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SUMMARY

Starting from the initial concept of a small Numerically
Controlled lathe, a measurement and actuation system has
been developed.

An “absolute" fluidic control system with rotary and linear
encoders has been chosen and designed.

Hydraulic actuation for spindle and axis drives has been
chosen, the spindle having a hydrostatic drive system
involving no mechanical gearing.

An estimation has been made of the cost of the system.
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Cadal Introduction

Ternc of Refercnce of the Committee

To lnvestigate suitable control and actuation systems.
To decide on the best control and ceturtion system for the
machine under consideration. To desiyn the final adopted
control and actuation system.

To achieve the objective given above, an investigation
into the type of control system to be used was first cerried
out. %he committee was then divided irto control logic and
control actuation scctions, and two more aecubers taken on,
to investigate in detail the chosen system and »roduce a
final desipn.

It wras felt that, at present, a linear path systen was
the most complicated nwierical COﬂbTOl system to which a feas-
ivle fluidic control could be applied., Costing of the systen
at the decision stage wasg difficult, but it was thought that
a fluidic system could he »roduced more cheaply than its
electrical oxr elcctronic counterpart, especially when taling
a long teri view. The advantages of predictable delivery
dates and costs when supplyin: one's own system were not
overlooked, and the mariketing of the control systeinl separately
was a possibility.

The use of fluidics as the control medium noscd certain
difficulties. The number of fluidic interface devices ‘on
the market is linmited and niany aspects of the technology
are unproven. Howcver, wherever possible, currently agwvailable
comilercial units are specified and all cowmponents are viable
propositions,




Ce5¢2 Determination of the Type of Control System

system Spcceification

The control system is to be of the ILinear Path tywnc
i.es to be able to move to a position without overshoot and
at a controlled feedrate.

Specification Decived from the Technical Survey

Accuracy £ 0017 (% ,025 mm,)
Maximum diameter of workpiece L (10 cm.)
Maximum length of wvorkpiece 8 (20 cm.)

Ce5.2¢1 Lathe Control Systems -~ General
1

Typcs of system

Analogue Chain dimension

Reference Datum (Co-ordinate system)
Incremental -~ digital Chain dimension

Reference Datum.

Absoluve Digital

On lathes, a referencc datum system recommends itself
because turned parts already have a natural rcfercnce axis
in the form of the centre line. Diamcters are invariably
represented as absolute dimensions, and length dimensions are
convenicntly referred to a fice, although lengths could be
chain dimensioned.,

Further advantages of reference dimension input are:=-

1 Tool offset is possible over the complete range.

2 Position readout is rcadily available with an absolute
digital control (but not with an analogue rcference
system).,

B '"he niachine datum is in the wmeasurement system.

4e There is no difficulty with progromme interruption and
mains supply failurec.

It is suggested that an absolute reference systea is best
suited to a turning machine.

Ce5s2+2 The Linear Path Systen

The original specification of a linear path control was
considered a suitable onc for application to a lathe. The
majority of movements on a lathe are either longitudinal or
transverse. This is supported by an investigation at

1 Sece Section CeS<le7e



liessrs, Gebr. Boehringer | in Germany, which showed that 80%
of thelir turned parts could be produced with a linear path, or
straight-cut machinc,

The original specification suggested hy the main Boaw
for the machine included the ability to produce tapo:s, threads,
helical milled grooves and other configurations involving a
precision control hetween either the movement of the tiro axes,
or between the hcadstock rotation and longitudinal traversec,

T'ecdrate control in most linear path control systems is
achicved by introducing velocity fcedbaclk into thc control
loop., Indeed many Lincar rFath or "Straight Cut® systems are
produced by adaptiing "Point to Point? systems in this way.
Certain refincuents arce also added to prevent overshoot.

The accuracy of the velocity control system, being
normally an analogue feedback loop, is of the order of & 5%
Morc refined systems arc of coursc available but in order to
producc a tapcr of accurate form the refinements are such that
the systecm approaches a continuous path control in complexity
and hence cost.

Thread-cutting posces similar problems if the relevant
axis moments arc to be interlocled using the control systen.
The principle is to control the traversce movement with respect
to the headstock rotation instcad of with respect to time,
this regquiring a cysten refincment not normal with lincar
path control., It is significant that the G.E.C. Marii Century
threadcutting systen can only be uscd on their contouring
controls, since function gzenerators arc required., The problem
would be removed if leadscrew actuation werce employed, but
this neccessitates the inclusion of a gearbox; an expensive and
space~consuming item with the complication of tape commanded
gear changing and, ideally, a separatec precision leadscrew,
Leadscrew actuation, however, is a stroang possibility if a
bought out system is uscd as these tend to be the cheapest
systecis,

Conclusions

Taper turning and threadcutting using the control systen
are not feasible for a lincar nath system. Threadcutting can
be performed using a leadscrew and gearbox, or by using
die-boxes for threadcutting or threadrolling.

Lnguiries are being nade about Baldwin Threadcutting
Incoders, although it is not envisaged that these will be
used.

t Sce Reference 1,
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Ce5elal Investigation of Control Systems

It was aecided that the original investigection of the
systems should be divided into two sections;-

Sub~committee A Electrical, Llectronic, and Hydraulic
system °

H. Dera
A. Melsom
Sub-comuittee B Iluidic Systems.

M. Norton
V.h..le Thite

Blectrical, Flectronic, and Hydraulic Systems

Bnquiries were made to the five major control system
suppliers in Britain.
I.G.E.
Ferranti
Airmec-A.0.T,
Plessey
Eollelo

It was the view of the committece that in addition to
buying out a standard or custom built complete system, the
feasibility of building a system using boupght out measuring
elements and other suitable components should be considered.

The machine tool manufacturer is wcll catercd for in
terms of control systems, All firms expressed the importance
of liaison between the manuifacturers of the machine tool and
the control system so that full advantage could be taken of
more economical standard modules, and so that machine and
control systcil were suitably designed.

A custom built control could thus be readily obtained with
a large number of featurcs and optional extras available. In
view of what was decided previously in terms of taking full
advartage of the relative simplicity and low cost of a linear
path system, the committee recommended that a two axis Airaec
svstem be used., A bricf specification and quotation for this
systeid is given below.

The manufacture of & control systeuwr from bought out
parts was a less attractive idea. The present elccironic
and electrical systems are highly developed, and the committee
found no cconomically attractive schemes. Plessey were
willing to provide "Inductosyn? scales and synchro-rescolvers,
and I.G.E. said that their mcasurin; system was available
separately. However, it is possible that the inclusion of




certain devices in a control system would infringe patent
rights., This also applies to certain proprietary thread-
cutting and encoder systems,

The indexing of the headstoclk would be cffected using a
shaft encoder, and thc system interlocits could bhe readily
synthesized using static switching elements. DElectrical
stepping motors would be suitable for any indexing operations
of the tool post or tool magazinc,

Recoumendations of Committce A

1« That a two axis straight cut system be purchased from
Airmec-A-E.I. Ltd.

2. That a shaft encoder be included in the headstoclt
arrangenent. A suitable wmodel would be a HMoore iiced
"Hybrid" encoder which could be suitably geared. . This
encoder can run at hizh specd and gives a pure binary
output.

53¢ That with this systeimm elecctrical actuation be used to
talke advantage of low cost, and all subsidiary functions
be electrical e¢. .. indexing and interlocks, in order to
kocep the services to the machine to a minimunm,

Control Systcem Spccification

Airmcc Autoset type N410

Accuracy + J0002n (& LOO5 mm.) )
)
Repeatability * .0001% (¥ ,0025 mm.) )

Dotimated Machine figures for medium grade slideways

i+

20011 (X .025 mue) )
)
Repeatability * .0005" (X L0075 mm,) )

Accuracy

Fast Traverse rate 120 - 180"/min. (3 = 4.5 m/min.) for a
5 tepei. leadscrews

Positioner Unit type N334

Principle

The systeu utilises switching circuits beticen carbon
brushes in rotatinz brush carriers and a fixed disc commut-
ator. Four brush carriers are used with a reduction ratio
of 10 : 1 between each. DBasically an End Position Indication
systen with lead/lag information, and additional refinenent
when fitted with the "Auto Mill Unit',




The positioner units weasure absolute angle and consequ-
ently sequence interruption or mains failure do not neccss-
itate re-zeroing,

Control System Quotation

1+ Basic Autoset (5 digit) N410 £2,200
1. Automill Unit N&11 100
1« D.C. motor control unit N419 450
including motors
£2,750
Optional Extras

1« Inching unit 414 & 25
1. HNumber display unit n&12 100
1. Tape spooler N3 35
1 Autoset tester N366B 25

Further regquireuents are the rotary cacoder for the
hecadstoclk, the tool and work loadin, actuation, and the
machine sequence and interloclt system. However since these
arc available in either clectronic, electrical, pncumatic,
or fluidic forwm, it was decided to base the decision of
which system to use mainly on the attributes of the two
axis positioning systei.

Fluidic Systens

The sub-committee reported that a fluidic logic systen
was a feasible proposition for a paraxial control with the
specification of scction 1.2.

Recoanendations of the sub-conmittee

1 The systew should be of the "absolute! type.

2. The two lincar axes should be supplied with similar
linear fluidic cncoders,

3, A rotary fluidic cncoder should be incorporatcd in the
headstock. '

L, The measuresent system should be a couparator type
circuit with cither a Gray code read out from the
encoder and lead/lag compensation, or a #U" or VU
scan systeum, again with some form of lead/lag signal
to prevent overshoot.

Dstimate of Cost of a Fluidic System

It was pointed out that the complute system including
the lincar encoders would have to be developed and that
these development costs should be borne in mind.



Howcver, assuming that the uysten were to be designed
using cn estimated 500 fluidie clouments per linear axis, a
quotation for the cleucnts had been obtaincd on the basis
of purchasing 20,000 elciients per year.

Quoted cost of element 125, 64 cach
Cost per axis approx. - £312 - ~
Estimated cost of rotary axis £100 - -

Gstimated cost of systen conplete
with lincar encoders and hydraulic
actuation £2,500 =~ -

The sub-committee pointecd out that 1f a manufacturing
concern werc sct up, they would almost certainly produce
their own clenments with a resulting saving of up to 904 on

i

the cost of the elecments.

CeB3e2e4 Comporison of the Systems

It was decided that there was little to choose between
the two in temrils of cost at present. The price of the elec-
trical scystem was fixed whereas the development costs of the
fluidic system could escalate.

Decision of the Control Committece

The committee decided that it would recommend to the
board that a fluidic control system be developed for incorp-
oration in the nuwmerically controlled lathe.

Reasons for the Tecision

1« Although the fluidic system presented immcdlate develop-
ment costs, it promiscd to provide a cheaper systenm in
the future when the manufacturing concern cculd produce
its own elements and encoders.

2. The uanufacturing concern would have cn original and
vatentable control system. The conirol system appearcd
to be a viable proposition in its own right.

CeB3elad Turther Proposals for the Fluidic System

1. That encoding be envisaged to .,010% and thereafter a
mechanical offset or proportional subdivision be used
for the final digits.

2, That velocity fecdbaclk be obtained from the fine digit
readout or using a.c. fluicdics. A fluidic tacho gener-
ator should also be investigated.
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That the tape input be I,5.0., standard binary.

That mechine interloclis und sequence controls be effected
using pneumatic gauging and fluidic elements.

C.5.2.6 References
VeD.F. DNews, No. 30, December 1966,

Manufacturers publications on the systems mentioned
above.

Caden? Definition of Terms

Chain dimensioning

In chain dimensioning every target point is dimensioned and
programred relative to the preceding point.

Refercnce datum dimensioning

Reference datum dimensioning, also known as co-ordinate
dimensioning relates target points to a machine-dependent
co—~ordinate systen.
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CS.3 Actuation Sub-Committee Report

Chairman A. Melson
Re Crooks




C.S5.3 Actuation Sub-Committee Report

Cededal The Spindle Drive

A hydrostatic drive motor was chosen for the headstock.
Factors influencing this decision were:=-

1. The uaoving hcadstock of the design wade a compact
spindle drive desirable., It would be very cdifficult
to incorporate a conventional electric motor and gear-
box in the headstock.

24 The requirement of a wide specd range (100 r.p.ms to
5000 r.p.m.), preferably without thc use of a gearbox
for compactness and ecasc of control,

3« The prescnce of hydraulics on the machine.

iidvantages of a Hydrostatic Drive

1. High Power/Weight and Power,Volume ratios.
2. Continuously variable speed.

« High drive stiffness.

B ¥
°

Base of control on open or closed loop.

The »¢port on spindle drives (see Appendix C.5.3.1)
indicated that the simplest hydrostatic drive system with
the required choracteristics was the fixed pump/variable
motcr arrangement. This gave a suitable horsepower/speed
envelope and suificiently good speed holding characteristics
to perait open loop control. However, the specd range was
linmited to four or five to one and the incorporation of a
three specd gearbox would be necessary.

The variable punmp,/variable motor configuration gave a
sufficiently wide speed range and suitable characteristics
for a machine tool drive., This arrangement is an unknown
quantity in teriis of commercial applications, although its
characteristics have been investigated (see references 1, 2,
and ).

The important factors at this point were considered to
be:=

1. The use of fluidic control limited the commcrcially
available componcnts (e.g. interface devices) and
possible techniques which could be applied to a control
cliroults
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2. Efficiency, in terms of power consumption, was not
an important aspect. Its effect upon component size
and heat generation were more important.

%s Spindlc speeds must be selected from the punched paper
tave.

The following systems were considered:-

1. A varichble displacement pump/variable displacement motor
(V.P./V.M,) system utilising a hydraulic servo arrange-
ment to operate the pump and motor swashplates in correct
sequence with a pressure feedback from the spindle prop-
ortional to spindle specd. The arrangeument is shown in
figure C.5./3/1/1.

2¢ A V.P./V.i. system in which the swashplates are indexed
through discrete positions to obtain a series ol speecds.

3. A spool valve operating in conjunction with a variable
displaceient motor, This would be o compromise to
obtain the required speed range with a rcasonable
torque/spced characteristic,

4o Using a series oi on/off fluidic/hydraulic valves with
a V.. This was to reduce the cost of 3 above by
replacing the expensive fluidic/hydraulic intcrface valve.

The systems 3 and 4 were discarded owing to the inherent
limitation of valves in variable load conditions, i.e. the
severe specd droop charactcrictics This offccet could ke
minimised by limiting che range of valve operation, in terms
of command &ignal and mescimum valve pressure droda

A suitable control system for scheme 1 above is shown
in fige. C.8./3/1/2. This complete system would be expensive
(estimated at approximately 3750) and would complicate the
headstocl desizn by ncceusitating the inclusion of a hydraulic
puitps A hydraulic restrictor valve which could be altcred
from a fluidic signal would clso be hneccossary.

Schene 2 hod tuo obvious limitations:—

1, It was an open loop system. Since each speed cifectively
represcited a fixed pump/fixed motor configuration,
however, it would give specd holding butter than 5% which
was all that was required.

2. The feature of a continuously variable specd range
would be lost. This featurc would not really be
neccessary unless some form of workpicce diameter
compensation system werc uscd. The use of an infinite



number of spindle speceds would present programming
difficultics.

However, it vas thought that using tids system a
VoP./V.le system could be included in the machine at a
reasonable cost to give the required speed range. The
power envelope o:i the system would be suitable and the
specds would be rcasonably casy to programme,

The method chosen for altering the swashplate angle
utilised digital actuators made up of pneumatic rams, see
fine CeS./3/1/5 for details, It was thought at {irst that
the use of two rams per unit, giving four positions of the
swashplate would be sufficient, as sixteen speeds would
result., However, the speed ranges in this casc would over=-
lap to a large extent and the availablc torque would have a
saw~-tooth characteristic,

The best performance is obtained from the system by
altering the pump displacement at the lower end of the speed
range, and then the motor displacement, It was therefore
decided to have four positions on the pump swashplate and
eight on the motor swashplate to give eleven available speeds.

Ideally the spindle specds should follow a geometric
progression as laid down in international standards (see
reference 10), but this was not possible with the systenm
uscd. The chanzecover point from pump to motor control should
occur at such a speed so as to give the two phases approx-
imately equal specd rangese.

iscs Change Speed

Jﬁaximum speed x Minimum speed

J3000 = 100

= 550 repelts
L proposed speed range is given in fig. C.S./3/1/k.

The motor or pump displaceaent ic assumed to vary
linearly with the piston strolke., This is a reasonable
- . - e 4 - ta /
assumption as demonstrated in Tig. CoBa/3/ 0 s

An cstimate of the cost of this actuation is included
in fige CeS5./3/6/1Aand it can be seen that this is an ccon-
omical way of effecting the swashplate deflection,

The arrangement of the jaclis with their valving is
shown in fig. CeSe/3/1/54
o
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Hydraulic unitsc tend to bhe mere noisy than the
equivalent clectrical unit, If the motor or punp can be
isclated from sound emanating surfaces in terms of vibration
transmicsion, this noise will be greatly rcduced. 'The
mounting of the pumps and motors in the machine Irame should
also rcduce noisc.

Temperature

Owing ©o their hipgh power/weight ratio hydraulic units

2

run at high temperatures unless precautions are taken.

0il coolers can be introduced to reduce the temperature
and a large enough cooler would reduce the temperature to
near ambicnt. This is not practical however in terms of
cooler size. Two solutions are possible

a) Cool the oil to give an operating temperature of approx-
imately 40°C and insulate the power pack and spindle
motor from the machine fraine structure so that very
little heat is transmitted to the frame.

b) Have all units in close contact with the machine frame
so that a constant working temperature is soon reached.
On start-up, the oil from the pumps can be dumped
straight through a valve to decrease the warming up
period for the oil,

Inching of the Spindle

To position the spindle using the encoder it is necessary
to rotate the spindle at 1.5 r.paite

To achieve this, when the tapc calls for a creep mode
the pump displacement is set at minimum, the motor displace-
ment at maximum and a low pressurc relief valve is connected
trom the pressure line by openin; an on/off fluidic/hydraulic
valve, The relief valve can be adjusted to give the required
creep specd, and when the spindle is locked-there is no build
up of pressure. :

This arrangement is shown on the diagram of the
M . . oo - ]
hydraulic circuit, fiz. C.5./3/6/1.



swashplate actuation calculations

See figs. C«8./3/1/3; C.8./3/1/4%

Lincar movernent required at 3,759 radius = 1%

Torque required to index swashplate = 450 lb.ins.

Torque available fron pneumatic cylinders F00 x 375

1125 lh.ins.

Tape input to pneumatic cylinders

On an eight bit tape the system requires part of
one row,

. The punp requires two bits,
The motor requires three bits,.

The indexing or crcep signal requires one b»it.
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CeSsHe1 AFPPENDIX

Variable Speed Drives

Factors
1« Horsepower speed envelope.
2. Bpeed range.
3, Torque-speed characteristic.
4, ELfficiency.
r‘. Cost

5 W
°

Fase and flexibility of installation.

A. A.C. Induction Motor

1e Variable Slip

Involve speed variation by energy dissipation. A small
speed range is nccessary for rcasonable efficiency (2 3 1)

2. Variable Supply Voltage

Limited range (2 3 1).

Variable Pole Pitch

‘ol
.

Speed range » :1.

4, Commutator Motor with its own Frequency Changer

Speed range 4 3 1.

Single Phasc a/c Motor with Control Gear

Ul

Speed range 6 : 1. (8Single phase machines tend to be
heavier and less cfficient than poly-phase machines).

Be D.C. Wlectric Motor

Variation of either the flux density or the arnature
voltage, the latter being preferred.

Speed range of 20 : 1 plus.
The torque-speed characteristics can be varied widely.

The D.C. supply can be obtained from a rotating
converter (Ward Leonard System) or from static rectifiers.

Require auxiliary equipment and control gear.
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The maximum armature current of a D.C. mnotor is limited -
the available torque is almost constant over the speed range.

The toraue/unit weight ratio in an clectric motor has a
fundamental limitation in the saturation flux density of the
armature material.

C. licchanical Drives

Belt, friction, impulse drives.
Speed range limited = 12 : 1 maxinmum,.

D. IHydraulic Drives

Hydrokinetic Drives

Unsuitable owing to torque/specd characteristics.

Hydrostatic Drives

High torque/weight ratio - can be an ordcr of magnitude
preater than that of an electric notor,.

1« Valve controlled drive

(a) Four way valve

Mazximum output pressure = C -
Under normal conditions cfficiency ¢ maxinum, and consequ-
ently

(1) Sizec of unit is increasecd.

(ii) Lexrge heat production.

Torque Speed unvelope

Sce :i@',‘. Cal3 ./3/1/’1.&

(b) By-pass type vaviable flow control valve

See Tig. C.8./3/1/2A.
The system vpressure riscs to meet load denmand.

The torque is more or less constant over the speed
rangce.

2. Pump displaccment controlled drive

‘fhe pump is normally driven at a constant spced.
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Ideallx

(a) The whole of the power output from the pump is utilised.

(b) If the maximum pressure is limited, the ideal torque is
constant over the speed range, and the motor specd is
independent of load torgue.

Departure from the ideal in practice is considerable
owing to friction and lcalkage.

3e Motor displaccment control

For a limited system pressure the Horse Pouver is ideally
constant over the specd ranse. The ideal efficiency is 100%
and the motor speed is independent of load torque., Losses
again causec deviation.

The available speed range is limited by efficiency con-~
siderations to 6 : 1.

L4, Variable pump and motor control

The {irst part of the spced range ic achicved by varying
the pump displocement at maximum motor displacement and there-
after by varying motor displacement,

Speced range 30 : 1.
Lxpensive, but the size of unit required for a given
speed range vith o specified meximum torque is less with

this arrange.aient than with any other tyoe of hydraulic drive.

5. Hydro-mechanical transmission

Have a higher cifficicency than an all hydraulic drive,
Generally uscd wherc the drive has a ratio of 1T : 1 for
most of the time.

L Machine Tool Drive

The poucr-speced envelop. requirement of a machinc tool
arivs with the different uses to which it is put.

With stecl anl cast iron, if depth of cut, feedrate, and
cutting spced remain constant, the power required for machining
onc material is virtually independent oi spindle specd.

L constant horscpower cnvelope thus rccommends itself.,
Sce fig. Cei3 0/3;/1/311-
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The transmission losses tend to increase with speed,
At low spindle speced, the maxiauwm torque is limited by the
strength ana rigidity of the transmission components, and
thus the torquc could well be limited over this range which
is wmainly uscd for taking heavy cuts on large diameter work-
nieces,

Hydraulic Drives - advantages

1. High Power/Weight Ratio

A hydraulic motor can be mounted directly in the head-
stock of a lathe, which is particularly advantageous if a
poucr source is required in a moving menber.

2+ BStepless Speed Variation

Mot often regquired.
e Control

Hydraulic drives lend themselves to autouwatic control
systcims, which is important in an I1.C. machine.

li\e Horsepower - Specd Envelope

Range linmited by cificicncy, but a variable displacement
motor can gpive constant horscpower over a range of 5 ¢ 1.

5. Specd folding

Open loop specd holding of a displaccient ~ controlled
motor drive can be 5%. Closed loop systciis are easy to apply.

Disadvantages

e High Tecmperatures

High powcr/weight ratio nccessitates an oil cooler.
2., Lfficicney

Low efficiency attributable gencrally to the large
number of energy conversions limits the spced range and
produces ecxcessive heat,

_) . Noise

et s

Hydraulic units are noisicr than electrical/mechanical
systems, but development will probably recduce this.
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Le Cost

Hydraulic systems are jencerally more c¢xpensive than
electrical systems.

A simple IP-VIH drive of 10 II.P. would cost 3500,

A VP-VM drive with closed loop control would cost in
the order of 21,000,

5¢ Dynamic Performance

Low speed interrupted cut performance can be poor -
not so important on a lathe as on a milling machine, caused
mainly by the high torque/weight ratio.

Types of Hydraulic Drive

1« Variable Pump ~ Fixed Motor

The torguc is approximately constant, and thus power
increases with speed.

As has been stated earlier, this is not ideal for a
machine tool, but is more suitable in the lower spced rangc.

Speed holdin  with pump displeacenent control cdeteriorates
as initial speed is rcduced. A closed loop control is

NCCesSsary.

At low speed, dynamic behaviour problcms are accentuated
by the low inertia of the motor.

2. Fixed Pump -~ Variablc Molor

The horsepowcr is approximately constant over the speed
range, which is desirable for a machine tool.

Open loop torque-speed characteristiic caan be sufficiently
good to maize a closcd loop system unnecessary, an improve-
ment in cost, complexity, and reliability.

=

L speed range of 5 ¢ 1 with a three specd gearbox would
give a rangc of 125 : 1

3. Variable Pump -~ Variable HMotor

Has a suitable power/speed curve. See fig. C.S./3/1/4A.

Ixpensive, and the speed range would probably be insufl-
ficient, howcver, a compact epicyclic pearbox could bhe used,
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Thiis method is more attractive for a numerically
controlled machince tool where spceds are demanded from tape.
The pump displacenent controlled speed range could be uscd
for dinching.

General

The forces required to alter the displaccient setting
of a variable displacenent unit arc large and a position serve
is often uscd - this is suitable for automatic speccd control.

A hydraulic specd control servo could be enmploycd since
accuracy is not critical. These tend to be cheaper.



i

B

o
3

LS

CONT RO

\ NUVE &

Wi

% 1

e e

= e s

SRRt NI X e

l__"

|
%
| i

4
JASL
OTOR

!
[

—
i

RS )

!

/\

"~

IC CS /31

.y
Lr"f‘% a

===

¥ _ﬁ'- - N L,. (=
{HARACTERISTICS

FRAN
e

POWER [SF

iy f 17

| ]

©

Hors



Moror Conrmpon, Pumr Coniroy

I 1l 1
S | T 7

mall - |
q>'f?\jL,‘\ N-o (I);},rl\j,[\i‘) -0 @i;]\*j[l‘) o (‘),—\J\r\-i Yo @‘Sll;\»’o

100 pen
SuPpLY PRrecSURE

S SeES—— : SISO, ST, NS—

R iy e i : ~ N . '
Sevevanie bocea OF  SwasHpaTe Actusmion System.  FIG CS/Y1S




w B w

CeSe3e2 Slideway Actuation

Choice of Actuation,

The two suitable forums of axis actuation were considered
to be:i=-

a) A leadscrew driver by an electric or hydraulic motor.

b) Hydraulic rams.

Hydraulic rams were chosen for the following reasons:-

a) The strokes on the two axes were of the order of
107 (25 cm.) on the controlled axes,

b) ILincar encoders hacd already been chosen to give an
absolute system with the minimum number of error
sources outside the control loop.

¢) The Design Committee wishcd to usec hycrostatic
bearings on the machine slideways meking a high
pressurc oil supply nccessarye.

d) The existence of a fluidic/hydraulic precision inter-
face in the form of the Moog two stage valve made the
use of hydraulic rams a feasible proposition.

Hydraulic actuators are most successfully applied to
short strokes up to approximately two fecet in length, i/ith
greater len_ ths the compliance of the hydraulic column
presents difficultiies when prccision control is reguired.

Design of the Actuators

The linear encoders have a minimum bit size of ,001%
(4025 mm.) although it will position more accurately i.e.
40003 (f ,0075 mm.). Thus there can be no error signal
n the loop until the slide has moved .,001" (,025 mm.). The
ystem therefore depends on the ram stiffness for accuracies
pgreater than this.

0 P

-3

In roughing operations where very high cutting forces
occur, i.ce. 500 1b.f. (225 kgaf.) this is not of great
importance as accurate worl: is not undertalien with such
conditions., A finishing cut wmight provide a force of the
order of 20 1b.f. (9 kgefede

The rams are designﬁd from a stiffness figure of
5 x 102 1b./inch (9 x 107 kg./cm) which is very high for a
system of this lkind, The resulting large ram area also
means that actuating forces are very high comparcd with
cutting and incrtia forces.

The high stiffness and low inertia of the sliding
assenbly means that the system has a high natural freguency.



The damping factor required for stability under these
conditions is negligible and will be inevitably cxcecded by
the inherent damping of the system.

The control system is of the digital type and calculations
of the loop gain for stability are not applicable, The signal
to the Moog valve can be adjusted by altering the supply
pressure to the Digital to Analoguce convertors.

Velocity Control of the Axes

To satisfy fecdrate requirements the fcedrate of the
axes had te be controlled to within 5%. Velocity control
systems were investigated (see scction C,S.4.5).

It was decided that a sufficiently accurate fecedrate
could be obtained by an open loop system depending upon the
flow of oil through the valve associated with each axis.
The valve would be temperature and load sensitive, but load
forces were very small comparcd with actuation forces (a
maximum valuc of load forces/actuation forces is
ga). Dy dumping oil through a by-pass valve on starting up
the machinc, the running tempcrature could be reached quickly.

See fig. C.8./3/2/17 for the ram speeification. The rams
are identical for the two axcs.

A block diagram of the lincar path control is shown in

fig. C.S./3/2/2. As explained carlier, the velocity control
iz of the open loop type, there being no velocity information
fed back from the encoders,

CeSeda3 The Indexing Ran

A ram is required to move the hecadstock and encoder
assembly through a distance of approximately 147 (35 cm.)«

Two systems were considered:-

a) Using a locking ram.

b) Using a conventional ram to hold the headstock
against set stops.

The first systen would prove expensive as the rams
would have to be specially made., It was decided to adopt
systens (h).

Low compliance of the ram would minimise any movement
owing to cutting forces, and the short dwell period which
must be programmed at any shoulder on the workpiece would



effectively remove this e¢ffects The positioning force would
be high compared with cutting forces as in the casc of the
axis reoas.

A five port fluidic/hydruulic volve is necessary so that
indexing can be programmcd from the tape. Such a valve is
available comiercially at a reasonable price. (3ee
Pigs CaB./ 5 B4l

See fig. C.S.,/3/2/1 for the ram specification.

CeSe3el The Tailstock Actuation

While the tailstock is in operation, it is maintained
in contact with the worlpiece b, the oil pressure in the
hydraulic ram. This pressure is limited by a relief valve,
the setting of which can be varied for dirferent workpicces.
Thus the tailstock will follow thc workpiece, and be pushed
backwarcds by the workpicce according as the headstock is
moving away from or towards the tailstocl.

he tailstock is retracted by admitting flow to the
te cide of the ral.

The forces excrted by the tailstock are small compared
with thosec exerted by the ncadstock and cutting and position-
ing will not be impaired. To prevent flow wastage the tail-
stoclt ram will be of a miniinua diameter and the supply
pressure will be reduced by a restrictor, consistent with
maximum flow reguireiientse.

The necessary valves are detailed in fij. C.8./3/6/1.

CeBeDer  'Ihe Loolpost Hotor

ot

The most important factor in this application is size.

Ideally &« constant powver drive should be used, and this
could be approximated to by a variablce displace:ient motor.
However this would be bullyy and would reguire a compact
fluidic/hydraulic actuation system to alter the displacement.

It is thercfore decided to use a smull high spced fixed
displacement motor and to alter its spced by regulating the
flow with a valve. This gives a constant torque output and
so tie moltor has to be rated in terus of torgque at the low
speced requirement., This leads to excess power when running
at high speed, and hence inefficicncy.

However, in a low power application of this type, this
is relatively unimportamb. The valving could be cifected
using on/off valves and rated restrictors, or by using a
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proportional valve commanded from a Digital/Analogue
fluidic converters Thc only proportional fluidic/hydraulic
valve at present available is a high performancce servovalve
and hence is costly. Such a high performance valve is not
necessary, and a less refined valve is specified,

CsSe3e6  The Hydraulic Power Pack

This comprises two main povier sources.

(1) The headstock drive system.

(i1i) A constant pressurc supply for the rams and
auxiliary equipment.

(i) The headstock drive is described in section C.8.3.71 and
the circuit layout shown in fig, CeS8.3.5e1. This is in effect
a separate systcm, but the output from the motor is fed to

the common reservoir so as to simplify ceoling arrangemonts,

The boost pump ond restrictor in this circuit are to
maintain positive pressures of approximately 50 p.s.i. at

puwiap inlet ond motor outlct and hence prevent cavitation.
A brief specification of the pump and notor follows:-

Downel model 125 Variable displaccment pump.

Displacenment 125 cusin./revs
Input specd 1500 r.D.dla

Headstock Hotor
Displacement 4 cu.in./rev.

System Pressure 54000 peseis

The headstock motor is o nodified amial piston unit
(sce Design Report) and no part number can be guoted.
Figurcs ncedcd in the design of the circuit were obtained
by inspection of data for the Downel motor model 325,
(ii) The pump for the axes and auxiliarics is identical
to that specified in scction (i) above with the wnddition of
a constant pressure servo.

The supply pressure is 5,000 pe.s.ie

CulbaTwd Cost of the Actuation

Sce fige CeS.3/5/1 for details.

The total cost of the actuation system is estimated
at £1,300,
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CeBa3ab Recommendations for Further Work

An investigation into the most suitable system for the
toolpost motor might provide a superior systeil.

Developments in hydrostatic drives, c¢.g. ball motors,
could provide an improved spindle drive system of an

cven more compact form.

In the future, the techniques used should be revicwed
in the light of available technigues and cquipment,
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S UMMARY

This report details the design of a fluidic control
system giving rotational position control to 0.5° on
chuclk indexing, 0,001" positional control on linear
motions and allows the selection of one of nine feed
rates. The total cost of the control section is
estimated at approximately £600,
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Seli i The Lincar Encoder

General

An encoder is a device which presents information;
position in this case, in a form which can be understood or
utilized as an input to a control system. An encoder may give
an analogue or digital output; the slide rule or micrometer are
examples of analogue devices in that their reading is contin-
uously variable anc the final significance of the reading
depends on the judgement of the operator, a desk calculator is
a digital device because the information presented varies by
discrete digits and not by proportions of digits.

As previously stated, a fluidic control system was chosen
for this machine. Current fluidic analogue devices are not
sufficiently accurate to enable an analogue encoder of the
required accuracy to be designed with confidence., It was
therefore decided to use a digital systen.

The cncoder could talte one of two distinct forms; rotary
or linear, RIach has its advantages and disadvantages. Rotary
encoders are nounted on the wmachine leadscrew or driven via a
racli and pinion from the slide, In either case backlash in
the mechanical mechanism can give encoding inaccuracies,
However by the use of suitable gear ratios and encoder sizes
finer discrete digits can be sensed, ILincar encoders are
incorporated in the slide to be controlled or arc rigidly
attached to it so that there are no baciklash errors. However,
the smallest digit used is limited by the scensitivity of the
encoder scnsing system. It must be noted that the smallest
digit is not nccessarily the smallest discrete position change
that can be sensed. Ref, 1 gives details of a rotary cncoder,

The committee considered that a linear encoder, in con-
junction with ram actuation, was more suitable to this applic-
ation., It was also decided that the encoder should take the
form of a separatc assenbly which could be bolted to the
slide becausc:-

1. A malfunctioning unit could be removed and a rcplace-
ment fitted with the minimum of machine down time.

2e The same type of unit could be used on both the headstock
and tool slides.

3a There would be a possibility of mariceting the encoder and
a recadout for use in a similar manncr to the Digiturn
Systeim.

4, The slide way design is not complicated by an integral
encoders
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The encoder can be considered to comprise two parts;
the coded strip and the sensing head., The sensing head
translates the data contained on the coded strip into a form
which can be used in the control logic circuitry. Either
the strip or the sensor i1s fixed to the machine franme and
the other to the slide. Since the sensor requires input and
output connections it is more convenient to fix the sensor
to the frame datum so that problems of paying out and taking
up slack tubing are not encountered.

Choice of Code

There arc many different codes which could be used to
obtain the required information. A basic requirement of the
code is that it should give an unambiguous signal at any
position. In the binary code, more than one digit changes at
a time, which can result in an ambiguous reading. This can
be overcome by using a dual nozzle sensing system such as
U-scan or V~-scan, OTr by using a code in which only one digit
changes at a time such as Grey code (a reflected binary code)
or Pctherick codes

The use of U=-scan, V-scan on an anticipatory systenm
increases the number of clements required in the sensor,
hence incrcasing its bulk and power consumption. The code
pattern is more complex and hence manufacture is likely to
be morc expensive than with the LIBAU and CRAIG code. This
can be seen in Table 1, which shous the code pattern fop
WBinary', "Grey', petherick!’ and ‘Libau and Craig' codes;
the latter can be more conveniecntly referred to as creeping
code although it must be remenbered that there are other
creeping codess

Trom Table 1 it can be seen that if each decimal change
is 0,001" the smallest digit sizes required are;j Pinary 0,001",
grey 0600117 (deces noe 9), Petherick 0,0027 and creeping code
0,005" and that the creeping code can be represented by an
inclined bar. The creeping code was therefore chosen because
it is a code which should be cheap to manufacture and also
because it gives the largest digit size Ffor 0,001% increments.

The Sensing Head

For each decade the sensor contains five readout unitse.

The signal coming from the sensing jet is a very low pressure
one requiring shaping and amplification. This can be done by
a. mono-stable or bi-stable elemente Generally mono=stable
elements have a lower maximum operating frequency than bi-
stable elements. Also the use of two control jets 180°

out of phase (one jet coming on &S the other goes off) can
with correctly designed jets give & npush-pullt control
signal to the clement which enables a digit on the code of
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smaller physical size to be sensed.

The correct phasing of the control jets can be obtained
by spacing the jet centres At an odd multiple of the cncoder-
track digit size or by using a track for each jet, the two
tracks being 180° out of phase. In the latter, the jet which
runs on the ""true' track can be considered to be the set jet
and the other the rcset jet. Sce Mgs. Ce.S.4ela and 1b.

Dec,
No. BINARY GRAY
0 0O 0 0 o© O 0 0 O©
1 g 8 8 3 g8 o O 9
2 o o 1 0 g o 1 1
3 g © 1 9 0O 0 1 O
L o 4 0 0 @ 4 1 ©
5 5. 4 © 9 & % 7 3
6 o 1 1 © o 1 0 1
7 g 4 4 4 O 1 0 O
8 1 0 ¢ © 1 9 0O 0
9 17 0 0 1 f 9 @ 9
Dece
No. PETHERICK LIBAU and CRAIG
: (Creeping Code)
0 ¢ % B 1 o o0 0o 0 O°
1 O 0 0 1 o 0 o o0 1
2 ¢ O 71 9 o 0 0 1 1
= o 0 1 © o 0o 1 1 1
L o 1 1 O g 1 1T 1 A
5 1 1 1 0 1 1 i 1 1
6 17 0 1 © 4 % 1 % 9
7 1 © % 1 ¥ & % 9 4
8 T & 0§ 1 1 1 0 0 0
9 1 4 @ 9 1 0 0 O ©

TABIE 1
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The Coded Strip

An encoded movement of 3% is required in 0,001% divis-
ions, this requires four decades:-

Decade Measuring Digit Size
1 0-0,009" 0,005
2 0,01=0,10 0,050
3 0,100-1,0" 0,500
Ly 1.00~10,0" 50001

Five sets of nozzles are required per decade.

The cheapest satisfactory method of producing the strip
is etching in shim from a master produced on a N.C. photo=-
graphlc machine.

The code pattern must be arranged so that exhausted
air from a track does not affect the adjacent tracks, At the
samc time the shim must be adequately supported., Doth
objects are achieved; at the cxpensc of increased width, by
mounting the strip on a base plate which has ridges under the
junction of the trackse

Control Jets

Ref., 2 gives some information on the performance of
different size control jets. The control jets used in the
design here are of the back pressure type,integral with an
amplifying clement (sce PT/CS/C/114). Very little detailed
work on the use of such jets has been published but from the
previous expericnce of the committee it was concluded that
for satisfactory jet pressure rise time and definition the
jet should be rectangular in shape, at least 10 = 20%
nerrower than the digit to be sensed, and have an aspect
ratio of % to 6.

The sensing gap (distance from the coded strip to the
jet orifice) is very critical particularly as the jet size
decrcases. Consequently the encoder must be designed to
maintain this gap at 0.,0005" to 0,001", Shielded or reflected
jets could be uscd at wider gaps but would increcase the
overall size of the assembly.

Since the smallest digit is 0,005 a jet of 0,00k
wide must be used.
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Encoder Scheme 1

The creeping code pattern can be arrived at by using a
horizontal code pattern and displacing the reading heads
relative to the code or by inclining the code and having the
readout head-nozzlc datum in a straight line normal to the
axis of the encoder, The first possibility is considered hecre.
It is assumed that the rcecquired clements are 0,71 thick and
made of etched shims or injection moulded. Dycril elenents
could not be used because of the variation in section depth
of the element i,e. 0,004 nozzle and, say, 0,020/ ~ O,040"
supply Jjet.

This system was subsegquently rejected because of the
need to maintain accurately the total elcient thickness and
jet positions and the e¢ffects of cumulative tolerances on
etched shim elements. Table 2 gives the required rclative
jet and code positions.

With regard to Table 2, Ln is the distance of the control

jet centre line denoted by the suffix Irom the centre line of
control jets for clement 1 : 1. This dimension is wmade up by
addin;, suitable spacing shiius between clement units.

Decade Sensor Effective MMrue’’ Track Ln
Element Reading start
Position (in)
1 s 1 0,001 0,000 0.000
: 2 0,002 0,101
: 3 0,033 0,202
H Li' 0.00"—1- 04503
£ 5 0,005 0 40k
2 s 1 0,010 0,010 0.510
¢ 2 0,020 0.620
T3 0.0350 06730
s b 0,040 0.840
3D 0,050 0,950
3 51 0,100 0.150 1 4050
: 2 0,200 Tad50
b 5 0,300 1.250
s i 0,400 1350
¢ 5 0,500 14450
L 5 1,000 2.550 1550
: 2 2,000 34650 1,650
i 3 3,000 4,750 1,750
: L Iy ,000 54850 1.850
: 5 5,000 6.950 16950

TABLE 2  Relative Arrangeiient of Codes end Sensors
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Encoder Scheme 2

If the sensing heads are placed parallel to the line of
motion (axis of encoder) (Fig. CuoSe2e1el1A) a system which is
casier to understand is obtained. However, the design of
elements for fabrication from etched shim is more complicated
than for Scheme 1., The elements could still be injection
moulded but as the maximum practical aspect ratio for this
type of manufacture is approximately three, and since the
width of the control jet is 0,004, the depth would be 0,012%,
Tlements of this size are not at the moment in general use
but arc perfectly feasible. Alternatively one of the low
aspect ratio elements currently being developed might be
suiltableo,

Elements of a standard type could be used for decades
1, 245, thatl is, fifteen bistables, although the distance
apart of the control jets would vary. For decade L, five
monostable units are used. The operating frequency of decade
I is considerably less than that of the remainder and conse-
quently the use of a monostable is no disadvantages.

Onc set of the bistable clements! control jets and the
control jets of the monostables are set on the effective
encoder zero datum line. The reset jets of the bistable
clements are positioned at odd multiples of the digit size
i.c. 80 that one jet goes off as the other comes on., It is
desirable that the jets arc as close together as possible sO
that they can all be supplied from the saume manifold. The
control jet centre linec distances then become, decade 1
O.k75", decade 2 0,4501, decade 3 045"

No displacement of the codes is reguired as the set
reading heads are all positioned on the encoder zero datum,
but an inclined code is therefore used.

Tither scheme could be used but scheme 2 offers a more
suitable design for laboratory study and is therefore shown
in the accompanying drawings. Scheme 1 would require a
different trolley assembly and a different coded stripe.

The coded strip is etched from both sides in 0,005%
thick INVAR, This material has been selected because of the
possible thermal cxpansion cffectls, for example if the
entire encoder were made of mild steel an error of approx-
imately 0.003" could occur due to thermal expansion. This
is at maximum extension and assuming a 10° ¢ temperature
rise, however the system will be thermally shielded and
temperature rise is no®t expected to exceed 3° C, The strip
is mounted on a mild steel base plate which contains
exhaust passagesSe Longitudinal location is provided by
one of three pairs of dowels positioned half-way along the
length of the stripe The strip is held on to the base plate
by the runners. These runners do not clamp the strip., The
surfaces of the runners and base plate which contact the
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strip are sprayed with P.T.F.li. to give a solid lubricant
film so that their expansion does not affect the strip.

The sensors arc wounted on an input manifold block,
the seusing gap is controlled by four roller bearings so
that the manifold sensor assembly forms a trolley. The
trolley is spring loaded against the strip and connected to
the machine slide by an INVAR rod,

An encoded length of &% is required but because the
sensing elements are parallel to the direction of motion
and the effective trolley length is 0,5%, that is the control
Jet centre line distance for decade three, an actual encoded
strip length of 107 is used so that the total encoded dist-
ance is 9,5".

The central manifold is 0,5% thiclz, the elements are
0,040 thicl:, mounted on either side of the manifold and
clamped by two end plates. Thin Dycril, Type 30, can be
uscd for evaluation purposes giving an element depth of
0,016, Each track is 0,025% and the tracks are spaced at
0,020" intervals so that 0,0057 shims are placed between the
c¢lements to give the correct spacing. Shim thickness is
varied to correct for eleiment thickness variations. As the
tracks are 0,025% wide and the sensing jets 0,0167% x 0,004
a cumulative tolerance of 0,009" is permissible on the
clement spacing. The jet spacing and output positions
(PT/CS/C/114) are given in Table 3 and the drawing number
and part list in Table 4,

Supply input is via hole D(PL/CS/C/101) one end of
which is blocked., The outputs from the sensing elements
can be taken direct from the clements after drilling and
fixing of suitable terminal tubes or via a manifold screwed
on to the ends of the central manifold,

Supply, and output tubes are bound to the encoder
connecting rod, A4 thin rubber sheet is fixed over the open
end of the encoder to prevent ingress of contaminants,

It may be desirable to have the code zero datum at
either end of the encoder travel. To allow for this situ-
ation the secnsor trolley is provided with two attachment
poigts s0 that the trolley and strip can be turned through
130°.

Three pairs of dowel mount holes for the strip are
provided, If the encoder is mounted by its ends, then
one of the outer pair is used; if the encoder is mounted
by the base then the central pair is used.
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Zero position adjustment is obtained by varying the
effective length of the eyelet bearings at either end of
the connecting rod, These hearings are precision aircraft
servo linkage bearings and should be sufficiently accurate
for our needs., If it proves that they are not sufficiently
accurate, spring loadcd spherical bearings can be uscd.

If it is required to decrecasc the digit size to
0,0001', this can be achicved by the addition of a coded
drum to the trolley, driven via a rack and pinion from the

strip mounting.

The cstimated cost is 380 -~ 2140 per cncoder.

position 1 or 2 see PL/C5/C/11k

Element Type % inches Output Deccade Decoder Input
1 Bistable 0.,4750 1 1 E
& n n 2 0,001 D
3 il 11 '! c
L it il 2 B
5 “ n 1 A
6 i 0.4500 2 2 E
7 i i 1 0.010% D
8 1 " 2 i
9 T it 1 B

10 i i 2 A
11 n 0,5000 I 3 E
12 it i 2 0,100t D
13 il ] 1 L
1k X i 2 B
15 1 i | A
16 Mor.o= - 2 L B
stable
17 " - il 1.0 % D
18 n - 2 C
19 [ - 1 B
20 i - 2 A
TABLE 3 Sensing jets centre line spacing 2" and output

Eleizent numbers refer to relevant traclk numbexrs, sece
PR/CS8/C/100. The decoder inputs given are those at the

rear of the block i.e. closest to code datum.

outputs give the negated signal,

The other
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CoBatbed Code Converter for Iinear Iincoders

The code used was invented by Libau and Craig. The
code has a decimal, creeping form, i.e. the basic unit is
subdivided into ten sections and starting from the least
significant digit the code advances progressively and uni-
formly with increase in significance, until dijit 5 and
thereafter decreases progressively. This is clearly seen
in the table below.

Decinmal Iibau and Craig Binary code
No, (Creeping code)
4 B C D E Ww X Y 2
0 0 0 0 o0 0 0 0 0
) g 0 @ 0 1 e o 1
2 0 g 0 1 1 0O 0 1 0
3 O ¢ 1 1 1 0O 0 1 1
L c 1 1 1 1 D 1 ¢ ©
5 T 4 1 4 4 0O 1 0 1
6 1 1T 1 1 © g 4 1 0
7 171 1 0 0 g 1T 1 1
8 1 4 0 © © + 0 © @
9 1 0 0 0 O 1 0 0 1

The binary code is normally used for the logical ren-
resentation and processing of data. However, direct encoding
in binary presents serious problems. This means that either
the data from the encoder must be processed in creeping code
which means converting the static binary (ISO standard)
signal from the reader into creeping code or converting the
encoder signal into binary and processing in binary.

Libau and Craig to Binary converter

By inspection of the table above it can be seen that:-

—

W = A.C

that is, the only time 1 appears in the W column of the
bvinary code is when 1 appears in the A column and O appears
in the C column of the creeping code. Data relating to
BeDeFa is not required to define W,
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oo W o= 4.0
similarly X = B.C
T =584+ C.E
%2 =5.E + B.C+A.E + C.D + A.B

These relationships can also be arrived at by Vietch
mapping techniques,

The creeping code is represented on a five variable map
fg. C.3.4/2/1. Of the thirty-two possible combinations onl;
ten are required, the remainder are termed '"Don't care
functions" and can be combined with the actual combination
required to minimise the relationshipe.

Consider binary W which exists for decimal 8 and 9 only
This is shown in Fige. C.S.4/2/2 and 3. Both figures represe:
the samc conditions. TFig. C.S.4/2/3 is included to show tha
the cotbinations of 8 and 9 with ""don't care functionsi is
valid,

Combination gives:

W = A(B.B).C.(0.D).(®B.E)
Now B.D = D.

i

:E.E:1

..a W= ﬁoa

B et

which was previously shown by inspection. This process is
repcated for X, ¥, % and verifics the previous conclusions,

Logic circuits arc then designed to satisfy these
equations. The circuit may be made up of active only or
active and passive elements. In this casc active elements
only werc uscd.

It should be remembered that the cncoder includes
amplifying elements so that for each digit a true and negate
signal (i.ecs A and A) can both be used as inputs to the
decoding circuit simultanecously. This simplifies the logic
and reduces the fan-out requirecd. Fig. C.S.4/2/L4 shows the
crecp to binary converter. Twelve two input, and onc thrce
input, OR/NOR-s are used. The longest circuit path is three
elements. TFour decoders arc required per axis, estimated
cost, 56 for both axes,
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Binary to creep converter

By the same procedure the circuit shown in Fig.
C.S.4/2/5 is derived. This could be used after the tape
reader to convert the static signal inte creep which could
then be compared in this form. This is preferable to con-
verting the dynamic signal., However, it was found that the
comparator design was then unsatisfactory inthat the
direction sense was more difficult to obtain.

Here the relationships are:-

W+ X8 + XY
B =X+ WZ

C =X+ Y&
D=X¥ + XY + X2
E = x¥ + Xy + 0¥a.

A
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CeSlted Comparator

Introduction

Meny circuits have been developed for processing command
signals and actual position signals so as to feed intelligible
information into a control system. The complexity of such
circuits is in general related to the rcquirements in achiev-
ing the final position. This statement can be explained by
briefly describing some existing linear positioning systens.

If the requirement was that the system must move a mass
from point A to point B, and overshoot can be tolerated, then
the "comparator! need be nothing morec than a sense-of-error
device coupled with an equivalence signal gencrator. This
type of system has been built (Ref. 1) and has met the design
requirenents.

If the reguirenent was, that the movement above must not
overchoot, then the design can take one of several forms.
One is to build into the first system a method of anticipating
the final position, so that when equivalence occurs the mass
is moving so slowly that it stops on this position. This is
done by the table sending to the ‘'comparator' a signal that
is physically leca&ding the true position signal. hen this
is equivalent to the conuand signal the nachine switches to
& creep rate. The ilcomparator' now cowmpares the true pos-
ition with the command signal, and, when they are cquivalent
stops the movement, thus overshoot is reduced to an accept-
able value, ‘his method has the disadvantage that only the
highest approach speed gives the fastest possible response,
since the reading head is positioned at a distance equal to
the stopping distance at the highest speed. Also, there is
the added complication of building two additional sets of
reading heads; one for forward travel Mlead!, and one for
reverse travel 'lagil,

Another form is a subtractor circuilt which continuously
gives the difference between command and actual position
signals. The disadvantage of this type of '"comparator’,
apart from the large number of elements it requires, is
that additional logic has to be added to prevent overshoot
(Ref., 2)

Project Requirement

The reguirement of the project was to move a mass from
point A to point B without overshoot, and at a controlled
feedrate. The system had to accept binary tape inputs in
four decades (B.C.D.) and also position signals in the sane
form. The signals required by the velocity control circuit
from the comparator are outlined in the following truth
table.



BT ne

IF'orward Reverse Creep Meaning
1 o) 0 The difference between tape and

machine is greater than creep
initiation distance so read
velocity and go forward,

0 1 0 The difference between tape and
machine is greater than creep
initiation distance so read
velocity and go reverse.

1 0 1 Initiate creep speed and go for-
ward.

0 1 1 Initiate creep speed and go rev-
erse,

0 0 0 Stop all motiomn.

1 1 ; Any of these combinations indi-

1 1 0 ) cate a malfunction of the com-

0 0 T J parator and should be used to

switch the machine control off.

Space limitations in the linear encoders made the fit-
ting of lead and lag nozzles difficult and it was therefore
decided that the comparator should detect the point at which
creep rate is started. To prevent overshoot under certain
conditions such as approaching cxact numbers, i.e. when all
decades change at the final position, it was decided that the
comparator should anticipate these. The method chosen is to
take the absolute difference in a given decade. ifhen this
is reduced to unity, a carry 'one! signal is jencrated, and
sent into the next decade down. "This causes the decade to
give a large ecrror which again when reduced to unity sends
a 'carry one! signal, thus it is impossible for all decades
to change simultaneously.

The method used to detect the creep rate change point,
was to look at the 1in. decade together with the O.1in.
decade, when the forward or reverse signals from these
became zero it meant that O.7in. had been carricd forward.
In machine distances this means that dependent on the rem=~
aining 0,01in., and 0,001in. decades the mass could be O,lin.
from final position or at worst 0.,199in. Because of the
simplicity of the circuit it was dccided that this variable
creep selection point was acceptable. Also, overshoot of the
change point is bound to occur because of the time delays in
the fluid and hydraulic circuits.

Circuit Operation

Jith reference to Fig. C.S8.4/%/1, the function of the
D/A converters is to produce a pressure or flow output




& B3 i

that is an analogue of the binary input, Fig. C.S.4/3/2A
shows an idealized output Irom such a device. If two
elements are connected as shown in Tige. C.5.'+/3/1, then the
output of amplifier PA, will be nroportional to the differ-
ence betueen the binary input signals.

If PA, is centre dump, then the output from a side leg
will be normally =zero, and increase for increasing differ-
entials. Figs. C.S.4/3/23, C, D show idealized output
pressurcs from such an amplifier. If the dump output of PA1
is fed to the input of PA,, and this input is balanced by
a bias pressure B,, then %he output, 0, will be as Fig,.
CeSolt/3/2E for vafious input errors. %hc output pressures
shown on graphs C.S.4/3/28, D and E can now be utilised to
trigger low hysteresis OR-NOR elements at the reguired
points.

Inspection of the overall circuit reveals a symmetry
in each outer circuit, and therefore for clarity only the
forward loop is described. B, biases ON, so that for tape >
machine by 2in. flow is out o} the OR leg, at the transition
between 2in. and 1in. flow switches to the NOL leg. B
biases ON, such that for tape > machine by 1in. the fiow
is switched to the OR leg, at the transition between one
and zero, flow switches to the NOR leg, Thus for tape
machine by 2in. ONlq holds ONy in the OR output. ONp is on
the OR output so therefore ONg switches to the NOR leg
(forward). At the transition from two to one ON, switches
to the NOR leg, this causing ONg to switch to the OR leg.
ONj now switches to the NOR leg (carry 10 forward). Lt the
transition from one to zero, CNp switches to the NOR out-
put which switches Ol to the OR output. Cp and Cp are
bias inputs applied to the D/A converters which have a
value of 10 units. This input is not used on the 1in.
decade but 1s used cn all finer ones., The total output
graph of the D/L converter is shown in Figz. C.S.4/3/2F.

It should be recalised that the proportional amplificrs
should be designed so as not to saturate when an input
analogue pressure of ninetcen is present.

The circuit shown in Fig. C.5.4/3/1 can be represented
by a function block, these blocks can be coupled together
as shown in Fig, C.S.4/3/3 so as to produce the required
signals for the velocity control circuit.

Epmber of Flenents

The nuaber of elements required per axis for the
comparator are as follows:

Active Passive Total Cost

44 8 49 £30,10,0,




Total Time Delay

The time delay for the circuit has been estimated to
be 2.8“18- »

As yet the type of D/A converters specified have not
been developed, 2 crude element whose output pressure is as
graph F, Fig. C.S.4/5/2, has been developed by introducing
a bias port into a D/A converter.

As 0N1_5 only in the worst case have to detect a step

of one part in nineteen this should not be too difficult to
achieve.

Only one element ON, is required to have a fan-out of 4,

REFERENCES
1 AVIV, I. The design and construction of
BIDGOOD, R.BE. and a pure fluid four-bit binary
RAMANATIAN, S.R. comparator.
2nd Cranfield Fluidics
Conference, 1967, paper Hb6.
2., VEASEY, R. and Drilling system design project.
POWELL, Ii.A. TFinal Report of Control Systems

Committee, 1967.




ﬁxWeI

~

\EadFeX%N ,m@um\/w&

\G‘ Al Qﬂmu

d&;\ L

307 -

! NWJ

ol

7
o)
]
Y

AGIANAY

e}

S4

e

QereM30

el M:..)

SAAINAWY IWHOLIODOZd dWwng adLN3aD  2-'¥(d

calda3 »Qu 3NPOTYNY @) TYLIOIg - )

J\SAUBLSAY MO ENNG

NEwdW QU ANY24 ﬁ.u il

N

AANII WO OLNBVMIOH O ASBY)

ANNA




2lel ¥ by

&

\M - AMWLG < m w
»\w ./Lm_ »Iy\wx«
o é

33Anse33d
LOGN| 8YIg

\
L

e,

s,

ANDOTYNY

A

| WG @

oo cmen oms pmen)

w
i
?
t
i

e
@

R | ANIHAYN 2

ot
s (I Y

P
14

S

s Ty e T S DTG GO ST SEYS MONT RN Qe g

N

2

4 LOAN| AXENIQ ¢




A A

NV

e ol S L
ASEANAS & - .
- - & I U, J— —
| SR ;.J»ﬁ P i s 0 ixi!f,«.q!w
S A B, [N [p——— § e
e e ST Al
——— T
L o 1 b...é.@é.a\/ 1
‘ w N m 3
LAy | il i
h LI e .
O -
< IR ™ ek

18 1%4% 1




- 57 =

CeSelelt  Creep Rate Selection and Time Delay Effccts

In this application positional overshoot must be
limited. This means that the creep speed, circuit delay
and machine deceleration rate must be considered in con-
Jjunction with the desired positional tolerancc.

Component Estimated Delay LEffective Elcment
MeSEC, Path Length
Encoder 0.8 1 + 2 jets
Decoder 1.05 3
Comparator 2.8 8
Velocity control 1.05 3
Interconnections 5.00
Moog wvalve 5.00
Sub total 15w
5ay, 16
Actuation 14
cylinder —
Total 30

The time of 14 m.sec. is greater than that which is
likely in practice (as is the figure for interconnections).
The actual figure is dependent on the machinc parts sliding
inertia and thce actuators hydraulic stififncss.

With reference to Fig. C.S.4/4/1 the distance trav-
elled d must not exceed 0.0003" in the worst condition,

o - un : 16 ’iLI' ¢ T
oo 0.0003 =75 ~ zmsm 5 7555 | where u = "/nin.
. : 60 . :

< u = 0.,0003 x 1000 x %= 0,9 "/min.

. 1000 _ 1
o« deceleration = %ﬁ? X=r X793 = 0,086 ft/sec.

2

—

0,086 .
=55 >~ 0.00 8

A deceleration rate of 0,003z is cxtremely low and
the deceleration would be much higher than this, therefore
a crecep spced of 1%/min. can be safely used.
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The highest feed rate is 30'/min. Considering the
change from 30"/min to creep feed we have the situation in
Fige CoSi/lt/2. The rate of deceleration required to
change from 30"/min. to 19/min. in 14 m.secs. is approx-
imately O41g. During the deceleration period the tool is
cutting but it is unlikely that surface finish would suffe:
especially as the deceleration is not instantaneous.

The feed change takes place at 0.1" to 0.199" prior
t~ the desired position.

From Fige. C.S.h4/hL/2

s . 30 16 29 7 f 1y 4+ 16 + 73 1 X
“ ‘E‘G"moo*%‘é"moo"‘éﬂﬁk 1000 ; ¥ 80 * 7000
- 8 + 3.4 o+ 0062 X
= 1000 + 80,000 ‘? (x = m.sec.)
L

n

-

012 + = x 10”7
(6]

talking 4 = 0,199%

then x ©11 sec. (1)
taking 4 = 0,100"

then x =X 5.4 sec.

The remaining feed change situation which requires
consideration is the change from fast traverse to feed
rate prior to the tool meeting the work, Here the worst
combinations are anticipatory distance 0,17, and a

desired feed of 1 /min. i.e., creep feed.

This is represented by Fig. C.S.4/4/3

s _ 100 16 1 14 99 x 7
distance travellcd d = <o = 7000 + 5 X 560 + €65 7000
.{L: O a OL}O"

which is well within the
permissible 0,1,

Hence the deceleration would be 0.3z.

From the above it is seen that a fast traversc speed
of 100%/min., fast feed rate of 30"/min., creep feed rate
of 1V/min, and an anticipatory distance of 0,1" to 0,199
can be used,
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The deceleration rates uscd are feasible and a
higher fast “raverse speed could be used on the tocl slide
depending on the total effective mass of the systen.
Throughout the calculations the decelerations used were
pessimistically low, 0.5z would be more likely.

To reduce the time of 11 secs, (1) above, the comp-
arator could be modified to give an anticipatory range
of 04,0757 to 0,100,
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CeSelte5  Velocity Control

The investigation into velocity control has concluded
that for this application an A.C. system as initially
envisaged is not necessary. It is succeeded by a systen
for seleccting particular velocities digitally. The systenm
was Binary to Analogue converters to provide an analogue
control output.

The initial conception was to control velocity by
comparing two frequencies. One being representative of the
required speed and the other of the actual speed at that
instant. Alternatively D.C. levels could be taken as rep-
resentative in the same way. Frequencies may be produced
by oscillators or by resonators. The General Electric Co.
of America (Boothe, Ref. 1) use Helmholtz resonators,
presumably because the chamber volume may be adjusted to
give frequency variation.

The international standard (ISO) for velocity control
on a machine such as that being considered is +5% = 3%
It was decided that the maximum linear velocity required
would be 30 inches per minute i.e. 3000 rev.per.min, at
0,010 inches per rev.

At an early stage in the investigation a system
using basically one fluid proportional amplifier was
rejected because it was considered to be insufficiently
accurate. Consequently the investigation continued with
systeus of the type comparing frequencies, It was felt
that a frequency representative of actual speed could be
obtained from a pick off system from the linear encoder
strips.

Basically two resonators are available, being tuned
reeds and llelmholtz rescnators. G.E. statc that reeds are
preferable for the control of one particular frequency and
that to facilitate for a range would prove too complicated
to be worthwhile. It is felt that a simple system could be
uscd employing only one reed, the frequency of which could
be variable by means of an adjustable slecve. Sce Fig.
CeSel/5/1. The sliding sleeve could prove difficult to
position sufficiently accurately.

Situated at the cnd of the reced is a vane which
interrupts flow to the sensing nozzle from the supply
nozzle. For a reed frequency of zcro, flow is zero, and
for increcasc in frequency flow increases proportionally.
A twin reecd system is described in detail in Ref. 1
where the system has been successful using air, hydraulic
oil and water as the fluid.
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The control system illustrated in Fig. C.S.4/5/1
compares the differences between consecutive sums of
bressures and frequencies., The resulting output from the
comparator making the necessary speed adjustment as
required.,

Systens using amplitude and phase discrimination are
»1so described in Ref. 1. At one time it was considered
that a modified version of the phase discrimination
system could be used. However the necessary modifications
were too many and difficult so the system was disregarded.
The modifications required were: a square to sine wave
pulse shaper, a system whereby the resonator need not be
adjusted and consequently rely on piston positioning
repeatability for accuracy of control, and a compatibility
circuit as shown in Fig, CeSe4/5/3. The first of these
modifications being the most difficult to achieve., The
actual system is described in Ref. 1 and is shown in
Figso C.S.LF/5/2 and CQSQLI‘/B/B.

Another alternative control system could be developed
and employed. This was the principle of the edgetone, used
in a variable mark space ratio mode., However, at this
time edgetone devices are not sufficiently developed and
the system is not recommended for that reason, although
the system could be acceptable in the near future., The
system is illustrated in Fig, C.S.4/5/4. It is appreciated
that it could be undesirable to superimpose two control
frequencies onto the basic edgetone frequency. In order
to overcome this situation a D.C. level should be used in
preference,

The required feeds were determined from Ref. 2. In
fact the initial minimum of 0,001 inches per revolution at
100 revolutions per minute i.e. Oe1 inches per minute was
considered to be too slow. The range was determined to be
as follows:-

1 creep, 3, 8, 12, 16, 20, 24, 27, 30 and 100 inches
per minute, These speeds will be programmed on the
tape as 1 to 10 (Binary) respectively, 100 inches
per minute being fast traverse.

After a discussion with Mr. Cunningham of NeEoeLe,
as previously mentioned, it was decided that a velocity
control system of comparable sophistication to those
previously mentioned was unnecessary. Consequently a
velocity selection circuit was designed and adopted,
See Fige CoS.4/5/5. The system would be duplicated for
each linear axis,
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The system consists of six sections, comparator, back
Pressure tape reader and logic, forward and reverse banks
of diodes and Binary converters, additional stop circuit,
and the final proportional amplifier moog valve drive
system.,

The comparator determines the direction of movement,
creep, and may command stop by O O for forward and reverse.
If the comparator exhibits 1 1 a malfunction is indicated
within the comparator. The tape reading logic system passes
specd information to both banks of valves and Binary to
Analogue converters, The signal from the comparator
inhibits the banks accordingly. The output of the desired
direction bank then drives the moog valve systen as
reguircd. The additional stop circuit is a safety circuit.
The box indicating "POWER OIFY in the circuit diagram
represents the condition of compressor failure.

The step up relay is used for amplification purposes.

The rcason this system has been chosen is primarily
that it is relatively simple and of sufficient accuracy.
It uses basically only nine elements, ecight foil valves,
two converters and a moog valve.

An approximate cost of this part of the system, per
linear axis not including the comparator and tape reader
would be just below £20 excluding the moog valve.

RETFERIENCES
1. DBOOTHE, W.,A. and L,Cs Tluidic Systeums.
WOODSON, C.W, G.E. Technical Information Series
66 .C.L‘.Bﬁ}’
2, WRIGHTDAKER, H, Modern Workshop Technology.
Ed.
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C.S.4/5/4 Edgetone mark space modulator system and
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C.85.4/5/5 Velocity selection circuit.
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CeS.4e6  Rotary Encoder

A rotary encoder is a device to convert an angular
position of a shaft into a digital form (Ref., 1). It
consists essentially of a number of engraved marks or
grooves around the periphery of the shaft (or disc attached
to it) which divides the eircle into convenient subdivisions.
The marks or grooves themselves can then be made to generate
pulsed signals as they are scanned by a pick-up device.

Regquirements for the Encoder

1) To measure an angular displacement of shaft in steps
of .5 degree.

2) That it be an absolute measuring device.

3) Diameter of encoder disc should be as small as possible.
The size of the finest digit is chosen as ,02'" which
sves the diameter of the disc as 4,585".

Design of Encoder

To measure an angular displacement of «5° with an
absolute measuring system it is required to design an
encoder with 4-decades as follows:

1) 100° - Decade: - To measure 360O in steps of 1000,
2) 10° - Decade: - To measure 100° in steps of 10°,
%) 1° - Decades ~ To measure 10° in steps of 10.

L) .50 - Decade: = To measure 1° in steps of .50.
Codes

Used in this encoder is a ''creeping code', a code with
a property that successive intervals differ in one bit only
(Table C.S.4/6/2B); such a code does not require a special
technique to avoid ambiguous read-out and at the saue time
possesses an inherent ease of manufacture,

100° - Decade

The hundred degree decade is designed to measure 360°
in steps of 100°, It consists of a disc of 4,585 diameter
and is 1/8" thick. A set of 3 nozzles is placed around the
disc so that the axes of the nozzles are normal to the
circle.

The shape of the disc and the relative position of
the nozzles is shown in Fig. C.S.4/6/1B.
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Two nozzles (4-coded) are enough to measure 360° in
an interval of 100°., But as 360° is not an exact multiple
of 100°, the width of the groove and the land on the
periphery of the disc are not equal. From Fig. C.S.4/6/1B
it will be noticed that the groove subtends an angle of 200°
at the centre of the disc, while the land occupy only 160°,
This inevitable unequal distribution of groove and land on
the circumference of the disc results in an inaccurate
reading after 200°, This is illustrated in Fig. C.S.4/6/14
which shows a disc and a set of two nozzles. It is assumed
that the disc is fixed and the set of nozzles is moving
around the disc in a clockwise direction.

Position-1, Position=-2 etc. are the positions, where
the nozzles sense the change of signals. The signals rec-
eived by the nozzles at these four positions are given in
Table Co.S.4/6/14. Position-4 senses the change of signal
40° earlier than the required position, i.e. 300° is read,
when the correct position is 260°,

In order to eliminate this incorrect read-out of the
sensor, it is suggested that 3 nozzles are used instead of
2. These nozzles are to be mounted so that the axes of the
two adjacent nozzles make angles of 60° and 40° at the centre
of the disc (Fige C.S.4/6/1B) respectively.

The signals received by these nozzles and the corres-
ponding angular displacements of the nozzles with respect
to the disc are given in Table C.S.4/6/1B. This table
contains 6-codes but only L4-codes are required to sense 360°
in steps of 100°, The two redundant codes are recognised
by studying Table C.S.4/6/1B. A new Table C.S.4/6/1C is
constructed, which shows that both the codes 001 and 011
read 100° -~ 200°, Similarly the two codes 111 and 110 read
200° - 300°, A logic circuit for decoding these 6 creeping
codes to 4 binary codes is shown in Fige. C.S.4/6/1C.

10° -~ Decade

Fig. C.S.4/6/2A shows a coded disc of 4,585" diameter
and 1/8" thickness and a set of 5 nozzles mounted around
the periphery of the disc. The adjacent nozzles make an
angle of 10° at the centre of the disc. As the nozzles
move around the disc, they receive signals according to
the creeping code pattern until they have turned through
310°, At 310° the situation of the nozzles is shown at
Position~1 and the subsequent positions are at Position-2,
Position-3 etc. -

At Position=1, the nozzles read 00001, but at the next
position of changing of signals, the nozzles read 00010,
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which does not follow the creeping code pattern and neither
does the following positions shown in Table C.S.4/6/2A.
The nozzles situated anywhere between 0° and 310° will
sense signals according to the code pattern shown in

Table CoS.%/6/2A. A logic circuit can be designed to
decode these two codes (mentioned in Table C.S.4/6/2A and
CeSeh/6/2B) to binary, The same disc¢ will produce 2 diff-
erent codes, depending on the position of the nozzles with
respect to the disc and can be used to measure the angular
displacement of 10°, But Table C.S.4/6/2A indicates that
the successive change of the signals differs in 2 bits and
as a result ambiguous readings are expected anywhere in-
between 310° and 360° measured clockwise.

To eliminate these ambiguous read-outs, it is suggested
to use 2 sets of 5 nozzles, instead of onc set, The arrange-
ment of nozzles and the disc is shown in Fig. C.S.4/6/23.

The two scts of nozzles are mounted so that when one set is
inbetween 310° and 360°, the other is outside this region.

The angular distance between the two identical nozzles
a and a', b and b! etc., must be 100° or a multiple of 100°,
so that these identical nozzles will read the same signals,
except when one set is in the region of 310° to 360°,
When for a particular instance, one set is in the above
mentioned region, this set will receive a signal according
to the code shown in Table C.S.4/6/2A, while the other set
sense the creeping code pattern, as shown in Table C.S.4/6/2B.
If the signals from the two identical nozzles are fed as an
input signal to an OR-gate, before being decoded, then a
creeping code signal will be received at the input of the
decouder for any position of the set of nozzles. This means
an extra five elements for the complete elimination of
ambiguity due to unequal width of the land after 350°, The
connection of the nozzles to the OR-gate is shown in
Fige CeS.4/6/2C.

10 = Decade

Fige CeS.4/6/3 shows a disc with 72 slots on the
periphery of the disc. The slot subtends an angle of 5° at
the centre of the disc. A set of 5 nozzles are placed
around the periphery of the disc. The angular distance
between adjacent nozzles is 11°. As the disc rotates, the
nozzles receive signals according to the code pattern shown
in Table C.S.4/6/2B. A logic circuit for decoding these
10 creeping codes to binary codes is shown in Tig. C.S.4/6/k.

.50 - Decade

Consist of a disc of 4,585' diameter and 1/8" thickness,
and a nozzle placed around the periphery of the disc.
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This disc has 360 slots of ,02" wide milled equispaced on
the periphery of the disc. The nozzle is to sense signal-
ling codes ""O" and "V for an angular displacement of 0°
and .50 respectively. The output of the nozzle is fed
directly into the comparator, no decoder is required.

Decoder

In general decoders nust perform the reverse function
ol an encoder, they must rccognise a multiple input signal
combination and convert into a code suitable for comparison.
The problem involved here is to decode a creeping code into
binary code for a comparator which can recognise a binary
code only, The design of such a decoder can be explained
by studying these two codes given in Table C.S.4/6/2B.

From the Table C.S.4/6/25:

W = 1, when W = ABCDE + ABCDE
ACDE (for decimal 8 and 9)

t can be seen from the Table C.S.4/6/2B that W = 1, occurs

only when A =1, C =0
i.e. W= AC (1]
Similarly
x =1
when x = ABCDE + ABCDE + ABCDE + ABCDE
BCDE + ABCE (for decimal 4 to 7)
or x = BC (2)

y = 1, when y = AGCDE + ABCDE + ABCDE + ABCDE
= ABDE + ABCE
or y = DB + CE (3)

EBCDE + EBCDE + ABCDE + ABCDE + ARCDE
or z =ED + CB + AE + CD + AB (&)

u

Z = 1, when 2z

SULIMARY s _
W = AC (1)
= BC (2)
DB + CBE (3)

SIS
]

=ED + CB + AE + CD + AB (&)

A logic circuit for the above expression is given in

Tige CeS.i/6/4.
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Decoding 6 creeping codes into 4 binary codes

Frowm Table C.S.4/6/1C

x = 1, when = = ABC + ABC + ABC
or x = A (1)
vy = 1, when y = ABC + EBC + ABC
or y = CKk + 4B (2)
SUMMARY :
X = A (1)

y:CIL-+A§ (2)

A logic circuit for the above expression is given in
TMg. C.S.4/6/1C,

Angular Velocity of the Encoder

Angular velocity of the encoder at which the sensing
can take place depends on the following:-

1) width of the finest digit.

2) Time elapsed between sensing of a signal and the stopping
of the moving parts i.e. the logic time delay and the machine
parts inertia.

Iime Delay

W = RPM of the encoder.

V = Constant velocity of the moving parts of the encoder
in inch/min.

W = Widtn of the finest digit = ,02".

L = Total length of pipe in interconnection in ft. = 4ft,

tD = Time delay in decoding in millisec.

tp = Time delay in pipe in millisec.

tc = Time delay in cowparing in millisec.

Delay in pipe

The signal is propagated through the pipe at the speed
of sound; at N.T.P, approximately 1 ft/millisec.

ﬁn =Lx1=54x1=»%4 millisec,
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Delay in Switching

Switching time for an element is ,55 millisec.

tp = Ny x 55  where ND = max, number of elenents
a signal passed through

= 3 X ,55 = 1.65 millisec,

Delay in Comparator

Te = Nc X 55 Ne = maximum number of
elements a signal passed
=4 x ,55 through
= 2,2 millisec.
Delay in brake actuation =T, = 20 millisec.

b + 1,65 + 2,2 + 20
27.58

I

T = Total time = tp - tD + te + TB

Distance travelled by the moving parts of the encoder
during time T; W=V x T

=

o.l W =

V—H«- .02 x 1000
=T T 727,85

= -2-,—?-?'%'5' inCh/SBO.

20 x 60
2?185 X ~ ﬂo5g5

N = = 3R.P.M,

Allowing 50% meargin, to sense the finest digit, the
encoder is required to rotate at a specd not more than

1¢5 RoP.H,
Application

The output of the decoding logic feeds into 4 binar;
comparators, Ref, 1. For sensing of all digits a maximum
of rotational speed of 3 R.P.M. can be used. It is sug-
gested that a maximum rotational speed of 1.5 R.F.M. is
used., The output of the three comparators are fed into
a 4 input OR/NOR, the NOR of which give total equivalence,
This signal is then utilized to actuate the disc brake.

Ref, 1 Drilling System Design Project 1967. Final
report of control systems committee.
College of Acronautics, Department of Production
and Industrial Administration.
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CeSelte7 Tape Reader

A block-reader or line-reader could be used for this
application, a block-reader is preferred as this allows the
simultaneous reading of all information relevant to an
operation,

I.5.0. standard codes with parity check should be used
throughout, this allows fifty-two different lines to be used.
Such a large number of different lines is not required by
this application.

No tape reader has been designed for this project but
a report of the design of a suitable reader is given in
paper E2, 2nd Cranfield Fluidics Conference.

A probable cost is £70,.

CeSalte8  Cost Estimates of a Control Logic System

e 584 ds No. of elements
ILinear:- +two axes
Encoders 200 -~ - L0
Decoders 56 = 104
Comparators 51 - = 98
317 = =
Rotary:~ one axis '
Encoder 60 = =
Decoders 20 15 = 33
Comparators 16 5 - 26
99 - -
two axes .
Velocity control
and fail safe
logic Lo - = 18
Tape reader
system 70 - -~
Filters 12 =~ =
Regulators 42 - -
Piping etc. 26 - -
190 - =
Total &£604 -~ = 317
——

The number of elements shown includes all types of
logic elements (including foil elements) and a blanket.
cost of 12/6 per element has been.applied. Element costs
are therefore £200, The flow consumption would be of the
order of 2000 C.F.H.
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CeSe4e9  Machine Management Basic Programme

The following is a machine management sequence. It
must be appreciated that loops and sub-loops may be neces-
sary depending on the particular programme. The basic lay-
out (C.S.4/9/1) is provisional only and would require
modification after appraisal of the complete machine tool
system., From this management sequence a management flow
diagram would be prepared, The necessary system inter-
locks would be in turn derived from this flow diagram,

Manual inputs could be via fluidic oak switches and
push buttons or by a plug boarding system.

Obviously futher work needs to be carried out on this
section} reference to this is made in the recommendations.

CeSelte10  Recommendations and Conclusions

Further work is required on several sections of the
work detailed in this report.

1o Machine management interlock and sequence requirements
and programme layout must be derived in more detail,

2. From (1) the specification of the tape reader can be
finalized and consideration given to the relative
viability of manufacturing or buying the required unit.

3e . Consideration should be given to the feasibility of
' continuous path control systems. This requires greater
resolution on the Llinear and rotary axes, a sophisti=-
cated velocity control and the continuous interlocking
of these functions,

L, Digital to Analogue convertors are recommended at
' various points in the control circuits. At the current
state of the art insufficient attention has been
applied to the non-moving part type of device.

5. The design of the linear encoders should be looked at
' with the object of reducing cost. Once the master for
the code strips has heen obtained, the major cost is
the manufacture and assembly of component parts other
than the code strip and elements.

6. Elements to detect over-run should be included on the
trolley of the linear encoders. The case ends can be
used to trigger the over-run elements and the outputs
used to indicate system malfunction, and consequently
shut the machine down.
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7. Circuit manifolding and layout must be done., It is
suggested that the linear comparators be placed as
close as possible to the linear encoders.

8. The linear comparator network is of a completely new
type and requires proving.

9« A progressive velocity decrease to zero would be
preferable to the selection of a creep speed,

& low cost fluidic control system has been found to
be feasible for the specification given in the technical
survey. The system has been designed to be completely
compatible with the rest of the machine tool system, but
could be applied to other parallel axis ram operated
machines.,

CeSe5 Cost of the Control System and Actuation

Detailed estimates are made in the different sections
of the report, these giving a total as shown below.

Control Iogic & 600
Control Actuation £1300
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