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1

Our invention relates to an improved method
and apparatus for the automatic control of ma-
chinery and more particularly to an improved
method and apparatus for operating one or &
number of machines of any character in accord-
ance with a predetermined series of operations.

Heretofore it has been proposed to control ma-
chine tools such as lathes, milling machines and
the like automatically. These controls operate in
vesponse to specially cut cams, templets, special
arrangements of gears and the like. The manu-
facture of the special cams, templets and other
control devices is exceedingly difficult. Further-
more, their use has been limited to a relatively
small number of comparatively simple opera-
tions.

One object of our invention is to provide an
automatic control method and apparatus for
practicing the method in which a machine tool
or similar apparatus may be operated in any
manner automatically in which it can be operated
manually. .

Another object of our invention is to provide a
method and apparatus for recording the position
and velocity of machine parts and machine tools
electronically.

Another object of our invention is to provide
an automatic control in which machine parts
and machine tools may be operated electronically
from an antecedently made record.

Anocther object of our invention is to provide
an automatic control for machine parts and ma-
chine tools in which a record may be made at
one speed, usually slower, and subsequently ob-
erated automatically from the record thus made
at a different speed, usually higher.

A further object of our invention is to provide a
novel method and apparatus for operating ma-
chine parts and machine tools in which a record
is made by the manual operation of one machine
tool or machine part and a plurality of machine
tools or machine parts are simultaneously op-
erated from the single record thus made.

Still another cbject of our invention is to pro-
vide a novel method and apparatus in the opera-
tion of machines in which sequential operations
differing in time and in character may be per-
formed successively from a single record.

Another object of our invention is to provide

an improved method and apparatus for control- :

ling machines for performing a series of con-
nected operations from a single record.

Another object of our invention is to provide
a method and apparatus in which a phase differ-
ential between a recorded standard signal and
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an information signal is employed as the control.

Further and other objects of our invention will
appear from the following description.

In general our invention contemplates the op-
eration of a machine such as a machine tool or the
like manually in which all of the movements of
the various parts of the machine which are sub-
jeet to control are recorded upon a record, pref-
erably electronically, whereby the signals pre-
served on the record represent the sequential or
simultaneous movements of one or a plurality of
controllable parts or both. The signals further-
more thus preserved represent the direction of
movement of the controllable parts and their
speed of movement with respect to the phase re-
lation with the same or other movements. We
then operat the machine by automatic means
controlling the operation in response to the sig-
nals preserved by the record, which are converted
electronically into control signals adapted to con-
trol the movements of prime movers which oper-
ate the controllable parts of the machine in ex-
act simultaneous or sequential relation or both
to the movements which took place when the ma-
chine was operated initially manually.

In this manner we are enabled to employ &
highly skilled manual operator to produce parts
by machine tools or to perform operations of ma-
chines and make an accurate record of all of the
operations performed by the skilled manual op-
erator. The record made in this manner is sub-
sequently used to control one or a large number
of similar machines to perform in exactly the
same manner when operated manually by the
skilled operator. Furthermore, by making the
record at a slow speed and playing it back at a
high speed within the limits of the capacity of
the prime movers employed and the machine
tools involved, we are enabled fo operate a ma-
chine tool rapidly and accurately to a degree
heretofore impossible either by hand or in any
other manner.

In the accompanying drawings which form part
of the instant specification and which are to be
read in conjunction therewith and in which like
reference numerals are used to indicate like parts
in the various views:

Figure 1 is a schematic view showing appa-
ratus embodying our invention and capable of
carrying out the method of our invention.

Figure 2 is the left-hand portion of a diagram-
matic view of apparatus embodying our inven-
tion and capable of carrying ouf the method of

. our invention.
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Figure 2A is a view similar to Figure 2 suitable
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for a main and vernier channel instead of a two- -

main channel system as shown in Figure 2.

Figure 3 is a central portion of a diagram-
matic view of apparatus embodying our inven-
tion and capable of carrying out the method of
our invention.

Figure 4 is the right-hand portion of a diagram-
matic view of apparatus embodying our invention
and capable of carrying out the method of our in-
vention, it being understood that Figures 2, 3 and
4 form g complete diagram.

Figure 5 is an elevation showing a lathe
equipped for use in our apparatus and for carry-
ing out the method of our invention.

Figure 6 is a fragmentary sectional view on an
enlarged scale taken on the line 6—#6 of Figure 5.

More particularly, referring now to Figure 1,
voltage from a constant frequency, constant volt-
age power source 8 is fed to the recording ampli-
fler 58 by cable 1. This voltage is also applied to
another portion of the recording system .or the
operating system by switch (0. Considering the
system connected with the switch 10 in the re-
cording position, the voltage from the source 8
is led to one field coil 12 of g device hereafter re-
ferred to as a “synchro” which produces a varia-
tion in phase of the output voltage with respect
to an applied voltage proportional to the rota-
tional position of the rotor and hence the position
of parts geared or otherwise connected thereto, in-
dicated generally by the reference numeral 26,
by cable {4. Current from the voltage source 8
flows through cable 16 through a phase shifting
circuit 18 adapted to shift the phase of the volt-
age from the source 8 through 90°. The output
voltage from the phase shifting circuit 18 is im-
pressed by cable 20 upon another field coil 22 of
the synchro stator. In Figure 1 two channels
are shown. It isto be understood, of course, that
any number of channels may be employed. In
Figure 1, one channel is used for the primary
movement of parts and the other channel is used
for vernier movements. Field coil 24 of a sec-
ond synchro, indicated generally by the reference
numeral 28, is connected to the voltage source by
cable 30. The output voltage from the phase
shifting circuit 18 is impressed upon the fleld coil
32 of the stator of the synchro 28 by cable 34.
‘The rotor 36 of the synchro 26 is connected, either
directly or through gears, mechanically by the
connection indicated by the reference numeral 38,
to a movable part of & machine or machine tool.
The roftor 40 of the synchro 28 is connected me-
chanically by a connection indicated diagram-
matically by the reference numeral 42 to the same
movable part through an appropriate connection
for vernier movements such as a gear box of suit-
able ratio 41. During the making of the record
the clutch 44 between the drive motor or motors
46 for the movable parts is disconnected and the
machine parts moved manually or by automatic
feed. The machine is indicated generally by ref-
erence 43. The parts to be moved, it is to be un-
derstood, may be manual control elements which
in turn control constantly driven prime movers.

The voltage induced in the rotor of a phase with
respect to the voltage from the constant voltage
constant frequency source 8 depending upon its
angular position is led by cable 48 to a modulator
50 into which is fed a carrier signal from carrier
signal generator 52 through cable 54. The car-
rier signa)] modulated in accordance with the volt-
age induced in rotor 36 is led by cable 56 to a high
pass filter §5 consisting of condensers and induc-
tor. The purpose of the filter is to reject the
modulating frequencies and pass only the carrier

or
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4
and its modulations. Then the output voltage is
led by conductor 57 to the recording amplifier §8.
In a similar manner the signals produced due to
the positions of the rotor 40 of the synchro 28 are
led by cable 60 to a modulator 62 into which is
fed by cable 64 a second carrier signal generated
by the generator 66. The second carrier signal
modulated in accordance with the voltage induced
in the rotor 40 is led by cable &1, through g high
pass fllter 63, and thence through cable 68 to the
recording amplifier 58. Cables 70 and 72 rep-
resent additional channels, it being understood
that any desired number of channels may be em-
ployed, each of which is impressed on a carrier
signal having @ distinguishably different fre-
quency. The output signals from the recording
amplifier are led by cable 74 through cable 16
to the head 18 of the recording device. It is un-
derstood of course that cable 16 is switched to
the recording position during the making of the
record. Any suitable recording device known to
the art may be employed. For purposes of il-
lustration and not by way of limitation, we show
a wire or tape recorder in which a magnetizable
wire or tape is adapted to make a, magnetic record.
The wire recorder is driven by a drive indicated
by the reference numeral 81. The record tape is
unreeled from ree] 80 and stored upon reel 82. It
is to be understood that the record is shown as a
tape or wire wound from one spool to the other
merely for the purpose of illustration. A con-
tinuous record, one which repeats without re-
winding, can be used. It passes closely adja-
cent to the magnetizing tip 84 of the recording
head. The carrier waves, generated by the gen-
erators 52 and 66, as modulated by the signals re-
sponsive to the positions of the rotors 36 and 40

_and amplified by the recording amplifier 58, are

10

45

50

55

60

65

70

75

recorded upon the wire or tape 86.

To operate the machine or machine tool from
the record thus made, the switches (0 and 16
are moved to operating position and the clutch 44
is engaged with the drive motor 46. The pick-up
head is now connected to receive the record mag-
netically recorded upon the wire or tape 86 when
it is run back by the drive 81, after being rewound
upon reel 80. The signals picked up by the head
18 pass through the switch cable 16, through the
cable 88 to the amplifier 90. The output signal of
the amplifier 80 is led through cables 92 and 94
to filters 96 and 98. If additional channels are
employed, cables 160 and (02 lead the output sig-
nals from the amplifier 90 to additional filters
(not shown). The ouput signals from the ampli-
fier 90, too, pass through a low pass filter 104
which allows only the reference frequency of the
source 8 to pass. This signal is impressed through
cable 106 directly upon field coils 12 and 24 of
the synchros 26 and 28, and after being shifted in
DPhase through 90° by the phase shifter (8 upon
field coils 22 and 32. The filter 96 is a band pass
filter which allows only the frequency of the car-
rier generator 52 with its attendant modulation
frequencies to pass. The output signal from the
filter 96 is demodulated in the demodulator 108
and the demodulated signal passed through a lIow-
pass filter 110 which eliminates the carrier sig-
nal. The modulation voltage is fed by cable 112
to a phase detector {14.

The band pass filter 98 upon which signals
from amplifier 90 are impressed through con-
ductor 94 is arranged to permit only the signals
of the frequency generated by carrier generator
66 with its attendant modulation frequencies to
pass. The signal is demodulated in demodulator
116 and the demodulated voltage passed through
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low-pass filter 118 which eliminates the carrier.
The modulation voltage is impressed by cable (20
upon phase detector 122. A signal as a function
of position of rotor 36 is impressed by cable 124;
also upon phase detector |14. In a similar man-
ner, a signal which is a function of the position
of rotor 40 also is impressed by cable 126 upon
phase detector 122. The voltage developed by
the phase detectors will depend both in magni-
tude and direction on the phase difference be-
tween the modulation voltage and the reference
voltage. The voltage from phase detector (14 is

“fed to the motor control {30 through cable 131.
The voltage from phase detector (22 is. fed
through a limiter {27 and thence by cable 128 to
the motor control §30. The ocutput signal from
the motor control circuit passes through cable 132
to control the drive motor 46.

It will be observed that in Figure 1 the signal
from phase detector |4 is passed directly to the
motor control i{3¢ while the signal from phase
detector 122 is passed through a limiter indicated
by the general reference numeral 27. The pur-
pose of the limiter is to restrict the amplitude
of the signal from phase detector {22 which re-
sponds to the signal from the vernier synchro 28
to a fraction of the output voltage obtainable
from phase detector ({4 which receives iis sig-
nal from the main synchro 26. The result is
that the signal from phase defector {14 swamps
out the signal from phase detector 122 at all
times except when the angular position of the
main synchro is nearly identical and the position
of the vernier is less than 180° from that required
by the information from the record. At this
point control of the motor control is taken over
by the vernier synchro. This is the type of con-
nection which is employed where motor 36 repre-
sents the main movements of a part and rotor
&0 represents vernier movements of the same
part. '

it is to be noted that if the playback is to take
place at a different record speed than when re-
corded, a different phase shift network 18 must
be used for playback than for record and the
filters 86, 98 and 104 must be designed to operate
at the higher or lower frequencies.

Referring to Figure 1, it will be observed that
any number of like machines may be operated
simultaneously in parallel by having each of these
machines equipped with a motor control sim-
flar to motor control {30 and feeding the output
of the phase detector {14 and the limited output
of the phase detector 122 to these additional mo-

tor control units, as through cables 183 and 135. ;

When several channels are used some of them
may be used for other machines operating in sim-
flar or different manners. In thi¥ way the ma-
chines will be synchronized.

One or more channels may be used to control
a motor circuit or circuits for chuck or other
drive speeds, or relay circuits and the like. They
may be used for marking the beginning or end
of a series of operations.

A plurality of pickup heads together with their
associated circuitry may be used to control the
same operations at different times or the same
or different machines. ‘The heads would be ar-
ranged to be energized by the record at different
times so that the machine parts or machines
would go through the same operations sequen-
tially.

It should be noted that the intent of the in-

vention is not departed from by the control of -

valves and the like instead of thyratron motor
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6
controls. These valves may be used to control
air or hydraulic systems and the like.

'The reference frequency may also be fed
through a modulator and appear on the record as
a modulated carrier and during playback be fed
through a demodulator for application to the
synchro stators.

Referring now to Figures 2 to 6, inclusive, in
which we have shown a complete diagram for
the control of a simple machine tool such as a
lathe, together with figures showing the loca- -
tions of the synchros and the prime movers upoh
the lathe, we will describe our method and the
operation of our apparatus first in the making
of a record. A constant voltage, constant fre-
quency alternating source is impressed across
main line conductors 7 and 8. The primary
winding 134 of the transformer indicated gen-
erally by the reference numeral 136 is de-ener-
gized by throwing the switch (38 to the “record”
position. As ¢an be seen by reference to Figure
2, the primary winding {40 of the transformer
indicated generally by the reference numeral {42
is deenergized by moving the switch 144 to the
“record” position. The switch 146 is moved to
the “record” porsition thus connecting the grid
148 of the tube 150 across the cutput of. the sec-
ondary winding 152 of the transformer indicated
generally by the reference numeral {54. The
primary winding 156 of the transformer 158 is
connected across the constant voltage, constant
frequency source. Similarly, the switch {58 is
moved to “record” position thus impressing the
output voltage of the secondary winding {60 of
the transformer indicated generally by the ref-
erence numeral {62 upon the egrid 164 of the tube
{66. The primary winding 168 of the transform-
er (62 is energized from the constant voltage,
constant frequency source. Switch 170 is moved
to the “record” position. The cross feed of the
lathe tool is disconnected from the eross feed mo-
tor (72 by means of the clutch 174. The switch
{76 is moved to “record” position. ‘The carriage
motor (80 is disengaged from the carriage by the
clutch 178, The switches 182 and 184 shown in
Figure 4 are moved into the “record” position.

With the switches as just described, a part to
be turned is placed in the lathe indicated gen-
erally by the reference numeral 186. The hand
wheel 188, shown in Figure 5, is used to operate
the carriage screw 190. This moves the carriage
192 to the left and to the right of the bed. Any
movements by the carriage screw (90 will rotate
t]{le rotor 40 of the synchro 28 so that the lon-
gitudinal position of the carriage is always the
function of the rotation of the feed screw 190
and hence of the rotor 49 of the synchro 28. A
differential adjustment 198 between the lead
screw and the rotor is provided. Similarly, the
cross feed is operated manually by the operat-
ing handie 196, shewn in Figures 5 and 6, to
move the tool holder 198 to and from the work
upon the lathe centers as a function of the ro-
tation of the cross feed screw 280. The rotor 35
of the synchro 26 is always connected throuzh the
gear box 202 sc that the position of the rotor
will always be & function of the position of the
cross feed screw 200 and hence of the position
of the tool holder 198. A differential adjustng
means 204 is provided between the lead screw 200
and the rotor 36. This adjusting means may be
incorporated in the gear box 202.

The reference voltage from wires T and 8 is
applied through transformer 162 to the ampli-
fler tube 166. The plate current of tube 166 is
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passed through the primary winding 206 of a
transformer, indicated generally by the reference
numeral 208. The secondary winding 210 of the
transformer 208 is connected across the field coils
24 and 32 of the stator of synchro 28 through
fwo phase shifting networks comprising capacitor
211 and inductor 2{/2. In this manner the volt-
age appearing across fleld winding 32 of the syn-
chro 28 will be 90° out of phase with the voltage
appearing across the winding 24. As the carriage
screw 190 is rotated by the operator, the rotor 40
of the synchro 28 will be rotated in synchronism
and a voltage will be induced in the rotor wind-
ing 40 of the synchro 28 having a phase relation-
ship depending upon its orientation in the syn-
chro 28. This orientation may be adjusted
through the differential adjustment 184. The
voltage generated across the rotor winding 40 is
impressed upon the control grid 214 of the modu-
lator tube 216 from voltage dividing resistor 2i8.

The output of the secondary winding 152 of
the transformer 154 is applied to the grid 148
of the amplifier tube 150 whereby there appears
across the primary winding 220 of the trans-
former, indicated generally by the reference
nmumeral 222, .the amplified voltage of the con-
stant frequency, constant voltage power source

impressed across conductors 7 and 8. The sec-

ondary winding 224 of the transformer 222 is
connected across the stator coils 12 and 22 of
the synchro 26 through phase shifting network
comprising capacitor 226 and inductor 228. The
parameters of the phase shifting network are
such that the voltage appearing across stator
winding 22 of the synchro 26 is 90° out of phase
with the voltage appearing across the winding
£2 of the synchro stator. The rotor winding 36
of the synchro 26 follows the position of the cross
feed lead screw 200. There will thus be induced
across the rotor winding 36 of the synchro a
voltage which is a function of the position of the
tool controlled by the cross feed of the lathe.
The orientation of the rotor can be adjusted by
the differential adjustment 204. The voltage
generated across rotor coil 36 is impressed across
a voltage dividing resistor 230. A movable con-
tact 282 is adapted to conduct a voltage from the
voltage divider 230 to the control grid 234 of the
modulator tube 236.

Referring now to Figure 3, a thermionic tube
238 is connected as a generator. A plate voltage
to its anode 240 is supplied from the battery 242,
Figure 2, through conductor 244, through conduc-
tor 246, through conductor 241, through con-
ductor 250, Figure 2 and Figure 3, and conductor
252. It will be observed that all of the plates of
all of the tubes are supplied by connections to
the battery through conductor 246, where the

plate voltage is not supplied through transform--

ers from the constant voltage, constant frequency
source. The tuning of the oscillating circuit by
means of capacitor 254 is such as to generate a
carrier wave having g predetermined frequency.
This carrier signal passes through the primary
winding 255 of a transformer indicated generally
by the reference numeral 256. The voltage ap-
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trarsformer 256 is impressed by the conductor
260 upon the mixer grid 262 of the thermionic
tube 216, Figure 2. The output signal of tube 216
which is the carrier wave generated by the oscil-
lator tube 238, as modulated by the voltage ap-
pearing across rotor winding 46, is led by con-
ductor 264 to high pass filter indicated generally
by the reference numeral 255 consisting of con-

70

75

densers 257 and 259 and inductor 26{. The pur-
Dose of the filter is to reject the modulating
frequencies and pass only the carrier and its
modulations. The output voltage is then led by
conductor 264 across the resistor 266, shown in
Figure 4. The voltage across resistor 266 is im-
pressed upon the grid 268 of the mixer tube 210.

Referring again to Figure 3, a thermionic tube
272 is connected as an oscillator in & circuit tuned
by capacitor 274 to generate a carrier wave which
differs distinguishably from the carrier wave gen-
erated by the tube 238. The signal generated by
the tube and its associated circuit passes through
the primary winding 216 of a transformer indi-
cated generally by the reference numeral 278.
A voltage appearing across the secondary wind-
ing 280 of the transformer 278 is impressed by
conductor 282 upon the mixer grid 284 of the
thermionic tube 236, Figure 2. The output signal
of the tube 236 will be the carrier wave generated
by the tube 272 as modulated by the voltage ap-
pearing across the rotor winding 36 of the syn-
chro 26, 'This output signal is impressed by con-
ductor 286 to high pass filter indicated generally
by the reference numeral 285 consisting of con-
densers 287 and 288 and inductor 29i. The pur-
pose of the filter is to reject the modulating fre- .
quencies and pass only the carrier and its modu-
lations. The output voltage is then led by con-
ductor 286 across the resistor 288, shown in
Figure 4. The voltage across resistor 288 is im-
bressed upon the grid 290 of mixer tube 282.
The voltage from the constant voltage, constant
frequency source main line ‘wires 7 and 8 is im-
pressed across the primary winding 294 of a
transformer indicated generally by the reference
numeral 286. The voltage appearing across the
secondary winding 298 is led to the grid 300 of a
thermionic tube 302 by the conductor 304. The
anode 306 of the tube 302, the anode 308 of the
tube 292 and the anode 310 of the tube 270 are
connected in common to the grid 312 of the re-
cording amplifier tube 314. The output signal
of the tube 413 is applied to the grid 316 of a sec-
ond amplifier tube 318. The amplified output of
tube 318 is impressed across the primary winding
320 of a transformer indicated generally by the
reference numeral 322, The polarizing winding
324 is connected by a switch {84 for the record
condition to the source of D. C. on conductor
250. The secondary winding 326 of the trans-
former 322 is connected to the recording head
328 of the recorder so that tape or wire 330 which
is being driven by driving rolls 332 by tape drive
motor 334 may receive a record in the form of
differentially magnetized portions in which the
Imagnetization is a function of the impressed
signal as to amplitude, frequency and phase, as
is well known in the art of wire recorders.

The carrier frequency generated by the tube
238 and its assciated circuit and the carrier fre-
quency generated by tube 272 and its associated
circuit not only differ from each other distin-
guishably; that is, sufficiently to permit separa-
tion by suitable filters upon the subsequent play-
back, but also differ from the frequency of the
constant voltage source appearing scross main
line wires T and 8.

It will be seen that the record thus made is
one of the constant voltage, constant frequency
source, and a plurality of carrier frequencies each
of which is modulated in accordance with a volt-
age which is the function of the movements of
a machine part or the control for a machine part.
While we have illustrated only two channels, it
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is to be understood that any desired number of
channels may be recorded as long as each carrier
frequency is distinguishable by the means of fil-
ters from each other carrier frequency and from

the frequency of the constant voltage, constant .

frequency source, :

The record having been made may be played
back to control the machine tool from which the
record was made or a plurality of like machine
tools connected in parallel. Switches 146 and
§68 are moved from “record” to “play” position.
Switch (44 is moved from “record” to “play” po-
sition thus energizing the primary winding 140
of a transformer indicated generally by reference
numeral (42, Switch 138 is moved to “play” po-
sition thus energizing the primary winding i34
of & transformer indicated generally by the ref-
erence numeral §36. Switches 70 and (16 are
likewise moved from “record” to “play” position.
Clutch levers {74 and 1718 are moved to engag-
ing positions thus connecting motors 172 and {80
‘to drive screws 200 and {86. Switches 182 and
184 are moved to ‘‘play” positions. When the
record tape 336 passes the head 328 the mag-
netized tape will generate voltages in the head
proportional to the signals which created the
magnetized arrangement in the tape. The voli~
ages are impressed across the primary winding
388 of a transformer indicated generally by the
reference numeral 348, The voltages appearing
‘across the secondary winding 342 of the trans-
former 348 are impressed by conductor 344 upon
the grid 346 of amplifier tube 348. The output
signal from the amplifier tube 348 Is impressed
by conductor 3580 upon the grid 352 of the am-
plifier tube 354. The output signal from the tube
384 is impressed upon the grid 356 of the cou-
pling amplifier tube 358, upon the grid 360 of
the coupling amplifier tube 362 and upon the grid
364 of the coupling amplifier tube 366, as can
be seen by reference to Figure 4. The output
sienal of tube 366 is passed through a low pass
filter, indicated generally by the reference nu-
mergl 368, which is designed to permit the pas-
sage of the reference frequency only, so that the
components of the signal comprising the modu-
lated carrier waves are rejected by the filter 368.
An amplified voltage at the frequency of the
source across main lines 7 and 8 is communicated
throusgh conductor 3712 to conductors 374 and 316,
to the grids 164 and 48 of amplifier tubes 166
and 158, respectively. The amplified reference
frequency therefore is communicated to the sta-
tor windings 24 and 32 of synchro 28 through
transformer 208, through the phase shifting net-
work, Similarly, a voltage at the reference fre-
quency is impressed by tube {50 and transformer
222 through the phase shifting network across
the windings 12 and 22 of the synchro 26. The
voltage which is induced across rotor 40 by the
stator windings 24 and 32, has a phase relation
with respect to the reference frequency, depend-
ing upon the orientation of the rotor 40 with re-
spect to the stator windings 24 and 32. This volt-
age is fed to the grid 398 of tube 380 from volt-
age dividing resistor 382, Likewise, the voltage
which is induced in the rotor 36 from the cur-
rents flowing through the field windings 12 and
22, which has a phase relationship with respect
to the reference frequency, depending upon the
orientation of the rotor 36 with respect to the
stator windings {2 and 22. The voltage across
rotor winding 36 is fed to the grid 384 of the tube
386 from a voltage dividing resistor 388.

At the same time the output signal from the
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amplifier tube 362 is fed by conductor 390 to
& band pass filter indicated generally by the refer-
ence numera] 392, This filter is designed to pass
frequencies of the carrler wave generated by the
oscillator 238 and its associated circuit. The
output of the band pass filter is impressed across
the primary winding 394 of a transformer indi-
cated generally by the reference numeral 396.
The secondary winding 398 is center tapped to
ground, the ends of the secondary winding 398
being connected respectively to the anodes 400
and 402 of a demodulator tube 404. The output
of the demodulator tube 404 appears between the
center tap of resistor 406 and ground from which
it is fed through a low pass filter indicated gen-
erally by the reference numeral 408. The filter
408 is designed to reject the carrier frequency of
oscillator 238 so that the output signal of the low-
pass filter appearing across resistor 810 is an
exact function of the modulation voltage there-
tofore impressed upon the carrier in the making
of the record. This modulation voltage is fed by
conductor 412 to the grid 414 of a tube 416. It
will be observed that tube 380 produces a signal
as a function of the actual position of the rotor
40 while the tube #16 produces g signal as a
function of the desired position of the rotor and
both these signals are fed to the phase detector.
The output of tube 380 is impressed across
the primary winding 48 of a transformer, in-
dicated generally by the reference numeral 426.
The output of tube 416 is connected across the
primary winding 430 of g transformer, indicated
generally by the reference numeral 432. The mid-
point of secondary winding 422 of the trans-
former 420 is conmected through the secondary
winding 434 of the transformer 432 to ground
436. One end of the mid-tap secondary winding
422 is connected to the anode 428 of the tube 426;
the other end of the mid-tap secondary winding
422 is connected to the cathode 824 of the tube
426. The anode 438 of tube 426 and the cath-
ode 440 are connected across a voltage dividing
resistor 442 so that there is developed across the
capacitor ‘444 a voltage which is proportional
both in magnitude and direction to the phase dif-
ference between the modulation voitage as rep-
resented by the output of tube 416 and the ref-
erence voltage as represented gnerally by the
position of the rotor 40 as represented by the
output of the tube 380. The resistor 446 gnd the
capacitor 448 constitute a ripple filter for this
voltage. The filtered voltage is fed by conductor
450 to the grid 452 of the tube 454. 'The tube 454
has applied to its grid 452 and its grid 456 alter-
nating voltages which are 90° out of phase with
the line voltage. As will be seen by reference to
Figure 2, the primary winding 458 of the trans-
former, indicated generally by the reference nu-
meral 460, is connected across the main line wires
T and 8. The output of the secondary winding
462 is shifted in phase by a phase shifting net-
work comprising the capacitor 464 and resistor -
463 and applied by conductor 466 to the grid 546.
Similarly, the primary winding 468 of a trans-
former indicated generally by the reference nu-
meral 470 is connected across the main line wires
1 and 8. The output of the secondary winding
4712 of the transformer 410 is applied through a
phase shifting network comprising the capacitor
474 and resistor 465 to the grid 452 through the
conductor 476. When the direct current voltage
from the phase detecting circuit, comprising
tubes 380, 416 and 426, is zero, the voltage divid-
ing resistor 418 is adjusted so that the voltage




2,475,245

11

appearing across the primary winding 480 of the
output transformer, indicated generally by refer-
ence numeral 482, is zero. - Whenever a positive
_voltage appears across the capacitor 448, one side
of the tube 454 will conduct more. current than
the other, so ‘that a voltage will appear across
the primary winding 480 of the transformer 482.

When this occurs, an alternating current voltage
will be applied to the grids 484 and 4868 of the
thyratrons 488 and 480. The phase of these volt-
ages depends on whether the direct current volt-
age applied to-the tube 454 was positive or nega-
tive; that is to say, whether it leads or lags by
90° with respect to the plate voltages of the thy-
ratron tubes 488 and 490. The thyratrons 488
and 480 have their plates and their - cathode
struetures connected across the secondary wind-
ing 492 of the transformer 86 through the ar-
mature of the motor 180. In addition to the
voltages applied to the grids 484 and 486 from
the transformer 482, we apply bias voltages from
the secondaries 494 and 486 of the transformer
indicated generally by the reference numeral 498,
the primary winding of which, §00, is connected
across the main line wires 7 and 8. These bias
voltages are 180° out of phase with the voltages
applied to the anodes of the thyratrons, When
there is no voltage applied from the transformer
482 to the grids of the thyratrons, neither thy-
ratron fires and the motor {80 is stationary.
When positive voltage is applied from the phase
detector, one thyratron will fire and the motor
wil] rotate in one direction. If the voltage from
the phase detector is negative, the other thyra-
tron will fire and the motor will rotate in the
opposite direction. The amount of voltage de-
termines the portion of the cycle over which the
thyratron will conduct and hence governs the
‘motor speed. The motor is connected so that
its motion will move. the rotor 40 in a direction
which will reduce the voltage applied to the thy-
ratron motor circuit to zero, and hence position
the rotor of the synchro, and accordingly the
position of the part controlled will vary with the
variation in phase difference between the modu-
lation of the signal fed into tube 404 with respect
to the reference frequency which is fed into tube
166.

The output of tube 858 in Figure 4 is fed by
conductor 502 to a band pass filter indicated gen-
erally by the reference numeral 504. This fiiter
is designed to pass only the modulated carrier
of the frequency generated by the oscillator 272
and its associated circuit. The output of the
band pass filter 504 is fed through the transform-
er indicated generally by the reference numeral
506 to the demodulator tube 508 similar to tube
404. The output of the demodulator tube 508
appearing between the.center top of resistor 510
and ground is fed through a low-pass filter, indi-
cated generally by reference numeral 512, which
is designed to eliminate the carrier wave. The
modulation voltage appearing across resistor 514
is fed by conductor 516 to the grid 518 of the tube
520. The cumulative output of tubes 386 and 520
is fed to the fube 522, similar to the tube #26.
The output of the phase detector appearing
across the capacitor 524 is proportional both in
magnitude and direction to the phase difference
between the modulation voltage and the refer-
ence voltage fed respectively to the grids 518 and
384 of tubes $20 and 386 of the phase detecting
network, The resistor 526 and the capacitor 528
form a ripple filter. The voltage aappearing
across capacitor 528 is applied by conductor 530
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. to the motor control circuit comprising tube 532

and thyratrons 534 and 536. The tube 5§32 has
alternating voltages applied to its grids which are
90°. out of phase with the line voltage. The re-
sistor 540 is adjusted so when the voltage across
capacitor 528 is zero, the voltage appearing across
the primary winding 542 of the transformer, indi-
cated generally by the reference numeral 544,
will be zero. Whenever a voltage appears across
capacitor 528, one side of tube 532 will conduct

“more current than the other so that a voltage is

produced ‘across primary winding 542 and hence
an alternating current voltage is applied to the
grids of the thyratrons 534 and 536. The phase
of these voltages depends on whether the direct
current voltage applied to the grid 638 of the
tube 532 was positive or negative; that is, 90°
leading or lagging with respect to plate voltages
of tubes 534 and 536. Thyratrons 534 and 536
have alternating voltage applied to their plate
and cathode structures from the secondary wind-
ing 546 of the transformer 42 through the arma-
ture of the motor i72. In addition to the voltages
mentioned which are applied to the grids of the
thyratrons from transformer 554, there are bias
voltages applied to the grids through the trans-
former - indicated generally by the reference nu-
meral 548. These alternating current bias volt-
ages are 180° out of phase with the voltages ap-
plied to the anodes of the thyratrons. When
there is no voltage applied by the transformer 544
to the grids of the thyratrons, neither thyratron
will fire and the motor 172 is stationary. When
positive voltage is applied from the phase detect-
ing network, one thyratron will fire and the motor
172 will rotate in one direction. When the volt-
age is negative the motor armature {12 will rotate
in the other direction. The amount of the volt-
age determines the portion of the cycle over which
the thyratron 534 or 536 will conduct, and hence
the speed of the motor {72. The motor 172 is
connected to the rotor 36 of the synchro 26. The
system Is such that the motor 172 will revolve In
a direction which will reduce the voltage applied

.to the thyratron motor circuit to zero, and hence

the position of the rotor 36 and the position of
the part controlled by the motor 172, in this case
the position of the tool, will vary with the vari-
ation in phase difference between the modulation
of the signal fed into the demodulator tube 508
with respect to the reference frequency fed into
tube 150.

It will be seen that the carriage motor will fol-
low the difference in phase between the modula-
tion of its carrier and the reference frequency
fed to tube 166. Likewise, the cross feed motor
will follow the difference in phase between the
modulation -of its carrier and the reference fre-
quency fed to tube 150. In this way, the tool Is
made to follow the motions producing the origi-
nal recording and the reproduction will be ac-
curate with respect to time and position.

Referring now to Figure 2A in which are illus-
trated the changes necessary to make the circuit
shown in Figure 2 suitable for 2 main and vernier
channel instead of the two-main channel system
illustrated in that ﬁgure, we find the main differ-
ences are:

(@) The elimination of one motor control eir-
cuit comprising tubes 534, 536 and 532 and asso-
ciated circuitry as now two channels are required
to operate the single motor control eircuit;

_(b) The connection of the vernier synchro to
the same shaft as the main but through a gear
box H;
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(¢) The connection of wire 530 to the center
tep of transformer 480 rather than the trans-

former in the eliminated thyratron control cir-

cuit 534, 536,532 and associated circuitry;

(@) The addition of a limiter tube C and asso~
ciated batteries A and B shunting condenser 488.

The differences in operation are as follows: In
the arrangement previously described, the output
from phase detector 522 controlled thyratron mo-
tor circuit 532, 534, 536 and hence the cross feed
motor. In the Figure 2A it is arranged to aid in
the control of the carriage motor 180. It does
this in the following manner:

The D. C. voltage from phase detector 8§22
which depends on the position of the rotor 86 of
the main synchro is fed to the center tap of the
secondary winding 462 of transformer 480.

The D. C. voltage from phase detector #26
which depends on the position of the rotor 40 of
the vernier synchro is limited by the thermionic
tube C and associated batteries A and B to a value
small compared to the maximum value of the
output of phase detector 522, This voltage is fed
to the center tap of transformer 4170.

If the position of the machine part is consid-
erably different than that required, the output
of phase detector 522 will be large, the output of
phase detector 426 will be its limited value and
hence the output of 522 will control the motor
cireuit, the output of 42€ will have negligible ef-

10

15

20

25

30

fect and the error will be reduced by the action

of the motor in changing the position of rotor 36.

When the part has almost reached the desired
position the output of phase detector 522 will be
small while due to the gearing up of the vernier
synchro the output of phase detector 426 will be.
large. Hence now phase detector 426 will assume
control and due to the compensating action of the
circuit will reduce the error in positioning to that
allowed by the vernier or the reciprocal of the

gearing up ratio of the error allowed by the main.

synchro. The battery voltages of A and B are
adjusted so that the vernier synchro takes con-

trol when the machine part assumes a position-

such that the vernier synchro error is just less
than 180° of the vernier synchro rotor’s proper
rotational position. :

It should be cbserved that while the thyratron
_ elrcuits are shown in the drawings as connected
to the constant voltage constant frequency source,
that this is not essential to the operation and in
practice a separate source may be desirable.

In the making of the record, the diameter of
the stock following the initial cut is accurately
measured. In fabricating parts from the record
the diameter of the stock following the initial cut
should equal that from which the record was
made. If the diameter differs, an adjustment can
be made through the differentials 204 and 194. In
this manner the lathe may be adjusted to cut the
stock to the same dimensions that exist in the
making of the record.

It will be understood that we have described
our invention with respect to the control of a
lathe for purposes of illustration only and not
by way of limitation. Any operation or series of
operations comprising one or a plurality of simul-
taneous or successive motions may be accurately
recorded and accurately reproduced by our meth-
od and by means of our apparatus. The record
may be made at a slow speed and may be played
back at g higher speed. The output signals from
the phase detectors may be used to control a plu-
rality of motor control circuits connected in par-
allel, whereby a large number of machines of
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like character may be controlled from a single
record. ‘

It will be seen that we have accomplished the
objects of our invention. We have provided a
method for the automatic control of machine
tools or the like and apparatus for carrying out
the method in which one or a number of like ma-
chine tools in parallel may be operated from a
single record. We have provided an improved
method and apparatus for recording the position
and velocity of machine parts and machine to0ls "
electronically, from which record machine parts
and machine tools used in making the record or
like machine parts and machine tools may be op-
erated electronically. We have provided a meth-
od and apparatus in which a record may be made
at a slow speed, which record may be later used
automatically to conirol machine tools at 2
higher speed. We have provided a method and
apparatus in which a machine part or machine
tool may be operated manually automatically te
make a record, which record may be subsequently
employed to operate the machine tool or a plu-
rality of like machine tools. We have provided an
improved method and aparratus for the operation
of machines in which sequential operations dif-
fering in.time and character may be performed
successively from a single record. In our method,
the phase differential upon a recorded standard
signal and an information signal is used to con-
trol one or a plurality of machine tools with ac-
curacy and precision.

It will be understood that certain features and
sub-combinations are of utility and may be em-
ployed without reference to other features and
sub-combinations. This is contemplated by and
is within the scope of the claims. It is further
obvious that various changes may be made in de-
tails within the scope of the claims without de-
parting from the spirit of the invention. It is,
therefore, to be understood that this invention is
not to be limited to the specific details shown and
described,

Having thus‘described our invention, we claim:

“1. In a ‘'method of automatically controlling
machinery, the steps of generating a standard

. signal of constant frequency and amplitude, gen-
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erating a control signal from said standard sig-
nal as a function of the movement of a machine
part, generating a carrier signal differing in fre-
quency from said standard signal, modulating
said carrier signal by said control signal and re-
cording said modulated carrier signal.

2. In a method of automatically controlling
machinery, the steps of generating a standard
signal of constant frequency and amplitude, gen-
erating a control signal from said standard sig-
nal as a function of the movement of a machine
part, generating a carrier signal differing in fre-
quency from said standard signal, modulating
said carrier sighal by said control signal, ampli-
fying said modulated carrier signal and recording
said amplified modulated carrier signal.

3. In a2 method of automatically controlling
machinery, the steps of generating a standard
signal of constant frequency and amplitude, gen-
erating a control signal from said standard signal
as a function of the movement of a machine part,
generating a carrier signal differing in frequency
from sald standard signal, modulating said car-
rier signal by sald control signal, amplifying said
modulated carrier signal, and magnetically re-
cording said amplified modulated carrier signal
upon an elongated magnetizable metal member.

76 4. In a method of automatically controlling
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machinery, the steps of generating a sighal as a
function of the phase difference between a con-
trol signal and an information signal, controlling
the movement of a machine part in response to
sald phase difference signal and varying the phase
difference between said information and control
signals in response to the movement of the ma-
. chine part being controlled.

5. A method as in claim 4 in which said control
signal is generated from a record. .

6. A method as in claim 4 in which said infor-
mation signal is generated from a recorded stand-
ard signal in response to the movement of a
machine part. '

7. A method as in claim 4 in which said control
signal is generated from a record and said infor-
mation signal is generated in response to the
movement of a machine part from a standard
signal recorded on the same record.

8. A method of automatically controlling ma-
chinery, including the steps of generating a
standard signal of constant frequency and ampli-
tude, generating a control signal from said stand-
ard signal as a function of the movement of a

machine part, generating a carrier signal differ- .

ing in frequency from said standard signal, mod-
ulating said carrier signal by said control signal,
recording said modulated carrier signal, record-
ing said standard signal on the same record, then
generating a composite signal from the record
thus made, filtering a reproduced standard signal
from the record, filtering a reproduced modulsted
carrier signal from the record, demodulating the
recorded carrier signal to obtain a control signal,
generating an information signal from said re-
corded standard signal as a function of the posi-
tion of a machine part and controlling the move-
ment of said machine part as a function of the
phase difference between said control signal and
said information signal.

9. A method of automatically controlling ma-
chinery including the steps of generating a stand-~
ard signal of constant frequency amplitude, gen-
erating a control signal from said standard signal
as a function of the movement of a machine part,
generating a carrier signal differing in frequency
from said standard signal, modulating said car-
rier signal by said control signal, amplifying said
modulated carrier signal, amplifying said stand-
ard signal, recording both said amplified modu-
. lated carrier signal and said amplified standard
signal upon a record, then generating a composite
signal from said record, amplifying said compos-
ite signal, filtering the standard signal from said
amplified composite signal, generating an infor-
mation signal from said amplified standard sig-
nal as a function of the position of a machine
part, filtering a modulated carrier signal from
said amplified composite signal, demodulating
sald modulated carrier signal to obtain a control
signel, generating a governing signal as a func-
tion of the phase difference between sald infor-
mation signal and said control signal and mov-
ing a machine part in response to said actuat-
ing signal.

10. A method as in claim 9 in which sald ma-
chine part is moved by a prime mover and con-
trolling said prime mover by s thyratron in re-
sponse to sald actuating signal.

11. In an apparatus for automatically control-
ling machinery, the combination including a syn-
chronous generator having a pair of field coils
and a rotor coil, means for energizing said fleld
coils from a constant frequency, constant ampli-
tude electric energy source, a phase shifting cir-
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cuit between sald source and sald fleld cofls
whereby to shift the phase of the voltage in. one
of said coils 90° with respect to the voltage in
the other of said coils, means for connecting said
rotor coil to a machine part whereby its position
will be a function of the position of the machine
part, means for generating a carrier signal hav-
ing a frequency differing from said constant fre-
quency, constant amplitude source, a modulating
circuit, means for feeding the output voltage of
said rotor coil to sald modulating circuit, means
for feeding the output of said carrier generator
to said modulating circuit whereby to modulate
sald carrier wave in response to the voltage of
sald rotor coil, means for amplifying said modu-
lated carrier wave, means for amplifying the sig-
nal of said constant frequency, constant ampli-
tude source and means for magnetically record-
ing upon a common record both the amplified
constant frequency, constant amplitude signal
and said modulated carrier signal.

12. Apparatus as in claim 11 including in com-
bination a second synchronous generator having
a second pair of field coils and a second rotor,
means for connecting said second rotor to an-
other machine part of the same machine, a sec-
ond carrier generator for generating a carrier
wave differing in frequency both from said first
carrier wave and sald constant freguency, con-
stant voltage signal and a second modulator cir-
cuit, means for feeding said second carrier wave to
sald second modulator for modulating said sec-
ond carrier wave in response to the signal gener-
ated across said second rotor coil and means for
feeding said second modulated carrier wave to
said amplifier.

13. Apparatus as in claim 11 including in com-
bination a second synchronous generator having
a second pair of fleld coils and a second rotor,
means for connecting said second rotor to said
same machine part through s connection having
a different mechanica] advantage whereby
mechanically to amplify the machine part move-~
ments, a second carrier generator for generating
a carrier wave differing in frequency both from
said constant frequency, constant voltage signal
and said first carrier signal, a second modulating
circuit, means for feeding said second carrier
wave to said second modulator circuit, means for
feeding the signal generated in said second rotor
coil to said modulator circuit whereby to produce
& second carrier signal modulated in accordance
with the signal in said second rotor and means
for feeding said second modulated carrier wave
to said amplifier.

14. An automatic control for machinery, in-
cluding in combination means for generating g
signal from a record having recorded thereon
a signal of constant frequency and constant am-
plitude and a modulated carrier signal of a fre-
quency differing from said constant frequency,
constant amplitude signal, means for amplifying
said reproduced composite signal, a filter tuned
to pass said constant frequency constant ampli-
tude signal, a synchronous generator having a
palr of field coils and a rotor coil, means for
connecting said rotor coil to a machine part for
movement thereby, connections for impressing
the output signal of said filter across said fleld
coils, a-second filter tuned to pass said modulated
carrier signal, a demodulator, means for im-
Pressing the output signal of said second filter
upon said demodulator, & pair of thermionic
tubes, means for impressing the signal generated
across sald rotor coil upon the grid of one of
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said thermionic tubes, & third fliter designed to
reject the carrier signal, means for impressing
the output of said third fllter upon the grid of
the other thermionie tube, a phase detecting net-
work, means for impressing the output signals
of said thermionic tubes on the phase detecting
network, a prime mover for moving said machine
part, a control circuit for controlling the move-
ment of said prime mover and means for im-
pressing the output signal of said phase detecting
network upon said control circuit.

15. Apparatus as in claim 14 in which said con-
nections for impressing the output signal of said
filter across said field coils includes & phase shift-
ing network adapted to shift the phase of the
voltage across one of said fleld coils 90° with re-
spect to the other of said field coils.

16. Apparatus as in claim 14 in which said
control circuit for said prime mover includes a
thermionic tube having a pair of grids and a
pair of anodes, means for impressing a reference
signal on one of said grids, means for impressing
the output of sald phase detecting network upon
the other of said grids.

17. Apparatus as in claim 14 in which said
control circuit for said prime mover includes a
thermionic tube having a pair of grids and a
pair of anodes, means for impressing = reference
signal on one of said grids, means for Impressing
the output of said phase detecting network upon
the other of said grids, said prime mover com-
prising an electric motor, a pair of thyratrons
having their cathode-anode structures connected
in the armature circuit of said motor, a trans-
former having its primary winding connected
across the anodes of said control tube, a pair of
secondary windings inductably coupled to the
primary winding of said transformer and means
for impressing the output of said secondary
windings upon respective grids of sald thyratrons.

18. As an article of manufacture, an elongated
magnetized metal strip having magnetically re-

corded thereon an amplified signal of constant.

frequency and constant amplitude, together with
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a carrier signal of a frequency differing from
said constant frequency signal, said carrier sig-
nal modulated as a function of the movements
of a machine part.

19. In an apparatus for automatically control-
ling machinery, the combination including a
synchronous generator having field coils and a
rotor coil, means for energizing said field coils
from a constant frequency, constant amplitude
electric energy source, g phase shifting circuit
between said source and said field coils whereby
to shift the phase of the voltage in one of said
coils with respect to the voltage of another of
said coils, means connecting said rofor coil to
a machine part whereby its position will be a
function of the position of the machine part,
means for generating s carrier signal having a
frequency differing from said constant frequency,
constant amplitude source, a modulating circuit,
means for feeding the output voltage of said rotor
coil to said modulating circuit, means for feed-
ing the output of said carrier generator to said
modulating circuit whereby to modulate said ear-
rier wave in response to the voltage of said rotor
coil, means for amplifying said modulated carrier
wave, means for amplifying the signal of said
constant frequency, constant amplitude source
and means for recording upon g common record
both the amplified constant frequency, constant
amplitude signal and said modulated carrier
signal.

ERIC W. LEAVER.
GEORGE R. MOUNCE.
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