps.

However, following the OSEs, the result is aaAB -+ Py, Py, P5. The OSE due
to B is not followed since the condition B is never encountered.

Logically there is no contradiction since the implication (cf 2.2.1)
only assures that an implied operation is not omitted when the condition is
from being obeyed for E.

true. Thus B -+ P, does not prevent P

4 4
The ambiguity is avoided by insisting on the nesting of OSEs. The
program would be unambiguous if it were formulated as in Table 2.4.2,
The dummy step P is introduced for clarity but is not needed. The OSE

from Pl could branch according to B such that the OSE to PA would follow from

@ A8 Py and to Ps from (@ A B8 A Py) v (B A By).
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Table 2.4.2 Example of nested OSEs.
ISE QOSE
Py
P2 teeessresrreseraaen erssreaans a
P T A 21
! -] -
Py BB serevsnreiresiseanees aAB
[ -
Py, - R 3

A similar nesting of backward OSEs should be adhered to. However, the
restriction on the interlinking of forward and backward OSEs must be stated
differently, The sequence of program steps between the condition and the
corresponding OSE is called the range of the OSE. The general rule is then
to allow a jump from within the range to outside it, but not vice versa¥,

(Fig 2.4.1 illustrates 4 possible situations.)

Fig 2.4.1 Four possible interlinkings of forward and backward OSEs.

a and b show the cases of failure to nest forward and backward OSEs
respectively. These have been shown to lead to inconsistencies. One of the
OSEs is from outsidé a range to inside it, in each case.

In ¢ both OSEs are from outside to inside and it is certainly to be
avoided. d however has both OSEs going from inside a range to outside it
and hence is consistent., 1In fact it is a situation which occurs quite fre-
quently in practical algorithms.

An example is the search for an item in a list. This might be realized

as in Table 2.4.3.

*In Algol the block structure ensures this. 1n Fortran the jump into a DO
loop is prohibited, but un-nested conditional jumps are allowed.
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Table 2.4.3 Search algorithm.

ISE OSE
Set B if required item not found ..........eien.nn ceeees TWAPy
Move to next item im list ....civivnvcnnennnn. ve... B

Set a if list exhausted .......coc vt ceresraenes
Give indication of failure of search ... coviiceevee a

Give result of successful search ........... e . Ba Py

L- UNCONDITIONAL
0OSE or STOP

2.4,1 Forward OSE

In the above the forward OSE has been used in the form, IF (q) THEN,,,,;
where O is the condition and the ; indicates the end of the conditional state-
ment.

For a large number of cases this form is adequate. It may, for instance,
be used in an algorithm which presets variables before the condition is
encountered. If these variables are then changed during the conditional
statement, when a is true, the result is defined in both cases.

There are odd cases when the form of alternatives IF(a)THEN,,,,ELSE,,,;

is needed. An example is shown in Table 2.4.4.

Table 2.4.4 Example of algorithm using alternative sequences.

ISE OSE

P
1,

Py B 1
P'a
P::;:>< Ceeererserrreannes .. a A Py
ES

| —
Pg eevsssersscnesnrans Py

o implies that program steps P2 and P3 are obeyed but not P4 and PS' o

implies the reverse. A second downward pointing arrow crossing the first
shows the unconditional OSE into P6 from P3.

A nesting of the above forms is needed where two conditions are involved
say o and B. The four alternatives EE, aE, EB and o are taken into account

in the example of Table 2.4.5.
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Table 2.4.5 Algorithm used to discriminate EE,QE, EB and af

ISE OSE
Py
Py I B R A N R -
P, Bla
Ph Sess e e sttt st ns et e e a A E A Pj
Ps_ |
I’S::;:s"J cres e ceeerenesnesenesennn . a A B APy
P, E
Pg N I -2
Pq
P ;<

P3 A PS v Py

0 implies program steps PZ, Pg’ Ph, P5 but not P6’ P7, PS’ Pq. o 1mp}1es
the reverse. B implies P2’ P3 or Pé, P7 but not Pq, P5 and P8’ Pg. B imp-
lies PQ, P5 or Pg’ Pg but not P2’ P3 and P6’ P7.

The nesting of conditional statement has been observed,so that the
result of all program steps is defined., There is no case where this rule
cannot be observed. Where a difficulty appears, it can always be resolved

by negating a condition so as to exchange the OSE and ISE.
2.4.2 Backward OSE

A backward OSE is used for the control of a loop (DO or FOR statement
in computer languages). Only the IF(q)THEN,,,; form can occur since the
program must return to the point from which the backward OSE is made or pass
beyond it.

Since a loop is involved,there are only two ways of leaving it. Either

(i) within the range of the backward OSE a change occurs,such that the
condition for the OSE changes from true to false, or
(ii) a forward OSE occurs within the loop. It takes the program to a step

outside the loop.

These alternatives are illustrated in the two equivalent examples of

Table 2.4.6.
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Table 2.4.6 Control of loops, 2 alternative methods.

(i) ISE OSE
P, i<«0
P, i«i+1 (1 <n)a Py
P3
Py,
Ps <
(ii)
P, i+0
P, i<«i+1 Py
Ps T>n)
Py
Pg A >n) APy

Program steps P3 and Ph are obeyed for i = 1 ... n and the sequence
from P5 onwards after i = n, At PS’
in the second scheme., On the other hand the first scheme gives the wrong

i = n in the first scheme,while i = n + 1

result for n = 0,

A third possibility is given in Table 2.4.7.

Table 2.4.7 Control of loop, further alternative.

ISE OSE
Py i+«0
P, i<« i+ 1 (A <n) (A <n)aPy
P3
Py
Pg T<m T<narpy

The right action is taken when n = 0, and i = n at PS'

2.5 INTERLOCKS

In a decentralised controller a number of programming units can function
autonomously and simultaneously. This does not mean that they are necessarily
independent. Their interaction has to be taken into account by a system of

interlocks.
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It is proposed to control all interactions solely by the interlocking
of program controllers. Several situations can arise, and these will be
illustrated in the following example.

A programming unit P prepares data for use by another programming unit
Q. At a certain point, Q cannot proceed until the data is ready. Therefore,
the end of the program step (in P) which forms the data must 'permit' the
program step (in Q) which uses the data. The data itself is in a common
store accessible to both programs.

A more efficient arrangement is for the data to be held in a double
store. One of these stores ls available for loading by P,while the other
controls actions in Q. The stores alternate between these functions. A
changeover takes place when the old data is no longer required by Q and the

new data has been fully loaded by P. Two cases arise

(i) The P cycle is slower than the Q cycle. Then changeover is then a
program step in Q. It is 'permitted' by the end of the program step in P
which forms the data.

{(ii) The Q cycle is slower than the P cycle. The changeover is a program
step in P. It is permitted by the end of the program steps in Q which have

been using the data loaded in the previous P cycle.

Frequently what is required is the mutual 'permitting' of a program
step in P and one in Q. The two steps are then obliged to commence simul-
taneously. This would be needed where, due to variations, both cases I and
ii, described above, can occur.

A mutual interlock also assures that there is a one to one correspond-
ence between cycles of P and Q. Without it, one part of the control unit
would have no means of knowing whether a program step in another has been
reached after one or more than one complete cycle,

In the case of two programming units using a common store, one or
both may alter the store. The program steps involved might then have to be
subject to a mutual inhibition. This has the effect of serializing the calls
on the common store, while leaving the order of the program steps free.

Interlocking implies a potential idling in one or other of the inter-
locked programming units. This means allowing a unit to idle in any program
step if required.

Suppose Pn is a program step in P during which a certain action is
intended (it could be a computation or the energising of an actuator of some

kind). When P enters state Pn no action is taken unless and until the enable
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Pn (Epn) signal becomes true. Once enabled, the termination of Pn is either

(i) the end of the computation as indicated by a timing signal, in which
case this terminating signal must become effective only after EPn has become
true, or

(ii) a direct comsequence of the action due to Pn such as a microswitch or

other sensor output, which can only occur after the action is enabled.

Through the enabling signals the correct sequencing and relative phasing
of all activities can be achieved, irrespective of their duration. In the
ideal control system the sequencing of operations is time independent.

However, in déciding on the form of interlocks, one distinction should
be made at the outset. It matters whether variations in the duration of
operations are inherent in the process or whether they are due only to excep-
tional circumstances, such as the malfunctioning of a mechanical element. In
the former case the mutual interlocking of program controllers should be
loose, so that only the overlap of a sequence of steps from each controller
is required. This avoids unnecessary restrictions on the process. Time
lost in one cycle of a program may be regained in a subsequent cycle or vice
versa. If durations are basically fixed, nothing is lost by imposing a
mutual interlock of a definite program step from each controller, to give
rigid synchronisation,

In the following, three forms of interlocks will be described: Permit,
Mutual Permit and Inhibit. All forms of interaction between program units

can be handled by these.
2.5.1 Permit

An undirectional 'Permit', say Q, permits P_, requires Q,.q to be com-
pleted before Pn becomes active. Strictly speaking, such a 'Permit' can
occur in isolation (unaccompanied by a reverse Permit) only if the programming
unit Q is not cyclic. Otherwise there would be no meaning to before and
after Qm.

In this simple case the enable (EPn) is just the state of a bistable

set by Qm and reset by Pn+l' The action under Pn is permitted by Epn/\ Pn’

2.5.2 Mutual permit

The simpler case of a mutual 'Permit' by a pair of program steps, which
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is taken first, is Qm permits P[1 and Pn permits Qm. The reciprocal enable

Ep_ @, must be symmetrical in P_ and Qm. Written without suffices it is
n, 8m n

defined by

E=[E~® v Q)lv (Byn Q.

Action under P, is permitted by E A Pp, action under Qu by E A Qm. Fig. 2.5.1

shows timing diagrams for (a) Qm entered before Pn’ (b) Qm entered after Pn'

QnLlo ‘ ——_-—1__________

om ! Fzzzzzzzzzéza
0

| !
T A
am+ E i
- é
Pno L [
i |
ol _
H !
1 ‘ — :
Pn+ 0 E g l
i H

e LT 1__ S I S
0 |

(a) Qm before Pn (b) Qm after Pn
Fig 2.5.1 Mutual permit of Qm and Pn'

The active periods (Qm =5, Pn = 3) are shown shaded. The vertical
broken lines show the point in time at which the cycles P and Q are locked.
At this point E is set and remains true as long as the disjunction of Qm
and Pn.

E can become successively true only after complete cycles of P and Q,
but there is one exception. If P is held up at Pn while Q completes a cycle,
E would still be true when Q returns to Qm’ or the reverse situation when Qm
is held up. Hence for a mutual interlock to be completely effective,PﬂQ1
and Qm_1 must be enabled by E. Other permits of Q by P and P by Q may of
course accompany the mutual permit, in which case the one to one correspond-

ence of cycles is already guaranteed.
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The extension to three or more programming units follows immediately.
Fig 2.5.2 shows a typical case of three programming units P, Q, R which are
by the enable E = [E A(P_ v Q VR )] V(B_AQAR)

before Qv'

locked at Pn, Qm and R1

and where Qy-l must be completed before Pw’ Pr-l before RS and Rx-l

Clearly the one to one correspondence of cycles in P, Q and R is guaranteed.

Fig 2.5.2 Diagrammatic representation of three interlocked program units.

The other, less tight, way of locking cycles is to take a sequence of
program steps from each and ask for at least one overlap.

Let the sequences be Qm’ Qm+1 . Qm+r and Pn’ Prl+1 - Pn+s' Writing

V.. vee V .
Qm,r for Qm v Qm+1 V(%n+r and Pn,s for Pn\/ Pn+1v Pn+s Two enables
are defined.

E; = (B A Qm,r) V(Qm,r’\ P) and Ep = (E; Pn,s) v (Pn,s ~ Q)

which are respectively true for the excess Q sequence if Pn is after Qm and

for the excess P sequence if eris after Pn' Then

(Biv E) a Q.. E1 AP )

assures that the Q sequence is not completed before the P sequence starts

and that there will only be one P sequence for every Q sequence. Similarly
(Eyv Eg) A P ), E2nQ

delays the completion of the P sequence if required. Clearly the case
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r = s = 0, when E1 v E2

as in the first type of interlock.

= E, reduces to the call for simultaneous Qm and Pn

Another extension to the setting of a mutual enable EPn’ Qm is needed
where the P and Q program units are sited in controllers which are remote
from one another. The mutual enable of Pn and Qm must occur in synchronism
with the Characteristic Period at each controllef. To assure this, it is
necessary to duplicate the enable, so that a separate bistable is set at
each controller. This only requires the transmission of Pn to Q and Qm to P.
Pn/\ Qm sets up both (Epn,Qm) p and (EPn,Qm) Q and these are reset by En

and Q% respectively.
2.5.3 Inhibit

The purpose of this interlock is to prevent an overlap of program steps
Qm aqd Pn.
An enable Qm is defined as

EQm

QO A (B, Y By ).

An enable P as

EPn

]

P, A (ﬁm v EPn).

Whichever program step occurs first, is allowed to run to completion, before

the other program step becomes active. In fact the enables are mutual com-
= N = o i

plements so that EQm Qm Epn and Epn Pn/\EQm , as can be easily seen

from the above definitions. (Fig 2.5.3 shows timing diagrams similar to

those of Fig 2.5.1.)

2.5.4 Commoning of program controllers

The above formulations of interlocks are free from any quantitative
element. They impose no restrictions on the duration of program steps.

However it would be wrong to conclude that all the required interlocks
between mechanisms can be reduced to the logical interlocks described above.
Proportional interlocks, which may take the form of mechanical or fluid link-
ages or servo loops, are often an essential part of the mechanism. Alter-
natively two separately controlled mechanisms may depend on one another
because of free moving componznts passing between them.

The durations and occurrence of the corresponding program steps are

then no longer independent and the program control should allow for this,
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n
EP 0

;
]

(a) Qm before Pn (b) Qm after Pn
Fig 2.5.3 Inhibit of Qm and Pn. ’

The objective of replacing mechanical linkages by program interlocks
is generally desirable, since it frees the construction of the mechanism from
mechanical constraints. However the advantages are not wholly one-sided.

An example is a dispensing mechanism, program-controlled in one cycle,
which must be emptied and retracted to receive a part released into it in
another cycle. If the releasing mechanism is not mechanically linked to the
dispenser, the only way of interlocking the operations by program interlock,
would be for the release to be permitted by the end of the retraction of the
dispenser. The additional delay may be unacceptable and make the linkage
necessary.

If such a linkage exists between mechanisms which occur in otherwise

separate cycles, the logical organisation of the program control should bring
the programs together at a common program step.
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Fig 2.5.4 illustrates the sequence for two program controllers P and Q.

P and Qn-l terminated respectively by P and 9,., are the program steps

m-1 1
preceding the common step R, R is set by Poot vV 901 and an enable bistable

E (which is normally in a true state) is

reset by (pm_1 v qn_l) A R, and

set by (pm_1 v qn-l) A R.
E A R is then the active part of R (shown shaded) and r is the termination,

which initiates Pm and Qn’ where the cycles once more separate,

{ pm—1
Pm-1g ___! l__
1 qnﬂ
On-1 g

. A

1
E L
1
Pm’Qn 0 ________I——-.—__—

Fig 2.5.4 Commoning of program controllers at a program step for interlocked
mechanism,

2.6 SUBPROGRAMS

A program which is subsidiary to and called by the main program is
called a subprogram. The term subprogram is used because the form is inter-
mediate between that of a microprogram and a subroutine.

It differs from the former since it encompasses more than a sequence of
elemental operations. A subprogram can take the form of a normal program
with its own registers, bistables and sequence control and can be used at
any level in the organisation of the control unit.

it differs from a subroutine in not using the link setting method of
entry. This form of organisation is impossible in a decentralised control
unit since there is no common .index by which to identify the links set by

various program controllers.
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In the simplest case there is one subprogram which all other programs
may call (though only at different times). A single bistable (a) signifies
the execution of the subprogram and the suspension of the main program at
the program step which called the subprogram.

1f separate bistables are associated with each subprogram, several sub-
programs may be called independently of one another and a subprogram may
itself call a subprogram.

One reason for the use of subprograms is to allow the modular construct-
ion of control units. The modules could consist of previously designed and
proven subprograms. As an example a computational unit may use subprograms
for multiplication, division, input/output or other derived operations.
Another example is a pulsed drive, where the main program computes the move-
ments. Before passing this data onto the servo,an acceleration/deceleration
subprogram might be needed.

Most of these applications involve data or parameter transfer between
the main program and the subprogram and vice versa. 1If the two programs have
the same resolution, a common synchronising count can be used and there is
no difficulty in this parameter transfer., If, however, the programs are con-
structed for different resolutions and hence have different Characteristic
Periods, there must be a synchronising procedure at the point where control

is passed from one program to the other.

2.6.1 Parameter transfer

The simplest case of parameter transfer is when

(1) the Characteristic Periods of main program and subprogram are the same,
(ii) the period of the main program is an integral multiple of the period
of the subprogram.

P

Fig 2.6.1 illustrates case i, where P P, are 3 consecutive program

s s
steps in the main program. In PO parameterg ari trinsferred into the sub-
program stores. In P2 the results of the subprogram are transferred back
to the main stores. 1In Pl the subprogram QO’ Ql’ Q2 is called.

All program steps are shown with a terminating signal and may be of
variable duration. However the subprogram exit step Q2 must be only one
Characteristic Period long.

Py is the signal for the entry into the subprcgram. Bistable a is also
set by P and is subsequently reset by 9. @ becomes the terminating signal
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for Pl' The result is that the end of Pl

whereupon the main program is allowed to continue in PZ'

coincides with the end of Q2’

T 01 2301 . .....2301.... 2301230123
{ Po
Ro l
0
i
Pio ] L
Po

Qi

Po 9

Fig 2.6.1 Parameter transfer for equal resolution programs.

To illustrate the parameter transfer two registers A and X are shown,
which belong to the main and subprograms respectively. If the subprogram
is described by x « f(x), PO + (x « a) and P2 > (a « x).

Case ii is unlikely to arise in arithmetic units since the subprogram
is normally required to have a resclution greater than that of the calling
program {case treated in the next section).

There is however an important instance where the subprogram has a
resolution which is a submultiple of the main program. This is the case of

a digital servo control where the subprogram performs its function by count-

ing techniques while the main program computes movements by serial arithmetic.
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Since the subprogram has a Characteristic Period equal to the clock
period,it can commence immediately it is called. Moreover parameter trans-
fers present no difficulty,since the transfer to and from counters is per-
formed in parallel and takes place within a clock period. The only problem
of synchronization is at the end of the subprogram. The subprogram will in
general terminate before the end of Characteristic Period of the main program.

The bistable o serves to staticise this condition.

2.6.2 Synchronization

The following mnemonics are used in this section.
CP for Characteristic Period
ECP for end of CP signal, and
SC for synchronizing count.
A main program calling a subprogram whose CP is longer,than its own,

involves

(i) an initial alignment of main program and subprogram SCs,
(ii) a delay after parameter input before the subprogram can commence,

(iii) a freezing of subprogram registers after the subprogram exit step.

Provided the subprogram CP is less than twice the main program CP (not
a serious restriction), an extension of the technique described in the last
section can be used.

Fig 2.6.2 illustrates the case of a 5-bit resolution main program PO,
P
P

s P2 (SC:S, ECP:S4). As before,PO and P2 are parameter transfer steps.

calls an 8-bit resolution subprogram QO’ Qp» Q2 (sc:T, ECP:T7).

1

1
The subprogram SC(T) is initially zero and will be left in a zero state

after the subprogram exit. The T count starts to count with PO. Since the

subprogram ECP will then be later than the main program ECP,the change to Pl

occurs before the subprogram is entered. Therefore Pl itself becomes the

setting signal for QO and o *. The T count continues through P
the end of Qz.

1° but only to
In addition to o which holds the main piogram in Pl,a further bistable

B is needed. At the end of QZ’ a is reset and Bis set, B gates the shifting

clock of the subprogram registers. Thus after Qz, and between the ECPs of sub-

program and main program, their contents are held in origin-position.

would change to P2 before QO and o are set. 1
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Fig 2.6.2 Parameter transfer for unequal resolution programs.
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Since o is reset at the end of QZ’ the first ECP of the main program
following it,changes P1 to Pz. P2 immediately resets B so that the transfer
between subprogram and main program registers (now synchronized) can take
place. To avoid separate resetting of the T count, its counting clock is
inhibited by E. This has the effect of leaving T in a zero state after the
subprogram call.

The main program SC(S) has been unaffected throughout. All main program
registers have remained synchronized to it. There is moreover no reason why
separate action cannot take place in the main program during Pl'

There is a similar problem of synchronization in the exchange of data
between controllers P and Q, if these are remote from one another.

Let Q again be the receiving station. Pm transmits data to be received
in Qn' If Qn is after Pm’ the sending station P will not be notified till
Q has reached it. Only then can data be transmitted and this itself will
have its own propagation delay.

The duplicate interlock system (end of 2.5.2) fails to give synchroniz-
ation. Since moreover the data rates may be much higher than the rate of
change of program steps,the transmission elements may impose quite different
propagation delays. It follows that the only satisfactory solution is the
use of a buffer store at the receiving station.

Pm can then initiate data transmission without waiting for Qn' The
transmitted data is preceded by a beginning of transmission signal and ended
by an end of transmission signal. The former prepares the buffer store and
synchronizes its clock in readiness to receive data. The latter freezes the
buffer and clock, and sets a bistable which is used in place of Pm in setting
up the enable (Epm,Qn)Q' The buffer clock is restarted by this enable, so
that the transfer from buffer store to working registers is again synchronized.
The data must be transmitted in fixed format for this mechanism to work.

The extension to the use of a double buffer store (beginning of 2.5)
introduces no new problems. Frequently one buffer is sited in P and the
other in Q to facilitate tﬁe synchronization.

Methods of data transmission for moderate distances are described in
4.2.2. When data links become too long for these techniques to cope, carrier=-
based telecommunication techniques must be used. In that case format require-
ments have to be adapted to the needs of telecommunication practice. All too
often, however, complex data transmission schemes are used, even for short
distances, where simpler methods would do.

An important simplifying factor is the localisation of peripheral con-

trol functions, to reduce the quantity and frequency of data interchange.
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2.7 DETAILING OF OPERATIONS IN ALGORITHMS

2.7.1 Description of example

The application of the design principles of the previous sections to
the design of a special-purpose computing unit will now be illustrated by an
example,

The function of the unit is to compute the distance between two points
on a workpiece from the two co-ordinate pairs read by an X,Y table. If Xqs

vy and x y, are the co-ordinates, the computation produces

d = {(x3 - x1)2 + (y2 - Yl)z}i-

2

The purpose of the unit is to avoid having to align the workpiece, so that
the distance to be measured lies along one or other of the co-ordinate axes
of the table. The computation must be performed at such a speed that the
display of d does not significantly differ from the display of the co-ordin-
ates themselves.

A very simple modification of the unit would allow the retention of

x yy so that a series of

1!

roo= {(x; - x1)2 + b - ygz}%

could be obtained and thereby allow the exploration of circular features on
a workpiece. This avoids the need for a rotary table and the difficulty of
making the centre of the feature coincide with the axis of rotation of the

rotary table,

The mode of readout from the X, Y table varies,depending on the tech-
nique used. It is therefore assumed that the values read out have undergone
the necessary transformations and are available in the form of a pair of 6-
decimal digit BCD numbers. If the table origin is outside the workpiece,
these numbers are positive integral multiples of the smallest discernible
increment, say 1 ym. The computation will be performed throughout at this
resolution (20 binary places) and the output display will also have 6 decimal
digits. The area covered by the measurements is 0.7 m x 0.7 m and no distance
from the origin must exceed 1 m.

The circuitry can be built with less than 100 integrated circuit modules.
Using the single length Characteristic Period (20 clock periods) as the unit
of time, 170 periods on average, complete the operation. If a master clock
of 1 MHz is used to produce a two'phaée clock of 2 us period, the total time

is of the order of 7 ms.
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In outline the computation is as follows.

a The computing unit idles, waiting for a data strobe (ST) to indicate

that readings Xys ¥y, are available at the input.

b BCD - Binary Conversion Subprogram is entered to input 3] into b, Yy
into c.
c L3 is stored in x, Yy in y and the unit waits for a further data strobe

to indicate that X5y ¥, are available at the input.
d BCD - Binary Conversion is entered to input X, into b, Y, into c.
e Comparisons of x and b, y and ¢ set conditions for subtrahend/diminuend

reversal so that positive co-ordinate differences are formed:
xp = x1] in x, ly2 = vl iny.

f x is set as multiplicand and multiplier and the multiplication sub-
program is entered to form the double length product (x2 - xl)2 in z.

g f is repeated for y and the result added to z so that
z = (x3 = x1)2 + (y, - yp)?2.

h The square root subprogram is entered to form ¥ in d (single length).
i The Binary - BCD Conversion subprogram is entered to convert d into a
form suitable for output or display. )

i The program returns to 'a' in readiness for a new set of readings.

2.7.2 Preliminary considerations

The computation will use 'the serial techniques described above. Add-

itional choices for this particular computation are:

a Because of the relatively high resolution (20 binary places) and the
time available for the computation, it is preferable to serialize the two
multiplications and avoid the need for extra registers.

b Since two working registers (for b and ¢) are required for multipli-
cation, they can be used in BCD - Binary Conversion for x and y data res-
pectively. This allows the inputs toc take place in parallel and avoids input
multiplexing, since x will always be read into b and y into ¢.

c Since BCD - Binary Conversion (contrary to the reverse process) takes

a fixed time, irrespective of the input values, the one subprogram (see 2.3,3)
can control input and conversion of both x and y. In the program it is

simply necessary to operate on b (input from x) as well as ¢ (input from y).
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d While there is some difficulty in transferring control from a single
length main program to a double length subprogram {Section 2.6.2),the reverse
presents no problems. After the multiplication subprogram (single length)

the transfer of the double length result to z involves a double length main
program step.

e After the second multiplication and the double length transfer, the
double length subprogram for square root (see below) is entered.

£ Since the square root is followed immediately by Binary - BCD Conversion,
there is no need to return to the main program. However the entry into the
conversion subprogram is accompanied by a new step in the main program. During
this step the circulation of the register, whose content is to be converted,

is halved sc as to allow the conversion to proceed single-length.

g The two final subprograms (square root and Binary - BCD Conversion) do
not use their own working registers but operate on registers which are drawn
from the main program.

h The basic operations which have to be performed are different for the
various registers used. Hence, rather than design each register for the most
complex operation and carry redundant circuitry, the operations permitted on
each register are derived from the following list and combined according to

requirement.

0 Addition to register including replacement of content

1 Addition or subtraction

2 Reversal of subtrahend and diminuend

3 Additional access points to register (see BCD - Binary Conversion
2.3.3)

4 Double shift of register during one clock period

Suppression of shift during one clock period
S Change from double length to single length circulation and vice

versa.

2,7.3 Additional material

Provision for operations 1 and 2 in the above list needs an extension
to the algorithm for addition and subtraction.

In 2.2.2 addition and subtraction were given as an expression for the
generation of a & b and the carry ¢. Since the expression for the former is
symmetrical in a and b and the same for addition and subtraction, it remains

unchanged.
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The expression for ¢ can be given a slightly different form:

&=iAEv[(ivE)AE_1] for a+ b
c=anabvi@vb) acyl fora-hb.

It is convenient to use a Boolean I' to discriminate between addition and sub-

traction,so that by defining

=a' ab v[(a’vDb)acal
~ ~ ~ ~ ~

1

and a' = (aAaT) v <§,A r)
. r, . .
the conditional operation a + (-1)'b is provided.

The reversal of subtrahend and diminuend is allowed for by the following

definitions

c = a’ A b* v |(a'v }L*)A C—I]
! = (g% T 3% A

a’ (3AI’)V(3, )

ak = (any) v (A y)

b¥ = (bry) v (ar v).

The most general operation is then

~D"Ta + 1),

The above shows what additional circuitry must be provided for opera-
tions 1 and 2 listed in Subsection 2.7.2, With each additional facility the
gating chain is lengthened and the connections to a and b brought further
back along it.

One derived operation is used in the example, which has not been des-
cribed in Section 2.3. This is the square root process. It will be given
without explanation since it is easily verified with an actual example.

The square root of z is generated in a vector d which is of the same
resolution as z. The resolution must be even (say 2T). The synchronizing
count g is a modulo (21) count. It is double counted and ¢ is double shifted
at the end of the first phase of a two-phase clock.

The notation 91y is used for the 2T dimensional vector which has a 1
as the least significant component and O elsewhere, when q = i.

_ o _ i
Uy = E ) T &0y
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The subprogram is given in Table 2.7.1.

Table 2.7.1 Square root algorithm.

ISE OSE

Ry d+«0, q<0

~ ~

{(Rz A 5) v RS]

=
t

~d=-q,., _ eeedresasressserascratsasrenns —_—
~ ~(2T 1) q(zT"l)
Ry (i+idkbf(q+q+lhwhdn'6e(i>9

z2*<z- d, d «d + q(l) teeraesnasanceesereenon §
R IR
v dedy A2e-1) " B2 A 9.y

2.7.4 Design layout

Three tables must be produced for a complete detailing of the unit.

(i) Table 2.7.2 is a glossary giving the notation used for each register,
counter and bistable, a list of the facilities provided and the points of
connection required. Reference to Chapter 3 may be necessary before examin-
ing the table in detail.

(ii) Table 2.7.3 is the complete program table showing on the left-hand side
the main program and all the subprograms. On the right-hand side each of the
connecting points defined in Table 2.7.2 is given a separate column. For
each row (program step), the entry in the column gives the source of the
input to the connecting point demanded by the computation in the program
step. Where a bistable is concerned, the upper entry in the square indicates
the condition for its setting, the lower for its resetting.

(iii) Table 2.7.4, is derived from Table 2.7.3 column by column. For each
connecting point, the complete source is the disjunction of all the entries
in the column gated with the program step of the row in which the entry

appears.

Actual circuitry will be given in 3.4, only for the multiplication and
BCD - Binary Conversion subprograms. It suffices to say that this detailing
is very much a routine translation into actual hardware. Once the registers,
counter, bistables and multiplexers have been laid out,together with the
facilities for operation on them defined in Table 2.7.2, it remains only to
give the gating arrangements for Table 2,7.4. It is not necessary to show

interconnecting links, since everything has been uniquely defined symbolically.
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Table 2.7.4 Schedule of source gating.
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2.8 ADDITIONAL MATERIAL ON PROGRAM ORGANISATION AND SYNCHRONIZATION

The examples which have been worked out in detail have been computa-
tional ones. Comments on the control of mechanisms have had to be more
general. Tt would be easy to take an oversimplified view of the program con-
trol of mechanical operations. A simple program control might require mech-
anical devices which are difficult to realise in practice. All too often
the mechanisms have already been designed and their characteristics have to
be accommodated in the control system, at the cost of complexity in the
latter,

For example, it may be desirable from the point of view of digital con~-
trol to switch certain drives off and on according to program steps. 1In
practice, such switchirnt of mechanical actions is frequently undesirable.
Even electromagnetic clutches are not always satisfactory. The ideal of

time independence of the sequence of operations cannot always be achieved.

2.8.1 Autonomous actions and sequences of actions

The subdivision of a control operation into program steps is princi-
pally governed by Out of Sequence Entries. To associate a program step‘with
every action would be wrong in principle. It has been shown in 1.3 that a
complete chain of actions can proceed autonomously under asynchronous con-
trol provided the sequence is unique. Such a sequence can be incorporated
in a synchronous program controller. The program controller starts the
sequence at the beginning of a program step and only proceeds beyond it when
the autonomous sequence has ended.

In some cases, operations or sequences can even run autonomously during
a number of program steps. Quite separately, a condition created by the
sequence is examined by the program control and an Out of Sequence Entry
obeyed. For example, components might be accumulated at some point and
counted in an autonomous counter. The program control is only concerned with
the condition that the required number has been accumulated. Only the count-
ing of whole batches is registered by a counter which depends on program
control.

In fact,here the counting takes place not during a program step, but
during the transition from one step to another. The termination signal its~-
elf is used for such a once-only registration.

The program table (2.7.3) would in the general case have three addi-

tional columns. One, adjacent to the function entry, is used to give
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autonomous and ancillary actions. Two further columns, adjacent to those
giving ISE and OSE list actions at the ISE and OSE respectively. Where

applicable ,the same actions appear in both the latter columns.

2.8.2 Read only memories (ROM)

A facility which gives a significant degree of flexibility in the con-
trol system is the Read Only Memory. As an example, a control system might
want to handle a number of different assemblies. The particulars of any one
assembly can be coded in a Read Only Memory and the control system guided
by the contents of that memory. The details of the coding depend upon the
application.

It is convenient to follow the practice of computer organisation in
alternating program steps which read the memory,with those that act upon what
has been read. CGenerally, memories have addressing facilities and are organ-
ised in selectable words of 4 or 8 (sometimes single) bits. A read program
step would bring down one or more words al a time, decode them and accord-
ingly set stores for the control of the executive step.

Addressing the memory can be progressive, with each program step call-
ing down a given number of successive words. Wwithin the step, at the end of
each clock period, the address is advanced. ‘The step terminates when the
required number of words has been read. To route the words to their appro-
priate destination a decoded counter is used. It is zeroed on entry into
the program step and counted as the address is advanced. Clearly OSEs mean
resetting the memory address,and program steps which do not use the memory
leave the address unchanged.

More generally, the number of words to be read by a program step is
allowed to vary. This means that the memory itself must contain addressing
information. One method is to insert say a zero word into the memory, at the
end of the string of words to be read by any program step., In this case,
zero content becomes the terminator for the steps.

Whenever a program step is entered,to which there will be a backward
OSE, the memory address is set into a temporary store (action under ISE).
When the OSE occurs, the memory address is reset from the temporary store
(action under USE). Fror a forward OSE the memory address for the program
step entered must be given in the memory.

In the example of assembly control, the Read Only Memory might contain
the data for all the assemblies. They would appear as separate blocks of

words (generally of variable length). It follows, that the initial address
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of each block has to be obtained from the memory, before the choice of block
is made. Seldom, if ever, is there a case for searching a Read Only Memory.
Tt is a fixed store, and all the necessary directions for accessing its con-

tent ,should be contained within it.

2.8.3 Synchronization of independent program controllers

The normal method of synchronizing separate program controllers is to
have a common clock. A different solution has to be adopted where it is
undesirable to depend on a common clock. An example is a master controller
with a number of slave controllers,where the latter are expected to be able
to run autonomously. The problem is how to assure the synchronization of
the separate clocks when the slave is brought under control of the master.
The technique is to lock the clocks in what is called a phase-locked loop¥*.

In 4.3.2 phase-locked loops are introduced as hardware elements in AC
signal processing. Here only the principle of its operation needs to be

explained.

o —=F=--F-9--F=3F = == —F~waster cLocx

by | | | l | I {1 | SLAVE . 90°PHASE RETARDED

o, LI LI L LT 1 v w 90° . ADVANCED

PHASE COMPARISON

o - e Gl — B bl — - L bl s B bz

Fig 2.8.1 Synchronization by phase-locked loop.

In the timing diagram of Fig 2.8.1, line 'a' shows the clock used by
the controllers (in the diagram the master clock). Tts waveform is a square
wave of unit amplitude. The mean level is shown hyphenated. If the clock
of a slave controller (line bl or bz) is in phase quadrature, equivalence

() of the two waveforms gives a clock of twice the frequency (line ¢, or

i

<, respectively). For both cases the mean level (shown hyphenated) is the
same in the original clock. 1In a phase-locked loop the frequency of an

oscillator is proportional to this mean level. Such an oscillator provides

*In the form used here it is also called a correlation loop.
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a clock which can thus be run either independently or in synchronism with
another clock of the same frequency. The quadrature phase displacement of
the two clocks is not important, since there [s & one to one correspondence
between clock periods, and they never overlap.

In practice each controller is run f(rom a phase-locked loop oscillator
with the phasc comparison unconnected {(equivalent to a high level input).
Whenever a slave controller is to be brought under master control, the clock
of the latter is taken to the phase comparison. The slave clock will settle
into synchronism. Any drift from this condition will raise or lower the mean
level of the phase comparison output and adjust the frequency of the slave

controller,until synchronism is restored.
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3 LOGIC CIRCUITRY

It is impossible to do the actual hardware design without consulting
the manufacturers' catalogues. The available devices do not follow a uniform
pattern, and unexpected difficulties can be encountered in their use. These
can only be anticipated by a careful study of data sheets.

The hardware description in this chapter will therefore be somewhat
simplified, as the main purpose of the chapter is to show how the techniques

of program control are realised in hardware.
3.1 BASIC ELEMENTS

The basic elements of logic hardware, the gates, perform Boolean
operations on the signals applied to their inputs. Sixteen Boolean operations
were listed in 2.2.1, but it was pointed out that only two of these are
fundamental.

Most modern logic series provide the operators AND, NAND, OR, NOR, as
well as XOR (), and NXOR (=). The symbols used in the technical literature

to denote these gates are given in Table 3.1.1.

Table 2,1.1 Symbols used to represent logic gates.

D= | DD | D | D D 3D

Inverter AND NAND OR NOR XOR NXOR
(Exclusive OR) (Exclusive NOR)

It is arguable whether the use of the separate symbols given in
Table 3.1.1 is really helpful, particularly in an explanatory text. The
alternative is to chose two fundamental operators and simply represent these
as square blocks.

In the present text the square blocks denote NAND gates and, in the

case of a single input, Inverters. Their function as ANDing or ORing gates

is assumed obvious from context. It is made easy by the naming of signals.
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Whenever the name is quoted, the signal is assumed to be true, the name
barred indicating the reverse. Thus if a 2-input NAND gate has, say,
signals Pl and P2 on its inputs, its function must be ANDing, with the
output Pl A P2. If the inputs are Pl and EE, its function must be ORing,
with the output Pl v P2.

3.1.1 Gates

The basic gating element is the one-or-more-input NAND gate

(Fig 3.1.1).

TRUTH TABLE

Q =

b ~—

Fig 3.1.1 NAND for 1, ORNOT for O, OPEN INPUTS = 1.

The single~input NAND gate is used in the same form to represent the
inverter. The distinction between input and output is assumed obvious from
context.

Wired-OR is used extensively because, apart from economising on
components, it simplifies the diagrams. It is shown by the simple connection

of outputs as in Fig 3.1.2, where the equivalent is also given.

Q Q -
b e b—
e e | I
C ] ¢ -
d d —

Fig 3.1.2 Wired-OR. e = (anb)y (c Ad) and equivalent.
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3.1.2 Flip Flops

Flip Flops can be either clocked or unclocked, single-stage or 2-stage
(master-slave).
A single-stage unclocked version is the Eccles-Jordan bistable* formed

by cross-coupling 2 NAND gates as shown in Fig 3.1.3.

Fig 3.1.3 Eccles-Jordan bistable or NAND R/S latch,

As long as b and c¢ are not simultaneously 1, A is set by b, A is set
(A reset) by c.

A form of bistable which is intermediate between the single-stage
unclocked and 2-stage clocked Flip Flop is the latching bistable (sometimes
called D-type Flip Flop) of Fig 3.1.4.

C ]
X
A A
M

Fig 3.1.4 TLatching bistable or D-type Flip Flop.

o

Two’NAND latches have one side commoned in a wired-OR.

Initially ¢ = 1. Since c¢c»x, A =D. There is no bistable action.

As soon as ¢ changes to 0, bistable action takes over. Moreover, the left-

*A more accurate name would be NAND R/S latch. The abbreviation R/S stands
for Reset/Set.
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hand bistable dominates. Since x = A, D has no effect when A = 0. 1If
A =0, it is held in this state by the left-hand bistable and D is unable to
change it. The result is that the last state of D before the transition of
c from 1 to O is recorded in A.

The most common 2-stage (master-slave) clocked Flip Flop is known as

the JK Flip Flop. Fig 3.1.5 shows its composition.

—
1]

Fig 3.1.5 Composition of JK Flip Flop.

When ¢ = 1, the master (M) is set according to the inputs J, K and
the previous state of S. When ¢ = 0, the slave (S) takes the state of M.
Denoting no change from the previous state by n.c., the result is given in

Table 3.1.2.

Table 3.1.2 Definition of JK Flip Flop.

Present State of Flip Flop S S
State of Inputé State of Clock New State of Flip Flop
j, K d n.c n.c.
c § S
J o, K c M n.c.
c 5 ]
J s K n.c M
¢ S S
J 4, K c M M
c s S
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The JK Flip Flop is also provided with an asynchronous Set and Reset
which act on both M and S and hence override the above setting. The

diagrammatic representation of Fig 3.1.6 will be used henceforth.

SET

i
J LS
L I

|
CLOCK RESET

Fig 3.1.6 Diagrammatic representation of JK Flip Flop.

The subject of synchronous Flip Flops has been deliberately simplified
in the diagrammatic representation of Figs 3.1.4 and 3.1.5.

It will be observed that in a JK Flip Flop the non-equivalence of
inputs,J # K,reduces it to a D-type Flip Flop so that after tramsition of c
from 1 to 0, S = J. Thus only D-type operation need be considered in des-

cribing the following 4 variants.

(i) Single stage Flip Flop - clocked
(ii) Single stage Flip Flop - edge triggered
(iii) Master slave operation - clocked

(iv) Master slave operation - edge triggered.

i and ii are generally (though not always) referred to as latches.
Prior to the transition of ¢ from 1 to 0O, the output follows the state of
the input. After the transition it becomes independent of the input.

iii and iv take their output from the state of the master at the time
of the tramsition of ¢ from 1 to O. Prior to this the output is independent
of the input and holds its previous setting.

i and iii set a bistable irreversibly if the input goes high while
¢ = 1. Thus the occurrence of a high input during c will determine the output
during c.

ii and iv do not set a bistable until the transition of ¢ from 1 to O
actually takes place. The output is determined by the input state at the
instant of the transition. There are many different circuits which give the

above properties. The details do not matter except where it may be necessary
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to refer to them in order to make quite sure to which particular class a
Flip Flop belongs. There are also minor variants such as the polarity of

inputs and clock. These do not affect the above classification.

3.1.3 Clock and characteristic period generator

There are various ways of generating master clock pulses. Three
determining factors are quoted below and the appropriate clock mechanism is

given in each case. Further details will be found in the references.

(i) An exact frequency is important: Crystal Oscillator
(ii) There is a need for synchronising with other clocks (see 2.8.3):
Phase Locked Loop [3.q

(iii) Mark-Space ratio of clock is to be other than unity:

Astable Multivibrator [3.2]

The first stage beyond this point is generally the generation of a
2-phase clock by the circuitry of Fig 3.1.7.

s
cL
CLOCK 3
— H }-—cum1

Fig 3.1.7 Generation of 2-phase clock

oL nEpEpEpEREEERNE
s I R

L
-~
|

1
3 |
CLOCK 0 M M M
cLockt | M [ 1

O =0 20O = O = O -

Fig 3.1.8 Timing diagram for Fig 3.1.7
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The frequency is halved and two non-overlapping pulse trains CLOCK 0
and CLOCK 1 are generated. A timing diagram for circuit of Fig 3.1.7 is
given in Fig 3.1.8.

Where a 4-phase clock is needed, the circuit of Fig 3.1.7 is extended

to that of Fig 3.1.9.

— ~— CLOCK O

St L2 g CLOCK 1

19

S2 — —— CLOCK 2
cL CL™

S1 -
o —

CLOCK 3

Fig 3.1.9 Generation of 4-phase clock.

The decoder on the right hand side of Fig 3.1.9 would normally take
the form of an integrated l out of 4 decoder (for example type 9321) with
the clock (CL) tied to the Enable,
The generation of the characteristic period (CP) requires a modulo (n)
counter for a programme which uses n component vectors. As an example, if
n = 20 the circuit of Fig 3.1.10 may be used, although in practice integrated

binary counters (for example type 9316) would be preferred.

[
So Seo S SoaS Sz | SoaS1nS; 153 SoaSiaS5;a53 1S,
Se 54 52 S2 S
. <Lt
S4 =t —
3= &P
So

Fig 3.1.10 Generation of characteristic period for resolution 20.
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The 5 Flip Flops,whose J and K inputs are successively the conjunction
of the outputs of the preceding stages,form a modulo (32) synchronous counter.

However when S4 A SL A 80 = 1, which means the count has reached 19, an End
of Characteristic Period signal (ECP) is formed. This sets the remaining
stages which are not set to 1 (82 and S3). The ECP signal is unaffected and

remains set for the current clock period. At the end of this period the

counter returns te O, The arrangement has converted a modulo (32) counter
into a modulo (20) counter.

3.2 PROGRAM CONTROL

Sufficient circuitry has been developed in the last section to explain

the techniques of program control.

3.2.1 Program steps

The interconnection of JK Flip Flops shown in Fig 3.2.1 called a Ring

Counter is the basic form of program control.

LAUNCH
Qo Q] 1Qm
_ | _ | | am
L I - —-—L—CLEAR
ECP ———

Fig 3.2.1 Ring counter with launch.

1f all Flip Flop stages are initially reset (55, GI . 6;), a signal
LAUNCH, appearing once while ECP is present, launches the counter. At the
beginning of next characteristic period the state is Qo, 5{; P 6;.
After the end of this period the state is QO’ Ql’ Q2 N Qm and so on

until after another m periods the state is again QO, Ql’ ‘e 6;'
If QO’ Q1 e Qn are successive program steps, the circuit controls
the program for the case where all program steps are internally controlled,

their duration is one Characteristic Period and there are no OSEs.
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3.2.2 Terminations

The transfer between program steps Qi and Qi+l as a result of the
termination a5 is given in Fig 3.2.2. Two alternative forms are shown.
(b) is the preferred form which will be used below,except where (a) is

clearer from a descriptive point of view.

h i

Qi Qis1 —J i ——L-‘{:‘, { et

ECP. ECP.

(a) (b)
Fig 3.2.2 Termination of program step Qi: 2 methods.

The state Qi, Qi+1

during an ECP resets Qi and sets Qi+l'

is held while q; = 0. The first change of q

An important feature of the arrangement is that a; need not be a logic
signal. It could be the output of a microswitch or other sensor connected
directly into the logic circuitry¥. Qi enables some external action, q;
signals its termination. Once the termination is accepted (during the first
ECP which coincides with it) the subsequent state of the switching signal is
of no consequence¥¥,

There is a caveat. Supposing a random signal g; occurs just before
the transition of ECP to ECP. The specification of a JK Flip Flop stipulates
that a signal on J or K will be recognised if it is a present for a minimum
period before the clock transition (in the present case of ECP). This
minimﬁm varies from 10-100 ns depending on the technology used in the com-
ponents. What is more important here, is that the minimum time might be
very slightly longer in the case of Qi+l than Qi' 1f q; occurs between

the instants determined by this variation, it will be recognised for the

*A buffer relay or other element (see 4.2,2) is generally necessary if the
sensor is remote.

*%*This avoids the use of retriggerable monostables which are normally used
to convert the switching signal into a one shot logic signal. Monostables
are particularly sensitive to transient noise and should, where possible,
be avoided.
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resetting of Qi’ but not for the setting of Qi+l' This results in a state
Qs Qg
The simplest method of overcoming the difficulty is to rely on synchron-

from which the program controller cannot recover.

isation with a 2-phase clock., If the characteristic period generator is
clocked by CLOCKIL, q, can be gated with CLOCKO. The output of a bistable
(Fig 3.1.3) set by CFIN CLOCKO (and reset together with Qi) should take the
place of the signal qay in Fig 3.2.2.

A more obvious pitfall is the case of a cyclic program control in which
all program steps other than Qi are computational and of short duration.

q; must obviously have returned permanently to 0 by the time the cycle has
returned to Qi' This difficulty does not arise if at least two program
steps are dependent on external terminations.

One big advantage of the clocked program controller method of inter-
rogating sensor signals results from using a clock (ECP) whose mark space
ratio is very much less than unity. 1In a noisy environment a common
difficulty is the appearance of spurious signals on sensor lines. If these
spurious signals have an amplitude comparable with that of the genuine
signal, there is no way in which the logic can distinguish between them.
However they are usually of very short duration. So one must rely on
reducing the probability of detecting spurious signals. This results from
driving the program controller with very short clock pulses (for example,
100-500 ns) and leaving the longest possible spaces during which spurious

signals can have no effect.

Summarising, Qi may be a program step which controls
(i) an external action terminated by a sensor signal qa;

(ii) an internal operation of one characteristic period duration terminated
unconditionally by ECP

(iii) an internal operation of more than one characteristic period duration
terminated by some internal logic condition,.

In each case the program step might have to be subjected to internal
or external enabling (see 2.5, also 3.2.6-8). In case i the enabling of the
termination follows from the enabling of the external action. In cases ii
and iii the termination must itself be enabled.

It will be sufficient to illustrate the external enabling of case ii

(Fig 3.2.3) to draw attention to the synchronisation of the enabling signal.
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Qi-1 Qi| QiAE_| Qi +1
QinE—
ECP
Qi
bt R AR
=

T

ECP Qi-1

Fig 3.2.3 Enabling a computational step.

The important point to note in this instance is that E must be clocked
by the same ECP as the program controller. This assures that E is set at the
beginning of a Characteristic Period. The Qi computation is then enabled for
a full period at the end of which the termination Qi A E transfers control

to Qi -
3.2.3 OSEs

The simplest case of an OSE is the omission of one or more program
steps on a condition (saya ). In Table 3.2.1 the program is shown in the
usual way and Fig 3.2.4 gives the circuitry.(Clock signals are omitted hence-

forth)

Table 3.2.1 Program for: Pl, If («) then P2, P3; P4

Pl ISE OSE
|

P2 a

l

P3

ol PlAg

<
| — P2 P
||

&

Fig 3.2.4 Circuitry for program of table 3.2.1 (Reset Sienals omitted)
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It should be noted that the gate between P3 and P4 functions as an OR
gate. TInputs are P3 and PInE. The output is P3 v (Pla&) as required by
Table 3.2.1.

Slightly more complicated cases can be illustrated by giving the
circuitry for two of the programs of Section 2.3, The ones chosen are

Table 2.3.4, Fig 3.2.5 and Table 2.3.5, Fig 3.2.6.

{i>=pt)

Fig 3.2.5 Circuitry for program of Table 2.3.4,

Fig 3.2.6 Circuitry for program of Table 2.3.5.

The 1f then ... Else ...; form of OSEs is illustrated in Fig 3.2.7
which gives the circuit for the hypothetical program of Table 2.4.4.

Fig 3.2.7 Circuitry for program of Table 2.4.4.
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Finally two equivalent circuits are given in Fig 3.2.8 for the program

of Table 2.4.5.

F3| r{_Hpal—ps| A{_Hpsk—p7| (_1{relPdl
R Ps

|| L L L1 L] L1 L |
Py

(b}

Fig 3.2.8 Two forms of the circuit for the program of Table 2.4.5.

3.2.4 Interlocks

Pn—]
Qm™

Fig 3.2.9 Setting of mutual enable of Pn and Qm'
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The circuit for the setting of the Mutual Enable E = [ Ea(PnvQm)]v(PnaQm)
is the Set-Reset bistable of Fig 3.2.9.

The more general form of more than two Mutual Enables and the looser
coupling of overlapping sequences are obtained by the same mechanism.

The circuit for the inhibit setting (2.5.3) is azain a Set-Res:: bistable

(Fig 3.2.10) but it functions differently in this case.

am — __ EQm

ER

e Pn

Fig 3.2.10 Mutual inhibition of Pn and Qm.

The bistable is initially (beforePn and Q ) in a 1,1 state. From
R — m —

this it falls into the EPn, EQm state if Pn precedes Qm; or the EQm, EPn
state if Qm precedes Pn' It cannot reverse until respectively Pn or Qm have
disappeared. It returns to 1 ,l state when both Pn and Qm are completed.

Fig 3.2.11 gives the circuit for the case of an external linkage
between two program steps from separate controllers. P and Q are brought
together at R between Pm_l and Pm and Qn—l and Qn respectively. It is
assumed that r, the termination of R, is a consequence of the action enabled

by EAR (the timing diagram for the circuit was given in Fig 2.5.4).

Fig 3.2.11 Commoning of program controllers at program steps (r is the
termination of action enabled by EaR).
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3.2.5 Subprograms

The circuit of Fig 3.2.12 copes with the case of a main program whose
Characteristic Period is an integral multiple of the subprogram period;

which includes the case of equal periods (see 2.6.1 and Fig 2.6.1).

pPo o A
Pot
Bl [ M |
Por . Py VAN
PROGRAM
SUBPROGRAM
ECP

EXIT SUBPROGRAM

Fig 3.2.12 Subprogram control for the case of main program CP integral
multiple of subprogram CP

The circuit wﬁich synchronizes the main program and subprogram registers
in the case of unequal characteristic periods is given in 3.2.13. The
corresponding timing diagram was given in Fig 2.6.2.

For a complete understanding of the circuit, reference should be made
to Section 3.3, where Medium Scale Integrated devices are described. Contrary
to the hardware described so far, both devices type 9316 and 9328 set their
internal Flip Flops on the transition CIOCK to CLOCK. Hence 9316 is clocked
by CLOCK and 9328 by CLOCK vB. The latter is equivalent to EEEEEXE, which
agrees with Fig 2.6.2.%

*It is worth commenting here on the right method of deriving clock pulses
which are subject to inhibition. The rule is to formulate the Boolean
expression for the condition when the clock pulse is to be true, then invert
it if the device works on the CLOCK to CLOCK transition.
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R

MAIN PROGRAM
ECP

1] ecp DETECTOR
Py ECPCEP BINARY COUNT
7 L=,
Q. —Cp e9. 9316
CLOCK === 717

UBPROGRAM
S E'é%GR SUBPROGRAM
ECP GENERATOR

P SERIAL SHIFT
TOEK L Prepister €9.9328
SUBPROGRAM

SUB?EFEC'))GRAM WORKING REGISTER

Py Q4 Q2|

Fig 3.2.13 Subprogram control for the case of main program CP and subprogram
CP unequal.

3.2.6 Start/Stop

In most control systems there is a need for a start/stop facility
which permits a suspension of operation during normal cycling. A quite
different procedure (3.2.7) applies to starting the system after initial
switch on.

The point at which a control system cycle may be suspended is arbitrary
since ideally, the control mechanism is time-independent. All program
controllers must eventually come to rest because of interlocks,if the rules
of Section 2.5 are adhered to. It is however best to choose a unique point
for the suspension and the obvious one that suggests itself is the Mutual
, R in Fig 2.5.2,

m 1
The timing of the stop signal is not critical, since the program

Enable of all the program controllers, such as Pn’ Q

controllers determine the exact time of suspension. The timing of the start
signal is important since the release from suspension -must always take place
at the start of the characteristic period.

A STOP bistable is set by a stop signal and reset by a start signal.
The stop and start switches are merely used to create the necessary pulses,

the latter being synchronised by ECP to coincide with the start of CP.
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Both sides of the alternate action switches are tied to earth so that
pulses are created during the transition of the switch action.

The STOP bistable is also set by the CLEAR signal as part of imitial
setting. Thus the control system is started initially from the same
condition that it is suspended in by a stop signal.

1f the point of suspension of the program controllers is Pn, Qm, Rl’
STOP is applied to the setting gate of the Mutual Enable Eanle.

Fig 3.2.14 also shows ancillary equipment which is usually required.
A control panel indicator driven from STOP indicates that the controllers
are suspended in a condition from which they can be released by the start
switch. Buffer relays are shown inserted,since the control panel is usually

remote (see 4.2),+V indicates the supply voltage needed for their operation.

CONTROL | CLEAR
PANEL | =
l J—
—, I . SVTOP STOP g,
- Q
T i R .
STOPSWITCH | STop E %Qmp}l
i L Pn
b e Qm
T H—pew— . v — Ry
e o CLEAR !
STARTSWITCH I
\ ECP MUTUAL ENABLE OF P, Qm,R{
i INHIBITED BY STOP
]
A
1
STOPLIGHT | || =55
bV
I

Fig 3.2.14 Start/Stop mechanism.

3.2.7 Clear and launch

When a control system is switched on, the transient conditions cause
the memory elements to take up states which are completely indeterminate.
Only the clock and characteristic period generator can be assumed to function
correctly. To safeguard the system against unwanted actions and prepare it

for operation the following principles should be adhered to.
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(i) Actuators must not be powered until the controlling logic has first
been correctly conditioned.

(ii) Since the state of all bistables is indeterminate when voltage is
applied to the logic circuitry, at least one bistable (here called the ERROR
bistable) must be conditioned by other than electrical means. This ERROR
bistable can then be used to prevent the application of power to actuators.
(?ii) A normally closed (NC) relay, comnnected to earth, can be used to bias
the ERROR bistable. The relay is prevented from opening by the Off (oN)
state of the power supply switch., When the switch is moved to the ON state,
the connection to earth through the relay will be broken. Due to the slow
action of the relay, the connection will be opened some time after the proper
voltage levels have been applied to the logic circuitry. After this the
ERROR bistable is free to be reset.

(iv) A general CLEAR signal derived from the clear switch now sets all

bistables into their correct initial state. Among these

a the ERROR bistable is reset. This closes the normally open (NO)
relay and provides power to the actuators

b all program control Flip Flops are reset (see 3.2.1) and

c the STOP bistable (see 3.2.6) is set to the STOP state.

(v)  After the transients from the clear switch have disappeared a single
LAUNCH pulse, coincident with ECP, sets the initial program step of all
program controllers (see 3.2.1). If there are no intervening program steps
which depend on external termination, the controller moves on to the next
program step which is tied in a Mutual Enable.

(vi) The control system now suspends, because the Mutual Enable is gated
with STOP. From this it can be released by the START signal (see 3.2.6).
(vii) The start up cycle which usually precedes normal operation may need an
additional ‘'once only' signal. A PRIME bistable serves for this purpose.
Set by the LAUNCH pulse, PRIME gates the START signal which in turn resets
the PRIME bistable.

The mechanism is essentially fail-safe if all fault conditions
(including any emergency stop) set the ERROR bistable. Power is thereby
removed from the actuators and this can only be restored by first issuing
another CLEAR signal.

The three circuits used in this procedure are shown in Fig 3.2.15. The
function of the ERROR bistable (Fig 3.2.15a) is self-explanatory from the
above. The only other point to note is that there is no danger in the
simultaneous powering of actuators and clearing of bistables. Since relay

action (particularly in power relays needed for actuator power) is always
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slower than transistor circuitry, theblogic will be conditioned before any
actuator can react.

The circuit of Fig 3.2.15b generates a single LAUNCH pulse at the end
of the transient from CLEARSWITCH. Its mode of operation is best explained
with the help of the timing diagram of Fig 3.2.16. Here the signal from
This
The

CLEARSWITCH (inverted) is deliberately shown accompanied by a bounce.
occurs after the ECP which follows the end of the main switch signal.
consequence is that the first LAUNCH pulse (which sets initial Program steps)
is premature. However since the setting of the Program steps is immediately
reversed before being set again, the program controllers cannot be wrongly
launched.
The circuit of Fig 3.2.15¢ is the conventional circuit for a 'once

only' pulse in which a bistable enables the pulse which resets it. 1Its

function in the start up cycle is governed by the control system under

consideration.
e CLEARSWITCH
CLEAR LAUNCH
(] LAGNCH
CLEAR
ECP | PRIME
= | RIME ONCE ONLY
ON e PULSE FOR
SETS INITIAL START UP
RESETS ALL PROGRAM STEPS START  cyeLE

POWERS
ACTUATORS

(a)
Fig 3.2.15

L 11

1
0 ECP

'BISTABLES

(

M.

|
0 CLEARSWITCH l

b} (c)

Switch on and start up procedure.

e e T

1
0 CLEAR l

1
o CLEAR | [

M-

L Launc

I N S

SN B
R 11

Fig 3.2.16 Timing diagram for circuit of Fig 3.2.15b.
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3.2.8 Single step

An essential aid to commissioning and maintaining a control system is
a single step facility., It is particularly important for a decentralised
controller in which a number of program controllers run simultaneously.

The single step or MANUAL mode of operation is obtained by

1 making the action governed by each program step dependent on an ENABLE,
2 making the transition between program steps reset the ENABLE, and
3 providing a SINGLE STEP SWITCH, which gives a pulse (SS) coincident

with the beginning of the Characteristic Period, to set the ENABLE.

Since the program controllcrs are autonomous, a separate ENABLE Flip
Flop must be associated with each program. Each of these Flip Flops must be
accompanied by another Flip Flop called the INHIBIT. The latter is set when
the program controller goes to the ENABLE state. In the INHIBIT state it
awaits the SINGLE STEP signal for the transition to ENABLE. The two Flip
Flops are necessary to synchronise the transitions to those of the program
controller proper. In fact the best solution is for both to use the same
mechanism based on the ECP signal (Fig 3.2.17).

Various additional features may be incorporated such as:
1 A mechanism by which transition from MANUAL to AUTO and vice versa may
be made at any time during the running. ‘
2 A distribution of SINGLE STEP pulses to the various program controllers
dependent on switch settings,so that program controllers may be advanced
individually as well as together.
3 An indicator for each program controller which lights when the appro-
priate controller is enabled.
4 Columns of Light Emitting Diodes one for each Flip Flop of the program
controllers to indicate the operative program step.
5 A discriminatory single stepping so that during initial commissioning
all program steps can be stepped and subsequently, for operator use, only
those which have actuators associated with them.

Only the first of these features is included in the circuitry of
Fig 3.2.17 as the remainder are matters of detail. The example concentrates
on the correct method of enabling program steps, in particular computational
steps andiwhere there are OSEs. Special attention has to be paid to the
problem of external linkages between mechanisms controlled by separate program
steps (see end of 2.5.2). Separate single stepping of individual program
controllers may not be poussible in these cases unless the controllers are

brought together to a common program step as suggested in 2.5.2.
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a1 Q1€ 026 —O2E Q3
w1 HF A HF

(b)
(c)
SINGLESTEPSWITCH
SS
ECP Ecp (d}
Fig 3.2.17 Single stepping mechanism for typical program controller.
Fig 3.2.17a is a typical program controller in which
1 the termination a, of Q1 is dependent on action governed by QIE (Q1
enabled),
2 QZ is a computational step of one Characteristic Period duration, but
the transition to Q3 has the alternative of an OSE from QQ,
3 Q3 is another computational step of one Characteristic Period duratiom,
and
4 Q4 is a computational step terminated by q, which branches to Q5 or

Q.3 depending ona .
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Underneath the program controller the gates needed for enabling the
program steps by QE are shown. QE is the enable for the stepping mechanism.
Any other enables,such as interlock emables,would also appear on the gates.
The active phases of the program steps are QlE’ Q2E, Q3E. Where the term-
ination is dependent on some external action, it can gate the program step
itself (for example Ql). Otherwise it must gate the enabled program step
(for example Qa).

Fig 3.2.17b shows the single stepping mechanism. During the Enable
phase QE is set. Every one of the program step transitions resets QE and
sets QI (Q Inhibit). The single step pulse 5SS derived from the circuit of
Fig 3.2.17d reverses this to give a new Enable. The clock pulse on the QE
and QI Flip Flops is ECP so that synchronism is maintained with the program
controller. The Enable and Inhibit always become effective at the beginning
of Characteristic Period. The initial CLEAR gives GE, QI, so that either
the AUTO or SINGLE STEP switches must be pressed before the START switch
can have effect.

The circuit of Fig 3.2.17c processes changes in the setting of the
MANUAL/AUTO switch. Again synchronism with the above is maintained. AUTO
is applied to the asynchronous setting of QE (Fig 3.2.17b) so that it over-
rides other changes in the single stepping mechanism. A change to Manual
(MAN) frees the single stepping mechanism so that it can respond in the
manner described in the last paragraph. The transition signal AUTO to MAN
(ATM) also resets QI,so that in the Manual state, QE and QI are never set
simul taneously.

Fig 3.2.17d is a one shot circuit for the SINGLE STEP SWITCH and
functions in the same way as the circuit of Fig 3.2.15b. There is a remote
danger that the two pulses due to switch bounce illustrated in Fig 3.2.16
could step two program steps in succession. This could only happen if the

first step was short and the second pulse arrived after its termination.
3.3 DERIVED ELEMENTS

Medium Scale Integration (MSI) devices are available to perform certain
standard operations such as storing, counting, encoding, decoding. Their use
reduces both the number of basic elements and interconnections needed in a
control unit.

The composition of the MSI elements is dictated among other things by:
(i) the maximum number of basic gating circuits which can be incorporated

in a chip without exceeding permissible power dissipation in the package,
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(ii) the number of external contacts available in the encapsulation
(Dual-in-Line 14, 16 or 24 pin).

The former is significant in bipolar technology (DTL, TTL, etc),so
that, for instance, the Shift Registers are limited to 16 stages (type 9328).
The latter limits the number of stages in parallel registers and counters
and the number of parallel lines in decoders and encoders.

In the following some typical applications of MSI devices are presented.
The functions described are connected with the algorithms of Chapter 2., A

much more extensive treatment will be found in [B.ﬂ.

3.3.1 Registers

Supposing a 22-bit register is required to hold a vector ¢ and the
algorithm, such as BCD-Binary Conversion (Section 2.3.2) calls for access

to component c¢_., as well as ¢, (Fig 2.3.2b). One way of satisfying the

requirement is io use one Dual 8-bit Shift Register (type 9328) together
with two Universal 4-bit Serial-Parallel registers (type 9300). The cir-
culation wbuld be arranged as in Fig 3.3.la and the actual connections to
the devices as in Fig 3.3.1b. To understand the latter, the data sheets

[3.4 for the devices must be consulted.

2120191817165 1% 131211109 8 7 6 5 4 3 2 1 0-1-2

9328 | 9300 | 9300
RECIRCULATION [ K
INPUT RECIRCULATION Co G2
{a) INPUT
bl
PE Po P4 Py P3

=)
CLo cP 9300 q3p—

qK

MR Qo Q1 Q2Q3
CLEAR__Y | T T e

|
___.__Cz ) PE Po Py P2 Py
CLOCK

9300 Q30—

—~qKMR Qo Q1 020
CLEAR

(b) Co C-2

Fig 3.3.1 22-bit shift register C with additional access point C 2
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3.3.2 Counters

The main form of counting is in binary progression. If a 4-bit counter
terminates at 9,it serves as a decade counter. If it terminates at 15,it is
a modulo (24) counter. Only the latter will be considered below.

Two methods of binary counting are used. Asynchronous, in which the
carry from stage to stage is progressive; and synchronous, in which it is
instantaneous. Asynchronous counters are rarely used, even though their
speed is often quite adequate. This is because an interrogation phase is
needed after the counting phase to safeguard against false counts being
recognised in the transition state.

The synchronous counter is the most-common. Taking first the form
which only allows UP counting (type 9316),two important features should be
observed.

(i) The Preset is synchronous. This means that the Parallel Enable (PE)

is applied to the gating arrangement in front of the counter stages and
overrides normal counting. The change of state of the counter stages (to
that of the parallel inputs) takes place only at the normal clock transition.
(ii) The carry from the counter (TC), when the count has reached 15, is
held irrespective of clock, but is gated with a Carry Enable (CET). 1If this
is tied to the carry (TC) of the preceding counter, cascading of the devices
to give a multistage synchronous counter of any required length is possible.

Fig 3.3.2 shows the use of two type 9316 devices to give a modulo (60)
synchronous count,such as in a Characteristic Period generator for a double
length 30-bit resolution computation. (A similar device, type 74163, has
also a synchronous master reset (MR), to which ECP could be directly

connected.)

B P

d [ TT T -+ o 1111

P PE Po PqP2P

"'CE{PFEPOP’ 2P3 —efB 1 P2 Pa
—deeT 9316 T CET 9316

CLOCK lrp CLOCK |cp
MR Qo G1Q2Q3 MR QoQ1 Q203
] 1 Iy

| &P

Fig 3.3.2 Modulo (60) synchronous count.
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Two forms of 4-bit synchronous counters are made which a}low both UP
and DOWN counting.
(i) Type 9366 or 74193, in which separate Clock Inputs are provided for UP
counting (CPU) .and DOWN counting (CPD). The carries again separate into UP
count carry (TCU) and DOWN count carry (CPD). They are gated with CPU and
CPD respectively and serve solely for cascading counters,in which case TCU
is connected to CPU and TCD to CPD. There are not enough contact pins
available in a 4-bit UP/DOWN counter to provide separate Enables for the
clock input as in 9316 or 74163.
(ii) Type 93191 or 74191, which has a single clock input and a steering
input (DN/UP) for the direction of counting. It has a carry output (MAX/MIN),
which is independent of clock. This is separately gated with clock and Count
Enable (E) and made available at an external contact as RIPPLE CLOCK. In
cascading,RIPPLE CLOCK is taken to the Enable Input (E) of the next device
if a common clock is used or to the clock input (CP) if a common Enable is
used.

The choice of device and method of use depends entirely on application.
Since the Preset and Reset in UP/DOWN counters are asynchronous, the method
of producing a modulo (n) counter is the one advocated in Fig 3.1.10. Care
must however be taken if a DOWN count follows the UP count termination or
vice versa, since the state of the counter would then not form part of the
legitimate sequence.

A set of synchronous counters with the same characteristics as the above
is available in a CMOS range [B.ﬂ .

3.3.3 Multiplexers or encoders

Multiplexers have been referred to in Chapter 2, where they were used
to load parallel data into the serial computing unit.

Multiplexers are available in Dual 2-bit, 3-bit or 24-pin 4-bit con-
figurations. A Strobe or Enable is provided. When the Strobe (S) is low it
blocks the connection between all the parallel inputs and the output. The
output is then low., But since otherwise the output is the same as the
selected input, it follows that it is impossible to distinguish non-selection

and selection of an input which is low. The output must therefore act in

only one state and this must be opposite to the non-selected state. The

active state must correspond to a high input.
Fig 3.3.3 shows 3 type 93151 devices used to transfer the content of
a 24-bit parallel store into a 24-bit Shift Register (consisting of 1% type
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9328 devices). The loading of the serial register is governed by the LOAD
Flip Flop which is reset at the end of the Characteristic Period. The loaded
content is recirculated thereafter. An alternative to the scheme of Fig 3.3.3
is the use of a special device type 93165 which is an 8-bit Serial Output,

Serial or Parallel Input Shift Register.

2322 21 2019 18 17 16 151413121110 9 8 765 43210
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Fig 3.3.3 Parallel to serial conversion using multiplexer.

3.3.4 Demultiplexers or decoders

A large number of decoding devices 1is available to deal with the
various forms of codes used. They are dealt with fully in the literature.

It was shown in Fig 2.1.5 that a decoder also serves as a serial to
parallel converter, if the synchronising count is decoded and used to gate
the seridl content of the shift register., However the same feature has to
be noted as with multiplexers. It is impossible to distinguish between non-
selected output and selected output corresponding to a low input. In this
connection there was a reference in Section 2.1 to the use of addressable or
decoding latches. Such a device (type 9334) is used in Fig 3.3.4 for serial

to parallel conversion.
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The example of serial to parallel conversion of Fig 3.3.4 is the reverse
of the scheme given in Fig 3.3.3. Again an alternative is the 8-bit serial
input, parallel output shift register type 93164,

The multiplexers and demultiplexers described so far, select by gating
the input and output respectively. Gating being unidirectional, the two
devices are quite separate. The alternative is to use make/break switches.
In that case,the one device will serve as both multiplexer and demultiplexer
by simply interchanging input and output.

Switching multiplexers and demultiplexers are familiar in their
mechanical form as uniselectors and commutators respectively. In more recent
technology the& occur as CMOS devices [3.q . This facilitates their use in
logic systems.

Non-selection means an open switch. But since a disconnected input to
a logic device is equivalent to a 1, the active state of the switched signal
must be a 0,

The thumbwheels used in Fig 3.4.2 of the next section are an example
of bilateral switches. The same rule about an active O state applies (common
terminal grounded). In the circuit of Fig 3.4.2 the thumbwheel setting is
subsequently scanned by conventional multiplexers., This explains the use of
the negated form of thumbwheel coding (denoted by T2 % 8) which turns an

active 0 state into an active 1 state.
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Fig 3.3.4 Serial to parallel conversion using addressable latches.
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3.3.5 Latches

Latches are generally made up of D-type Flip Flops (see Fig 3.1.4). A
typical device is the dual 4-bit latch type 9308. The data entries at D
determine the corresponding outputs Q, while the ENABLE (E) is high. When
the latter goes low the outputs remain in their previous state and are un-
affected by subsequent changes at the data inputs.

A typical application for the device 9308 is in an 8-channel tape
reader. The data inputs are tied to the outputs of photocells illuminated
through the perforations in the tape. Fach column of holes is accompanied
by a sprocket hole of smaller diameter. 1Its output indicates that the holes
corresponding to the current character are safely situated above the photo-
cells., If the output from the sprocket hole gives ENABLE, the device will

read and store the successive characters on the tape.
3.4 EXAMPLES
3.4.1 Multiplication

The multiplication superprogram for d ¢ b x ¢ is given in circuit form
in Fig 3.4.1. b and ¢ are loaded into the 16 bit registers before the sub-
program is entered (). The product d is formed in the 32 bit register.

The program follows the algorithm given in Table 2.3.1.

3.4.2 BCD-binary conversion

The complete circuit for BCD-binary integer conversion is given in
Fig 3.4.2. The input data is held in 6 BCD coded thumbwheels. The common
terminal of the thumbwheels is earthed. The negated coding (T, ?, Z, g)
gives the data in the form of Fig 2.3.1. The holding register (C) is assumed
to have a 22 bit resolution, The program follows the algorithms given in

Table 2.3.3.
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4 PRACTICAL CONSIDERATIONS

4.1 PROPERTIES OF DIGITAL INTEGRATED CIRCUITS

4,1.1 General considerations

As a glance through manufacturers' literature will show, digital
integrated circuits .(ICs) may be grouped into 'families' of which there is
a large and increasing variety. Each family has particular properties and
the variety proves that there exists no universal ideal.

Most of the logic design described here will be discussed in terms of
a group of broadly compatible devices which is called CCSL (Compatible
Current Sinking Logic). This comprises both the DTL (Diode Transistor Logic)
and TTL (Transistor Transistor Logic) logic families, whose properties are
considered in Section 4.1.2. (For greater detail on the available devices
reference should be made to the manufacturers' data books. A compendium
[4.1] is also available.)

CCSL devices are at present still the most widely used type of IC.

All the basic forms of gating and Flip Flops are available in both DTL and
TTL. The complexity of TTL devices goes much further,so that compound logic
functions are available in a single package. This feature is called MSI
(Medium Scale Integration) and the number of gates per 'chip' can be between
10 and 100. More complex devices still, called LSI (Large Scale Integration),
are provided for more specialised logic functions, large scale memories and
microprocessors. Mostly they rely on Metal Oxide Semiconductor (MOS)
technology.

With some minor restrictions DTL and TTL devices may be readily inter-
mixed. Other types of IC - the low-power and high-speed versions of TTL and
CMOS (Complementary MOS) devices (described in Section 4.1.7) - are compat-
ible with DTL/TTL but not as readily interchangeable. One useful feature of
all these 'families' is the fact that many functions share the same package
type and pin connections. Redesign to make use of ICs from a different
family is thus minimized.

Three drawbacks of CCSL should, however, be mentioned.
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TTL was designed primarily for use in the high-speed logic of computers.
In the generally slower processes found in industrial applications, this
speed is unnecessary and may be an embarrassment®*. High-speed operation
inevitably involves switching transients. These can generate considerable
electrical interference in adjacent circuits. In turn, the devices are
capable of responding to high-speed signals and are therefore vulnerable to
unwanted pulse spikes from such interference (see 4.1.6).

The second weakness of CCSL is its relatively large power consumption.

While by the standards of the controlled processes power dissipations are

~small, there are good reasons for keeping power consumption within the

control unit low (by using, for example, a low-power version of TTL known as
LPTTL or by using CMOS devices). Low-power systems are electrically quieter.
Switching transients carry less current, thus reducing problems of mutual
interference. 1In large CCSL systems the total power consumption itself can
become significant. Stabilised power supplies capable of delivering several
amps of current will then be needed. Lastly, overall heat dissipation can
become significant and reliability reduced due to overheating of the IC
chips.

The third weakness of CCSL is the low voltage swing (nominally O to 5
volts) between the logic O and logic 1 states. As a result, should varia-
tions in earth potential or other perturbing voltages at the input to the
logic element exceed a volt or so, a false logic level may be generated
(see 4.1.3 and 4.1.6).

Where high speeds are not required it is therefore preferable to use
devices which operate over a much larger voltage swing (0 to 12 or 15 volts).
Such devices have been developed from DTL and TTL and are known as High
Level Transistor Logic (HTL) or High Noise Immunity Logic (HiNIL). Some
versions also have an extra external connection to which 'slow down'’
capacitors may be attached. This may be particularly useful where input
signals from the plant are noisy. HTL-type circuits can also be used to
drive much heavier loads than their CCSL equivalents.

An attractive technology for industrial control is a combination of
CMOS (see 4.1.7) and HTL which have similar logic voltage swings. They may
both be run from the same 12 or 15 volt supply [4.2] . Since CMOS lends

*However, even if the controlled process is relatively slow, high speeds may
be necessary in certain parts of the controller. For example the internal
computations which have to be executed in preparation for controlled action
(the computing unit described in 2.7.1 needs a 1 MHz clock in order to
complete its computation in 7 ms).
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itself to greater complexity of integration and is able to provide relay
type switching functions, one would use it in the more complex control and
calculation sections of the controller. The more robust HTL circuits would
provide the interface with the extermal world.

In spite of the above reservations, CCSL circuitry will give satis-
factory performance,provided attention is paid to the layout of logic
circuitry and other techniques of eliminating noise problems given in this
chapter. In fact the problems associated with CCSL occur to a greater or
lesser extent in other‘logic families. For this reason the description which

follows will largely deal with CCSL.
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Fig 4.1.1 Basic gates (a) DTL (b) TTL.
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4.1.2 The CCSL family of logic devices

The DTL gate (Fig 4.l1.la) was designed as an integrated version of

discrete circuits which used a diode gate followed by an inverting amplifier

to give increased output drive and a sharper 'knee' in the transfer
characteristics (Fig 4.1.2).
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1 1 L
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Fig 4.1,2 Transfer characteristics of DTL/TTL gate.

If both inputs A and B are above a certain voltage, diodes D2 are
reverse biased and the current through the 4kf resistor will flow into

transistor Tl, switching both transistors on and giving a low output, If
the voltage at A or B drops below the switching threshold, current is

diverted from the base of Tl into the input.

Both Tl and TZ then switch off

and the output rises to the high state.

The potential VTH at which switching occurs is given by

bel ¥ ¥p1 T Vbes)  Vpo

= 2v) = 1.3 volt,

where Vbel and Vbe2 are the base-emitter voltages of Tl and T2 respectively,

which are assumed to be the same as the forward diode voltage drop VD.
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Since only one or other of A or B needs to fall below VT to give a

high output, the function of the circuit of Fig 4.1.1 is that gf the NAND
gate defined in Section 3.1.1.

The circuit is called 'current sinking' since approximately 1.6 mA
must be sunk from an input if its potential is to fall sufficiently below
VTH to be recognized as a low input.

In contrast, the current which must be supplied in the high state is
only about 5 pA (the leakage current of the reverse-biased diode D2). If an
input is left unconnected, it is equivalent to a high input, although its
potential (when observed with a high-impedance instrument) will be 1.8V,
the base potential of Tl. However, it is often preferable (particularly in
the case of TTL) to tie an unused input to a source of logic 1. This may be
the output of an ipverter whose input is grounded or the supply voltage
(+5V) through a 1lkf resistor.

Similar asymmetry also appears in the output characteristics
(Fig 4.1.3) which show that substantial loads may only be driven in the low
state. In this state the output transistor T2 (Fig 4.1.la) is saturated*
(overdriven) and is capable of sinking tens of mA. If, however, too great a

) . CE>
will rise quickly with increasing collector current (IC) and the transistor

load is attached and too much current demanded, the collector voltage (V

will come out of saturation. The power dissipation (W = V FIC) will then

increase and endanger the device. ¢

To improve switching speed, the TTL gate of Fig 4.1.1b was developed.
Instead of a number of input diodes, it uses a single multi-emitter
transistor Tl which makes the manufacture of the chip easier. Since an NPN
transistor may be regarded as a pair of diodes back-to-back, Tl behaves in
the same way as a diode input gate with Dl included. The two equivalent
circuits are shown in Fig 4.1.4.

To minimize undershoot and reflection from fast pulse edges, input
diodes are diffused into the chip to prevent the input voltage falling below
-VD(—0.7V).

An emitter-follower T4 was also introduced to lower the output impe-

dance in the high state. As in the DTL gate, if an input is low, T2 and

*Saturation in this context means that the base region in the transistor has
an excess of charge carriers. This lowers the voltage between the collector
and emitter of the transistor which is required to cause a given output
current to flow. The gate output displays a very low dynamic impedance.
Operation in the 'saturated region' of the transistor characteristics helps
to reduce the output voltage of the gate in the low output state (although it
tends to reduce switching speeds, see 4.1.7).
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hence T3 will be switched off. T4 is now switched on and the output

effectively conmected to V_. through the 120 resistor. When the inputs are

CC
high, T2 and T3 are switched on. The base potential of T4 drops, and this,

together with the diode D1, prevents T4 from switching on.
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Fig 4.1.3 Typical output characteristics of DTL/TTL gate.
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Unlike the DTL gate, whose unloaded high state output is close to the

supply voltage VCC (+5V), that of the TTL gate will be reduced by the voltage

drop across T4 and Dl to give V

characteristics are

Vee

an

cc " Ve " Vp
shown in Fig 4.1.2.

Vv ££3.6 volts.

The output

e VCG

AA

Sikn

Fig 4.1.4 Equivalence of multi-emitter transistor and diode gate.
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with one exception.
possible with gates
were used, a direct

whose output is low

logic functioms DTL and TTL gates are equivalent, but

The 'Wired-OR' configuration of Fig 3.1.2 is only

having DTL-type output circuits.

path from VCC

and one whose output is high.

If a TTL output circuit

to earth would be created between a gate

TTL gates without the

'active pull-up' tramsistor T4 and the diode D1 ('open collector' types) are

available which allow a passive load resistor to be inserted externally

(see Fig 4.1.5).

the introduction to

TTL data books [3.4].

The determination of load resistor values is explained in
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current flow.
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Another mechanism, which is introduced in some devices, to allow
'Wire-ORing' is a facility for setting the output of a TTL or CMOS gate into
a high impedance state. This is somewhat mistakenly called Tri-State logic.
What is really provided, is a separate input which allows one to inhibit the
device (make its output impedance high). In CMOS devices it is done by dis-
connecting the output from both the high and low state voltage supplies; which
is easily realised because of the symmetry of the electrical arrangement.
Devices with Tri-State output are above all useful where a large number of
outputs are to be connected ('Wire-ORed') to a common bus line or highway.

Tri-State outputs also increase maximum switching speeds on a data
highway. When a logic 'l' is to be transmitted, the active output of the
driving gate charges up the capacitance of the bus quickly (since all other

connections to the bus have a high impedance).

4.1.3 Loading rules

These rules ensure that logic levels will be maintained within
acceptable limits shown in Fig 4.1.3. If too many gates are driven, the
output voltage will rise in the low state or fall in the high state. The
circuits may then fail to give the correct logic function.

In practice, it is important to guarantee correct functioning in the
presence of small changes in voltage levels. The limits of permissible level
drifts define the DC noise margin. The bounds of the guaranteed high and
low output states for fully loaded devices are illustrated in Fig 4.1.6.

The regions between these bounds and the upper and lower bounds of the
switching region are called the high and low level noise margins respectively.

Within the DTL family, the standard gate is guaranteed to sink 12 mA
without the output rising above 0.4V. Since each driven input requires
1.5 mA, the fan-out in the low state is 8 (Inputs of the samé NAND gate
driven in parallel provide almogt the same load as one input). More than
8 gates can, however, be driven in the high state since the load is only
5 pA/input, which is negligible compared with the leakage current of the
output transistor ( 120 FA)'

The TTL gate can sink somewhat more current in the low state (15 mA),
giving a fan-out of 10. The increased current available in the high state
due to the 'active pull up' in the output stage (~l1 mA) is offset by higher
input leakage currents (~50 pA). The fan-out in the high state is therefore

about 15, when the output leakage current is included.
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Fig 4.1.6 DTL/TTL standard logic levels,

In 'Wired-OR' configurations there is an additional effect on fan-out
capability, If TTL open collector devices with a single pull up resistor
are used (Fig 4.1.5) the accumulated leakage currents reduce the fan-out
capability in the high state., In DTL, where wired-ORing is permissible with
standard gates, RL will be the harmonic sum of the individual gate load
resistors and fan-out capability in both states will be affected. (Tables
of permitted fan-in/fan-out combinations will be found in the manufacturers'
literature).

Buffer gates are available in both DTL and TTL to drive larger fan-outs
of 20-30 gate inputs or other large loads.

Compatibility in the direction TTL - DTL presents no problem (fan-out
~-10) since TTL can drive more current in either state. A DTL gate can,
however, only drive 4-5 TTL gates owing to the combination of high leakage
current of the TTL loads and high output impedance of the DTL gate in the
high state. The fan-out may be raised to 8 by using gates with a 2k load

resistor or by using an additional external resistor ofmw2.2kf.

4.1.4 Switching speed

Fig 4.1.7 is a diagrammatic representation of the propagation of a pulse

through a DTL or TTL gate,where tr and tf are respectively the rise time and
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fall time of a pulse measured between 10 and 90 per cent of its amplitude.
If the switching point on the edge of the pulse is taken as 1.5V the
propagation delays tPD- and tPD+ between the input and output of the gate
are defined as shown.
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Fig 4.1.7 Pulse propagation through DTL or TTL gate.

The values of the propagation delays depend on external loads but
typical values are 10 ns for t and 7 ns for top- in TTL. DTL is generally

PD+
slower giving t = 35 ns (2 ke 0/P resistor), t = 45 ns (6 kR O/P

PD+

resistor) and tPD- = 20 ns.

The propagation delays are the result of the internal delays within

PD+

the integrated circuit chip and the external delays in the driven circuit.
The former are due to the effects of charge storage in the diodes and tran-
sistors and other internal capacitances. The latter include the input
capacitances of driven gates and the inductance and capacitance of leads and
connecting cables. The rise and fall times £ and tf (Fig 4.1.7) are very
much affected by external capacitances. In the transition to the low output
state external capacitance is discharged quickly through the low impedance
of the 'saturated' output transistor. However, in the opposite transition,
this capacitance can only be charged slowly through the load resistor. This
is particularly so in the case of DTL where the output resistance is high.
Slow rise times (tr) and rounded rising pulse edges are common in DTL
circuitry. For a typical wiring and gate capacitance of 100 pF, tr % 500 ns.
However, switching of subsequent gates is much faster than this, as the

switching threshold (~ 1.5V) is well below the 90 per cent of pulse height
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level. Cumulative propagation delays, particularly in the case of DTL, can
become significant in long gating chains.

A good indication of the limits on switching speed imposed by t, and
tf is the maximum toggle frequency of a Flip Flop. These frequencies are
given as 50 MHz for TTL and 20 MHz for DTL. It is common practice to classify
a logic family by these maximum toggle frequencies (High level Logic HTL,
~3 MHz; Emitter Coupled Logic ECL, ~250 MHz). MOS devices are much slower
than bipolar devices. The maximum toggle frequency of CMOS depends on the
voltage swing in use, but it seldom exceeds 5 MHz even at maximum supply
voltage (15V).

A serious moise problem occurs if the rise time of the input to the
gate is substantially greater than the propagation delay through the gate.

The phenomenon is illustrated in Fig 4.1.8.

SWITCHING
REGION 4 __

[ [

OUTPUT

—
- - ——— o —— o ——

Fig 4.1.8 1Instability in the case of £, > tPD—

As the input passes through the switching threshold, small amounts of
noise can cause oscillations to appear in the output. The time during which
the output is in the switching region can be shortened by reducing t . This
implies reducing the output impedance of the device when the output is in a
high state. For DTL, it means simply adding an external resistor in paral-
lel with the device's own output resistor which can provide extra current to
charge the load capacitances. It must, however, be remembered that the fan-
out is thereby reduced.

There are cases where t, remains excessive or when a long tr is the
inevitable consequence of the circuits being used. A particular case of the

latter is the use of low pass filter networks to remove noise from input



BIBLIOTHEQUE DU CERIST

116

signals or to eliminate contact bounce from switch contacts. This problem
may be solved by using a Schmitt trigger circuit to sharpen the edges of the
input signal. The Schmitt trigger is a switching device which has a promi-
nent hysteresis in the transfer characteristic. The triggering level for
switching from the high to low state is different to the level for switching

from low to high (Fig 4.1.9).

Vour
[

I} i v
08 6 > Vin

Fig 4.1.9 Hysteresis characteristic of TTL Schmitt trigger gate.

In the example, if V is slowly raised from zero volts, the output

IN

will switch to the low state at 1.6V; V_ . must, however, be reduced below

IN
0.8V for the reverse tramsition to occur.
Schmitt triggers are available as special TTL gates. Because of the
low turn off threshold, it is important that the circuit driving it must
present a low impedance (<2502) in the low state so as to preserve an
adequate noise margin. Special circuits may be constructed which allow a

higher driving impedance or a wider voltage range to be used (Section 4.3.3).

4.1.5 Transmission line effects

An electrical transmission line consists, in general, of any two
conductors separated by a dielectric insulating medium. It may, for example,
take the form of a pair of parallel wires or a coaxial cable. The current
flow along the line is affected by a distributed series inductance originat-
ing from the magnetic flux surrounding the conductors; the voltage between
them acts across a distributed shunt capacitance. Losses are generally
negligible for reasonably short lines even at the high frequencies used with

DTL/TTL logic.
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For a transient waveform travelling along a uniform line, there is a
fixed relationship between the voltage v and current i at all points. This

is called the characteristic transient (or surge) impedance Zs where
z_ =
o 1

Consider a voltage step or pulse with amplitude V+ propagating along a

line terminated in resistance RL (Fig 4.1.10).

I+, Vs
o
v -
* I R Z, I_,Vv. Ry Vg

o

Fig 4.1.10 Transmission line.

When the step reaches the end of the line, v and i must now satisfy the
impedance level set by the termination. If RL = Zo’ there is no conflict;
VR = V+ and the line will behave exactly as if it extended to infinity.
There is no reflection and the line is said to be matched.

If RL'# Zo’ the conflicting requirements of v and i can only be

resolved by setting up a reflected signal V_. Continuity implies that
Vv, + Vo= VR

and

and therefore

<

A

R

The reflected signal is therefore inverted when R < Zo and non-

L
inverted when RL > Zo' The reflected amplitude and the degree of mismatch

is determined by the difference between the terminating resistance and the
characteristic impedance.

The transmission time for a signal is the time taken for the signal to
travel between two circuits. In practice, a connection between the circuits
need not be considered as a transmission line when the transmission time is
appreciably smaller than the rise time of the signal.

If the transmission time is much less than the rise time, any reflections
caused by discontinuities or poor matching will have time to die away in the
period during which the signal changes state. As the transmission time
increases, multiple reflections start to distort the waveform [4.5]. When

the distortion is severe enough, it can cause false triggering of logic gates.
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The internal logic wiring of a control unit may be regarded as made up
of transmission lines with Z0 = 100-200R, Although the inductance and
capacitance will vary somewhat along the length of the wire, it is possible
to think of it as a conductor above a ground which is composed of the matrix
of the remaining interconnections. Signals travel on such lines with a
propagation delay of~5 ns/m, and so problems should not arise with DTL/TTL
gates for line 1eggths <300 mm.

With longer lengths a single wire may be unsuitable for signal trans-
mission, since the capacitance between the conductor and earth varies
abruptly with the position of the conductor relative to other wires and earth.
This creates local reflections and will make the characteristic impedance
indeterminate, By ensuring more uniform conditions along the line, such as
routing the conductor close to a ground plane, the size of these local
reflections may be reduced and the maximum safe length increased to ~700 mm.

Extension to longer distances is possible only by employing cocaxial or
twisted-pair transmission lines which have constant characteristics along

their length.

Zg

+

' i
: L
I
: ]
| R
; Zo ! N
\ I
i I
| 1 !
DRIVING | ; RECEIVING
GATE 1 : | CATE 2
(b)
Typical Values
State E Rg Zg Connection
High 3.5V 1209 TTL 50- 90K | Coaxial link
6K DTL
Low 0.4V 100 90-1200 | Twisted-Pair

Fig 4.1.11 Example of logic circuit in which a remote gate (2) is connected
by a transmission line of characteristic impedance Zg

(a) Diagrammatic representation of interconnection

(b) Equivalent circuit for the connection of gates 1 and 2.
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Fig 4.1.1lla illustrates the case of a logic circuit 1l driving circuits
2 and 3. Circuit 2 is remote and connected by a transmission line of
characteristic impedance Zo' Fig 4.1.11b shows the equivalent circuit for
the connection of 1 to 2, where RS is the output impedance of 1 and RIN the
input impedance of 2. Typical values are given in Fig 4.1.11 for the
threshold voltages E and the output impedances RS. RIN is always large.

The basic difficulty with DTL/TTL gates is the matching of the driver
and receiver impedances to that of the line. The following points should be
noted.

(i) when the output voltage of the driving gate changes, not all of that
change is applied immediately to the line. The initial voltage is determined
by the potential divider formed by the gate output impedance R5 and the line
impedance Zo' 1nis voltage can only change once the voltage step has
arrived back atter reflection at the other end of the line. During the

high to low transition, Rs <5 Zo,and most of the signal voltage is developed
across the line immediately. However, in the low to high transition

RSEE z, for TTL and Rs >> Z0 for DTL. Therefore the initial voltage at the
driving gate may lie in the switching region between 0.8 and 2.5 volts. For
this reason, it is generally inadvisable to drive other gates, such as gate 3
in Fig 4.1.lla, from the sending end of a transmission line.

(ii)  The input impedance of the receiving gate RIN is much greater than

the characteristic impedance of the line and so an incident level change will
be reflected at nearly twice its amplitude. The initial step in a high to
low transition will bring down the voltage on the line close to zero; the
reflection at the gate 2 input will then give a large undershoot., If the
receiving gate has .input clamping diodes, the amplitude of the reflection
will be reduced to less than 1 volt. Further reflections are thereby greatly
reduced. By the same mechanism a reflection tending to overshoot the accept-
able high voltage level will arise during the low to high transition, but
here the incident step is smaller. Overshoot should not therefore occur

when using lines of normal impedance (50-120R). Overshoot occurring with
lines of higher impedance should be limited to ¢ 5.5V to prevent damage to

the input transistor of the receiver IC. The likelihood of damage may be
reduced by connecting all the receiver gate inputs together, or by using an
inverter as the receiver stage.

(iii) When transmitting a low to high transition in conditions where RS>> 20
(ie when using DTL gates as drivers), the voltage will build up in a series
of steps as the line charges up gradually by successive reflections. Many

transmission delays may be necessary to ensure a high state input to gate 2
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with adequate noise margin. During the transition through the switching
region, voltage reflections can cause spurious oscillations in the gate
output as was described in 4.1.4. Terminated lines are therefore recommended
where this is unacceptable.

For matched operation, the cable must be termiun. -4 in its character-
istic impedance ZO - typically 50-905 for coaxial cable, 90-1200 for twisted-

pair cable (Fig 4.1.12).

+5V
4 z
‘ 0 o] Z1=20
—‘{ }""‘ "{ }_*‘ 0.1I
= = Z:= 2,4 - = #F =
{a) TERMINATION TO GROUND (b) TERMINATION TO SUPPLY VOLTAGE

Fig 4.1.12 Terminated lines.

A matched termination to ground (Fig 4.1.12a) cannot, however, be
driven by a DTL/TTL gate, as the current drawn from the high state by the
termination ZT is too great., More current can be sunk in the low state and
a termination to the supply voltage (Fig 4.1.12b) is possible for Z0 > 100
by driving the line with a buffer gate., The two cases are equivalent since
the supply rail is effectively grounded for transient signals by decoupling

capacitors placed across the power supply.

+5V
390 +3V
. !
(a) ——-— é& -
+5V
R 220
Zo e
[b) ] o
. Z: = 1300

(220 n AND 330n
IN PARALLEL}

i}
T
i ]
Py
N
HFAAr—‘
A
o
1

82n Zo
0 e —
Rs=2o = =+
BUFFER -
GATE

Fig 4.1.13 Termination networks for DTL/TTL signals.
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A better solution, as far as power dissipation is concerned, is to
terminate the line partially and clip any reflected spikes using diode clamps
(Fig 4.1.13a). Since ZT > Zo’ the incident transition will be reflected at
a greater amplitude; the diodes eliminate this by preventing the signal
exceeding +3.6V or going more negative than -0.6V.

A two resistor network may also be used (Fig 4.1.13b). To a signal on
the line, R, and R, appear in parallel since transient current can run to

1 2
ground through both of them. Resistor R, can then be made larger than the

1
corresponding single terminating resistor, thus reducing power dissipation
and the current which must be sunk in the low state.

In some cases, a reverse termination of the reflected signal (Fig 4.1.13c)
may be sufficieng. The series matching resistor RS will absorb returning
signals and thus prevent multiple reflections at the expense of a small
decrease in noise immunity.

During the transient, high frequency currents will circulate at both
ends of the line as signals are reflected and absorbed. The supply rail at
the driving and receiving ends should therefore be decoupled to prevent noise
spikes appearing on the +5V supply to other circuits. A small low inductance
capacitor (0.01-0.1 uF) placed as close to the gates or terminations as possible
is often sufficient.

By using the above techniques, it is generally possible to transmit
DTL/TTL logic levels and pulses reliably over distances of up to 3 metres,
Beyond this, noise pick-up may cause problems due to the low noise immunity
of DTL/TTL gates. Line drivers/receivers should then be used.

It is not the intention to give the impression that it is always
necessary to use terminated lines for the transmission of logic signals. If
the receiving circuit is strobed at a time well after the switching traﬂsients
and reflections on the line have decayed, or if the reflections are eliminated
by a low pass filter, unterminated linmes need cause no prdblems; Even if not
terminated, coaxial or twisted-pair lines help to provide a measure of

protection against externally generated noise.

4.1.6 Noise Immunity

The immunity of a logic circuit to electrical interference can be
defined in terms of noise margin - the noise voltage which is required at
the input of the circuit to change the state of the output. The d.c. voltage
noise margin in the high state is the difference between the minimum accept-

able high state input and the guaranteed minimum high state output, the latter
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taken at maximum loading. A similar definition applies to the low state noise
margin. For TTL gates (Fig 4.1.6) the guaranteed d.c., noise margin is thus
0.4 volts in both the high and low states.

Generally the d.c. noise margins will be greater than 0.4 volts since,
for example in the high state, the voltages will be much nearer 5 volts than
the guaranteed 2.6 volts. However d.c. noise margins are of limited signifi-
cance.

Noise in logic circuits is really a transient phenomenon resulting from
noise currents flowing in the circuit impedances [4.5]. Typical noise margins
are shown as a function of noise-pulse width in Fig 4.1.14.

Interference may enter the circuit at three points.

(i) At the input along with the desired signal.
(ii) On the circuit ground.
(iii) On the power supply line.

Noise is coupled to the input signal by the electromagnetic fields
produced by surges of current in nearby devices. It will appear as an
induced current in the signal conductor. If the wiring to the gate input is
fairly short (not a transmission line), the current may be referred directly
back to the output of the driving gate. The noise source will therefore 'see'
an impedance consisting of the gate input and output impedances in parallel.
Since the input impedance is very large, the induced noise voltage depends
on the gate output impedance. Due to the asymmetry of the DTL/TTL gate the

two states must be considered separately.

VOLTS
VOLTS
3 ATTL Pt
TTL / DTL \\s
3} -
2L
2+
1 =
1k
L 1 1 ! 1
50 100 150 50 100
PW (ns) PW(ns)
(a)LOW STATE (b)) HIGH STATE

Fig 4.1.14 Typical DTL/TTL noise immunity against pulse width (PW).

In the low state the noise signal must draw more than 50 mA (Fig 4.1.3b)
to produce a perturbating voltage sufficiently large to exceed the typical

d.c., noise margin. As the width of the noise pulse approaches the switching
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time of the gate, the pulse will only be propagated through the gate if its
amplitude is greater than the d.c. noise margin., For very short pulses there
is therefore a permissible amplitude (sometimes called the a.c. noise margin)
which is appreciably greater than the d.c. noise margin (Fig 4.1.l4a).

In the high state, lightly loaded DTL/TTL gates, have a greater noise
margin than in the low state. However in this state they are more semsitive
to noise because of the much higher output impedance. This is especially so
in the case of the DTL gate where the passive load resistor has a value of
several kilo-ohms.

The conclusion from the above is that noise sensitivity depends on noise-
voltage, circuit impedance and pulse duration. Therefore a more useful
indicator of noise immunity is the minimum energy, E = VIt,required to cause
a noise-pulse to change the state of the output. This formulation leads to
Table 4.1.1.

Table 4.,1.1 Minimum pulse energy {in nano-Joules) required to change the
output state of a typical gate.

DTL TTL
High state 1 2
Low state 4 5

When a noise-pulse current is induced on a transmission line, the
resultant voltage will be determined initially, not by the gate impedances,
but by the characteristic impedance of the 1ine,20. The effect on the
receiving gate will depend on the noise margin given above and the properties
of the transmission line which were discussed in 4.1.5. As a general rule
lines of low impedance will tend to be less sensitive to radiated interference
of this kind than lines of higher impedance.

Ground (or common-line) noise arises from currents which are flowing to
the system. It is easy to give a low resistance path to d.c. currents but,
at very high frequencies, even quite short lengths of wire possess a con-
siderable impedance. Low impedance ground connections can, however, be pro-
videdbby including one or more ground planes in the circuit construction,
This may be inconvenient where some form of back plane wiring is used. 1In
that case a rectangular ground mesh can be created by making connections

between adjacent ground pins. A heavy-gauge wire should be used whenever
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possible to compensate for the increased impedance of the conductors at high
frequencies due to 'skin' effect.

Different sections of the system should be earthed together at a single
point which is tied in turn to a 'good' earth in the building. If this is
not done, heavy currents drawn by, say power driving circuitry,may influence
the potential of the ground connection used by logic circuitry. Fig 4.1.15a
shows good and bad arrangements for ground connections. Similar considerations
may make it necessary to separate power supply connections to various sections

of the controller (Fig 4.1.15b).

ANALOGUE
. CIRCUIT
ANALOGUE CIRCUITS
Vn‘
POWER L~V ==~ 2TV POWER
DRIVERS .7 - __]:_ DRIVERS j_
togic Vn
CIRCUIT
> LOGIC CIRCUITS
(a) BAD 600D

b — > INPUT CIRCUITS
POWER + > LOGIC SECTION
SUPPLIES . > OUTPUT INTERFACE
N y LAMPS, RELAYS, ETC.
(b)

Fig 4.1.15 Application of reference voltages. a) Good and bad grounding
arrangements,showing ground noise voltages v, and V' which affect the noise
margin of low power circuits. b) Good arrangement of power supplies.

It is characteristic of TTL gates that they tend to generate severe
power supply noise. When the gate changes state, both output transistors
can be switched on simultaneously for a few nanoseconds owing to slight
differences in switching speed. An instantaneous short circuit is thus put
across the power supply.

There are two solutions to this problem.

(i) The power supply voltage should be distributed using connecting paths
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of low impedance. This can be done by the same techniques used for ground
connections.

(ii) An alternative path to ground for high frequency currents should be
provided close to the noise source. Small low inductance capacitors of
0.01-0.1 pF may be employed. The leads to such decoupling capacitors should
be kept short.

4.1.7 Other compatible types of ICs

Three other formd of digital ICs are directly compatible with DTL/TTL

logic. Their fan-out capabilities differ but logic levels are compatible.

(i)  Schottky~-clamped TTL (TTLS)

The chief limitation on the speed of the basic TTL gate is due to
charge storage in the collector-base junction of transistors which are
switched on and held in the 'saturated' state. This charge must first be
removed before the transistors can switch off. If Schottky-barrier diodes
are diffused across these junctions, the transistors are prevented from
‘saturating’' and the switching delays are considerably reduced

(typically t, = 3 ns).

PD
: 9 .
The consequent very high rate of change of voltage (up to 10° V/s) can
cause interference problems and the recommendations made in Sections 4.1.5
and 4.1.6 regarding interconnections and decoupling capacitors must be

rigorously adhered to.

(ii) Low Power TTL (LPTTL)

One disadvantage of DTL/TTL which has been mentioned, is its high
current requirement.

By changing component values and circuit construction, low power TTL
reduces the power supply current drawn to 1/10 of that required by the
corresponding TTL circuit. Since the currents switched are correspondingly
reduced, switching time is increased (tPDEE 35 ns). 1If this is unsatisfactory,
the switching speeds of TTL may be restored by using a Schottky technique.

Power supply noise is much less than with TTL. Problems of interference,
such as crosstalk, are reduced since the power of high frequency disturbances

generated by the switching is much smaller than with TTL.

(iii) Complementary metal-oxide-semiconductor (CMOS)

The operation of the circuit may be explained by means of the inverter
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shown in Fig 4.1.16. When the input is low, the N-channel MOS transistor
will be off and the P-channel on. The output is thus effectively connected

to the supply voltage V through the P-channel resistance (typically a few

DD
hundred ohms). When the input is high, the roles are reversed and the output

is grounded through the N-channel resistance. The output impedance of CMOS

»

VDD
ﬂ P- CHANNEL
qw- CHANNEL

Fig 4.1.16 CMOS inverter (*For compatibility with DTL/TTL, V +5V)

DD
devices is therefore symmetrical. The MOS transistors used,have an extremely
high input impedance (~11ﬂl9) and so very little current is drawn in either
the high or low states. Significant dissipation does however occur in the
output stage during switching.

CMOS differs significantly from DTL/TTL in the following respects:

1 Very_low power requirements

In a quiescent state a CMOS gate dissipates less than 1 uW of power, but
during switching dissipation is much greater. The power requirement of a CMOS
system is thus dependent on clock frequency. Typical values are given in
Table 4.1,2. The power varies linearly with frequency and at a rate greater
than the square with supply voltage. It also increases with the capacity of

the load.

Table 4.1.2 Power dissipation in CMOS gate (1l5pF load)

d.c. 200 kHz 1 MHz
VDD 5V 25 nwW 0.12 mW 0.60 mW
n . ,
VDD 10 v 50 nW 0.6 mW 3 mW
] .
VDD 15V 75 NnW 1.8 mW 9 mW
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2 Wide range of supply voltage (3-18 volts)
Tolerance of supply voltage variation, together with the low power

requirements, allows the use of smaller, less well regulated power supplies.
In remote areas, battery operation may be possible. The supply voltage can
be chosen for compatibility with CCSL (VDD = 4+5V) or HTL (VDD = +12-15V).
3 CMOS is_slower

Signal rise and fall times and propagation delays are much longer than

with TTL or DTL. The maximum Flip Flop switching speed (3 MHz at V = 5V,

DD
9 MHz at V. = 10V) is accordingly reduced. Another feature of the waveforms

is their nggrly equal rise and fall times due to the symmetrical output
impedance (200-500ns), Transmission line effects are, as a result, less
pronounced and restrictions on layout and interconnection lengths can be
relaxed somewhat compared to circuitry using DTL/TTL.
4 Noise immunity_

Since the input threshold voltage of CMOS tracks the supply voltage
bD? pe At Voo = 15V,
this is obviously many times greater than for TTL or DTL. The a.c. noise

v the d.c. noise immunity is typically around 0.45 VD
immunity will also be significantly better since CMOS gates are slower than
their DTL/TTL counterparts.

5 Higher fan-out

The load due to CMOS input is almost neglible except for its capacit-
ative effect (see below). A CMOS gate may drive more than 50 other gate
iuputs.

The above factors represent convincing reasons for using CMOS,
particularly in industrial control applications. There are however a few
other problems which should be discussed further.

1 CMOS has a comparatively high output impedance and is much more
sensitive to the capacitance of the load than TTL. The limit to fan-out from
CMOS devices is therefore set rather by the capacitance of the driven inputs
and wiring, than by the current requirements of the gate inputs.

2 As was mentioned in 4.1.6, noise immunity depends not only on noise
voltage and noise pulse width, but also on circuit impedance. Here CMOS is
at a disadvantage or at least no better than DTL or TTL, since its output
impedance is greater.

3 CMOS inputs have an extremely high impedance and it is strongly
recommended that their direct connection to wiring passing outside the
control logic be avoided. Bipolar devices should be used as buffers.

4 CMOS inputs are generally described as having input protection in the

form of diodes diffused into the IC chip. It should be noted that this
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protection is only valid for short periods of overvoltage, not exceeding
given values. Where external signals may exceed these limits, protective
circuits as described later in this chapter should be used. Static charges
may also build up when devices are handled and the manufacturers' instructions
on precautions should be followed.

In a CMOS circuit all inputs should always be tied to one or other of

the supply voltages, so that no MOS gate connection is ever left floating.

‘ The interfacing of IC types is dealt with fully in the manufacturers'
literature. Where there are voltage level conversions, interface circuits
are available as part of the family.

The other consideration is loading. The answer to the question as to
how many devices of one type can be driven by the output of a device from

another family is summarised in Table 4.1.3.

Table 4.1.3 Fan-out compatibility of DTL/TTL/LPTTL/CMOS.

Receiver
praver DTL/TTL TTLS LPTTL <VD§M(=)S+ 5 v
DTL/TTL 8/10 8 40 >507f
TTLS 12 10 50 >501
LPTTL 1 1 5 >50T
CMOS # # 1 >50

Notes:
d.c. fan-out only is shown. The table applies to standard gates.
Buffer gates have increased driving capability.
+ Not recommended to be driven by TTL gate with active output since the
CMOS input threshold voltage is above 2.6V,

# Special devices are needed to sink the necessary current.

The compatibility of the various forms of TTIL devices is evident. The
main exception is the need for buffers between the output of a low power
device and the inputs of standard devices. A further feature is the pin for
pin compatibility of the devices. Thus increasing the switching speed or
reducing power requirements can be achieved without rewiring the system. A
mixture of various types in a complex control system is often the final

solution,.
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4,2 SIGNAL TRANSMISSION
4.2.1 1Introduction

The use of high speed, low level logic signals within the control unit
has the unfortunate consequence that they cannot be used externally to com-
municate directly with the plant. The ambient noise level in many factories
may be an order of magnitude greater than the 0.4V guaranteed noise-margin
for DTL or TTL gates.

Since the outgoing signals generally have to be amplified in order to
drive plant equipment, it could be considered feasible to perform the con-
version in the control unit and transmit the high power signals. Even this,
however, is not satisfactory since power-switching transients create unaccept-
able levels of noise. 1In general therefore power amplifiers should be sited
away from the control unit and data transmitted to them as low-power signals*.
Similarly,the direct connection of sensors in the plant to the input of
DTL/TTL gates in the control unit is unsatisfactory. Such a link acts as an
aerial for the pick up of noise.

Finally the transmission of analogue signals over long distances should
be avoided where accurate measurements are to be made. Digital signals will
tolerate noise-amplitudes up to the noise margin of the transmission citcuits.
The limit for noise on analogue signals is set by the required percentage
accuracy. It is thus more satisfactory to convert the signal to digital form
at the source.

This means that there is a need for special transmission techniques

for low power digital signals which eliminate or minimise interference due

to noise.
TRANSMITTER @ RECEIVER
(ew)
GROU&D 1 GROUND 2

Fig 4.2.1 Noise in single-ended transmission system.

*In extreme cases of noisy environment,transmissioy using a different medium

such as light (fibre optics) may be necessary [a‘e
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It is common practice in the transmission of electrical signals to use
a two conductor system consisting of a signal wire and a ground return con-

nection. Noise problems can therefore be divided into two classes (Fig 4.2.1).

(i) Induced noise on the signal conductor, VN
(ii) Difference in potential between the ground references used by trans-

mitter and receiver (common-mode noise), V

CcM®

Induced noise can be reduced by using screened cable. The use of a
low impedance matched transmission line will also minimize the noise voltage
'seen' by the receiver. In many cases, increasing the signal voltage swing
will be sufficient and filtering may be used to eliminate any remaining high
frequency noise spikes. TFor logic signals a detector incorporating Schmitt
trigger action is generally necessary to convert the resulting slow pulse
edges into signals which may be used within the control unit.

Common mode noise is unaffected by filter networks or cable quality,
since it is induced in both conductors. It can only be tackled by providing
isolation between the circuit grounds. Devices such as relays, transformers
and optical isolators prevent currents circulating between transmitter and
receiver through ground connections and thus avoid ground noise voltages

(Fig 4.2.2).

ISOLATOR
TRANSMITTER RECEIVER

[ -
f

Fig 4.2.2 Removal of ground noise using isolator.

An alternative approach is to provide the transmitter with signal and
return outputs which are isolated from the local ground (Fig 4.2.3). 1If a

comparator circuit is used as the receiver it will respond only to the
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voltage difference between the two outputs and any noise appearing on both

signals will be rejected.

TRANSMITTER] RT% RECEIVER

® 66

Fig 4.2.3 Removal of ground noise using differential transmission,

Differential transmission is particularly effective when the two signal
wires are close together - as they must be if a transmission line is used.
Any induced noise will then appear almost equally on both wires and thus be
rejected.

Reliable data transmission in high noise areas can be achieved by
using all or some of the following techniques according to the severity of

the problem.

Mechanical isolation (4.2.2a)

Optical isolation (4.2.2b)

Conversion to high level, bipolar, logic signals (4.2.2¢)
Differential transmission (4.2.2d)

Filtering (4.2.3)

[ NV I R

Attention to choice of cable and layout of connectors (4.2.4)

4.2.2 Digital transmission techniques

(a) Relays

Miniature relays offer a convenient method of controlling external
equipment at low repetition rates and where very fast response is not
required, Reed relays are the simplest and most universal form of buffer to
use. They are available packaged in dual-in-line form and can be driven
directly by ICs. Switching action takes a few millisecs but suffers from
'contact bounce', owing to the mechanical oscillation of the reed contacts,
during this period. Mercury-wetted types avoid this problem but must be used
in a particular attitude. Since the contact area is small, reed relays cannot

switch large powers ( 10 W is typical) and must therefore be used with



BIBLIOTHEQUE DU CERIST

132

contactors or the semiconductor devices described in 4.4.2 to switch heavy
electrical loads.

The mechanical delay in operation can be an advantage when noisy input
signals are encountered,since the coil must be energized for quite a long

period to cause false operation.

I
+5V l
| SWITCH !

! CONTACT

|

1

1 l

! TO LOGIC
(.

]

]

Fig 4.2.4 Relay used to repeat a switch signal.

There is also a very high degree of isolation between input and output
as there is no connection between the coil circuit and contact circuit
(Fig 4.2.4).

Some recommendations may be useful to avoid the most likely problems
to be encountered in using reed relays. When high voltages and long leads
are driven, the instantaneous power dissipated at the contacts may become
large due to the discharge of the stray capacitance of the lines. A small
series resistor placed at the contacts will reduce this and thereby increase
contact life. The high inrush currents which occur in switching on incan-
descent lamps may also cause damage.

One way of extending relay life in this case, is to allow a stand-by
current {(~40 per cent of on-current) to flow through the tungsten filament
to preheat it, so that its resistance rises to a level much closer to the
normal 'on' resistance (Fig 4.2.5). Resistance R should be chosen to give a

current just below that sufficient to allow the lamp to glow.

TV
LAMP

%?TAN&BYCURRENT
R

tlf-—\-——

Fig 4.2.5 Incandescent lamps switched by reed relay.
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When driving reed relays from ICs, care should be taken to select relay
types which include a protecting diode across the relay coil. This will
prevent a damaging inductive'spike‘appearing across the coil when the current
flowing through it,is interrupted. Otherwise a 0 to l transition at the
output of the IC would result in a large voltage overshoot on the output
transistor. Magnetic shielding may also be advisable so as to cut down
radiated noise.

Under normal operating conditions, reed relays can operate success-
fully for more than 108 operations. Since the contact resistance increases
towards the end of life, the exact time of failure will depend on the value
of contact resistance which can be tolerated in the circuit. In many
applications the relay may last considerably longer than the above figure
suggests.,

Reed relays are probably the most useful interface element. They can
be used for both signal transmission and reception and also fulfil an
isolating aqd interference-filtering role. One application would be as
buffer elements in the transmission of interlocks between control units
(Fig 4.2.6). The delay in signal transmission caused by the relays can be

taken care of by the techniques of synchronization explained in Section 2.5.2.

+5V:
: IENABLI; ENABLE
+5V RELAY |
H |
H !
% RELAY
—d | =
ENABLE L | 0GIC GROUND

LOGIC GROUND CONTROL UNIT 2

CONTROL UNIT 1

Fig 4.2.6 Transmission of interlock between control units through 2 reed
relays.

(b) Optical isolators

Optical isolators consist of a light emitting diode (LED) optically
coupled to a phototransistor detector (Fig 4.2.7). With no electrical con-
tact between the two stages, common-mode rejection between the input and

output is very high, even at high frequencies. Optical isolators are
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available in IC form, the detector output being either from an open-collector
transistor or a TTL gate.

Depending on packaging,these devices can withstand d.c. voltages up
to 2500V between the input and output sections, Propagation delay times

range from 50 ns to several psecs.

PHOTODETECTOR
DRIVING GATE AND AMPLIFIER
‘- ———————
| i
+5V +5V
| !
I
LE'D —ouTPUT
I
#5 10 |
mA e 4 F

Fig 4.2.7 Typical optical isolation.

In providing local isolation the optical couplers are an alternative
to reed relays for low frequency transmission and to pulse transformers for
high frequency transmission (up to 5 MHz). Their sensitivity at high fre-
quencies, however, makes their use as a line receiver difficult, since
reflections and spikes may cause multiple switching transients.

An application of optical isolators is the elimination of ground loops
within the control unit. If interference from relays or power drivers is

a problem, optical isolators may be inserted in the signal lines (Fig 4.2.8).

+V POWER RELAY

I—-——-»

A5V e ——
+y
“POWER DRIVER
POWER
SECTION GROUND

|
I
i
|
LOGIC ; ““““““
!
|
|
|
|

INTERFACE SECTION

I LOGIC

= OGROUND

Fig 4.2.8 Optical isolator as buffer between logic and interface.



BIBLIOTHEQUE DU CERIST

135

(¢) High level, bipolar CCITT/EIA compatible signals

Integrated circuits capable of transmitting and receiving signal levels
compatible with CCITT/EIA specifications are available from several manu-
facturers. The logic levels used are nominally 6V (min) feeding an impedance

of 3-7 kR with
logic '0' < -3V
logic "1' >+43V

The use of bipolar signals halves the signal power required for a given
output voltage swing. The voltage noise immunity is therefore high (a mini-
mum of 3V).

Other useful features in such line drivers are
(i) protection of output against accidental short to ground or voltage
between say -15 and +15V,

(ii) predetermined output state when the power is switched off,

(iii) slew rate limiting by external capacitor (without a capacitor the out-
put voltage can change at a rate greater than 30V/ps. Such a large voltage

gradient could cause problems of crosstalk between adjacent signal cables).

Useful features in the receiver are
(1) predetermined output when the input is disconnected (open-circuit),
(ii) optional external capacitor for use in signal filtering,

(1i1) input hysteresis of up to LV to cope with rounded pulse edges caused by
filtering.

Bipolar CCITT/EIA signals are excellent for use at frequencies up to
several kHz in areas with fairly low common-mode noise. The slew rate of
the transmitter and filter time-constant of the receiver can be adjusted to
give the best noise immunity in given conditions of data rate and cable
length. The robustness of the devices and components used for transmission
of CCITT/EIA standard signals makes them ideal for operation in industrial

environments.

(d) Differential transmission

As mentioned above, another way of reducing the effect of both induced
and ground noise is to isolate signal and return conductors from ground and
detebt the difference in voltage between them.

Several ICs are available for this purpose. The line drivers are
generally constant current devices operating in one of two modes.

(i) Push-pull,where one input sinks and the other supplies current in one

state and their roles are reversed for the other state.
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(ii) Current switching where a constant current is switched into one or
other of the line conductors according to the logic state.

(i) has the advantage of providing double the receiver voltage swing
for a given current, (ii) has lower power requirements and may be used in
party line systems since a third, inhibit state (whe:i no current flows in
either line) is available.

A corresponding range of receivers is manufactured. They are differ-
ential comparators with a very narrow dead-band and provide a TTL/DTL com-~
patible output logic level (Section 4.3.3).

A typical transmission system is shown in Fig 4.2.9.

DRIVER RECEIVER

ToTTTTTTm T R

Fig 4.2.9 Differential transmission.

Some form of load is required for the driver outputs. This is supplied
by matched symmetrical resistors R,as in Fig 4.2.9,which present an impedance
of 2R to differential signals and R/2 to common-mode signals. The line will
therefore be matched if R = ZO/Z. The common-mode impedance will then be
Zo/h which increases the common-mode noise immunity.

Tf the voltage applied simultaneously to both input terminals of the
receiver exceeds a certain limit (the maximum common-mode voltage), normal
operation cannot be guaranteed. This range is approximately *3V for most
circuits., However, it can be extended by the use of input attenuating net-
works at the expense of reducing sensitivity. If a 5 : 1 attenuation is
used and receiver gain is high enough, £15V common-mode signals can be re-

jected (Fig 4.2.10).

Ry
———— .- VW
R Ry L——+ Ry = 2kn
RST R, - R, = 500n
R

Fig 4.2.10 Extending common-mode rejection to +15V.

When the driver is disconnected or without power, the receiver can be
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made to take up a known output state by using bias resistors as in Fig 4.2.11.
+5V
47Tk
6801
VWV

i

. [L

Fig 4.2.11 Biasing receiver to give known output state when disconnected.

The currents switched by the drivers do not as rule exceed 10-20 mA.

Differential voltages on the line are therefore about 1V. The low voltages
help to reduce crosstalk between lines. If in addition twisted pairs are

used, problems from this source can be eliminated in most cases.
The method gives reliable transmission at high data rates over long

distances in noisy environments.

4,2.3 Filters and passive elements

It may be necessary to transmit DTL/TTL logic levels over short dis-
tances between the control unit and some external source,such as a digital
voltmeter or encoder. In this case induced noise, in particular crosstalk
between signal conductors in a multicore cable, can be a problem., The
simple filter shown below (Fig 4.2.12) will often be sufficient to eliminate

the noise [4.% .

TTL
SCHMITT
TRIGGER
NOI SY R
SIGNAL \AAZ ST e TO CONTROL UNIT LOGIC
T

Fig 4.2.12 Hash filter.

The resistor R should be <2502 to ensure full noise immunity. Capacitor
C must then be chosen to give a time constant (CR) long enough to eliminate
interference but short enough to pass information at the required data rate.

Where the noise frequency is close to that of the data a higher order
filter with a sharp cut off such as a Chebyshev filter, is needed to reject
the noise frequencies [a.ﬂ .

Common-mode noise may also be dealt with bv using inductances. This
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requires that both signal and return conductors are wound together round a
toroid of high permeability material. The common-mode signal then 'sees' an
inductance proportional to the number of turns and the permeability of the
core. Particularly at high frequencies, this represents a considerable
impedance to circulating common-mode currents. For the differential signals
on the other hand the conductors do not enclose any magnetic material and no
additional inductance is added in their signal path.

Both coaxial and twisted pair cables may be used. A ferrite or
Permalloy ( p>105) toroid (~100 mm in diameter) is very convenient as a core.
A dozen turns are normally sufficient to provide an inductance of 10-30 mH.
This method may even give some suppression of ground loop interference at

mains frequencies.

4.2.4 Choice of cable and lavout of connections

The following types of cable are useful in particular applications.

(a) Coaxial cable (Z = 50-90R)

This is rather difficult to drive due to its low impedance,but the
outer braided conductor provides good shielding against external fields;
thus avoiding crosstalk. Some penetration will exist with a single-layer,
loosely woven braid but a tightly woven or double woven braid will give
nearly perfect shielding.

Another screen may be added to give a triax cable which can be used

in differential transmission and at the same time provide extra shielding.

(b) Twisted-pair cable (Zu = 90-150R)

The higher characteristic impedance of this cable is easier to drive.
Induced noise appears equally in both conductors due to their close proximity
and twisted configuration. The cable is very suitable for differential
transmission. It is also very much cheaper than coaxial cable, which is a
significant advantage for long runs or multi-way connections.

Additional noise protection can be obtained by screening twisted pairs.
An ideal. sheath is an aluminium paper screen within an external copper braid

sheath (Twinax).

(c) Strip cable

Strip cable consists of parallel conductors bound flat together. Severe

crosstalk can be expected between ‘adjacent conductors and it is advisable to
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ground alternate conductors to reduce this and provide transmission line
qualities (ZO = 100R),(Fig 4.2.13).
SIGNAL CONDUCTORS

¥ N
X ® X

iH

Fig 4.2.13 Strip cable with alternate earth and signal conductors.

Similar flat caﬁle,made from twisted pairs,can be used to give improved

noise and crosstalk characteristics.

(d) Shielded multiway cable

Bundles of conductors within a braided shield have of course, very
poor electrical characteristics and are subject to very severe crosstalk due
to mutual capacitance between conductors. They can, however, be used for
relay signals which are very insensitive to noise and may be used over short
lengths for other signals. Reduction of crosstalk and a more uniform
impedance may be obtained by grounding half the conductors in the cable. A
more effective solution is to arrange the conductors in twisted pairs.

The noise sensitivity of all cable types can be substantially reduced
by employing aluminium or steel cable ducts. Not only does the presence of
a shielding conductor give protection against pickup but the duct itself
may be used to provide a low-impedance ground path and so reduce common-mode

interference.
4,3 SIGNAL PROCESSING

With the introduction of integrated and hybrid analogue circuit devices
much of the detailed design of signal processing circuitry has been elimin-
ated. In the following,the circuit techniques are described in a general
sense., With this basic understanding,a suitable choice of 'black box'

functions can be made by consulting the manufacturers' catalogues [%.4 .

4.3.1 Data amplifiers

(a) Introduction
The output of the sensors and transducers used in the control system

is seldom in a form which can be accepted directly by the control logic or
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by the analogue to digital converters (ADC) used. One or more of the following
preprocessing stages are needed after the signal source.
(i) Amplification and scaling of the signal for presentation to level
detectors or ADCs.
(ii) Buffering and impedance conversion to avoid the effects of loading the
signal source.
(iii)»Signal Conversion. For example the transducer might rely on a resist-
ance change such as in a temperature measurement. The signal must first be
converted into a proportional voitage or current change for subsequent
processing.
(iv) Active filters may be needed to separate noise and signal at source.

In all these applications the essential device is the linear operational
amplifier*, The characteristics of a data amplifier should be:
a High input impedance when used to amplify voltage sources. Low input

impedance for current sources.

b Low output impedance.
c Linearity of gain.
d Constant frequency response over the required range and freedom from

parasitic oscillation.
e Stability of amplification in the presence of temperature drifts and
ageing.

These characteristics can be achieved, but with difficulty, by special
design of the amplifier for a given application. The general purpose
amplifiers available do not satisfy the requirements when used without feed-
back. However, external negative feedback improves the characteristics of
the amplifier to such an extent that standard devices can be used for most
applications.

A differential amplifier has two inputs labelled + and - with a large
differential impedance RD between them. The gain of the amplifier Ao gives
an output V, which is

v, = AO(V+ - V)

where V+ and V_ are voltages at the non-inverting and inverting inputs

respectively.

(b) Non-inverting amplifiers

In the simplest form of feedback amplifier the signal to be amplified

*The term operational derives from the use of such amplifiers in analogue
computers to do algebraic operations. In the present context the correct
term would be differential data amplifiers,
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(Vl) is at V+ and a proportion of the output (BVO) is fed back to the invert-
ing input as V_. A potentiometer chain of two resistors Ry and R, determines
the feedback so that R,

S T v
The arrangement is shown in Fig 4.3.la together with the equivalent

servo loop representation, Fig 4.3.1b.

Rz
YA'AAS

v Vo
1 AO

A (b)

{a)

Fig 4.3.1 Non-inverting feedback amplifier (a) Circuit representation
(b) Equivalent servo loop representation.

From 4.3.1b the relation is
Vo = (Vy = BVO)Ao
whence the closed loop amplification is
v A

Qw2
A vy 1+ BA

If‘Ao is large,A 2 1/g . This result would follow directly if V+ = V_, which
means that in a high gain amplifier the required VO corresponds to a neglig-
ible differential input. In such an amplifier the voltage at the inverting
input always tends to follow Vl'
The current flowing into the internal resistance RD is
LoV ma -

8 %

Hence the closed loop input impedance of the amplifier is

Ro=slo DR+ ea)

which becomes large for a high gain amplifier and reduces the signal load.
Improvements in the other characteristics of the amplifier follow from

similar considerations. Thus
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b the output impedance is lowered R = Ro z-:lgz—a
o
c any non linearity is reduced L = Lj T—IEEX_’
o
e the amplification stability is improved AA _ AAo 1
A Ay 1+ BAY’

where in each case a high gain has the effect of making the closed loop
characteristic an appreciable improvement over the corresponding open loop
characteristic.

Characteristic d, the frequency response, needs further consideration.

A high gain reduces the dependence of the amplification on the gain,
since in the limit it is determined solely by the feedback ratio B. However
the gain decreases with increasing frequency. In addition there is an
increasing phase shift up to the point where a 180° phase shift has the
effect of turning the negative feedback into a positive feedback. This may
cause a parasitic oscillation. Therg is in fact a maximum B or minimum
amplification which can be used with an uncompensated operational amplifier.

A typical dynamic response curve for the amplifier with a maximum gain

of 100 dB (AO = 105) is shown in Fig 4.3.2.

(<]
180 AMPLITUDE GAIN
Lo PHASE e PHASE SHIFT
(Sg*”’]* UNCOMPENSATED
GAIN €g DEVICE
Ao age ———=PHASE SHIFT
(dB) COMPENSATED DEVICE

N i ] 1 i
10" 107 10° 10* 10° 10°  FREQUENCY (Hz)

Fig 4.3.2 Open loop characteristic of operational amplifier,

The frequency characteristics of the amplifier are determined by the
limitations of transistor frequency response and internal stray capacitances.
A point is reached, in an amplifier with the characteristic of Fig 4.3.2, at
a frequency in the region of J.OS Hz, where there is still a significant gain
(20 dB or Ay = 10) but the phase shift is 180°. Since the amplification of

the feedback amplifier is

A
[¢)

A= —2
1+A8
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instability results if the magnitude of the loop gain IAOB!> 1, which in the
example means B> 1/10. Hence the minimum amplification (in the low frequency
range) which is permissible is 1/R = 10 (20 dB). In other words the closed
loop amplification cannot be made smaller than the gain of the amplifier at
the 180° phase shift frequency.

To obtain stable operation with greater feedback, either the feedback
ratio can be made frequency dependent or the open loop gain can be made to
fall more rapidly with frequency. To obtain the latter a capacitor should be
connected at an internal poiné of the amplifier to make the gain fall below
unity at the 180° phase shift frequency. This ensures stability for all
feedback ratios.

Contacts for the connection of compensating capacitors are provided
on the devices and suitable values of capacitance are suggested in the manu-
facturers' literature. Alsoc many devices are internally compensated

(Fig 4.3.2) so that the problem of instability does not arise.

(c) Inverting amplifiers

An alternative and very common way of using the amplffier is in the
inverting configuration of Fig 4.3.3.

R,
vV~

Ry -
V1 Y
'_%Rn Vo
£

Fig 4.3.3 Inverting amplifier configuration.

)

As before B = e,
Rl +R2

The differential input is

R
VvV = - - ._&
_= Ve BV - V) B[RI vy o+ vo],
the output is obtained from

Ry
Vo *-AOB [§;-V1 + Vo),
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and the amplification is

R

2

~A B ——
N WL I
Vl 1+AOB R]_ 1+1
AOB

1f the amplifier gain is large A £ - Ei' This corresponds to the
situation in which VO is the result of negligible current flow into the
amplifier and V_ = v, For this reason the inverting input of the amplifier
is often called a virtual earth point.

Whereas in the case of the non-inverting amplifier, the input impedance
RI can be very large when the gain is high, there is a limit for RT in the

case of the inverting amplifier.

Using the definition

L Ry

U R, +Ryp

for the parallel feedback and differential resistances,

R, = Ry + Vo Ry + L = Ry + RU
= ——t——— = Ry =
1 Y:,+ Yo - Vo l_.+ ﬁg 1+ Ay Eﬂ
RD Ro RU Ry Ro
As Ao increases RI = Rl' It follows that for high impedance applic-
ations large absolute values of R, and R, are needed. If moreover the

1 2
required amplification is large, RZ can easily become excessive. One

solution is to use an additional potentiometer chain in the feedback network

as in Fig 4.3.4.

Fig 4.3.4 1Inverting amplifier with enhanced input impedance.

Ry

Defining the potentiometer ratio Yy = i
3 1
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R
= - 2
Vo = A8 [Rl Vi YVOJ
R
from which A= - 21 L_.}____
R1Y1+1
AoBY
. . _ _Ry1
so that in the limit (A, large) A = - Ry
1

The value of R2 required for a given input impedance and amplification
is reduced by a factot of Y .

So far the circuits described have been used to amplify voltage signals
and emphasis has been placed on large input impedances. If the signal is a
current source, a differential signal could be produced by allowing the current
to pass through a load resistor. This, however, becomes impractical if small
currents have to be amplified. The load resistor then becomes comparable
with the input impedance of the amplifier and the effective load can be
influenced by drifts and leakage currents in the amplifier.

The ideal current amplifier is one which has zero voltage drop across

the measuring terminals, the configuration of Fig 4.3.5 approaches this.

R
VWV

Rs ‘%Ro — Vo
| +

Fig 4.3.5 Current amplifier.

Reverting to the expression for the input impedance (RI) of an inverting

amplifier with R1 = 0, RD is replaced by the parallel differential and source
resistances,
so that
_RpRs
fv TR+ R,
and = __EEEX_ replaces Rn.

R2 + RV
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The potential V_ is now given by

v_ = Rlls = Rw
1+4A —
OR2
and the output by —Aonis
VO = Rw.
1+A0-§-2~

Therefore for large Ao, Vo = -R is. This corresponds tc the situation in

which there is no load on the cirrent source due to the amplifier and Vo is
developed purely across the feedback resistor Rz.
It must be emphasized that the above analysis is only valid over the
region of linear gain of the amplifier. If the differential input voltage
rises to the point where VQ is of the order of the supply voltage the output
becomes saturated. The amplifier can then sustain appreciable differential

voltages and no longer behaves in the manner described.

(d) Bridge measurement amplifiers

Some transducers, such as strain gauges, are mostly used in a bridge
configuration. The effects of temperature variations may thereby be elimin-
ated since they affect all four arms of the bridge equally. A differential

amplifier (Fig 4.3.6) may be used to measure the out of balance voltage AV.

+V Rz
mAAA's
Ry JiR(TRANSDUCER) R,
AV = = = = =~~~ = VVV -
R L v
Vaanaant +
R3 R

BRIDGE EARTH AMPLIFIER EARTH

Fig 4.3.6 Bridge measurement using differential amplifier.
If Ry = R3 and R, = R, it can be shown that

R

2
VO_R_IAV
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and any common mode voltage, whether d.c. or transient, does not appear at

the output. This circuit suffers from two disadvantages:

(i) . for accurate operation the bridge resistances R must be very much less
than the input impedance of the amplifier RI where
RI = Rl + R2

(ii) resistors Rl to R4 must be very carefully matched to obtain good

rejection of common mode signals.

The measurement is only meaningful if the amplifier ignores any common
mode voltage from the bridge. It should also have good rejection of common
mode noise.

For these reasons an instrumentation amplifier is generally to be pre-
ferred for such applications.

The output of the above circuit is a non-linear function of the trans-

ducer resistance change. When the output is only required to give a null

indication this is unimportant. Where a linear response is wanted the circuit

of Fig 4.3.7 may be used.

Ro{l+a)
(TRANSDUCER)

Ro

+Vgp

Fig 4.3.7 Linear bridge measurement.

In this configuration the voltages at the input terminals of the

amplifier are

V+=§VR
and v ooy s (VR - VO)RO(I + o) . Vo + VR(l + a)
-~ Yo Ro + Ro(l + a) 2+

since V,_ & V_ for a high gain amplifier

v, = —iaVR.
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The output is thus linearly dependent on the fractional change in the trans-

ducer resistance.

(e) Defects in amplifiers

Up till now only ideal amplifiers have been dealt with. The following
departures from ideal characteristics should be considered in the selection

of a suitable amplifier (Fig 4.3.8).

IDEAL AMPLIFIER

Fig 4.3.8 Real op-amp showing internal impedances, current and voltage
sources.

(i)  Offset voltage B
The input offset voltage (Eos) is defined as the voltage which must be
applied between the input terminals to reduce the output voltage to zero. It
exists as a result of imperfect component matching in the circuit and will
vary with temperaturew.
In high sensitivity applications (for instance thermocouple measurement),

where E R is of the same order as the input signal, amplifiers with very low

drift (<1uV/OC) should be chosen.

(ii) Input leakage currents Ibl’ Ibz

These arise chiefly from the leakage and bias currents of the input
transistors. They only matter where high input impedances are needed and
hence input and feedback resistors have large values. Leakage currents

flowing through these resistors will cause offset voltage errors at the

*Most op-amps have provision for an external potentiometer to trim the output
voltage to zero.
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input. However, provided the differential input leakage current (Ib1 - Ibz)
is not too large,equalizing source impedances at each terminal will give
cancellation.

Fig 4.3.9 shows the introduction of a compensating resistor RC and the
flow of leakage currents. The expressions for Rc,in the case of inverting

and non-inverting amplifiers, obtained by assuming Vl = VO = 0, are also

given.
Ry
Ry
L Vo

Rg R

S

Re
a) Inverting amplifier b) Non-inverting amplifier
R+ ROR, RiR,

R. = R, =R_ - o——um
C ZR1+RS)+R2 C s Ry + Ry

Fig 4.3.9 Compensation for the effect of leakage currents,.

In high gain applications temperature variation of differential leak-
age current may be a problem, In these cases amplifiers with field effect
transistor (FET) input stage are preferred. Leakage currents are then

limited to a few nA.

(iii) Common mode and differential input impedances
The common mode impedances ZCM (Fig 4.3.8) can be very significant in
the high impedance non-inverting amplifier configuration, while the differen-

tial impedance Z_ 1s particularly important in the current amplifier con-

D
figuration of Fig 4.3.5. These impedances are strongly dependent on tem-
perature and can be the limiting factors on the sensitivity and accuracy of

the amplifier.

(iv) Common mode voltage limit

While a common mode voltage applied to both inverting and non-inverting
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inputs of the amplifier should have no effect on the output, it could, if
large enough, take the input transistors into the ncn-linear region of their
characteristic. The maximum common mode voltage is defined as the voltage
applied to both input terminals which will produce a certain percentage error

in the input-output relation of the amplifier.

(v) Common mode rejection

The common mode rejection ratio (CMRR) is a measure of how well a
given amplifier will perform in differential measurement. Because of slightly
different gains between the inverting and non-inverting sides of the amp-
lifier, common mode voltages will not cancel entirely. The resultant output
error ¢ is referred to the input as EO/AQ. If a common voltage V causes

CM
the error, the rejection ratio is defined as

v
CMRR = < A .
€ ]

o

The value is quoted by manufacturers for a d.c. common mode voltage
and will be significantly smaller at higher frequencies. It should also be
remembered that the criterion applies to the amplifier alone. The quoted
CMRR may thus not be attained in practice since mismatch of external com-
ponents can have an even greater influence,

It is for these reasons that the use of instrumentation amplifiers is
often better in high accuracy applications. These contain several amplifiers
connected in a closed loop configuration, and one external resistor deter-

mines the amplification.

(vi) Bandwidth and slewing limits

The above defects of amplifier have been described in terms of depart-
ures from the ideal d.c. characteristic. It is often important, particularly
in the processing of a.c. signals described in the next section, to consider
a,c. characteristics.

The bandwidth of an amplifier is usually quoted as the frequency (fo)
at which the open loop gain becomes unity. Operational amplifiers will
generally not respond to large signals as fast as such a specification
suggests. Another criterion is therefore needed. This is called the slew
rate (s) given in volts/s. To relate this to frequency the full linear
response frequency (fp) is sometimes quoted. A sinusoidal oscillation
between the output limits (+10 volts) at frequency fp will have a maximum

gradient (10 (2nfp)) equal to the slew rate.
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A typical amplifier might have the following specifications: fo = 1 MHz,
s = 0.5 v/es. The latter limits the full linear response frequency to 10 KHz.

Apart from this, all the above features of amplifiers must be recon-
sidered where a.c. signals are concerned. In particular parasitic capacit-
ances, in parallel with input resistances,will reduce their impedance con-

siderably at higher frequencies.

4.3.2 A.C. Signal processing

(a) Amplification

The use of a.c. signals is attractive since narrow band-pass filters
can be used to remove noise very effectively and a.c. coupling removes offset
and d.c. errors from amplified signals.

The basic inverting and non-inverting d.c. amplifiers of section 4.3.1

may easily be converted to a.c. use by isolating capacitors C1 and C2 as

shown in Fig 4.3.10.

Ra

{a} INVERTING (b} NON - INVERTING

Fig 4.3.10 A.C. Amplifiers.

The combinations of Cl with the input impedance and C2 with the load
impedance form high-pass filter networks for the incoming and outgoing
signals. It is therefore important to ensure that they will allow the signal
frequencies to pass without significant attenuation.

Cl and C2 must often be quite large and electrolytic capacitors may
have to be used¥. The latter may only be used in conditions where the a.c.
signal is superimposed on a larger d.c. voltage. The d.c. conditions of the
amplifier must then be chosen to give a d.c. output of about one half the
;EZEEET;brs with paper or plastic dielectric are always preferable where

components of suitable values are available. They are unpolarized and have
superior high frequency characteristics.
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maximum a.c. peak-to-peak voltage. A resistor network,such as R;- - R{

in Fig 4.3.10b,would provide this,

(b) Rectification

The control unit cannot accept a.c. signals directly. Therefore one
solution is to rectify and filter the signal to provide a d.c. output for
use with a level detector (Section 4.3.3) or analogue to digital converter
(Section 4.3.5).

If a conventional rectifying circuit were used,an error due to the

forward voltage drop in the diode would be introduced. Therefore a better

method 1s to use the diodes in the feedback loop,as in the amplifier cir-

cuit of Fig 4.3.11.

OUTPUT
VOLTAGE!

LOW PASS

RECTIFIER FILTER

Fig 4.3.11 A.C. signal rectification.

The input signal Vl is first filtered to remove any noise picked up in
transmission. This is particularly important with low level signals.
The rectifier consists of two amplifiers, Amplifier A acts as a half-

wave rectifier. For a positive input, diode D1 will be biased on and 02

biased off. This disconnects the output (point X,Fig 4.3.11) from the amp-
lifier, leaving it connected to the virtual earth point of the amplifier
through resistor RZ' The reverse applies when the input is negative, so

that D, is off and DZ on. The feedback path through R, is then re-established

1

and the output is the amplified input signal. V_, = -leZ/Rl' Since D, lies

X
within the feedback loop, the contribution which the voltage drop across

it (VD} makes to the output error is effectively VD/AO
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Any value of gain may also be obtained in this stage,but unity gain,
Ry = Rz,is usually used.

Amplifier B combines the half-wave rectified and original signals in
the ratio 2:1 to provide full-wave rectification. For accurate rectification,
it is obviously important to have well matched resistors.

The final stage integrates the full-wave rectified signal to give a
d.c. output voltage. The amount of residual ripple (AV) which appears on
the output will depend on the values of R6 and C. Large values will reduce
the amplitude AV at' the expense of the speed of output response to changes
in a.c. signal amplitude.

The shortcoming of the rectification scheme of Fig 4.3.11 is its
inability to distinguish between a signal which is in phase and one which
is in antiphase with the transducer refergpce. To process the signal from
a bipolar measurement, a phase sensitive rectifier is needed. The trans-
ducer reference must obviously take part in the discrimination.

The essential element in the phase sensitive rectification is the ana-
logue multiplier®. This gives an output voltage proportional to the product

of its two input voltages. It is used in the configuration of Fig 4.3.12.

AC SIGNAL FROM BIPOLAR DC
BIPOLAR TRANSDUCER oUTPUT
Vysinlet+d) ANALOGUE v LOW PASS Vo
$=0orT MULTIPLIER o FILTER
TRANSDUCER
REFERENCE SIGNAL
V, sin ot

Fig 4.,3.12 Phase sensitive rectifier.

The output of the'multiplier is given by

1 . .
V = q VIV2 sin wt sin (wt + ¢).

This has a d.c.kcomponent Vo« V2 cos ¢ , which is equal to in depending on
whether ¢ =0 or .

The accuracy of the circuit depends on the accuracy of the multiplier,
which is generally quoted as £l per cent. The a.c. componént is of frequency
2w and is removed by the low pass filter., The same comments about the
choice of the right filter time constant for a particular application apply

as in the circuit of Fig 4.3.11.

*Analogue multipliers are available as hybrid circuit modules.[é.q .
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(¢) Filter amplifiers

Active filters are the result of replacing the feedback resistors of
an a.c. amplifier by complex impedances. A simple example of a band-pass

filter is shown in Fig 4.3.13,

T-NETWORK

Fig 4.3.13 Active band-pass filter (a) Amplifier configuration (b) 'Twin-T'
filter network.

The 'Twin-T' network has a high impedance at a frequency fo given by

1
fo " 2mRC

thus giving a peak amplification at fo of - (RZ/Rl)' The value of coupling

capécitor C, should be large enough to pass the frequency of interest.

For o;timum selectivity and minimum phase shift around fO both R and
R2 must be chosen carefully. Information on this and the whole subject of
active filtering is dealt with exhaustively in the manufacturers' literature.

The advantage of active filters over passive networks is that signal
amplitude is maintained and that for low frequency applications, the use of

large inductors and capacitors can be avoided.

(d) Phase measurement

Measurement of the phase difference between transducer reference and
output signal is a very common way of extracting metering information from
a.c. signals. 1t requires no rectification, is independent of amplitude and
can be done digitally with considerable accuracy..

The phase detector consists essentially of a Flip Flop set by the zero
cross-over of the leading edge of the reference and reset by the zero cross-
over of the trailing edge of the signal*., Agreement in phase then means
equal mark space ratio in the state of the Flip Flop. The next step is to

make the pulses bipolar and regulate their amplitude. Finally an integration

*Schmitt trigger circuits are used to square the a.c. wave—forms before
taking them into the phase detector,
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over an adequate number of cycles gives a d.c. signal which measures the
departure from equal mark space ratio. This output is bipolar and directly
proportional to the phase angle.

Devices for phase measurement based on the above technique are avail-
able in integrated circuit form [3.ﬂ . One very powerful way of using the
phase meter is in conjunction with a voltage controlled oscillator and
variable-modulo counter (see Section 3.3.2) to give a phase locked loop.

The configuration is shown in Fig 4.3.14.

CHARGE ** VOLTAGE
—pay
PHASE PUMP LOW PASS CONTROLLED t—r»
DETECTOR CIRCUIT FILTER OSCILLATOR
VARIABLE
+N COUNTER

Fig 4.3.14 Phase-locked loop.

The voltage controlled oscillator is set by the phase error to give
a frequency such that N pulses at this frequency are exactly equal to one
period of the incoming oscillation. This means that the period of the input
signal can be subdivided into a fixed number of intervals and this number (N)
can be set digitally.

A phase measurement from an a.c. transducer requires two phase lock
loops (PLLl and PLL2) whose inputs are the reference and data signals
respectively (Fig 4.3.15).

The outputs of the two phase lock loops are synchronized by a two
phase clock of the same ffequency as the reference, so that there can be no
clash of up and down clock pulses. The output of PLL2 requires in addition
a bistable to hold the occurrence of a pulse which, due to phase shift, may
not coincide with clock odd. The least significant digit of the UP/DOWN
counter is ignored since it will oscillate even where there is phase agree-
ment.

A constant rate of phase change alters the frequency of an a.c. signal.
Thus the measurement is really a frequency modulation, .The response of PLL2

limits the rate of frequency change which can be detected.

*%The function of the charge pump circuit is to regulate the amplitude of
the pulses.
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REFERENCE CLOCK EVEN
PLLI “",_}
c SU':”ER . - —JCPU UP/DOWN
COUNTER
CPD TYPE 9366
CLOCK ODD
DATA l
SIGNAL PLL?2 1 il
N
COUNTER
CcLOCK 0DD

Fig 4.3.15 Digital differential phase meter.

4.3.3 Level Detectors

In many control applications one requires a voltage comparison amplifier.
The output of such an amplifier has two states,which indicate whether the
voltage of a data signal is greater or is less than a given preset value.

The characteristics of a comparator are illustrated in Fig 4.3.16,

Vo
{togic " 1")
COMPARISON SATURATED
LE%EL »
R Vo
SIGN A LO——mmmred =
v Vg = Vi
SATURATED
{togic '0") 75;;54
BAND

Fig 4.3.16 Voltage comparator.

The comparator is basically a very high-gain differential amplifier
which is operated in the saturated region of its characteristic. Two factors

are of especial importance.
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(i) Voltage gain: This determines the width of the dead band. As the input

voltage Vl passes through the region where V

indefinite state.

1 = VR,the output will be in an
(ii) Common-mode and differential mode range: If the differential or common-
mode voltage exceeds given limits for the amplifier, the characteristic of
Fig 4.3.16 cannot be guaranteed. Damage may even be done to the amplifier.
It determines the range of voltages which may be compared and the need for

attenuators or protective circuits,

Any suitable amplifier may be used. If special types which give DTL/TTL
compatible outputs are not available, the circuit of Fig 4.3.17 can be used
to convert the normal operational amplifier output (£10V, £10 mA) to the

required logic levels.

DTL/TTL
(FAN OUT = 1)

Fig 4.3.17 Conversion of differential amplifier output into logic signal

The Zener diode prevents the voltage rising above 4 volts in the high
state and clamps the output to ground in the low state.

The reference voltage must obviously be stable and free of noise to
give reliable operation. The source impedance should alsc be small compared
to the impedance of the comparator input. Otherwise current drawn by the

comparator will cause V, to drop and the switching level will vary. Suit-

R
able circuits for the reference voltage are given in Fig 4.3.18.

v
.V
Rf R VR<O0
e Vr
1 Ry
-01
T capaciron
R>
Rz = PROTECTION VR=0
1 -V
Ry Ry
(a) (b) = (c)

Fig 4.3.18 Voltage reference circuits,(a)- suitable for stabilised power
supplies,(b) — stabilised positive VR,(c)—-stabilised negative VR.
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If power supply voltages are stabilized and no great stability of
switching level is needed, the circuit of Fig 4.3.18a will be adequate. Rl
and R, are chosen to give the required range of VR. Otherwise a Zener diode

may bi used to provide a stable potential. A temperature-compensated diode
should be chosen and R determined to give a minimum temperature coefficient
of zener voltage.

A problem may arise with slowly varying input signals,since the output
is undefined when the input voltage is in the 'dead band' region. The
solution, as in Section 4.1.4, is to-'introduce hysteresis into the comparator

characteristic. This is obtained by the positive feedback circuit of

Fig 4.3.19,

Vo
Vo ==~
e h—
R

Ve 1 N

—ww v
' Rs —— Yo -V,

—WAA—- SRS

! VoL Vo Vu

Fig. 4.3.19 Positive feedback comparator circuit for Schmitt trigger action

The upper and lower switching leévels are respectively

= Ry -
Vo= Ve*irvr; Yon - VR

R
= — 1 -
and V= VR R, (oo T VR

where VO and V are the high and low output voltages. The separation

H OL
Vy -V is determined by the choice of R, and R.,.

1 2

’ To minimise the effect of offset and leakage currents at the amplifier
inputs, RS is introduced to match the source resistances, as in the case of
non-inverting amplifiers (4.3.1). Attention may also have to be given to
variations in V0 due to loading since this can affect the switching levels.

Window discriminators® may be made using two comparators to give a
‘within limits' indication, as in Fig 4.3.20.

Comparator circuits for plant signals should be near the voltage

source. Only digital signals need then be transmitted.

*Window discriminators are available as special IC devices.
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Vi
!IIIIP ‘ Vo

R
Vi — INoTF Vo

—>

V2 VsV

Fig 4.3.20 Window discriminator.,

4.3.4 Digital to analogue converters (DAC)

DACs provide an output voltage or current proportional to the value of
a digital input vector. The most common technique is illustrated in Fig

4,3,21.

_.._r_ \..—,/v\,-——-
H
R R
2"“ wWo WA
N- 1 Rt
2 R - V=WV
A L—Vo —Vo
@) I (b) 1
op-amp

Fig 4.3.21 N-bit DAC, showing (b) equivalent resistance RT.
A switchable resistor network is placed between the reference voltage

(VR) and the summing junction (A) of an operational amplifier. The total

current (I) flowing between VR and the virtual ground of the amplifier is

the sum of currents flowing in the parallel resistors. The resistors increase

in binary progression from R to ZN-IR and are switched into circuit wherever

the corresponding bits of the input vector, as shown in Fig 4.3.21, are 1.

The output is VO = ZRZ where I = VR/RT and RT is the total resistance corres-

ponding to the input vector d.

The weights of the resistors may be chosen as above, for the conversion

of binary input. Alternatively they may be weighted for input in BCD fofm.
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The switches employed may be either relays or solid state. In the
latter form,both bipolar and field effect transistors are used. Complete
DACs are available as hybrid microcircuits encapsulated in plastic blocks,
with resolutions from 6 to 16 bits. It should be pointed out that the resistor
network used is in fact of the form shown in Fig 4.3.22, since only resistor

values R and 2R are then required.

R R R

e ey - A
RS 2 ZRé 2 2R§

2R§ 4 !

VR LS MS

&

I

Fig 4.3.22 Resistor network used in hybrid circuit DACs. Node A as in
Fig 4.3.21.

The following characteristics should be considered in selecting the

appropriate model of DAC.

(i) Required accuracy

A DAC has an intrinsic inaccuracy of % the least significant bit (LSB).
To this must be added inaccuracies due to resistor mismatch and temperature
drifts. The accuracy of a DAC is usually quoted as a percentage of fullscale
+% LSB.
(ii) Output

An operational amplifier buffer may be required to drive the load.
(iii) Settling time

The output of the DAC exhibits damped oscillations when it changes to a
new value. The switches may also operate at slightly different times and
produce unwanted spikes on the output. The settling time is often given as
the time required for output oscillations to decay to a certain percentage

of full scale output.

4.3.5 Analogue to digital conversion (ADC)

The level detector (Section 4.3.3) can be viewed as a 1 bit analogue

to digital converter. This can be extended to 2 or more bits as in Fig 4.3.23.
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V 4
Var—Jl—1-
<R
- 0,
'"—-\I-J;,/’/'
ER 2 BIT DIGITAL OUTPUT
%

\

ia

Fig 4.3,23 Two bit ADC.

Obviously the number of comparators needed becomes prohibitive,as the
resolution is increased. A more practical method is to use a DAC in closed
loop configuration. There is a further alternative,which is based on the
generation of a linear ramp voltage as a measuring scale. Three techniques
will be described, two of which are based on the first principle and one on

the second.

(a) Counter - Digital to analogue converter (Fig 4.3,24)

The DAC shown in the diagram is used to provide a voltage proportional
to the contents of a gated binary counter. To make a measurement the count
is cleared and then incremented by clock pulses until the DAC output exceeds
the input voltage V. The change of state of the comparator output signals

the completion of the conversion:

»-DATA OUT
COMPARATOR CLOCK

: L
/////,, COUNTER

D.A.C.

| JRE—

Fig 4.3.24 Counter ADC.
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(b) Successive approximation (Fig 4.3.25)

The main disadvantage of method (a) is that the conversion time can be
long*., It varies in fact from 2 to 2N~l clock periods for an N-bit resolution
conversion. The clock frequency itself is limited by the settling time of the
DAC to about 1 MHz,

As an alternative to counting through all possible values which may
correspond to the input, the ranges within which the input value lies may be
examined and successively halved. This successive approximation method is
illustrated in Fig 4.3.25.

N.bit RING COUNTER
START END

> cwcﬁl 1
LIT T T TTT |oama reaisteris)

.
1 DAC 4]

Fig 4.3.25 Successive approximation method ADC.

A ring counter of the same number of components (N) as the data register
interrogates each component of the latter in turn, starting from the most
significant.

Let V be the voltage to be digitized,

VS be the trial reference voltage given by the D-A conversion of
the current content of the data register S.

The conversion starts with S = ZN—I. The components of S are made 1

in turn starting with the most significant. If V < VS the component is

reset to 0. Thus the first range tested is EZN-l. Thereafter if

_1 - -
v > 2N the next value tested is ZN 1, ZN 2

-1 -
vV < ZN the next value tested is 2N 2.

When the least significant component has been set the conversion is complete.

*This applies only to absoclute measurements. An extension of the technique
using two comparators and an UP/DOWN counter is very suitable for incremental
measurements.
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(c) Dual slope integration method

The method is illustrated in Fig 4.3.26.

C

CLOCK

QOUNT ENABLE

COMPARATOR
MODULO {No) COUNTER

Fig 4.3.26 Dual slope integration method ADC.

The input switch is set to connect the signal V to the integrator at
the same time as the counter is enabled. The integrator output voltage rises
at a rate V/RC volts/s as the capacitor C charges. When the counter reaches
the maximum count and returns to zero, the input switch changes over to

connect an internal reference voltage - V, to the integrator. The capacitor

C discharges causing the integrator outpui voltage to fall at a rate of
VR/RC volts/s. The comparator senses the voltage having reached zero and
disenables the counter.

If the counter is a Modulo (No) counter and N clock periods are counted

in the second phase of the operation the result is

NV
2
RC

K

so that N is directly proportional to the input voltage. The merits of the

technique are:

(i) the absolute accuracy or stability of the integrating capacitor is

unimportant,since both V and V, are integrated by the same capacitor,

R
(ii) long term drifts in clock frequency do not affect the accuracy,since

only the ratio N:No is important,
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iii During the first phase it is the integral of the input voltage which is
measured. Input noise is thus to a large extent averaged out by this process.
For example, setting NO and the clock period so that the integration takes

20 ms, would reject 50 Hz mains interference almost entirely.

To sum up; method (a) is the simplest and cheapest technique; method (b)
would be used for high speed conversions and method (c) is suitable for high
accuracy measurements in the presence of noise.

Fortunately it is unnecessary to build up these circuits from the com-
ponent parts. A wide range of devices¥ are available which perform these
functions. Resolutions of between 8 and 16 bits may be chosen and the output
can be coded in either binary or BCD form.

ADC input voltages are usually fixed at 0-10V. Moreover ADC input
impedances tend to be low. Therefore it is usually necessary to scale and
buffer the signal using an amplifier between the signal source and the ADC.

There are circumstances where either:

(i) the signal to be converted is only present for a short period, or
(ii) the object of the conversion is to measure a rapidly changing signal
at a particular instant of time, or

(iii) the conversion is slow relatively to changes in the signal level.

In these cases the sample and hold circuit of Fig 4.3.27 is required.
The capacitor is charged rapidly by direct connection to the signal source
(V). It is then isolated and decays only very slowly because of the high
input impedance of the amplifier.

For speed of operation, the switch must be solid state. It must intro-
duce no significant additional resistance in the closed state and give good
isolation in the open state. The amplifier must have a very high input
impedance. (It might be of the FET variety.) A decay rate of less than
1 volt/s can then be obtained.

Here again, sample and hold circuits are available as systems blocks
[4.4] .

In 4.2, where signal transmission was dealt with, it was pointed out
that plant signals should always first be digitized, so that accuracy of
measurement is not lost in transmission. However, under certain conditions,
there are still more reliable methods of collecting plant measurements. They

TThe are made as hybrid circuits and packaged in encapsulated block form
a.aj.
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are an alternative to ADC techniques and produce signals which are even more

insensitive to transmission faults.

LOGIC HIGH INPUT
IMPEDANCE
SIGNAL BUFFER AMPLIFIER
v Vo
ELECTRONIC J_
SWITCH c
v
]
. - --.t
]
1
:‘\ time
1 >LOGIC SIGNAL
Vo A 1
i
\ o~}
)
1
1 .
i — e 1 ME
SWITCH SWITCH
OPEN SHUT
{SAMPLE) (HOLD)

Fig 4.3.27 Sample-and-hold circuit.

One way is to use a voltage controclled oscillator (VCO) to give a train
of pulses whose frequency is proportional to the input voltage.

To obtain a measurement,the controller has only to open a gate to a
counting register for a preset time. Using a crystal clock in the control
unit, this interval can be set extremely accurately by means of a modulo
counter.

From the point of view of transmission one cable now suffices to carry
the information., There is the further advantage that a single noise pulse
occurring during transmission will introduce only 41 bit error in the measure-
ment. This contrasts with the parallel transmission of ADC data. Here the
most significant bit could be corrupted and render the data useless.

The technique is suitable for ratiometric measurements with a large
dynamic range, but is restricted to slowly changing signals. It is also
necessary to limit the lower end of the range of input voltages, since con-
verters cannot cope with very low frequencies. However the linearity of a

voltage to frequency converter makes a 0.1% accuracy of measurement possible.
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Another method of measurement, whose signals are easily transmitted, is

the phase measurement described in 4.3.2d.

4.4 POWER DRIVERS

4.4,1 Electromagnetic devices

The following devices are all based on the use of a solenoid to give

mechanical motion. The moving member is either
an electrical contact: relays and contactors,
coupled to the actual mechanism: solenoid actuators,

c a valve in a pneumatic or hydraulic circuit: solenoid valves.

{(a) Relays and contactors

Apart from their use in signal switching (see 4.2.2), relays are very
useful interface elements in power driving. The smallest type of relay is
the reed relay with typical contact rating for non-inductive loads of 14,
250V, 15VA. With mercury-wetted relays,these ratings can be doubled or even
quadrupled and for greater loads a host of contactor relays are available.
Their use in heavy power switching is well established. The shortcomings of

relays are

i Contact arcing tends to erode contacts and shorten life.

ii An element of unreliability. For continuous repetitive switching semi-
conductor switches are preferred.

iii They do not mix well with semi-conductor logic circuits since contact

arcing and field changes in the solenoid are powerful sources of noise.

The manufacturers' data books give extensive technical details on the
electrical and mechanical properties of relays. Recommendations are also
made on ancillary components which should be added to suppress contact arcing
and prevent voltage overshooting in the solenoid circuit. Many devices have

protecting diodes and electrostatic shields included in the encapsulation.

(b) Solenoid actuators

The solenoid is fitted with an iron plunger which is pulled in when
the solenoid is energized. The force increases as the plunger moves inwards.

To give a pushing movement, an extension must be fitted to one end of the
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plunger. The solenoids are available in either d.c. or a.c. versions whose

characteristics differ in the following ways

(1) In an a.c. device, the inductance of the solenoid coil will decrease
as the plunger is extended. The coil current therefore increases and tends
to compensate for the loss of restraining force as the plunger moves more
and more out of the high field region of the solenoid. d.c. devices have no
such compensation and tend to be much less powerful at their full extension.
(ii) For the same reason, the current drawn by an a.c. solencid in the
extended position may be ten times greater than in the normal retracted pos-
ition. This can limit the duty cycle of the operation. d.c. solenoids draw
a constant current throughout the movement of the plunger.

(iii) In an a.c. solenoid the point in the mains cycle at which switching
occurs, will determine the instant of operation. This gives a slight operat-
ing jitter of perhaps 10 ms. For a given load, a d.c. solenoid will have an
accurately reproducible operating time.

(iv) Unless well damped, a.c. solenocids have a tendency to hum but d.c.

devices are quiet.

In general, therefore, d.c. solenoid actuators are preferable for fast,
light duty, short stroke applications and a.c. solenoids for heavy duty
action.

The operating speed is determined by load inertia, friction, and the
solenoid force over the distance travelled. The manufacturers' data books
will give the necessary mechanical and electrical data to calculate the per-
formance of a solenoid in a given application.

As a mechanical actuator, the solenoid suffers from several disadvant-

ages,

(i) The force varies non-linearly with distance and hence is asymmetrical
when opposed by a linear spring force,

(ii) The force is limited to about 200N (50 1lbf) in the most powerful a.c.
solenoids

(iii) The stroke is limited to about 40 mm (1.6 in) even in a.c. solenoids.
Linkages must be used to increase this.

(iv) The power dissipétion in the winding resistance can easily be several
hundred watts for a medium size device. As the duty cycle increases, the

coil windings will heat up. The resulting increase in resistance and decrease

in coil current reduces the force available from the solenoid.
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(¢) Solenoid valves

Miniature solenoid-~operated valves make it possible to interface a wide
range of pneumatic equipment to the control unit. They are suitable for
driving light duty pistons and rams. The individual valves may be mounted
on a manifold and the connecting air hoses attached by quick-fit couplings.
They offer significant advantages over solenoid actuators. A very much longer
stroke is possible-up to 150 mm (6 in). The action is linear and uniform
and they generate no electrical interference.

A difficulty arises,however,with heavier loads,particularly if a long
stroke is needed. At the fairly low pressures which it is practical to use,
the pneumatic 'resistance' of small bore valves and hoses, restricts the
speed of operation.

In these cases a stage of pneumatic amplification is necessary. This

may be in the form of either

(i) two valves; a pilot valve which is solenoid operated and provides a
jet for the operation of a larger capacity valve, or

(ii) a fluid amplifier, which incorporates the two stages in one unit. The
solenoid valve closes a pilot jet. This causes pressure to build up which

opens the main valve.

The first alternative is particularly useful in a hostile environment
since the electrical part of the operation can be removed to a safer area.

The second is very valuable as a stage of amplification which does
not generate electrical interference. Power amplification of 3 to 4 orders
of magnitude are attainable by such means,with operating times of the order
of 10 ms., At 5V, less than 80 mA is required to operate the solenoids.
With some protection, the output stage of an integrated circuit driver can
operate the solencids directly.

The subject of hydraulic valves is vast and cannot be dealt with here.
They are extensively used as servo valves for proportional movements, but
simpler types are available for use as switching valves. Pressures are much
higher than in pneumatic systems. Therefore much greater forces are attain-
able. However, oil flow is slow and operating times are longer than for
pneumatic valves. The power gain is 2 to 3 times larger than with pneumatic
valves, notwithstanding the much greater power required to operate the
solencids.

Hydraulic valves are operated by either d.c. or a.c. solenoids, with

power consumption of the order of 20W. 1In this sense they are similar to
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the shorter stroke actuator solenoids described above. Mercury-wetted relays
are a suitable interface element between DTL/TTL circuits and such solenoids.
A CR filter across the contacts is needed to suppress arcing and a diode must
clamp the collector of the output transistor to supply,to prevent a voltage
overshoot when the solenoid is de-energized. An alternative to the relay is
a semi-conductor driver of the type described in the next section. d.c.
solenoids can be driven by power transistors and triacs are frequently used

to drive a.c. solenoids,

4,4,2 Semi-conductor devices

(a) D.C. power control

+Vg
LOAD
e RL 1,-0-0OFF STATE
t Ib)I‘/E ON STATE
——
Ib Vee

Fig 4.4.1 Transistor switch.

Fig 4.4.1 shows how a transistor can be used to switch-on the d.c.

current in a load., The controlling current I, should be chosen such as to

b
hold the driving transistor in the saturated state. - The collector-emitter
voltage in this state is less than 1V. The required value of collector
current IC is then known from the supply voltage VS and load resistance RL.
The d.c. current gain g (the term forward current transfer ratio hFE is also
used) of the transistor is given in the manufacturers' data sheets. Hence
the minimum value of Ib is established. Since p varies with temperature and
is also slightly different for individual transistors, it is necessafy to
supply at least 2 to 3 times the minimum current to ensure that the trans-
istor does not come out of saturation.

"It is important to operate the transistor in saturation as it minimizes
the power dissipation P = V_ .1 in the device. In the OFF state only a few

CE ¢

uA of leakage current will normally flow, so that although V_ _ = Vs’ the

CE
dissipation is very small.
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The following points should be considered in selecting a transistor

switch,

(i) The VCE limit, VCE(max)
If this is exceeded avalanche breakdown can occur between the collector and
the other two terminals, causing permanent damage to the transistor. For

most transistors V & 100V, but some types can work up to 600V. The

CE(max)
latter have rather slower switching speeds.
(ii) The IC limit, Ic(max)

The maximum collector current is determined by the maximum power dissipation

and the area of the collector junction of the transistor. The I ranges

from a few hundred mA to 50 A depending on construction. For hi;;:ixzurrents
several transistors can be connected in parallel, Care should be taken then
to ensure the current divides equally among them,by employing load sharing
resistors in series with each collector.

(iii) The power dissipation limit Pmax
This depends on the thermal resistance of the device package. High power
transistors are bolted to heat sinks to give more efficient heat dissipation.
(iv) Switching speed

In power control applications, switching speeds generally matter only because
of their effect on power dissipation., During switching, the product VCE IC
is greater than in the ON state, since the saturated state (VCE < 1V) is only
reached at the end of the switching transient. Therefore a limit on the

duty cycle of a transistor switch is set by the value of the mean power,
which should not exceed Pmax'
(v) External load

Some loads may pose particular difficulties. Inductive loads, such as sole-

noids, must be fitted with protective diodes to prevent V being

CE{max)
exceeded when the transistor interrupts the load current. Heater or lamp
filaments have a very low resistance when cold and draw large initial

currents.

Discrete transistors may be driven by DTL/TTL buffer gates as shown in
Fig 4.4,2a, but f# is only sufficient to allow at most 100 mA to be switched.
This is due to the small currents which gates are able to supply in the high
state, therefore if greater currents are to be switched, an external resistor
must be used to supply Ib’

Improved current driving can be obtained by using a Darlington pair of

output transistors with a f equal to the product of the individual current
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gains (Fig 4.4.2b). The driver stage is also turned off more firmly when the
gate output is in a low state, since the input voltage must now exceed two

base-emitter voltages (~1.2V) before conduction begins,

5V 45V
BUFFER BUFFER
GATE = GATE
{a) (b) B

Fig 4.4.2 Discrete transistor driving circuits,(a) showing gate with enhanced
high state current supply, (b) as (a) driving Darlington pair.

(b) A.C. power control

Thyristor (SCR) and triac semiconductor switches are used to provide
'ON-OFF' or proportional control of a.c. power*. Like the transistor they
have three terminals: two power electrodes and a gate which controls the flow
of current between them.

In the thyristor (Fig 4.4.3a) the power electrodes are the anode and
cathode and conduction is unidirectional, In the triac (Fig 4.4.3b) the
electrodes are simply known as MTl (nearer the gate) and MT2, and conduction

is bidirectional.

ANODE MT,
GATE GATE
CATHODE MT,
{a) THYRISTOR {b) TRIAC

Fig 4.4.3 Semiconductor switching devices.

The thyristor may be thought of as a diode with an additional control
electrode. When it is forward biased it may be either in the OFF or ON state.
In the OFF state,conduction is blocked. Only a small leakage current

(of a few pA) will flow between anode and cathode.

*For 'ON-OFF' switching with low duty cycle and particularly for multiple

switching, a.c. relays may be a simpler solution. They are easily driven
from a reed relay such as described in 4.2.2 (a).



BIBLIOTHEQUE DU CERIST

172

In the ON or conducting state,it behaves like a forward-biased diode.
Large currents can flow and there is only a small voltage drop between anode
and cathode.

The thyristor is switched on from any of the following causes.

(i) The application of a voltage between gate and cathode so as to inject
a small gate current. When this gate current exceeds a threshold value, it
starts a regenerative process in which the current increases to its maximum
value within a few s#s. Thereafter the gate has no control.

(ii) A rapidly rising voltage at the anode,which starts the conduction
process.

(1ii) An applied voltage greater than that which the device can support. An

avalanche breakdown may then occur in the semiconductor junction.

The thyristor can only be switched off by reducing the anode current
below a threshold value, after which conduction gradually ceases. The turn-
off time (~50 us) is considerably longer than the turn-on time.

When reverse-biased, the thyristor behaves like a semiconductor diode,
irrespective of gate current and is effectively non-conducting,

Triacs have much the same characteristic except that there is no dis-
tinction between forward and reverse biasing. Moreover the device will
trigger on both positive or negative gate currents, although it is generally
more sensitive when the polarities of gate and MT2 voltages are the same.

The use of a thyristor as an a.c. switch is illustrated in Fig 4.4.4

Lo———L0AD

Re

~ ___t
SWITCH

N O-

Fig 4.4.4 Thyristor switch.

When the switch is closed, gate current flows through R The thyristor

o
then conducts during each positive half cycle of the mains voltage and acts
as a half wave rectifier. The point in the cycle at which conduction starts

If R, is small, the thyristor turns on at the beginning

is determined by RG' c
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of the cycle. As RG becomes larger the threshold gate current will not be
reached until later in the cycle,

The switch may be replaced by a reed relay. The circuit may then be
used in place of a high power a.c. relay. This avoids problems of contact
wear due to the breaking of large currents.

Full-wave control can be obtained by using two thyristors in inverse
parallel, but this requires two gate driving circuits. In most cases the
use of a triac is more convenient.

The following points should be considered in designing circuits using

thyristors and triacs.

(i) Voltage and current ratings

The breakdown voltage limits the peak voltage which the device can sustain.
In a reverse-biased thyristor permanent damage to the device can result from
exceeding this voltage. On the other hand, the forward-biased thyristor or
triac will simply switch into the conducting state and recover after the next
zero~-crossing of the supply voltage.

Voltage spikes on the mains are unlikely to damage the device, but
can cause intermittent false triggering. For this reason it is best, in
critical applications, to use a device with a higher rating than appears
necessary (600V device to switch 240V a.c.). Alternatively or in addition,
suppressor networks or transient clipping diodes should be used to limit the
amplitude of voltage spikes.

The maximum rms current in the conducting state should be within the
limits of the device chosen. The surge-current rating will however be much
greater. This means that the device can be used safely to switch loads
which have an initially low resistance such as stationary motors or incan-
descent lamps.

Fuses are recommended to protect the device against overcurrent faults.
Where these are common, as for instance where a motor is liable to stall, a
protective circuit breaker is preferable.

Thyristors and triacs are never completely safe from false triggering.
Therefore they cannot be relied upon to give complete isolation, The inclu-
sion of a mechanical switch or contactor in series with the semiconductor

switch is a common safety measure.

(ii) Gate characteristics
Gate currents are only needed until the principal current has been established.

After the device has switched on, the gate junction is reverse-biased and no
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further current flows in the gate circuit. A thyristor may therefore be
fired using a trigger pulse. This pulse must however provide a current
greater than the gate threshold current and must be of a certain minimum

duration.

(iii) Transient conditions

Rate of change of voltage (dv/dt)
A sudden rise in voltage across the device may cause it to breakdown into
the conducting state. Large values of dV/dt can easily arise in switching
off inductive loads. Since the applied voltage and controlled current are
in quadrature, the device switches into the non-conducting state at a time

when the applied voltage is greatest (Fig 4.4.5).

- v
’

’
;
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1 TIME
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[ . L
4
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ke
CONDUCTION STOPS
IF GATE CURRENT =0

Fig 4.4.5 Current and voltage relationship when a thyristor is used to switch
off an inductive load.

This can cause false triggering in a triac, since the full voltage is
applied immediately after conduction has stopped.

This is one case where the use of two thyristors in inverse parallel
can be a preferable solution. Each thyristor has a quarter cycle interval
between the end of conduction and the time when the applied voltage is again
in a forward direction. This allows the device to recover and removes the
danger of false triggering.

However, the simple addition of a CR network (Fig 4.4.6) will remove
the danger of false triggering due to this cause even in a triac.

The rate of voltage rise is reduced by bringing the circuit into oscill-

ation with the inductance of the load. The maximum rate of change is then

dv  Vmax
dt = J/LC

*The manufacturers' data sheets provide the necessary information.
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P
X

h;——— L

X

N

Fig 4.4.6 Protecting a triac against false triggering due to inductive loads.

This allows C to be so chosen that (dv/dt) lies within the accept-

max
able limit. A resistor R is needed to damp the resultant oscillations and

a suitable value is given by

R = ZJ%.

Rate of change of current (dI/dt)
Conduction in a thyristor or triac is dué to a progressive breakdown of semi-
conductor junctions. Variations in thickness and composition of the semi-
conductor layers cause breakdown to occur initially at a small number of
points in the junction area, before it spreads over the whole junction. For
very high dI/dt local 'hot spots' may thus occur and cause premature failure
of the device.

In most cases there will be sufficient inductance in the circuit to
prevent this happening. Where this is not so, a choke may have to be added

in the circuit.

(iv) Noise immunity

Good noise immunity is necessary for all signal lines connected to the gate
since both thyristors and triacs are easily triggered by short noise pulses.
The circuits of Fig 4.4.7 are commonly used to provide both noise rejection
and an appropriate isolation between the control logic and a.c. drivers.

Of the three techniques (a) is the simplest. Methods (b) and (c¢) are
more suitable for fast switching. Method (c¢) of course requires a pulse
train as a trigger source.

Thyristor and triac switching transients generate considerable inter-

ferences,

*Mains filters may be necessary to prevent this being carried over and radi-

ated by the a.c. supply.
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Fig 4.4.7 Coupling triggering pulses to a.c. switches.

A particularly important cause of noise, the initial switching-on of
an a.c. circuit, can be minimized by using a zero voltage switching device.
In this, a special circuit (Fig 4.4.8) detects the zero cross-over point of
the supply voltage. The resultant pulse is gated with the control signal,

so that triggering always takes place at the beginning of a mains cycle ¥,

* An optical isolator or reed relay is required for the control signal since
the circuit is effectively floating.
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The harmonic content of the resulting switching waveform is thereby greatly

reduced since large voltage steps are avoided.

LOAD

| ZERO CROSSING
DETECTOR DRIVER

TRIAC

N
INPUT O——r

CONTROL
SIGNAL

Fig 4.4.8 Zero-voltage switch.

Switching the triac at the beginning of the voltage cycle only applies
if the load is resistive. With inductive loads the zero voltage cross-over
point is not coincident with the zero current cross-over point. This means
that a part {(for purely inductive loads cne half) of the supply cycle would
be lost. The correct timing of the trigger pulse is just before the zero
current cross-over point. This maintains continuity of conduction without
introducing voltage steps.

Various types of zeroc cross-over switching devices are available in IC
form. 1In some of these, the chip has its own power supply to drive the com-
parator and drive circuits. This is connected directly to the a.c. supply

and requires only the addition of an external smoothing capacitor.
4,5 SUNDRY TECHNIQUES

4.5,1 Protection circuits

In industrial processes, it is quite common for voltage spikes to be

induced in signal cables when heavy loads are being switched nearby. Some
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form of protection is therefore advisable where this is likely to occur.

The circuits of Fig 4.5.1 are normally sufficient to clip low power transients.

— +V

4 i
; ol

(a) For standard logic signal (b) For bipolar signal

(a)

Fig 4.5.1 Noise-spike protection.

Other circumstances may occur where it is desirable to protect inputs
against accidental connection to a.c. power sources. Here some form of fuse

is required (Fig 4.5.2).

MINIATURE
FUSE
IN & O V- - OUT
(<100mA)
Z1
Z2
O = = =0 == O o =

(FOR GROUND PROTECTION}=

Fig 4.5.2 High voltage protection.

Zener diodes Z1 and Z2 are relied upon to limit the output voltage
during the time it takes the fuse to blow (~1 msec). The zener diodes will
be grossly overloaded during this period and must therefore be replaced at
the same time as the fuse.

The zener voltage and 'once only' dissipation (which may be a hundred
times or more its d.c. rating) determine the maximum allowable current.
This together with the mains voltage, gives the combined resistance of the

fuse (hot) and resistor R required. It should be noted that the zener voltage
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will rise by a significant amount during heating (10-50 per cent).
Safety barrier circuits in flammable or explosive environments may be

designed in similar fashion.

4.5.2 Driver stages for amplifiers.

Sometimes the output current rating of an operational amplifier is
insufficient to drive the required load. The simple circuit of Fig 4.5.3 may

be used to provide a single-ended (unipolar) output of up to 100 mA.

VAN
Rz
+V
T
. OP-AMP Ry
1
V) O———wWV - T.
1 vee
R, %_RL
-y
X

Fig 4.5.3 Transistor current amplifier to drive operational amplifier load.

Emitter follower transistor Tl acts as a current amplifier with gain g
(the transistor current gain). The current supplied by the op-amp need then
only be 1/ of the load current. Since the transistor current amplifier is
contained within the feedback loop, there is normally sufficient negative
feedback to compensate for even quite large variations in transistof charac-
teristics (such as changes in f or base-emitter voltage with increased emitter
current).

Resistor R3 is normally required. It prevents excessive power dissi-
pation in Tl by reducing the collector-emitter voltage (VCE). It should
also be chosen to keep the transistor out of saturation at the maximum rated
current. Rs limits the op-amp output current and may be omitted if, as is
usual, the op-amp is short-circuit protected.

To give higher output currents (up to 1 amp), two transistors Tl, T2
may be used in a Darlington pair arrangement (Fig 4.5.4) which provides higher

gain.
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Fig 4.5.4 Circuit for higher output current.

PNP transistors may be used to provide a negative output (Fig 4.5.5).

Fig 4.5.5 Circuit for negative output.

If a bipolar output is required then the best solution is to use a
booster amplifier within the feedback loop. These are available,in micro=-
circuit form,from many manufacturers. They are less subject to drift than
the above circuits and have very fast slew rates so as to preserve the orig-

inal response of the op-amp.
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SUBJECT INDEX

ac noise margin, 122
signal processing, 151
active pull-up transistor, 109
addition, 25,63
carry, 25
parallel, 17
alternative sequences, 45
amplification,see loop amplification
amplifier,see also under types, 139
ac, 151
bandwidth, 142,150
common-mode impedance, 149
rejection ratio, 150
voltage limit, 149,157
defects, 148
differential impedance, 140,141,144,149
drifts, 145,148
driver stage, 179
filter, 154
frequency response, 142
full linear, 150
gain, 140
inverting, 143
enhanced input impedance, 144
leakage current, 145,148
compensation, 149
non-inverting, 140
offset voltage, 148
parasitic oscillation, 142
compensated, 143
phase shift, 142
slew rate limit, 150
analogue circuits,see signal processing
Analogue-Digital Conversion (ADC), 160
comparison of methods, 164
counter method, 161
dual slope integration method, 163
ramp method,see previous entry
successive approximation method, 162
AND operation, 19,75
arithmetic operations, 24
conditional, 28
array operand, 28
addressing, 29
parallel, 29
serial, 29
asynchronous control, 7
AUTO, see single step mechanism
Automatic Programming Language (APL), 15

BCD-binary conversion, 30,34
fraction,,37
integer, 35
circuit, 102
binary-BCD conversion, 30,39
fraction, 41
integer, 39
Binary Coded Decimal (BCD)
fraction, 38
integer, 35
bistable,see flip flop
boolean, 21
matrix, 16
operation, 22,75

vector, 16
booster amplifier, 180
bridge measurement amplifier, 146

CCIT/ELA specified logic signal, 135
characteristic impedance, 117,138
Characteristic Period (CP)T-T7,5?
generator,see counter modulo
CLEAR function, 91,96
clear and launch mechanism, 93
clock, 17 __
generator, 80
synchronization to other clocks, 73
- 2-phase, 26,80
4-phase, 41,81
coaxial cable, 118,138
commou-mode rejection ratie, 150
common-mode voltage, 130,147,149
commoning of program controllers, 52,88
commutator,see demultiplexer switching
Compatible Current Sinking Legic (CCSL), 105,10%
Complementary MOS (CMOS) o
conditional arithmetic operation, 28
conditional jump,see out of sequence entry
constant matrix, 37,40
contactor,see relay power
correlation loop,see phase-locked loap, 73
count synchronizing, 18
counter, 26
binary, 98
asynchronous preset, 99
carry, 98,99
cascading, 98,99
modulo, 26,81,98
synchronous preset, 98
termination, 26
terminator,see also ECP, 26
ring,see also program control mechanism, 82
launch, 82
value, 26
counting, 26
crosstalk between signals, 125,137,138
current amplifier, 145
current sinking, 108

D-type flip flop,see latching bistable
Darlington pair, 170,179
data amplifier differential, 139
transfer between programming units, 48,59
buffer store, 48,59
synchronization, 59
transmission,see data trangfer
decoder,see demultiplexer
decoupling capacitors, 120,121,125
demultiplexer, 20,100
switching, 101
demultiplexing, 20
differential amplifier,see data amplifier
differential comparator, 135,136
differential transmission, 130,135
Digital-Analogue Conversion (DAC), 159
resistor netwark, 160
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digital transmission, 131
Diode Transistor Logic (DTL), 105,108
division, 30,33

driver stage for amplifier, 179

earth loop,see noise common-mode

Eccles-Jordan bistable,see NAND R/S latch

Emitter-Coupled Logic (ECL), 115

emitter follower, 109

Enable function,see also Permit, 94

encoder,see multiplexer

End of Characteristic Period (ECP), 57,82
see also counter binary terminator

equivalence function (NXOR), 22,75

ERROR bistable, 92

exclusive NOR see equivalence, 75

exclusive OR see non-equivalence, 75

fail-safe mechanism, 92
fall time of signal waveform, 114
fan-out of logic element, 112,128
feedback
negative, 141
positive, 158
ratio, l4l
filter
amplifier, }54
twin-T network, 154
Chebyshev, 137
hash, 137
flip flop,see also under types, 77
classification, 79
floating point
-arithmetic, 26
form, 26
fluid amplifier, 168
forward current transfer ratio, tramsistor,

gate logic, 75
ground noise voltage,see noise common-mode

High Level Transistor Logic (HTL), 106
High Noise Immunity Logic (HiNIL),see HTL
hydraulic valve, 168
hysteresis,see also feedback positive

in comparator characteristic, 158

in Schmitt trigger, 116

impedance matching, 117
implication, 22
negated, 22
reverse, 22
reverse negated, 22
In Sequence Entry (ISE), 31
inductive load,see also relays, 170,174
INHIBIT function,see single step mechanism

169
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inhibit mutual, 48,52,88
inverter, 75
interlock, 47,87
mutual, 48
for remote programming units, 52
isolation ground, 130
mechanical,see relays
optical, 133

JK flip flop, 78

Large Scale Integration (LSI), 105
latching bistable, 77,102
LAUKCH, see program control launch
leakage current, 109,113
level detector,see differential comparator
line

driver, 135

receiver, 136

linear operational amplifier,see data amplifier

loading rules for logic devices, 112,128
loop amplification, 141

loops control of,see OSE backward

Low Power TTL (LPTTL), 106,125

MANUAL, see single step mechanism
matrix
boolean, 16
of constants, 37,40
Medium Scale Integration (MSI), 96,105
modulo
notation, 18
operation, 27
multi-emitter transistor, 109,111
multiplexer, 20,28,99
switching, 101
tree, 29
multiplexing, 20
multiplication, 30,31
by ten, 35
circuit, 102
multiplier analogue, 153
multiway cable shielded, 139

N-channel transistor, MOS, 126
NAND
function, 22
gate, 75,109
R/S latch, 77
negative numbers, 24
noise
common-mode, 129
suppressed by inductance, 137
ground, see noise common~mode
immunity, 121
induced on signal conductor, 129
margin, 112,129
spike protection, 178
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NOR function, 22,75

non~equivalence function (XOR), 22,75
NPN transistor, 108

NXOR function,see equivalence, 75

On-line computer system, 12

open collector output stage of logic device, 111

operand, 16
integer, 16
fractional, 32
operation, 16
arithmetic, 24
basic, 16,21
boolean, 22
derived, 16,30
parallel, 17
relational, 23
serial, 17
operational amplifier,see data amplifier
optical coupler,see isolation optical
OR function, 19,75
Out of Sequence Entry (0SE), 31,43,85
backward, 31,44,46
forward, 31,44,45
nesting of, 43

output characteristic of logic device, 110

overshoot voltage, 119

P-channel transistor, MOS, 126
parallel-serial conversion, 20,100
parameter transfer,subprogram, 33
permit
mutual, 49,87
unidirectional, 49
period
clock, 17
see also Characteristic Period
phase
locked loop, 73,155
measurement, 154
sensitive rectifier,see rectification
pneumatic
amplifier; 168
valve,see solenoid valve
PNP transistor, 180
power control
ac, 171
full wave rectification, 173
gate current, 173
half wave rectification, 172
inductive load, 174
interference cause, 175
noise immunity, 175
rating, 173
transient conditions, 174
triggering, 175
zero cross-over switching, 176
dc,see transistor switch, 169
power driver, 166
PRIME bistable, 92
program control
launch, 82,91

mechanism, 82
program step, 30,82

enabling, 49,84,95

termination, 83

enabling, 49,84

propagation delay in logic gate, 114
protection circults, 177

high voltage, 178
pull-up resistor of logic gate, 108,111
pulse energy, 123

Read Only Memory (ROM), 72
content-dependent addressing, 72

rectification of ac signals, 152
phase sensitive, 153 -

reference voltage generation, 157

reflection of signal in transmission line, 117

relational operation, 23
relay, 131
contact bounce, 131
contact life, 132
power, 166
reed, 131
rise time of signal waveform, 113

sample and hold circuit, 164

saturated conduction in transistor, 109,169

scaling, 19,26
Schmitt trigger, 116,130
Schottky-clamped TTL (TTLS), 125
search algorithm, 45
selection vector, 19

implicit and explicit, 20
sequences

asynchronous, 7,71

autonomous, 71
serial-parallel conversion, 21,100
servo loop,see feedback negative
Sheffer~stroke notation, 23
shift register, 17,97
shift

left, right,see also scaling, 18,26

right circular,see also shift register, 18

signal
processing, 139
transmission, 129

Silicon Controlled Rectifier (SCR),see thyristoer

single step mechanism, 94
slew rate limfter, 106,135
slow down capaciter,see previous entry
solenoid
ac/dc comparison, 167
actuator, 166
disadvantages of, 167
valve, 168
square root, 63
START/STCOP mechanism, 90
STOP,see previous entry
store selection,see array operand
strip cable, 138
subprogram, 31,34,89
synchronization, 55,57



BIBLIOTHEQUE DU CERIST

subtraction, 23,63
surge impedance,see characteristic impedance
switching
speed of logic devices, 113,125
threshold of logic gate, 108
synchronizing count, 18,57
synchronization
data transfer, 59
independent controllers, 73
process,see interlock
subprogram to main program, .55,57

threshold potential of logic gates, 108
thyristor, 171
in inverse parallel, 173,174
junction breakdown, 175
prevention by choke, 175
protection, 173
switch, 172
toggle frequency of flip flop, 115
transfer characteristic of logic gate, 108
transistor switch, 169
base current drive, 170
current limit, 170
gain, 169
limit, 170
power dissipation, 109,169
saturated conduction, 109,169
switching speed, 170
voltage limit, 170
Transistor Tramsistor Logic (TTL), 105,109
transmission line, 116
cable, see under types
termination, 117,120
tri-state output stage, 112
triac, 171
false triggering due to inductive load, 174
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prevention, 174
protection, 173
triax cable,see coaxial cable
twinax cable,see twisted-pair
twisted-pair cable, 118,138

undershoot,voltage, 109,119
uniselector,see multiplexer switching

valve,see solenoid valve
vector

boolean, 16

dimension, 16

selection, 19

unit, 19

weight of components, 16,33
virtual earth point, inverting amplifier, 144
voltage amplifier, 139
Voltage Controlled Oscillator (VCO), 155,165
voltage-frequency converter, 165

weight vector, 16
window discriminator, 158
wired-OR, 76,111

XOR, see non-equivalence

Zener diode for voltage reference, 163
zero voltage switch,see power control ac
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