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FOREWORD

The proliferation of knowledge now makes it most difficult for scientists
or engineers to keep ahead of change even in their own fields, let alone in
contiguous fields. One of the fields where recent change has been most
noticeable, and in fact exponential, has been automatic control. This
three-volume Handbook will aid individuals in almost every branch of
technology who must constantly refresh their memories or refurbish their
knowledge about many aspects of their work.

Automation, computation, and control, as we know them, have been
evolving for centuries, but within the last generation their impact has
been felt in nearly every segment of human endeavor. Feedback prin-
ciples were exploited by Leonardo da Vinci and applied by James Watt.
Some of the early theoretical work of importance was contributed by Lord
Kelvin, who also, together with Charles Babbage, pointed the way to the
development of today’s giant computational aids. Since about the turn of
the present century, the works of men like Minorsky, Nyquist, Wiener,
Bush, Hazen, and Von Neumann gave quantum jumps to computation and
control. But it was during and immediately following World War II that
quantum jumps occurred in abundance. This was the period when theories
of control, new concepts of computation, new areas of application, and a
host of new devices appeared with great rapidity. Technologists now find
these fields charged with challenge, but at the same time hard to encom-
pass. From the activities of World War IT such terms as servomechanism,
feedback control, digital and analog computer, transducer, and system
engineering reached maturity. More recently the word automation has
become deeply entrenched as meaning something about the field on which
no two people agree.

Philosophically minded technologists do not accept automation merely
as a third Industrial Revolution. They see it, as they stand about where
the editors of this Handbook stood when they projected this work, as a
manifestation of one of the greatest Intellectual Revolutions in Thinking
that has occurred for a long time. They see in automation the natural
consequences of man’s urge to exploit modern science on a wide front to

vii



iii FOREWORD

perform useful tasks in, for example, manufacturing, transportation, busi-
ness, physical science, social science, medicine, the military, and govern-
ment. They see that it has brought great change to our conventional way
of thinking about the human use of human beings, to quote Norbert
Wiener, and in turn about how our engineers will be trained to solve .
tomorrow’s engineering problems. They even see that it has precipitated
some deep thinking on the part of our industrial and union leadership
about the organization of workers in order not to hold captive bodies of
workmen for jobs that automation, computation, and control have swept
or will soon sweep away.

Perhaps the important new face on today’s technological scene is the
degree to which the broad field needs codification and -unification in order
that technologists can optimize their role to exploit it for the general good.:
One of the early instances of organized academic instruction in the field
was at The Massachusetts Institute of Technology in the Electrical Engi-
neering Department in September 1939, as a course entitled Theory and
Application of Servomechanisms. I can well recollect discussions around
1940 with the late Dr. Donald P. Campbell and Dr. Harold L. Hazen,
which led temporarily to renaming the course Dynamic Analysis of Auto-
matic Control Systems because so few students knew what “servomecha-
nisms” were. But when the GI’s returned from war everybody knew,
and everybody wanted instruction. Since that time engineering colleges
throughout the land have elected to offer organized instruction in a multi-
tude of topies ranging from the most abstract mathematical fundamentals
to the most specific applications of hardware. Textbooks are available on
every subject along this broad spectrum. But still the practicing control
or computer technologist experiences great difficulty keeping abreast of
what he needs to know. )

As organized instruction appeared in educational institutions, and as
industrial activity increased, professional societies organized groups in the
areas of control and computation to meet the needs of their members to
tell one another about technical advances. Within the past five years
several trade journals have undertaken to report regularly on develop-
ments in theory, components, and systems. The net effect of all this is
that the technologist is overwhelmed with fragmentary, sometimes con-
tradictory, redundant information that comes at him at random and in
many languages. The problem of assessing and codifying even a portion
of this avalanche of knowledge is beyond the capabilities of even the most
able technologist.

The editors of the Handbook have rightly concluded that what each
" technologist needs for his long-term professional growth is to have a body
of knowledge that is negotiable at par in any one of a number of related
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fields for many years to come. It would be ideal, of course, if a college
education could give a prospective technologist this kind of knowledge.
It is in the hope of doing this that engineering curricula are becoming
more broadly based in science and engineering science. But it is unlikely
that even this kind of college training will be adequate to cope with the
consequences of the rapid proliferation of technology as is manifest in the
area of automation, computation, and control. Hence, handbooks are an
essential component of the technical literature when they provide the
unity and continuity that are requisite.

I can think of no better way to describe this Handbook than to say that
the editors, in both their organization of material and selection of sub-
stance, have given technologists a unified work of lasting value. It truly
represents today’s optimum package of that body of knowledge that will
be negotiable at par by technologists for many years to come in a wide
range of disciplines.

GorpoN S. BrowN
Dean, School of Engineering
Massachusetts Institute of Technology






PREFACE

Accelerated advances in technology have brought a steady stream of
automatic machines to our factories, offices, and homes. The earliest
automation forms were concerned with doing work, followed by the con-
trolling function, and recently the big surge in automation has been
directed toward data handling functions. New devices ranging from
digital computers to satellites have resulted from military and other gov-
ernment research and development programs. Such activity will continue
to have an important impact on automation progress.

One of the pressures for.the development of automation has been the
growing complexity and speed of business and industrial operations. But
automation in turn accelerates the tempo of whatever it touches, so that
we can expect future systems to be even larger, faster, and more complex.
While a segment of engineering will continue to mastermind, by rule of
thumb procedures, the design and construction of automatic equipment
and systems, a growing percentage of engineering effort will be devoted to
activities that may be classified as problem solving. The activities of the
problem solver involve analysis of previous behavior of systems and equip-
ment, simulation of present situations, and predictions about the future.
In the past, problem solving has largely been practiced by engineers and
scientists, using slide rules and hand caleulators, but with the advent of
large-scale data processing systems, the range of applications has been
broadened considerably to include economic, government, and social activ-
ities. Air traffic control, traffic simulation, library searching, and language
translation are typical of the problems that have been attacked.

This Handbook is directed toward the problem solvers—the engineers,
scientists, technicians, managers, and others from all walks of life who are
concerned with applying technology to the mushrooming developments in
automatic equipment and systems. It is our purpose to gather together
in one place the available theory and information on general mathematics,
feedback control, computers, data processing, and systems design. The
emphasis has been on practical methods of applying theory, new techniques
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and components, and the ever broadening role of the electronic computer.
Each chapter starts with definitions and descriptions aimed at providing
perspective and moves on to more complicated theory, analysis, and appli-
cations. In general, the Handbook assumes some engineering training and
will serve as an information source and refresher for practicing engineers.
For management, it will provide a frame of reference and background ma-
terial for understanding modern techniques of importance to business and
industry. To others engaged in various ramifications of automation sys-
tems, the Handbook will provide a source of definitions and descrlptlve
material about new areas of technology.

It would be difficult for any one individual or small group of individuals
to prepare a handbook of this type. A large number of contributors, each
with a field of specialty, is required to provide the engineer with the desired
coverage. With such a broad field, it is difficult to treat all material in a
homogeneous manner. Topics in new fields are given in more detail than
the older, established ones since there is a need for more background in-
formation on these new subjects. The organization of the material is in
three volumes as shown on the inside cover of the Handbook. Volume 1
is on Control Fundamentals, Volume 2 is concerned with Computers and
Data Processing, and Volume 3 with Systems and Components.

In keeping with the purpose of this Handbook, Volume 1 has a strong
treatment of general mathematics which includes chapters on subjects not
ordinarily found in engineering handbooks. These include sets and rela-
tions, Boolean algebra, probability, and statistics. Additional chapters
are devoted to numerical analysis, operations research, and information
theory. Finally, the present status of feedback control theory is sum-
marized in eight chapters. Components have been placed with sys-
tems in Volume 3 rather than with control theory in Volume 1, although
any discussion of feedback control must, of necessity, be concerned with
components.

The importance of computing in research, development, production, real
time process control, and business applications has steadily increased.
Hence, Volume 2 is devoted entirely to the design and use of analog and
digital computers and data processors. In addition to covering the status
of knowledge today in these fields, there are chapters on unusual computer
systems, magnetic core and transistor circuits, and an advanced treatment
of programming. Volume 3 emphasizes systems engineering. A part of
the volume covers techniques used in important industrial applications by
examining typical systems. The treatment of components is largely con-
cerned with how to select components among the various alternates, their
mathematical description, and their integration into systems. There is
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also a treatment of the design of components of considerable importance
today. These include magnetic amplifiers, semiconductors, and gyro-
scopes.

We consider this Handbook a pioneering effort, in a field that is steadily
pushing back frontiers. It is our hope that these volumes will not only
provide basic information on new fields, but will also inspire work and
further research and development in the fields of automatic control. The
editors are pleased to acknowledge the advice and assistance of Professor
Gordon 8. Brown and Professor Jerome S. Wiesner of the Massachusetts
Institute of Technology, and Dr. Brockway McMillan of the Bell Tele-
phone Laboratories, in organizing the subject matter. To the contributors
goes the major credit for providing clear, thorough treatments of their
subjects. The editors are deeply indebted to the large number of special-
istd in the control field who have aided and encouraged this undertak-
ing by reviewing manuscripts and making valuable suggestions. Many
members of the technical staff and secretarial staff of Thompson Ramo
Wooldridge Inc. and the Ramo-Wooldridge Division have been especially
helpful in speeding the progress of the Handbook.

EuGeENE M. GRABBE
SiMoN Ramo
» Dean E. WOOLDRIDGE
August 1961
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1. SCOPE OF CONTROL SYSTEM APPLICATIONS

A control system is defined as an integrated complex of devices that
governs or regulates a process or an operation. In many cases, it is diffi-
cult to delineate sharply between the system being controlled and the
control system. Often the two are so interdependent that they must be
designed as a composite unit, in which case the.distinetion becomes aca-
demic. Control systems may or may not require human participation.
In addition, they may or may not be responsive to the state of the process
or operation under control. )

The scope of control system applications is exfremely diversified and is
expanding rapidly as more industries become aware of the possibilities
of control techniques. These possibilities may be listed briefly as follows:

Reduction in manpower required.
Greater production capacity.
1-01



1-02 SYSTEMS ENGINEERING

Increased production flexibility.

Lower production costs, higher efficiency.

Improved quality control, product standardization.

Shorter lead times, inventory reduction.

Safety.

Elimination of monotonous human operations.

Improved performance: power amplification, fast response, accuracy, rapid
coordination of multiple factors.

Operation under adverse conditions.

Increased equipment utilization.

Easier production control.

In some applications, such as the control and guidance of high-speed
missiles, there is no alternative to the use of automatic devices if the re-
quired performance is to be achieved. When faced by a multiplicity of
operations or the need for rapid response, human operators simply do
not measure up to the task. In other cases, operations or processes
have been automatized because it was the most satisfactory or the most
efficient way to achieve a given result. The introduction of control tech-
niques has in some measure freed production from the limitations of the
human operator and has opened new possibilities for produet and process
simplification.

To indicate the wide variety of fields in which control systems are being
utilized, Table 1 lists a few representative applications. Several complex
systems are treated in detail in the chapters that follow (Refs. 1 to 9).

TaBLE 1. REPRESENTATIVE CONTROL SYSTEM APPLICATIONS

Automatic Machines. Numerically controlled milling machines, automatic elec-
tronic assembly lines, self-regulated rolling mills, engine block production lines,
program-controlled lathes, automatic inspection and quality control devices, ma-
terial-handling automata, packaging and bottling machines

Communications. Dial telephone systems, test range communications

Transportation. Automatic railroad freight-sorting yards, pipeline controls,
power distribution control, air traffic control systems, autopilot and landing
devices, navigation aids, ship stabilizers

Process Control. Chemical plants, nuclear controls, petroleum refineries, dis-
tilleries

Military. ~Fire-control systems (airborne, shipboard, and ground-based), missile
stabilization and guidance, air defense control systems, training simulators

Research and Development. Diffraction grating rulers, x-ray positioners, iron-
lung regulators, synthetic human organs (heart, kidney), automatic spectrometers

2. EDUCATIONAL REQUIREMENTS

In order to cope with the control system problems that arise in such
fields as those listed in Table 1, the system designer must master a variety
of skills. Since it involves the techniques of a number of the engineering
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and scientific disciplines, control system design demands a broad under-
standing of basic physical principles and a thorough working knowledge
of practical components. To emphasize this requirement, a list of repre-
sentative topics that might be ineluded in the training of system designers
is presented in Table 2. The breadth of these studies and the extensive

TaABLE 2. REPRESENTATIVE BACKGROUND FOR CONTROL SYSTEM DESIGN

Mathematics Engineering

Vector analysis Circuit theory and network
Laplace transform and Fourier synthesis

analysis Applied electronics
Functions of a complex variable Feedback control
Differential and integral equations Energy conversion
Probability and statistics Hydraulics
Numerical analysis Pneumatics
Advanced algebra Principles of radar
Information theory Machine design
Operations research and game Chemical engineering

theory Measurement and instrumentation

Basic Science Switching circuits

Classical and statistical mechanics Digital computing techniques
Thermodynamics and heat Analog computing techniques
Opties Pulse circuits
Electromagnetic theory Nonlinear mechanics
Atomic, molecular, and nuclear Aerodynamics

physics Metallurgy
Geophysics Heat engineering
Astrophysies Solid state devices
Acoustics

scope of control system applications illustrate that, in order to do even a
very little in the field, one must know a great deal. Moreover, this strong
academic background must be supplemented by a high degree of practical,
mechanical ability.

In general, however, each control system problem is unique and the
background demanded of the designer varies accordingly. It is hardly
likely that any one control engineer is expert on all the subjects listed in
Table 2.

3. FORMULATION OF THE DESIGN PROBLEM

Design procedures for control systems vary from problem to problem
and any suggested approach, such as the one that follows, can be treated
only as a rough guide that must be modified to suit specific control situa-
tions. Procedural patterns in control work recur frequently enough,
however, to warrant the presentation of a generalized design procedure.

Problem Definition. The first task facing the designer is to define
his problem precisely or even to perceive that a problem exists. The
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statement of the problem may be specific or may be so indeterminate
that it can be expressed only in statistical terms. For example, the prob-
lem might be to perform a fixed set of operations, as in a bottling machine,
or to maintain a sequence of specified conditions, as in a chemical process.
Other control systems are called upon to adapt themselves to a variety
of changing circumstances, in which case the statement of the problem in-
volves the determination of the range of these conditions. In many cases,
future, as well as present, requirements must be specified. The planning
of military systems is extremely difficult in this respect in that every
weapons system requires an estimate of what the enemy capabilities will
be several years in the future. The problem, in this case, is a matter of
speculation,

Most nonmilitary control problems can be formulated with some degree
of precision, although even here it is not uncommon for design specifica-
tions to be based on estimated requirements. The capacity of an auto-
matic freightyard, for example, would depend on the railroad’s expected
future traffic situation.

Typical of the data that the designer tries to establish at the outset are
inputs, outputs, overall performance requirements, environment, economic
factors, and time schedules. These are the basic ingredients of the
problem.

Operations Research. The relatively new discipline of operations
research can be used to advantage at this stage of the planning, particu-
larly in translating a vague, functional requirement into quantitative
terms. As an illustration, in designing an air traffic control system for a
metropolitan area one would naturally have to specify the capacity of the
system (see Ref. 1). From aircraft manufacturing data, Federal Aviation
Agency route plans, military and airline traffic estimates, and from cur-
rent airport operational data, an estimate could be made of the future
traffic situation. If the expected average rate of aireraft arrivals to the
ares is @4, and the average rate at which the airport facilities can land
planes is Qy, it is possible to compute the probability P, that n aircraft will
be waiting to land when servicing has reached an equilibrium. By the
queueing theory of operations research (see Vol. 1, Chap. 15, Operations
Research, Sect. 5, Waiting Time Models)

i P (&Y (1-2). %,
o QL QL Qr
The mean number of planes waiting to land will be

= 1— (Qa/Q)
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Figure 1 shows the variation of the mean number of planes waiting
to land, W, with the ratio Q,/Qr. Before undertaking such an analysis,
one might intuitively assume that a landing capacity Qr equal to the
average rate of arrival @, would be adequate. However, from Fig. 1 it
is clear that a much greater landing capacity is required to prevent the
incoming traffic from saturating the system. In cases such as this, a
quantitative analysis can often rescue the intuition from major blunders.
Unfortunately, the converse is occasionally true. A poorly conceived
analysis may also lead common sense astray.

Mean
number g
of
aircraft
waiting 61—
to land

|
% 05 10
L7

= Avg. arrival rate
Q Avg. landing rate

Fic. 1. Queued aircraft as a function of the ratio of arrival rate to landing capacity.

Setting Limits. In formulating a problem, care must be exercised to
avoid expanding it beyond its efficient limits. In lieu of a thorough study
of the real requirements for a system, there is also a temptation to set
excessively stringent specifications in the hope that all possible contin-
gencies will be adequately covered. On the other hand, a more serious
error is to understate the problem. Similarly, the partial treatment of a
problem often has only limited usefulness. For example, the design of a
traffic control system to coordinate the arrival of 200 aircraft into an
area per hour would be of little use if a landing system having a capacity
of 20 planes per hour were retained. These two problems must be treated
as an integrated whole. In fact, the modern emphasis on the overall sys-
tems approach to complex problems originated in the proven inadequacy
of piecemeal attacks.

Importance. It would be difficult to overemphasize the importance of
a well-conceived statement of the problem in control system design.
Often this statement more or less completely determines the nature of the
design, the cost, and the ultimate effectiveness of the system. In many
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cases, additional effort spent on this initial planning can prevent a control
system from being stillborn.

4. SYSTEM FUNCTIONS

Simple Sequence Control. Having defined the problem, the designer
next outlines the operations necessary to cope with it. In some applica-
tions, where the problem might consist simply of a sequence of functions
to be performed, these two steps are closely related.

ExampLE. A typical functional sequence can be listed for the automatie
machine tool shown in Fig. 2. This machine automatically loads, rough

Fi. 2. Rough boring unit for engine blocks. (Courtesy T. C. Cameron, Sundstrand
Machine Tool Co.)

bores, chamfers, transfers, and unloads engine blocks. At the same time
it performs the auxiliary functions of lubrication and chip removal. The
functional cycle is as follows:

1. The transfer bar lowers to engage work.’
2. The transfer bar advances and moves each part to the next station.
3. The locating pins in each fixture rise.

4. The clamps lower to secure the part.
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5. The transfer bar raises, then returns; simultaneously all heads start
rapid approach.

6. Heads feed individually.

7. Heads return rapidly individually.

8. The locating pins drop, and the clamps rise.

9. The cycle is repeated if a new part is available and the finished
part has been removed from the unload station.

A system of limit switches, solenoid valves, clamps, locating pins, and
transfer devices positions the engine blocks in sequence and actuates the
feed and withdrawal of the machine heads. A limit switch is required at
the .end of each motion and at any point in the eycle where a machine
member stops, starts, or changes rate. From the time sequence of these
functions, the designer can draw up a cycle diagram showing the order in
which the operations take place. Figure 3 illustrates such a diagram for
the rough bore machine (see Ref. 6).

Control Logic. Although the rough bore cycle can be interrupted by
malfunctions or by manual intervention, this machine generally illustrates
a large class of special purpose control systems for which the operation is
a simple sequence of specified steps. The logic-controlling such machines
can be considerably more complex than the elementary example just cited,
and operations based on position, time, and arbitrary combinations of
conditions can be instrumented by using switching circuits. Control sys-
tems can even be designed with the ability to choose between alternate
modes of operation depending on the circumstances. In Boolean nota-
tion, one can express a typical decision as follows. (See Vol. 2, Ch‘ap. 17.)

(3) (A+ B)-C=D,
4) (A+B).C =E.

In words, these equations state that if condition A or condition B exists
and if condition C also exists, then response D will be activated. How-
ever, if condition A or condition B exists and condition C does not exist,
then response E will be activated. The switching circuit for implement-
ing this decision is shown in Fig. 4. When complex logical nets are built
up using basic and-or elements, these switching circuits can often be
greatly simplified by algebraic manipulation of the Boolean equations.
(See Vol. 2, Chap. 17 for a table of Boolean equivalences.) To illustrate
this point, note the simplification of the following Boolean equation.

6) AB+ AB = A(B+ B) = A.

The corresponding switching circuits are also shown in Fig. 4.
Programmed Control. More flexible control systems than the fixed
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Fic. 4. Simple switching logic circuits.

logic machines just discussed are possible if the sequence of operations is
controlled by a program of instructions which can be read or set into the
system. In these cases, the system must be designed to accommodate a
range of instructions and performance requirements. By simply revising
the program, one can change the functions of the system.

Continuous Contirel. In contrast to the fixed logic and programmed
control systems above, there is a more sophisticated class of controls
that continuously and automatically adjust themselves to the state of the
process or operation being controlled. Process controls in which the
state of the process is monitored and in which these data are used to regu-
late the operations of the process are typical of this class. An autopilot
that must stabilize the orientation of an aircraft in space under such con-
ditions as atmospheric turbulence is a second illustration. In this case,
the autopilot function is to detect deviations of the aircraft heading and
orientation from the desired state and to actuate the control surfaces of the
aireraft so as to reduce this deviation to zero.

In the process industry, the basic functions have been classified, and
Table 3 lists these so-called unit operations and unit processes. Tt is
common practice to exercise control over each of these operations indi-
vidually, rather than attempt the integrated control of multiple functions.
See Chap. 3, Automatic Machines; Chap. 7, Instrumentation Systems;
and Chap. 10, Single and Multiple Loop Controls.
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TasLe 3. Unir Funcrions 1N ProceEss CoNTrOL (Ref. 7)

Combustion Esterification Diazotization and

Oxidation Reduction coupling

Neutralization Ammonolysis Fermentation

Silicate formation Halogenation Pyrolysis (cracking)

Causticization Sulphonation Aromatization

Electrolysis Hydrolysis Isomerization

Double decomposition Alkylation Acylation

Calcination Friedel-Crafts Oxo reaction

Dehydration Condensation Mechanical separation

Nitration Humidification and Size reduction

Fluid flow cooling Size enlargement

Heat transmission Drying Mixing

Evaporation Adsorption High-pressure

Distillation and Solvent extraction and techniques
sublimation dialysis Movement and storage

Gas absorption Polymerization of materials

Criteria for Control. In the design of many complex control systems,
the desired functioning of the system may not be at all obvious. In the
case of the air traffic control problem previously cited, for example, the
designer must decide what the most efficient sequence of funections would
be, let us say, to maximize the rate of landing aircraft. Confronted by a
problem of this complexity, intuition alone is usually inadequate, and re-
course to the formal mathematical techniques of operations research may
be necessary. The mathematical model here would have to consider in-
coming and outgoing routes, altitudes, aircraft speeds and endurance,
local geographic features, Federal Aviation Agency regulations, and
waiting procedures, all under a variety of weather and traffic conditions.
A single functional sequence would be inadequate under such ecircum-
stances, and the control system would have to be capable of several alter-
nate modes depending on the situation.

In every case, stating the functional requirements for a system im-
plies a quantitative specification of how well these functions must be per-
formed. These functional specifications are the basis for the unit and
component specifications to be established later in the design.

5. DETAILED SYSTEM DESIGN

System Block Diagram

Having established what the control system is to do, the designer next
translates this concept into a system block diagram. This is essentially
the creative stage in the history of the design. There are innumerable
ways to solve a given control system problem, and the designer must de-
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cide which of these approaches seems to offer the simplest means of
achieving the required performance. There is an element of truth in the
statement that almost any result can be achieved by the brute force de-
ployment of hardware, hence to some extent the success of the designer
can be measured by the relative simplicity of his design. Practically,
from the point of view of reliability alone, an unnecessarily complex sys-
tem often defeats its own purpose.

Block diagrams exist at various levels of detail. They can be used to
divide the functions of the system into logical subsidiary operations, to
indicate the flow of information throughout the system, or to represent the
system dynamiecs schematically. A typical preliminary system block dia-
gram for the numerically controlled milling machine developed at the
Massachusetts Institute of Technology is shown in Fig. 5 (see Ref. 8).
Other block diagrams are presented throughout this volume.

The system block diagram is normally in a state of constant evolution
and becomes more detailed and specific as the unit designs develop. Each
diagram incorporates a host of major engineering decisions, particularly
with respect to the alternative techniques for performing various op-
erations.

System Simplifications. In addition to specifying the essential fea-
tures of the design, the system block diagram reduces a single, large prob-
lem to a set of simpler unit problems, each of which can be assigned to
an individual or group for solution. In this fashion, the detailed design
of the various units can proceed in parallel, and the design responsibility
can be shared by a number of engineers. The interrelation between these
units and the setting of unit design criteria consistent with the overall
system specifications remain the responsibility of the systems designer.

Design Decisions. In the selection of the key techniques and com-
ponents for the system, the designer had best have on hand what can
only be described as an ample bag of tricks. A file of catalogues of com-
mercial equipment and a library of technical books and journals consti-
tute only part of the requirement. There is no substitute for ingenuity
and actual experience with the techniques for performing a multitude of
operations (see Ref. 9). Typical decisions that might be made at this
stage of the system design are listed in Table 4.

Economies. Generally speaking, all control systems must pay their
own way, that is to say, the benefits must be worth the cost. Even mili-
tary systems must demonstrate that they produce more offensive or de-
fensive capability per dollar spent than alternative systems. Normally,
these economic factors are considered before a design is initiated, but
quantitative data on the system are usually sketehy at the beginning, and
a reevaluation of the system concept and the economic factors is often



s|eudis

Checking signals

Pdnnentnianbe S e e e =
z i |
] | !
< - _<| x Axis Synchro x Axis
Central control g Pulse-code-to-analog dat Machine drive
| servomechanism ata servomechanism
N g’ | K
o ﬁn 3 I
o 3|fe sgla I3 3| |
alg 5185 2z|z Ig 21 4
SR @|x8 Tz = 3 Reti ional
aiEs ~ala |5 =% | etract signa
Hg TR Solg ®
21S olaZ ®LIT 2 I S e
e Elgs a® o |0§ & h Checking signals
5 —_— el ——— e —
BsR B B Ty ~
| | | !
. - 1 \
Control register Automatic i Axis Axi
pulses Command ¥ AX Synchro Y AXIS
Clock system . data supply lses! > Pulse-code-to-analog ydata > Machine drive
system P ] servomechanism servomechanism
|
N, P |
Manual data ] :
supply system 3 |
- 2l i
o l Checking signals
=3 S e — — e
w 1 |
a | |
. 1
2 Axis Synchro z Axis
> Pulse-code-to-analog > Machine drive
servomechanism data servomechanism
Synchronizing pulses

Fig. 5. Numerically controlled milling machine—simplified block diagram.

Relative
cutter

position

Relative
cutter
position

Relative
cutter
position

cl-l

ONRIINIONT SWALSAS



SYSTEMS DESIGN 1-13

TaBLE 4. REPRESENTATIVE DEsiGN DEcISIONS

System Type.

Manual Automatic Semiautomatic
Analog Digital Analog-digital
Continuous data Sampled data
Continuous control Discontinuous control
Fixed function Adjustable function Programmed
60 cps 400 cps de

Data Representation. Voltage, phase, frequency, current, charge, magnetic state,
pulses, visual indication, aural indication, count, time interval, impedance, force,
torque, density, radioactivity, volume, deformation, flow, electromagnetic inten-
sity, pressure, temperature, displacement, velocity, acceleration, angular rotation,
angular velocity, angular acceleration, relay state

Power levels, impedance levels, scale and conversion factors

Components.
Electromechanical devices Electronic devices Mechanical devices
Pneumatic devices Hydraulic devices Electrical devices
Regular, miniature, sub-miniature tubes, transistors, magnetic circuits
Transducers Analog-digital converters Indicators

System plate, filament, bias, and reference power supplies

Input-Output Devices. Manual, typewriter, plugboard, punched tape, magnetic
tape, punched cards, film, models, magnetic drums, cathode ray tubes, meters,
neon tubes

Digital Computer Design. Memory capacity, access time and type, serial or parallel,
synchronous or asynchronous, radix, word length, fixed point or floating point,
single address or multiple address, coding, operating speeds, standard program
orders, number range, marginal checking, parity checks

Formulation of Dynamic Equations. Mathematical model, choice of variables, axis
system, approximations.
Optimum filtering in the presence of noise

System Configuration (example for fire-control system). On or off carriage, gun-drive
or antenna-drive tracking, gun-line or tracking-line computation, rectangular or
polar coordinates, stabilized or nonstabilized platform

Grounding and shielding system, cable and connector diagrams, fuses and cir-
cuit breakers, clock frequencies, carrier and modulation frequencies, pulse rep-
etition rates, compatibility with existing systems, malfunction detectors, space,
weight, power allowances, pulse timing sequences and waveforms, optimum cod-
ing, specifications of realistic unit design eriteria

Communications. Messages, data, remote control

Process Control Design. Batch or continuous production, yield, flow diagrams,
material and energy balance, quality control, specifications, disturbances (type,
location, magnitude), choice and location of measurement devices and controllers,
choice of measured and controlled conditions, waste disposal, corrosion protection,
transfer lags, buffer storage requirements, ambient conditions, starting and shut-
down procedures, process monitors, economic factors, requirements for fuel, power,
water, and raw materials

General. Schedules, personnel, deliveries, costs, reports, contracts
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in order after the initial systems design has been completed. At this
stage, estimates of cost, performance, manpower requirements, and de-
preciation have considerably more authority than estimates made at the
outset of the design.

This is the proper time also, before extensive development has started,
to decide which features of the design are worthwhile and which are
superfluous. In addition, the basic compromises that must be made are
more apparent when the initial system design is available. One desired
requirement, say high accuracy, may have to be traded off against an-
other requirement, such as fast response. Cost, maintenance, and man-
power requirements are constraints that affect every system feature. To
illustrate a typical compromise of engineering economics, one can consider
a process for which the yield increases with operating temperature, but so
does the rate of deposit formation. The designer must decide whether the
plant should be designed for high yield and short life, or lower yield and
longer life.

Dynamic Analysis

When the principal units of a system have been chosen and their char-
acteristics established, it is then possible to carry out a dynamic analysis
of the system. Frequently major components are fixed beforehand, and
the remaining components must be selected for compatibility. In many
cases, the dynamic idiosyncrasies of the fixed elements must be compen-
sated for in the characteristics of the auxiliary equipment. For example,
the aircraft to be used with a given autopilot design may be specified,
consequently the autopilot parameters must be adapted to the dynamics
of this specific aircraft. Achieving satisfactory system dynamics is diffi-
cult enough, but when the principal dynamic element is fixed, as it is in
the case of the autopilot-aircraft combination, a high degree of analytical
skill is required.

Dynamic Block Diagrams. In dynamic analysis, a form of the system
block diagram that exhibits the dynamic features of the system is very
helpful. Such a diagram for the lateral autopilot of an airplane is shown
in Fig. 6. Note that the transfer function of each dynamic element has
been expressed in Laplace transform notation. Usually it is necessary
to write the integro-differential equations describing an operation or
process and to convert these equations into transfer functions for use in
the block diagram.

To complete the illustration of the autopilot system, the differential
equations describing the lateral motion of the aircraft itself are necessary.
For small perturbations about a level, steady-state flight condition, these
can be written as follows (see Ref. 10).
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(9) Euler heading ¢ = r,
(10) Eulerroll ¢ = p,
(11) Sideslip B = 7, — 7,
where the symbols used in the equations may be defined as follows:

= roll component of body axis angular rate,
r = yaw component of body axis angular rate,
re» = yaw wind axis component of wind axis angular rate,
= aireraft velocity,
S = wing area,
b = wing span,
Iz, I,, = moments of inertia about roll and yaw axes, respectively,
air density,
aircraft mass,
sideslip angle,
aileron deflection,
rudder deflection,
Euler heading angle (wind axes),
Euler roll angle (wind axes),
Aerodynamic coefficients (usually nonlinear functions of one or
more variables).

[

Qe—%%&m§b
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I

The equivalent block diagram for the aircraft dynamics alone is shown
in Fig. 7. Combining Fig. 6 and Fig. 7 gives the overall system block
diagram from which it is possible to analyze the response of the system to
representative inputs under a variety of noise conditions.

Techniques for Dynamic Analysis. Several theoretical techniques
are available for the dynamic analysis of systems of moderate complexity.
The designer should be particularly familiar with the following tech-
niques, all of which are treated in detail in Vol. 1: Nyquist plots, Bode
asymptotes, Nichols charts, root locus plots, signal flow diagrams, pole-
zero analysis, correlation functions and spectral density, Laplace trans-
forms, Fourier analysis, classic differential equation theory, phase plane
analysis, describing functions, and sampled data analysis using the z
transform (see Vol. 1, Part E, Feedback Control, and Ref. 11).

Simulation. For a system as complex as the autopilot-aireraft com-
bination, however, the simulation of the dynamic equations on an analog
or digital computer is the most practical approach. Although specific
and simplified characteristic modes of a system’s operation might be
analyzed through hand calculations, most complete system analyses re-
quire a computing facility—the more complex the problem, the larger the
facility. Such simulation studies can be used to determine the optimum
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Fic. 7. Block diagram for lateral dynamies of an aircraft.

system parameters and to indicate the need for auxiliary compensation to
correct for undesirable dynamic features. Actual system components
often are incorporated in the simulation setup. The techniques of simula-
tion are treated at length in Vol. 2, Chap. 2, Programming and Coding;
Chap. 17, Logical Design; and Chap. 23, Nonlinear Electronic Computer
Elements.

Alternate Formulations of Dynamic Equations. Not all formula-
tions of a given dynamic problem are of equal complexity. The lateral
equations just given, for example, employ an axis system fixed to the air-
craft for roll and yaw and an axis system fixed by the relative wind for y
force. Alternative formulations could be devised employing other axis
systems, but these are ‘generally more complicated than the one given.
The designer should select-the axis system, the variables, and the form of
the equations that express the essential dynamic features of the system,
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yet offer the greatest computational simplicity. Dynamic analysis can
be a complicated business and every effort must be made at the outset to
eliminate superfluous terms. In the aircraft lateral equations, for ex-
ample, it was possible to neglect cross-coupling and product of inertia
terms because motion was restricted to small perturbations. Under such
constraints, numerous trigonometric approximations may also be allow-
able.

Importance of Dynamic Analysis. The dynamic analysis of a system
is helpful in determining realistic design criteria for the various units
making up the system. The unit designer must know not only the inputs
and outputs of his unit, but also the allowable static and dynamic errors
under representative signal-noise conditions. In this regard a system
simulation or analysis can determine the unit dynamie response necessary
to achieve satisfactory overall performance. The situations chosen may
represent the worst cases that the system is expected to encounter, or may
represent a statistical sample of representative cases.

Process Control Dynamics. A few comments may be made at this
point concerning process control dynamics, a subject which is in a rela-
tively primitive state because of the great difficulty in describing the unit
operations analytically. Designs are largely carried out on an empirical
basis, with past experience playing an important role. Transfer charac-
teristics are approximated as simple lags for the most part, in lieu of more
complete knowledge of the process or plant dynamics.

Rapid measurement of certain quantities, such as the homogeneity of
a mix or the exact chemical composition of the product, may be difficult
or impossible to achieve. As a consequence, these quantities may not
only have to be measured indirectly but also controlled indirectly. Dy-
namically a process control system is often considered successful if it can
keep deviations within prescribed bounds for severe disturbances. The
time scale of these phenomena may be several orders of magnitude away
from that encountered in other control fields with time constants measured
in hours or even days (see Ref. 12).

System Error Study

Error Criteria. At the outset of a design, a decision must be made on
what constitutes an acceptable system error. This specification might
take the form of a probability plot such as the normal distribution shown
in Fig. 8. This error criterion implies a large statistical sample of systems
and situations.

The designer assigns an error specification to each unit of the system
such that the overall error distribution at least meets the designated
standard. Two common error distributions utilized in unit specifications
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F16. 8. Normal error distribution.

are the normal plot, shown in Fig. 8, and the rectangular distribution,
shown in Fig. 9 (see Ref. 1).

If the total system error can be taken as the sum of the output errors
due to each unit, the total error due to n units would be

(12) br=bH+&+ -+

If the errors are independent, the standard deviation of the total error dis-
tribution is equal to the square root of the sum of the squares of the indi-
vidual standard deviations. That is

(13) op = (01® + 0o® +- -+ D)

This relation is true regardless of the nature of the individual distributions
as long as these errors are independent. IFor most systems, the total error
£r approaches a normal distribution having a standard deviation ¢p. The

Probability
density r
o = Standard deviation = i
P(e)
} T
%T {
! L
-T 0 g +7T Error
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Fi6. 9. Rectangular error distribution.
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standard deviation of a probability density function P(¢) having a zero mean
value is defined by

(14) 0= < j: £P) d$>%-

Assignment of Errors. In assigning error specifications to subsidiary
units, the system designer is bound by two constraints:

1. The square root of the sum of the squares of the unit standard devia-
tions must not exceed the desired standard deviation for the system error.

2. The assignment of errors must show a decent regard for what can
reasonably be achieved within the constraints of the existing state of the
art, cost, and development time. It is not facetious to state that a prime
object is to minimize the grumbling of the unit designers.

To illustrate this technique, Table 5 assigns errors to various units of a

TaBLE 5. AssiGNMENT OF UNIT ERRORS IN A FIRE-CONTROL SYSTEM

Standard
Error Distribution Deviation, mils
Tracking error Normal 1
Range error, converted
to equivalent fire- .

- control error Rectangular 2
Computer errors Normal 3
Ballistic correction error Rectangular 2
Servo dynamic errors Normal 1
Alignment and data

transmission errors Rectangular 1
Ammunition dispersion Normal 2

Total standard deviation = [1 4+ 224 324 2241 4 1 4 2%} = 4.9 mils

hypothetical fire-control system whose overall error was specified to be
less than five mils standard deviation. Special care must be exercised in
deciding whieh errors are biases and which are random distributions.

Optimizing. TFor systems of moderate complexity in which noise
dominates the selection of appropriate system dynamics, analytic tech-
niques are available for optimizing these dynamics. Generally, a mathe-
matical statement of the expected information signal as well as the noise
input must be formulated, and an appropriate optimizing criterion, such
as the minimization of the root-mean-square error, must be selected. The
principal difficulty in such analysis is to select a correct mathematical
model for the situation and to select the optimum optimizing criterion.
Neither of these steps can be described as straightforward or unambiguous
for most cases (see Ref. 11).
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Special System Problems

In the course of the detailed system design, a number of problems arise
that must be treated on a systems basis. Typical of these is the problem
of interaction between units of the system. A common source of trouble
is the effect of power or reference supply loading by one unit on the op-
eration of other units using the same supplies. The familiar motor-
boating of audio amplifiers is a simple example of such interaction.

Complex Systems. In a complex system, innumerable opportunities
exist for interaction. Radiation from power-level signals frequently is
picked up by associated ecireuits, particularly if impedance levels are
high. The manner in which units are interconnected is also a major de-
sign problem. Long connecting leads can introduce phase shift, time de-
lays, pickup, and ohmic loss if care is not exercised by providing low im-
pedance driving sources and adequate shielding. Mechanical deflections
and vibrations caused by one part of a system can adversely affect the
performance of other units, as in the case of tube microphonic effects.

Grounding System. In many control systems, the haphazard design
of the grounding system and failure to pay attention to the ordinary
decencies of shielding and cireuit location have led to interminable diffi-
culties. Several common errors are:

1. Use of a common ground buss for power, plate supply, and signals.
. Indiscriminate use of the chassis as a ground.

. Insufficient or indiscriminate shielding.

. Creation of ground loops.

. Poor location of circuits.

. Inattention to impedance levels.

S O s W N

Figure 10 illustrates some of these faults in practice.

6. DETAILED UNIT DESIGN

Specifications. The unit designer must translate the specifications for
his unit into a practical piece of equipment. The form of these specifica-
tions may be such that they have to be converted to more usable param-
eters like bandwidth, velocity constant, damping ratio, maximum slewing
rate, and maximum torque before the actual design can proceed. A care-
ful study of the accuracy requirements placed on the unit is also im-
portant at the outset, for these will affect the choice of components.

Practical Problems. The basic theories of feedback control and
digital design have been treated in Vol. 1 and Vol. 2, and no repetition of
this material is necessary here. However, a few of the practical problems
of unit design can be discussed with advantage at this point. ,

The first step in unit design is customarily the formulation of a block
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diagram indicating the basic techniques by which the operation is to be
performed. Next, the principal components such as transducers, servo
motors, and power devices are selected. This choice usually involves a
thorough survey of commercially available components of the desired
type and even comparative testing of these components in the laboratory.
It is important to choose these major items early in the design because
extensive delivery delays are possible.

In many respects, the procedure for unit design corresponds to that
for system design on a smaller scale (see Ref. 13). A representative list of
problems that must be considered by the unit designer is presented in
Table 6.

TaBLe 6. RepreseNTATIVE UNIT DESIGN PROBLEMS

Amplifier Design. Saturation levels, gain, feedback, stability, power and voltage
levels, phase, tube and transistor selection, impedance levels, coupling, drift,
quadrature rejection, automatic gain control, noise, balancing, magnetic circuit
design, decoupling

Choice of servo motors, tachometers, potentiometers, synchros, gyroscopes,
transducers, resolvers, relays, choppers, valves, indicators

Synthesis of compensation networks and filters
Unit ground system and shielding

Power Supply Requirements. Capacity, regulation, ripple
Static and dynamic analysis

Noulinearity Effects. Backlash, coulomb friction, potentiometer wire stepping,
stiction, hysteresiz, cogging, saturation, potentiometer loading, motor character-
isties

Design of Mechanical Assemblies and Automata. Layout, detailing, checking,
supervision of machine shop, inspection, assembly

Pulse Circuit Design. Multivibrators, flip-flops, blocking oscillators, delay
circuits, gates, pulse shapers, comparators, counters, diode logical eircuits, boxear
generators, sweep cireuits, frequency dividers, sampling circuits

Selection of Motors and Transmissions. Single-phase, two-phase, three-phase,
de, series, shunt, compound, armature-controlled, field-controlled, induction, syn-
chronous, Ward-Leonard, amplidyne, rototrol, hydrauliec, pneumatic

Switching circuit design

Marginal checking, test points, test instruments, alarms, panel indicators
Manual control provisions

Fusing and circuit breakers, interlocks, fail-safe devices

Design of modulators and demodulators

Noise

Hydraulic and pneumatic pressures, relief valves

Component tolerances, component tests

Unit schematics, electrical and mechanical layouts, parts lists, reports
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7. UNIT AND SYSTEM TESTS

Every experienced engineer is acquainted with the utter perversity of
nature. I'or this reason, unit and system designs are usually verified ex-
perimentally in the laboratory or in pilot plant operation before the final
system is produced. Almost inevitably, a host of shortcomings appears
in the course of these tests, many of which originate in incompatibilities
and interactions between units of the system. A deliberate attempt
should be made at this stage not only to determine the basic operating
characteristics of each unit and the system as a whole but also to subject
the equipment to a wide variety of severe conditions. A unit that gives
weak performance or a unit for which the adjustments are critical should
be redesigned. In addition, a systematic simplification of the various
units is often attempted during the breadboard tests. Generally, the
probability of successful system operation increases with a decrease in the
number of components employed, although redundant components are
sometimes deliberately added with the express purpose of improving reli-
ability.

Static and dynamic performance can be established during these tests,
and the system and unit parameters adjusted for optimum performance,
although in some cases optimum performance may be difficult to define.
In refinery operations, for example, a variety of crude oil types and
catalysts may be utilized, with products ranging from aviation gas and
fuel oil to wax and asphalt. The significant parameters of the process
may number in the hundreds. Specifying optimum performance for such
a system is rather difficult.

A chronic hazard in control system design is over-optimism in estimating
the time, care, and patience necessary to put even a well-designed system
into working order. In many cases, the test and evaluation of a system
is an operation comparable in magnitude to the design, and the test
facilities, as in the case of missile programs, may be far more elaborate
than the system itself. The problems of data instrumentation and data
reduction for large-scale systems tests are extensive. A modern trend in
this regard is to employ statistical methods in the design and analysis
of test experiments (see Ref. 1).

Standard test and calibration procedures for the system can also be
evolved at this stage of the development. In the final system, built-in
test equipment tailored to these procedures can often save substantial
maintenance and checkout time.

8. FINAL DESIGN

The construction and test of a breadboard system is fundamentally in-
tended to establish the basic soundness of the system concept. In the
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interest of expediency, the execution of such systems is generally informal.
The final unit, however, must make its way in the humid, vibrating and
fungus-laden world, consequently more sophisticated packaging is re-
quired. The final system must generally incorporate a multitude of essen-
tial virtues ranging from rustproofing to gopher shields. To indicate the
scope of the packaging problem, a partial list of such considerations is
presented in Table 7.

TABLE 7. REPRESENTATIVE PACKAGING PROBLEMS

Military specifications (MIL specs)

Mounting, mechanical strength, vibration and resonance

Space allocation

Ventilation, lighting, heating

Ease of operation and maintenance, accessibility

Facilities for personnel

Test equipment, test points, name plates

Junction boxes, system wiring, color codes, terminal strips, connectors
Special Packaging. Mobile, airborne, underwater, explosion-proof
Graphic instrument panels (process controls)

Automatic data logging

Intercommunication circuits

Electrical outlets

Malfunction Indicators. Kxcess error, alarms, fuse lamps
Environment Factors. Ambient temperature, shock, humidity, altitude, attitude,
accelerations, pressure

Human engineering (matching machine to operator)

Safety

Reliability

Standardization of parts, interchangeable plug-in units, spares
Finishes, appearance

Rustproofing, fungus-proofing, weather-sealing, dustproofing
Instrumentation

Noise levels and acoustics

Insulation

Lubrication

Preliminary mockups

Weight

Cost

Tolerances

When completed, of course, the final system must be thoroughly
checked for performance under a variety of conditions and any new de-
ficiencies must be corrected. The ultimate user will most likely require a
field test or demonstration of the system before acceptance, as well as
complete operating and maintenance manuals, schematies, and parts lists.

On complex systems, field service personnel may remain with the unit
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for months after delivery for maintenance purposes, additional debugging,
and training of customer personnel. Some control systems are purchased
with provisions for permanent field service.

A record of system malfunctions kept during the development phase
and during the first months of system operation will aid in the design of
succeeding models by uncovering poorly designed or unreliable com-
ponents. To achieve reliable operation with a large system demands
exceptional reliability from the individual componénts. Many of today’s
control systems, such as the air defense complex, demand a degree of
reliability per operation several orders of magnitude better than that of
a dial telephone system.

The system records should also indicate the economics of the system’s
operation, if possible. This involves maintenance and operating costs,
spoilage, down-time and productivity. Such a study will either dem-
onstrate the economic virtues of the design or will warn the designer not
to make the same mistake again.

9. CONCLUSION

The advantages that result from the application of control techniques
to industrial and military problems have been summarized and the broad
scope of such applications indicated. The background required for suc-
cessful control systems design has been suggested, and a generalized de-
sign procedure presented. Practical problems frequently encountered
in such designs have been listed in tabular form.

Although the control system design procedure has been presented as a
step-by-step sequence, it must be emphasized that the various stages of
design and test interact with each other in innumerable ways. Design is
itself a feedback process, and some steps may be repeated several times
before a satisfactory system results. In particular, the designer often dis-
covers that the original realistic design criteria are unrealistic and must
be modified.

The remainder of Vol. 3 will examine specific control system designs in
detail and will present further information on components frequently em-
ployed in control work, including the ubiquitous human operator.
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1. GENERAL COMPARISON OF HUMANS AND MACHINE COMPONENTS

Human Operations. The unique ability which makes the human op-
erator particularly suited to control operation as part of a servo system is
that he can program and reprogram his computation while the process is
in progress to account for transient and nonstationary characteristics in
the perceived data.

This reprogramming may be looked upon as a decision which occurs at
a particular level within a hierarchy of decisions relevant to the intended
purpose. This hierarchy can be grossly characterized as follows:

1. Decision that determines the general computation program which
will be used to process the received data so as to accomplish the intended
purpose in an optimum manner, e.g., a flight plan.

2. Decision that selects data from the information displayed in the en-
vironment.

2-01
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3. Decision that determines the state of the system from the perceived
information.

4. Decision that determines the manner of control action which will
minimize some function of anticipated error.

These classifications are not mutually exclusive, but they are distinctly
ordered. They must be performed in an ordered sequence to lead to effec-
tive system control. Each decision in this sequence depends on the rela-
tionship between the human and equipment components of the task. The
nature of this relationship is shown in Fig, 1.

Measuring Unit

Display
Senses [(8y~63)
\
\
\ N
\ RN Target
\ XN input (6, )
. AN %\
Correlating Nervous %\ \
Unit system %v \ \
% \\ Final
\ output (6,)
\
\
\
\
\
Muscles Control
Control Unit
Fic. 1. Human and technical links in a control cycle.

Humans and Machines. The successful operation of the total system
depends on establishing the highest possible degree of compatibility be-
tween those parts of the task under design control and the functional
properties of the human over which the designer has little influence. As
an initial step it becomes necessary for the engineer to know what some
of these properties are in terms of functions in which machines excel as
compared with those in which humans excel. He can then select the proper
part of the task for the man and avoid assigning duties to him that a ma-
chine can do better, recognizing any compromise he is making. To assist
in this process a comparison of the functions of men and machines is pre-
sented in Table 1. It should be emphasized that as technical sophistica-
tion improves, history has shown that machines can economically take
over more of the functions in which man appears to excel. Accordingly,
the designer must be constantly alert to developments that can be sub-
stituted for human functions.
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TaBLE 1.

2-03

FuNCTIONAL ADVANTAGES AND DISADVANTAGES OF MEN AND MACHINES

Data Sensing

Man

Can monitor low-probability events
for which, because of the number pos-
sible, automatic systems would not be
feasible.

Under favorable conditions absolute
thresholds of sensitivity in various
modes are very low.

Can detect masked signals effectively
in an overlapping noise spectrum on
displays such as radar and sonar.

Able to acquire and report information
incidental to primary activity.

Not subject to jamming by ordinary
methods.

Machines

Program complexity and alternatives
limited so that unexpected events can-
not be adequately handled.

Generally not as low as human thresh-
olds.

May not be useful when noise spectra
overlap detection of signal.

Discovery and selection of incidental
intelligence not feasible in present de-
signs.

Generally subject to disruption by
various interference and noise sources.

Data Processing

Able to recognize and use the informa-
tion, redundancy (pattern) of the real
world to simplify complex situations,
e.g., recognition of airport through
stages of ground contact, approach,
and landing.

Reasonable reliability in which the
same purpose can be accomplished by
different approach (corollary of re-
programming ability).

Can make inductive decisions in situa-
tions not previously encountered; can
generalize from few data.

Computation is weak and relatively in-
accurate; optimal theory of games
strategy cannot be routinely expected.

Channel capacity limited to relatively
small information throughput rates.

Can handle variety of transient over-
loads and some permanent overloads
without disruption.

Short-term memory relatively poor.

Little or no perceptual constancy or
ability to recognize similarity of pat-
tern in either the spatial or temporal
domain.

May have high reliability at increased
cost and complexity. Particularly re-
liable for routine repetitive funec-
tioning.

Virtually no capacity for creative or
inductive functions.

Can be programmed to use optimum
strategy for high-probability situations.

Channel capacity can be made as large
as necessary for task.

Transient and permanent overloads
may lead to disruption of system.

Short-term memory and access times
excellent.
(continued)
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FUNCTIONAL ADVANTAGES AND DISADVANTAGES

oF MEN AND MacHINES—(Continued)

Data Transmitting

Man

Can tolerate only relatively low im-
posed forces and generate relatively
low forces for short time periods.

Generally not good at tracking though
may be satisfactory where situation re-
quires frequent reprogramming; can
change to meet situation. Is best at
position tracking with changes under
3 radians per second.

_ Performance may deteriorate with
time; usually recovers with rest.

Relatively high response latency.

Machines

Can withstand very large forces and
generate them for prolonged periods.

Good tracking characteristics may be
obtained over limited set of require-
ments.

Behavior decrement relatively small

with time; wear maintenance and
product quality control necessary.
Arbitrarily low response latencies
possible.

Economic Properties

Relatively inexpensive for available
complexity and in good supply; must
be trained.

‘Light in weight and small in size for
function achieved; low power require-
ment, less than 100 watts.

Easy to maintain with minimum of “in
task” extras.

Nonexpendable and interested in per-
sonal survival; emotional.

Complexity and supply limited by cost
and time; performance built in.

Equivalent complexity and function
would require radically heavier compo-
nents and enormous power and cooling
resources.

Maintenance prob]em becomes dis-
proportlonately serious as compleﬂty
increases.

Expendable and unconscious of per-
sonal existence; will perform without
distraction from problems arising cut-
side of task.

2. DESIGN PROBLEMS SPECIFIC TO HUMAN COMPONENTS

Once the task has been defined, it is nceessary to consider the environ-
ment in detail to insure that the assignment can and will be fulfilled. The
important physical aspects are shown in Fig. 2, but the environment has
not been completely specified without the information input and output

coupling to and from the man (Ref. 20).

The task must be analyzed

into decisions, and assurance provided to the operator that the required
information can and will be received as it is needed. He must also have
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Fic.2. Environmental and machine links to the human.

efficient means for coupling \‘his control actions to the system. Specific
hardware design problems requiring data on humans fall into the following
categories:

1. Problems of the general working environment such as optimum heat-
mg, lighting, and ventilation in relation to human physiological param-
eters.

2. Problems of size, shape, and arrangement in which human character-
istics limit the physical form of controls and spaces.

3. Problems of information input in which human encoding properties
limit channel capacity in terms of speed and sensitivity of response and
the nature of the stimulating energy which can be applied to the senses.

4. Problems of motor output (including voice) in which human neuro-
muscular characteristics limit the static and dynamic properties of con-
trol movements and the useful power that is available.

In this presentation attention will be directed primarily to categories 3
and 4.

3. INFORMATION JNPUTS TO THE HUMAN COMPONENT

Displays and instruments are devices which enable adequate control by
virtue of the information they transmit. The operator is a channel for
processing and transmitting this information from the display to the con-
trols. The controls are monitored by means of an information channel
from the operator to the machine. The channel capacity of the human
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and its optimum utilization through proper encoding of the information
to be transmitted by the human to the controls is an orienting view-
point that aids in making appropriate design decisions.

Vision

Perceptual Capacity. Vision is the most important and widely utilized
input channel. In considering the visual acuity and physical character-
istics of the human eye, it has been estimated that about 4.3 million bits
per second can be received by the retina (Ref. 16). However, this is not
perception, the usable acceptance of data. Empirical studies have re-
vealed that the maximum amount of information which can be accepted
by a human observer when he attempts to locate a point on a straight
line (e.g., an indicator scale) is about 3 bits (Ref. 9). As the number of
coordinates is increased, there is an increase in the message carrying ca-
pacity of the stimulus, but this does not appear to be linear. Thus two
coordinates of a dot on a plane transmit about 4.4 bits and the eight
coordinates of one-to-four dots on a plane about 7.8 bits (Ref. 17). The
importance of the type of encoding is further suggested by the fact that
apparently maximum perceptual capacity is approached during the read-
ing of printed English text. This figure is about 50 bits per second (Ref.
3). ,

Other Limitations. The time operating characteristics of the eye im-
pose certain communication channel limitations. Dark and light adapta-
tion (Ref. 13) of the light-sensitive material of the retina must be con-
sidered in any evaluation of the communication constraints caused by the
physical environment. Furthermore, the stimulus brightness is perceived
in relation to its previous intensity level. This function is approximated
logarithmically over the usual range of values (Refs. 23, 28). The eye
scans the visual field in a series of irregular discrete steps. This saccadic
motion limits the fixation time to about 90% of the observation time in-
terval (Ref. 3). This motion is not random and, although little is known
about the causal relations, it appears quite efficient as a preliminary pat-
tern discrimination filter (Ref. 19).

Filter Action. Perceived data are recognized as part of a time-series
and experiments have shown (Ref. 10) that the human operator appar-
ently cannot perceive data without some reference to previous and pos-
sible future data. The observer appears to postulate a structure on the
incoming message and proceeds to verify or deny the hypothesized pat-
tern. The hypothesized pattern introduces a certain amount of redun-
dancy and thus can only diminish the channel capacity. His perceptual
operation thus becomes a filter operation which examines the redundancy
of the received data in comparison to that of the hypothesis. For ex-
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ample, target detection would result when the amount of the particular
type of redundancy became sufficiently close to that of the estimated mes-
sage structure as the latter is programmed in the human’s memory.

Averaging. The human operator has an even more subtle filter ac-
tion, he apparently performs a moving time average on the received data.
This corresponds to a spectral transformation whieh varies as a funection
of the interval of averaging so that he can select the shape of the desired
signal speetrum and increase the signal-to-noise ratio even if the signal
and noise spectra overlap (Ref. 6).

To illustrate, consider the simplified example, where equal importance
is attributed to data over the entire range of the averaging time. (Actually
the importance weighting is probably exponential with maximum im-
portance given to the latest received data.) Let the signal and noise spec-
tra be independent and added together to form the received message.
Such a linear moving time average may be shown to perform a spectral
transformation of the form
sin? (rw/2)

(rw/2)?

where o is the radian frequency and r is the time interval of averaging
observation. This transformation may be plotted for values of » as shown
in Fig. 3. Note that instantaneous averaging introduces a unitary trans-
fer, no modification; while as r approaches infinity, the transfer function
approaches a unitary impulse. The signal-to-noise ratio of the averaged
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T16. 3. Spectral transformation of linear moving time average.
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signal may be written in the following form

0

T(w)Ss(w) dw
0

@ S/N =

0

f (1 = T(w))S:(w) de
0

so that the maximum signal-to-noise ratio is" achieved when the shape of
the transformation best approximates that of the signal spectrum S, as
shown in Fig. 4. This corresponds to an optimal interval of time averag-
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w

Fi16. 4. Spectra and transformation of signal and noise.

ing. Some displays already perform such an averaging process and prac-
tice allows the human to take this into account by a modification of the
signal “inertia.” A cathode ray tube screen provides this kind of noise
filtering of input data. Too large a persistence would filter out the signal
as well as the noise and thus would greatly reduce the value of the dis-

play.
Audition

Next to vision, audition is the main primary input channel. It is
temporal more than spatial in its perceived dimensionality and being
omnidirectional for input signals it is particularly suited to applications
where a high “attention getting” value is required by the task.

The physical information capacity of the ear has been estimated to be of
the order of tens of thousands of bits per second (Ref. 15). However, as
in vision the maximum rate of information perception is probably quite
small, being nearer to dozens than thousands of bits per second. Experi-
ments (Ref. 22) on the identification of stimuli on the auditory dimen-
sions of pitech and loudness show about three bits per single dimensional
stimulus (e.g., frequency) and up to about five bits for multiple stimuli
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in both dimensions. Binaural localization (Ref. 18) of the direction of a
sound source can provide a small amount of additional information along
another coordinate.

The time resolution of the received data limits the information rate of
auditory perception. Consider the identification of a single frequency
tone. The spectrum of an instantaneous impulse is flat and provides no
pitch identity. As the reception time proceeds, the equivalent spectrum
gathers in a more and more sharply defined peak at the appropriate fre-
quency, until it is identified. The listener appears to accrue the indi-
vidual cycles of energy and compare the period to that stored in the
memory for the expected frequency. As this process proceeds, the level
of confidence increases with the corresponding level of the redundancy
until the required significance level is reached and identification takes
place. This suggested mechanism is heuristic and appears to agree with
the observed empirical evidence (Ref. 25) that indicates increased pitch
loss for sounds of low frequency displayed for the same small interval as
those of higher frequency. Further, it seems to help account for the de-
creased reaction time of a listener when presented some higher frequency
(Ref. 7).

Other Senses

Kinesthetic. The human is equipped with a kinesthetic channel which
displays information generated by the vestibular canal and the many
proprioceptors distributed in the muscles, tendons, and tissues in and
around joints throughout the body. This force and motion sensing system
becomes an important consideration in relation to control operation for
it gives a spatial reference for the relation of the operator’s body and its
parts to the location and reactive forces (“feel”) of the control. During
accelerations of -the controlled system (e.g., flight) the information from
this source as to the state of the system may become unreliable and be
inconsistent with that from other sources, tending to disorient the operator
(Ref. 26). Its relative diserimination of spatial position is less accurate
than vision, and it may be overridden when more accuracy of control is
required. ’ :

Olfactory. The human operator associates a general meaning with
each of the sensory channels. This inherent meaning is maximum for
channels where the diversity of data meanings is minimum. For example,
the initial meaning carried by any new odor inside an aircraft cockpit is—
emergency warning. Only after the smell has been properly identified
can this inherent meaning be rejected. Practical use has been made of
this by adding artificial odor to illuminating gas to ensure identification
of a dangerous leak in the home. Although the olfactory sense channel is
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not suited to a high average information rate (Ref. 24), it can carry a
large amount of information at particular times when it is excited by the
low probability occurrence it monitors.

Taste. The taste sense channel is closely linked to the olfactory sense.
Its initial activation period is short, but it adapts rapidly and returns to
its original state relatively slowly. This prevents a rapid information
flow rate. There are four basic taste dimensions: sweet, bitter, sour, and
salty. This can again be utilized to form an attribute space within which
redundaney comparison and identification can take place.

Skin Senses. The skin senses, consisting of touch, heat, cold, and pain
can provide effective communication channels, e.g., Braille. In the usual
servo control loops, the human operator uses the tactile sense to identify
the meaning of a particular control by the shape of a knob or handle
when vision is occupied elsewhere. Various codings have been suggested
for “blind feeling” (Refs. 12, 27). As with olfaction these senses seem
well suited to utilization for appropriate high-surprise value data.

4, CONTROL OPERATION

In terms of decision by the operator the most important reason for dis-
playing information is to tell the operator how to apply force and move
controls—which one, what direction, how much, and for how long in order
to maintain some criterion state in the system. The aim of good display
design practices is to minimize computations by the operator and supply
only the required information and not more. In transferring this informa-
tion to the control the interaction of operator and the physical control
characteristics determines the net effectiveness of input information utili-
zation. Friction, inertia, and compliance of the control members as well
as control-display amplification ratio and control-to-display transfer
function are all matters which the designer must consider. Assuming that
optimum values for these physical factors are possible in a given system
design, the limitations that the operator imposes for transferring informa-
tion to the controls are determined by his storage capacity, his motor
output capacity, and the effects of overloading channel capacity.

Storage Capacity. A control operation decision requires comparing
the redundancy of input information with a recalled pattern. It has been
estimated that total human storage capacity falls somewhere in the range
of 108 to 10 bits (Refs. 8, 21), but the maximum amount is not what is
relevant to a control decision; it is the effectiveness of access that is im-
portant. If the large storage capacity is considered, the access time for
a human is relatively rapid, apparently of the order of a few milliseconds,
and seems to result from the memory of conditional probabilities between
events rather than an address to the separate events themselves.
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Motor Output Capacity. Once the inputs have been processed through
the operator’s central correlational processes his output to the controls is
determined by the performance capacity of his muscles and the associ-
ated visual and proprioceptive feedback mechanisms. Empirical data
indicate the following approximate output rates of information transmis-
sion by the human (Ref. 1) : Piano playing, 22 bits/sec; typing, 17 bits/
sec; impromptu speaking, 26 bits/sec; reading aloud, 24 bits/sec. On
the basis of known data it appears probable that humans are not capable
of transmitting more than about 26 bits/sec. Optimum performance
seems to be somewhat less than this and 10 to 12 bits/sec has been sug-
gested as the information handling capacity that is optimum for a va-
riety of motor tasks (Ref. 5).

Channel Overloading. Irrelevant as well as relevant information is
transduced by the operator and his properties as a living organism are
such that any increase in the amount of information tends to take its toll
in terms of distractions, fatigue, inaccuracy and the imposition of a stress-
ful condition which makes the operator introduce subjective noise and
clutter into the displayed data (Ref. 4). When functioning near channel
capacity, it is usual to find that each error the operator makes tends to set
off a train of succeeding errors on account of the additional data pro-
vided by recognition of the first error and a consequent further reduction
in remaining channel capacity. This effect further emphasizes the im-
portance of designing the task environment so as to minimize unnecessary
loads on the channel capacity of the operator.

5. HUMAN TRANSFER FUNCTIONS

A great deal of effort has been devoted to finding an adequate mathe-
matical model for the human operator in a simple closed-loop system.
The universally recognized nonlinearity and time varying characteristics
of the human have made this a formidable task. The effective repro-
gramming property that characterizes the human permits him to modify
his transfer function and alter his gain to suit the control task with which
he is confronted, integrating or differentiating as required. The type of
information encoding in the display, and the degree of information trans-
formation or reencoding necessary by the operator determine the extent
of load on the operator’s channel capacity and thus his effectiveness in the
system.

As a practical matter it has been pointed out (Ref. 2) that in the simple
tracking situation the transfer function required should be as simple as
possible and whenever practical, the operator should act only as a simple
amplifier and never have to deal with a bandpass greater than 3 radians/
sec. Since this is often not feasible and, if it is, the human may as well be
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replaced by an amplifier, it has become customary to treat the problem
with some linear time invariant approximate transfer function that will
help account for at least some of the empirical facts. One such approxi- -
mation for the control of visual displacement ratios in the complex fre-
quency domain is as follows:

C(s) Ke™™(1 + TLs)
U(s) 1+ Trs)(1 4+ Tws)

where ¢77° = the reaction time delay with = having values ranging from
0.2 to 0.5 sec for random stimuli. (Reaction time appears to
be approximated by 0.3 In (n 4 1), where n is the number
of equiprobable choice possibilities in each control decision.)
If the perceived stimulus becomes predictable, the human
operator may begin to generate an output which replicates
the input and is synchronized with it. When such is the
case  becomes negligible. Any phase discrepancy is not due
to the reaction time delay. On the other hand, + may be
greater than 0.5 sec, depending upon the interpretation
complexity of the perceived data.

Ty = the neuromuscular lag. 7y is normally between 0.1 and

0.16 sec for the arm.
the lead time constant and has been observed to have values
between 0.25 and 2.5 sec; however, these values are not the
limit of its range. This constant is a function of both the
dynamic response of the controlled system and the band-
width of the visual stimulus. This linear factor in the nu-
merator provides a 6 db/octave rise in the gain characteristic
from the break point identified by « = 1/T';, which may be
looked upon as the added importance the higher frequency
components receive as they imply imminent “anticipatory”
information.

T; = the system lag time with observed values between 5 and 20
sec; it can have any value, dependent upon the dynamics of
the controlled system and the stimulus bandwidth. This
“integrating’”’ factor provides a smoothing of the input data
so0 as to allow the output spectrum generated to approximate
better the response spectral characteristic of the physiecal
system. The closer this term approximates pure integra-
tion, the greater relative importance the operator has attrib-
uted to the ‘“drift components’ of the stimulus.

K = the gain, adjusted by the human operator to allow proxim-
ity to the point of marginal stability. For tasks requiring
greater sensitivity and accuracy, he would raise the gain.

®3)

T
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6. PRACTICAL HUMAN FACTORS DESIGN

" The foregoing treatment of the human as an information channel is
greatly oversimplified in terms of man’s complexity. No attempt has
been made to deal with individual differences, motivational factors, and
the learning process, all of which must be included in practical design
considerations. In spite of these limitations, however, three general prin-
ciples of practical importance emerge from what has been said:

1. The task must be analyzed in detail to assign the human component
where he will be most effective in terms of functions which he can perform
better than machines.

2. Information at each stage of the process from display to control must
be encoded so as to minimize reencoding steps, that is, displays and con-
trols should be “compatible” in the sense that inputs and outputs through
the human link are similar in their pattern characteristics, e.g., if an
indicator turns clockwise the control knob should also turn clockwise.

3. The information transmitted through the human should be limited to
only that which is essential to his assigned function.

Steps in Human Factors Design Problems

Because the sources of human data are manifold and relatively un-
familiar to the engineer, it is necessary that some systematic approach be
set up to formulate this aspect of a given engineering problem and permit
a solution in terms of actual hardware. Steps which parallel those of
other engineering considerations are as follows:

Step 1. Answer these questions:

(a) How is the information the human must receive encoded? (i.e
words, pictures, warning signals, etc.)

(b) Through what sensory channels is the information to come?

(¢) What kind of perceptual decisions must be made (i.e., “yes-no”
type, qualitative “plus or minus” type, or quantitative “read a number”
type; simple or complex judgments) ?

(d) Through what motor channels do the responses to the information
occur?

(e) What kind of motor outputs must be made (i.c., fine movements,
coarse movements, simple or complex coordinations, relative importance
of speed and accuracy, ete.)?

(f) What is the general situation in which the design will be used (i.e.
illumination level, etc.—a general description of the environment) ?

(¢9) What is the general condition of the human component in the
normal operation of the design (i.e., state of health, age, sex, length of
time expected to operate, position during operation, ete.) ?

*)

’
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These questions, specifically answered, will set up the problem with re-
spect to the human factors in most cases.

Step 2. Go to some general reference covering the area in which you
are interested (see reference list below). Use the index and bibliography
in these references to lead you to the specific material which has bearing
on your problem. As this field of technology is new and is developing at
a rapid pace in some cases you may not find what you want and it may be
necessary to consult with human factors specialists. They will frequently
be able to indicate the status of information which is not yet in general
reference works.

Step 3. After you have gathered the information which seems to apply
and are ready for the design stage, lay out a tentative design and check
it in relation to specifications imposed by the human factors you have dis-
covered. You may, of course, be required to make a number of compro-
mises before you have a workable design. It almost goes without saying
that the compromises will have to be in the direction of either eliminating
human elements or improving the extra-human components so that the
human “bottleneck” can function at a more efficient level. Selection and
training of the human components will probably help to overcome some
of the factors that require compromise, but cannot be counted on as a way
to correct mistakes of judgment during the design phase.

Step 4. Where circumstances permit, before going into full seale pro-
duction of a design, a pilot model should be built (just as in cases where
the human factors are not specifically considered) and thoroughly tested
under conditions as close as possible to those of normal use. Here auxil-
iary tests using as many humans as many times as possible will allow you
to make the final modifications that will yield an optimally effective
design.

Annotated List of Basic Data Sources

Baker, C. A, and W. F. Grether. Visual presentation of information. WADC
Technical Report 54-160, Wright-Patterson AFB, Dayton, Ohio.
Detailed and comprehensive design data for visual displays. Available from
Office of Technical Services, Department of Commerce, Washington 25, D. C.

Chapanis, A., W. R. Garner, and C. T. Morgan. Applied Experimental Psychology.
Wiley, New York, 1949.
The first textbook of “engineering psychology,” this book still retains its position
as a standard source book; it is recommended both as a reference and as a readable
introduction to the field.

Dallavalle, J. M. The industrial environment and its control. Pitman Publishing
Corp., New York, 1948.
A general text coverjng the thermal atmospherie, illumination, and noise environ-
ments from the standpoint of industrial hygiene. Many data for engineering con-
trol of these environments are given.



THE HUMAN COMPONENT 2-15

Ely, Jerome H.,, et al. Design of controls. WADC Technical Report 56-172, Wright-
Patterson AFB, Dayton, Ohio, November 1956.
Detailed and comprehensive practical design data. Available from Office of
Technical Services, Department of Commerce, Washington 25, D. C.

Ely, Jerome H., et al. Layout of workspaces. @nWADC Technical Report 56-171,
Wright-Patterson AFB, Dayton, Ohio, September, 1956.
Detailed and comprehensive practical design data. Available from Office of Techni-
cal Services, Department of Commerce, Washington 25, D. C.

Ely, Jerome H., et al. Man-machine dynamics. WADC Technical Report 57-582,
Wright-Patterson AFB, Dayton, Ohio, Nov. 1957,

Detailed and comprehensive practical design data. Available from Office of Tech-
nical Services, Department of Commerce, Washington 25, D.C.

McCollum, I. N, and A. Chapanis. A Human Engineering Bibliography. San Diego
State College Foundation, San Diego, 1956.
A coverage of human engineering material organized by subject with a system of
cross references.

McCormick, E. J. Human Engineering. McGraw-Hill, New York, 1957.
A recent textbook which is valuable for becoming acquainted with the field and
which contains many useful techniques and data.

McFarland, Ross A. Human Factors in Air Transport Design. McGraw-Hill, New
York, 1946.
A detailed coverage of both physiological and psychological factors.

Tufts College. Institute of Applied Experimental Psychology, Report No. 199-1-2,
Handbook of Human Engineering Data for Design Engineers, 1953.
An extensive coverage of the experimental literature in the field. This is a basic
reference work which is recommended for use as an aid in evaluating the applicability
of the results of specific experiments to practical situations.

Woodson, Wesley, E. Human engineering guide for equipment designers. Univer-
sity of California Press, Berkeley, 1954.
A practical handbook which is strong on human sizing data; contains a bibliog-
raphy of several hundred titles.
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1. TYPES OF PROCESSES

The emphasis in this chapter will be on automatic mechanisms for ma-
terial shaping and assembly processes.

Definitions. Batch Process. An operation in which a quantity of
material or parts undergoes a chemical and/or physical change taking
place in one operation throughout the quantity of material under treat-
ment. Steps are fill, operate, and discharge. Ezample. Deburring parts
in a tumbler.

Continuous Process. An operation or series of operations in which the
material or parts are fed in at one point; move through the equipment,
undergoing the chemical and/or physical change, the condition of the ma-
terial or parts being related to its position in the equipment; then are dis-
charged at the end of the treatment channel. Exzample. Baking bread in

the type of oven equipped with a traveling deck.
3-01
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Machine. A piece of equipment for processing material or parts, hav-
ing moving elements to facilitate the processing. Example. Sewing ma-
chine.

Automatic Machine. A machine which processes material or parts
without routine human assistance. Example. Nail making machine.

In many machines, a portion of the operation is automatic. A sewing
machine automatically produces the stitch, but the work must be guided
by hand. Automation of a process machine usually takes place a few
steps at a time for economic reasons.

Advantages and Disadvantages of Continuous Processing.

1. High volume is possible with less labor and equipment. Production
planning and quality control are usually simpler. Both are therefore less
costly. If a bottleneck occurs, the effect is seen at once and corrected.
Better daily and monthly forecasts can be made when the rate of output
is constant. In chemical or physical processing where heating or cooling
is needed, process time can usually be reduced. Continuous processing
usually produces a better product. '

2. Automatic continuous processing presents some obstacles; however,
long runs of the same product are needed to pay for expensive machines.
A substantial change in the product may mean rebuilding or serapping
the whole process line.

Much equipment must be operated simultaneously. Startups may re-
quire skillful and rapid adjustment of the machinery to avoid wasting
material. In some processes, a satisfactory yield of an acceptable product
cannot be obtained until the system reaches an approximate equilibrium.

One problem is too great a variety of products for the use of single
purpose machines or tools. However, in some cases, machines can be
made more versatile with certain types of readily changeable automatic
programming control.

3. Failures. A shortcoming of continuous processing is the loss caused
by the breakdown of process machinery or its control system. One failure
stops the whole machine. However, this hazard can be held to a minimum
with good design which is simple and substantial. Instruments to detect
incipient trouble should be used with automatic correction, if possible,
and operator warning. Along with good design in the first place, a pre-
ventive maintenance program is needed to assure success. This means (1)
anticipating troubles, (2) keeping the equipment in top condition, and
(3) training crews in the operation, inspection, and repair of all ma-
chinery, equipment, and control devices.

4. Too large a number of operations, even with the most favorable
conditions, should not be attempted on a single machine. A line of ma-
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chines is usually more practical with some storage between to take care
of short interruptions automatieally without loss of time by all machines.

5. A general comparison of automatic and batch processes is given in
Table 1. (This list represents only an average as not strictly true in all
cases.)

TaBLE 1. Auromaric CONTINUOUS vs BaTcH PROCESSES

Batch Continuous

Ease of starting Good Difficult
Operation labor High Low
Automatic control Practical Practical
Product control Fair Good
Minimum investment Moderate High
Investment per unit

of capacity Moderate Low
Automatic feed and

discharge Expensive Practical

2. CLASSIFICATION OF AUTOMATIC MECHANISMS

Automatic System. An automatic system is an arrangement of auto-
matic mechanisms so that a process operation can be performed with a
minimum amount of hand labor and mental strain. The ideal automatic
system consists of: ‘

1. A device for accepting the raw material in bulk and feeding it into
the machine properly oriented and at a controlled rate.

2. Mechanisms for performing operations on the material to give useful
results.

3. Transfer mechanisms to move the material from one operation to
the next and finally to discharge the product from the system.
* 4. Means for properly programming the feeding device, the operation
and transfer mechanisms.

5. Controls that compensate for effects caused by unusual deviations
in the raw material and/or the motions of the machine, or that notify the
operator that manual intervention is required.

Automatic Assembly. This process will include packaging as well as
fastening parts together, since there is a similarity in the mechanisms
used.

Classification of Operations. In automatic processes, the various
operations can be divided into two main groups: (1) those that transport
and position the material or parts, and (2) those that perform the opera-
tions that furnish the desired results. The latter operations either change
the shape of the parts or fasten them together.
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3. TRANSPORTING AND POSITIONING MECHANISMS

Continuous Material Feeding Devices. In many cases, the material
used is in the form of bar stock, wire, or narrow sheet stock called strip,
which usually is handled in rolls. For feeding material of this type, a
device that will engage the surface of the material and move it the re-
quired amount each cycle is used. A pair of spring-loaded rolls intermit-
tently driven by a ratchet and an adjustable crank is the most usual de-
vice for sheet stock. However, this method is not readily applicable to
feeding bar stock to rotating machines. Usually, the feeding of automatic
lathes is accomplished by advancing the stock with a chuck that revolves
with the machine and is capable of being given an adjustable motion
of the stock lengthwise.

Feeding Devices for Individual Parts. In other cases, the material
may be in the form of castings or partially finished pieces from rolled
material. The steps in feeding parts are usually (1) the separation of
single parts from the general mass, (2) the orientation of parts, and (3)
the passing of the parts at the desired time to the operation. Often, the
same device performs more than one of these steps.

Separation and Orientation. Successful means for orientation have
usually caused a random motion of the parts, but allow parts that hap-
pen to be properly oriented to fall into grooves or pockets. Rotational or
oscillating movement of the equipment is generally used. By the use of
gravity, mechanical motion of the pockets, or vibrational conveyance, the
parts are usually separated in the same operation. The principal of vi-
brational conveyance is to cause the friction between the parts and the
surface on which they rest to be greater than the acceleration forces in
the direction of travel, but less than these forces in the opposite direction.

Orientation is usually accomplished by:

1. Holding one end of the object while the other end continues to pro-
gress.

2. Moving pockets the shape of the parts under a mass of the objects so
that only those happening to be caught in the right orientation will be
caught by the pockets, or moving the mass over and having the opening
so shaped that only those parts having the right orientation will fall
through, or moving the parts along a linear trough and allowing the excess
parts to fall off.

3. Conveying a round piece by gravity or vibration until a flat side or
projection prevents rotation and the part now slides. A trough formed by
two rollers may be used.

4. Turning the part after picking it up for the final feeding operation
until a lug strikes a stop or an indentation is engaged by a pin, the grip
then slipping during the rest of its rotation.
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Parts that need orientation only along one axis, such as resistors and
paper capacitors, are easiest to handle. Parts such as nuts and screws are
not overly difficult as the heads can be used for orientation. Objects that
require orientation for electrical reasons should not be symmetrical with
regard to a centerline at right angles to the direction of orientation.

Transfer to Operation. In some cases where belts, gravity chutes,
or vibratory conveyors are used, all that may be required to feed parts to
the operation is a timed gate.

1. The feasibility of the simple gate feeder can be determined by build-
ing a mockup of the proposed chute or conveyor, closing the exit end,
filling with the parts, and opening the exit. If the conveying means does
not jam, the first problem has been solved.

2. The next problem is the design of a conveying means that permits
the feeding of a single part at the entrance with the conveying means
empty without jamming. If this can be done, the problem is eliminated.
Figure 1 shows three electronic component chutes as a further explana-
tion.

3. Another problem is the effect on the orientation device if the chute
overfills. This problem usually occurs at the entrance of the chute. If
the parts are oriented in the same relation to their direction of travel as in
the feed conveying means, backup into the orientation device is not likely
to cause trouble. If parts are oriented in another direction, and the
answer is not clear cut, build a mockup of the gravity chute for conveying
the parts. Test by repeated overfilling and emptying. If the parts empty
freely, a backup into the orientation device will probably do no harm,
If parts do not empty freely, jamming will almost certainly occur at the
conveying means entrance. Funneling of the entrance will only make
matters worse.

If the first two problems mentioned above have been dealt with satis-
factorily but the last problem has presented difficulties, means of stopping
and starting the orientation device in response to the quantity in the
gravity chute will clear up the feeding problem.

If the first and last problems have been solved, the second problem can
be avoided by operating the chute full, stopping the feed gate by elec-
tronic means if the chute starts to empty, and starting again by the same
means when the chute fills again.

Feeding Devices for Flowable Material. Granular or powdered ma-
terial can be fed by opening and closing slides, a rotary valve, a vibratory
conveyor, a screw, a belt conveyor, a chain conveyor, or a rotary con-
veyor.

In most instances, discrete uniform quantities are required at either
exact or approximate time cycles. In some cases, measurement by volume,
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such as the space between two slides, or the amount to fill a pocket, will
suffice. Sometimes the final container itself is used to measure the
amount. Vibration, plunger pressure, and oscillation of the air pressure
between atmospheric and a partial vacuum, or combination of any of the
above, are often used to secure a uniform fill. Scale weights, either
manual or automatic, are used as a check, and the volume is readjusted in
accordance with average weights.

In some cases, especially where quantities are large, the first fill is by
volume and is slightly under the required amount, and the remainder is
made up at one to two additional succeeding stations by being dribbled
in slowly while the receiver is on a scale that will cut off the flow at a pre-
determined weight,.

If good accuracy is required, especially if the quantities are small,
weight alone is generally used. The weighing may be done either in a
hopper type scale or in the container. In either case, the rate of flow is
high at first and is slowed to a dribble to complete the weighing.

Liquids, even where accuracy is necessary, can always be fed by
volyme. Piston displacement will measure even highly viscous liquids or
plastic materials, such as bread dough and thermoplastics, with sufficient
accuracy for most purposes. As in the case for volume feeders of granu-
lar material, occasional weighing of samples is used as a check on the
volume feed.

Transfer Mechanisms. The three general types of transfer mecha-
nisms are listed below:

1. A mechanism which intermittently or, in some cases, continuously
advances all parts in a process an equal distance during any given time
interval.

2. A mechanism which transports parts from one operation to the next
operation as fast as received, with a continuous motion.

3. A mechanism which operates in synchronism with the preceding and/
or following operation and actually grips the part as an individual piece
when moving it to the next operation, or to either of the two transfer
mechanisms described above.

Intermittent Cycle Transfer. In some operations, the transfer mecha-
nism need be only a trough of suitable construction. This is the case
where parts have at least one fairly flat surface at right angles with two
other opposite part surfaces, and the parts are strong enough so that one
can be pushed with another. A reciprocating plunger is then used to push
the parts along. A continuously moving belt, with fingers to stop the
pieces at each station, is another example of this type of transfer mecha-
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nism. An intermittently moving chain carrying flights may be used in-
stead of a belt.

Accurate positioning in the horizontal plane, if required, may be ob-
tained by one surface of a part being pushed against a side rail, while a
portion of one of the end surfaces rests against a retractable stop. An-
other method is to use two locating holes in the part. Then, at the sta-
tion the transfer mechanism inserts a pin in each of these holes. Parts
not easily aligned or kept in alignment by guides are sometimes put on a
special adapter or pallet for conveying and positioning by this type of
transfer mechanism.

A bar on which pushing flights are mounted is also used as this type of
transfer mechanism. This bar is given a lengthwise reciprocating motion
to move parts, and either a sidewise or angular motion to move the flights
clear of the parts on the return stroke. Good positioning accuracy with-
out stops is obtained by this method if the speed is kept low enough to
prevent coasting of the parts after the conveyor stops. Figures 2—4 illus-
trate these linear types of transfer mechanisms.

An intermittently driven rotary table makes a transfer device requiring
only accurate positioning of the table to position accurately at all sta-
tions. The table is at a disadvantage from the standpoint of inertia when
compared with a chain conveyor. The chain or other straight type of
conveyor also has the added advantage of accessibility to both sides of
the line for the feeding of parts and materials and for adjustment and
maintenance. Nevertheless, rotary tables are often the best solution
where accurate positioning is needed.

For very heavy work, the parts are mounted on cars which are pulled
from station to station and held in position by locking pins at the station
while the operations are in progress.

Continuous Transfer. These may be belts, chains with flights that
form a flat surface, or gravity chutes. In some cases, parts are blown
through tubes with air. These conveyors should maintain the orientation
of the parts, but synchronism of delivery is not required. Such conveyors
are generally used between machines in a line and, should the machine
to which the parts are being fed be stopped to correct trouble, a bank of
parts is built up in the conveyor, rather than shutting down the line.
Since the parts are already oriented, only a simple gate feeder is required.

Single Operation Transfer. Transfer mechanisms of this type may
take either a positive grip on the article or hold it by partial encirclement
for the required time.

Single paddles or fingers, either reciprocating or mounted on a revolving
shaft are used to remove articles from an operation and feed them to the
next one.
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In other cases, a positive grip on the part is used. One company
markets a machine employing an arm with a swing and lift motion to
pick the pieces from a rotary table and place them in a die. For light-
weight pieces with a flat surface, a vacuum cup is used to grip the piece.
Pieces that cannot be handled by vacuum are gripped by vacuum-
operated fingers. These fingers, two stationary and one movable, are ar-
ranged so that their positions can be adjusted to fit the work piece.
Figure 5 is an illustration of this machine. For large work difficult to
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F16. 5. Punch press feeder, vacuum pickup.

remove by hand or by any of the foregoing methods, an air-operated
mechanical arm is available that can be preprogrammed to grip the piece,
remove it from the press, turn it over, or change its orientation if desired,
and then place it on a conveyor belt. Figure 6 is an illustration of this
arm.

Storage Devices for Processes Requiring Extra Time. Some parts
of automatic processes such as cooling for sand casting, proofing of bread
dough, and drying and curing of plastics may require too long a time at a
station or series of stations, without resulting in an impractical machine.

In these cases, the situation can often be saved by the use of a long
belt conveyor between machines. Sometimes if parts are to be held to-
gether for an adhesion process, an additional upper belt weighted with
rollers is used. To save floor space, it is usually best if the shortest dimen-
sion of the part can be parallel to the direction of travel and the belt
speed low enough so that the parts almost touch each other. If further
reduction of floor space is needed, a wider belt may be used and the parts
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may be placed several abreast during the operation. If the latter plan is
needed, it will simplify the transfer if the belt is at right angles to both
the preceding and following lines. Parts can then be allowed to accumu-
late until the desired number abreast is obtained and then pushed by a
single stroke onto the belt.

Storage Devices to Minimize Production Loss Due to Down Time.
In the operation of a line of machines, minor malfunctioning or tool re-
placement causes a certain amount of down time on the individual ma-
chines. Unless there is some storage between machines, all machines in
the line must shut down when one is down. If there are more than two
or three machines in the line, the loss of production is often considerable.
Automatic storage between the machines is usually desirable to reduce
these short down-time losses of single machines. Here the problem is
different from that for process storage, as the parts in storage should
travel quickly between machines if the receiving machine has no supply.

Parts that are not damaged by a belt sliding against their lower side
are usually simply held back by a gate on a belt conveyor ahead of the
receiving machine. To utilize this kind of storage, the parts must also be
of such shape that they will not jam between the guides of the conveyor
or override preceding parts. A vibratory conveyor may in some cases be
less likely to jam than a belt conveyor, and its smooth metal bottom may
be less damaging to the parts. In other cases, an inclined gravity chute
may be the best answer, even if the parts must be elevated before entering
the chute. In the case of small parts, it is sometimes most practical to
have a hopper and another feeder between machines. This type of stor-
age will allow one machine to be down for a longer time than a chute
or a conveyor without shutting down the line.

4, WORK PERFORMING MECHANISMS

Some operations may be performed in series at a single station as on an
automatic turret lathe. In other instances only a single operation may be
performed at a station, as in packaging where a work station is required
for each step as unfolding a box blank, gluing the bottom, and filling.

Machining Equipment
Commonly used equipment includes lathes, milling machines, drills,

boring machines, gear cutting machines, and grinders.
Lathes. Three types used for automatic machining operations are:

1. Single Spindle. The single spindle is used for one or two specialized
operations. There may be several of these in line. '

2. Single Spindle with Turret Support Tools. Several operations may
be performed without moving the piece being machined. The tools are
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installed in the turret and are brought in and out of action, step by step.
3. Multiple Spindle. These spindles move from work station to work
station. Here, only a few tools are used at each station. ‘

The tools used on automatic lathes are the same type used for manually
controlled operations, but more care must be taken in selecting long-
wearing materials and shapes. It is also possible to supply a means of
changing tools without making adjustments cach time to compensate for
tool length.

Milling, Drilling, and Boring. These operations are usually at stop-
ping points of a transfer system in adjustable positions and at angles
which will allow the transfer to be in the direction of line of travel to
keep the system simple. Again, the tools are conventional, but. are
selected for long-wearing qualities. Carbide-tipped drills are often used
éven on softer metals for durability.

Gear Cutting. Gear blanks are generally formed in a separate opera-
tion, since they may be made at higher speeds than the teeth can be cut.
Cutting teeth is a special operation of milling or shaping. The equipment
may be basically automatic, but it requires not more than two stations
for forming gear teeth. At the first station, most of the cutting is com-
pleted. The second station is reserved for the finishing operation, which
is usually of a type termed “shaving.”

Grinding. Two types of surfaces are ground, circular and flat. Circu-
lar surfaces may be ground by methods similar to those used in lathes or,
if of uniform diameter, between two grinding wheels. Flat surfaces are
generally ground as in a milling station arrangement, although two
parallel sides are often ground at once between the flat faces of two
wheels. Parts for grinding are semifinished previously, and generally
this operation does not involve high cutting forces, which makes it feas-
ible to simplify the feeding and holding of parts. Circular parts with only
‘one diameter to be ground accurately may be passed between two wheels,
the work being supported by a single track. If the parts are compara-
tively short, a gravity chute, curved to become level as it passes between
the wheels, is a satisfactory feeding means. Parts with two parallel
surfaces to be ground may be pushed between two surface grinding wheels,
with each part pushing the piece in line ahead of it through the machine.

Stamping and Forming. Tools for automatic punch press and stamp-
ing operations are conventional. Standard dies are often used, since even
for manual operation the dies are designed for a large number of repeat
operations. When many operations are to be performed, the strip stock
is fed into the initial station and the parts are moved from station to sta-
tion by transfer devices installed between stations. Frequently, the parts
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in press work must be removed from the transfer device at a station and
placed in the dies.

Automatic forging operations are more complicated than those for cold
forming. Progress has been made, though, by using electric induction heat-
ing of the parts. A machine is now offered which automatically feeds
blanks and turns out small finished forgings. Certain types of forming
operations, such as rolling, drawing, and extrusion lend themselves readily
to automatic, continuous operation without the need of intermittent trans-
fer devices. For rolling and drawing operations, the drawing rolls may
be considered to be the transfer devices and the dies and forming rolls
the work stations. For extrusion, a plunger or screw is the transfer de-
vice, with the die serving as the work station.

Casting and Molding. Automatic sand mold forming is usually done
in several steps. At the first work station, the flasks are filled with sand
by gravity. In the following stages, the flask is rammed or vibrated,
then parted, and in the next step the pattern is removed.

Sand and permanent mold castings are poured: by gravity. Die cast-
ings are made in metal molds which are pressure filled.

Molding plastics may readily be done automatically, particularly when
large quantities are used. This is true for both thermoplastic and thermo-
setting. The raw materlal is usually granular in form and requires only
moderate temperatures and pressures.

(a) Thermoplastics are fed from a hopper or bin into a melting
chamber. The molten plastic is injected into the dies with a plunger. A
multiple cavity die is easily handled. The metal dies are good heat con-
ductors, so it is possible to open the die for removal of the part in a very
short length of time.

(b) Thermosetting material is fed in measured quantities into the dies
which are mounted on a turntable at the first work station. In successive
stations, the filled dies are closed and subjected to heat and pressure for a
given length of time. Since the parts become rigid during the heating
process, it is possible to eject the parts immediately after the heating
cycle is completed.

5. MACHINE PROGRAMMING

Automatic machines must, of course, be designed so that the operations
are performed in the proper sequence, and the correct time must be al-
lowed for each operation.

Synchronous Method. The machine is designed either with all moving
parts directly and positively driven from the same power source or, if
more than one power source is used, all sources are controlled by one
central mechanism to synchronize the operations. Mass production auto-
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matic machines performing operations not requiring an allowance for
time variation are usually of this type, as it is the simplest kind of control
mechanism.

If, however, some of the operations are likely to vary in time because
of variations in the material or tools, it may be wise to start an operation
by a signal given on completion of the preceding operation. For the
purpose of brevity in discussion, this will be called the sequential method.

Recent advances in the art of automation to make it applicable to
moderate, rather than mass production quantities, have been accom-
plished by the application of much additional engineering skill to make
automatic machines more versatile and more readily changeable from one
product to another. In some cases, a mere change in the size of parts of
the machine, either by adjustment or interchange, has multiplied the use
to which a machine could be put at only a moderate increase in the cost
of the machine.

Flextble Programming. To make an economic success of automatic
machines when their scope was enlarged to include items of which only
moderate quantities were produced, a greater variety in produects with
frequent changes in programming was needed, resulting in machines with
variable programming readily selected by the user. This type of pro-
gramming is treated in later sections.

Synchronous Programming. A typical automatic machine using
this type of programming consists of a transfer mechanism of the inter-
mittent type and work stations located at approximately equal intervals
along the travel of the transfer mechanism.

For operation of the work stations by the synchronous programming
method, a direct positive drive by the means of gearing, chain drives, and
shafting from the same power source that operates the transfer mecha-
nism may be used. In other cases, the work stations may be operated
electrically, pneumatically, or hydraulically, these means being pro-
grammed by cams positively driven by the motive source of the transfer
conveyor.

The transfer mechanism, whether in the form of a rotary table or
straight-line chain, may be driven and programmed automatically by
one of several different means: (1) ratchet and pawl, (2) Geneva drive,
(3) variable pitch worm drive, and (4) cam and differential gear drive.

Servo Transfer Mechanisms. Intermittent transfer may also be secured
by controlling the drive mechanism from a central machine control by a
cam-operated valve or switch. Often compressed air or hydraulic means
are used for such transfer mechanisms because the resulting mechanism
is simpler than if an electric motor were used. This type of transfer is not
suitable for a large number of operations per minute as some allowance
has to be made for variations in transfer time.
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Sequential Programming. For sequential programming, transfer
mechanisms are of the servo type except that instead of being operated by
a central control, the cycle is started by a switeh or valve moved by the
previous operation.

An example of this type of programming is used in the filling and clos-
ing of flour bags. Since an operator places the bags on the filler tube, it is
desirable not to depend on a predetermined cycle time for the filling op-
eration. Therefore, the filling cycle is initiated by tripping an electric
switch as the bag goes on the tube. In the next step, the time required
for the auger to compress the desired amount of flour into the bag varies
considerably, not only with the type of flour but also with the length of
time the flour has stood in the bin since being milled. Therefore, the
next operation, which consists of adding a small amount of flour slowly
until the correct weight is reached, is also initiated by the filled bag trip-
ping a switeh as it passes onto the weighing scales. _

Because of the variability of the time cycle of the filling and weighing
operations, the machine stations that close the tops of the bags after fill-
ing must also be designed to accept bags on irregular time schedule.

Flexible Programming. While nearly all automatic machines in the
high production field can be changed to accommodate some variation in
the size of the product, and many can be varied to produce a variety of
products, these changes generally require both the changing of parts and
some time-consuming adjustments before being ready to produce the new
product. However, much progress has been made in this direction and
some machines are now available in which a template change or a new
punched card or tape in the control device is all that is needed to re-
program the machine.

Flexible Control by Mechanical Adjustments. In order to be eco-
nomically feasible in the small lot field, a type of programming that can
be quickly changed is needed.

If the machine performs only one simple operation such as boring a
single hole, a convenient means of adjusting the bore diameter and feed
rate will serve the purpose. Interchangeable cams are used if several
operations are needed. However, some of the more complex automatic
lathes now have sufficient adjustability so that special cams are not
needed for each product. Pieces with several surfaces to machine, how-
ever, still require considerable time to set up for a new part.

Flexible Control by Template. For some operations, the following
of a template, which may be, in many cases, an accurately made sample
part, is often the best answer.

Milling. Contour milling in either two or three dimensions can be
accomplished by connecting the template follower mechanically to the
milling machine carriages. For two-dimensional milling, the work car-
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riage usually is moved. In some machines, connections can be made to
rotate cylindrical work. Only one motion in the horizontal plane is then
needed, this being along the line of the cylinder’s axis.

For three-dimensional milling by direct ‘mechanical connection, gen-
erally only the tool head is moved. Three motions are required for this
type of operation, but these need not be straight-line motions or at right
angles to each other. In fact, arcuate motions often simplify the design
and reduce guidance friction.

A follower of the same radius as the milling cutter is invariably used
to simplify the making of the template.

Similar mechanisms can be used for lathe work on soft materials like
wood but, in general, because of the high tool pressure and because of
difficulty in controlling depth of cut, this method has not been used for
metal turning, ’

Even in the case of milling, especially in metals, the tool pressure is
high enough to cause operator fatigue and enough deflection in the me-
chanical connections to make high accuracy impossible. Therefore, servo-
mechanisms, usually with electric sensors, are used which maintain a cer-
tain pressure on the template follower. The follower is supported on the
stationary part of the machine along with the tool mount. The template
and work are both attached to the movable part of the machine. Tigure
7 explains the follower and servo operation.

Lathe Work. For lathe work, template-actuated servos have been
quite successful. Generally for this kind of operation, the longitudinal
feed is preset and remains the same for the whole operation, the servo
controlling only the depth of cut. Cuts, at right angles to the centerline of
the work, can be secured either by stopping the longitudinal feed, or by
setting the cross-feed at an angle of perhaps 45° and withdrawing the
cross-feed enough faster than the longitudinal feed to produce a right
angle cut. By this latter means, cuts at any angle can be followed. The
same means also serve for following curved contours. One manufacturer
uses an electronic tracing finger similar to that used in milling. Contacts
in this finger control both the tool cross-feed carriage and the main tool
carriage through magnetic clutches.

In the case of lathes, direct hydraulic sensing has proved practical. A
differential valve operated by the follower is used. The valve follower
assembly is supported on the lathe tool carriage. A very minute differ-
ence in the valve plunger position is sufficient to operate the hydraulic
carriage drive in the direction required to null the valve. Accuracies of
within 0.0001 in. of the template diameter are claimed for this type of
Servo.

An air gage sensing element, based on the change in back pressure as
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Fic. 7. Follower and servo diagram for milling machine.

the open end of a tube through which air is flowing adjacent to the sur-
face of the template, has also proved practical for copying lathes. This
air gage in turn controls a hydraulic valve of the diaphragm-operated
type. This valve controls the tool carriage position. As in the case of the
full hydraulic servo, the air gage is mounted in the tool carriage, formmg
a closed-loop sérvo. TFigure 8 illustrates this servo.

Flexible Control by Digital Input Controlled Servos. Means are
now available for programming automatic machinery by digital inputs.
The simplest operation of this type is positioning for drilling or boring
operations inasmuch as no close rate control is needed. However, most
machining operations need a high degree of accuracy and the problem is
to obtain an error signal that correctly represents the true deviation of the
machine from the required position with a high degree of sensitivity.

This type of control is treated in Chap. 6, Numerical Control of Ma-
chines.

Overriding Controls. Even the best designed automatic machines
make errors. Unless a control steps in and causes a deviation from the
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programmed operation, some decidedly disastrous results can happen.
The following are several examples:

1. In a machining operation, a drill may become dull, break off and
stick in the workpiece. If this drill is followed by a reaming or tapping
operation without controls, more broken tools and perhaps broken ma-
chinery can result.

2. A defective paper flour bag may leak during the filling operation.
Unless there is a limiting control, the weighing scale will continue to call
for more flour until turned off by the operator.

3. On high-speed packaging machinery, one or two broken boxes will
do the machine no harm, but if boxes continue to break on this operation,
the accumulated mass will usually damage the machine, and it may re-
quire considerable time to pry it loose from the ways of the machine.

4. In the case of attaching electronic components to printed circuit
boards, a loose or partially inserted component on the board may result
in this component interfering with a succeeding attaching operation and
may perhaps break the circuit board.

In addition, some controls also serve as inspection devices and auto-
matically stop the machine if it is doing unsatisfactory work.

Automatic Stopping in Case of Malfunction. In packaging ma-
chinery, it is usually customary to locate electrical sensing fingers so that
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a part of a package which is out of its normal position will stop the ma-
chine by striking a finger. These fingers can be located on a moving arm
as well as on a stationary part of the machine. Another plan to prevent
damage to the machine is to use a spring operating against a cam to
power the working stroke. This prevents damage to the parts in case of
jamming. It also allows the insertion of a switch that will shut down the
machine unless it is opened at the proper time at the extreme forward posi-
tion of the stroke.

In the automatic assembly of electronic components of a printed circuit
board, improper operation can be made to stop the machine in case one
or more of the terminals fails to appear on the underside of the board.
Switches on the terminal-clinching mechanism sense the lack of a pro-
jecting terminal by not closing.

In automatic drilling machines, dulling of drills causes the prineipal
control problem. The torque required to turn the drill and the pressure
required to maintain a preset rate of feed are the most readily used
means of eontrol. Single drills driven by individual motors can be easily
made to give automatic notice of approaching need of tool change by
power consumption increases, an amperage-operated device being suffi-
cient.

Power consumption has also been successfully used to deteet dull drills
in multiple head spindles, where a small number of spindles is used, e.g.,
not more than six, and where drills have only small variations in size.
To accomplish this, the current consumption is integrated by a small
servo motor. The speed of the motor is proportional to operational cur-
rent consumption for a normal drilling cycle as compared with that of a
sharp drill cycle. When current consumption exceeds the sharp drill
cycle by a certain amount of tool wear, an alarm is given.

Since the power consumption method does not show which drills are
too dull, and since it is not reliable for multiple spindles with a large
number of drills, the thrust pressure applied to the drill is generally used
for multiple head drills. While strain gage or carbon pile electrical re-
sistance methods are suitable, a liquid-filled metal bellows which oper-
ates the alarm switeh directly is a simpler and, in general, a more prac-
tical solution. A diagram of this arrangement is shown in Fig. 9.

Direct measurement of torque, although possible, has the disadvantage
of requiring either electrical slip rings or differential gearing for each
drill and generally is not used.

Automatic lathes and grinders rarely jam if fed with the correct size
parts. Automatic gaging of incoming parts and rejection of unusable
pieces appear to be the best answers to this problem. Also, automatic
gaging of the output for quality control, connected with a device for stop-
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ping the machine, is desirable. It is generally customary to arrange this
device to stop the machine only after two out-of-tolerance pieces have
been made in succession.

6. AUTOMATIC INSPECTION (See also Chap. 4, Automatic Inspection and
Control.)

Automatic weighing scales are a familiar device. Much recent progress
has been made in automatic gaging. Both the air and electronic gages
have been applied to measure automatically machined dimensions. The
air gage is generally favored because of its simplicity and reliability.

The invention of radiation thickness gages have made possible auto-
matic thickness control in steel mills and paper mills.

Most of the successful gages for automation have no rubbing contact
with the material. Although this is not an absolute necessity for a gage
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used for automatic control, it is desirable in that it eliminates the need
for frequent recalibration due to wear of gage points, requires no control
of the pressure applied to a gaging finger, and eliminates loss of accuracy
due to friction in a mechanical leverage system.

Automatic Adjustment by Inspection. Automatic weighing devices
make possible the automatic adjustment of fillers by the use of servo
controls on either volume or weight fillers. Such control will often make
a simple and fast volume filler accurate enough to replace a slower weight-
operated filler. Figure 10 is a diagram of such a device.
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F16. 10. Volume feeder with automatic weight adjustment.

Some boring and turning operations protect against the manufacture
of poor quality parts by making use of an automatic gaging operation to
reset the tools. In order to keep this control system simple, the following
scheme is generally used.

1. If the diameter approaches either tolerance limit closer than a pre-
determined amount, a very small increment correction is made.

2. If the diameter becomes out of tolerance, the same small correction
is all that the mechanism makes.

3. If two successive pieces are made exceeding the tolerance limit, the
machine stops automatically and waits for manual readjustment or new
tools if needed.

In some of the modern steel mills radiation gages through servo motors
reset the distance separating rolls in steel mills so as to produce the cor-
rect thickness. In the paper industry, these gages are making it possible
to regulate automatically the flow of pulp onto the screen on which the
wet sheet is first formed.

Automatic Rejection of Products. It is desirable to protect auto-
matic machines by rejecting unusable parts and pieces of serap that may
be in the product fed to it. Automatic gaging at the end of the machine
making the parts may, in general, prevent the receipt of over- and under-
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sized parts, but mistakes do happen and occasionally pieces of scrap
may get into a parts box. Since a mistake of this sort might result in a
costly breakdown of the machine, a rough sizing operation is often in-
cluded in the feeding device. To illustrate: when gear blanks are being
fed by a vibratory hopper, these blanks are flat on the conveying shelf.
At one point on the shelf, a diagonal finger at the correct height sweeps
off oversize pieces to rejection. The next finger allows undersize pieces
to go under, but sweeps off those of correct size to feed the machine.

Much development work is yet needed to devise a fairly simple means
to reject parts that may jam an automatic machine. In electronic assem-
bly, means are needed to reject components with badly bent leads. In
automatic packaging, damaged boxes and bags should be rejected to pre-
vent spilling of the product and possible machine damage. While these
off-grade items are few in terms of per cent of the feed, the per cent down
time caused will usually average from 10 to 100 times the per cent of
such items based on number of pieces fed. For example, a machine han-
dling 2000 pieces an hour may receive only one faulty part in 1000 (0.1%).
However, the two faulty parts per hour are likely to shut the machine
down a minimum of thirty seconds each, resulting in about 2% loss of
operating time. One bad jam during an hour’s operation that takes six
minutes to remedy will mean a 10% loss of operating time,

7. TYPICAL EXAMPLES
Bemis Bag Packer

This machine will handle granular and powdered material of average
flowability such as wheat flour. Paper bags are generally used but bags
of other material of moderate stiffness could be handled. Figure 11 is an
illustration of this machine.

The bags are automatically fed from two magazines, which must be
arcuate in shape because of the extra thickness at the bottom of the folded
bag. The magazines are manually filled. On one side of the bag, the top
has a fairly long but narrow portion cut out so that fingers can readily
engage only one side of the bag first and open it slightly, before being in-
serted to a greater depth to complete the opening.

The material is preweighed, six automatic scales being used, as the
weighing operation is a slow one because of the need of final scale balanc-
ing without overweight. Two fillers operating alternately are used, as a
bag top folder and a closer will handle the flow from two fillers. The
six automatic scales are operated in equally spaced time sequences, so
that each scale has a time allowance of six times that of the top folder
and gluer. They are also operated so that the scale dumps are alter-
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Fic. 11. Bemis bag filler and closer.

nated between the two filling hoppers, the filling operation being at one-
half the folding and gluing operation rate.

After filling, the bags are pushed onto a conveyor belt extending to the
top folding mechanism. Along the belt, between the filling and top fold-
ing operation, is a device for compacting and leveling the material in the
bags. This is done by vertical vibration and by patting the bags on the
broader side with the conveying guides.

The top folding and gluing mechanism is of the ferris wheel type. The
bags go in open side up at the top of the wheel and are delivered below
upside down onto the drying belt, only 180° being used for operations.
The wheel moves continuously, all operations, including feeding and dis-
charge being done without stopping the wheel.

Feeding is accomplished by a paddle that pushes the bags into the
wheel in synchronism with the flights of the wheel. However, this paddle
operates only if a bag is in proper position for feeding. This is accom-
plished through bag contact with a switch, which causes a solenoid-oper-
ated pawl to engage the paddle with the pushing mechanism at the cor-
rect time for the next feeding cycle. The pushing mechanism is always
in positive gear with the “ferris” wheel.

A series of rollers is used to put the glue on the bags, one roller dipping
into the glue and one or two rollers transferring it to the final roll that
spreads it on the bag. '
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Glue is first applied, while the bag is in motion,
to the inside surfaces of the bag where needed.
Fingers then fold the bag to the extent shown in
Fig. 12. Glue is then applied to the upright flaps,
and these are folded down. All the motions used in
folding and gluing are rotary and yet are so de-
signed that all the operations are done as the bag
is in motion. No cams are required for these oper-
ations. The bags are then delivered upside down to
a drying belt conveyor. This conveyor also has an
Fic. 12. Partly fold-  UPPer belt,‘ weighted for extra pressure on the bags

ed bag. during drying.
This bag packing line is adjustable over a
continuous range of sizes, with only a few changes in parts.

Automatic Gear Production Line

This line is for the production of small pinions 1.08 in. diameter by
5% in. thick. It will not be described in detail because of its complexity,
but certain important features will be discussed.

The raw products for the line are semifinished turned blanks from
eight-spindle automatic lathes. The gear production line performs the
following operations in the sequence given; storage, feeding, and transfer
are omitted.

1. Inspect for O.D., length, and bore.
2. Centerless grind outside diameter.
3. Inspect O.D.
4. Semifinish machine bore; finish one face and chamfer.
5. Inspect bore.
6. Finish other face; chamfer and finish bore.
7. Inspect bore and thickness; hone undersize bores and return to line.
8. Cut teeth (Fellows gear shapers). . :
9. Inspect for irregularity of cut and pitch diameter.
10. Remove burrs.
11. Finish machine teeth by “shaving.”
12. Inspect for pitch diameter and helix angle.
13. Wash for chip and oil removal.

Parts are bulked in baskets and sent to heat treating furnaces. They
are then returned in baskets to the line for the following operations.

14. Grind tooth chamfers.
15. Grind oil grooves.
16. Hone the bore.
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17. Operation noise inspection.
18. Final inspection of bores.

The interesting and important features of this line are:

1. The feeding and distribution system.

2. The inspection and quality, control system.

3. Waste removal. Automatic waste removal is an essential labor-
saving feature of the line. The chips and waste coolant are piped to a
filtration system, and the coolant is returned to the machines. Waste
from machines using the same coolant is handled by a central filtration
system.

Since the capacity of the machines to perform the large variety of opera-
tions varies widely, from one machine for O.D. grinding to fifteen for
cutting the teeth, a complex distribution system is needed.

In general for feeding, vibratory feeders of the circular bowl type are
used. These also serve for storage between operations, the 24 in. bowls
holding 500 parts.

A belt is used to distribute the parts to the 15 gear teeth shapers. As
soon as the feed chute on the first machine is filled, the parts pass to the
next machine’s feed chute. When all feed chutes are full, they bypass to
the vibratory feeder bowls, one at each machine, to build up a reserve
supply should the preceding machines in line be down. Should one of the
shapers be down, the line operator, by the push of a button, can reduce
the number of pieces going to the shaper distribution belt and cause the
excess to be stored until all shapers are again operating.

The vibratory feeders are operated intermittently, filling the feed
chutes, and then stopping until the chute is partially empty.

Inspection and Quality Control. The work of each operation, with
the exception of a few noncritical dimensions, is automatically inspected
by air gages immediately after the operation.

If an inspection shows that tolerance limits are being approached, a
definite single inerement of automatic adjustment of the cutting tool is
made to correct the operation. If parts are beyond tolerance, they are
rejected. In general, three consecutive out-of-tolerance parts will auto-
matically shut down the machine. :

Parts rejected are sorted into two classes, salvageable and scrap. In
some instances, salvageable parts are automatically reworked and re-
turned to the line.

Automatic Malleable Iron Foundry

Automation of a foundry presents some interesting problems because
of the wide range of time requirements for the operations. Making
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molds, when done by machine, requires only twelve seconds including
transfer time for some of the operations. The machine adopted by the
foundry given as an example had a nominal rate of five molds per minute.
Cooling of the castings in the mold requires a time period of fifteen to
twenty minutes, or about eighty times that of the mold-making opera-
tions. There is also the problem of return of the flasks and of sand re-
covery and return.

Figure 13 gives a plan view of the foundry. The filling machine at sta-
tion 1 is fed alternately cope and drag (upper and lower) mold flasks by
roll in conveyor 2. The flasks are fed along the conveyors by a pusher
with a stroke equal to the length of a flask, one flask pushing the other
along the line.

After filling and with the pattern in place, the flasks go to the molding
station where the sand is rammed. As they pass from the molding
station, the patterns are withdrawn, and the flasks again are placed on
a conveyor. The drag flasks are next removed from this conveyor and
placed on conveyor 3 where cores are placed in the drag, if needed. The
drag flasks, which are turned at a right angle at station 5, the closing ma-
chine, are now on a lower level than the cope flasks on conveyor 2. The
cope is also turned 90° by the closing machine and placed on the drag,
thus closing the mold.

‘The molds now go to the pour station 7, where they are picked up by
pallets. Weights are added to hold down securely the cope at station 8.
The metal is now poured and the molds are transferred to the cooling
conveyor, 9. This conveyor is amply wide to hold a number of flasks
abreast. The flasks are elevated at the end of the cooling conveyor to the
automatic shake out machine, 11, where screens separate the flasks, cast-
ings, and sand. The flasks are now passed along the conveyor to indexing
mechanisms 12, which return the flasks to the conveyor, 2, feeding flasks to
the line.

This foundry requires 7200 square feet and is said to produce as much
as a conventional foundry of four times this floor area. It has the further
advantage of not requiring transportation of the hot melted metal.
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1. PURPOSE

Automatic inspection is more than a substitute for the human inspector
for, in this class of repetitive operation, human ability is of a low order.
A mechanistic approach can yield an altogether higher order of perform-
ance and, because of this basic difference, a process control system based
on inspection should be completely rethought when it is made fully auto-
matic. Certain of the principles to be followed are set down here, with
an indication of the detailed method of approach.

2. LIMITATIONS OF HUMAN INSPECTOR

The work of Belbin in England, at McGill University, and elsewhere,
(Refs. 1-5), has established the very low capacity of a human being to
detect occasional faults, such as foreign objects in bottles in a bottle
washing plant, faults in sheeting materials, and imperfections in enrobbed
chocolate confectionery and in ball bearings.

4.01
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The task of observing a uniform flow results in a hypnotic effect on
the subject, which increases as the frequency of the unusual events sought
diminishes. A similar experience occurs in driving on a straight road
amidst monotonous terrain or in flying over the open sea. In the extreme
case, hallucinations are experienced which may lead to illogical and dan-
gerous reactions.

The control engineer in charge of a process control plant is exposed to
these circumstances and, however complete the instrumental display pro-
vided, the operator cannot be relied upon to detect marginal conditions
that may occur. Automatic alarms should be provided for this purpose.
A watch-keeping routine is desirable, as on a ship, and can include the
duties of second line of defence, by checking at intervals the alarm de-
vices and working levels of significant factors as plotted by recorders.

In certain forms of human inspection, as for surface flaws in ball bear-
ings, a proportion as high as 20% of the faults may pass a first inspector,
and this ratio will worsen with each successive inspection. Thus, even
with triple inspection more than one fault in 100 will remain undetected;
this is a serious matter in such end uses as aircraft.

Mechanical Inspection. Thus a mechanical and instrumental method
of ingpection is inherently superior, and its reliability is predictable and
does not diminish with repeated application. Some research and in-
genuity may be necessary to determine the best method of automatic
inspection, particularly for a qualitative fault such as in the following
example.

ExampLE. Surface flaws in a ball-bearing ball. In such a case the
object should obviously be rotated through the full range of solid angles,
either progressively or by random motion, and the local character of the
surface observed by a transducer. The physical effect used in the trans-
ducer should be so chosen that it gives the simplest and most elegant
solution. Methods that might be considered are: (a) local irregularity
of eddy current skin effect (Ref. 7), (b) scatter of optical reflection, and
(¢) irregularity in free-rolling trajectory or friction characteristics.

3. CHARACTERISTICS OF FAULT STATISTICS

Despite human limitations in a repetitive task, an inspector exercises a
degree of intelligence and judgment that may not readily be duplicated
by instrumental devices. It is therefore important to distinguish the
different characteristics likely to be found in the statistical data from an
inspection operation.

Models typical of practical conditions as shown in Fig. 1 are: (a)
stable flow processes subject only to slow trenditional changes; (b) steady
processes subject to dangerous conditions near to the tolerance limits;
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(c) batch or semibatch processes where end effects are significant; (d)
processes subject to repetitive changes, possibly at a relatively high fre-
quency; and (e) processes with sporadic or statistically random varia-
tions, which would be dealt with by an accept/reject mechanism.

The simplest inspection and control systems are those applicable to
(a) and (e), and it is desirable to reexamine the process to eliminate if
possible the nonlinear element in (b) or the discontinuities in (¢) and (d).
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Fig. 1. Characteristics of the statistical variations experienced in the five classes:
(a) trenditional changes, stable; (b) trenditional changes, unstable limits; (¢) semi-
bateh process, with end effects; (d) repetitive changes; (e) sporadic variations.

For example, the discontinuity between successive batches in a process
can be eliminated simply by arranging that the conveyor system merges
the end of one batch with the beginning of the next. Repetitive changes
can be reduced by some reservoir or smoothing function (Fig. 2).

Feedback Control. Where a process is unavoidably nonlinear or
rapidly varying, the tnspection-feedback control system must be designed
from the point of view of the Nyquist stability criterion. The gaging
or sensing mechanism must be rapid in action, and a derivative control
will be necessary to prevent hunting. The inspection point must be as
close as possible to the process in terms of time scale. In these circum-
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stances a high-velocity low-mass process is more readily controlled than
a slow ponderous one.

There are a number of interesting special cases that arise.

Asynchronous Faults. A multihead production machine might develop
a single faulty station and, rather than reject every piece produced, one
can design the inspection system so that it causes this one faulty station
to be put out of use automatically or its identity signaled, the production
being permitted to continue from the other stations.

Legal Limits. A normal gaussian distribution about a mean value is
normally acceptable for technical requirements, but legal definitions such as
weights of commodities, are based on the concept of a minimum value (Ref.
5). It is then desirable to arrange the process for a very narrow gaussian
distribution (which may require a high speed of apparatus response) and
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possibly skew the distribution curve (Fig. 3) or recirculate rejects for
readjustment.

Flukes Ignored. When an average error signal is fed back, it may be
advisable to exclude the extreme values by rejection before permitting
the computing apparatus to calculate the average; similarly there will
be an optimum averaging number or time constant for any particular
numerical distribution.

4. SENSING ELEMENTS FOR INSPECTION

The operation of inspection may depend on quantitative factors, and
also on the qualitative factors already mentioned. For the former the
whole range of classical measuring techniques is available for adaptation
(Fig. 4), but the latter may require careful study of alternatives and
some ingenuity in application.

For the quantitative measurements it is not sufficient to take a labora-
tory-bench test instrument and put it into continuous service. Many
such instruments depend on frequent setting-up and zero-setting adjust-

ments, and it may be necessary to modify the basic method of operation
in order to obtain a stable mechanism that will not requlre adjustment
over long periods.

The principal requirements of the sensing instrument can be listed
as follows:

1. Stability and absence of the need for recalibration and zero adjust-
ments.

2. Robustness, of a much higher order than for laboratory instruments,
preferably with fully sealed housing,.

3. Reliability by designing conservatively for long life. Ultimately
magnetic amplifiers and transistor circuits Wlll be preferred to tube
circuits.

4. Modulated a-c¢ systems or differential systems always to be preferred
above d-¢ amplifiers.

5. Ease of servicing, using miniature plug-in “packages” easily ex-
changeable by maintenance staff, but factory-serviced.

6. Compatibility with other devices, for ease of interconnection and
building up of systems.

5. INSPECTION AND CONTROL SYSTEM DESIGN

In most applications the magnitudes of the parameters to be inspected
are fixed, and it is sufficient to deal only with the first derivative or per-
centage error. For example, if it is required to gage an object nominal
length L, limits +5%, significant gaging error %%, the gaging system
need resolve only %% in 5% or one part in 20 provided the total
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magnitude of the main dimension 4 is constant. This is a very moderate
specification. If a simple computation such as density D is to be made
from the parameters length L, area A, width W, and weight M, we have
D =M/(LxXAXW), but if one is only interested in the fractional
error in density 8p, one needs measure only the three fractional errors
84, 81, and 8w, and approximately 8p = 83 — 84 — 85, — dw for small mag-
nitudes of error. '

Thus for relatively narrow limits of error, the numerical computation
system can be a very simple one, using summation operations only, with-
out the need for an operation of multiplication or division.

It is desirable that the system be constructed physically as a group of
predesigned “black boxes,” chosen for their compatibility, so that one
may be connected to another without the need for any transformation or
conversion. Unfortunately such coordination does not exist between all
classes of commercially available automation components.

In the density gaging system of Fig. 5 it is a considerable simplification
to employ the same pattern of differential transformer positional-trans-
ducer for all four functions of 4, L, W, and M, and to carry out the latter
weighing process by detecting the deflection of a standard cantilever.
The gaging and computation system of Fig. 5 operates in the following
manner:

1. The molded objects are moved from station to station on the con-
veyor.

2. At successive stations, variations in height, diameter, and weight
are sensed by variable inductance heads. Height transducer gives fune-
tion 81; diameter transducer gives “area” function 8,.

3. The information is indicated in d-c¢ meters and used to modulate an
a-c carrier in each channel, and recorded as a voltage analog on a slowly
rotating magnetic drum.

4. Information is read out time-displaced, so that data on a particular
object are available simultaneously. It is demodulated, and the d-c
signals are used to actuate limit circuits and for a simple analog com-
putation of density.

5. Limit circuits control rejection of individual objects, and a quality
control chart is plotted.

" 6. An average signal is fed back as error correction to the molding
process.

Similarly, in an air gaging system, pneumatic controller components
would be used throughout, up to the point where an electrical command
output becomes necessary.

Conditional gaging systems are similar to the numerical computing
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ones outlined, except that the acceptance limits for one or more parameters
are conditioned by the magnitudes of the other parameters.

6. MANIPULATION OF TIME SCALE

With multistation transfer machines it is usually convenient to per-
form only one operation at each station: for example, it would be difficult
to both weigh and gage simultaneously. Some mechanism for automatic
recording or register is then necessary.
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A simple form is a system of pegs or markers associated with each
position on the conveyor system to enable an accept/reject or other in-
struction to proceed synchronously with the test object to a later station
where it will be acted upon.

More elaborate arrangements of this sort can be made with conven-
tional digital storage techniques, up to any speed or accuracy likely to be
required in practical cases.

As already discussed, a resolution of one part in 20 is adequate in most
inspection applications. It is possible to register the magnitude as a
voltage analog and then to read out simultaneously data measured at
intervals of time at several successive stations.

The same approach is useful in giving a temporary identity to articles
while on a conveyor, so they may be registered and dealt with individually
at a later stage in the process, either on an accept/reject basis, or by a
correction operation, bringing the object to a standard weight, etc. For
such analog memory systems a slow-running magnetic tape or drum is
adequate.

7. DISPLAYS AND RECORDING SYSTEMS

‘When it is necessary to involve a human being in an otherwise auto-
matic inspection and control system, the principle to be followed is that
of “management by exception.” By this procedure the steady operation
is regarded as the normal or quiescent state, and the human supervisor’s
attention is called only to extreme conditions or such trends that may
approach the extreme limits.

A complete “mimic” display of the system is usually provided by the
apparatus designer for convenience of the operator in setting the process
in motion. This “mimic” is usually diagrammatic with visual indicators
or recorders for each key parameter and integrating or counting equip-
ment displaying accept/reject data. In addition summary displays are
provided for those administratively interested, usually in the form of
moving displays, electric counters, or printout by electric typewriters.

Such displays can be provided at reasonable cost, with standard equip-

ment, provided that a degree of compatibility exists through the whole
system.
. Presentation of data in this way can usually be shown to recover its
equipment cost by a saving in capital on inventory, as all stages of pro-
duction can thus be closely geared to demand. Process control by feed-
back from inspection data reduces the cost of rejects and confers on the
product the character of greater uniformity which is highly regarded by
the user.
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8. ELECTRICAL COMPONENT TESTING

Incentives. To ascertain the future life behavior of a particular elec-
trical component, the life testing to destruction of other similar com-
ponents gives only indirect evidence. Where electric circuits become
more and more complex, it has, therefore, been necessary to attempt non-
destructive testing of even the simplest components prior to their inser-
tion in more complex systems if the final life reliability of the whole
complex system is to be of a very high order.

Apart from the requirements of the scientific testing of electrical de-
vices as single items or as a network, there have been three main incen-
tives to evolving systems of automation in electrical component testing.

1. The continuous supervision of a long component, such as an insulated
wire component, prior to its incorporation in a more complex device so
as to eliminate an incipient fault before it can cause expensive trouble. An
example 1s a submarine cable.

2. The testing of circuit networks prior to inserting more costly com-
ponents, such as electronic tubes, transistors, ete.

3. The desirability of large scale testing of components for the pur-
poses of “type approval.”

ExaMpLE. An automatic component testing equipment was designed
for the automatic testing of batches of up to 1000 resistors (Ref. 9). The
resistors can be tested under full load over a wide range of environmental
conditions from —80° to +100°C with controlled humidity variable from
very dry to full precipitation. The resistors are automatically measured,
and the results are recorded on a continuous chart, containing 1000 discrete
areas; the testing sequence is controlled by a five-dot code punched paper
tape. The system is flexible and up to four months continuous testing can
be programmed by this tape.

‘To implement a decision to carry out a program of mass testing of com-
ponents the following steps have to be taken:

1. The program sequence of climatic and electrical parameters has to
be decided upon and then punched onto the five-hole code tape. (About
one hour.)

2. The jig block has to be loaded with the 1000 components, all of which
are mounted on separate insulated pillars. (Achieved in approximately
one day.)

3. The program tape unit is then loaded, also the various chart re-
corders, including the continuous 1000-chart recorder (the ease of rewind
flow of paper is checked). (About one hour.)
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4. The jig block is then mounted within the climatic cabinet. (About
15 minutes.)

5. After general supervision of all the equipment the program tape unit
is started. * (The equipment will refuse to start unless all the appropriate
doors on dangerous power units, ete., etc., are closed and safe.) After this,
the equipment will start its own automatic test run program. (May last
up to 4 months or be as short as a few weeks.) All measurement readings
(50,000-100,000) are sorted by the apparatus into the 1000 discrete areas
of the chart, giving the life history of each component separately.

6. At the end of the test program which has been prepunched on the
tape (whether it is a few weeks or months from start) the equipment
gives an automatie indication that it has accomplished its task. The
whole equipment switches itself off.

7: At this point the doors can be opened in complete safety as all the
high voltage equipment, ete., is also dead.

8. The resultant charts can now be examined (after their removal from
the chart spools) for the best test behavior of the component, and any con-
clusion can be derived from these test results.

9. Another test can be in progress while doing (8), at leisure.

Improvements in this system can be made by punching the results on
paper tape rather than using the 1000-chart recorder system. The output
tape could then be fed into an electronic computer programmed to analyze
the results.

Conclusions. Automatic component testing is an essential step for-
ward in automation of a highly complex but none the less wearisome and
boring task:. If one wished to carry out such exhaustive test proceedings
on 1000 components in conventional climatic equipment, one would prob-
ably have to envisage using twenty or more people. Surplus laboratory
personnel just do not exist and are usually engaged on the normal research
program. By the aid of automatic equipment two or three people can
carry out the task. In fact, the two or three people who would normally
be engaged on a small scale testing program can now ecarry out the sta-
tistically valid large scale testing program. Such automatic testing system
equipment might well become common in the future for modular single
slab functional circuits.
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1. CONVEYOR SYSTEMS

The meaning of the term “materials handling” has expanded tremen-
dously in the last few years. It includes such diverse equipment as lift
trucks, skid platforms, hand-pushed monorail, gravity roller conveyors,
and many types of powered product movers. This chapter will discuss
only a few types adaptable to automatic control for integration into more
or less complex systems and commonly called conveyors.

Applications. Conveyors are used for movement and/or storage of
parts or products between manufacturing operations, through processing,
assembly, testing, and packaging and to warehouse or shipping point.
Conveyors can control production rate by simply varying speed of sys-
tem to compensate for manpower available, etc. They provide the tie
between automatic machines to make an automated system. Conveyor

applications can be broken down into four rough classifications:
501
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1. Bulk handling. Materials such as coal, sand, ores, chemicals, and
grains. Using troughed belts, buckets, pneumatic, and similar types of
conveyors.

2. Package handling. Cartons, boxes, tote pans, and similar packages
for products. Using gravity roller and wheel conveyors, flat belt, live
roller, pusher bar, slat, chutes, and similar types of conveyors.

3. Trolley and chain conveyors based largely on rivetless type chains.
Includes trolley, floor pusher, power and free, and similar types.

4. Special designs for handling products between machining operations
including reciprocating transfers, turnovers, rollovers, and lifts operated
by air or hydraulie cylinders.

Design of Automatic Controls for Conveyors. In general, there is
no such thing as a “standard’” conveyor. There are standard components,
but every conveyor is tailor-made to perform a certain function in a
specific place. System design requires:

1. A thorough knowledge and analysis of devices controlled. This in-
cludes their limitations as well as potentialities. Equipment that is suit-
able for precision machine tools may be totally inadequate for less precise
conveyors without expensive added operating means.

2. Close cooperation is required between mechanical parts designer and
control designer to assure that control elements can be incorporated in
correct positions in basic design. The control requirements frequently
dictate elements in the mechanical design. Too frequently, the control
design is left until too late, the designed mechanism is inflexible, and ex-
pensive rework is required to make the machine operate.

3. Design of controls is a logical step from a complete description of
mechanical sequence of functions required. Simple sequence functions
using limit switches, wipers, pushbuttons, relays, solenoid valves, and
motor starters are used to control most conveyors.

4. When more units are coordinated together, centralized panels with
provisions for starting, stopping, speed changing, and condition signaling
for each unit may be required. The special requirements for multiple
drivers, ‘synchronization for automatic transfer between several con-
veyors, and selective dispatching require more challenging consideration.

2. PROBLEMS OF CONVEYOR CONTROLS

General. Application of electrical controls for operations of conveyors
poses problems which are not present in the control of precision machines.
Even large transfer machines, while consisting of a large number of parts,
will occupy relatively small, compact areas. Conveyors often operate
over very large areas. Individual conveyors are seldom less than 100 ft
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and are frequently 2000 to 10,000 ft or more long. Conveyor systems
may extend into several buildings and on more than one floor. Large
portions of systems may be overhead in otherwise unused space and are
relatively inaccessible.

Conveyors are seldom assembled and tested except in their permanent
location. Once a conveyor is installed, the plant must get into produc-
tion quickly so there is a minimum opportunity to make changes or ad-
justments. This requires careful engineering to ensure immediate opera-
tion. Frequently adjustments must be made at expensive overtime costs.

Mechanical precision is not a general characteristic of conveyors. Basic
designs have been fixed by usage and proved adequate before the advent
of special controls now added. Many conveyors are designed around
drop-forged rivetless chains. These chains have least weight and cost for
their strength. Most are heat treated while the larger sizes may be made
of alloy steel for greater strength.

Few chains are made to precise pitch. Dimensions of drop forged chain
change slightly as forgings and trim dies wear. Normal runout is about
134 in. per 10 ft of #458 chain, the most commonly used size. Rough
spots wear down quite rapidly during first weeks of operation. Then wear
and elongation changes remain about constant at a slower rate. Chains
can elongate as much as 5% hefore they need replacing.

Attachments for loads can normally be spaced only at multiples of
twice the chain pitch. Special provisions may be made for multiples of
pitch spacing at higher cost. If load spacing is important, it may be
necessary to select a different type of chain.

All parts of these conveyors have loose fits and are normally not guided
closely. Load carriers are seldom exactly alike and can hang at various
angles and be out of line horizontally or vertically or both. This creates
problems when attempting to operate limit switches and signal devices
from conveyor parts.

Overload protection for conveyor drives must be provided when they
are driven by electric motors. Those driven by pneumatic or hydraulic
power can usually stall safely without damage.

The most effective method utilizes a floating drive. The drive ma-
chinery is mounted on a platform that rests on wheels in a fixed frame.
Chain pull is counteracted by springs so that floating frame position is a
measure of force exerted. If chain pull exceeds designed value, a limit
switch is operated to stop the conveyor. Drive frame can still travel
farther to absorb energy of drive parts without damage. This method
is independent of speed.

Fized drives can use an adjustable slip cluteh with underspeed switch
to indicate stall, overload cutout with parts to separate and operate a
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limit switch, or overcurrent relays. Signals from motor current are un-
reliable if a mechaniecal variable-speed device is used between motor and
speed reducer.

Slack chain control must be provided since any chain will elongate
from wear. If a rivetless chain is permitted to run too loose, pins may
fall out or center links slip and lock crossways and cause jams on turns
and drives. '

A takeup is usually a 180° turn mounted movably so that effective
track length can be changed. Movement is controlled by screws, screws
with springs for manual adjustment periodically, or automatically by
spring, counterweight, or adjustable pressure air eylinders.

Travel of takeups is limited by the necessity of carrying chain and
loads across a slip joint between the fixed and movable tracks, and pro-
viding sufficient strength in a limited space. Minimum travel must be
sufficient to take out at least two pitches of chain and still permit chain
coupling,

When equal load spacing must be maintained, provisions are made to
move the whole takeup frame bodily each time the limit of travel is
reached. It is usually necessary to cut the track and insert new sections to
fill the gap. Eventually one complete space will be removed and the
process started over again. A conveyor must be out of production while
changes are made.

Location of takeups is important, particularly for multiple drive con-
veyors. They are usually located at points of lowest tension or elevation.
For example, a point past a drive exit between a dip and a rise would be
ideal.

Automatic takeups must have sufficient power to keep a chain tight
under any variable conditions of loading. This means that there may be
several hundred to more than 1000 Ib initial tension in a chain. Since
each horizontal turn or vertical bend adds 2 to 10% to chain tension on
entering side, excessively high chain loads can develop.

Conveyors passing through ovens should have takeups located nearby
so that when the heat is turned off and the chain contracts on cooling,
it can be released to the oven with little force. Oven turns have been
pulled down or damaged by lack of attention to this point.

Conditions of loading of a conveyor can affect selection of control
elements. Most assembly conveyors are uniformly loaded. Those pass-
ing through units for chemical treatment, painting, ete., are frequently
cleared each day and reloaded the next day. Storage types at times are
heavily loaded in sections only.

The problem is greatest when a conveyor passes through ovens and/or
has many vertical bends and high lift loads. Chain pull lift load at the
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top of a vertical bend due to loads on the incline is equal to the live load
per foot of conveyor times vertical height of lift. The difference between
the lift load from empty carriers and that from loaded carriers is fre-
quently much more than friction load for the entire conveyor.

Under some conditions there may be runaway forces tending to over-
speed drives. If a conveyor must be stopped, drive brakes are required.

Improper lubrication ean double or triple normal drive pull require-
ments. This is important when variable-speed, constant-torque motors
are specified.

Most conveyors can be readily rearranged, shortened, lengthened, or
combined. Model and method changes usually require conveyor rear-
rangements. Loads may increase in size, weight, and spacing. Controls
and components should be selected for best adaptation to change as well
as for standardization.

Adjustable speed requirements affect control means. Single drive
conveyors usually use a variable-speed pulley or a variable-speed trans-
mission either adjusted manually by handwheel on the drive or remotely
by speed-changing motors.

Conveyors with multiple drives or those which must run at precise
speeds or in synchronization with other units require more elaborate
controls.

3. MULTIPLE DRIVE CONVEYOR REQUIREMENTS

Long or heavily loaded conveyors require more than one drive to keep
chain tensions within allowable limits. For long life and reliability it
has been found to be best to keep working tensions below 4 to 6% of
ultimate strength. ExamprLE. For a #458 chain with ultimate strength
of 48,000 b the maximum load is 2500 lb. Higher loading may be used
with slow speed, few turns, and little change in elevation.

Multiple drives permit use of lighter, standard construction and prac-
tically unlimited length. Surge, which would cause trouble through paint
spraying, for example, is reduced by low chain pull and by strategic
location of drives.

The common problem in all multiple drive applications has been con-
trol of slack chain without building up excess tensions and overloads.
Conveyors passing through ovens must have means to take up elongation
of chain from heating and to relax when chain shrinks on cooling. Also
chains continually wear. For example, a typical 7800-ft conveyor will
lengthen by 1 in. every 8 hours.

The classic method requires that drives have high-slip characteristics,
that is, will slow down under increased load. Any difference in speed
will develop an increased load on the faster running drive and decreased
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load on the slower. This causes the faster drive to slow down and/or
the slower drive to speed up. '

Constant Speed. If chain can be kept taut at all times, even standard
a-c motors will divide loads. Constant-speed conveyors can utilize
high-slip (8 to 13%) a-c motors. Tests show the load on each motor
will be equal even though chain tensions at the drive may be widely
variable or different. High-slip motors work best with moderate drive
pulls.

Variable speed, particularly with remote control of speed changes,
becomes a more complicated problem. Drives must divide loads but
not necessarily equally. Drives can seldom be located at ideal points
with equal loading because of clearances, ovens, process equipment, and
other interferences.

Control Methods. Change of drive speeds in response to chain pull
variations may be made (1) by developing excess forces at drive or (2)
by using a feedback signal from a control takeup in conveyor path. The
first method has been used most frequently but requires manual adjust-
ment of elements for correct results. The second can automatically
compensate for variations in load, speeds, and components automatically.
The method selected depends on types of variable speed devices used on
the drives.

Driving means used have been as follows:

1. Constant-speed, normal torque, a-¢ motors with variable speed
transmissions. ‘

2. Variable-frequeney, high-slip a-¢ motors.

3. Direct-current motors with high-slip characteristics, either by com-
pound winding or armature dropping resistors and shunt field control.

4. Eddy current clutch. motors with electronic control with torque
limiting and adjustable slip characteristic features.

Balancing by Force

Constant speed a-c motors with variable-speed transmissions are
used with floating drive frames. Where speeds are changed only infre-
quently, a mechanical rigging between the transmission adjusting screw
and fixed frame causes speed to vary with load owing to speed differences.
Hand wheels can disconnect the balance rigging so that a base speed can
be set on each drive simultaneously. Drives are adjusted for best opera-
tion. Mechanical balancing makes necessary speed adjustments.

Floating drive frame position can also be used to operate a potentiom-
eter slider to provide a signal for servo motor electronic control of
variable-speed transmission to change speed in response to varying chain
loads and also by remote control. One drive is made a master whose
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speed is changed by manual switch. Tachometer generators on variable-
speed shafts of drives provide velocity signals. Follower drives match
speed and preset drive load relationships to master drive.

High-slip (8 to 13%) a-c squirrel cage motors supplied by a
variable frequency 3-phase alternator may be used. The alternator is
driven by mechanical speed changer from a constant-speed motor. Volt-
age varies approximately with frequency. Standard 220-volt, 60-cycle
motors can be operated over a range of 20 to 100 cps. All motors are
connected in parallel with alternator through' thermal overload relays.
Conveyor starts and stops with alternator. =

Drives must be located for nearly equal loading. Care is required in
matching motor size to load. Best results are obtained when motors are
nearly fully loaded.

Direct-current motor drives require a motor generator set and oper-
ator’s panel for each conveyor to supply variable armature voltage.
Motors are compound wound for 10 to 20% slip or are shunt wound
with armature voltage dropping resistors to vary speed with load.

Excitation for generator and motor field is supplied by belt-driven
generator, electronic tube, or dry type rectifier. The generator provides
for safe stopping on power failure when dynamic braking is used.

Motor armatures are connected in parallel with each other and in
series with generator armature and d-c contactor contact. A thermal
overload relay and ammeter is provided for each motor.

Motor shunt fields are connected in parallel to the exciter. Each is
provided with a series vernier rheostat for adjusting drive balance. In-
creasing field resistance causes motor to tend to run faster, forcing it to
take more load to hold its speed down to that of the other drives. Am-
meters show drive loads and show operator when correct adjustment is
made. Experience will determine if conveyor runs best with equal or
unequal drive loads. '

Conveyor speed is controlled by a rheostat in series with the generator
field. This controls armature voltage, and speed is approximately pro-
portional. When more exact speeds are required, generator field may
be controlled electronically. ,

Motor and generator sizes must be carefully considered. Motors
operate in the constant-torque range below base speed theoretically, but
when shunt field rheostats are used, base speed increases and torque
decreases. This can be compensated for by increasing ratio of V-belt
drive between motor and speed reducer. In calculating drive speed ratio
use motor base speed plus 10 to 15% when conveyor travels at maximum
design speed. This will assure ample torque and permit slow down to
minimum speeds.
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Note that motor manufacturers may indicate an 8 to 1 speed range
but that continuous operation at minimum speed and full load is not
recommended. At extremely slow speeds, regulation is very poor and
heating becomes a problem. Best results are obtained when normal
probable speed is near base speed.

Since cost of motors and generators rises rapidly with size, there is
sometimes pressure to keep them as small as possible. This leads to
overloading and poor operating conditions develop. Many companies
now specify that motor generator and control be large enough to supply
at least one additional drive. Otherwise if conveyor requires an exten-
sion, new equipment would be required.

Eddy current clutch motors with electronic excitation can be used.
Electronic control matches output speed as indicated by builtin tachom-
eter generator with reference voltage from manually set potentiometer.
Torque-limiting and sensitivity circuits permit matching drive loads as
indicated by motor current ammeters. Each control is kept electrically
separate. Reference potentiometers for the drives are ganged. Flank-
ing potentiometers provide individual adjustment.

One control is adjusted for close speed regulation. Other drives are
set with lower sensitivity. Two sets of control wiring are required. One
is used for motor starters with interlocks with electronic control panels.
The other, interlocked with control panel time delay relays, controls
the on-off energization of clutches.

Balancing by Feedback

Control takeups following all but one of several drives on a conveyor
provide means to operate a feedback signal to synchronize the drives.
Any difference in speed between two drives will cause the takeup be-
tween to move. This movement, coupled to a potentiometer or rheostat
slider, provides signal to correct the speed of the drive feeding chain into
the takeup to stop movement.

A rheostat in series with the motor shunt field can be used with d-¢
motors. A potentiometer, in parallel with an adjustable tap resistor in
control panel, provides a signal between slider and tap for electronic
servomotor speed control with mechanical speed changer. Movement of
control takeup need not be more than 3 or 4 in.

Limit switches operated by extreme travel of takeup are recommended
in drive control circuits and are provided with signals on a central panel.
This ensures stopping the conveyor and trouble point indication before
damage if a conveyor jams or a control component fails.

A long travel takeup should be used after the one uncontrolled drive.
This is called a slack chain takeup and accepts all the elongation of
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chain due to wear or heat expansion. It must have sufficient travel to
compensate for movement of control takeups to synchronize drives, tem-
perature change length, and wear elongation for a reasonable time,

Location of control takeups are important to ensure that movement,
will be due to speed difference only. Takeups may be operated by
counterweights or air cylinders with adjustable pressure regulator.
Takeup tension need only be sufficient to keep chain stripped from drive.
As long as control takeup is neither fully open or closed, tension is just
right. The control takeups may be built into either 90° or 180° turns.

This method is fully automatic and controls drive speeds regardless
of variations in speed or load. Minimum chain pull is developed since
each drive pulls its section of conveyor only. Drive loads can be un-
equal and different sized drives may be synchronized. Since no manual
adjustment of individual drives is required, production supervisors can
be permitted to make speed changes.

Follower drives must be capable of running both faster and slower
than the master at extremes of production speed. Rheostats for d-c¢
drives have value to raise base speed of motors by 20%. The master
drive has manual field rheostat to raise its base speed by 10%. Control
rheostats, by field control, can make follower drives run up to 10%
faster or more slowly.

The layout of some types of conveyors do not permit use of control
takeups. These conveyors then must use one of the force methods with
manual adjustment.

4. BASIC ELECTRICAL CONTROLS

Controls for conveyors and automation should be designed with em-
phasis on the requirements of the men who must keep the systems operat-
ing. The best approach is to have a system that will automatically stop
safely in case of failure, and provide signals to pinpoint the area of the
trouble. Usually more time is required to locate the cause of the failure
than to correct it.

Modern factory equipment is becoming more complex and diversified.
Conveyors add to the complexity. It is difficult to recruit and train
enough qualified maintenance people. If stoppages are frequent, mainte-
nance men learn exactly what to do. The more reliable a piece of equip-
ment is, the more important it is to spot troubles quickly. If maintenance
personnel changes frequently, or if the regular maintenance man is away,
the foreman or some other mechanic must take over. Then it is an ad-
vantage to have controls that are easy to understand, to maintain, and
to service.

The cost of down time in modern plants is prohibitive. The savings



5-10 MANUFACTURING PROCESS CONTROL

of even a few minutes in restoring production operations will pay for a
great deal of wiring and extra signals. It is sometimes difficult to sell
this idea to purchasing departments or those with little experience in
operating production machinery. Conveying systems cannot be installed
in duplicate as is possible with machine tools. A stoppage at one point
stops the whole system and all related operations.

For example, an automobile final assembly line may be set for 60 jobs
an hour. One minute lost means bne car that may not be built that day.
Union rules generally do not permit speedup to make up for lost time
or production, '

Joini Industry Conference (J.I.C.) Standards

These standards provide an accepted guide for Materials Handling
Control. The prime purposes of the standards are to:

1. Reduce maintenance and increase reliability.

2. Increase safety for operating and maintenance workers.

3. Reduce down time by making control functions easier to trace, un-
derstand, and repair.

Most companies try to standardize on only a few makes of motors and
control components. This reduces their spare parts inventory. It is im-
portant to determine, in writing, just what will be acceptable in a par-
ticular plant.

Enclosures must be semi-dust-tight with gasketed openings. There
can be no knockouts to open accidently or openings through which
liquids or dust can enter. Since most control panels are custom designed,
this requirement adds little to the cost. Disconnect switches must open
both power and control circuits.

Enclosure size and layout of components should . permit installation
later on of at least 15 or 20% more relays and terminals. This gives the
engineer an opportunity to take care of inevitable errors or the require-
ment of future changes in the field. Extra contacts on relays are good
insurance. Relays with contacts interchangeable for either normally
open or normally closed reduce costs. ‘

Control voltage is usually specified as 110 volts a-c. There are many
more components readily available and stocked for 110 volts a-c than
any -other voltage. This voltage is high enough to ensure good contact
and relay operation even with long control leads. Standard incandescent
lamps can be used for local signals at emergency stop pushbuttons.

Panel Wiring. All external wires must come to numbered terminals
in control panels. All internal wires must be marked with numbered
labels on each end. All wires must be stranded and use acceptable



MATERIALS HANDLING 5-11

crimped-on terminals. Color coding of wires for different functions is
required. Fiber wiring channels with removable covers are preferable
to laced cables for ease of installation, change, and tracing. Relays,
pushbuttons, and other similar components in a control panel should be
marked with labels corresponding to diagrams.

Relays should preferably be identical. TFour pole relays will take
care of nearly all normal conditions. If more poles are required, it is
better to parallel added relays. Generally, industrial type relays have
given little trouble, and provisions for plug-in types are not necessary.
The principal difficulty with relays has been dirt in normally closed
contacts.

Signals. Limit switches operated by machine parts or products are
generally used for signals to control functions.

The control engineer must work with the mechanical designer to be
sure that limit switches can be located at the proper points. Frequently
some mechanical part is already in the way when the field electrician
starts to adjust limit switches. Then a compromise must be worked out
either to change the original part or control diagram or both.

It is recommended that limit switches be mounted on clamp-on brackets
or in other ways to allow for plenty of adjustment. Switches should be
designed so that accidental reversal cannot cause damage to the operat-
ing arms or plungers. Timing of operations is usually based on the
position of the limit switches.

Standard machine-tool type limit switches either require too much
movement to operate the contacts or have too little overtravel, or the
operating arms are too short to work directly off conveyor parts. This
requires additional operating arms and cams in special mountings. Some
limit switches are designed especially for conveyor work. These have
(a) heavy operating shafts turning in ball bearings, (b) extended arms
up to 15 in. long, (c¢) shorter travel to operate, and (d) up to 90° total
travel. This permits the arms to be made cam shaped so that switeh
operation will be the same regardless of the direction of travel of parts
past the arm. ‘

It is desirable to restrict the number of types of limit switches used on
a system. Also, it is preferable not to use more than one normally open
and one normally closed contact on a switch. If more contacts are re-
quired, use relays operated by limit switches. Each switch can be wired
exactly the same with a 4-conductor cord and lock type cap so that pre-
wired switches can be stocked. A permanently wired receptacle located
near the switch position is wired for the correct connection used.

Limit switches are more likely to fail mechanically than electrically.
In case of failure, it is only necessary to remove and replace the faulty
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switch, plug it in, and adjust the operating arm to get the machine back
into operation.

“Wiper” circuits have been developed to reduce problems of limit
switeches. Standard 110-volt relays are used in series with the primary
of a specially designed transformer. The secondary of the transformer
can be wound for 5 to 24 volts. With proper values in the transformer,
its impedance, with the secondary open, will prevent the relay from
picking up. When the secondary is shorted, its impedance is lowered,
and the relay is energized. See Fig. 1.

< 110-volt, 60-cycle ———>
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F1e. 1. Typical “wiper” circuit selector for conveyor carriers. Short circuiting sec-
ondary of transformer causes relays to energize. See Table 1 for symbols.

The secondary is connected to insulated wipers which are contacted
by the conveyor parts. Two or more wipers can be connected by selec-
tively controlled patterns of contacts for different combinations of
signals. Or one side of the secondary can be grounded and one wiper
can contact any metal part of the machine.

Wipers are plated steel springs supported at an angle of about 45°
to the direction of travel by pivoted arms which lift clear if parts reverse.
No movement is required for operation. This permits a variation of
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TasLe 1. SymBoLs Usep IN Figs. 1 AND 2
Relay, starter operating coils

Normally open relay contact

thermal overload contact

o—]—
5” Normally closed relay or

Solenoid coil
81
{L— 4 Disconnect switch
—o\o— Normally open limit switch
—_——<To— Normally closed limit switch
_o—'—o__ Normally open, momentary contact pushbutton
—a ] o— Normally closed, momentary contact pushbutton

s e | Maintained contact pushbutton
-0 O—

Ao  Fuse
Control | i
= ontrol or voltage transformer
LTI
S Signal light, letter indicates color:
° ,®\ ° amber, green, red, etc.
\®’ Local light; adjacent to pushbutton
A or other equipment
Solid line to show panel wiring
————— Broken line, connections external to panel
Contacts and coils of same name
CRy, CRy, Mg, operate together
etc.

plus or minus %4 in. of contact alignment for positive contact. Voltage
at the wipers is less than 24 volts, and it is safe to use exposed contacts.
Wipers can be connected with simple open wiring. This reduces cost of
installation.

This type of circuit is particularly adapted to automatic loading and
unloading of overhead trolley conveyors and power-and-free conveyors.
Wipers have long life and are cheap and easy to replace. The greater
latitude for variations in operating positions reduces problems of field
adjustment. Combinations for shorting the transformer are infinite.
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Relay contacts and manual selector switches can be added in the sec-
ondary ecircuits.

Other means of providing signals include photoelectric relays, with or
without modulated light, proximity limit switches using radio-frequency
circuits and operated by absorption of energy by a passing metallic part,
and magnetic pickup devices. These are usually more expensive and
subject to failure of tubes and lamps. The elimination of physical con-
tact warrants their use with proper safeguards in same applications.

Safety circuits should be designed to prevent damage to personnel or
equipment. Hazards should be analyzed for the worst conditions. Em-
phasis should be on keeping machine running, and not stopping until the
last possible moment. It may not be necessaty to stop so often. This
requires the machine to stop quickly on signal and indicates drive motor
brakes. If a machine stops before parts jam, it is usually easy to clear.
If parts are damaged, repair will require a costly down time,

5. CONVEYOR CONTROL CIRCUITS

Separate circuits should be used for distinguishing between overload
or jam conditions, and production stops. The first type usually requires
the assistance of a maintenance electrician or a mechanic. The trouble
must be located and cleared, and then a reset pushbutton is operated
to restore service. See Fig. 2.

Production stops are made with maintain-contact type pushbuttons
so that the system will start immediately after the button is returned to
the run position. Local indicating lights, with about 25-watt off-white
lamps, can be located above and adjacent to pushbutton stations. They
should be located so that they may be seen from a distance.

Circuit Checking. It is desirable to be able to monitor circuits from
a central point. One method is to use the back contacts on emergency
run-stop pushbuttons and limit switches to operate signal lights. This
does not guarantee, however, that the actual operating contacts are func-
tioning, Also, a large number of signal lights with nameplates is re-
quired. ”

At least one wire from a junction of each pair of contacts in a circuit
can be brought back to the central panel. A tap switch with the center
terminal connected to a small signal lamp can be used to sample each
contact. A name card identifies each point. To check the circuit, the
tap switch is rotated until the light shows. Then the next contact in
the series is the one which is open. Operating circuits are checked
quickly.

Jams on conveyor systems must usually be cleared by reversing the
drives. Jams may be caused by parts falling off, damaged carriers, or
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malfunctioning of a component. Drives can be reversed by manually
operated reversing switches with extra contacts to block out holding
circuits. A motor should run in reverse only as long as a jog pushbutton
is held in. Reversible motor starters may also be used, with proper
precautions.

Decentralized Versus Centralized Systems

Location of controls will have a bearing on their design. As a general
rule, control panels should be located so that a man working on the
controls can see the operation controlled.

Wiring installation costs are usually reduced with a number of small
control panels at correct locations. KEach unit has its own fused discon-
nect switch for isolation. Control components on a conveyor can be
marked to correspond with the diagram in the panel. Frequently, me-
chanical breakdowns can be located only by means of the electric circuits.
Visual check of conditions at the point of stoppage will frequently show
the difficulty so it can be corrected. ’

With a decentralized system, the power supply for various motors
may be taken from the nearest distribution duct. All control circuits
should be taken from the same 110-volt transformer source and dis-
tributed to the various unit panels. This permits fewer wires to transmit
signals. Branch circuits should be adequately protected with fuses or
circuit breakers to permit isolation of faults.

A central panel is frequently provided with means for starting and
stopping various conveyors in the system and showing area operating
condition. A map of the system may be included. It is not necessary
to show all the individual points of stoppage but only which local panel
has trouble. This permits the maintenance electrician to go directly to
the area involved.

A centralized system would have all controls grouped in one area
remote from conveyors controlled. Some customers seem to prefer this
method. This is particularly true when using d-¢ equipment with motor
generator sets. This involves longer wiring for large systems and prob-
lems of communication with the areas in difficulty.

A telephone system can be readily installed with a jack in each panel.
The maintenance electricians carry portable telephones with a jack to
plug in at any point. The telephone wires can be run in the same con-
duits with the control wires. This permits electricians at various loca-
tions to communicate or to call for help from the maintenance foreman.
A signaling device preferably should be included with the telephone
cireuits.
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A— 110-volt from system transformer

Fic. 2—(Continued)

6. SYNCHRONIZED CONVEYOR SYSTEMS
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Power on

Drive A
not ready

Drive B
not ready

t Reset

Conv. ready

)

Motor starters

Tap switch
and light

Operating
relay

Local lites
near P.B.
(typical)

A number of individual conveyors may be synchronized to permit
manual or automatic transfer of product or product supporting carriers
between them. Conveyors may be of different types operating at the same
rate but at different speeds and load centers. A number of synchronized,
separate conveyors are used, rather than one long conveyor, for one or

more of the following reasons.

1. Separate periodic operation of one or more conveyor units. Chem-
ical surface preparation processes require that parts must not be left in
them when system stops more than a short period. When some types of
paint are used, sprayed parts must pass into or through an oven before

stopping for the night.
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This requires means for separate operation of the conveyor units before
or after main system stops-and storage for the parts removed. -

2. The conveyor section sub]ected to chemical actions, paint, ete.,
should be as short as possible.

3. Different load spacing may be required. A paint spray operation
requires that loads be separated but the following oven conveyors require
closer spacing for econorhy; ‘

4. Different types of conveyors. Parts might be suspended from an
overhead conveyor and deposited on castered trucks drawn by a floor
conveyor or vice versa. Conveyor position is synchronized longitudinally,
and transfer is effected by changes in elevation of one or both conveyors.

5. Feeder conveyors bringing special parts to an assembly line.may be
synchronized with main conveyor to assure matching colors, for éxample,
at a correct time. Transfer of parts would normally be manual.

Requirements for Synchronized Conveyor System

1. Equal load spacing must be maintained on each conveyor. Special
provisions must be made so that no slack chain may be removed unless
a complete space is taken out.

2. Drives must be provided with means for remote control speed
changing and with brakes for quick, uniform stopping.

3. Controls must provide for interlocking all units to run and change
speed together. They must set the speed of individual conveyors to
maintain position relationships, permit manual emergency operating and
starting, and provide signals to show malfunction or local stoppage.
Components of the control will vary with the types of conveyor drives
used. :

4. When transferring between two conveyors end to end, provisions
must be made for positively pushing the carrier across the gap between
them. The delivering conveyor pushes the carrier beyond the point where
receiving conveyor can pick up the load, and then disengages. The car-
riers stand momentarily until picked up by the receiving conveyor.
Clearances between the carriers determine the allowable tolerance for
conveyor synchronization to prevent either jamming of the carriers or
missing the take-away pusher.

Use of Synchros

Position signals are obtained by synchros driven by individual con-
veyors. They should preferably be located adjacent to transfer or junc-
tion points to minimize effects of chain length change.

The master unit can be one of the conveyors or a separately driven,
interlocked unit. A synchro transmitter is used on the master with
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synchro control transformers on the followers. Some conveyors may be
controlled as followers and act as submasters for other units.

Synchros may be driven by small caterpillar chain units engaging
main conveyor chain. This permits location at the most advantageous
points. Gearing is provided to make the synchro turn exactly one or
more revolutions per conveyor space. See Fig. 8. The number of revolu-
tions of synchros per space is determined by length of space and relation-

Fic. 3. Caterpillar drive for synchros with change gears to permit. respacing of con-
veyor loads. A similar unit may be used to drive multiple cam switches and may

also

be used for synchronized conveyors. (Courtesy Jervis B. Webb Company.)
i

ship to the desired accuracy and practical sensitivity of the control means.
In some systems, particularly with very slow speed (3 to 24 inches per
minute), better results may be obtained by higher synchro speeds or more
revolutions per space. Much depends on the dynamics of the system used.

Most synchronized systems have been used with loads in all spaces.
This means that control cannot be permitted to find its own locked-in
synchronizing point by moving ahead or back one space. Some means is
required to indicate out of synchronization and also exact synchronizing.

A sensitive relay with adjusting rheostat and rectifier placed across
the output of the control transformer is energized when the error is more
than a preset amount. It has little effect on the electronic circuit at
normal operating error. However, there is zero voltage at both 0° and
180°. If used with several revolutions of synchro per space, the number
of like indications increases. o
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A second set of synchros driven at one-half revolution per space and
connected to a similar signal relay provides an exact signal. Contacts
on two relays in series provide a signal only when both are at zero volt-
age. Relays can be provided with extra backlash requiring higher voltage
to pick up and will drop out closer to true zero position. We term these
“junction relays.” They provide contact for the interlock circuit to stop
the system if for any reason it goes out of synchronization, and also to
signal for manual jogging of units back into step. Also they can be
used to stop conveyors automatically in synchronization after separate
operation of one or more units.

Correct transfer between conveyors can be assured only when units
are synchronized between certain limits. This means that the system
should run automatically only when synchronized. Out-of-step condi-
tion can be caused by mechanical jams, failure, misadjustment of control
components, etc. This condition should stop the system and indicate
the point of trouble so that the electrician can find it quickly. A signal
should indicate whether the offending unit is ahead or behind. A manual
control with a pushbutton can be used to move the conveyor into position
and restart the system. The electrician can then watch the operation to
determine the cause of the trouble without interfering with production.

Continual starting and stopping of new systems has been a considerable
source of difficulty. When a new system is installed, or model changes
are made, there is usually a period during which the system will not run
continuously. Frequently a system may be stopped several times per
space. It is difficult to make all conveyors stop in the same length of
time. If, after starting, a conveyor is permitted to run long enough for
the controls to correct the position, there is no trouble. Continual
jogging will eventually cause enough error to trip the ]unctlon relays
and require manual repositioning of units.

It is possible to add a diseriminator circuit and necessary relays to
permit first the starting of units that are behind, and the starting of the
others at the correct time. This adds to cost.

7. CONTROL SYSTEMS FOR SYNCHRONIZATION

The two systems most used have been (1) a modified Ward-Leonard
d-c system with motor generators and (2) drives with electronically con-
trolled mechanical variable-speed transmissions and a-c¢ motors.

Direct-Current Motor Systems

Control Methods. A separate motor generator set is usually used with
each conveyor to be synchronized. Speed is controlled by varying the



MATERIALS HANDLING 5-21

generator field completely or in part electronically. A master timing
control with feedback from a synchro on the conveyor sets the pace.
Three common methods use (1) an electronic rectifier to supply all the
generator field, (2) double windings with a manual rheostat in one (the
other winding is controlled by a buck or boost amplifier), and (3) an
electronic ecircuit to operate a motor-driven rheostat in series with a
manually set rheostat. The last two methods permit limiting the amount
of speed change that can be made to bring the conveyors into synchro-
nization. Conveyor speed should not change more than about 10% above
or below the preset speed.

When the individual conveyors in a group can run together always, it
is practical to use one motor generator set for them all. Shunt-wound
motors are used, and individual speeds are varied by shunt field control.
A rheostat is used in the master conveyor motor field to raise its base
speed so that the drive motors of the follower conveyors can run slower
than the master. The shunt fields of the follower drive motors use elec-
tronically controlled separate ficld power supply. The master conveyor
has its speed controlled by reference to the master timer. The junctions
between the master and follower conveyors are equipped with synchros
to give position signals for control of the follower drives. Changing the
generator field voltage raises or lowers the speed of the system as a whole.

Manual operation in emergencies should be provided. The standard
excitation of the motor generator set can be connected through selector
switches and manual rheostats to replace the electronic controls. This
permits the maintenance electricians to switch quickly to manual control
to keep the conveyor operating while the trouble is located and repaired.
It is common practice to provide a duplicate motor generator set with
throwover switches for quick change in emergencies.

Production Speed Control

A master timer with adjustable speed can be used to set the conveyor
speed. This is a small, synchronous speed motor with change gears or
accurate variable-speed transmission to drive a synchro transmitter at
one revolution per job space. A synchro control transformer driven by
the conveyor is geared to make one revolution per job space. Tachom-
eter generators, driven by the master timer and a conveyor drive, pro-
vide for velocity feedback. Synchros provide accumulated error signals
for an electronic control for a motor-generator field. Changing the speed
of the master timer sets the production rate. See Fig. 4.

Controls for the master timer and the conveyor are interlocked so that
they run and stop together. Provisions should be made for manual
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F16. 4. Typical control for d-c motor generator set with adjustable speed master
timer in lower section. Magnetic amplifier controls generator field to synchronize
conveyor to master. (Courtesy Jervis B. Webb Company.)

adjustment of conveyor speeds in case of failure of components of the
master timer. k :

The systems are usually used with high unit value production such
as automobile assembly. Requirements usually are that the production
rate can be set to a variation of one-tenth to one-half job per hour in a
range from 20 to 80 jobs:per hour. When change gears are used, a very
large number are required. The Graham transmission provides suffi-
cient power for driving, and is infinitely variable. Once adjusted, it
maintains precise speed range ratio for a long time.
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Alternating-Current Motor Systems

Systems using mechanical variable-speed transmissions are well
suited to decentralized controls. Near each drive is a standard, com-
bination, reversible motor starter. Servomotors drive the adjusting serew
of the transmissions to vary the speed. The master conveyor speed is
set by manual operation of a reversing switch on central control.

The follower drives are controlled through amplifiers with feedback
from tachometers on the drives and synchros on the conveyor. A master
timer is usually not required. Servomotors may also be operated by
fast-slow switches.

Amplifiers for controling follower servomotors are located adjacent to
the motor starters. This permits observation of the speed control from
the panel. A selector switch marked “Auto-Off-Hand,” with forward
and reverse jog buttons, is mounted in the control panel.

Zero center meters on the control panel can be used to indicate whether
a follower conveyor is running faster or more slowly, and ahead or be-
hind, the master. ' - '

Limits of synchronization are set by the use of a sensitive relay called
a “junction” relay across the output of the control transformer. During
normal operations, the output of the control transformer is near zero and
the relay does not pick up. If conveyors get too far out of step, the
junction relay is energized to stop the conveyor system and show a
signal light. An electrician inspects the conveyor or control':signals
meter, turns the selector switch to “Hand,” and jogs the conveyor in the
correct direction until the signal goes out and the conveyor is synchro-
nized. The selector switch can then be returned to “Automatie,” and the
system again operates as-a -unit.

8. SELECTIVE DISPATCHING 'SYSTEMS

A selective dispatching system provides means for automatically trans-
porting products or load catriers from one or more originating points and
discharging to a number of destinations, along one or more main line
conveyors.

Selection means may be external to conveyors but synchronized with
them, or may be carried by product carriers. Signals from selection means
may initiate operation of deflectors, switches, or unloading devices directly
or only may warn operators that approaching units are to be removed
manually.

Conveyors Types and Applications

Belt and live roller conveyors with power-operated deflectors or
switches. Conveyors usually run at fixed speeds, from 40 to 150 fpm.
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Selection means usually consist of timing “memories” with separate chan-
nel for each destination point and driven in synchronization with con-
veyors. All conveyors and timing means in a system must start and
stop together. Packages may be located at random and not in any fixed
relationship to the conveyor.

A typical system would handle cartons from one or more central points
to various points in a warehouse, or to a number of shipping areas for
truck or railroad car loading. Products are usually accumulated in trains
which travel as units. All parts of the train go to the same destination.
Trains tend to increase the capacity of such a system as a space of 10
or more feet is required between trains to clear switches or deflectors.

Selection of the destination is performed manually by an operator at
a central point. As the head of a train passes a given point, the operator
presses a destination button which starts a timing element. Length of
timing element travel is directly proportional to the distance between
the starting point and the destination. A signal is given to a deflector
or switch control just before the train of packages arrives at its destina-
tion.

Considerable development work has been done in marking packages
with coded reflectors to operate photoelectric relays at deflector points.
This is most satisfactory when a particular kind of package always goes
to the same destination.

Timing memortes have been built with separate motor-driven timers
for each station or special multichannel mechanical timing units driven
from a common motor, or punched and magnetic tape, or wheels and
movable pins set by solenoids and operating limit switches. A recent
development by several companies is a magnetic drum providing read-
out signals even at zero speeds.

Packages in this type of system normally do not recirculate. If dis-
charge station becomes full, the complete system must stop until cleared.
Timing elements are reset to starting position at end of cyele for reuse
by another train. Memory systems have been developed which allow
the packages to recirculate.

Deflectors or switches normally remain in the position last used until
it is necessary to change position either to clear or discharge the next
passing train. This permits setting up a predetermined path for as long
a train as desired. Accumulated errors are no problem as each dispatch
starts a new cycle. In a similar manner, individual packages may be
dispatched from a central station to a number of destinations. Usually
this is used for relatively small ecapacity operations since there must be
spaces between packages.

Trolley conveyors with automatic loading and unloading stations have
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been used to distribute parts in baskets and pans, and cartons. Normally
there is a separate loading station for each part which always goes to
the same destination.

Carriers on trolley conveyors carry coded contacts indicating which
stations they must discharge into. A repeating series of carriers passes
each station. When an empty carrier of correct destination approaches a
loading station with a load waiting, loading devices transfer the load to
the carrier. The loading device is blocked out if the carrier is not empty.
A selector switeh can be provided to change the destination from any
loading station by selecting properly coded empty carriers.

Unloading stations remove any package from any carrier with a cor-
responding code. If the unloading station is filled, a package remains
on the carrier and recirculates until the next time around or until the
station is ready to receive. If desired, an unloading station can be shut
off and the loads may stay on the conveyor and form a recirculating
“bank.”

Loading and unloading stations usually have space for holding several
units, means for separating units and for moving units into or out of
the path of carriers. Most are air operated, electrically controlled. De-
sign of the carriers and stations depends on the shape and size of parts
or units to be handled.

Controls are usually decentralized with a control panel for each station
or group of closely spaced stations. Means are required at loading sta-
tions to indicate that a unit is ready to be loaded, to show the approach-
ing carrier classification, whether loaded or unloaded, to retract loader
when carrier is in position to receive load and safety circuits to stop the
conveyor in case of malfunction of parts. Unload stations require means
to indicate that the receiving station is not filled and to indicate a load
on the approaching carrier and its classification, and safety circuits to
stop the conveyor if the condition is not correct.

Other coding methods. Another application could have carriers man-
ually loaded and automatically unloaded at a number of points, with
manual selectors set by the operator who loads the carrier. Or selection
can be made by pushbuttons to a timing memory device synchronized but
separate from the conveyor, as carriers pass a central point. Or selector
devices on a carrier may be set automatically from punched cards placed
on the carrier with the package, removed automatically at a central
point, decoded, and signals used to set the selection code.

Selective dispatching has been used mostly with power-and-free con-
veyors or overhead trolley conveyors. Contact making devices can be
disposed in various physical patterns to provide combinations. Kach
signal station has a unique pattern of limit switches or wipers which make
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contact simultaneously. Only the correct combination will complete the
circuit to initiate a cycle.

““The selecting means is determined by the number of selections required;
if carriers are required to pass over more than one conveyor, signal sys-
tems are mounted on the carriers. See Fig. 5.

!

Fic. 5. Typical power and free carrier with selector switch and contacts for fourteen

combinations. Photo shows unloading track switch leading to free track to the

right. Limit switches and “wipers” provide signals to control track switch. (Courtesy
Jervis B. Webb Company.)

By the use of wiper circuits, a change in signals can be accomplished
by using tap switches with several decks to connect contacts in various
combinations. A selector switch nameplate can be lettered or numbered
to correspond to operation names. The operator does not have to re-
member combinations. Selections can be made by moving contact de-
vices into various paths parallel to the travel or by changing connections
between contacts. A cam contact can be made to stand in one of two
positions and be set mechanically by means of a solenoid-operated plunger
as a carrier passes a selector setting station.
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Overhead trolley conveyors and power-and-free can be coded by tabs
in various combinations attached to trolley brackets. KEach conveyor
load-carrying point has the possible tab positions of “high,” “low,” “left,”
“right,” “forward,” “rear.”

A recent development permits the use of various radio frequencies for
signals. Each signal station has an oscillator tuned to a frequency below
500 kilocycles. Carrier signal device consists of a coil tuned by capacitors
through selector switch to match a station frequency. When the coil
passes a station with corresponding frequency, energy is absorbed to pro-
vide a signal to operate a relay. This can provide a visual or audible
signal or start an automatic cycle.

Automation conveyors between machine operations usually have
separate controls. Interlocks with machine controls should be kept
completely electrically separate. Limit switches to be operated by the
parts handled or machine elements provide the signals; if relays are used,
there is always a possibility that the control of one part may be shut off
and the signal lost.

Indexing conveyors require rapid travel and accurate positioning.
Heavy loads create problems of acceleration and deceleration to prevent
shifting of positions.

Electric clutch brakes permit control of torque by simple electrical
adjustments. They require no mechanical adjustments, and torque re-
mains constant during life of friction surfaces.

Accurate positioning requires uniformity of time of stopping. A signal
for stopping must be the same every time. A multiple cam switch driven
by the conveyor without backlash will have a uniform signal. If limit
switches are operated by parts of the conveyor that are not exactly uni-
form, the timing will be different.

Positioning of loads which tend to run ahead by gravity can be con-
trolled by an electronically controlled eddy-current clutch brake unit.
This permits the use of preset speed steps for slow down before stopping.
A solenoid brake makes final stop and holds in position.
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1. TYPES OF CONTROL SYSTEMS

Conventional machine tools in present day use fall naturally into two
major categories.

a. Positioning. This type performs operations only at discrete points
in its traverse. For such machines position control systems, which de-
termine the location only of end points, have been developed. Ezamples
are drilling machines, boring machines, punching machines, welding ma-
chines, and riveting machines. Table 1 gives the characteristics of typical
position control systems.

b. Contouring. These machine tools remove metal continuously and
are usually required to generate a solid surface in space. Examples are
milling machines, profilers, lathes, grinding machines, and broaching ma-
chines. The slides of such tools must be under continuous control, in
order that proper synchronization for the generation of the complete con-

6-01



System

Storage
Medium

4-in.-wide
punched tape

14in, P.T., IBM,
or R-R cards

1-in. P.T.
1-in. P.T.

3%-in. punched
tape

1-in. punched
tape -

1-in. punched
tape

2-in. steel tape

43-in. punched
tape

IBM cards

TaBLe 1. CHARACTERISTICS OF TyPrcAL PosiTioN CONTROL SYSTEMS

Code
Decimal

BCD,
decimal

Decimal
BCD

Decimal

BCD

BCD

Analog

Binary

Decimal

Feed Rate
(in./min)

100

60

80
100

Multispeed
3-loop
control

100

90

50

144

Accuracy
(in.)
+0.0005

+0.0005

+0.0002
=+0.0002 in./ft

=+0.0001

+0.0002

-+0.0001

=+0.001

=+0.0005

=+0.0001

Type of
Transducer

Decimal shaft
position encoder
driven by
ball screw

Synecros driven by
rack or ball serew

Stepping motor

Linear or rotary
syncro

Differential trans-
former plus
potentiometer

BCD shaft position

encoder plus
resolver

Optical grating,
incremental

Indentation on
steel tape, limit
switch

Binary shaft
position encoder

Gage rods plus
limit switch

Comments
on Controls

Open loop

Final approach
from one
direction

Mechanical
followup
system

Mechanical
followup
system
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tour may be assured. The characteristics of path control systems that
have been developed to satisfy the requirements of this class are shown in
Table 2. ‘

Control Characteristics. Position controls are characterized by a
small volume of input data, simple control logic, simple nonlinear, inter-
mittent servo actuators, relatively low costs, and modest demands on the
operator. Path control, by its nature, requires large volumes of com-
mand data, high-speed control logic, linear servo characteristics, fairly
high equipment costs, and a considerable amount of intelligence and train-
ing on the part of the user. Machine tools under continuous control re-
move much more material per unit time than the tools which function
only at discrete points, usually involve servo actuators of. higher power
capacity, and possess greater versatility. Most machines with path con-
trol can be so programmed as to perform operations only at specific loca-
tions. Thus position control can be considered inherent in path control
systems, although the reverse is not true.

The most sophisticated and reliable control systems of both types have
been conceived with closed loop or true servo control characteristics.
However, open loop actuators have been incorporated by designers of each
type of control. Open loop controls offer the advantages of simpler logie,
fewer components, and appreciably lower costs. There also exist samples
of hybrid systems, wherein two or more control loops exist, one of the
nonservo type, the second with true feedback characteristics. Later in
this chapter typical examples of controls of several types will be briefly
described.

The Operator. All numerical control systems, whether for position or
path control, may be best understood if considered as man-machine com-
binations. Instead of requiring less judgment than manual machines,
they demand more judgment on the part of the human who programs (pre-
pares instructions) for the control system, since commands are obeyed
without further human intervention. This concept is a natural result of
the elimination of judgment on the part of the machine tool operator, by
virtue of the presence of a complete series of machining commands on the
permanent storage medium which serves as the input to the machine tool.
The operator of conventional machining systems is expected to exercise
judgment and make many-decisions, and it is differences in judgment
which distinguish the good from the average machinist. In the numerical
control cycle, the human who prepares the program, a man likely to be a
specially trained tool engineer, must be thoroughly familiar with tooling,
fixturing, and all the parameters which are now decided by two, three, or
more individuals responsible for the total machining process. In the new
scheme of things, the programmer passes final judgment on all these



System «

Type of Path
Interpolated

Straight line
segments of
tool center

Straight line
segments of
tool center

Straight line
and para-
bolic seg-
ments of
tool center

Straight line
and circular
segments of
tool center

Straight line
segments of
tool center

TABLE 2. CHARACTERISTICS OF TYPIicAL PAaTH CONTROL SYSTEMS

Interpolator
Input Data

AX,AY,AZ,
segment
time

AX,AY,AZ,
clock pulse
rate

Two points
(line) three
points
(parabola)

AX, AY,AZ
(line), P 1,
Py, and
center
(cirele)

AX, AY, AZ,
segment
time

System
Resolu-
tion (in.)

0.0002

0.0002

0.001

0.001

0.000125

a Letters identify same systems as those in Table 3,

Interpolator
Separate
from Control

No

Yes

Yes

Type of
Comparator

Reversible
binary
counter

Reversible
binary
counter

Analog
voltage
amplitude

Reversible
decimal
counter

Analog
voltage
phase

Type of
Transducer

Linear optical
grating

Rotary
electromag-
netic grating

Toroidal trans-
former, ro-
tary switch,
induction
potentiometer

Rotary
electromag-
netic grating

Rotary synchro

Type of
Actuator

Hydraulic
valve and
linear or
rotary
actuator

Hydraulic
valve and
motor

Hydraulic
valve and
motor

60-cps static
magamp
and a-c
8ervo
motor

Rotary or
magnetic
amplifier
and d-c
motor
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variables; the machine operator can intervene only by interrupting the
cycle.

In order that the differences between position and path control may be
more readily understood, a generalized block diagram of each type of
system is shown in Figs. 1 and 2.

Position Control System. TFigure 1 illustrates a typical control system
of the closed loop or servo type. The steps in the operation are as follows.

1. Programming Sheet. As in present day shop practice, the entire
operation begins with the part drawing. This is the medium by which the
designer of the part defines as concisely and unambiguously as possible
the finished workpiece. From the drawing the tool engineer or program-
mer prepares an organized chart containing all the locations for each slide
at which machine operations are desired. He also enters other instruc-
tions for the machine tool, such as the initiation of a drilling or punching
cycle, the indexing of a multispindle drill turret, the turning on or off of
coolant, and other details which may be considered auxiliary machine
functions. The programming sheet should contain this information in the
sequence with which it must be conveyed to the numerically controlled
machine.

2. Storage on Punched Tape. The next step in the manufacturing
cyele is the conversion of programming data to a storage medium. This
is done by inserting the digital or numerical instructions into a keyboard
which actuates a tape punching mechanism. The keyboard may be that
of a typewriter, or an adding machine, or may be designed for the specific
purpose of numerical programming. As a block of data representing a
slide coordinate in inserted into this keyboard, it is permanently recorded,
line by line, on a section of perforated tape. Important tape parameters,
such as code, format or sequence, and mechanical size will be discussed
later in this chapter. Step by step, all the information from the pro-
gramming sheet is converted into correlated blocks of perforated informa-
tion on a roll of punched tape.

3. Verification. As soon as the programming phase has been completed,
the operation should be verified. This may be accomplished either by
comparing a simultaneously printed record with the original program
sheet, by playing back the punched tape into a printer, or by visual
inspection of the perforated tape, line by line.

4. Memory Readout. The completed and verified tape instructions are
then inserted into the punched tape reader, ready to assume command of
the machining operation. Since one line across the punched tape is likely
to contain a maximum of eight bits of digital information, a block is
composed of several lines of tape data. Lines of tape data must be
scanned sequentially and put into temporary (buffer) storage in such a
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Part Program keyboard - tape Tape Data Buffer
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Machine tool instructions
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tool Machine cycle completed
1
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transducer Slide l actuator amplifier signal comparator ||
|

Absolute position feedback

F1c. 1. Typical closed loop position control block diagram.
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manner that the entire block will be available simultaneously to the con-
trol system. The function of the box labeled “Data Distributor” is to
transmit the line data from the reader to the appropriate regions of the
temporary storage register. A block end signal on the punched tape in-
structs the reader to cease operation, and initiates the control cycle.

5. Machine Control. The complete position command is presented
continuously by the temporary storage register to the position compara-
tor. The other input to the comparator, which may be of the analog or
digital type, is obtained from the rotary transducer, permanently at-
tached to the lead serew which displaces the slide. The difference be-
tween commanded and actual position is continuously presented to the box
titled “Servo Amplifier,” whose output causes the servo actuator to rotate
the lead screw until the difference has been reduced to zero. At this'point
the slide will be at the intended location, and the comparator will signal
that the command has been satisfied. The temporary storage register,
which in addition to position commands also contains machine tool in-
structions, will cause the tool to perform its machining cycle.

6. Cycle Control. As soon as the cycle has been completed, a signal
from the machine tool instructs the tape reader to proceed with the read-
ing of the next block of tape data. The entire operation has been simpli-
fied so that only the principles are illustrated. In most actual cases, two,
three, or more blocks of position commands representing the location of
two, three, or more movable slides, must be processed and satisfied prior
to each machining operation. As may be seen from the above outline, the
operation of a position control system is an intermittent affair. At any
given time either the tape reader will be in operation, the slide will be
moved, or the machining operation will be in process. The three phases
in general will not occur simultaneously. ‘

Path Control System. A generalized block diagram of a path control
system for a milling machine may be seen in Fig. 2. Table 3 shows the
data flow and codes in typical systems. The steps in the operation are:

1. Program Manuscript. Again the operation begins with a part draw-
ing. Because in this case a considerable amount of processing must be
performed on the drawing data, an organized form usually termed a
manuscript is prepared. This manuseript generally lists the important
dimensions of the finished part, along with other instructions pertinent to
the preparation of the final storage medium for the machine tool control.
Ezamples of nondimensional data include tolerance, cutting feed rates,
spindle speeds, type and diameter of cutting tool, rate of material removal,
type of coolant, and instructions to the machine operator for the change
of cutting tools or holding fixtures. ‘

2. Computing and Storage of Computed Data. At this point the
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drawing
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General Card-to-
Card Card purpose | tape
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Fic. 2. Typical closed loop path control block diagram.
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Storage
Medium into
System¢  Interpolator

A 7-channel,
0.5-in. mag-
netic tape
or 8-chan-
nel, 1-in.
punched
tape

B 7-channel
punched
tape

C Punched cards
(Rem-Rand)

D 8-channel,
1-in.
punched
tape

E 7-channel,
Z-in.
punched
tape

TaBLe 3. Dara Frow anp Copes 1N TypicarL Pata CoNTROL SYSTEMS

Code

Binary with
parity
check; bi-
nary with
parity
check
across tape

Binary along
tape; par-
ity check
across tape

Decimal

Modified
BCD
(6,4,2,1)

BCD with
parity
check
across tape

Type of
Buffer Store

in Inter-

polator

Flip-flops

Magnetic
core
shift
registers

Stepping
switches

Relays

Magnetic
core shift
registers

@ Letters identify same system as those in Table 2.

Code
Binary

Binary

Decimal

Modified
BCD
(6,4,2,1)

Modified
BCD
(5¥ 2} 1’ 1)

Inter-
pola-
tion

Code

Binary

Binary

Analog

Decimal

Binary

Interpolation
Storage
Medium

None

None

None

8-channel,
0.5-in.
magnetic
tape, bi-
nary (incre-
mental)
code

14-channel,
1-in. mag-
netic tape,
phase
modulated

Trans-
Control ducer
Code Code
Binary Binary
(incre-
mental)
Binary Binary
(incre-
mental)
Analog Analog
voltage voltage
amplitude amplitude
Decimal Binary
(incre-
mental)
Analog Analog
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process may take either of two paths: (a) manual computing and storage
on punched tape, or (b) automatic computing and storage on punched
tape.

Manual Method. If the part to be machined is a simple one, the main
task to be accomplished is that of determining the path of the tool center
offset by the tool radius from the finished part. This may be performed
manually by the use of a desk calculator. Locations of the breakpoints
in the tool center path are then entered, in the proper sequence, along
with feed rate instructions and machine tool auxiliary commands, on an-
other form frequently called a planning sheet. The organized data from
the planning sheet are then entered line by line on the input keyboard of
a tape punch. This keyboard also produces a printed copy of the entered
data, for verification against the planning sheet.

Automatic Method. If, on the other hand, the desired part is complex,
automatic data processing by means of a general purpose (GP) computer
is in order. Data from the manuscript are entered into the keyboard of a
card puneh, which produces a sequence of punched cards for input to the
computer. Besides calculating the tool offset path, the computer may
also approximate the desired contours of thé finished part with the mini-
mum number of chords or circular arcs which will satisfy the tolerance
and surface finish requirements stated in the drawing. Other typical
tasks for the GP (general purpose) computer may be the calculation of
tool offset for a ball nosed cutter, or other shaped cutting tool. Routines
for the automatic cleanup of pockets may be included, and in some cases
automatic compensation for characteristics of the machine tool or servo
system may be required. Tool deflection may be compensated for, and a
series of step velocity commands inserted, to prevent overshoot, excessive
dimensional errors, or actual information loss during the machining opera-
tion. When the computer is employed, its output data are usually con-
verted by automatic means to punched tape which serves as input to the
interpolator. The translation of computer information directly into
punched tape is accomplished by the use of a converter, translating either
from magnetic tape or punched cards into punched tape.

Contained in the punched tape are coordinate data specifying the ter-
minal points of each feed for a single segment of the path of the center of
the cutting tool, along with feed rate or slide-velocity instructions, pro-
grammed stops (points at which the machine is brought to a halt for
operator intervention), and auxiliary machine tool functions. If the part
is so simple that it can be machined by a sequence of four straight line
segments, the punched tape is likely to contain only four blocks of data.
If, on the other hand, a sequence of sophisticated, empirical curves must
be produced with a fine surface finish, hundreds or thousands of individual



NUMERICAL CONTROL OF MACHINES é-11

path segments may have been calculated by the GP computer, and hun-
dreds or thousands of data blocks have been recorded on the punched
tape.

3. Director (interpolation). Since the punched tape contains block
data defining each segment in the cutting tool path, while the machine
tool servomechanisms require simultaneous, continuous, coordinated com-
mands to produce accurate paths in space, still another form of data
processing must take place. The conversion of discrete dimensional in-
formation into continuous coordinated command data for the machine
servos is defined as interpolation, and is performed by a special purpose
computer usually termed a director. To prevent intolerable errors which
analog interpolation would likely introduce during large traverses, inter-
polation is commonly performed in a digital manner with ‘digital output.

4. Storage on Magnetic Tape. Data emerging from the director will
therefore usually be in the form of simultaneous trains of incremental
pulse commands, a separate train for each slide to be displaced during
the interval. The large volume of information represented by these pulse
trains may be conveniently recorded on separate channels of magnetic
tape. The precomputed magnetic tape serves as a final storage medium,
one which instruets the machine tool each time the part must be ma-
chined. Some control systems avoid the use of magnetic tape, feeding
the pulse trains dlrectly into the position comparator by 1ncorporat1ng the
interpolator into the control unit.

5. Machine Control. The servo portion of the control system appears
almost identical to that given in Fig. 1 for position control. Incremental
motion commands are fed, either from the director or from magnetic tape,
into a position comparator, which also receives displacement signals from
transducers monitoring slide motion. The difference between command
and feedback is continually fed from the comparator to the servo ampli-
fier which generates the power to drive the servo actuator. The actuator
displaces a ball lead:screw or rack to produce slide motion. '

Differences between Positioning and Path Control. Although the
logic appears the same, details of design and operation in path control are
vastly different from those in position control. In the case of path con-
trol, information flows continuously from the magnetic tape into the posi-
tion comparator, as the machining process takes place. Data input and
slide motion oceur simultaneously on two or three channels. Thus the
storage medium is read, the slides are actuated, and cutting takes place
simultaneously, instead of sequentially as mentioned under position con-
trol. Other differences are high storage bandwidths, high data processing
rates in the position comparator and transducer, and linear servo ampli-
fiers and servo actuators, The servo systems must he matched from one
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slide to another, in order that accurate paths can be achieved. Faster
response, higher bandwidth servos are generally involved. Transducers
producing ineremental output information are usually employed to mate
with the incremental character of the input instructions to the comparator.

2. INFORMATION REQUIREMENTS

Selection of the types of storage media for each type of control system
has been influenced largely by the economics and convenience of use for
each application.

Position Control. Such systems operate in an intermittent fashion,
the three phases being storage readout, slide positioning, and then ma-
chine operation. Assuming that the maximum displacement of any slide
is 99.999 in., and that two-axis or X-Y motion is involved, a total of ten
decimal digits of dimensional information must be read between succes-
sive machining cycles. If a few extra pieces of information, such as
identification of slide or selection of one of several machine functions, are
included, and if a decimal digit consists of some combination of four
binary digits, for each machine operation approximately 50 binary bits
must be unloaded from the storage medium.

For inexpensive punched tape readers, the scanning of 50 bits will re-
quire approximately one second. The machining operation will usually
require one second or more (drilling or punching), and the actuation of the
slide over a small traverse will also take at least one second. Thus three
seconds is a minimum interval for the completion of a single machining
cycle; during the one-second interval when the storage is interrogated the
data output rate is 50 bits per second. This relatively low rate is well
matched to the characteristics of punched tape and punched tape readers.
The low cost and high reliability of tape and tape reading equipment has
lent added emphasis to the selection of these components in most current
position control systems.

The low sampling rate required of the transducers monitoring slide
motions, together with the advantages of absolute position readout, has
led to the use of shaft position encoders as the feedback elements. Shaft
encoders utilizing brushes and printed circuit commutator segments have
been found to be of adequate reliability and life expectancy in this con-
nection.

Path Control. Information requirements for path control are vastly
greater than for position control. Accurate generation of paths in space
require that each of the synchronized servos receive continuous, accurate
input data. Although a line in space contains an infinite number of
points, for practical purposes a finite number of incremental pulse com-
mands has been found adequate, especially in view of the smoothing ac-
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tion of servo systems. For a skew line in space, representing the diagonal
of a cube one inch on edge, to be traversed at 60 in. per minute along each
axis in a typical contouring system, data input to each servo in present
systems will vary from 1000 to 5000 bits per second. The incremental
value ranges from 0.001 to 0.0002 in. If the total requirements for the
three slides are included, the director or tape must generate between 3000
and 15,000 bits per second. The storage bandwidth may therefore be 300
times greater than that in position control. At the present time, magnetic
tape offers the only practical solution to such requirements.

Such unusual data input needs for control systems have influenced the
incorporation of directors into most path control systems. For smooth
and accurate motion, the servos require periodie information simultane-
ously on each channel. GP (general purpose) digital computers are
organized to perform operations on only one word of information at a
time, and provide output in a similarly discontinuous manner. Thus the
computer is poorly mated to the data requirements of the servos. Fur-
thermore, the furnishing of 15,000 new pieces of data per second would
strain the capacities of even the fastest presently available computing
instruments, to say nothing of the high costs of such machines (upwards
of one million dollars). It is for these reasons that the digital interpo-
lators or directors have been developed. Accepting relatively little data
at their input, they provide at fairly low cost simultaneous high-rate peri-
odic output trains, properly synchronized among the channels.

As a consequence of the high pulse rates required for input to the posi-
tion comparators, the incremental feedback transducers evolved for con-
touring systems also process data at high rates. Commutator type posi-
tion encoders have been found noisy and of limited life. Noncontact
transducers, of the rotary or linear magnetic or optical grating type, are
universally employed in such applications, even though they provide much
smaller output signals. The high mechanieal and electrical noise environ-
ment has led to sophisticated shielding and amplifying measures in order
to preserve information reliability in this very critical, low-energy level
portion of the control system.

3. NUMERICAL CODES AND THEIR SELECTION

A comparison of the block diagrams of Fig. 1 and Fig. 2 shows that
numerical codes are likely to differ. In both cases, economic and technical
factors govern the decisions. Information bandwidth requirements, stor-
age media, available transducers and their codes affect code selection. In
any single position or path control system, it is common for one code to
be used in the first storage medium, another in the GP computer (if one is
employed), another in the second storage medium, another code em-
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ployed in the control itself, and still another present in the feedback
transducer. Not only codes but also format (location of data in the
memory medium) play an important part in system design.

Point Positioning Code Selection

Because of the low information bandwidths required, most point posi-
tioners utilize a punched tape input medium. Punched cards or magnetic
tape are less frequently found, since handling equipment is more expen-
sive. The punched tape is usually of the teletype variety, with a width
of % or 1 in., depending on the number of hole positions or channels across
the tape. In order to make an entire position location available simul-
taneously across one line of tape, a few systems employ a very wide, non-
standard multichannel plastic tape. In return for the advantage of
simultaneous information availability, the designer must accept the dis-
advantages of difficult line registration, special and rather expensive tape
punching and reading equipment, and slow reading capabilities. For
description of equipment, see Vol. 2, Chap. 5, Equipment Description,
and Chap. 20, Input-Output Equipment for Digital Computers.

Punched Card Codes. The Hollerith code is shown in Fig. 3. Al-
though this code utilizes card space fairly inefficiently, it has the advan-
tage of being standard on all IBM card reading and punching equipment,
computers, and many special data converters. The code used with
Remington Rand equipment is shown in Fig. 4.

Punched Tape. Where position control systems have been designed
to utilize existing keyboard and tape punching apparatus, Flexowriters
and the Flexowriter code and format are usually found (see Fig. 5a).
Since the Flexowriter has an alphanumeric keyboard, one line across the
tape must accommodate any alphabetic or numeric symbol. Flexowriter
punched tape has an eight-channel capacity, with one channel used for
parity checking, or error sensing. Since one line transmits a single
decimal digit of the intended table position, a typical Flexowriter tape
control will employ six lines to command an address in one axis, and
twelve lines for a two-axis location. As this tape is read, line by line,
and entered into buffer storage (usually relays) in the control unit, the
Flexowriter numerical code (binary coded decimal) is often converted
into one more convenient for comparator or storage purposes. At least
one position control utilizes decimal relay storage, converting from the
Flexowriter code as it is being read. In this case, the decimal relay
storage acts as a switch or commutator to set up from the digital input
an -unambiguous carrier phase instruction, since the transducers and
comparator are analog in nature.

For maximum tape density, a straight binary code would be optimum.
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However, this might require a binary keyboard, which would create a
formidable programming burden. The alternative is almost equally un-
desirable, an expensive input machine with a decimal keyboard and a
decimal-to-binary code converter. The most practical approach to good
tape packing is the use of standard 8-hole, 1-in. punched tape, where one
line across the tape contains two groups of four bits, each representing a
decimal digit, as shown in Fig. 5b. A binary coded decimal or a varia-
tion is usually employed; the code which minimizes comparator com-
plexity is chosen. IFigure 5¢ shows the Teletype code.

'Analog to Digital Converters. In transducers, which are generally
of the shaft encoder or absolute type, a reflected code (Gray code) is
necessary to prevent ambiguities if a single brush pickoff is used, since
only one brush changes its output signal at any one time. If double brush
logic is available, binary coded decimal may be used, with the choice of
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(b) Industrial 8-hole

(a) Flexowriter

(c) Teletype

Fic. 5. Punched tape codes and format.

brushes determined by the direction of motion. Analog transducers may
be potentiometers, resolvers, or synchros. The last may operate into
carrier phase or amplitude detectors. In the digital sense, they possess
no code characteristics. Table 4 shows several binary codes.

Codes in Contouring

Since contouring systems require the services of a general purpose
computer for the programming of complicated parts, the computer input
code is used in the preparation of instructions from manusecript. Most
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TaBLE 4. Binary Cobpes

Special
Decimal Gray Binary Transducer ¢

0 000000 000000 100010
1 100000 100000 110010
2 110000 010000 010010
3 010000 110000 011010
4 011000 001000 001010
5 111000 101000 001110
6 101000 011000 011110
7 001000 111000 010110
8 001100 000100 110110
9 101100 100100 100110
10 111100 010100 100111
11 011100 110100 110111
12 010100 001100 010111
13 110100 101100 011111
14 100100 011100 001111
15 000100 111100 001011
16 000110 000010 011011
17 100110 100010 010011
18 110110 010010 110011
19 010110 110010 100011
20 011110 001010 100001

e Modified binary coded decimal.

current users of contouring controls rely on some type of IBM equip-
ment and therefore employ the Hollerith-coded IBM punched cards.
Remington Rand punched cards are used in the Univac series of com-
puters, while some smaller computing systems utilize Flexowriter or
other punched tape codes (see Table 3).

It is possible to become specific only when dealing with codes for
storage input to the interpolator in the control system. One typical
system employs a standard Flexowriter tape as input. A modified
binary coded decimal (5, 2, 1, 1) is used for interpolation. Another sys-
tem uses punched tape with straight binary code, the binary number
representing the displacement for an axis during a given interval being
arrayed lengthwise along the tape. This system also performs interpola-
tion and control in binary code.

Still another control system accepts Remington Rand punched cards
in code, at its input, and interpolates by a combination of digital and
analog techniques. In hybrid systems, a formal discussion of coding
becomes somewhat irrelevant. One system employs an adding machine
keyboard for data input and tape punching service, utilizing 8-hole, 1-in.
tape with two modified binary coded decimal (BCD) (6, 4, 2, 1) num-
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bers across a line of tape. This particular BCD was selected to minimize
cost of equipment in the buffer relay register. Interpolation in this sys-
tem takes place in decimal (one of ten positions) code, and is achieved
with high-speéd decimal magnetron beam switch tubes. The output is
recorded in incremental (binary) form on magnetic tape, since absolute
position tape storage would require excessive storage bandwidth. As
information is fed into the comparator of the control system, it becomes
decimal again.

Practically all transducers utilized in path control systems are of the
incremental type. These transducers are either rotary electromagnetic
(noncontact) gratings or linear optical gratings of high resolution.

Standards. Technical committees of two large .organizations, the
Aireraft Industries Association (representing a large group of equipment
users) and the Electronic Industries Association (representing controls
manufacturers) are in the process of evolving standards for codes, format,
and physical media used in control systems. While the original effort
was devoted to punched tape for position controls, these standardization
activities have been broadened to cover punched and magnetic tape
standards for position and contouring control systems.

Summary. The single most important factor in selection of codes is
equipment cost. Next in importance comes convenience to the operator,
such as the availability of standard Flexowriter or IBM apparatus for
functions other than numerical control. The next most important factor
is the information rate required. There are other considerations, but
of relatively minor importance. Reliability is usually considered, but
is assumed to coincide with minimum control logic and minimum equip-
ment cost.

4. STORAGE MEDIA APPLICABLE TO NUMERICAL CONTROL

Three different storage media are commonly employed in numerical
control systerns. These media, punched tape, punched cards, and mag-
netic tape, are also those universally employed in computing and data
processing systems. Volumetric efficiency, cost, and information output
rate dictate the selection of storage for various control systems and at
different points within a given control system. Punched cards and
punched tape are used almost exclusively for storing absolute positions
or their equivalent. One or the other is therefore found in almost all
position control systems and at those points in contouring systems where
position storage is mandatory. Where continuous path storage is in-
herent in the philosophy of a contouring system, magnetic tape is found
almost exclusively. Its high packing factor, modest cost, and very high
bandwidth potential (it can be used for the recording of wideband video
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signals, if desired) make it the best choice. For details of storage media
see Vol. 2, Chap. 5, Equipment Description, and Chap. 20, Input-Output
Equipment for Digital Computers.

Punched Cards and Tape. Punching and reading equipment for
cards and tape have been highly developed by applications which con-
siderably antedate numerical control. The advent of this new technology
has therefore caused very little change in handling equipment. Perhaps
the only significant effect has been the development of punched tape
readers which can simultaneously present 40 or 50 bits of output data.
Special, very wide tape punches and readers (up to 12 in. in width) have
been evolved by some controls manufacturers. Also, field readers for
standard 1-in. tape, which sense simultaneously 10 or 20 codes (lines)
of tape, are now beginning to appear on the market. If developed suffi-
ciently to become competitive in cost with standard single-code readers,
such apparatus could have an appreciable influence on control system
design, since it permits the elimination of rather expensive data distribu-
tion and buffer storage equipment.

Magnetic Tape. Magnetic tape has been in widespread use for telem-
etry and digital computing equipment. Recording and playback ap-
paratus, optimum operating parameters, and tape durability and pulse
reliability generally leave much to be desired. The problems have been
(a) recording and reading heads which will assure intimate contact be-
tween tape and the head pole pieces, (b) homogeneity of oxide deposition
on the tape to prevent dropouts and nodules, and (¢) preparing the oxide
surface of tapes so that oxide migration to the playback heads will be
greatly reduced or eliminated. Magnetic tape is used for complete path
storage in both digital and analog phase applications. It is probably, the
weakest link in the entire data processing chain, yet it offers the systems
designer such a great economic advantage by permitting separation of
interpolator from machine control unit that its use for commercial con-
trols seems almost inevitable. Table 5 lists the problems in using mag-
netic tape.

5. INCREMENTAL AND ABSOLUTE CONTROL LOGIC

Since data transmission rates required for positioning controls are
relatively low, absolute position storage has been generally adopted be-
cause of the very high reliability it affords. A minority of position con-
trols employs incremental logic, wherein only the displacement from the
previous location is given. In contouring applications, however, incre-
mental data transmission is almost mandatory, because of the tremendous
appetite of such controls for input data. Most path systems operate on
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TaBLe 5. MacNeTic TAPE PROBLEMS

Problem Solution
Reliability
Tape-head Metal-faced heads, polished surfaces
intimacy Polished tape surface
Sandwich tape construction
Dropouts Quality control of tape base and oxide mix
Pretesting of tape :
Crosstalk, signal Tight dimensional control of tape width, width stability,
amplitude careful design of tape guides and tension control devices

Better interchannel magnetic shielding
Precision tape reels
Improved reel storage and transportation containers
Bandwidth Improved head manufacturing techniques and materials,
permitting narrower head gaps, better channel-to-
channel alignment
Higher tape speeds

Stability
Dimensional Higher modulus tape bases, prestressed (tensilized)
Magnetic Development of high remanence, stable magnetic coatings

incremental digital data; a minority employs analog data storage and
interpolation.

Comparators. As for comparator logic, position controls working
with absolute data possess either true parallel digital subtractors, or less
complex comparators which provide an error signal of proper sign but
not necessarily proportional to displacement error. Comparators de-
signed for analog followup systems are usually simpler. However, they
place requirements for high component accuracy, linearity, and stability
on the digital-to-analog converters which are employed between the
buffer storage and the comparator logic.

Path control digital comparators are usually reversible counters, which
contain the instantaneous difference between command and feedback
information. Complex logic, including storage capacity, is necessary
ahead of the counter to guarantee that all command and feedback pulses
reach the counter sequentially, since it can process only one pulse at a
time without error. Comparators in analog systems are either phase or
amplitude sensitive, and of high linearity and stability.

Interpolators. In the interpolator portion of path control systems, a
variation of the digital binary rate multiplier is commonly found. (See
Vol. 2, Chap. 30.) This offers a very economical means of producing
multiaxis coordination for linear paths. Somewhere between the original
manuscript and the interpolator a decimal-to-binary conversion must
take place automatically.
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One digital interpolator performs linear and ecircular interpolation.
Where curved surfaces are frequent, this capability can greatly reduce
the amount of preliminary data processing and the data volume held in
position storage. A form of frequency division, which permits a con-
tinuously changing relationship between pulse frequencies on different
channels, produces a high-speed, all-decimal digital differential analyzer.

As an understanding of the capabilities of numerical contouring control
increases throughout the metal cutting industry, and more sophisticated
part designs are introduced to such systems, it is likely that second degree
interpolation will become more important in the future. While parabolic
interpolation offers the greatest flexibility to the mathematician, for metal
removal circular interpolation appears more practical. The interpolated
path is that of the center of the cutting tool; the contour produced is
offset by a constant, the tool radius, from the tool center path. Whereas
the path offset to a circle is another circle, one offset by a constant from
a parabola is not another parabola, but an equation of eighth degree.

6. TRANSDUCERS

Position Measurement. The parameter whose dimension is of great-
est interest is the machined surface of the desired part. In position
controls, the ideal can be closely approximated, since the position of
the part on the moving table and the center of a drilled hole would coin-
cide within the eccentricity tolerance of the hole drilling mechanism.
Positioning systems commonly employ precision lead screws to drive
digital shaft position encoders with a resolution of 0.001 in. or better.
If positioning speeds are high or resolution is well beyond 0.001 in., it is
desirable to lift the brushes on the lowest order digits until the slide nears
the home position, to extend the life of the encoder. For analog servos
rotary potentiometers, resolvers, or synchros are either connected to a
precision lead screw or geared to a rack and pinion mechanism. There
are examples of absolute rotary position encoders based on opties and
photosensitive pickup elements. A rather sophisticated extension of the
conventional synchro transformer is a linear synchronous transformer
based on a linear inductive grating. Utilizing etched circuits on glass
plates and high audio frequency carriers, this device is capable of ex-
tremely high linearity and resolution and, when geared to lower speed
synchros, can give an unambiguous position indication.

Independent measuring elements are generally absent in open loop
systems, whether of the position or contouring type. The prime mover
may also play a part in measurement. Examples of open loop devices
are stepping motors, synchronous variable-speed motors, mechanical
gage rods, and in the simpler systems limit switches,
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Path Control Measurement. Path control transducers for closed
loop systems are fewer in type, probably because the higher system de-
velopment costs have produced fewer demonstrable contouring systems
to date. Because the point of tangency between the rotating cutting tool
and the finished surface of the workpiece changes with direction of cut
on a milling machine, direct measurement of the workpiece dimensions
has thus far not been reduced to practice. The next most desirable meas-
urement is that of actual slide position.

Linear Optical Gratings. The most sophisticated linear position trans-
ducer now in use is an optical grating with a resolution of 0.0002 in.
Originally developed for light diffraction measurements in physical lab-
oratories, such gratings offer position mensuration independent of me-
chanical elements such as lead screws, racks, and gears. Attaining
sufficient linearity and high resolution requires tight control of ruling
and grating reproduction, and good dimensional stability over the normal
range of operating temperatures and humidity. At least two advanced
contouring systems employ linear optical gratings.

Rotary Converters. For many applications, lead screws employing
hardened, precision ground threads with split nut ball bearing races for
backlash elimination can be manufactured with sufficient linear accuracy.
Where traverse is so long as to make the moment of inertia of a rigid
screw too great for the servo system, precision racks with dual preloaded
pinions have been developed. In either case, a rotary ineremental trans-
ducer of the electromagnetic grating type has been found to be a con-
venient solution. The lead screw or rack plus rotary grating can offer
an overall accuracy as high as +0.0005 in. in a stroke of 72 in. This
exceeds the accuracy of slide straightness and squareness, concentricity
of cutting tools and their spindles, and the deflection characteristics of
cutting tools at reasonable side cutting loads. Based on the amplitude
modulation of an approximately 1-megacycle carrier, this rotary trans-
ducer offers the advantages of appreciably lower cost, simplicity of
installation, shielding from contaminants, and greater electrical noise
isolation from the machine tool environment.

Possessing similar advantages are analog output rotary transducers,
such as synchro transformers, resolvers, and potentiometers. While they
furnish higher output signal power, and therefore greater noise immunity,
they often have a more limited information rate capability than do rotary
digital transducers. At least two examples of the digital type can be
found in contouring systems, and two of the analog type.

Machine Tolerances. At the present time, the accuracy of measure-
ment equipment exceeds that of the machining equipment. This is prob-
ably due to the fact that machine tools now employing numerical controls
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are of conventional, pre-1956 design. It is likely that machine tools,
designed specifically for servo controls, will possess tolerances com-
patible with the better present day transducer equipment. Regular con-
touring accuracies of +0.002 in. can now be achieved by several machine
control systems. Users are now expressing interest in systems with an
overall accuracy in the order of £0.0002 in. Although this figure is
probably within the reach of present day control technology, a good deal
of machine tool evolution and metallurgical research will likely be neces-
sary to make this dream a reality.

7. SERVO SYSTEM CONSIDERATIONS

This section will examine parameters germane to closed loop systems,
since the word ‘“servo” by definition excludes open loop control. In
earlier sections, storage media, interpolators, comparators, and trans-
ducers were discussed. Elements of the forward portion of the servo
systems include servo amplifiers, servo actuators, and slide driving
mechanisms.

Servo Amplifiers. The role of a servo amplifier is to receive the error
output signal from the comparator, at a fairly low power level, and to
perform amplification so that sufficient wattage is available to power
the servo actuator.

Relay Amplifiers. The simplest form of power amplifier is a relay.
With an input signal of a few milliwatts, its contacts can deliver hundreds
of watts. The output is of course discontinuous, having no intermediate
output levels, only zero or full power output. Relay amplifiers are used
occasionally in the forward loop of some point positioning systems. Since
only the ultimate location is of importance, the On-Off (bang-bang)
nature of their motion may be acceptable.

In some instances, combinations of relays to provide several velocity
steps have been designed as improvements over the basic two-condition
servo. Since a relay amplifier will cause a slide to be actuated over a
traverse directly proportional to the on-time, such servos are con-
sidered to be pulse-width-modulated. A d-¢ motor normally serves as
the prime mover driven by the relay amplifier. An important considera-
tion in the selection of an amplifier-actuator combination is its response
time, or the length of time required to accelerate the slide from zero to
full velocity. Since a relay can be operated within a few milliseconds of
time, the response time of this combination is determined by the accelera-
tion time of the motor itself. A conventional d-c shunt motor, with
poor torque-to-inertia characteristics, requires hundreds of milliseconds
to, reach full speed from standstill.
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Proportional Amplifiers. The next step in amplifier sophistication
beyond the relay is the proportional amplifier. Examples of proportional,
though not necessarily linearly proportional, amplifiers utilized in posi-
tioning controls are thyratrons, rotary magnetic amplifiers. (such “as
amplidynes), which are in reality special motor-generator combinations,
hydraulic valves, and magnetic clutches. Thyratrons can respond within
one cycle of the carrier or power supply frequency, and are therefore
relatively fast. They are used to drive either d-c¢ variable-speed shunt
motors or a-c¢ servo motors. Again, the acceleration time of the motor
controls the response of the total system. The total for the thyratron-
motor combination may vary from 50 msec for a true low-inertia d-c
or a-c¢ motor driven by a 60-cycle thyratron amplifier up to 0.5 sec in
the case of a high-inertia d-c motor. The thyratron offers the advantages
of moderate price, high speed, and a very high-power amplification factor.
Its disadvantages are fairly short life expectancy and characteristics
which are affected by the ambient temperature.

Rotary Amplifiers. Rotary magnetic amplifiers, developed during
World War II for the actuation of large loads such as gun mounts, search-
lights, and radar platforms, have a long record of successful performance.
One notable characteristic, a very high power gain, has led to the use of
this device in the current drive to the electromagnetic coils of cyclotrons,
wherein the current must be controlled to within 0.01% or better for
successful particle acceleration. Rotary amplifiers are generally used
to drive variable-speed d-c motors. Besides high gain, they offer fairly
long life and insensitivity to mechanical shock. Their disadvantages are
rather high price, slow response, and frequent maintenance which is typical
of rotating electrical machinery involving brushes and commutators or
slip rings. Rotary amplifiers are considerably slower than thyratrons.
A rotary amplifier-d-¢ motor combination may require 0.3 to 0.5 sec to
accelerate from standstill to full speed.

Hydraulic Amplifiers. Another device with a considerable history
is the hydraulic actuator, driven by a precision hydraulic valve. Since
valves can provide a very high mechanical power gain, they are usually
excited by vacuum tube amplifiers operating at a level of 2 or 3 watts.
Valves functioning at a fairly high pressure, such as 2000 or 3000 psi,
can easily drive actuators to an output of 5 hp or more. In positioning
systems the compliance of a large column of hydraulic fluid produces no
great disadvantage; therefore an inexpensive hydraulic eylinder is often
found as the actuating element. Hydraulic valves possess the desirable
attributes of high power gain, high output power capacity, and very high
bandwidth (short response time). The valve-cylinder combination can
be designed to provide full speed output from standstill within 10 or 15
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msec. Undesirable features are fairly high price (intermediate between
thyratrons and rotary magnetic amplifiers), instability of characteristics
due to accumulation of gas in the hydraulic reservoir or foreign particles
in the valve elements, and a short life expectancy due to wear by con-
taminants on the moving spool, which must generally be ground to a
tolerance of one or two ten-thousandths of an inch. The small size and
low weight, which make hydraulic valves and actuators so indispensable
to aircraft servo systems, are of very little importance in machine tool
applications.

Differential Hysteresis Magnetic Clutch Actuator. This relatively
new actuator in the position control field is a proportional device of rather
large power gain, requiring only several watts of input excitation. Other
advantages are moderate cost (about the same as thyratron amplifiers),
long life expectancy, and high response speed. Driven by a constant-
speed motor, a magnetic clutch can accelerate its load to full velocity in
50 or 75 msec. Its acceleration time is therefore better than any pro-
portional actuator except hydraulic prime movers. The disadvantages
are relatively little history and limited maximum output (about 0.5 hp
at present). Another point in its favor is the fact that nonprecision re-
duction gears can be used, since the working clutch can operate against a
slight drag produced by the inactive clutch, thus eliminating backlash.

Amplifier-actuator combinations which have found application in con-
touring controls are those which are fairly rapid in response, and have a
linear relationship between error input and power output. Rotary am-
plifiers and d-c¢ variable-speed motors have been in use for a number of
years. Hydraulic systems, with valves feeding rotary hydraulic actuators,
have also been used extensively. A more recent innovation is the com-
bination of static magnetic amplifiers and two-phase a-c¢ servo motors.
Not to be confused with the fairly slow saturable reactor, magnetic am-
plifiers were developed for military use during the early 1950’s; later
models employ new materials and manufacturing techniques to give out-
puts of 1 hp or greater.

Amplifier-Actuator Selection. All three combinations, rotary ampli-
fiers and d-c¢ motors, hydraulic systems, and magnetic amplifiers and a-c
motors, are rather high in price, so the selection is based on other char-
acteristics.

1. Bandwidth is a parameter of great importance. Hydraulic systems,
which employ rotary motors instead of linear actuators to avoid objec-
tionable compliance, can provide a bandwidth, including the mechanical
load, of 30 or 40 cps. Very rapid slide acceleration can thus be effected.
Magnetic amplifier-servo motor packages can develop a bandwidth, in-
cluding load, of 5 to 8 cps when excited by a 60-cps power source. If the
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inconvenience of a 400-cps generator can be accepted, the bandwidth
may be doubled. The rotary amplifier-d-¢ motor combination can pro-
vide a useful response of 3 to 5 cps.

2. Stability and service form another basis for comparison. The great-
est freedom from maintenance is offered by the static magnetic amplifier,
since it contains no moving parts. The long-term electrical stability is
also excellent, with intervals of a year or two between readjustments
already a reality. The life and stability records of rotary amplifiers and
" d-c motors are fairly good. There may be bearing problems in the rotary
amplifier, but they are not greater than that of any rotating machine.
Since they are d-c¢ machines, the brushes and commutators produce elec-
trical noise and are subject to wear. The same is true of the d-¢ motor.
Service intervals are likely to be less than one year.

3. Reliability. Hydraulic systems, with appreciably faster response
and greater peak power outputs, require that their oil reservoirs be kept
meticulously clean and free from gas. In an industrial environment, oil
replacement (or cleansing) and removal of entrapped gas by purging may
be required at intervals of 30 to 60 days. In addition, the stability of the
very precise valve may be adversely affected by the accumulation of
foreign material on the critical spool assembly or wear by hard foreign
particles.” While considerable progress has been made in improving the
reliability of high-performance servo valves, the current record indicates
the valve is the least stable amplifier element of the three herein dis-
cussed.

Purely Mechanical Elements in the Servo Loop. Since all three
commonly used actuators have a rotary output, a reduction géar box is
the first element in the mechanical chain. Next comies the rotary-to-linear
" converter, which is generally a lead screw for short and medium strokes,
and a rack and pinion for large traverses. The, slide and its bearings
comprise the driven element, while the reaction of the cutting tool on the
workpiece is still another source of loading on the actuator.

In relative order of importance to the servo engineer are the backlash,
friction, and moment of inertia of the total load as seen by the rotary
servo actuator.

Backlash. Backlash can be virtually eliminated by the use of ball-
bearing lead screws with two preloaded nuts and rack drives containing
two separate preloaded pinions. Such drives can be manufactured to a
very high degree of precision, and with a long life expectancy, but at
considerable cost. A precision screw or rack costing $5000 per axis is
not unusual.

It is more difficult to fabricate gear boxes of high efficiency and low
backlash. With precision spur gears located on accurately bored bearing
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centers, a backlash figure referred to the input shaft as low as % or 4
degree can be achieved. Since an appreciable reduction ratio is- often
necessary, a gear box with at least three meshes to minimize moment of
inertia will be found. Although split, preloaded antibacklash gears are
common in instrument drives, their use in power drives for machine tools
is yet uncommon. In order to be effective, very high preload torques
would be necessary, with attendant gear wear.

Friction. The art of precision gear cutting and train assembly is
being intensively explored at the present time, and improvements in
precision can be expected. Another approach, less acceptable to the
servo engineer, is the practice of installing oversized gears, so that at
least initially the train is free of backlash. The very high static and
running friction introduced by this expedient may create a servo stability
problem, however. The highest quality spur gears are first hardened,
then ground or hobbed.

Inertia. Since gear reduction ratios are generally greater than 10:1,
most of the inertia in the mechanical system is contributed by the rotor
of the drive motor and the moment of the first one or two gears. These
elements generally contribute at least 50% of the total system moment
of inertia. Where a long stroke or a high thrust is necessary, a large-
diameter lead screw can introduce a noticeable moment of inertia. It is
mainly for this reason that strokes in excess of 6 ft usually utilize a
rack and pinion drive. The moment of the lead screw may contribute
30% of the total system inertia.

Lastly, the mass of the slide and the workpiece should be considered.
Although the inertia may not be appreciable, the mass may react-upon
the lead screw in such a way as to cause significant end motion due to
compressibility of the retainer bearings, and almost certainly the static
and running friction of the slide bearings will be affected by the weight
of the slide and its load.

Stiction. Next to backlash, stiction (static friction) can generate the
greatest obstacles to servo stabilization. Especially where stiction ex-
ceeds running friction by 20% or more, it will be difficult to produce slide
motion which is smooth over the entire range of feed rates, from maxi-
mum feed (rapid traverse) down to a creep feed or under 1 in. per
minute. Usually loop gain, and therefore acceleration, is compromised
in an effort to overcome pulsating slide velocity at the very low and
very high feed rates. In an effort to improve the situation, the more
progressive machine tool manufacturers are designing antifriction bear-
ings for their slides. This usually involves roller or ball bearings riding
linearly on hardened ways. Since the slides must be restrained against
unwanted motion in many directions, antifriction mechanisms can be-
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come very involved, very expensive, and difficult to adjust and maintain.
It is not unusual to find a slide which has been initially adjusted to pro-
vide extremely smooth veloeity becoming jittery because of a small
change in friction resulting from wear or vibration. Plastic sliding
bearings were formerly employed but were found unsatisfactory.

Looseness of slide bearings can build up owing to the compounding of
two or three slides upon one another, and produce very undesirable vibra-
tions. Although it does not represent servo instability, the vibration
produces very poor machined surface finishes and can also result in the
premature breakage of very expensive, hard, brittle cutting tools. In
machine tool parlance this shortcoming is called “fishtailing.”

Cutting Thrust. Another important detail is the reaction of the
cutting tool on the servo system. Very few machine tool manufacturers
have ever made cutting measurements to provide the servo engineer with
load information, Generally the thrust provided by the actuator at the
slide is far in excess of that introduced by the cutting tool. In most
cases the friction of the slide, secrew or rack, and gear box completely
masks the cutting thrust. However, there are situations, such as slab
cutting with a large face mill, where the load introduced is 10 or 20%
of the total actuator horsepower. Thus, final stabilization should be
done under actual operating conditions. In milling machines, climb
milling (work moving in the same direction as the cutting edge of the
tool) should be investigated, since the spindle motor feeds power into the
slide (instead of opposing it). The servo system must here act as a brake.

8. PROGRAMMING (PREPARATION OF CONTROL TAPES OR CARDS)

Position Control. Computation is seldom necessary in reducing part
drawing data to the form necessary for entry to the input keyboard. Since
machining takes place only at discrete points, after the table has reached
the intended position and come to rest, calculation of tool offset is not
involved; the table location and center of the cutting tool (punch, drill,
boring tool, spot welder, rivet) coincide.

A program sheet, listing input data in the same code and sequence as
required for the control function, must be prepared from the part draw-
ing. Most control systems function on an absolute basis, with all posi-
tions referred to a fixed origin on the compound table. Drafting prac-
tices are inconsistent with this philosophy; not only are part details
dimensioned from a variety of references (hole centers, external surfaces,
corners) but also permissible tolerances are inconsistent and often
cumulative. Data reduction is chiefly concerned with redimensioning of
the part to the proper reference, and itemization of the locations and
machine operation commands in the most efficient sequence.
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Drawings are almost without exception dimensioned in decimal code;
decimal input is also common to most controls. In those cases where
binary input is required, the conversion is usually performed prior to
preparation of the program sheet. Manual code conversion, with the aid
of tables, may be practical; automatic conversion by electromechanical
or computer means can be arranged. In either case, it amounts to addi-
tion of powers of two until the total equals that of the decimal number.

Path Control. Several operations must be performed on drawing
data to provide input information for interpolators in path control
systems.

a. Redimenstoning. All significant locations on the part, such as hole
and radius centers, breakpoints (where different lines or curves intersect),
points through which faired curves must pass, and other critical data,
must be dimensioned with respect to a single origin. This reference
should be off the part, so that all dimensions are positive.

b. Tool Planning. A tool engineer should choose the machine tool,
specify the holding fixtures and cutting tools, decide in what sequence the
material will be removed, how deep a cut will be made at each pass, and
from his experience call out the optimum tool tooth loading by specifying
the spindle speed (rpm) and feed rate of the part relative to the cutting
tool. The last decisions will determine the accuracy of the final part,
since they control the tool loading and therefore the elastic deflection
under load, and also the surface finish of the product.

¢. Part Programming. The tool engineer’s decisions must be converted
to a detailed list of operations. A point on the part holding fixture is
selected as a secondary reference, from which the cutting tool starts and
ends its motions. The gross points in the outline produced by the rotat-
ing tool as it roughs out and finishes cutting of the final part must be
called out. Usually the redimensioned part drawing is amended to show
the paths followed by the tool during cutting and noncutting segments
of motion. Tool changes, interruptions for inspection, and other ma-
chine operator’s instructions must be itemized.

d. Data Processing. All the breakpoints in the path described by the
center of the cutting tool must be accurately calculated. Since most
interpolators perform only linear interpolation, the start and end of each
straight line segment in the entire tool path must be determined, and the
displacement of each axis during each segment (AX, AY, AZ) derived by
subtraction. Tool offset corrections must be included.

Where curved contours are required, the tool path is broken down to
the minimum number of linear segments which will meet the accuracy
and surface finish specified. In processing data for interpolators which
can describe circular or other second degree equations, the curved con-
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tour is also reduced to the least number of segments. Here the quantity
of segments is appreciably fewer (by a factor of 10 or more).

In addition to the above operations, data reduction must also include
derivation of specific commands to the interpolator relating to slide feed
rates. In most cases the feed rate specified by the tool engineer must be
converted to either a clock pulse rate or total time interval for segment
interpolation. The vector velocity of the part is broken down into its
components along each axis, and each component related to output com-
mand rate. Some interpolators receive feed rate vector commands di-
rectly, and perform this computation automatically.

Still other functions which may be performed under this category are
controlled slide acceleration and deceleration (to accommodate for servo
limitations), overshoot prevention (on inside corners), offset compensa-
tion for shaped cutting tools (tools other than flat end mills), and auto-
matic pocket cleanout.

If the services of a GP (general purpose) computer and computer pro-
grammer are available, all data processing can be channeled through this
facility, and accomplished with ease. Large-scale users of NC (numer-
ically controlled) equipment follow this practice. However, it is feasible
to perform data reduction manually, on desk calculators, for simple and
even complex part designs. Where the director is capable of first and
second degree interpolation, tool offset and curve fitting computation
can be accomplished manually with little difficulty by a trained operator.

The first large-scale installation of NC systems took place during 1958
in aircraft manufacturing plants. Several plants organized a cooperative
mathematical programming effort to prepare a library of subroutines for
the IBM 704 GP computer, specifically for NC data processing. This
program is titled APT-2 (Automatic Programmed Tools).

e. Interpolator Input Preparation. The final step is preparation of
the storage medium which commands the interpolator. Where a GP
computer has been employed for data processing, an automatic con-
verter to prepare the punched tape or cards from computer information
is the most logical solution. 1

If a converter is unavailable, or manual data processing has occurred,
then the part programmer prepares a Planning Sheet (it may be titled
Process Sheet. or Manufacturing Outline) listing all data in the precise
sequence for entry into the input keyboard. A typical part will require
at least 100 lines of entry on a Planning Sheet and may exceed 500 lines.
Next, a trained operator will enter these data into the keyboard, and
produce the card or tape storage medium. Verification of this step,
either by comparison of two independently punched tapes (or cards) or
by printout of the data from an automatic reader, constitutes the final
step in the programming chain.
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1. TRENDS AND LIMITATIONS IN SYSTEMS ENGINEERING

In the process industries, as exemplified by the chemical and petroleum
industries, the use of instrumentation and automatic controls has tended
to follow certain typical patterns (Ref. 4). The best practice today con-
sists of transmitting process data from the plant to a central control room
where there are data recorders, indicators, controllers, and command de-
vices for setting the level of those process variables which are to be con-
trolled. From the control room command signals are sent back out to the
plant to final control elements, usually control valves. Usually, the process
variables are controlled separately and individually; in a plant with a
high degree of automatic control this sometimes leads to interactions be-
tween control systems.

This chapter has been organized and presented for use in a systems en-
7-01
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gineering approach to the design of process control systems. The design
methods and principles are covered in Chap. 1, Systems Design, and in Vol.
1, Part E, Feedback Control. To use these procedures, the engineer must
have certain data on the static and dynamic behavior of processes as well
as data on the static and dynamic characteristics of instruments and con-
trol components. Equations for and data on process dynamics are now
becoming available (see Ref. 16). In using the material in this section one
must keep in mind certain facts about present day process control equip-
ment and its applications.

1. The quantitative techniques of designing control systems developed
since about 1940 for military purposes are just now beginning to pene-
trate into the process industries where control system design has usually
been qualitative.

2. Quantitative methods of designing control system components for
specific dynamic behavior have not been widely used in the design of
typical process instruments.

3. The commonest process control instruments are pneumatic. As a
result of (2), they are often less than optimum with respect to such
factors as impedance matching, power supply, saturation, and dynamic
nonlinearity. .

4. Measurement problems are much more severe in chemical process
operations than in standard electrical and mechanical operations. Highly
corrosive fluids, fluids containing solids and gummy materials, high tem-
peratures, and high pressures often require that measurement devices be
protected from the environment whose properties they are trying to
measure. Both static and dynamic accuracy may suffer, and the ques-
tions of reliability and maintenance may be serious.

5. Partly as a result of (4), process control systems are almost always
designed with provision for manual control in case of emergencies.

6. A process control system is usually a single variable control system
(such as temperature or pressure control), and it is rare for systems to
have numerically identical parameters. This means that it is hard to
justify for each problem the extensive research and engineering that goes
into mass-produced, identical control systems.

7. The objectives of process control system design are quite different
from those of servomechanism design. In typical servo designs, perform-
ance is maximized, size and weight are limited, and cost is usually not a
major consideration. In typical process control systems, cost is minimized
for a certain lower limit on performance, and size and weight are usually
not important. The process control system is usually a regulator, while
the servomechanism is a followup system. It should be noted that the
same control system may be required to function both as a regulator and
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as a servomechanism. The distinction is that a regulator keeps the value
of the controlled variable constant in the face of disturbances, while a
servomechanism makes the output of the controlled system follow the
input.

In view of the above, although special purpose control systems are
sometimes designed, application of the systems engineering philosophy is
usually directed toward effective utilization of commercially available
process instruments. By providing better power supplies, by improving
the impedance match between components (see Sect. 2), and by careful
attention to installation practices, it is sometimes possible to achieve
phenomenal improvement in system dynamics. Often, too, a simpler, less
expensive, and more readily maintainable system results.

In the sections which follow, the term “system” is usually used in the
restricted sense of applying only to instrument components; the process
is not included except in the early part of Sect. 2. A comprehensive dis-
cussion of available components was not possible, and the ones chosen
for discussion are typical only. Neither approbation nor condemnation
of any manufacturer’s equipment is intended or implied.

Other important aspects of process control and process control hard-
ware are discussed elsewhere in this handbook. To handle most effectively
the mass of data from a big refinery or chemical plant, data loggers,
which include scanning, monitoring, and interlock functions, are being
used to an increasing extent. These are discussed in Chap. 14, Data Proc-
essing. To tie together local or individual control loops into an overall
process control system, process control computers have been developed
(see Chap. 13, Computer Control). These computers are making it possi-
ble to optimize automatically process economics.

2. CONTROL FUNCTIONS
Introduction

A simplified schematic diagram of a typical process control loop is
given in Fig. 1. For purposes of clarity, none of the normally provided
subsidiary features, such as manual-automatic transfer stations, fail-safe
devices, safety interlocks and alarms, and indicating and recording equip-
ment, have been included. The operation of the control loop may be
qualitatively described as follows. When disturbances act upon the
process, they cause a change in the measured variable, which has been
selected to be most representative of the desired process condition. The
measured variable actuates the transmitter which relays a signal repre-
sentative of the magnitude of the measured variable to the controller. As
indicated in Fig. 2, the controller compares the transmitted value of the
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F1c.1. Simplified process control loop.

measured variable 6 to the desired value of the measured variable 6y
which is stored in the controller as a set-point adjustment, and produces
an error signal 6g, equivalent to the difference between the transmitted
and desired values of the measured variable. The error signal is operated
on by the controller mechanism to produce the controller output P, an
actuating signal of sufficient power to operate the final control element.
The final control element adjusts the flow of energy or material (manipu-
lated variable) entering or leaving the process in the proper direction so
as to force the error to zero. The functional relationships developed be-
tween P and 6y by the controller mechanism are known as the control
functions or control modes. The control functions may be continuous or
discontinuous.

Comparison
circuit or
differential
0 0 Signal Power
amplifier amplifier —>P
s Feedback

network

F1e. 2. Generalized controller block diagram.
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Continuous Control Functions

Although the number of possible continuous control functions which
might be used is very large, only three are used to any great extent in
process control. These are (a) proportional action, (b) automatic reset
or proportional plus integral (floating) action, and (c) rate or derivative
action.

Proportional Control. In the proportional control mode,. the con-
troller output P is proportional to the control error 6y:

P = Kby
where K = proportional gain.
In process control the more common expression for the proportional
factor is proportional band or throttling range, defined by the following:

. 100
Per cent proportional band = N

The frequency response amplitude characteristic of a proportional con-
troller is not perfectly flat as indicated by the defining equation above,
but has some dynamic features dependent upon the particular controller
design and the controller load.

Reset Action. A controller having only integral or floating action is
not too common. Usually proportional and floating action are combined.
Ideal proportional plus automatic reset action may be defined in the time
domain as

P = Kop + I(RIGE dt.

Laplace transforming leads to the equation

P = (K +~5) 0500

o ()

R
= 0a(9) (K +1),
s(K/Kg)
or ;;((Z)) = I% (rps+ 1) = ; (rgs + 1)
where tr = K/Kp = Automatic reset time constant.

The frequency response plot of this idealized control function is given
in Fig. 3. The effect of automatic reset is to give greater controller gain
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at the low frequencies, starting at the corner frequency, 1/7¢, and increas-
ing at a rate of 6 db/octave as frequency decreases. An increased phase
lag is also associated with this action. It is common in process control to
refer to the amount of automatic reset action by the magnitude of 1/7p
expressed as repeats/unit time (equivalent to radians/unit time).

The idealized automatic reset action described above is never actually
obtained in a practical controller because of the expense involved in its
mechanization. The reset action most often realized is similar in per-
formance to a lag network having the transfer funection

P(s) RS + 1
E—1 aK .
0g(s) arps + 1

The frequency response plot of this control function is given in Fig. 4.
The reset gain « ranges from zero to 500 depending upon the controller
design and sometimes upon the value of the proportional gain K. This
interaction between the reset gain and proportional gain is not generally
desirable but cannot be avoided in certain controller designs.

Rate Action. The rate or derivative control mode is never used alone
in a process controller. It most commonly appears in conjunction with
proportional or with proportional-reset action. Ideal proportional rate
action may be characterized in the time domain by

P=Kég+ K dbs
= 'E Ddl
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By Laplace transformation,

”9=K<&%+1>=Kmﬁ+n
05 (s)

K
where p = Kp/K = Derivative time constant.

The frequency response plot of this idealized proportional rate control
function is given in Fig. 5. The effect of derivative action is to give phase
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lead. Also associated with this desired phase lead is an inescapable in-
crease in controller gain at the higher frequencies. In process control, the
* amount of derivative action is expressed as rate time in units of time,
equivalent to the magnitude of rp.

In a practical controller, it is physically impossible to achieve ideal
derivative action. In fact, such action would render the controller use-
less, since it would amplify process “noise” (which usually predominates
‘at the higher frequencies) and would saturate the controller output.
Therefore, the practical implementation of rate action is very similar to
a lead network having the transfer function

P(s) —K[ s + 1 ]
0z(s) ~ L(1/B)mps + 1

The frequency response plot of this more practical control function is
given in Fig. 6. The value of the rate time is . The rate gain 8 ranges
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F16.6. Frequency response, realistic proportional rate action.

from 0 to 50 depending upon the controller design and sometimes upon
the value of the proportional gain.

Controller Mechanisms. Mechanization of control functions can be
accomplished in a variety of different ways, electronically, pneumatically,
hydraulically, mechanically, or by any combination thereof. The task
of quantitatively analyzing all these specific devices, indeed even of
qualitatively describing most of them, is next to impossible. Therefore,
the reader is referred to the voluminous controller manufacturers’ litera-
ture for these specific details.
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However, two important types of controllers will be discussed by
means of selecting examples—the electronic con