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Abstract: Digital Position Control of a Lathe Tool

In this work a digital position control servomechanism, which

had previously been developed by the author and a co-worker ,

has been fitted to the saddle of a copy turning lathe so that .
the positioning of the servo ram controls the setting of the lathe;
tool relative to the main spindle axis. In this way required work-
piece diameters may be preset by means of the input to the dig-
ital servo, and it is intended to further develop the system to

full numerical control of the machine.

The subject of the thesis is the analysis of the performance
of the digital servo, both theoretically and practically, the
mounting of the servo on the lathe and subsequent accuracy checks
on workpieces machined according to preset commands at the input
to the servo. Analysis of the performance of the digital servo
involved the use of a general purpose digital computer to simmule
ate the non-linear response characteristics of the system, and
the performance tests were carried out using a data sampling tech-

nique which is fully described.

Since in operation the complete system involves the use of
two position servomechanisms in series, and since no overall

feedback link is provided, it was also necessary to investigate

-



the performance of the hydraulic positioning system already fit-
ted to the copying slide of the lathe. A series of experiments

was therefore set up to measure the lag and response of the hyd-
raulic servo under typical working conditions, in order @o est-

ablish that this lag could be ignored compared to the lag in the
digital system in deciding the overall accuracy of the combined
equipment. This work complete with the experimental results ob-

tained is also included.



Introduction

The work described iﬁ this thesis fo::us a part of a much larger
research project, namely the development of a low cost numerical
control system suitable for small centre lathes, which has been
proceeding at Enfield College of Technology for the past three
Years. The first stage of the work was completed by the author :
and Mr. G.A.H.Thomas of Enfield College of Technoloéy in 1965,

and subsequent work on the project, including all the tests and

analyses in this thesis, are due to the author,

In principle the system operates by positioning the stylus
of a lathe equipped for hydraulic copy turning, by means of a sm-
all servo operated screw jack mechanism which is fitted to the
macnine in place of the normal copying template and holding fix-
ture. By making use of the copy turning lathe it has been poss-
ible, with some limitations, to design a numerically controlled
machine tool, capable of producing three-dimensional workpieces,
with only one axis fitted with closed loop position control. This
feature together with the use of cheap electronics components and
parallel arithmetic in the_control console has enabled the low

cost principle to be met.

The lathe tool is in fact positioned by a hydraulically op- .
erated tool slide, mounted on the saddle, which is controlled by

a built-in hydraulic servo valve supplied by a aebarate source



4
of pressurized hydraulic fluid. For normal copy turning operat-
ions, the servo valve is in contact with a lever system fitted
with a stylus that contacts a template, and as the lathe saddle
moves along the bed of the machine the stylus follows the templ-
ate profile, thereby causing deflections of the servo valve vhich:
cause the tool slide to trace out in space the form of the tem-

plate.

In the application described in this thesis the template is
replaced by an electrically driven screw Jjack mechanism which is
the output element of a digital position servomechanism. The
hydraulic servomechanism which is fitted to the machine is desc=
ribed in Section 1 , and it may be seen to be of a conventional
type, having a built-in mechanical feédback path for positioning
errors. The digital system is an.original mechanism provided with
position feedback between its input and comparator elements and

is fully described in Section 2 .

In developing this equipment, the overall requirement was
one of positioning accuracy, rather than speed of response or
reduction in lag, and emphasis has been placed on the relatively
slow speeds that the system will be required to operate. This
feature has enabled steps to be taken which would not be satige
factory in other fields., In addition to positioning accuracy it

was also necessary to build a system which would be 'dead beat'

o

'
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and as free as possible from all forms of positional oscillation.

The accuracy requirement has been met by the use of a digital
system and careful design and manufacture of the output element.
In this thesis the performance of the digital system ié analyzed, .
and being non-linear in nature use was made of a digital computer .
to calculate stations on the response curve for the system. This
work is described in Section 4, and the source listing and block
diagram for the computer programme are given in Appendix 2, Hav-
ing established the theoretical response of the digital servo, a
series of tests was then carried out to determine the actual respo-
nse of the equipment built, over its normal operating range. Since
the equipment is digital it was necessary to develop a data samp-
ling technique to record positioning errors during response to
continuous ramp input functions, ﬁnd this series of tests is describ-

ed in Section 5,

For certain types of applications the operation of two pose
itioning systems in series could lead to difficulties, especially
if they had similar response characteristics. In this work it is
shown that the hydraulic lag in the slide positioning system is
very much smaller than that of the digital equ;pment, and in
addition the speed of response required is so low, that the

hydraulic servo may be taken as a solid link for the purpose
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of combined system analysis. In order to establish that this is
in fact the case a series of experiments was carried out to inves-
tigate the response of the hydraulic servo over the operating range
in question. Continuous records of positions error or lag were ob-
tained for the system with the aid of a proximity transducer and .
U.V. recording oscilloscope, the work being described in Section 3,

and the oscillograms are provided in Appendix 1.

The digital system was then fitted to the saddle of the lathe,
and a series of tests were run to establish the positioning accur-
acy achieved. A full description of the mounting and setting-up
procedure is given in Section 7, and the results are provided in

Appendix 4.
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SECTION l': Description of the Harrison L 6 Copy Turning lathe

The machine is a conventional 12-in. swing centre lathe, fitted with
a special cross slide that incorporates a hydreulically operated

copy turning slide, hydraulic servo valve, manually adjustadle tool
slide and tracer assembly. In addition the rear face of the lafhe bed
is fitted with a template holding fixture, and a separate motor driven
‘hydraulic power unit is supplied to drive the copying servo, A view of

‘the L 6 lathe employed in this work, together with the prototype contr-

ol cabinet, is given in Fig.l-1,

Lathes in this series are eithér supplied with a standard cross
8lide and fitted with the Harrison taper turning attachment, or with
the cross slide mentioned above, in which case they are termed copy
turning lathes. In either case the machine can be operated as a norm-
al centre lathe’when required, since all lathes are supplied‘With a
tool post at‘the front of the cross slide which may be positioned by

means of the conventional manually operated screw mechanism,

Fig,1-2 is a diagram showing the general arrangement of the tool
slides on an L 6 lathe fitted with the manufacturers copy turning equip=
ment. (Ref 1 Section 9) In this diagram the chuck, tailstock, bed and
saddle are shown at A,B,C and D respectively, and E is the tool post
and top slide assembly for normal centre lathe working which may Se
seen to be mounted at the front of the cross slide member F. The cop-
ying slide G is angled 30° towards the tailstock from the crogs slide:

axis, and incorporates a hydraulic cylinder and servo valve assemblyH,






. Fig. 1-2 General Arrangement of the Tool Slides on an

L 6 Lathe fitted with Copy Turning Equipment
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‘driven by powerlunit J. During copy turning 6perations the cuiiing,_‘4'
tool is mounted in a tool post fitted to slide K, which is at-fhe )
rear of the cross slide and mounted on an extension of the copying
slide. For this type of work the lathe spindle‘ is nomaliy rota.'ted

in reverse compared to conveption#l centre lathe practice,ie; clock~

‘wise when viewed from the tailstock end of the bed.

Templates in the forﬁ of actual workpieces in the finished- cond-
ition are mounted between centres L at fhe rear of the lathe bed, so
that the surface of the template is in contact with stylus M. The
stylus is mounted at one end of the'tracer arm N, which pivots at a
fulcrum provided wifh a éapered roller'bearing‘asseﬁbly housgd in the
copying slide casting, and there is a lug piojecting ffom arm N that
contacts the end of the servo valve spool, In addition, an override
control P is fitted, which takes the form of an eccentric on a vert-
ical shaft fitted with a hand lever, so that rotation of the shaft
causes the eccentric to move arm N, thereby debressing the valve spool
which causes the copying slide to‘ﬁove a#ay from the lathe axis, ITuring
copy turnihg the oyerri&é confroi ié set so that the eccentric is clear

of arm N, thereby allowing the valve spool to be moved only by deflec~

tions of the stylus M,

Movement of the stylus causes the tracer arm to deflect which dep-
resses the end of the‘valve épool. Fig.1-3 is a cross sectional view
of the servo valve and hydraulic cylinder assembly, from which it may
be geen that‘deflections of the spool reséit.in the hydraulic system

becomming unbalanced so that there is a net force on the slide pisten
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in a direction governed by the spool deflection. It is arranged that
this force produces motion of the copying slide in the same sense as .
the spool deflectioq, thereby retﬁrning the éysteﬁ to a stgté of
equilibrium, which is as the system is shown in the figure., The valve
spool is lightly loaded to the left in the figure, which keéps it in
contact with the stylus, and the forée of this spring is the load

experienced by the tracer arm,

/
A

Fig. 1-3 Cross Seétion of Servo Valve and Hydraulic Cylinder

As has glready'been mentioned the ddpying slide is angled with
respect to the cross:slide -axis which provides the copying tool with
tw§ components of motion, axial and radial, as the slide is retracted
relative to'the axis of the lathe bed. In copy turning; the saddle is
moved at;adily along tﬁe lathe bed throughout operations, and since

the axial component of tool motion is in the opposite sense to for-
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ward saddle traverse, it is possible to arrest the axial motion of the
cutting tool due to saddle movement without stopping the saddle, and at
the same time retain the radial component of tool motion, This effect

is employed for machining faces or steps in workpieces by copy turning.

The copying equipment for the Harrison lathe is in éffect a hyd-
raulic position servomechanism, which uses a 1l:1 model of the required
profile as its input.and a spool valve as the position sensing device.
In the machine system employed in these tests, the spool valve was of
the '3-way' type in order t§ simplify manufacture, whereas the normal
valve supplied by the Harrison Company is of the '4-way' type. Drive
for the copying slide comes from a hydraulic cylinder, shown at H in
Fig.1l=3, and the force amplification of the system is fixed by the pis=

‘

ton diameter, and the pressure generated by the separate hydraulic pow-

er unit.

Constant Pressure Source

- V
o 7/
Cutput —— +-¢—Control Pressure
e 7
71 r
4%ﬁ§#ﬁnﬁf /
./
2
ARV IVI RN VI NPV
.k____.—=_J —
Input — I

/

DN N
———
N —_—
N
N
3

T V7T 777
g /
V4

KN

Return Constant Pressure Source

Fig.1-4 Schematic Diagram of a '3-way' type hydraulic Servo Valve
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A simple explanation of the operation of tracer controlled hyd-
raulic copying lathes is given by H.C.Town (Ref.2 Section 9), and a
descriptionhof the operation of '3-way' servo valves is given in 'Des-
ign of Hydraulic Control Systems' by Lewis and ‘Stern (Ref.? Section9).
The lands on the spool valve, and the bores in the valve body are mace
hined to extremely fine limits, so that there is virtually no leakage
of hydraulic fluid past them, and in addition the lands and ports are

positioned very accurately.

In the schematic diagram in Fig.l-4, a constant pressure source
of hydraulic fluid is supplied toc the valve, and also to one side of
the piston. It is arranged that one side of the piston has a smaller
area than the other ( one half in the case of the valve fitted to the
Harrison machine), so that when the valve is moved to the right in
the figure, the pressure is the same on both sides of the piston which
results in a net force to the left acting on,thq piston. Wben the valve
is moved to the left, however, the pressure is cut off from the large
area side of the piston, which results in a force to the right., With
the valve at an intermediate position, the two valve ports act as
a pressure reducing.nozzle, dropping the constant pressure source to

one half its nominal value, so that there is no net force on the piston.

A more detailed analysis of spool valves is given by A.C.Morse
(Ref.4 Section 9), in which it is pointed out that the flow charact-
eristics across ports‘of this type can lead to instabilities, and

that simple mathematical treatments of the hydraulic resistance is

only reasonable for very small port openings. The effect of 'hydraul-
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ic lag' on copy turning is not serioué, provided that very great

feed rates are not employed. Generally step input functions are not
possible, all inputs being of the ramp type, and the ramp slopes are
always very small by comparison with other types of position control

mechanisms

Due to the very low input rates employed, the lag is always small
with the result that‘non-linear effects in the port flow characteris-
tics do not cause any bother. It is important, however, that position
accuracy and stability are of a high order. The first requirement is
met by the standard of manufacture of the valve unit, and the second
places a restriction on the maximum pressure with which the system
can be operated, which in turn governs the maximum value of slide
response. On the Harrison machine employed in this work, the copying
accuracy is claimed to be better than 0,002 in, on workpiece diameter,
This would indicate that the lag in the hydraul%c copying slide must
at all time be less than 0,001 in., and this figure also indicates the
maximum deflection of the spool valve to be encountered during copy

turning operations.
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Fig, 2-1 Schematic Diagram of the Digital Position Servo-

mechanism
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SECTION 2 s The Digital Position Servomechanism

Illustrated diagramatically in Fig.2-1, the digital positioning sys-
tem employed in this work is the result of research carried out at
Enfield College of Technology by the author and a co-worker, G.A.H.
Thomas of Enfield College. The system was fully described in two ﬁép-
ers which were published in 'Machinery' (Ref.5 Section 9),.and thei

prototype equipment was displayed at the Physics Exhibition in 1965.

Basically the equipment comprises a simple positioning system
which employs digital command and feedback signals, and it is elec-
trical in operation. The measuring element is a Moore Reed 11 DV 104
contact type shaft encoder coupled to an accurately machined screw,
and the compaiator stage is a 12-bit parallel binary subiractor built
from solid state logic elements. Input commands are supplied to the
subtractor by means of a bank of tumbler switcﬁes, on which a 12-bit
binary word may be set up, and it is arranged that the unit then gen~-
erates an error signal in the form of another 12-bit word plus sign.
The subtractor carries out the oéeration: Command - Feedback, giving

the true numerical answer in binary code, and also the sign of the

answer.

The moving element of the system is an electrically driven screw
jack, which is mountgd on a gearbox, and also incorporates the prev-
iously mentioned feedback encoder. Position feedﬁack signals and also
the motor control leads are connected to this uni@ by means of miniatu-

we multi-core cables in order to provide for the remote mounting of )
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the device relative to the other parts of the system, which are

housed in an electronics cabinet.

The screw Jjack member is driven through a gear train by a small
electric motor, which operates on direct current and has a wound field
in order to provide for reverse rotation. In addition, for very siqw
'inching' speeds, and also to overcome the effects of 'stiction' 15
the system, the motor armature-is energized by pulsed d.c. signals
having a constant amplitude of 24 ¥, and the motor speed is contro-
lled by varying the mark-to-space ratio of these pulses according to

the size of the error signal generated by the subtractor unit.

All electronics equipment and the command switches, are housed
in a separate oabinet, that also has space available for tape reading
equipment, which will be the input to the system when it has been

developed into a lathe numerical control system.

SUBTRACTOR
Design of this part of the system is due to G.A.H.Thomas, and is based
on the use of NOR logic elements., It was decided to employ parallel
binary numbers as the digital signals in the system since this allows
the use of encoders as absolute positioning mechanisms. In order to
simplify the electronics as far as possible it was also decided to
use normal binary numbers, instead of such modified patterns as the.
'Gray' code, and this vas made practicable by the availability of 'V'
and 'U' scan type shaft encoders, which are dealt with later in this:

description,
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As stated on the previous page, the signals are 12-bit binary
words which means that the subtractor has 12 similar channels, there-
by enabling the signals to be dealt with at once. This fechnique was
adopted in favour of various serial subtracting systems since it was
required that the comparator unit should generate its error signal
as rapidly as possible, and that during each calculation no inforﬁgt-
jon should be lost. A logic diagram for a single channel Af the sug-

tractor unit is given below in Fig.2—2;

Carry Outputs

Fig.2-2 Logic Diagram for a single channel of the Subtractor

Each NOR element employed in the system is to a standard design,
the circuit for which is given in Fig.2-3 on the following page. Cheap
germanium transistors are employed and the total cost of each element
has been held as.low as possible. Speed of opera?ion of -the electron-
ics equipment has been sacrificed in favour of simplicit}~and low

cost, since the number of elements required for a parallel acting syé-
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tem is rather large. On the other hand, the fact that the system deals

with the complete binary number at once, and also since it has been
designed to control the relatively low velocities of machine tool

slides, justifies this decision.

=15V

0

Output

NKT 218

ov
Fig.2-3 Circuit Diagram for a NOR Logic Element

. (2 input type)

Input to the subtractor comes from a bank of tumbler switches
which in turn supply signals to a number of bistable elements forming
the 'memory' of the system and coupled directly to the subtractor. The=-
se elements are necessary to hold a command, and avoid its being taken
as zero, while a new command is being set up. The state of each bis-
table circuit is indicated by a green signal lamp for each element
mounted on the front panel of the electronics cabinet. Output from
each stage of the subtractor is fed to the motor control circuit, and
also to a series of amber signal lamps on the front of the cabinet.
These lamps,‘therefore, provide an indication 6f the error in binary
code at any instant, In addition the ugit generates the sign of the.
error signal, and this is indicated by a thirteenth ambé; lamp, which
comes on for positive errors and vice versa. Cir&ﬁit diagrams for thé

input switch and bistable element, and also for the signal lamps are



given below in Fig.2-4 and 2-5 respectively.

T =15V

\,Input Switch ‘ '
—~ ! Lamp Output

15K <~ -
M- | —o
| Subtractor
| — Output
| -
[

ov Reset Input

Fig.2-4 Circuit Diagram for Input Switch and Bistable Element

— "L

L 0 -15V
842K
L NKT 218
Input
47K
é
ov

+4V

Fig.2-5 Circuit Diagram for Signal Lamp

RAM UNIT AND ENCODER

For this series of tests the unit was modified to enable it to be
mounted on the Harrison lathe (see Section 6). In order té_avoid back-

lash errors, the end of the positioning screw is fitted with a small’
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collet through which it is coupled directly to the encoder shaft.

The screw has 16 threads per inch, and is arranged to fit the ram

nut with as small an amount of backlash as possible, The ram itself '
is cylindrical, and provided with two longitudinal flats which are in
contact with a pair of adjustable bronze cheeks bolted to the ram
housing, thereby preventing rotation of the ram as the screw revoi-
ves., Drive for the screw comes from the motor through a 3;1 reduc-‘

tion gear train, made up of two aluminium spur gears, the backlash

between which does not affect the accuracy of the system.

As already mentioned the encoder employed is of the 'V' scan
type in order to avoid multi brush transition errors. This effect,
together with its avoidance by the use of a 'V' scan encoder is dis-
ocussed in detail in Ref.5 Section 9, Encoder output signals have to
be decoded in order to produce the required binary feedback signal,
since each track is fitted with a pair of brushes, lagging and lead=-
ing, and the decoding circuit ensures that the correct brush is read
on each track at any instant, to give the true binary output for the
position reached. Fig.2-6 is the logic diagram for the decoding cir-

cuit fitted to each pair of output leads from the encoder.

o=

[ﬂTrigger from|(n-1) channel

-..'

{v' L 1 '
Input . :@__ r—EL
o L l— Output (nth.)
L 1 : channel .

(nth.) channel

Trigger to (n+1) channel
Fig.2-6 Logic Diagram for single channel of 'V'scan Decoder
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The 11 DV 104 encoder provides a full count when it has been
rotated through 32 revolutions, and the full count is 8192 in dec-
imal since it is a 13-channel device. The system, however, only reqg-
uires a 12-bit number as position feedback, so the least significant
digit in the encoder output is ignored after decoding, which makes
the full count of the device 4096 for 32 revolutions. Since 32 rev-
olutions of the screw moves the ram through 2 inches, one binary bit
is therefore very nearly equal to a ram displacement of 0,0005 in.,
or more accurately 0,0004869 in. The ram position is therefore ind-
icated by the encoder to an accuracy of better than 0.0C05in., over

its operating range of 2 in.

MOTOR CONTROL CIRCUIT

Drive direction is controlled by altering the field polarity of the
motor according to the state of the sign channel of the subtractor
unit. This is effected by arranging that the output from the sign chan-
nel is coupled to a relay that is connected up as a reversing switch.
The motor field, which takes only a small current, is therefore always
energized which has the effect of providing a degree of braking when

the armature current is cut off,

Motor speed control is effected by changing the mark-to-space
ratio of the d.c. pulses supplied to the armature. The circuit for
carrying out this function is based on published.materiai by Texas
Instruments, Ltd., gnd is acknowledged .in Ref.5 S;ction\9.“Provision.

was made whereby the mark-to-space ratio could be varied in 12 steps
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according to the magnitude of the error signal, but preliminary
tests with the servomechanism indicated that such a large number of

steps was not necessary for satisfactory operation of the equipment.

Subtractor = Sign
Qutput
T T T 1  —— )
Low q?ror Largp Error
i

Pulse Generator

0 °
Low speed High Speqd 'f ]

Relay Relay
L 9 =15V
¢
Armature Field Field
Relay
o—— (il
24V d.c.
O j

Fig.2-T7 Schematic Diagram of the Motor Control Circuit

Final arrangements employed for these tests are shown above in
Fig.2-7, from which it may be seen that the system is provided with
two speeds, the slow rate being employed at values of error signal
laess than a small specified amount, which is independeﬁt of error
sign. Full speed of the motor is achieved by energizing é relay which
supplies 24 V d.c. to the armature, and when the ‘error signal falls to

the small specified,figure the relay is switched off, and a second
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relay is closed which connects the d.c. pulses from the control cir-
cuit to the armature. A preset potentiometer is fitted to the control
circuit, so that the value of the mark-to-space ratio employed for the
low speed mode of operation may be varied to suit the ram unit and to

prevent overshooting the required position.

Positioning accuracy tests were carried out on the prﬁtotype
system when it was first built, and the results of these tests are
given in Ref.5 Section 9. For comparison with the present work, the
results and the associated accuracy curve are included in this thesis

in Table A4.1, Appendix 4, and Fig.7-1 Section 7 respectively.
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SECTION 3 : Performance of The Harrison Hydraulic Servomechanism

As has already been stated the L 6 lathe employed in this work is
fitted with a hydraulic position servomechanism that operates a sp-
ecial tool slide for copy turning operations. It was decided to test
this system for positioning accuracy and response in order to estab—
lish the magnitude of its errors for comparison with thole of the

digital servo which is used to drive it.

Since the system comprises a hydraulic cylinder which is controle
led by a 3-way type spool valve, supplied from an external hydraulic
power unit, position errors of the system are proportional to displace-
ments of the valve spool from its balance condition. It is thereforei
convenient, in order to establish the previously mentioned errors, to
measure the displacement of the spool relative to the valve body, and
40 record these displacements for a éeries.of specified and control-

led input functions.

A suitable arrangement for carrying out the above measurements
was developed, and a schematic diagram of the'equipment used is given
in Fig.3-1 opposite. Valve displacements were detected by means of
a proximity transducer which was mounted on a bracket attached to the
copying slide of the lathe, so that it moved with the slide, and with
the detector head in close proximity to a brass pad soldered to the.
rear face of the copying stylus. In this way system pos#tion errors
are detected as changes in the gap between the détector head and the

brass pad, brass being required since the proximity transducer was of



the inductance type.

The detecting instrument used was a type G 211 B proximity tran-
sducer by Southern Instruments, Ltd., with 0.10 in. adjustment and dial
readout for the position of the detector head. This unit is shown at
A in Fig.3-1, whereas B and C represent the servo valve and hydraﬁiic
pover supply respectively. The equipment also included an ﬁscillator
shown at D which generates a 2 MHz. carrier signal, and the cabinet
E contains an F.M. pre-amplifier unit which serves to convert the mod-

ulated carrier signal to a d.c. output,

In operation the carrier signal is generated by the oscillator
in conjunction with a small coil embedded in the tip of the detector
head of the proximity transducer. The frequency of the signal so forme
ed depends on the inductance of this céil, which in turn depends on
the proximity of the coil to metal surfaces, preferably non-f{errous
metal. A given carrier frequency may therefore be modulated by changing
the gap between the detector head and a brass surface, and for small
gap changes, up to 0.0l in., the modulating effect is linearly prop-
ortional to change in gap size. Modulations are converted to a d.c.
output by the pre-amplifier, and supplied to a U.V. recording oscil-

loscope ( F in Fig.3-1) through an attenuator illustrated at G.

The equipment was set up as shown in Fig.3-1, and as the copying
stylus followed the template profile, the oscilloscope p@oduced a trace
of valve deflections from balance position during’ the operation. The

magnitude of the deflections produced on the oscilloscope by deflect-
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ions of the valve was adjusted to a convenient amount by means of the

attenuator circuit, which is shown in detail in Fig.3-2 below,.

Potentiometér
Output —_— Condenser ' \
from
Pre-amplifier

Input to

Oscilloscope

Fig. 3-2 Cifcuit Diagram of Attenuator

The magnitude¥of the signal supplied to the oscilloscope was set by
means of the potentiomster in the above figure, and the large capacitor
fitted across the pre-ahplifier'output served to reduce unwanted oscil-

lations to an acceptably low value. The value of this capacitor was

found by trial.

Input Conditions

In order to test the response of the copying servo it is neces-
sary to apply a known input function, and measure the subsequent res-
ponse.The previous part of this section has dealt with the equipment
employed to measure the response, and it remains therefore to describe
the method whereby known input conditions were aﬁplied to the servo
valve. As already stated, all input functions to.¥he copying servo

under normal operating conditions are either zero or ramp functions,
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and the equipment has not been designed for, nor is it required to
respond to step type or periodically varying input functions. For this
reason it was decided in the tests 1o limit the input functions to ramp
types, followed by ﬁeriods of zero input in order to determine the

stability and positioning accuracy of the system.

During copy turning the saddle of the lathe is moved.steadily al-
ong the bed of the machine by means of the feedshaft, which in turn is
driven through a gear train‘from the main spindle, As the copying sty-
lus contacts the template, which is mounted at the rear of the machine
as described in Section 1, the spool valve is deflected producing a
corresponding movement of the tool slide. In this way the tool tip is
caused to trace out in space the form of the template profile. The mag-
nitude of the ramp input depends, therefore, on both the template form
and also on the rate of saddle feed selected by the operator. The manu-
facturers place specific limits on the profile of templates that the
system can follow, and the fact that the purpose of the equipment is
to control the path of a tool which is machining metal, in practice puts

a limit on the amount of saddle feed that can be selected.

In general it may be said that the above limitations result in
very restricted input conditions, both in form and magnitude, when
compared to the operating conditions of other'types of position servo-
mechanisms. Rapid response is not an important factor with such eq&ip-
ment, and slides of massive proportions may therefore bé;employed withe
out detracting from the performance of the syste;. On the other hand

high positioning accuracy, and stability are essential to the satis-
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factory operation of such equipment.

Standard Template

In order to set up conditions of known input it was necessary to
design a standard template of prescribed profile, and also to mov;Athe.
saddle at a controlled and measured rate. Several input raﬁps can be
achieved on a single template, and it was decided to design a profile
that would provide both 'worst case' and typical working conditions.,
Since the copying servo is required to drive the tool slide in two dir-
ections, it was necessary to include at least one reducing taper in the

profile.

In Fig«3-3 below, a ramp input function is defined as tan¥, where

the time base in the figure is a function of saddle traverse rate.

Displacement

Fig. 3-3 Ramp type Input Function
According to the manufacturers the limiting profile form for this eq-
uipment is, 90° shoulders outwards and 30° ( half angle) tapers inwards,

which results in a profile of the form shown in Fig.3-4 below,

Copying Stylus !
DiTection .
e [

Fig. 3-4 Template Profile employing Makers Limits
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Due to the copying slide angle, which is fixed at 30° from the
cross slide axis, even the G0° shoulder becomes a ramp with respect
to the servo valve., In Fig.3-5, if 6 is the angle of the template prof=-
ile with respect to its own centre line, and ¢ is the effective angle

due to the copying slide alignment, we haves

62

5 X
where & Z is the displacement of the spool valve along its own axis

and 8§ X is the displacement of the saddle along the lathe ted

—— Stylus Direction

,/67/, 7777777777 P,
\\ 7 /f//f <

/
TS
/

- .

A
Fig.3-5 Definition of 6 the profile angle

We then have the following conditions:

Template Profile

- DY v v v i o i v v v i

Fig,3-6 Calculation of effective angle o

By the sin rule in triangle PMQ, Fig.3-6 aboves

R  a b X
sin 600 sin (120 - 8)° D :
‘sin 6090
Therefore P Q = § X

8in(120 - 8)° ......(1)
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Fig.3-7 Standard Template employed for Respo
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Also
2_9 = cosec O
5§ R
and S R = 8§ Z cos 30°
Therefore pq =562z 50839 ceeses(ii)
sin 6 ‘ '

5z -298.3%° . 5 x .08 3% __
sin 6 8in(120 - @)e
Hence 5.2 - 88 L ian e
.8 X sin(120 - 8)
Therefore
tan o - sin 8

sin(120).cos 6 = cos(120).8in 6

—o___28in 6
qﬁ? cos & + s8in 6

tan o =

Fig.3-7 is a drawing of the template produced for these tests, and
it may be seen to comprise nine distinct regiomss
1) Parallel region giving no input
2) 60° increasing taper giving o = 45° outwards ' .
3) Parallel region giving no input but showing pdsition error
4) 90° ghoulder giving o = 63° 26' outwards

5) Parallel journal phowing position error
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6) 30° decreasing taper giving e = 45° inwards
7) Parallel journal showing position error

8) and 9) could not be followed due to stylus interference,

Saddle Traverse Rate

As stated previously the magnitude of the input ramp function
depends on the velocity of the saddle along the lathe bed in addit-
ion to the profile of the template. It was therefore necessary to

control and measure the saddle traverse rate.

Due to the small valve displacemenis to be measured, the detect-
ing equipment had to be adjusted to a very high sensitivity, which
rendered it susceptible to noise pick up. This noise was the result
of vibrations in the machine bed and copying slide, which caused the
gap between the proximity transducer head, and the associated brass
pad the fluctuate in width slightly. Unfortunately it was found during
preliminary tests, that the main motor and the headstock gears produc-
ed so much vibration in the machine that the output from the proximity
transducer was swamped, and all measurements had therefore to be made

with the main motor and headstock gears at rest.

This effect made it necessary to set up ;nother method of driving
the saddle along the lathe bed during this part of the testing. It was
decided to make use of the leadscrew and feedshaft membérs of the mache
ine, which are coupled together through the geaéﬂox, and thch are g¥ru

anged to drive the saddle at two different speed ranges. Normally the
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Fig.3-8 Arrangements for driving the Lathe Saddle employed

during the tests

on the Hydraulic Servomechanism

Lead crew

(

V-belt >,——~

Eﬁ 11ﬁh1hLl<) C?;)
h’____1£ Apron

DTl ifrfe folef o] 007!

§ e e e ———————
e e ———————————

Fee,sdshaf‘f_J - 7

——y Welght—g ]

('—'_\

Motor

Weight

Leadscrew Pulle

7



36

gearbox is driven by a gear tirain from the lathe spindle, and this
drive was disconnected for the tests. An adaptor was made for the
tailstock end of the leadscrew, thereby enabling a V-belt driving
pulley to be fitted. A small electric motor mounted on a pivoting
arm from the tailstock was employed to drive the leadsérew, by means
of a V-belt and belt tension was maintained by a counter weight fi;p
ted to the arm. This method of driving the leadscrew was adopted since
the V-belt afforded good.vibration insulation, and the pivoting amm
provided for a range of pulley centres which permitted a number of
driving ratios to be employed. Fig.3-8 is a drawing showing two views
of the arrangements for driving the lathe saddle without excessive

vibration.

By engaging leadscrew drive at the gearbox, as for normal screw-
cutting operations, it was possible to drive the feedshaft member thr-
ough the gearbox at a range of speeds which could be selected by the
normal gearbox controls. For rapid saddle traverse rates, the leadscrew
drive from the gearbox was disconnected, and the split nut in the sadd-
le apron was engaged with the leadscrew, whereas slower traverse rates
were achieved by driving the saddle from the feedshaft as previously
described. Clearly the feed:rdtes indicated by the gearbox chart no
longer.applied, since the power was derived from the leadscrew. Howe
ever, it was possible to establish the ratio be£ween feedshaft and
leadscrew rotation rates from the screwcutting information given for
each gearbox setting, and hence it was possible tq.calcuiate saddle

~

traverse rates from the leadscrew speed.
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The motor employed to drive the leadscrew was a small universal
unit with a worm reduction gear, by M.R.Supplies, Ltd., and under no
load conditions, the output shaft ran at 150 rev/min on mains voltage.
A further speed reduction of just more than 2:1 was achieved by means
of the belt drive, but it was found that the final speed varied accor-
ding to load. During the tests therefore the actual speed of the I;ad-
screw was measured with an integrating revolution counter, and these

values are included in the results.

It was decided to employ two feed rates, one typical of a pract-
ical machining operation, and a faster speed to illustrate and measure

the hydraulic lag in the servo.

Fast Speed

As already stated this speed was achieved by engaging the split
nut in the apron and driving the saddle directly from the leadscrew,
Under this load, the leadscrew was rotated at 51 rev/min, and since
the pitch of the leadscrew is 0,250 in, the resulting saddle velocity

was 12.750 in/min.

It should be mentioned that this traverse rate can be exceeded on
an L 6 lathe. Since the machine has a maximum feed mate setting, accor-
ding to the gearbox chart, of 0,032] in/rev, and the maximum spindle
speed is 2000 rev/min, it is possible to select Q'saddle traverse rate

of no less than 65.4 in/min. Such a rapid feed r;¥e vould,“hovever, not

be used for copy turning operations, and it was decided that since the
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fast speed chosen adequately illustrated hydraulic lag in the servo,

there was no point in running at higher feed rates.

Normal Feed

For this feed zzte the drive for the saddle was taken from tgé
gearbox as previously described, and it was engaged by meaﬁs of thé
normal feed selector lever on the saddle apron, Under this load the
leadscrew ran at 65 rev/min, but the saddle moved at a rate according
to the gearbox selector setting. A suitable traverse rate was achieved
with the gearbox set to provide a feed of 0.0327 in/rev under normal
conditions. At this setting the gearbox drives the leadscrew at a rate
to produce a 4 t.p.i. thread, hencet

Leadscrew rate = 0,250 in/rev
Feedshaft rate = 0.0327 in/rev

Gearbox ratio is thent

R = 0.0327 - 0.1306

Now under these conditions, the leadscrew revolved at 65 rev/min, which

would, under normal conditions, give a saddle velocity of 16.25 in/min

Therefore:
saddle velocity = 16,25 X .1306

This method of calculation has to be employéd since the gearbox.

chart makes no allowance for the worm gearing in the saddle apron,

through which the feedsbaft drives the rack and pinion mechanism of
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the saddle. A typical feedrate for machining a workpiece to the form
of the standard template would be about 0.004 in/rev, and assuming

the workpiece material to be mild steel, a suitable spindle speed wo-
uld be 500rev/min. These values would result in a saddle traverse rate
of 2 in/min, which is very close to the normal feed figure selected

for the tests,

The effective input ramp functions resulting from the use of the

standard template and the saddle feed rates selected are listed below

in Table 3.1

Template Profile Angle Bffective Angle Ramp Input Function
Region 6 o tan ¥ (in/min)
Normal +2.12
2 60° Outwards | 450 Fast +12.75
4 90° Shoulder 630 26" Normal +4.24
Fast +2505
6 30° Inwards 450 Normal =2.12
Fast -12.75%

Table 3.1 Effective input ramps due to template profile

Other Variables

In addition to the input conditions, which_were standardized as
described, two other factors affecting the response of the equipment .
could be varied. These were the delivery pressure of the hydraulic

power unit, and the return spring load on the val#g spool.

-

Sincé the force acting on the copying slide, which to a largecektent
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represents the mass of the moving elements of the system, is a func-
tion of the delivery pressure, the value of pressure selected affects
the response of the system to any input function., The pump in the hyd-
raulic power unit was provided with a bypass passage controlled by a
hand operated wheel valve, and the output pressure was indicated by

a built-in bourden type gauge. By this means it was possible to‘adsr
ust the pump delivery pressure from zero to about 600 lbf/ing, and the

manufacturers recommended operating pressure for the system is 150 lbf/inz.

Tests were conducted at a number of delivery pressures above and
below the recommended value, and in this work the results obtained

with pressures of 50, 150 and 250 lbf/in2 are included. In addition

2, but such values

some runs were made at pressures up to 400 1bf/in
produced violent hunting and accurate measurements of the servo res-

ponse were not possible.

Normally the L 6 lathe copying servo is fitted with a spool ret-
urn spring of fixed loading, but.since the machine employed for this
work was fitted with the prototype of a new 3-way valve, a screw adj-
ustment was provided whereby the spring load could be altered. By means
of this screw, the stylus load could be set at any value between zero
and approximately 3 1bf, these values being determined by means of a

spring balance,

As indicated above, the magnitude of the return spripg load cont-
rols the stylus load, which should be as low as possible to reduce tem~

plate wear, However, the return spring load cannot be set too low with-
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out adversely affecting the performance of the system. As delivered

the valve was set with a return spring load of 1.125 1bf, and in the-

se tests results are included for stylus loads of 0.5,1.0 and 2 1bf.

Results of Tests on the Hydraulic Servomechanism

Having set up the equipment as shown in Fig.3-1, a series of ten
passes was made across the template at a range of hydraulic fluid pres-
sures and return spring loads. In addition the saddle velocity was var-
ied as described earlier. At the low saddle speed it was more conveni-
ent to record the response traces in three stages, as even the slowest
recording rate ( 0.15 in/s ) produced an unreasonably long oscillograph
due to the cycle time length. As a result there are 20 oscillograms re-
presenting 10 passes, and table Al.l in Appendix 1 shows the value of
pressure and spring load employed in each case, together with the ass-

ociated ramp input functions and the saddle velocities used,

In order to remove as much oscillation from the signal as poss-
ible, the value of the capacitor used in the attenuator circuit (Fig.
3-2) was 250uF. The potential divider part of the circuit in Fig,3-2
was adjusted so that a 1-in deflection of the oscilloscope trace cor-
responded to a valve movement of 0,00125 in, and all the results were
recorded at this sensitivity, which ensures that all the oscillogram

traces in Appendix 1 are to the same scale,

The oscillograms in this report are in fact'Xeroxed copies of the

original oscillograms, which were developed and fixed in the manner
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described in Appendix 1. Measurements were then made of the hydraulic
lag recorded for each of the ramp inputs employed, and also of the
position error of the system after following a given ramp. Measurement
of the amplitude of the vibration which may be observed on the traces
was not attempted, this amplitude having been attenuated by the prev-
iously described circuit(Fig.3-2). Tests were also made with the a%ten-
uator capacitor removed, which resulted in very greatly incfeased vib-
ration. In all passes without the capacitor, except those carried out
at hydraulic fluid pressures less than 50 lbf/inz, these oscillations
were very grat indeed when the copying slide was moving towards the
centre line of the lathe ie, the valve spool under these conditions
was being driven to its balance position by the action of the return
spring. During outward ramps, that is when following increasing tapers
on the template, the oscillations experienced at normal turning feed

rates were approximately 0,001 in amplitude,

It should be emphasized that the above mentioned oscillations are
the result of changes in the air gap between the detector head of the
proximity transducer and the associated brass pad on the copying stylus,
Changes in this gap size, especially those which are oscillatory, do
not necessarily indicate similar motion of the valve spool or tool
slide, since the mounting bracket of the proximity transducer was
resilient to a certain degree. Certainly during the very large oscil-
lations it was possible to detect vibrations of the tool slide by touéh,
but a considerable portion of the oscillgtion amplitude could be attr-
ituted to vibration of the transducer relative to;the valve body. This

effect is dealt with in greater detail later in this section.






Fige.3-9 Theoretical Response of the Hydraulic Servo
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Interpretation of Results

In Fig.3-9 is aseries of diagrams representing the theoretical
response of a hydraulically operated position servomechanism to ramp
type input functions. Fig.3-9 a is the response curve for such a sys-
tem, to a simple ramp input as given in Ref.6 Section 9, the systéﬁ
being damped to 'dead beat' response. The servo does not réspond at
once to the ramp since the presence of an error is necessary to gene
erate the drive signal, and the response curyve then follows the form
of the input ramp with a steady lag until the input ceases. Terminat-
ion of the input ramp resulis in the drive signal gradually falling,
and the servo slows down., If the system is damped to the 'dead beat'
condition, the response curve will not overshoot the command signal
and the results should be as illustrated in the diagram. When the sys-
tem finally comes to rest, it will not in general coincide precisely
with the désired position, but will differ from it by a small error

known as the 'steady state error' and denoted by 'e' in the figure.-

Pig.3-9 b is an error versus time curve for the response curve

shown in Fig.3=-9 a, the lag error being marked_'L' and the steady

state error ‘'e!',

The standard template employed for these fests, and previously
described, provided three usable ramp ?ype input functions for eacﬁ
value of saddle velocity selected. Using the set.up illustrated in
¥ig.3-1, vhereby error traces were recorded by.mgéns of a U.V. oscile

loscope, the theoretical form of such traces is as illustrated in Fig.3-9 o,
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In Fig.3-9 c, L1 is the lag error generated when the system follows
the 60° outward taper on the template, L? is the lag as the 90° shoue
lder is negotiated and L5 occurs as .zes the 30° decreas-
ing taper. The steady state positioning errors between each of these

ramp inputs are indicated ‘ny.el ’y and e3.

The actual traces which are given in Appendix 1 are of the gener-
al form of Fig.3-9 ¢, but with certain modifications. From the traces
it is clear that the steady state errors between the inputs are suffic-
iently small to support the manufacturers stated accuracy for the lathe,
namely 0,002 in when copy turning. If the input functions are limited
to those that would be encountered during copy turning operations,
and also if the makers recommended operating pressure for the hydraul=-
ic system is adhered to, the lag of the copying slide is less than

0.0005 in, which implies less than 0,001 in error on workfiece diameter,

However, it was apparent that the equipment responded far more
satisfactorily to positive input ramps, that is when the slide was
moved away from the lathe axis, than in the reverse direction. In fact
it was found that the system tended to oscillate as the slide moved
towards the lathe axis, and changes in the loading on the.spool valve
return spring had little effect on this property. Changes in the pres-
gure of the hydraulic fluid appeared to have most effect on the oscll-
lations, and if the pressure wasg 1ncreased above 200 lbt/in the oscil-
lations became very noticable, reaching unacceptable proportions at

300 1bf/in° with the slide moving inwards towards the lathe axis,
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The oscillations described in the previous paragraph were.not,
at the recommended operating pressure, sufficient to impair the perf-
ormance of the machine. The actual magnitude of these oscillations was
not measured for reasons that will be discussed later, but test runs
carried out without the attenuator circuit (Fig.3-2) indicated that
there was no vibration of the actual copying sldde, under recommeﬁded

operating conditions, even when the error trace showed oscillations to

be present in the system.

Modifications to the theoretical error curve may be classified
into three divisionss
i) Apparent deviations from the steady state during periods

of no input, and also under conditions of steady lag.
ii) General superimposed vibration of constant frequency.

iii) Deflections of large amplitude, and short duration
apparent at the start of a steady lage. This occurred

for the steeper ramp input functions,

These effects may be explained as followss

i) Tre standard template was machined to a high surface finish, but
it had nevertheless some surface imperfections, and the semsitive
ity of the detecting equipment was set at a high value. The high
sensitivity was necessitated by the'requirement to detect hydraul-
ic lag for low gradient ramp inputs, and the éxplanation is justifa-

ied by the fact that similar fluctuations were observed at the same
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point on the template at different ramp input rates,

ii) The general vibration at constant frequency experienced through-
out this series of tests stems from three main causes:
1, Gear tooth ripple, from the pump in the hydraulic
pover unit. This is a general problem in equipmeﬁﬁ
of this type, and is the usual forcing agency caué-

other components in the system to vibrate,

2. General vibration of the machine and measuring equi-
pment, induced largely by gear tooth ripple, and act-
ually causing the oscillation on the trace. Attempts
vere made to reduce the effect of these vibrations to

an acceptably low level by the use of the attenuator.

3. Oscillation of the spool valve due to fluid flow eff-
ects at small port openings:. The valve spool and ret-
urn spring assembly may be excited to oscillate at the
eir combined natural frequency if a suiable forcing

agency is generated by hydraulic turbulence,

The cause mentioned in 2. above'is the .reason why no attempt was made
to measure the amplitude of these general vibrations. As has already

been stated the proximity transuder mounting bracket would vibrate if

excited, and this caused the gap between the stylus pad and the detec~
tor head to vary, hence affecting the trace recogded. Under these cond-

itions, valve deflections cannot be related directly to trace displaée-
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.+ Fig.3-10 Response Curve for the Hydraulic Servomechanism
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ment, However, the effect is oscillatory, whereas the delectién prod-
uced by a definite lag error is not, and it was decided to attempt to

rexnove the oscillations in the attenuator circuit.

iii) The large amplitude deflections of short duration experienced at
rapid traverse rates are interesting, since they appear to be._
characteristic of a high sensitivity closed loop positioning
system. Such 'spikes'are found in the Electro-Myographic records
of animal muscle response, although there are many differences
between this system and the 'reflex arc' of biological systems.,
Mr. J.Korn of Enfield College of Technology has also noticed
this effect in another hydraulic servomechanism, and this was
partly due to the inertia of the vélve spool, (Ref. 7 and 8

Section 9)

Test Results

‘Detailed test results, including the oscillograms are given in App=-
endix 1, and error measurements taken from the traces are listed below
in Table 3.2, for return spring load equal to 1 1bf. Fig.3-10 is the

performance curve for the system, drawn from the value in Table3,2.

Input Ramp Mean Lag Error 'L' in
in/min 50 1bf/in° 150 1b£/in° | 250 1bf/in°
=12.75 - 0.00240 0.00100 0.00075 ’
- 2.12 0,00100 - * 0,00050 0.00030
+ 2,12 0.00060 0.,00030 0.00018
+ 4.24 0.00075 ~ 0,00042 “ 0.00027
+12.75 " 0,00088 0.00066 0.00040
+25.5 0.00130 0,00100 0.00050
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SECTION 4: Analysis of the Digital Servomechanism

A dlock diagraz of the digital servomechanism, described in Section 2

is given below in Fig.4-1l.

Comhand

- ?
Subtractor > Controller > A :
and Gearbox .
Motor4
rocdback Poer
< Encoder/Decoder < >t Ram —>

Out-
put

Fig.4-1 Block Diagram of the Digital Servomechanism

Considering the functions of each element of the above system separ-

atcly, we haves

Subtractor

’ Both inputs, command and feedback, are in the form of parallel bin-

ary numbers on multi-core cables, and the unit then generates the err-
or signal which is also a parallel binary number. In tﬁe system desc=~
rived there are in fact two outputs, one providing the difference bet-
ween the command and the feedback numbers in both magnitude and sign,
and the other which provides the signal for the motor controller, wﬁich
is the next element in the above diagr;m. The output of ‘this element
is, as far as this analysis is concerned, as given in Taélb 4.1 on .

the next page.
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Error Signal Output to Motor Controller
Low speed High speed Sign
e= 0 0 0 on or off
0<ee* on off on
e* e{0 on off off
e> e* | . on or off on - on |
e*> e on or off on.’ off

where e* is the value of error signal at which the high speed relay

is arranged to operate.

Table 4.1 Output from the subtractor element

Since this element contains no mechanical operations it introduces

no lag errors of significance to this analysis.

Motor Controller

Input to this element is a 3-core cable carrying the output from the

subtractor unit as tabtulated above, namely:

1) Lead carrying information concerning the sign of the error signal

2) Lead for small errors, less than e*.

3) Lead for errors in excess of e*

These leads control the settings of three relays, which have the

following functionss

1) Reversing switch to change motor field polarity for direction

control,

2) Relay controlling the supply of d.o. pulses to the motor armature

for low speed running.,




3) Relay which when energized supplies 24 volts d.c. to the motor
armature for high speed running. ~ e
An electronic circuit is used to generate the d.c. pulses for 2)
above, .from the 24 volt supply, and the mark-to-space ratio of this
signal may be adjusted manually as required.,
The output from the controller is therefore a double step :
function, and if for this analysis the motor is included in the
element, the output may be taken as torque. In this case the elemeat

may be considered as a servo amplifier with non-linear characteristics

as shown in Fig.4-2 below.

Input Output

> Motor and Controller
Error e

Torque T

Fig.4-2 Input-Output relationship of the Servo Amplifier
Similarly the characteristic of the element is then as shown in .
. -

. below. k
Fig.4-3 eov. A
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3
T +e* e +ve
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Fig.4-3 Input-Output characteristic of the Servo Amplifier




In operation the servomechanism will only work in the low speed mode;

that is with errors less than e* in magnitude. In addition, reversals
of direction will not be encountered during a given cycle, although
the system will be capadle of running in either direction. 1t is there-

fore reasonable to consider the element as a unidirectional step torque

.

function generator, and to deal with a given profile in stages, in

+

order to deal with changes in the direction of the ram. The character=-

istic then reduces t6 that given in Fig.4-4.

i

o] |ag——— @ = 1 bit

Y

0 e +ve,
Fig.4-4 Modified Input-Output characteristic
In this element the value of output torque T changes between O and T
according to the input with a lag of 1 binary bit. Neglecting the lag
introduced by the relay, which is only about 10 ms, the element intro-

duces no measurable lag effects to the system.

Encoder and DECOdiEEMLOEiO

The decoding logic comprises a series of solid state 'gates’ the func-
tion of which is to convert the output from the shaft encoder (V-scan)
to match the input of the subtractor (binary code). It contains mo

mechanical linkages and may therefore be ignored in this analysis,.



The encoder is electro-mechanical in operation, and therefore it
introduces friction and inertia effecits into the system. For the pur-
pose of this analysis, however, it is more convenient to include these
mechanical effects with those of the gearbox element, which is dealt
with later. The encoder/decoder element as shown in Fig.4-1 may there-

fore e ignored in the analysis,

Gearvox Unit

For the purpose of this analysis all the mechanical effects in the
system are included in this element, except those delays due to the

relays in the servo amplifier, which as explained have been ignored.

The gearbox unit comprises a motor driven 3:1l reduction spur
gear mechanism, coupled to a screw jack which is fitted with a contact
type shaft encoder to provide position feedback signals. Output of the
system is the extension or retraction of the screw jack ram, but in
fact the ram itself is outside the servo loop, since the position of
the ram is infered from the angular orientation of the screw. In this
analysis therefore the output of the gearbox unit is taken to be the

angular position of the screw.

Mechanical effects introduced by this element includes
Frictions pl#in and ball bearings, brushes in the motor and the encoé-
er, screw thread and ram friction, also gear tdgth friction,
Inertias rotors of the motor and encoder, spur geérs and the screw

'member, also the linear mass effect of the ram,
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Fig.4-5 is a diagram of the general arrangement of the components

of the gearbox unit,

Ram

. N ]Du’
L
Serew 16 top.iy—"

Motion

Encoc ex S

—

Fig.4-5 General Arrangement of the components of the Gearbox

Analysis of Gearbox Response

Let the applied torque - Uy
combined 'stiction' = K
combined friction coeff, = ¢ (without e.m. braking)
combined friction coeff, - ¢'(with e.m. braking)
combined inertia effects = J

angular displacement of
motor shaft = : 6 (linearly related to)

(stated output )

-

differential operator
wWeTobts time = D
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Tr.e e.n. (electro magnetic) braking occurs due to the motor field, wh=-
ich is permanently energized. When the armature is receiving current
the elfect of the field is included in the output torque of the motor,
but wren the armature is switched off, the field current has the effe-

ct of increasing the value of the friction term,

The motion of this element may then be described by the folloQ-
ing pair of differential equations, to cover the motor driving and
coasting conditions.

(JD2 + D)6 =T - K (motor driving) coseo(iii)

(JD2 +¢'D)6 =0 (coasting) ceses(iv)

Both the above equations refer to motion of the shaft in one direct=-
ion. They may be said to describe the motion provideds
a) the motion is unidirectional, in order that the sign of K
may be established,

b) the torque is a continuous function.

As already stated the above conditions are met by the normal running
conditions of the system, provided that a given profile is considered
in a series of separate sections, none of which required ram direction
changes. In practice this limitation will mean that the input is either
zero, for journal machining, or a ramp input function for machining
tapers or faées. )
Considering the motor on response, let T' = T - K,'Yhens

(D% + D)o =T . eeen(V)
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Equation (v) has the auxilliary:

2 c
k- + 3k = 0

with roots,

0 and -‘% » hence the complementary function is:

/5t :
A + Be where A and B are constants.

The particular solution is given by:

6 = L I
2 c *J
(p° + 7D )
I S S
c
D 7 ¢+ D) J
- e LI
D c J
-1l
c

Combining the particular and complementary solutions we haves

-C
® = A + Be Jt + %'t oooco(Vi)

Boundary conditions ares

6=0at t =0, alsoD6 =0at t=0

Hence:
A=-3B
Also, T;- B
c J
Therefore, B =T'J and A =-T7'J

02 2
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And equation (vi) may then be written as:

my -C []
[S) - i-Z—J- e Jt + E t - TE'J secee (Vii)
c c [+
or
™y "t J
V(t) =SS ed +t-% coseo(viii) -

The three terms of equation (vii) above may be considered separately,
as illustrated in Fig.4-6, and equation (viii) shows that the solution

is non-oscillatory.

\\\

0+v

T'J

-o-_-:E__ .
c

=

Fig.4-6 The Function ¥(t), and its components

From the above curve it may be seen that the function ¥(t) tends to the
t

line O = %'t, being modified in the early stages by an exponential de=-

cay component, The coefficient«% may be termed the 'time constant' of

the system, and is denoted by the symboltj.

If the input to the system is a ramp function, the motor will be
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switched on as soon as there is an error of 1 bit, and it will then
'chase' the ramp input until there is again an error of only one bit.
At this point the system will switch off the motor and the gearbox

will obey the second equation of motion ( equation {iv) ),

In considering the response of the system, the above mentione@
error of 1 bit is conveniently ignored since its effect is non-linear,
and as a result the ramp is considered to commence at time -t which is
fixed so that the system begins to respond at t = 0, This modification
does not alter the form of the functions plotted but serves to simplify
the values of the constant terms A and B in equation (vi). When consid-
ering the response after motor cut-off the 1 bit uncertainty has to be
taken into the calculations, but since there is an accepted discontin-

uity at this point, it can be done without excessive difficulty.

Fig.4-7 below shows the sysiem response from rest, to the motor
cut-off point P, when the response function (motor on), ¥(t) intersects

the ramp input function,

6 +ve
~(input ramp - 1bit)

[

-~ d ) | tl 'J - t +ve

Fig.4-7 Initial response from rest to motor cut-off point
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Motor Off Resnronse (Coastingl

As soon as the system achieves an error of less than 1 bit, the motior
is switched off by relays in the controller, and the gearbox may then
be said to behave according to equation (iv). During this phase of run-
ning the motor field is still emergized which results in a different

effective friction coefficient ¢'. Hence the equation of motion,

(JD2 + ¢'D)6 = O

has the solution:

8 = E + Fed ¥ where E and F are constants
In this case the boundary conditions depend on the motor cut-off point,

these being determined in turn by the form of the input ramp.

In general at the cut-off point P, 6 = 61 and DO = w = ®y at tl

Then:
-C't i
6, =E + FelJ 1 eesss(ix)
and,
c! 72't
DB = - F.F.e J =
therefores
t -c't
c AY
wl =-3 e J 1
and,

Jo, “L'4
F == ;?1 ed “1-

Substituting for F in equation (ix), we have:

Jw.
E -61+°,l
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Putting these values for the constants E and F into equation (ix),

we have the full solution for this condition.

-c! -c!
6 = (61 + %?1) - (%gl.e J t1).e 7t
Let ~%, =Y', a revised time constant for the coasting condition, and

this solution may be written as:

-t
6 = o(t) = X = Z.,e I coses(x)

where the constants X and Z are given by:

Jw
X = 61 + c,1
and
-t
Jw
Z = Hlee kL

A sketch of the function o(t) is given below in Fig.4-8, from the
motor cut-off point P, and from this curve it may be seen that the
function comprises an exponential rise from the point P, and becomes
assymptotic to a horizontal line 8 = X; where X is the constant

defined above.

A

6 +ve

5 M

0 t1 t +ve

Fig.4-8 The coasting response function o(t) from point P .
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The final value of 8 depends on:

61 the starting value

wy velocity at the motor cut-off point

62

'b' the time constant for the coasting condition

In addition it may be seen that the form of the exponential rise also

depends on the time constant 7',

Combining the motor on and coasting response functions, for a

steady ramp input function, it may be seen (Fig.4-9) that there are

two possible forms for the complete system response curve, both of

which take the form of discontinuous oscillations. Which of these

two forms is realized in practice depends on the slope or gradient

of the input ramp, for given torque and time constant parameters,

\
0 +ve

it

}

Fig.4-9 a Response to small gradient input ramp

8 +ve \

1 bit /;7

t +ve

é;§.4-9 b Response to steep input ramp gradient

t +ve
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In the case of the system response to steep input ramps as illustrated
in Fig.4-9 b, it may be seen that the ram overshoots its required pos-
ition, and reaches a point P2 in Fig.4-10 below, where the motor is swe

itched on again but with opposite field polarity. This results in the

ram being reversed, and there

is then a second motor cut-off point P

22°
6 +ve A
/ﬂ
input ramp
V(%)
Pf\
**(t)\ Pll
P, o(t)
1 bit / (%)
' of =t 4ve

Fig.4-10 Response to steep input ramp, showing overshoot.,

The form of the response functions in the above figure is similar to

those already derived, but the values for the constant terms are more

complex as the system does not start from rest. After the point P2 we

have motor on, but with opposite torque, hence the describing function

is:

(D% + cD)® = - T

The solution of which is:

-t . -

@ =A' +B'ee S = %t

and the boundary conditions ares

6 = 62

62 and t2

at t = t2 y 2lso

are the co-ordinates of the point P

-

w = w, at t

2 2

o On the response curve,
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which is the intersection of the function e(t) and the input ramp

taking the 1 bit lag into account,
In general it may be shown that:

t, + Nw, + T')

t

.—2 T'
' e - ) L
B Jee (w2 S )

Which gives the solutions

T

t -t
. ol e 2 AT
ve(t) = (62+Et2+jw2+“3-;) -  .e7 (w2+35.e5--5t eo{xi)

The above expression is of the same form as the function ¥(t), equati-
on (viii). Between the point P22 and P11 in Fig.4-10, the system will
follow the function #(t), but this time the starting velocity will have

& different sign.

Evaluation of System Constants

The solutions to the describing equations giveh in equations (viii) and

(x), include certain coefficients which are constant for the equipment

under test. These constants have to be determined in order to plot the

theoretical response curve. The constants are listed belows

T' = Effective torque generated when the motor is supplied with d.c.
pulses for low speed running. ; |

¢ = The friction constant, due to beaiings, gears , brushes and thé

ram, in the motor on condition.
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cl

Similar to ¢, but with the motor field energized to produce the
previously mentioned electro-magnetic braking effect,

3 =-% = The time constant, which includes the combined inertia effects
of the complete element,

N = %,= Similar to ™ , but with ¢' instead of co

Effective Torque T!

Motor shaft —*@

1

W

Fig.4-1ll Determination of effective torque T!

A light thread was attached to the motor shaft, as shown in Fig.4-11
above, and the value of weight W was determined by experiment, so that
the turning moment of the motor at low speed was Jjust cancelled. The

torque was then found from the relation:

T' = W,r
Now,
r = 0,290 in (micrometer measurement)
W = 1.4 1bf ( mean of three tests)
Hences

P = 1ed X 32,2 x 0,290
12

pdl.ft

T' = 1,08 pdl.ft

Considering the accuracy of measurement, T' = 1,1 pdl.ft
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Friction Constants ¢ and c!

F

Fig.4-12 Determination of friction constants

Trese values were determined by applying a known torque to the motor
shaft, as shown in Fig.4-12 above, and recording the steady sﬁeed
reached by the shaft. The tests were made with the motor field on and
off in order to obtain values for both ¢ and c¢', A subsidiary test was
then carried out to find the torque absorbed by the revolution counter
which was used to me;sure the shaft speed. The friction constants were
then determined from the following relations
Applied torque = ¢ x Angular velocity (steady state)

For = CoW .
Considering the gearbox unit and the revolution counter,

F.r =c''.w
where Fo.r is the torque applied to the motor shaft, w is the steady
velocity achieved and ¢'' is the friction constant including the effect
of the revolution counter. -
A similar series of results was then obtained for the revolution
counter only, by applying the torque to its shaft only, hencet

for' =c'''.w

By plotting f.r versus w, for the revolution counter, the value of



¢''' may be found from the slope,

Then:

T* = F.r - f.r'
=2 c'lw=-c¢c'""'.w

But

Therefores

¢ = o'' - gt

By repeating these tests with the motor field energized it was poss=-
ible to obtain a value for c', from the relation:
¢! =c - 't (Since c¢' is not required results are

not included in this thesis
Results from these tests are listed telew in Tatles 4.2 and 4.3

F (1of) | F (pdl) | Fer (pdl.ft) | § (rev/min) | @ (rad/s)
.5 16.1 .3888 20 2,093
.75 | 24.15 5832 130 13,610
1.00 | 32,2 7776 255 26,690
1.25 | 40.25 9718 380 39,780

Table 4.2 Determination of friction constant-Gearbox and Counter

by (lbf)g £ {pdl) |f.rt (pdi.ft) N (rev/min) w (rad/s)

.25 | 8,050 ,005207 275 28,78
.30 | 11.270 006248 355 37.16
¢35 | 14,490 .007291 435 45.54

The number of readings that could be taken for the revolution counter
only was limited, at the top end by the limit of 500 rev/min of the
counter range, and at the low end by 'stiction' in the instrument

. which resulted in a threshold torque of 0,22.r' 1lbf.ft,






Fige 4=13 Determination of friction constants

; If‘ig. 4-13 a Gearbox and Revolution Counter
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The results given in Tables 4.2 and 4.3 on the previous page are plot-
ted on two graphs illustrated in Fig.4-13 opposite., From the slopes of

these curves the friction constants may be determineds

From Fig.4-13 a,
slope = 1.06 e <52 - ﬂgi
45 - 10 2

Therefore
c" = 0001543 pdl.ft.s

From Fig.4-13 b,
0066 - .0023  _ 0043
35

slope =
40 - 5

Therefore

c''' = 0,00012 pdl.ft.s

By subtraction, and taking into account the accuracy of these measure-

ments, the friction constant ist

¢ = 0,0153 pdl.ft.s

Ratio of Torgue to Friction Constant '%

This term occurs in the function ¥(t), and is given by,

T 1.089
s = 0.0153
- 70.78 st

Considering the accuracy of the tests,

' = T1 g™l .

o3

The Time Constants J and Y s

It was decided to evaluate the damping ratios by oscillatory methods,

the simplest practically being the use of a compound pendulum. In this
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method a suitable pendulum is fitted to the motor shaft, with the gearb
box unit mounted horizonfally, as shown in Fig.4-14 below. The pendulum
is then made to oscillate, using the motor shaft as the fulcrum, and the
resulting damped oscillations are observéd. Measurements are then made
of successive amplitudes of swing, and also of the periodic time for
the systems In a subsidiary experiment the periodic time for the ﬁgdu-
lum is determined for free undamped swings about the same ;xis, uaing
a knife edge as the fulcium. Together with the measured mass of the
pendulum, and the distance between the centre of gravity of the unit
and the axis of the fulcrum, the periodic time for free swings is then
used to determine the moment of inertia of the pendulum itself about
the axis employed,

—_—

-

- earbox Unit

«t— Pendulum ' : -

—/

Fig.4-14 Arrangements for determination of time constants

Scale

Tests were carried out with the motor field energized, and also
with the field switched off, to establish values:for the'two time cori~
stants required, and runs were made with two values for the pendulum.

inertia,
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4/

FPig.4-15 Diagram of the compound pendulum

In Fig.4~15 above, let:
J = effective inertia of the gearbox element
¢ = effective friction constant
Jps pendulum inertia about axis x-x
a = deflection in radians
m = pendulum mass
a = distance of pendulum c¢c.g. from axis x-x

g = acceleration due to gravity

Then the equation of motion for the pendulum is:

(J'D2 +cD)a = -mga sina = - mga a (for small a)

where J!' = (J + Jp)
The oscillatory solution to this equation iss

o = R.ept.sin(qt + B)
where R and B are constants, and
P, q are the real and imaginary parts of the roots P + iq, P = iq

of the auxilliary equation.

——— e e



By inspection,

Powlr o oS
2J° 2(J + Jp)

Now the amplitude of the oscillatory solution is:

amplitude = R.e 2J!'

Put k = —— , and considering only the maximum amplitudes, we haves
2J!

-kt

= R.e
%nax. ¢

hence:

loge a = LogéR - kt

k may therefore be determined by plotting the logarithm of successive

maximum amplitudes against time, and measuring the slope of the resul=

ting curvet
c

slope = k = ~—me——rt——0r0u
2(J +J

(3 +3) |
If two series of tests are run at different pendulum inertias, Jp1 and

J then the slopes of the resulting curves are:

p2’
2k1 = ——-c—_' ’ .....(Xii)
(7 + Jpl)
and,
2k2 = (4] ooooo(xiii)

(3 + Jpz) .
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Combining equations (xii) and (xiii), we haves

kl(J + Jpl) - kz(J + Jpz)

Hence:
;. B - MIn
Now,
c =2k (J + Jpl)
1 kA Jd - k. J
= 2k 2 p2 1 pl + J
1 k. - k pl
1 2
p
J - J
= 2.k .k, { 22— 21
1772 K. - k
1 2

Hence the time constant is given by:

k2Jp2 - lipl

2.k1.k2(Jp2- J

Yo d

o ceses(xiv)

)

pl
Similarly, if the slopes for the motor field on condition are kll for

Jpl’ and k22 for Jp2 , the time constant for the coasting condition iss

R 7 e b !
‘5 = .C-' - eeee Q(XV)
2ok11 okzz(Jpz- Jpl)

Pendulum Inertias Jpl and Jp2 .

As stated earlier these values were determined from measurements of
mass, free period and c.g. position for the pendulum in the two cond-

itions in which it was employed



Considering tne pendulum suspended from a knife edge, let:
T = free period of the pendulum

mass of the pendulum

3
fl

XK =
a = C.g. position from fulcrum

J =

rzdius of gyration

moment of inertia about fulcrum axis

Then,

T Now,

Therefore:

mga

The two required pendulum inertias aret

2 : 2

mlogealoTl . m2.g.32.T2

J e —————— X and J = ——————————
pl 7 2 p2 7 2

The following measurements were made directly on the pendulum:

ml = 1,1 1bf m2 = 0,65 1vf
Tl = l1.94 s T2 = 1,90 s
a, = 26.95 in a, = 19,60 in
Hence J 1!
2
J - 1,1 x 32.2 x 26.95 x 1,94
pl 4.%2 x 12 i

= 7.586 1b.ft2

or, considering accuracy of measurement 'Jp1 = T.6 1b.£t2

74
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Also, Jp2 iss

0465 x 32,2 x 19,6 x 1.9°
p2 4ox% x 12

J

= 3,127 1b.ft°

or considering accuracy of measurement,

J = 3.1 1boft2

p2

Pendulum fitted to motor shaft

Readings of maximum amplitude obtained during successive swings with
the pendulum mounted on the motor shaft, are listed in Tables 4.4

and 405'

Table 4.4 Pendulum amplitudes with motor field off

Heavy Pendulun ’ * Pendulum

a© a(rad)| log a o °| a{rad) Log, o

15,00 | .2618 | =1.3402 | 15,00| .2618 | -1.3402
13,90 | 2426 | -1.4164 12.80| 2254 | -1.4988
12.95| .2260 | -1.4872 | 10,70| .1868 | =1.6777
12,00 | .2094 | -1.5834 8.70| .1518 | -1.8853
11.10| .1937 | -1.6415 6.65| 1161 | =2.1533
10,15 +1772 | -1.7305 4.80] .0838 | -2.4794
9.25| 1615 | -1.8234 3,00| +0524 | -2.9489
8,40 | 1466 | -1.9201 1.45] .0253 | -3.6770
7.55| .1318 | -2.0267 40| .0070 | -4.9619
6.65| +1161 | -2,1533 0 0
5,75 | .1004 | -2.2988

4.95| .0864 | -2.4488

4,15 0725 | -2.6252



Tavle 4.4 continued from: previous page

Heavy Pendulun

Light Perndulun

a © L(rad) Log, o a° | a(rad) Log, o
3.4 .05393 -2.,8702 .
2,65 .0463 | =3.1176 |
1,95 <0341 | =3.4235
1.35] .0236 | =3.,7915

70| .0122 | -4,4063
<40 0070 | -4.9619
o100 L0017 | -6.3772

0 0

Table 4.5 Pendulum amplitudes with motor field on

Heavy Pendulum

Light Pendulum

a © |a(rad) Log, o a © | a(rad) Log, o
15,00{ .2618 | =1,3402 15,00 |.2618 | =1.3402
13,90 02426 | -1.4164 12,70 [.2217 | =1.5605
12.85| 02243 | =1.4948 10.40 |.1815 | =1.7066
11.85] +2069 | -1.5755 8,15 |.1423 | -1.9498
10.85| .1894 | ~1.6638 6.10 [.,1065 | =2.2395
9.90} +1728 | =1.7557 4,20 |,0733 | =2.6132
8495| 41562 | =1,8566 2,30 {,0401 | -3.2164
8.00| 1396 | -1.9689 .85 {.0149 | -4.2064
7.25] 1266 | =2,0667 .20 |.0035 =546550
6.40 | 1117 | =-2.1921 o |o
5,45 | .0951 | =2.3529 .
4,601 ,0803 | -2,5220
3,70 | 0646 | -2.7396
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Fige 4-16 Pendulum amplitude curves for determ

ination of
time constants

? pervods (1-92s viks)
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Tabvle 4.5 continued from the previous page

Heavy Pendulum

? a° [a(rad) Log, o
©3.05| .0533 |-2,9318
g 2.35| 0410 |=-3.1942
| 1.60| 0279 |=3.5792
| 1.00| .0175 |-4.0456

55| 0096 |[-4.6460

035| 0061 |=5.0095

0 0

The readings listed in Tables 4.4 and 4.5, are plotted on the curves

given in Fig.4-16 opposite. Inspection of these curves reveals that,

although the analysis has suggested that they should be straight lines,

they are in fact curved as . -u in Fig.4=17 below,
Q
time +ve
N
Slope = k
~n -
non-linear decay .+ _
Log eQ. ~
RS
_vq

Fig.4~17 Decay of pendulum amplitude

It would appear that the straight line is modified as time increases

by a decay function. Such a function could be explained by the action

of non-linear effects, suwh as 'stiction' and backlash iﬂ the gearbox’

unit, This explanation is reasonable, since as time increases, the

deflection caused by the pendulum swing decreases, and it should be
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remembered that the overall mechanical advantage to the motor shaft in

this unit is such that a pendulum deflection of nearly 5° is necessary
to advance the ram by 0,001 in.

It is assumed then that the linear portions of the curves in
Fig.4-16 provide the required values of slope, and that the curved
portions are due to non-linear effects which increase greatly as dgf—

lections approach a small value.

From the curves in Fig.4-16, the following values of slope have

been measured:

Heavy Pendulum k, = 00434 g~1
No braking effect ;.1 Pendulum k, = 40827 5™
1

Heavy Pendulum k = 0456 s~

11 1
Light Pendulum 22 00936 s~

With braking effect

~
]

Calculation of Time Constants

The expression for the time constants has been derived as:

y . kd 5 = kyJ,

2.k1.k2(Jp2- Jpl)

Substituting the calculated values for kl’ k2, Jpl and J oy We haves
P

- 3'127 X t082] - 70586 X 00‘434
2 x .0827 x .0434(3.127 - 7.586)

.
”

= 2,211 s
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Similarly, substituting for Kqq9 k22, Jpl and Jp2' we haves

Tj' . 2.127 x 0236 - 7,586 x ,0456
2 x .0336 x .0456( 3.127 - 7.586)

= 1,397 s
However, considering the accuracies of the measurements employed fgr

these calculations, we may writes

J = 2.2 s

! = l.4 s

Input Ramp Functions

It has been shown in Section 3, that for a lathe tool 1o machine a
90° shoulder by copy turning, the saddle velocity being constant ati
2.12 in/min, the copying slide has to retract at 4.24 in/min. From
this figure the associated system response may be deduced thus:
Ram veloci¥y = 4,24 in/min
= 0,0704 in/s
= 142 bits/s

Let w = angular velocity of the motor shaft in rad/s,.then

Input function = required wm

- 142 x 360 x 3 x 2%
360 x 128

20,97 rad/s /

21 rad/s
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sirzilarly other input ramp function may be calculated. In this work
three ramp inputs have been tested tneoretically, namely:
21 rad/s equivalent to 90° shoulder at 2,12 in/min
10.5 rad/s equivalent to 90° shoulder at 1,06 in/min

or a taper at a faster saddle velocity

also 5.25 rad/s

Theoretical Response Path

Using the response functions derived in this section, equations (viii),
(x) and (xi), together with the system constants calculated and measu-
red, the response of the system to the input ramps listed above was
calculated. Since this task,if carried out by hand would be very ted=-
ious, use was made of a general purpose digital computer to calculate
the co-ordinates of the response curve. The computer programme is ful-
ly described in Appendix 2, but the actual values calculated are not

included in this thesis in the interests of space saving.

These co-ordinates were, however, used to plot response curves,
which are given in Figs 4-18, 4-19, 4-20 and 4-21, The first three
curves are the theoretical responses to the three input ramp functions
employed, whereas Fig.4-21 is an enlarged drawing of the initial resp-

onse to the 21 rad/s input ramp.

Theoretical mean lag errors are then determlned fron these respo-

nse curves, and these results are listed in Table 4.6,






Fig.4-18 ﬁ’heoretical Response to 21 rad/a input ramp

— — *Sumpe &
} [ w <A T







' Fig.4-19 Theoretical Response to 10.5 rad/s input ramp
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' "Pig.4-20 Theoretical Response to 5.25 rad/s input ramp
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Fig.4-21 Ynitial Response to 21 rad/s input ramp
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Table 4.6 Theoretical mean lag errors

Input Ramp Gradient Maximum Amplitude after Mean Lag
Sth, Oscillation

(rad/s) (in) | (in)
54250 0,0010 0.,000%
10.500 0.,0025 0,0013
21,000 0.0035 0,0018

As may be seen from the theoretical response curves given in Figs.
4-18, 4-19 ahd 4-20, the response path oscillates about the input
ramp, and the maximum lag error generated tend to decrease with time,
These maximum lag errorsare plotted against oscillation number in
Fig.A2=3, from the values in Table A2.5, Appendix 2, and the above
values for'Maximum amplitude after 5th oscillation'in Table 4.6,

are taken from Fig.A2-3, The mean lag error is then deduced ﬁy

assuming that it is one half the maximum error,
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Schematic Diagram for Response Tests on the
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SECTION 5 : Response Tests on the Dizital Servomechanism

The procedure adopted for testing the response of the digital equip-
ment was similar in principle to ihat employed for the hydraulic sys-
ten already described in Section 3. The system was subjected to a se=-

ries of known input signals, and arrangements were made to measure

and record the system lag and positioning errors.

Since the equipment employs digital command and position feed=
back signals, the arrangements for input signals and also the record-
ing of errors, had to be digital in nature. A schematic diagram of the
set-up used to carry out these tests is shown opposite in Fig.5-1, fr-
on which it may be seen that three additional items of equipment were
employed. Since it was very easy to test the system for response to
step type input functions this was also included in the work, even

though this type of input signal would never be applied in practice.

As with the hydraulic servo, the type of input signal for which
the system has to be #ésted is the ramp function, and both forward
and reverse response is required. Since commands to the digital servo
take the form of 12-bit parallel numbers in binary code, suitable ra=
mp input functions may be generated by means of a binary counter unit,
Hence forward ramps correspond to an increasing count, whereas:reverse

ramps may be simulated by a decreasing count., In addition the counting

rate provides a measure of the ramp gradient,

LI
v

Step type input functions are formed simply by the application .

of a parallel binary number to the subiractor, and since provision



already exists for this facility on the prototype control cabinet,

such tests are included in this work,

A series of suitable ramp and step inputs was then appliedvto the
input at the control cabinet, and records were made of the error signal
generated by the subtractor element of the system, as the electriéally
driven ram followed the prescribed command., For conveniencé the ge;r-
box element was removed from the lathe for these experiments, and as

the error signal was found to vary so rapidly during each run, the res-

ults were recorded automatically on punched paper tape,

Due to the delay introduced by the time taken to punch out a give
en error, it was not possible to provide a contimuous readout of the
error signal, and a data sampling technique was therefore adopted. The
sanpling period employed was governed by the punching speed of the tape

equipment.

In addition, the tape punch equipment which was obtained for ane
other project, operates at a different voltage level from the digital
servo, and it is also relay operated. It was not possible therefore
to drive the tape punch directly from the output of the subtractor
unit, and an interface had to be provided. This requirement, together
with the above mentioned data sampling need, was therefore overcome
by the introduction of a specially built data sampling interface unit.

This unit was controlled by a 'clock' circuit which is described later,

together with the method for establishing the ‘on! time 6f,the unit,. -

From the punched tape output, a series of tables of results was






Fig.5-2 The 'Robtom' logic planning machine employed in
the digital servo response tests
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drawn up, and these are included in this thesis in Tables A3.1 to
A3,13 in Appendix 3. Response curves were then prepared from the
tabulated errors, and these are also included in Appendix 3, in

FigeA3=1l to A3-18,

Input Functions

-e

In Fig.5-1 reference is made to a machine which is know as 'Robtom';:;}'
and which is used in these tests to provide the required 1nput'rtmp
functions and also to opearte the data sampling 1nt9rfaoe unit;ffhis
machine which is illustrated opposite in Fig.5-2 was designed;hyﬂt§§, ,
author and two co-workers in 1966, and its description was publinhpd:?

in that year (Ref 9. Section 9).

'Robtom' is best described as a solid state logic planning ma-
chine, designed to assist research workers in the fields of control
and computing. It was developed from the small logic tutors employed
to train engineers in loéic design, and provides a large number of
elements which may be coupled together by the well established pate
ching technique using the sockets provided on the front panel. In add-
ition to standard NOR logic elements, the machine is provided with a
number of bistable oifauits, and also some input and output.dqg§9qs.

A suitable power supply is built into the base of the cabinet, and

the panels of logic elements are detachable, so that they may bé rep-

laced with panels of other elements as required,

o
-

Housed in a 36-in tall sloping front cabinet, the machine has
a drawer for patching cords at the bottom, and the remaining vertical
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.

portion of the cabinet by the 10 volt stabilized d.c. power supply,
and the input switch panel. This last mentioned panel carries two

push button switches, 31 tumbler switches and a pair of 15-way mine-
iature sockets wheredby external equipment may be connected to.thoM 
machine, All connections from the switches and socketis are broﬁght

4 )

to patchihg sockets at the front of the panel to give maximum verse

atility.

The larger panel on the sloping front of the machine carries
the main NOR logic in the form of 112 separate elementss 32 g;ﬁgle
input, 30 twin input and 50 four input gates. In each case thg inﬁufl
and output connections are brought to patching sockets Onythefpanei;f’
Silicon planar transistors are employed and the circuit diagram for

a twin input NOR element is given below in Fig.5-3.
+10 volts

—40utput

Inputs

Fig.5-3 Circuit diagram for a twin input NOR element from 'Robtom'

The panel above the main logic unit is provided with 32 bistable
cireuits in four rows, each having two d.Ce inputs, two .outputs
and a separate a.c., input, the latter being employed wheﬁ.the

machine is to be operated as a counter.’
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A circuit diagram for one of the bistatle elexents is given below

®+ 10 volt
in Fig.5-4 ‘ [j voLts

QI -+ ﬁ_{: 0

—-—

ld.c.Iants ~ Output L da.c.

& (utput Input
Fig.5=4 Circuit diagram for a bistable element as on the 'Robtom' unit

Output from the machine takes the form of two rows of signal lamps,
16 red and 16 green, each being fitted with a drive amplifier. Patching
sockets are provided at béth the inpq# and the output:of the drive ampe
lifiers, so that they may be used as additional single inpuf NOR ele-
ments if necessary. The circuit diagram for a drive amplifier and lamp

is given below in Fige5=5.
+10volts

EE i Lamp .
Output

1 - :

o]

L

‘Input

by

Fig,5-5 Circuit diagram for lamp and drive amplifier from 'Robtom'
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In order to set up the 'Robtom' machine to operate ds a binary
counter it is necessary to couple a number of bistable elements in
series as shown below in Fig.5-6., From this diagram i1t may be seen
that the connection is made from the output of one stage, through a
small coupling capacitor to the a.c. input of the subsequent atag?t
The output is then taken from either output of each stage, dependi‘rggff
on requirements,ie, decreasing or increasing count and convention-

adopted, Coynt output,(forward ramps)

Bistable

Elerment ye n . 0
e ME NE N b

Oscilllator -

Count output (reverse ramps)

Fig.5-6 lrrangements for patching bistable elements to form s
a binary counter

The outputs are then patched to thevinput sockets of the drive ample

ifiers located on the panel above, and the associated signal lamp -

signifies the state of the bistable elements té which it is conneoted.

A series of lamps so coupled will therefore show a binary count if the

first bistable element in the chain is supplied with a regular pulse

of suitable magnitude, since each bistable element halves the frequ;

ency of the signal which is driving it,

[
”

In this particular application, a problem was presented by the

fact that the logic in the 'Robtom’ machine employs silicon transistors
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which are operated from +10 volts, whereas the logic in the subtractor
unit of the servomechanism uses germanium iransistors supplied from

=15 volts. It was necessary that the output from the counter should
form the input to the digital servo, and this end was achieved by
coupling the +10 volt line on 'Robtom' to the O volt line on the servo
power supply. In this way, zero outputs from 'Robtom' acted as negétive
pulses on the servo input a2t a level of - 10 volts. It was then only
necessary to change the convention adopted for the counter, so that
when one stage was off this in fact correspondéed to a count. The res-
ulting effect is a phase change, which is easily accommodated by taking
the counter output from the opposite side of each bistable element to
that connected to the signal lamps. Hence when a lamp is on on 'Robtom!
indicating a count, the output socket of the associated drive amplifier

falls to O volts, which the subtractor accepts as a =10 volt drive sig-

nal.

In this manner a l2-channel binary counter was patched up on the
'Robtom' machine, the first stage being driven by a Solartron variable
frequency R-C oscillator. The output frequency of the oscillator could
be set between 10 Hz and 1 ¥Hz, and the amplitude of the signal could
be varied from O to 20 volts, Although the output from the oscillator
was sinusoidal, only about 1 volt was required to operate the bistable
elerments, and the unit thefefore drove the counter satisfactorily with
its output level set at + 10 volts, The input ramp gradient was set b}
ad justing the frequency of the R-C oscillator, and values'yere chosen
to provide comparable ramps to those employed for %esting the response.

of the hydraulic servo in Section 3.
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Ramp Gradient

In the series of tests carried out on tre hydraulic servo, the worst
case considered was that due to negotiating a 90° shoulder for forward
ramps, and a 30° reducing taper for reverse ramps. The former case
requires that the tool slide should retract at twice the saddle vél-
ocity, whereas the latter condition is simulated by moving the slide
towards the lathe axis at the same speed as the selected saddle trave

erse rate,

4s Indicated the actual value of ramp gradient depends on the
saddle velocity required, and in the hydraulic tests, Section 3, two
saddle velocities were employed, in addition to three template regions

which gave rise to the following input conditions:

Normal feed + 4 in/min

+ 2 in/min
- 2 in/min
Rapid feed . + 25 in/min

+ 12,5 in/min

12,5 in/min

These values being corrected to the nearest .5 in/min.

Each bit on the digital servo is equiva}ent to a ram extension
of 0,000489 in, or very nearly 0.005 in, hence an input ramp to sim-
ulate slide motion at 1 in/min, would be provided by a binary count

with the rate of change of the least significant digit of 2048 bits

per minute.
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Since in this application we have a binary counter circuit which
is driven from a variable frequency oscillator, the output from which
produces a two bit change for each cycle, the frequency in Hz required
to simulate a 1 in/min ramp is

drive frequency - —=2048 Hz

60 x 2

Step Inputs

As described in Section 2, the control cabinet of the digital
servomechanism is fitted with a bank of tumbler switches, which forms
the input system for the prototyre equipment. By setting up a binary
nunber on this switch bank, it is possible to supply an input com-

mand to the servo which is very close to a step function.

For this purpose, in this part of the tests, the 'Robtom' machine
was disconnected from the input of the subtractor, and replaced by the
normal input connection from the switch bank. The ram was then extende
ed to 0.5 in from its zero datum position, and the switch correspond=
ing to a further l-in extension Qas depressed. As the ram moved to its
commanded setting, the errors generated were recorded using the equip-
ment in Fig.5-1, Similarly by switching off the command a reverse step

was simulated,

Stylus Loading

In operation the ram unit will be in contact with the. copying

stylus of the Harrison hydraulic servomechanism, and as my be seen in

Section 1, this results in a load equivalent to the spool valve return
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spring load, being applied to the end of the ram. In these tesis the
geartox unit was removed from the lathe, and it was therefroe necessary
to simulate this stylus loading. In addition since in Section 3, three
different values of spool valve return spring load were employed, it
was necessary to simulate each of these values. For these tests, the
gearbox unit was mounted on a bench with the ram axis aligned veréic-
ally, as shown below in Fig.5-7. It was found that the ram itself wei=-
ghed 0,50 1bf, and hence the vertical mounting simulated 0.5 1bf stylus

loading. For the remaining values weights were manufactured, and pos-

itioned on the top of the ram during the relevant test runs,

[ [ *}-weignt
Fj—

Gearbox Unit ‘

T %

%; | Vice

777 7 77 7 7 7 7
Fig.5=-7 Arrangements for simulating stylus loading

b

i }
‘e 2ine o
> 2 in- @ - >! i
, —— EREY P . ‘

.'SST in_L 1.66 in
7777t77t7727P; 7'Ci/52 in ? .
)

’ LT 777777 7 !
e

i / T/
line.| |

~ l—im o>

1

0.5 1bf weight 1.5 1bf weight

Fig.5-8 Weights used to simulate stylus loading
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Fig.5~9 The A.P.T. Equipment used for recording errors during

response tests on the digital servomechanism
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Data Handling

As the digital servo responds to the error signal generated by subte
racting the position feedback signal from the input function, a vis-
ual readout of the instantaneous error is displayed on a row of 12
amber signal lamps, with a thirteenth lamp indicating the sign dr”;hé
error. Duriné a given response the error signal is liable to change
rapidly, and it is not possible. to write down the changes. Fo¥ this
reason it was decided to arrange for the error to be recorded éﬁféﬁ;'

atically during each test run.

A suitable machine was available for recording the error auto=
matically, vwhen: generated during the testing, the equipment having
been obtained as tape preparation units for the numerical‘cbntrol°/f
project mentioned in Ref.5, Section 9. Comprising two units,'the4 
tape preparation equipment was built by Automatic Punched Tape, Ltd.;
and is illustrated opposite in Fig.5-9. It includes a standard 8~hole

tape punch, coupled to a special binary keyboard.

The special design of the keyboard arises from the requirements
of the numerical control project, whereby it is convenient to set up
two 12-bit binary words at the same time. This information is then
automatically punchéd out on three successive characters on the tape.
This function is carried out by relay logic, and a uniselector meche
anism, housed in the keyboard unit, this latter member serving to
operate the tape punch three times in rapid succéésion. Tﬂé first

punching action deals with the first 8 bits of one of the 12-bit
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commands, the next character on the tape contains the last four bits
of the first command and the first four bits from the second command,

whereas the third character in the series covers the remaining 8 bits

from the second command,

This machine was made to operate entirely automatically, by.con-
necting eaéh terminal setting buttons to a 25-way socket‘ﬁounted oﬁ
the front of the keyboard unit. For normal operation, the operation
of a setting button connects together two leads which in turn actuate
a relay., By bringing these leads to an external socket, it was poss-
ible to connect each pair of leads automatically, including those

leads which control the tape punch unit.

A further modification was necessitated by the fact that during
normal operation, the relays conirolling the punch are arranged to
lock on until the uniselector has operated three times, In this
application, this would have resulted in the maximum number of 'l's
being recorded all the time, an@ this locking system was therefore
removed., For example, in the event of the signal 101 changing to 010
the number recorded would be 111, since all three relays have been
energized. It is still, however, necessary to‘lock on the numeral
relays during the action of the tape punch, and this was effected

externally in the data sampling interface unit,

The stated punching time for the tape punch unit is 100 ms, and
since in this application three characters are punched in-succession’
and a uniselector is used to drive the unit, a time of 400 ms was

necessary to print out an error statement, This time was in fact
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Fi;.5-10 Circuit diagram of the Data Sampling Interface
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determined by experimental trial. The time lag necessary to operate

the tape punching equipment necessitated the development of the data

sampling interface and its associated driving clock,

Data Sampling Interface Unit

In order to link‘together the 12-bit error signal supplied by the :
subtractor of the servomechanism to the equipment whic; had been ade
apted to record the error automatically, a unit was built which sanme
pled the error signal periodically. At fixed intervals, this unit
provided a command to the tape punth which caused it to print out
the error as it stood at the instant of command. During printing

the sampling action was arrested, and the frequency of printing was

set as high as possible within the limits of the tape punch,

The keyboard unit employs relays operated at a level of 50 volts,
and since the uniselector which is an essential part of the equipment,

also operates at 50 volts, it was decided to use relays in the data

sampling unite. This decision provides for the isolation of the volt-
age level in the A.P.T., equipment from the <15 volt level of the sub-

tractor output, and also results in a convenient method of cutting

off the sampling action during print out.

A small unit was therefore built to carry a total of 16 miniature

15-volt relays, and the circuit for this unit is shown opposite in

Fig.5-10. In operation this equipment is actuated by signals from
the subtractor, which drive the coils of the numeral and sign

relays, and also from the clock circuitvpn the '‘Robiom' machine which
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is described later. When a numeral relay is energized in the
interface unit, its contacts short out the relevant keyboard

relay circuit, thereby setting up the information on the key-

board which provides a visual readout by means of signal lamps

mounted inside the setting buttons.

Unfortunately the operation of any key causes any sub-
sequent key to lock on. This effect, together with the fact
that the least significant bit in each character (binary '1')
is used as a marker on the tape, these keys being shorted at
each sanpling, made it absolutely essential to sample the
error for an instant only. If the keyboard unit is permanently

coupled to the error output from the interface unit, a completely

false signal results.

In order to achieve instant sampling, the numeral relays
are only connected to the ;15 volt line for a short period.
Drive pulses from the clock circuit are fed to the coil of the
clock relay (C in Fig.5-10) and the contacts of this relay are
used to connect the numeral and sign relays to the =15 volt line
thereby initiating the sampling period. The iemaining contacts
are used to energize the delay relay (D in Fig.5-10). This relay
has two sets of contacts,ithe first being used to energize the
keyboard locking on facility, and the second set are employed to
actuate the print relay (P in Fig.5-10). As its naze implies,
relay P shorts the print button circuit thereby actuatinélthe tape
punch, and its spare contacts break the connection between the

humeral and sign relays and the =15 volt line, which ends the
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sazpling period. The length of the sampling period emplo&ed was
the time taken for these three relays to operate in series, about

30 ms.

It was found that this system operated extremely satisfactorily
provided that the clock frequency was not too high. At high clocﬁ
frequencies, sampling periods were initiated during an inéomplete ‘
punching cycle from the previous sampling. If the errors in tﬁe twp
sampling periods concerned differed, the signal to ithe tape punch

would change while the unit was operating which would cause it to jam.

Clock Circuit.

It was decided to employ a free running multivibrator circuit as the
clock for these tests, since a suitable unit could be rapidly patched
The circuit used is shown below in Fig.5-11, and by

up on 'Robtom'.

changing the values of coupling capacitors, C1 and CZ’ it'was_ggssible

to achieve suitable frequencies and pulse shapes.

Output
c1+|JT ,l> ~

___.] ‘Drive amplifier
T =

on/off swifch
 ©

8.2 K= 1 M-

+10 volts =

Fig.5-11 Circuit diagram for the c???k",_h,”“w,r-wfw“'



It was found that suitable conditions were achieved when the
capacitors were set at 4 and 8 pF respectively. In addition, the-
'Robtom' machine also afforded the facility of switching the olock
on and off, and the output from the clock was fed to the data
sampling interface unit through one of the drive amplifiers on the
top panel of the machine. Hence the associated signal lamp produced

flashes in time with the clock,

Valts . _
425 ms .

‘on' time

—30-ms sampling tine

+
T
o
=]

e — e - — o -

time

|

0 i 500 ms period

Fig.5-12 Clock pulse shape.

Fig.5-12 shows the pulse shape, which is the output from the
clock amplifier supplied to the coil of the clock relay on the data

sampling interface unit. It will be seen that the frequency of the

clock was 2 Hz, but that the 'on' time was 425 ms., to give the

punch unit time to éomplete its cycle. The amplitudedf the clock

output signal was +10 volts, and it was switched off by connecting

eans of ahyumbler

..
o

10 volts to one side of the multivibrator by m

switch.



In drawing the error curves it is necessary to know the n
frequency of the clock pulse, since this establishes the relatibﬁ# :
ship between sampling instants. This measurement was made by '
driving the counter for a known period from the clock instead of
the Solartron oscillator, and taking readings at the counter output
before and the timed period. Subtracting these two binary numbers:
establishes the number of pulses delivered by the clock, and the
timing period was set at 100 s. to ensure a high degree of accuracy.
The actual results obtained were:

Counter output at start = 000000100001
Counter output at finish = 000011100111
count = 198
= 200
Period = 100 s., hence

clock period = 300 ms.

0l4{2]|5] © O

Venner Digital Stopclock

Start Signal

Bistable
Element o Stop Signal -

)

—_ Coupling Capacitor

Clock
Circuit }

Fig.5-13 Arrangements for measuring clock pulse length.

e s e g e Y
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In order to ascertain the clock pulse length, a different method
was employed, and the circuit used is shown on thé previous page in
Fig.5-13. Use was made of a Venner Millisecond Stopciock for fhis
measurement, which was switched on by a positive bulse aﬁd off by a

similar pulse fed to another input socket.

The output from the clock circuit was therefore féd via ﬁ
coupling capacitor to the a.c. input of one of ike bistablé él;m;hts
on the 'Robtom'. Outputs were then taken from each side ofwthis
element so that the clock pulse leading edge put the-ele&ent in a
state which started the stopclock, and the end of the pulse changed
the state of the element whlch stopped the stopclock. The tlme |
interval between these two signals was shown digitally on the screen
of the Venner unit, and since this device is fitted with an automatic
reset facility, it was possible to run the clock for a long period
and to observe a series of readings on the stopclock thereby enabling

an average determination to be made. The result of 50 such observations

indicated a clock pulse length of 425 ms.

Qutput Tape Format.

Since a large number of readings results from a series of ramp inputs

and a data sampling period of 500 ms., it was decided to employ a

special tape format. The tape punch equipment as previously descri?ed

is arranged to print out three characters in succession, and each of

these characters is in plain binary code, the asspciated;keys being ‘
so marked on the keyboard unit. The large number of errors resulting

from the series of test runs would result in difficulties in regding |
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the tape unless some provision is made to0 indiczte cn the tage
wrnen an error has in fact been recorded. t was decided to employ
the pcsition 1 in each character as a parity check to achieve this

end.

The maximum possible error that the system can have may be

expressed as a 12-bit binary word so the remaining seven holes in

the first character, and five holes in the second character, are

used to carry this information. In addition, the sign of the error
signz2l was indicated by the presence of absence of a hole in the tape
at the most significant position in the thnird character of the series.
A hole in the tape indicated a positive error or lag in the case of
increasing ramps and vice versa. A diagram showing the output tape

format employed is given below in Fig.5-14.

Error signal holes

Parity cheék Q00006006 - 1 st character

3-0-0+-000— -—| - 2 nd character
® on - 3 rd character

\Error sign hole

T

Fig.5-14 Error tape format employed.
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Results for the tests carried out were recorded on 18 punched
paper tapes, and it was found more convenient to read these

tapes by eye since the computer available was not fitted with
tare reading equipment.

Detailed records of these results are rot included in this
tnesis in the interests of space saving, but the curves of error v
time which were obtained from them are included in Appendix 3. The
error curves for step input functions are given in Figs.A3-6 to
A.3-11, and the results for ramp input functions are given in
Figs. A3-12 to A3-23,

From each curve the value of the mean position error e* was
deduced by drawing a line on the associated graph. Values of e*
were tabulated for the various input conditions and also for the
stylus loadings employed. Table 5.1 gives the mean position error
at a constant stylus loading of 1 1bf, whereas 5.2 provides

information at various stylus loads for all the input functions.

Ranp Rate Ramp Number Mean Error e*
in/min in

+ 25 10 1875

+ 12.5 11 1750

+ 4 7 .0035

+ 2 8 .0025

-2 9 .0035

- 12.5 12 .1750

Table 5.1 Mean lag for stylus load of 1 1bf
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Fig. 5-15 Response curve for the digital servomechanism
1 1bf stylus load.
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Ramp Rate

Ramp Number

Stylus load

Mean error e%*

in/min 1bf in
+ 4 13 5 0035
+4 7 5 0035
+ 4 16 5 0035
+ 2 14 1.0 .0025"'
+ 2 8 1.0 .0025 |
+2 17 1.0 .0025
-2 15 2,0 .0035
-2 9 2.0 .0035
-2 18 2.0 0035

Table 5.2 Mean lag at various stylus loads.

The input parameters employed for the ramp numbers listed in

Tables 5.1 and 5.2 are given in Appendix 3 Table A3.2.

The resulting performance curve is shown opposite in Fig.5-15,

this graph being prepared from the values of mean lag error given -~

in Table 5.1 on the previous page (1 1bf stylus load). A description

of the preparation of the performance curve is included in Appendix 3.
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Fig.6-1 Tiagram of the modified gezrbox unit.
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SECTION 6 3 Mounting the digital servomechanism on the lathe

In the previously mentioned papers (Ref.5 - Section 9) the gear box
unit described was a prototype mechanism to test the principle of the
system. It was fitted with a universal electric motor which was
available at that time, and no attempt was made to design the gear-
box casing so that it could be adapted to.fit any particular machine.
In addition, the end of the ram was designed for mounting a dial
"indicator in order to facilitate positional accuracy tests.

In order to adapt this mechanism‘so that it could be mounted
on the saddle of the L.6 lathe, it was necessary to redesign some of
the components, and also to fit a smaller and more powerful electric
motor. Fig.6=-1l opposite is a cross sectional drawing of the modified

unit showing the mounting of the motor and the shaft encoder, and a

view of the unit with the rear cover removed is shown below in Fig.6-2.

Fig.6=2 View of the gearbox unit with cover plate removed,
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Fig.6-4 Modified gearbox casings.

(cross section)




After removing the 'T' slotted member that carries the témplate

czntres at the rear of the lathe bed, a steel plate was machined and

fitted to the rear of the saddle. A drawing of the platé is shown

below in Fig.6-3.

L

—._._i___

FPig.6-3 Adaptor plate for gearbox unit.

5
NN

N\\

Since the copying slide of the Harrison lathe is angled by 30° from

the cross slide axis, it was necessary for the ram axis of the unit

to be aligned by a similar amount. This end was achieved by re-

designing the gearbox casings, the drawings of which are provided

opposite in Fig.6-4.

Photographs showing two views of the modified gearbox unit

mounted on the lathe saddle are given on the follgowing page in

Figs. 6-5 and 6-6.



dleg

Fig.6-6 Gearbox unit viewed from headstock end.
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Although by the use of the type B12/154 Pullin servo motor,

4=

trhe cverall depth of the unit was reduced considerably, it was still
necessary to arrange for the encocder motor to project through the
adaptor plate. When the casings had been designed to give an
abscluie minimum rem projection from the face of the adaptor plate,
and the conventional copying stylus had been replaced by the spherical
button, it was still found to necessitate excessive retraction of the
corying slide.

The result of the above-mentioned problem is to make it necessary
to have a great tool procjection, in order that the tool nose should
be on the lathe axis with the ram at its zero datum point. It was
felt that such a limitation could be tolerated in the prototype but

" future development must certainly include attempts to reduce tool
overhang.

4 sheet metal casing was fitted at the rear of the adaptor plate
to shield the encoder and motor from oil and coolant during operation
ol the lathe, and this component necessitated redesign of the rear
saddle gib strip due to interfefence. All electrical connections
from the gearbox unit were brought to three sockets, two 15-way
subminiature connectors for the lag and lead brushes of the encoder
and one 4-way socket for the motor supply. These sockets were mounted
on an aluminium cover fitted to the end of the gearbox, wh.ch is readily
demountable to facilitate inspection. The gearbox unit was thereby -
completely enclosed in order to protect its electrical connections
during operation of the machine. .

Modifications to the ram included the removal of the dial indicator

mounting, and the fitting of a hardened steel end plate which contacts
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the spherical button mounted in the stylus holder. It was also
found necessary tc¢ provide an end stop for the ram, since the
encoder counts back from its maximum immediately after reaching the
zero datum. If there is any overshoot in the positioning of the ram
as it approaches the zero datum, the error signal becomes extremely
large and in the wrong sense so that the motor is supplied with full
power driving it further from the zero datum. The result of this
effect was found to be jamming of the ram screw, and the trouble was
overcome by fitting a 3/8-in steel bvall to the rear face of the ram
end plate. It was arranged that the ball contacted the end of the
ram screw at the point where the encoder read zero, by adjusting the
orientation of the encoder shaft relative to the screw when the ball
was in contact. This modificat@on together with a view of the end

plate and spherical stylus button are shown below in Fig.6-7.

Ram\ Stylus Carrier
".\ Ball Stop

SN S S X

() T LS ]

] v / \Jﬁ .
Z
R N N SONON NN NONON N NN

NH\'—-MW

Modified

End Plate Stylus :

Fig.6-7 Modifications to ram and stylus.
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Introduction of the Pullin servo motor resulted in a considerable
crarge in the system characteristics described in Ref.5-Section 9.

It was therefore necessary to alter the high/low speed changeover
point. Bench tests indicated that in order to avoid violent hunting,
it was necessary to supply the motor with greatly reducecd power when
the ram reached a position giving an error of 0.125 in. This was'
achieved by changing the connections to the motor control unit from
the subtractor, and also by adjusting the preset poténtiometer on the
motor control unit. Under these conditions the gearbox unit was
found to operate satisfactorily.

Frenm the theoretical analysis cf the digital equipment given in
Section 4, it may be seen that the response characteristics depend
on the value of the friction constant in the gearbox unit. It was
originally thought that sufficient control over this constant would
be achieved by adjusting the bronze cheeks on the ram housing, but in
practice this method of adjustment was not found to be successful.

An improvement to this unit would be achieved if a mechanical brake’
with manual adjustment were fitted directly to the motor shaft, in
order to give direct control over thevalue of the effective friction
constant.

As mentioned earlier in this section, the modified gearbox unit
necessitated excessive lathe tool overhang, which resulted in chatter
under certain conditions. In an attempt to stiffen the lathe tool,
an 'L' section steel member was brazed to thé tool shank and a sketch

of this modification is shown overleaf in Fig.6-8.

[N
o



Stiffening Member

a

. \

Tungsten ' \\

Carp{de Tip ////

N <
\ Original Too) \\ % |
N NN 4
-
Yy

Fig.6-8 Modified lathe tool.

Other modifications to the machine included the provision of a
metal shield over the previoualy’mentioned electrical sockets to
prevent/coolant from interfering with these connections. In addition,
it was arranged that the saddle was driven along the bed of the machine
by the lead screw,.instead of the feedshaft, and in order to achieve
the necessary feed rate for turning operations, speci@l change wheels
were fitted to the machine. This latter modification is not essential
to the work described in this tﬁesis, but is required for th§ numerical
control projgct of which these tests form a part,

Setting procedure

When the gearbox unit has been fitted to the lathe saddle, it is
necessary to position the stylus relative to the ram. This is

achieved by energizing the hydraulioc supply of the copying servo and
osusing the slide to move until the stylus contacts the end of the ram,
In general, it will be found that the axis of the stylus does not
coincide with the ;xis of the ram due ?o relative horizontal components

resulting from the copying slide angle;'and these axes may be brought

Raabanh i gl bR ek wtu. 2 W7/ NG Suinh otntr sudunte Sashdr sy SRS Sdibdhe D 2R 2 I _—— " - — S
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into coincidence manually by means of the cross slide control wheel.
When this has been achieved, it is not necessary to move the cros;
slide again, in fact it is important that once an accurate datum
has been achieved with the gearbox unit the cross slide position
should not be changed, and for this reason the gid strips are
screwed up as tightly as possible.

With the stylua'button and ram correctly aligned, the copying
glide hand lever is fully released so that the slide moves under the
control of the ram only. It was found that at normal running pressure
the lathe servo satisfactorily followed the motion of the ram, in
fact the most rapid ram retraction rate that could be .achieved did
not result in separation of the ram and stylus.

In orddr to relate the diametral settings of the lathe tool  to
ram extensions, a simple :oaleulation ha.s‘ to be carried out which
gerves to accommodate the copying slide angle and also the bitusize
chosen for the digital system. The relation is as followsi-

Command = Diameter x machine constant (1)
Diameters so calculated would be in decimals of an inch, and the
command would also be in decimal notation. In order to make use of
this number, t@erefore, it is necessa;y‘to convert it to a 12-bit
binary word. o

The value of the machine constant A mﬁ& be calculated theoretically,
or determined experimentally and both methods were employed.

The diagram in Fig.6-9 overleaf shows the relafioﬁ between nu;
extension and work diameter where o is the angle of the copying slide °

(300) .
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Longithdinzxll Component of E

Radial Component R: . Ram Extension E

Cross Slide Axis

Fig.6-9 Relation between ram extension and work diameter.

—

In the above figures
| BEooso = R = 05D
where E = ram extension
. R = RBadial wsomponertt of E
o = slide angle

D= workpiece diameter

Hence,

E =D gsec o
2

vhere D, E are in inches.

In this system 1 ins = 2048 bits, and the ram command is given by:
Ec = E x 2048

Hence, .
Eo - 1024.‘Dseoa'

Since w;a' define the machine constant A asi

Ec = D\

R — AP - e ahanete oot endtd. L U D s aamie. Mt Clatieras-anth AP SelE IR e B L S IRy N Bt iy Y W IR W W ey W M wmp v %y
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we have,

A = 1024 seco

-

= 1182.4

taking o as 30°

In order to operate the machine, the ram is brought to its zero
datum position, thereby ensuring that the copying slide is fully
forward. There is an additional tool slide mounted on fhe copylng
slide of the lathe which carries the tool post, and which is mamally
adjustable. This slide is then adjusted until the tool tip is close
to the axis of the lathe. An accuracy of = 0.010 in. is adequate
for this adjustment, which may be effected by sighting the tool
point relative to the centre mounted in the lathe spindle.

A suitable workpiege is then selécted, 2-in, diameter material
was employed for these tests, and mounted between centrgs in the
lathe. The required command fqr‘a particular diameter, say‘1.950 in.,
is then calculated and converted to a binary word, which is then set
up on the bank of tumbler switches on the control cabinet. This
operation wili result in the ram positioning itself and taking the
tool slide with it. If a cut is then taken at this setting, the
diameter generatéd on the workpiece may be measured with a micrometer,
and the tool point may then be adjusted to accommodate any error bé
means of the previously mentioned hand-operated tool slide. When .
correct adjustment has been achieved, the gibs of this tool slide
should be tightened to prevent unwanted movement. Once the correct

adjustment has been achieved at one diametral setting, it should only
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be neéessary to alter the position of this tool slide to accommodate
tool wear, or if the tool itself has to be ohange&. If correct

ad justment is not achieved, resulting diameters will include a
‘constant error.

In these tests, the machine constant A was taken as 1170 to
observe the effects resulting from an incorrect value, then at 1183,
1182 and 1182.5. The range of ram extension available made it
possible to handle workpiece diameters up to 3 in. and the tests
were conducted initially at 0,05 in. and later at 0.10 in. intervals.
Commands were calofilated using four figure log tables, and binary
commands were determined using a technique involving successive
division by 2.

Early tests were carried out starting with tﬁe largest diameter
and working through the smaller diameters of the series. Each
diameter machined was stopped before the previous cut had been com=-
pletely removed, and when the series had been completed the tool was
reset for each cut again to check the repeatability of the system.

In order to avoid errors due to inaccuracies in the lathe, all
diametral measurements were téken at the tailstock end of the workpiece.
This procedure resulted in all diameters measured being machined fiom
the same point on the 1athe bed, and fendered the tests independent

of parallel turning errors inherent in the lathe.
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SECTION 7 t Machining Tests

Detailed results of machining tests are included in this thesis
in Appendix 4. These resulis are tabulated in Tables A4.2 to A4.9,
and the error curves plotted from these values are given in this -
section in Figs.7-2 to 7-9. In addition, Appendix 4 includes the
tabulated (Table Ad.1l)results from positioning accuracy tests car-
ried out on the prototype digital position servomechanism as pub-
lished in Ref,5 Section 9.For comparison with the error curves in
thés section, these latter figures are plotted in Fig.7-1 opposite,

showing the inherent positioning error of the system,

First Test

Using a 2-in diameter mild steel test piece, a series of cuts
was taken without coolant at a spindle speed of 409 rev/min, between
diameters 1,950 and 1.500 in, The machine constant used to calculate
the necessary binary input commands was 1170, and the results are gi-
ven in Table A4.£, Appendix'4, and the corresponding error curve is
drawn in Fig.7-2 oppodité.. From the slope of this curve it is poss=

ivle to caloulate a more accurate value for the machine constant A,

In Fig.7-2 the broken line represents the mean slope of the curve
and this line has a slope of = 0.01135 in per in, which indicates that
the value A = 1170 produces an error of 0,01135 in per inch workpiece °
diameter, If the tool had been correctly zeroed on the lathe axis, the

command to generate a diameter equal to 1 in, would have resulted in
\ ]
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a diameter of 0.98665 in being machined,

The theoretical value for A, which was calculated in Section 6,

iss

A = 1182.4
and this value results in one binary bit being equivalent to 0,000845 in

on workpiece diameter. If this figure is used to modify the value of A
we haves
Actial A = 1170 + 11.35 x 1.1824
= 1170 + 13.42
« 1183.4

For the next test A = 1183 was used,
Second Test

Using the above value for A , a second series of machining oper-
ations was carried out on a second and similar test piece. In this
case the tests were again conducted without coolant, and the number
of cuts was increased to includé l=in diameter. This series 6f cuts
indicated that the machine constant was much more accurate, although
the settings chosen due to test piece size only covered half the range
of the ram., In addition to the initial cuts, a further series was |
taken at the same command settings in order to investigate the rep-
eatability of the equipment. Results from these tests are listed
in Table A4.3, Appendix 4, and the resulting error and repeatability .

[
curves are given opposite in Fig.7-3 a and Fig.7-3 b,
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Third Test

This test was carried out in‘order to check the value of the machine
constant in use of the full range of the ram unit. For this reason

a 3-in diameter mild steel test piece was employed, and at the resu-
lting higher cutting speeds it was decided to use coolant. The first
attempt at this test was a failure due to coolant getting into the
gearbox casing and short circuiting the electrical cohneotions, which
resulted in a breakdown of the position error feedback signal. For
this reason the sheet metal cover described in Section 6 was fitted
to the lathe saddle so that protection was afforded to.the plugs and

connectors which coupled the encoder to the subtractor unit,

The second attempt produced results which clearly indicate that
the tool had suffered wear, which is a major difficulty with this
type of control system., After machining accurately from 2,950 in to
24350 in, the curve in Fig.7=4 opposite shows that there is a sudden
Jump in the errors produced, so.that the lathe then conaistently
machined oversize. Due to this effect it was not possible to carry
out a repeatability check. Results from this test are given in Table A4.4
Appendix 4. The cause of the tool wear was thought to be chatter at
the larger diameters,“and the spindle speed was therefore changed back
to the value employed for dry cutting ( 409 rev/min) in an attempt
to reduce its effect. '

In addition, the tool was reground with a larger tool nose radius

( approximately 0.030 in),
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Fourth Test

Due to the results being affected by tool wear as described,
it was decided to repeat the conditions of the thitd test, using
another mild steel test piece. This test became the'foqrfh, but
in order to save timg\it was also decided to change the diametral
settings from 0.050 in intervals on workpiece diameter to 0.10 in

steps, The range of the tests was ﬁot however altered.

The reground tool mentioned on the previous page was employed
and the results achieved were good, there beiné no apparent tool
wear, It was therefore possible to run a complete repeatability
check, and this was achieved by repeating each diameteral setting

as described in the second test,

Detailed results obtained during the fourth test are listed
in Appendix 4 , Table A4.5, whereas the error and repeatability
curves plotted from these results are shown opposite in Figs, 7-5 a

and 7-5 b respectively.
Fifth Test

As the results from the previous test appeared to be very good

it was decided to repeat the run under the same conditions. This then
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became the fifth test, and E?e results are given in Table A 4.6
Appendix 4, and the associated error curve is opposite in Fig,7-6,
The tool was not resharpened between tests four and five, and the

setting of the sldde was not changed.

The results indicate that the machine constant A = 1183 is
too great, and that this value produces an error of 0,0009 in per
inch which increases with diameter., Since 1 binary bit is nearly
equivalent to 0,0009 in, the subsequent test was performed using

A = 1182,

Sixth Test

Using a new 3-in diameter mild steel test piece, and a machine
constant of A = 1182, a further series of test cuts was made at

diameteral intervals of 0,10 in.

Severe chatter was experiepced however'durihg these cuts, which
again caused tool wear. The error curve for this run, opposite in
Fig.7-7, clearly shows the same faults\gs Fig.7-4, indicating that °
approximately 0,001 in had been laost from the tool fip. Detailed

results for this test are given in Table A4.7, Appendix 4.

It is however possible to observe that the value of the maohiné
constant is not correot at 1182, but that too much adjustment had been"
made, It was deduced therefore that the machine constant for the syafem
was in fact 1182.5, which agrees veny‘well with the calculated value

of 1182.4, and all subsequent tests.were carried out using A = 1182,5.
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In a further attempt to reduce chatter, the lathe tool was
stiffened as described in Section 6, Fig,.6-8, and the remaining runs
were performed using Duralumin test pieces. In addition a new live
centre was fitted to the lathe tailstock.

Seventh Test

Using a 3-in diameter Duralumin test piece machining tests were
carried out at a range of diameters between 2,900 in and 0,800 in,
at 0,10 in diametral intervals. Spindle speed employed was 818 rev/min
and the operations were carried out without coolant, Since previous
work had shown the repeatability of the equipment, it was decided that

no further checks of this kind were necessary.

Detailed results for the seventh teat are given in Table A4.8,

Appendix 4, and the corresponding error curve is opposite in Fig.T-8.

L

Eighth Test

In order to check the results of the seventh test a further run
was carried out on & second Duralumin test piece at the same settings.
Results for this test, which confirmed’ the previous run, are given
in Table A4.9, Appendfx 4, and the associated error curve is plotted

opposite in Fig.7-9.

General Comments

During these mathining tests a tungsten carbide tipped tool was

used on both mild steel and Duralumin test pieces, As stated the tool
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nose radius was increased by regrinding from the small value as
supplied by the manufacturers, to approximately 0.030 in. This was
done in attempt to reduce tool wear, but it certainly served to

increase chatter as well,

It was apparent from these tests that the tool wear problem is
critical for this type of system, since its effect is doubled when
‘translated into workpiece diametral errors. The problem, however,
exists in any machine tool where workpiece diameter is inferred
from slide position, as is the case with all machines at present
in commercidl use such as numerically, controlled machine. tools,
automatics and capstan lathes, The usual solution to the problem
is to ensure.that sufficient roughing operations are performed
before the finishing cut to ensure that the final size is achieved
by means of a lightly loaded cutter., Attempts have also been made
to obtain position feedback signals directly from the workpiece,
which apparently eliminates this problem, but apart from the
difficulty in producing such signals, it is not possible to use
them in an automatic cycle without some form of adaptive control
’system, except in operations where one dimension only is under cont-
rol, Automatic size grinding is the only example where such feed-

back signals have been employed successfully.

A further point which should be emphasized is the oritical
effect of tool point height. If the tool point is not set so that
it cuts on centre, then a varying error will be producgd by an
automatic positioning system as the workpiece diameter increases.

It was noticeable in this system, that due to excessive tool overhang,
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2
which has been dealt with earlier in Section 6, it was possible to
deflect the lathe tool below centre during cutting by taking a heavy
cut, This effect resulted in varying errors when different depths of
cut were employed, and for this reason the depth of cut was held
constant during these tests, except for the change from 0,050 in

to 0.10 in,

A degree of 'hunting' of the ram was experienced during the
tests, and this condition was found to occur at the same positions
on the ram, It was decided that 'hunting' arose from varying friction
constant values in the gearbox unit as the ram extended, and the
condition was easily checked by light hand pressure on the hand set

knodb of the unit,
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SECTION 8 : Conclusions

Harrison Hydraulic Copying System

The relevance of this equipment to the thesis lies in' the necessity

of ignoring the lag effects associated with the hydraulic positioning
system fitted to the L 6 lathe, in order to justify the treatment app-
lied to the complete tool pogitioning gystem. This can only be done if
these lag effects are sufficiently small compared to those of the dig-
ital equipment to render the hydraulic equipment capable of being treat-

ed as a solid link,

The response tests carried out on the hydraulic system, which are
fully described in Section 3 with detailed results in Appendix 1, illus-
trate that the lag of the equipment is less than 0,001 in provided that
it is operated over its normal range at the manufacturers recommended
pressure and stylus loading. This value of lag is sufficiently low to
enable the system to be treated as a solid link in this work, and the

assumption is therefore justified,

Digital Equipment

In the theoretical analysis of the digital equipment, Section 4, a
large number of assumptions had to be made in order to enable the .
non-linear response of the system to be treated mathematically. These °
assumptions included the treatment of the gearbox member as a unidir;

ectional device. This was only done, however, within a given phase of
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operation, and since the unit can only reverse by changing phase the
assumption is justified. The computer programme, Appendix 2, provided
results which are plotted and tabulated in Section 4, and these results
may be seen to follow the predicted path, which implies that the math-
ematical description of the motioﬁ of the ram unit would in fact produce

an oscillatory response of the type indicated in Section 4,

”UnfortunAtely for the reasons outlined in Section 5, it was not
possible to provide a continuous record of the error signal during the
response tests carried out on the digital equipment, The result of using
the data sampling technique was that no information was available conc-
erning position error between sampling instants, and as the error curves
in Section 5 show, this information would have indicdted more clearly
the extent of the non-linear oscillations, An attempt was made, however,
to take this loss of information into account when estimating the actual
mean lag figures associated with each response curve. From these lag fig-
ures it may be seen that the digital equipment was some three to four
times slower in response to comparable input rampé thaﬁ the hydraulic

8€rvo.

Comparison of Theoretical and Actual Response for the Digital System

From the figureé listed in Table 4.6, Section 4, and from the actual
values of response obtained in Section 5, it is possidle to compare-
the theoretical response with that actually measured for input ramp
gradients of about 4 and 2 in/min, Study of the results, will show

that the actual values were in excess of the calculated figures, but
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that they were of the same order. Table 8,1 below provides these
figures for comparison, and it is considered that they justify the
mathematical treatment applied in Section 4, Complete parity would
have been remarkable, when the errors of measurement, assumptions

and measurement techniques are considered,

Approximate Input Ramp Calculated Error Actual Error
(in/min) (in) (in)
4 _ 0.0018 0.0035
-2 0.,0013 0.0025

Table 8,1 Actual and Theoretical Lag Errors
Due to the method of measuring the errors which has been employed, it

is not possible to state that the theoretical values are too low. If
however they are too low, this could be explained as being due to
incorrect values being measured for motor torque and gearbox friction

constant.

Positioning Acocuracy of the Equipment Mounted on the Lathe

The results of the last two machining tests carried out on aluminium
workpieces are given in Figs.7-8 and 7-9, from which it may be seen
that the position error of the equipment is almost within its stated

accuracy of + 1 binary bit ( = ¥ 0,001 in on diameter).

Apart from errors introduced by innaccuracies in the lathe itself,
another possible source of error arises from the dependance of the system
on the accuracy of the ram screw thread, An accuracy curve for this

member is included in Section 7, Fig.T-1, but the effect of these errors

i

t
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on workpiece diameter is modified by the angled copying slide. Table 8,2
below provides the modified errors due to inaccuracies in the ram screw,
and these values have been used to draw the error curve opposite

Fig.8-1.

The errors included in Fig.8-1 arise largely from pitch errors
in the screw, and comparison of this figure with the error curves in
Section 7, Figs.7-2 to 7=-9, reveals that the pitch errors do indeed

affect the workpiece size,

Nominal Ram Extension Resulting Diameter Error
(in) (in) (n)
125 206 4+ 40009
250 433 + 40010
+375 650 + 40005
500 .866 + ,0007
750 1,297 + 40016
11,000 1,732 + ,0003
1.125 1,947 | + 0005
1,250 2,165 + ,0016
1.375 2,380 ' + ,0005
1,500 2,598 0
1.625 | 2.810  +,0012
1.750 3,030 +,0022
1.875 3,245 +o0016 |
2,000 3.464 +,0022
J—
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APPENDIX 1
Detailed results of x;esponse tests on the Harrison Hydraulic

Copying System



147



Oscillogram

Number

O ® N 0N WU N

10
11
12
13
14
15
16
17
18
19
20

Saddle

Delivery | Ramp |Stylus Reébfding'-
Pressure | Number|Load Speed Speed
1bf/ in® 1bf in/min | in/s
50 1,2,3 | 1 12,75 0.3
150 1,2,3 1 12,75 0.3
250 1,2,3 {1 12,75 - 0,3
50 1 1 2,12 0,15
50 2 1 2,12 0.15
50 3 1 2012 0,15
150 1 1 20,12 0,15
150 2 1 2,12 0.15
150 3 1 2012 0,15
250 1 1 2012 0.15
250 2 1 2,12 0,15
250 -3 . 1 2,12 0.15
150 1,2,3 0.5 12,75 0.3
150 1 0.5 2.,12 0.15
150 2 0.5 2,12 0,15
150 _3 0.5 2,12 0,15
150 1,2,3 | 2 12,75 0,3
150 1 2 2,12 | 0,15
150 2 2 2,12 0,15
150 3 2 20,12 0.15

Table Al.l Details of parameters employed during each test run,
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Preparation of Oscillograms

In order to include the oscillograms in this thesis, it was
necessary to copy them, which in turn necesgitated fixing the traces

in the manner outlined below,

Kodak 'Linagraph' recording paper was used in the orcilloscope,
and after exposure to daylight for about 30 seconds which made the
trace visible, the oscillograms were processed as follows!

i) Immersed in Kodak permanizing solution for between
1 and 1.5 min, in'daylight at room temperature, Sol-
agitated by hand during this part of the development.
ii) Placed in acid stép bath for period of 10 seconds.
iii) Fixed in Kodak solution for 4 to 5 min at room temp-
erature,
iv) Washed in cold running water for about 15 min, then
dried in air at room teﬁperature.
The resulting osciilograms, which had a medium grey background, were

then cor.2d on a Rank Xerox machine.

Detailed Results

Table Al.]l opposite, lists the parameters employed during the
various test runs, and relates them to the oscillograms. In the table
the ramp numbers in the third column cofrespond to the following reg-
ions on the test template. The actual value of the input ramp function
also depends on.the saddle feed employed as already explained.

Bamp Number  Template Region

1 ‘ 2 ( 60° outwards taper)
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(ﬁﬁscillogram Ramp | Input Function | Mean Lag Error SteadyState
: Number No. in/min 'L' in Error 'e' in
P
z 1 1 +12,750 +,00088 -,00050
1 2 +25,.500 +,00130 +,00042
1 3 -12.750 -.00240 -,00100
2 1 +12.750 +,00066 -,00012
2 2 +25,500 +,00100 +,0003%8
2 3 -12,750 -,00100 -.00038
3 1 [ +12.750 +,00040 -,00012
3 > |+25,500 +,00050 +,00012
3 3 ;-120750 -,00075 -.00012
4 1 [+ 2,120 +,00060 +.00050
5 2 + 4,240 +,00075 +,00080
6 3 - 2,120 -,00100 -.00075
7 1 + 2,120 +,00030 -.00025
8 2 + 4,240 +,00042 +,00050
9 3 - 2.120 -,00050 -,00025
10 1 + 2,120 +,00018 0
11 2 + 4.240 +,00027 +.00025
12 3 - 2,120 -,00030 -+00010
13 1 +12,750 +.,00050 -.00020
13 2 +25.500 +,00100 +.,00030
13 3 -12.750 -,00120 -,00020
|14 1 + 2.120 +.00040 -,00020
| 15 2 + 4.240 +.00070 +.00060
16 3 - 2,120 -,00080 -,00050
17 1 +12,750 +,00050 =,00020
17 2 +25.500 +.00080 +,00020
17 3 -12.750 -.00150 -,00030
18 1 + 2,120 +,00020 -,00020
19 2 + 4,240 +.00050 +,00040
20 3 - 2,120 -,00060 - - .00040

Table Al.2. Tabulated

Error values from the Oscillograms
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‘ Ramp'ﬁumberA ' Template Region
2 " "4 4 ( 90° shoulder)
3 6 ( 30° decreasing taper)

~
Y

Recording Speed

Recording speed is the rate of travel.of the paper in the oscil-
loscope, This velocity was adjusted to give a traée length of practice
al size. Although changes in the recording speed result in lag traces
increasing or‘decreasing in length, they do not affect the size of the
trace deflection, and all traces are therefore to the same scale on the

ordinate axis,

Error Measurements

lag and steady state error was measured directly from the oscile
lograms, after the deflection scale had been ;atabliﬂhed using the
screw ad justment and diallgauge»on the detector head, It was found th-
at with the equipment set up as already described a deflection of 5 mm
on the oscilloscope beam was produced by a gap change of 0,00025 in.
Mean lad and steady state errors were then measured from each oscille

ogram, and these resultis are listéd opposite in table Al.2.
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APPENDIX 2
Computer progﬁmme for theoretical response of the digital

servomechanism
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Computer Programme

The computer employed for calculating stations on the theoretical res-
ponse curve of the digital servomechanism, was a Honeywell model 120

system installed at Enfield College of Technology. In this installat-
ion, the machine can only be operated by the computer staff, who also

prepare the input cards from programmes written on standardized forms,

The programme written for this work is largely due to the efforts
of Stanley Millward, who has also co-operated with me in preparing the
block diagram of the programme given in Fig.A2-1, The machine was oper-
ated with the high level language 'Fortran D', and some difficulty was
experienced in making the programme run. This was due to trouble with
the fortran compiler supplied by Honeywell, and necessitates a number

of procedura; changes in programming.

Normally with fortran programmes it is possible to write in form-
at statements as necessary, but it was found that this procedure resulted
in these stétements being stored in such a way that the programme tended
to overwrite them, After some time it was discovered that by writing
the format statements in one block at the end of the programme, their
positioning in the @achine store was satisfactory, and no overwriting

occurred.,

The cotplete programme is given on the following pages, togath;r
with an explanation of the labels used in Table A2,1 overleaf. It will‘
be noticed that the ramp input funotions are plotted by the machine
as straight lines on the form

6 = K.T (RMP = K*T)
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where: !
K = constant defining the ramp gradient in rad/s

T = time in s

Source Listing
INTEGER I,CT

LOGICAL L1,12,L3,L4

REAL TAU 1,TAU 2, K

CT = 0

DO 444 J=1,3
READ(2,13)TAU1,TAU2,K,TONC1
.WRITE (3,20)
WRITE(3,21)TAU1,TAU2,K, TONC1
WRITE(3,14)

B=0,1472621

A=-B
71-0 T
TH1=0 { Initial Conditions }

W1=0 ' ' 1

1 R=TONC1-W1

DO 2 I=1,1000
D=I
T=(D-1.,0)/100.4T1
Z=T1T . { Phase 1}
Q=2/TAU1 |
THETA-THI-TAUI*R*(I.G-EXP(Q))-TAUI;Z

V=TONG1-R*EXP(Q)

RMP=K#*T
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Table A2,1 Explanation of labels employed in the

computer programme.

Pr-; *:ame Label Symbol Description
LU | Time constant (motor on)
TAU2 or TAUDASH Y Time constant (motor off) |
TONC1 T/c Torque/motor on friction constant
TONC2 /et Torque/motor off friction constant
) ¢ ’ Ramp gradient constant | i
7 : t Time (s) |
THETA . 0 Deflection 3
™ 0, Deflection at P,
TH2 o, Deflection at P,
W © Velocity (angular) rad/s i
B 1-bit inherent error i
EPS e Error (rad) 3
M A spall quantity to prevent
the computer dealing with O
RMP Value of ramp input =
EXP 3
A

Code for the exponential

4
o0
i

&
!
2

Dw g
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EPS=RMP-THETA

IF((T.GT.10).AND.(EPS.LE.0))GOTOS

EPS=EPS+B

WRITE(3,4)T,RMP, THETA ,EPS,W

CONTINUE

175

{ Phase 1 continued}

TEST=0,

CONTINUE
2=T1-T
Q=2/TAU1

THETA=TH1-TAU1#R*(1.0-EXP(Q) )-TONC1*2

W=TONC1-R*EXP(Q)
RMP=K*T
EPS=RMP-THETA
DEPS=K-W

‘T2=T-EPS/DEPS

DIFF=ABS(T2-TEST)
SM=0,000001

TEST=T2 .

T=T2

IF(DIFF.CT.SM) GOTO3

{ Locate P]}

Y

CONTINUE

TH2=THETA
W2=W
KT=1

l

{ Initial Conditions Phase 11}

'

CONTINUE

D0 8 I=1,1000
D=1 \
T=T2+(D-1.0)/1000
Z=T2-T

Q=2/TAU2

THETA =~TH2+W2*TAU2#(1.0-EXP(Q))

W=W2*EXP(Q)
RMP=K*T
EPS=RMP-THETA
TH=074

IF(KT.EQ.1.AND.EPS.LE,A) GOTO201
1F(EPS.GT.SM.AND,I.GT.3) GOTO1ll1

EPS=EPS+B

{Phase 11}
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WRITE(3,30)T,RMP, THETA, EPS,V . {Phase ]2 continued}
8 CONTINUE {

11 TEST=0

12 CONTINUE T
2=T2-T
Q=2/TAU2
THETA=TH2+W2#TAU2#(1,0-EXP(Q) )
W=W2*EXP(Q) Locate P 11}
RMP=K*T ‘
EPS=RMP-THETA
DEPS=K-W
T=T-EPS/DEPS
DIFF=ABS(EPS)
T1=T
TH=116
IF(DIFF.GT.SM) GOTO12 Y

TH1=THETA

. [
. { Initia‘I conditions Phase

CT=CT+1

IF(CT.LT.5) GOTOl -

"IF(CT.EQ.5) GOT0444
10 CONTINUE

201 CONTINUE
.§M=0,00001
KT=2
2=T2-T
TEST=T ) ’
Q=2/TAU2 | {meate P2§
THETA=TH2+W2#TAU2#(1,0-EXP(Q))
W=W2*EXP(Q)

RMP=K*T+B

F=RMP-THETA

DF=K-W

T=T-F/DF

DIFF=ABS(F)

TEST=T3

IF(DIFF.GT.SM) GOTO201 ;
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73T
W3=W
TH3=THETA

{Initfal oconditions Phase 1113

DO 211 I=1,2000
D=I
P=(D-1.0)/100.+T3
Z=T3-T

Q=2/TAU1
R=TONC1-W3

THETA=TAU1#R#*(1,0-EXP(Q) )+TONC1#Z+TH3

W=R*EXP(Q)-TONC1
RMP=K*T+B

TH=156
EPS=RMP-THETA
CONTINUE

WRITE(3,456)T,RMP, THETA , EPS W

CONTINUE

IF(EPS.GT.0.00001,AND,I.GT.3) GOTO22

CONTINUE

[ Phase 111}

22

CONTINUE

40

113

TEST=T
Z=T3-T
Q=2/TAU1
R=TONC1+W3

THETA = TAU1*R*(1,0-EXP(Q))+TONC1#Z+TH3

W=R*EXP(Q)-TONC1
RMP=K*T+B

F=RMP-THETA

DF=K-W o
T=T-F/DF

DIFF=ABS(F)

TEST=T

IH=202

IF(DIFF.GT.SM) GOTO40

[ Locate PZZ}

CONTINUE

T2=T
W2=W

—3
ilnitial oonditions Phase 11}
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'\
TH2=THETA {initial conditions Phase 1}}
KT=2

GOTO 17
444 CONTINUE

4 FORMAT(1H ,5F10.5)

13 FORMAT(4F10.5)
. 14 FORMAT(1H4,3X,5H TIME,5X,5H RAMP,4X,6H ANGLE,4X,4H EPS,6X,3H W)

20 FORMAT(1H1,10H TAU ,10H TAUDASH,10H T,7H TONC)

30 FORMAT(S5F10.5)

31 FORMAT(I10)

21 FORMAT(1H ,4F10.5)

67 FORMAT(1H ,F10.5)

97 FORMAT(I10)
400 FORMAT(1H ,10X,2F10.5)

456 FORMAT(5F10,5)

END

A block diagram of the computer programme is given on the following pages
and Fig.A2-2 defines the various regions and points of intersection on
the theoretical response curve to ramp type input funotidns.

In the programme more general forms of the response functions were

employed, and these formulae are given belows

Phase 1
' . t,-t
6 = 6, -X Vo-w)(l-e3)-1/o(t-t) eq(a)
Phase 11
N ..1.;. -t
6 = 0, + wbxf)'(l -e 9 ) eq(d)
Phase 111

25%F : )
0 = 63 + % T/o + w,)(l -0 ) + 'I'Zo(t3 - t) eq(o)






Fig.A2-1 Block diagram of the Computer Programme
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Fig.A2-1
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Phase 111
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Table A2,2 Theoretical response to 21 rad/s input ramp

(Input Ramp = 21 rad/s )

Station Time (s) Error (rad) Error (in)
0 0 «14726 0.0005
A 77000 7.77488 0.0264
P, 1,64491 «14726 0.,0005
P, 1.65396 0 ]

B 2.03196 -2.79311 ~0,0095
P,, 2.38555 0 0

Py 2.39573 14726 0.0005
c 2.95573 4,03569 0,0137
Pis 5456795 «14726 0.0005
Pys 3,58032 0 0

D 3.85033 -1.,54819 -0.0053
Pos 4,12472 0 0

P13 4,13815 .14726 0,0005
E . 4,57815 2.47838 0.0084
P14 5.04507 .14726 0.0005
Pos 5,06069 0 0

F 5.26069 -0.95880 «0,0033
P26 5.48965 0 0

Py 5.50647 .14726 0.0005
G 5.86647 1.68237 0.0057 .
Pis 6.24215 .14726 0.0005
Poq 6.26128 0 0

H 6.43128 -0.6384 «0,0022
Pog 6.61089 0 0

P1q 6.63126_ .14726 © 0,0005
J 6.93126 1.22137 0.0042
P.o 7.24648 .14726 0,0005
Pog 7.26934 0 0

K 7+39924 -0.43836 -0,0015
Pyi0 7.56030 0 0

182

These results have been used to plot curve Fig.4-18, Section 4,
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Table A2,3 Theoretical response to 10,5 rad/s input ramp

(Input Ramp = 10,5 rad/s)

Station Time (s) Error (rad) Error (in)
0 0 14726 0,0005
A « 3600 1,94554 0,0066
P 7240 14726 0.0005
P2 (73598 0 0
B .9698 -1.0595 -0.0036
P,, 11,2184 0 0
Py 1.2356 14726 0.0005
c . 1.5256 1.36786 0.0046
P, 1.8318 .14726 0.0005
Pys 1.8510 0 0
D 2,0510 -0,73005 -0.0025
Pyy 2.2482 0 0
Py 2.2688 .14726 0.0005
E 2.5188 1.01767 0.0034
Ply 2,712 14726 0.,0005
Py 2.7948 0 0
F 2,9648 «0,52257 -0,0018
P 3,1309 0 0
Pys 3,1550 14726 0,0005
c 3,3650 79001 0.0027
Pg 3.5875 214726 0.0005

These results have been used

183

|
to plot curve Fig.4-19, Section 4,
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DY
Table A2,4 Theoretical response to 5,25 rad/s input ramp

(Input Ramp = 5.25 rad/s)

Station Time (s) Error (rad) Error (in)
0 0 .14726 0,0005
A .1700 .58520 0,0020
P, .3425 14726 0.,0005
P, 3727 0 0
B 5027 -.31445 -0,0011
P,y .6422 0 0
P, 6743 .14726 0,0005
c .8243 .48421 0.0016
P, 9747 .14726 0,0005
Pys 1.0092 0 0
D 1.1292 -.23982 -0,0008
P,, 1.2446 0 0
Py3 1.2812 14726 0.0005
E 1.4112 © .40943 0.0014
Ply 1.5461 14726 0,0005
Py 1.5854 o 0
F 1.6854 -.18391 -0.0006
P, 1.7915 0 0
P,g 1.8331 .14726 0,0005
M 1.9531 .35246 0,0012
Pl 2.0676 1414726 0,0005
Py, 2,1121 0 0 |
H 2,2021 -.14105 -0,0005
P,g 2.2926 0 0
Pyq 2.3398 14726 ' 0,0005

These results have been used to plot curve Fig.4-20, Section 4.
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Table A2,5 Theoretical initial response to 21 rad/s input ramp85

(Input Ramp = 21 rad/s )

Time (8) Error (rad) Error (in)
0 14726 0.,0005
.10 2.08831 0.0071
.20 3,72093 0.0127
.30 5.05881 0,0172
.40 6.11506 0.0208
.50 6.90218 0.0235
.60 7.43214 0.0253
.70 | 7.71637 0,0262
.80 7.76578 0.0264
«90 © 7459081 : 0.0258
1.00 7.20143 0,0245
1,10 6.60717 0,0225
1,20 5,81713 0.0198
1.30 - 4,84002 0,0165
1.40 3,68414 0.0125
1.50 2.35744 0.0080
1.60 «86750 © 0,0030
1.64491 " .14726 0.0005
1.65396 0 0

The results have been used to plot the initial response ourve given

in Fig.4-21, Seotion 4,
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Interpretation of Computer Results

The results from the computer programme for theoretical response of
the digital system to three input ramps are listed in condensed form
in Tables A2.2, A2.3, A2.4 and A2.,5, and these values have been used
.to plot the response curves included in Section 4, As stated in that
section, it is clear that the amplitudes of the error oscillations de-

crease with .time, and in Table A2.5 below these lag amplitudes are listed,

iﬁput~Rampgy s Maximum Lag Error

(rad/s) A * (in)

5250 0,0020 | 0,0016 | 0,0014 | 0,0012

10,500 0,0066 | 0,0046 0.0034 | 0,0027

21,000 0,0264 | 0,0137}{ 0,0084 | 0,0057 | 0,0042
Oscillation 1 2 5 4 5
Number

These results have been used to plot the curves in Fig.,A2,3 opposite,
which may be seen to tend to values indicated in the figure. '
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Detailed resuits of the response tests on the digital servo-

mechanism.

188
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Interpretation of Results - Step input response
The digital system is a two speed device without proportional control,

and it is arranged that the system runs at high speed when the error

number exceeds 255 (equivalent to a ram travel of approximately 0.125 in).
- For errors between 255 and zero, the driving motor is supplied with

d.c. pulses to provide a low speed running condition so that the ram

does not overshoot the command setting. The mark-to-spacge ratio of

these pulses was adjusted by means of a preset potentiometer fitted

to the motor control unit, and this adjustment was established by trial.

The anticipated response of the system to a step input is shown

below in Fig.A3-l.

+ve

displdcdm speed chang +ve

Error

time oo, time
A3-1 a Response A3=1 b Error

Fig.A3.1 Anticipated response to a stép input function.
Rounding of corners in the above curves'is due to inertia effébta.
and the ram extension speeds are given by the slopes of the two poitions

of the response ourve. ¢
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In order to plot the performance curve, Fig.5-15 Section 5,
for the system at 1 1bf stylus loading, values of the slopes
obtained from the response curves in Figs.A3-F and A3-}Owere used,

and average values were then calculated as followsi-

From Fig.A3-T Fast = 2.3X.20 60 = 34.5 in/min

Slow _511_325_ x 60 = 5.77 in/min

From Fig.A3-10 Fast 1_62_’54_2-1 x 60 = 38,7 in/min

Slow .Alil_t}_ﬁ x 60 = 5.42 in/min

Hence average speeds aresi-

Fast = 36.6 1mein
Slow = 5.6 in/min

Owing to the use of the sample data interface unit, no information
is available concerning the ram position between the sampling points.
For this reason, it is not possible to say precisely where the step
occurred on the time base of each curve. The step certainly occurred
between the points O and 1 on the base, but its position has to be
estimated from the slope of the fast portion of each curve. This
point is ;ade uncertain by the rounding effects of inertia already
mentioned, although in this case high accelerations were made p088§b10

by the use of a high torgque motor and low component inértias, which

served tp reduce these rounding effects to a minimum. '
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Ramp Inputs

In considering a position servomechanism without proportional control,
it may be said that such equipment can only follow a ramp type input
function provided that the ramp gradient is less than the response

- gpeed of the system. If this condition is achieved, the system

follows an input ramp in a series of steps as shown below in Fig.A3-2.

+ve

displacement

response curve

time —m™M——

Fig.A3-2 Response of a non proportional servo to an input ramp.

In the abové diagram, the mean lag error e* is defined as the average
value of position error as the equipment attempts to follow the input

signal.

Response of a two speed servo

As previously statéd;>the system used in these tests was provided with
_two preset response speeds, and it was arranged that the mechanism
changed speed at a definite value of error signal.
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Provided that the input ramp gradient does not exceed the slow
speed response, the system will behave as the simple non-proportional
equipment alreaﬁy congsidered. When ramp gradients in excess of the
slow speed, but less than the fast speed, are applied to the system,
"the error builds up to the predetermined speed change péint and then
follows a line parallel to the ramp but displaced vertically below it
by an amount 8§ as shown below in Fig.A3-3. The value of 8 is determined
by the preset changeover point from slow to fast responsé, and the

L}
nature of the response curve is similar to that shown in Pig.A3-2.

+ve

displacemept

“

Fig.A3-3 Two speed system response to input ramp.
In the above case, the mean lag error is made up of two partst
e* = (e** 4+ §)
The value of e** will change with input ramp gradient.
Performance curve
Due to having a speed-changeover point at a predetermined error valuo,’
and also having preset response speeds, the performance ocurve for a

two speed system will have the discontinmuities shown overleaf in
Fig.A3-4,
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Fig.A3-4 Form of the performance curve for the digital

servomechanism.

ergjop +ve

high speed high speed
o

\

| e
'
"
l\/‘
ak*
< reverse ramps low 51peed :1 forward ramps-—t——>
0 . .

Fig.A3-5 Explanation of the error curve.

+ve true error

Exror
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The form of the performance curve shown opposite in Fig.A3-4

is linear between discontinuities. This is an assumption which
has been made in the actual response curve, Fig.5-15 Section 5,
vhich was necessitated by the number of points on the curve
_actually obtained during these tests.

Error Curves

In this thesis, the resulis obtained have been recorded and
plotted as error ourves, Figs.A3-6 to A.3-23, rather than the
response curves that have been discussed. In addition, the
values of error obtained can only be said to have existed at a
given instant, there being no information between sampling points.
For clarity, the error curves have been drawn by conneoting
together the'plotted points with straight lines, as shown opposite
in Fig.A3-5 by the full lines. In fact, the true error ocurve would
certainly follow the course shown by the dotted lines, with the
rounding effects due to inertia as illustrated. This has been taken
into account in determining the mean lag error values listed in

Tables 5.1 and 5.2 in Section 5.
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Test runs - Step Inputs.

A series of six runs using step input functions was carried out on
the digital servomechanism, by means of the switch bank as previously
described in Section 5,to provide a 1l-in step up or down. The
simulated étylus loading was varied using the weights described in
.Section 5, and the following table shows the parameters for each run

in this series.

Loading .5 1bf 1 1bf 2 1bf
'up' step ‘ 1 2 3
*down' step 4 5 6

Table A3.1 Parameters for step input tests

An ‘'up' step corresponds to a sudden change in ram extension
from .5 to 1.5 in. |

A 'down' step corresponds to a sudden retraction of the ram
from 1.5 to .5 in.
Ramp Inputs.
A series of twelve runs using ramp input functions was carried out,
using the 'Robtom' machine as described in 'Section 5, to generate
6 different input funcfions. In addition; the simulated stylus
loading was varied in the same way as for the step input tests.

The frequencies used corresponded to the ramp gradients
described in Section 5 which makes these tests comparable to those
carried out on the hydraulic servomechanism (Section 3). Table A3.2

on the following page gives the parametéra employed for each run.
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Test Stylus Ramp Drive ' Count
No. load Gradient Frequency Direction
1bvf in/min Hz

7 1.0 + 4 78 up

8 1.0 + 2 39 up

9 1.0 - 2 39 down
10 1.0 + 25 488 up
11 1.0 + 12.5 244 up
12 1.0 - 12.5 244 A down
13 .5 + 4 78 up
14 5 + 2 39 up -
15 .5 - 2 39 down
16 2,0 + 4 718 up
17 ‘2.0 + 2 39 up
18 . 2.0 - 2 39 down

Table A3.2 Parameters for ramp input tests.

Count direction 'up' corresponds to an increasing binary count
which results in an extension of the ram.

Count &irection 'down' coiresponda to a decreasing.bln;:y count
which causes the ram to retract.

As stated in Section 5, the detailed readings of the error tapes
are not included in this thesis, but the error curves drawn from them

are given on the following pages in Figs. A3<6 to A3-23,
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| APPENDIX 4
Detailed results of machining tests carried out with the digital

servomechanism fitted to the Harrison L 6 copying lathe
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Table A4,]1 - Detailed results of positioning accuracy tests on the
Digital Servomechanism (Ref.5 S 9). These results are

plotted in Fig.7-2 S 7.

Ram Extension Error
(in) (in)
+1245 + 0005
2494 + .0006
.4996 + .0004
«T491 + .0009
.9998 + .0002
«1,1247 + ,0003
1.2491 © + 0009
1.3747 + .0003
1.5000 0
1.6243 + ,0007
1.7487 + .0013
1.8741 + ,0009
" 1,9982 + ,0013
1.8752 - .0002
1.7504 - .0004
1.6248 + .0002
1.4999 + .0001
1.3752 - ,0002
1,2502 - ,0002
1.1251 - ,0001
1,0004 - ,0004
«7500 0
»5002 - .0002
3753 - .0003
2509 - 0009
1252 - .0002
.0007 - 0007
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Table A4.2 - Detailed. results of First machining test. These values
i are plotted in Fig.7-2 S 7. (A = 1170).

Required Diameter Actual Diameter Error
(in) (in) : (in)
1.950 1.9485 - .0015
1.900 1.8980 - ,0020
1.850 ' 1.8490 - ,0010
1,800 1.7988 - .0013
1,750 1.7497 - .0003
1.700 1.6993 - ,0007
1.650 1.6495 - 0005
1.600 1.5996 - .0004
1.550 1.5503 + ,0003
1,500 1.5012 + ,0012
1.450 A 1.4518 + .0018
1.400 1,4018 + ,0018
1.350 1.3540 + .0040
1,300 1.3035 + .0035
1.250 1.2555 + .0055
1.200 1.2056 + .0056
1.150 1.1570 + .0070
1.100 1.1069 + .0069
1.050 1.0592 + .0092
1.000 1.0084 + .0084

Table A4.3 - Detailed results of Second test. These values are
plotted in Figs.T-3a and 7-3b. (X = 1183).

Required Diameter Actual Diameter Error Repeatability

(in) (in) (in) (in)
1,950 1,9505 + 0005 .0002
1,900 1.8983 - ,0017 .0005
1.850 1.8489 - ,0011 .0010
1.800 1.7988 - ,0012 .0001
1.750 1.7479 - .0021 .0008
1,700 1.6970 - .0030 .0009
1.650 1.6480 - .0020 .0003
1.600 1.5971 - .0029 .0013
1.550 1.5491 - ,0009 .0001
1,500 : 1.4987 - ,0013 .0001
1.450 1.4475 - .0025 .0008
1,400 : 1.3975 - .0025 .0007
1.350 1.3483 - .0017 .0003

1,300 1.2988 - ,0012 - ,0002 ,
1.250 1.2494 - 0006 .0002
1.200 1.1996 - ,0004 .0002
1.150 1.1490 - ,0010 .0001
1,100 1.0989 - 0011 .0004
1.050 1.0490 - ,0010 .0007
1.000 <9997 - 0003 .0001
.950 .9500 0 .0002
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Table A4.4 - Detailed results of Third test.

209

These values are

plotted in Fig. 7-4 Section 7. (A = 1183).

Required Diameter Actual Diameter Error

(in) (in) (in)
2.950 2.9499 - .0001
2.900 2.8996 - 0004
2.850 2.8481 - .0019
2.800 2.7993 - .0007.
2.750 2.7498 - .0002
2,700 2.6999 - .0001
2.650 2.6490 - .0010
2.600 2.5993 -..0007
2.550 2.5487 - .0013
2.500 2.4989 - ,0011
2.450 2.4491 . - .0009
2.400 2.3994 - 0006
2.350 2.3497 - .0003
2.300 2.3003 + .0003
2.250 2.2506 + .0006
2.200 2.2010 + .0010
2.150 2.1508 + .0008
2.100 2.1017 + .0017
"2.050 2.0529 + .0029
2.000 2.0028 + .0028
1.950 1.9511 + .0011
1.900 1.9014 + .0014
1.850 1.8501 + .0001
1.800 '1.8006 + .0006
1.750 1.7520 + .0026
1.700 1.7019 + .0019
1.650 1.6519 + .0019
1.600 1.6018 + ,0018
1.550 1.5518 + .0018
1.500 1.5021 + .0021
1.450 1.4516 + .0016
1.400 1.4017 + .0017
1.350 1.3523 + .0023
1,300 1.3023 + .0023
1.250 1.2523 + .0023
1.200 1.2021 + .0021
1.150 1.1520 + ,0020
1.100 1.1022 + .0022
1.050 1.0526 + .0026
1.000 1.0023 + .0023
.950 .9524 + .0024
+900 .9021 + .0021
.850 . .8521 + .0021
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Table A4.5 - Detailed results of Fourth test. These values are
plotted in Fig.7-5a and Fig.7-5b, Section 7. (A = 1183).

Required Diameter [Actual Diameter Error Repeatability
(in) (in) (in) (in)
2.900 2.8992 - ,0008
2.800 2.8011 + .0011 .0002
- 2,700 2.7010 + .0010 .0004
2.600 2.6003 + ,0003 .0005
2.500 2.4986 - 0014 - .0001
2.400 22,3996 - .0004 .0003
2.300 2.2997 - .0003 .0001
2.200 2.1992 - ,0008 .0006
2.100 2.0991 - .0009 .0006
2.000 ©1.9986 - .0014 .0003
1.900 1.8982 - ,0018 0
1.800 1.7987 - .0013 .0005
1.700 1.6985 - .0015 .0004
1,600 1.5985 - .0015 .0004
1.500 1.4984 - .0016 ,0006
‘ 1.400 1.3983 - .0017 .0003
1.300 ' 1.2992 - ,0008 .0002
1.200 1.1988 - 0012 .0004
1.100 1.0983 - .0017 .0003
1.000 .9986 - .0014 .0002
-900 .8986 - .0014 .0002

Eéhls_éé;é - Detailed results of Fifth test. These values are
plotted in Fig.7-6 Section 7. (A = 1183).

Required Diameter | Actual Diameter Error
(in) (in) (in)
2.850 2.8493 - .0007
2.750 .2.7502 + .0002
2.650 2.6491 - .0009
2.550 2.5492 - .0008
2,450 2.4479 - .0031
2.350 2.3476 - .0024
2.250 2.2480 - .0020
2.150 2.1478 - .0022
2.050 2.0480 - .0020
1.950 109478 - ,0022
1.850 1.8478 - .0022
1.750 1.7476 - .,0024
1.650 1.6467 - .0033
1.550 1.5475 - .0025
1.450 1.4455 - .0045
1.350 1.3463 - .0037
1.250 1.2457 - .00453
1.150 1.1453 . - .0047
1.050 1.0456 - .0044
950 19458 - 0042




Table A4.7 - Detailed results of Sixth test. These values are

Table

A.4.8 - Detailed results of Seventh test.

4

plotted in Fig.7-7 Section 7.(A = 1182).

Required Diameter Actual Diameter Error
(in) (in) (in)
2.900 2.9005 + .0005
2.800 2.7980 - .0020
2.700 2.6985 - .0015
2.600 2.5992 - .0008
2.500 2.4990 - .0010
2,400 2.4000 0
2,300 2.2997 - .0003
2.200 2.2006 + .0006
2.100 2.1014 + .0014
2.000 2.0016 + .0016
1.900 1.9031 + .0031
1.800 1.8023 + .0023
1.700 1.7014 + .0014
1.600 1.6014 + .0014
1.500 1.5017 + 0017
1.400 1.4016 + .,0016
1.300 1.3025 + .0025
1.200 1.2023 + .0023
" 1.100 1.1022 + .0022
1,000 1.0020 + .,0020
+900 .9022 + .0022
-800 -.8020 + .0020
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These values are
plotted in Fig.7-8 Section 7. (A = 1182.5).

Required Diameter |[Actual Diameter Error
( in) ( in (in)
24900 2.8994 - .0006
2,600 2.7999 - .0001
2.700 2.6991 - .0009
2.600 2.5977 - .0023
2.500 2.4972 - .0028
2.400 2.3979 - .0021
2.300 2.2983 - ,0017
2.200 2.,1982 - ,0018
2.100 2.0984 - .0016
2.000 1,9982 - .0018

1.900 1.9000 0
1.800 1.7991 - ,0009
1.700 1.6972 - .0028
1.600 1.5969 - ,0031
1.500 1.4975 - .0025
1.400 1.3973 - 0027
1.300 1.2976 - ,0024
1.200 1.1985 - ,0015
1.100 1.0986 - .0014
1.000 .9987 - .0013
. 900 . 8986 - 0014
. 800 07985 - 0015
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Table Agfg - Detailed results of Eighth test. These values are
plotted in Fig.7-9 Section 7. (A = 1182.,5).

Required Diameter | Actual Diameter Error
(in) (in) (in)
2.900 2.8994 - .0006
2.800 2.7999 - .0001
2.700 2.6991 - .0009
2.600 2.5992 - .0008
N 2,500 2.4985 - .0015
2.400 2.3989 - .0011
2.300 2.2988 - .0012
2,200 2.1989 - .0015
2.100 2.0984 - .0016
2,000 1.9978 - .0022
1.900 1.8995 - .0005
1.800 - 1.7991 .0009
1.700 1.6987 - .0013
1.600 1.5983 .0017
1.500 1.4975 - .0025
1.400 1.3993 - .0007
1.300 1.2991 - .0009
\ . 1.200 1.1985 - .0015
1.100 1.0986 - .0014
1.000 .9987 - .0013
-900 .8986 - .0014
.800 .7985% - .0015




