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Our invention relates to an improved method and
apparatus for the automatic control of machinery and more
particularly to an improved method and apparatus for operat-
ing one or a number of machines of any character in accordance
with a predetermined series of operations.

Hevetofore it has been proposed to control machine
tools such as lathes, milling machines and the like automatic~
ally. These controls operate in response %o specially cut
cams, templets, special arrangements of gears and the like.

The manufacture of the special cams, teuplets and other control
devices is exXceedingly difficult. Furthermore, their use has
been limited to a relatively small numbtexr of comparatively
simple operagtions.

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

Another object of our‘inventionuis to provide a method
and apparatus for recording the position and velocity of machire
parts and wachine tools electronically.
| Anothexr object of our invention is to provide an auto-
matic control in which machine parts and machine tools may e
operated.&kmtionically from an antecedently made record.

! Ariotler objeet of our invention is to provide an auto-
‘matic control for machine parts and machine tools in which a
record nay be made alt one speed, ﬁsually slower, and subseq-'
uently operated automatically from the record thus made at a
different speed, usﬁélly higher.

A A furthexr object of our invention is to provide a
novel method and apparatus for operating machine parts and

machine tools in which a recerd is made by the manual operation

of one machine tool or machine part'and°a plurality eof machine
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tools or machine parts are simultaneously operated from the single
record thus uade.
8till another object of our invention is to provide a

novel method and apparatus in the operation of machines in which

sequential operations differing in time and in character may be

performed successively from g single record.

Another okject of our invention is to provide an im-
proved method and apparatus for controlling machines for per-
forming a series of connected operztions from a single record.

Another object of our invention is to provide a method
and apparatus in which a ghase diiferential between a recorded

standard signal and an infeormation signal is employed as the cont-

Tokl,

Further and othexr objects of our invention will appear
frem the following description.,

In general our invention contemplates the opexation of
a machine such as a machine tool or the like manually in whkich
all of the movements of the various parts of the machine which are
subject to ocontrol are recorded upon a record, preferable electron-
ically, whereby the signals presexved on the record represent the
sequential or simultaneous movewments of one or a plurality of
controllable parts or both. The signals furthermore thus pre-
served represent the direction of movementxof the controllable
parté and their speed of movement with respect to the pﬁase re-
lation with the sawe or other wovements, We then operate the
machine by automatic means controlling the operation in response
to the signals preserved by the record, which are converted
electronically into control signals adapted to control the move-
ments of prime movers which operate the controllable parts of
the machine in exact simultaneous or sequential relation or both

to the movements which took place when the machine was operated

initially manually.
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VVIn this manner we are enabled to employ a highly
skilled manual operator to produce parts ty wmachkine tcois or to
prerform operations of machines and make an accurate record of all
of the operations performed Yy the skilled manual operator. The
record made irn this manner is subsequently used to control one or
a large number of similar machines to perfiorm in exactly the same
manner when operated manually by the skilled operzntor. Furtbhermoze,
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 em~
ployed and the machine tools invdlved, we are enzbled to operate
a machine tool rapidly and accurately tc a degree heretofore im=-
possible 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 conjuﬁction
therewith and in which like reference numerals are used tc in-
dicate like parts in the various views:

Figure 1 is 8 schematic view showing apparatus em-
bodying our invention and capable of carrying out the method of
our invention.

Figure 2 is the left-hand portion of a diagramatic
view of apparatus embodying our invention and capable of carrying
out the method of our invention. |

Figure 24 is a view similar to Pigure 2 suitable for a
main and vernier channei instead of a two~main channel system as
shoﬁﬁiin Figure 2.

Figure 3 is a central portion of a diagramatic view of
apparatus embodying our invention and capalkle of carrying out the
method efrour invention,

Pigure 4 is the right-hand portion of a diagramatic view
of apparatus embodying our invention and capable of carrying out

the method eof our invention, it being understcod that Figures 2, 3
and 4 form a complete diagram,

Figure 5 is an elevation showing a lathe equipped for use

in our apparatus and for carrying out the method of our invention.
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Tigure 6 is a fragmentary sectional view on an en-
larged scale taken on the line 6-6 of Tigure D,

ore particularly, referring now tc Figure l, voltage
from a constant freduency, censtant veltage power source B is

fed to the recording amplifier 58 by cakle 7. This voltage is

. also applied to ancther goxtion of the recording system or

the cperating system by switch 10. Considering the system
connected withh the switech 10 in the recording wposition, the
voltage from the source 8 is led to one field coil 12 of a
device hereafter referred to as a "sgynchro" which produces a
variation in phase of the outyput vbltage with respect to an
appiied voltage proportional to the rotational position of

the rotor and hence the position of parts geared or oinerwis
connected theretco, indicated generally vy the reference pumeral
26, by cable 14, Current from the voltage source 8 flows
through cable 16 through a phase shifting circuit 18 adapted

to shift the phase of the voltage from the source 8 through
o . ARt

90 . The output vdltage from the phase shifting circuit 1.8

is impressed ty cable B0 upon another field coil 22 of the
synbhro statox. In FPigure 1 two chénnels are shown.-

If is to bé understood, of course, that any number of channels
may be employed. In Figure 1, one channel is used for the
primaxy wmovement of parts and the other channel is used for
vex?ier movements.i Field coil 24 of a second synchro,iinf
dicated genefaliy by the referénce numeral 28, is connécted

to the voltage source bty catle 30, The oﬁtput voltage from
the phase shifting circuit 18 is impressed upon the field coil
52 of the stator of the sjnchro 28 by cakle 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 a machine or machine tool.

The rotoxr 40 of the synchro 28 is counnected mechanically by a

connection indicated diagramatically by the reference numeral

42 to the same movable part through an appropriate connection




-0 464695

for vernler movements such asv a gear Lox of suitatle ratio 41.

During the waking of the recourd the clutch 44 between the drive

motor or motorg 46 foxr the movakle parts is disconnected and
the machine parts moved manually or bty automatic feed. The
machine is indicated generally by reference 43. The parts t¢
e moved, it is to be understood, may be manual control elements
which in turn control constantly driven prime movers,
'fhe voltage induced in the rotor of a phase with respect
to the voltage from the constant voltage constant freguency
10 source & depending upon ite angular positiocn is led by cable
48 to a modulator 50 into whieh is fed a carriexr signal from
carrier signal generator 52 through cable B4, The carrier
signal modulated in accordance with the voltage induced in
rotor 36 is led by cable 56 to a high pass filter 55 consisting
of condensers and inductor. The purpcose of the filter is to
reject the wmodulating frequencies and_paséAcnly the carrierx
;gnd its wmodulzations. Then the output voltage is led by con-
ductor\57 fo the recording amplifier 58, In a sinilax manner
the signals produced due to the positions of the rotor 40 of
20 the synchro 28 are led by cakle 60 to a modulator 62 into which
is fed by cable 64 a second carrier signal generated by.the
generétor 66, The second carrier signal modulated in accord-
ance with the voltage induced in the rotor 40 is led by catrle
R 61, through a high pass filter 63, and thence through cable 68 .
to the recording amplifier 58, Cables 70 and Y2 represent
- additional channels, it béing understood that any desired
number of channels may bte employed, each of which is impressed

on a carrier signal having a distinguishably different freg-

uency. The output signals from the recording amplifier are
30 led by cable 74 through cable 76 to the head 78 of the

recording device. It is understood of course that cable 76

is switched to the recording position during the making of
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the record. Any suitakle recording device known tc the art
may be employed. For purposes of illustration and not by way
of limitation, we show a wire or tape recorder in which a
magnetizatle wire or tape is adapted to make a magnetic record.
The wire recorder is driven by a drive indicated by the ref-
erence numeral 81l. The record tape is unreeled from reel 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 continuous
record, one which repeats without re-winding, can ke used. It
passes closely adjacent to the magnetizing tip 84 of the re-
coxding head. The carrier waves, generated vty the generators
52 and 66, as modulated by the signals responsive t¢ the
positions of the rotors:36 and 40 and amplified by the record-
ing amplifier 58, are recorded upon the wire oxr tape 86,

To operate the machine or machine tool from the recorad
thus made, the switohes 10 and 76 are moved to operating position
and the cluteh 44 is engaged with the drive motox 46. The
pick-up head is now connected to receive the record magnetically
recorded upon the wire or tape 86 when it is run tack by the
drive 81, after teing rewound upon reel 80. The signals picked
up bty the head 78 pass through the switch cable 76, through the
cable 88 to the amplifier 90. The output signal of the amplifiex
90<is led through cabkles 92 and G4 to filters ¢6 and 98. If
additional channels are employed, cables 100 and 102 lead the
output signals from the awplifier 90 to additional filters
(not shown). The output signals from the amplifier 90, too,
pass through a low pass filter 104 which allows only the |
reference frequency of the source & to pass. This signal is
impressed through cable 106 directly upon field ccils 12 and
24 of the synchros 26 and 28, and after bteing shifted in phase

through 90° by the phase shifter 18 upon field coils 22 and 32.
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“.pne filter $6 is a band pass filter which allows only the

frequency of the carrier generator 52 with its attendant
modulation frequencies to pass. The ocutput signal from the
filter 96 is demcdulated in the demodulator 108 and the de~
modulated signal passed through a low~-pass filter 110 which
eliminates the carrier signal. The modulation voltage is fed
by cable 112 to a phase detector 114.

The band pase filter 98 upon which signals from amp-
lifier 90 are iwmpreesed through conductor 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 low-pass filter 118 which elimiﬁates the
carrier. The modulation voltage is impressed by cakle 120 upon
phase detector 122, A signal as a function of position of rotor
36 ié impressed bty cable 124; also upon phase detector 114. In
a similar manner, a signal which is a function of the position
of rotor 40 also is iwpressed by ecable 126 upon phase detector
122. The voltage developed by the phase detectors will depend
koth in magnitude and direction on the phase difference between
the modulation voltage and the reference voltage. The voltage
from phase detector ll4 is fed to the moter control 120 through
cable 131, The voltage from phase detector 122 is fed through
a limiter 127 and thence by cable 128 to the motor control 130.
The output signal from the motor control circuit pasees through
cable 132 to control the drive motoxr 46.

It will Tte observed that in Pigure 1 the signal from
phase detector 114 is passed directly to the motor control 130
while the signal from phase detector 122 is prassed through a

limiter indicated by the general zeference npumeral 127. The

purpose of the limiter is to restwrict the amplitude of the

signal from phase detector 122 which responds to the signal
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from the vernier synchro 28 to a fraction of the output voltage
okbtainatrle from phase detectoi 114 which receives its signal
from the main synchro 26, The result is that the signal fron
phase detector 114 swamps out the signal from phase detectior
122 at all times except when the angular position of the main
synchro 1s nearly identical and the position of the vernier is
less than 180° from thrat required by the inforwaticn from the
record. At this point control of the motor control is taken
over by the vernier synchro. This is the type of connection
which is employed where rotor 36 represents the main movements
of a part and rotor 40 represents verniér movements of the same
part.

It is to te noted that if the playtack is tc take
place at a different record speed than when recorded, a different
phase shift networlk 18 must he used for playkack than for record
and. the filters 96, 98, and 104 must be designed tc operate at
the higher or lower frequencies, .

Referring to Figure 1, it will be observed that any
number of like machines may e operated simultanecusly in
parallel by having each of these machines eguipped with a mofor
control similar tofmotor.control 130 and feeding the output of
the phase detectoxr ll4 and the limited output of the phase
detegtd; 122 to these addifional motor econtrol units,e;s through
eab;és 133 ;nd‘lﬁﬁ. | | |

When several channels are used some of them may ve

used fox other machines operating in similar ox different

manners, In this way ﬁhe machines will be synchronized.

One ox morelchannels may e used to control a motor
cireuit or.circuits for ehuck or other drive speeds, or relay
eircuiis'and the like. They may be used for marking the

bteginning or end of a series of operations,
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A& plurzlity of pickup reads tcgether with treir
associated circuitry may te used to cuntrol the same operations
at different times or tlhe same or different machinee. The heads
would ke arranged to be energized bty the record at different times

g0 that the machine parts or machines would go¢ through the same

.operations sequentially.

It should bve noted that the intent of the invention is
not departed from by the control of valves and the like instead
of thyratren motor controls. These valves may te used to ccntrol
air or hydraulic systems and the like.

The reference frequency may also be fed through a
modulztor and appear on the record as a modulated carrier and
during playtack be fed through a demodulator for application to
the synchro stators,

- Heferring now to Figures 2 to 6, inclusive, in which
we have shown a comnlete diagram for the control of a simple
machine tool such as a lathe, together with figures showing the
locations of the synchros andwthe prime movers upon the lathe,
we will describe our method and the operation of cur apparatus
first in the making of a record. A constant voltage, constant
frequency alternating source is impressed across main line coun-
ductors 7 and 8. The brimary winding 134 of the transformer
indicated generally bty the referencs nuneral 136 is de-~energized
ky throwing the switch 138 to the “record" positicn., As can
be seen by reference to Figure 2, the priﬁary winding 140 of
the transformer indicated generally by the reference numeral 142
is de»énexgized by moving the switch 144 tc the "record" position,
The switch 146 is moved to the "record® position thus connecting
the grid 148 of the tube 150 across the output of the secondary
winding 152 of the transformer indicated generally by the ref-
erence numeral 154. The primary winding 156 of the transformer

154 is connected across the constant veltage, constant frequency

source. Bimilarly, the switch 158 is moved to "record® position
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«nus impressing the output veltage of the secondary winding

160 of the transformer indicated generally by the reference

“:; numeral 162 upon the grid 164 of the tube 166. The primary
winding 168 of the trxansformer 162 is energized from the con-
stant voltage, constant freguency scurce. Switech 170 is
moved to the "record" position. The cross feed of the lathe
tool is discoﬁnected&from the cross feed motor 172 bty means
of the clutch 174, The switeh 176 is moved to “"reccrd" posi-
tion. The carriage motor 180 is disengaged from thre carriage

10 by the clutch 17Y8. The switches 182 and 184 shown in Figure
4 are moved into the "record® position,

With the switches as just descrived, a part to be
turned is placed in the lathe indicated generally bty the ref-
erence’numeral 186, The hand wheel 188,‘sh0wn in Figure 5, is
used tb operate the carriasge screw 190..'This moves the carriage
192 to the left and to the right of the bed. Any movements
by the carriage screw 190 will rotate the rotor 40 of the
synchro 28 so that the longitudinal position of the carriage
is always the function of the rotation of the feed screw 190

20 and hence of the rotor 40 of the synehro 28, A differential
adjuatmenf 194 between the lead screw and the rotor is provided.
gamilarly, the cross feed is operated manually by the operating

‘handle 196, showﬁ in Figures B andIS, to move the tool holder

19§ to and f;om the work upon the lathe centers as a function
of the rotation of the cross feed screw 200. The rotaf 56 of
the synchro 26 is always eonneqted through the gear box 202 so
that the position of the rotor will always te a function of

_the position of the cross feéd screw 200 and hence of the posi-

tion Qf the tool holder 198. A differential adjusting means

30 204 is provided between the lead screw 200 and the rotor 36.

This adjusting means may ‘e incorporated in the gear btox 202.
‘The reference voltage from wires 7 and 8 is applied

through transformer 162 to the amplifier tube 166, The plate
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current of tube 166 is passed through the primarv winding 206
of a transforwer, indicated generally Yy the reference numeral
208. The secondary winding 210 of the transformer 208 is con-

nected across the field coils 24 and 32 of the stator of synchxro

- 28 throuvgh two phase shifting networks comprising capacitor 211

and inductor 212. In this manner the voltage appearing across
field winding 32 of the synchro 28 will e 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 synehro
28 will‘be rotated in synchroniswm and a voltage will te induced
in the rotor wiﬁding 40 of the synchro 28 having a phase relation-
ship depending upon its orientation in the synchro 28. This
orientation may be adjusted through the differential adjustment
194, The voltage generated across the rotor winding 40 is im=
pressed‘upon the control grid 214 of the modulator tube 216 from
voltage dividing remibtor 218°

The output of the secondary winding 152 of the trans-
former 154 is applied to the grid 148 of the amplifier tube 150
whereﬁy there appears across the primary winding 220 of the
transformer, indicated generally by the reference numeral 223,
the amplified voltage of the constant frequency, constant
voltage powEr source impressed across conductors ¥ and 8. The
aecondary winding 224 of the transformer RR2 is connected across
the stator c01ls 12 and 22 of the synchmo 26 through phdse
shifting network comprising eapacitor 226 and inductor B23,
The parameters‘of the phase shifting network are such that the
voltage appearing acrdss stator winding 22 of the synchro 26
is 90° out of phase with the voltage appearing across the
winding 12 of the synchro statox. The.rotor winding 36 of the
synchro 26 follows the position of the cross feed lead screw

200. There will thus be induced acrosse the rotor winding 36

of the synchro a voltage which is a function of the position
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of the tool controlled bty the cross feed of the lathe. The
orientation of the rotor can be adjusted bty the differential
adjustment 204. The voltage generated across rotor coil 36
is impressed across a voltage dividing resistor 230. 4
movable contact 232 is adapted to conduct a voltzge from the
voltage divider 230 to the control grid 234 of the modulator
ture 236,

Referxing now to Figure 3, & therwionic tube 238 is
connected as a generator. A plate voltage'to its anode 240 is
supplied from the battery 242, PFigure 2, through ccnducior 244,
through conductor 246, through conductor 247, through conductor
250, Figure 2 and Pigure 3, and conductor 252. It will be ob-~
served that all of the plates of zll of the tutes are supplied
by connections to the battery through conductor 246, where the
plate voltage is not supplied through transformers from the
constant voltage, constant frequeney source. The tuning of
the oscillating circuit by means of capacitor 254 is such as

to generate a carrier wave having a predetermined freguency.

- This carrier signél rasses through the primarv winding 255 of

a transformer indicated generally by the reference numeral
256. The voltage appearing across the secocndary winding 258
of the transformer 256 is impressed by the conductor 260 upon

the mixexr grid 262 of the thermionic tube 216, Figure 2 The

;output szgnal of tube 216 which is the carriexr wave generated

by the oscillator tube 238, as modulated by the voltage appear-

ing across rotor winding 40, is led by conductor 264 to high

'pass filter indicated generally by the :efereﬁce numeral 255

consisting of condensers 25Y and 259 and inductor 261. The
purpose of the filter is to reject the modulating frequencies
and pass only the carrier and its modulatioums. 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 270.
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Referring again to Figure 3, a thermicnic tuke 272
is connected as an oscillator in a circuit tuned Ly capacitor
274 to generate a carriexr wave which differs distinguishably
from the carrier wave generated by the tube 238, The signél
generated by the tukbe and its associated circuit passes through
the primary winding 276 of a transformerJ;ndicated generally
by the reference numeral 278. A voltage appearing across the
secundary winding 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 23%6 will be the
carrier wave generated bty the tube 272 as modulated by the
voltage appearing across the rotor winding 36 of the synchro
26. This output signal is impressed by conductor 286 to high
rass filter indicated generally by the reference numeral 285
consisting of condensers 287 and 289 and inductor 291. The
purpose of the filter is to reject the modulating frequencies
and pass only the carrier and its modulations. The output
voltage is then led Ly eonductor 286 across the resistor 288,
shown in Figure.4. The vcltage across resistor 288 is impressed
upon the grid 290 of mixer tube 292. The voltage from the
constant voltage, constant frequency source main line wires
7 and 8 is impressed across the primary winding 294 of a
transformer indicated generally by the reference numeral 296,
The voltage appearing across the secondary winding 2¢8 is led
to the grid 300 of a thermionic tuke 202 by the conductor 304,
The aﬁode 306 of the tube 302, the anode 308 of the tube 292 gnd‘
the anode 310 of the tube 270 are connected in common to the
grid 312 of the recording amplifier tube 314. The output
silgnal of the tube 413 is applied to the grid 316 of a second
amplifier tube 318. The amplified cutput 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 switeh 184 for the
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Eecord condition to the source of D. C. on conductor 250. The

secondary winding 326 of the transformer 322 is connected to

the recording head 328 of the recorder o that tape or wire

330 which is being driven by driving rolls 332 ty tape drive

motor 334 may receive a record in the form of differentially

nmagnetized portions in which the magnetization is a function

0f the impressed signal as to amplitude, frequency and phase,

as is well known in the art of ﬁire recorders,

The carrier frequency generated ty the tuke 238 and
1o its associated circuit and the carrier fregquency generated by
tube 272 and its associated circuit not only differ from each
other distinguishably; that is, sufficiently to permit separation
by suitable filters upon the subsequent plajZ}ack, but also
differ from the frequency of the constant voltage source

appearing across main line wires 7 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 egch of which is modulated in accordance

with a voltage which is the function of the movements of a

20 machine part oxr the control for a machine part. While we have
lllustrated only two channels, it is to be understood that any
desired number of channels may be recorded as long as each
carriex frequenqy is distinguishable by the means of filters

. from each other carrier frequency and from the frequency of the
conatant voltage, constant freguency: source.

‘_)pivryf”‘The record having been made may ke played back to
éontrdl the machine tool from which the record was made or a
plurality of like machine tools connected in parallel. Switches
146 and 158 are moved from "record®™ to *play" position. Switch

30 144 is wmoved from "record® to "pla&" position thus energizing
the primaxy winding 140 of a tiansférmer indicated generally

by reference numeral 142, Switch 138 is moved to "play®

position thus energizing the primary winding 134 of a transformer
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i;dicated tenexally by the reference numeral 136. Switches
170 and 176 are likewise woved from "record" to "play" posi-
tion. Clutch levers 174 and 178 are moved to engaging‘posi—
tions thus connecting motors 172 and 180 to drive screws 200
and 1%0. Switches 182 and 184 are moved to "play"® positions.
When the record tape 330 passes the head 328 the magnetized
tape will generate voltages in the head proportional to the
gignals which created tHe magnetized arrangement in the tape,
The voltages are impressed across the primary winding 338 of

a transformer indicated generally by the reference numeral
340. The voltages appearing across the secondary winding 342
of the transformer 340 are 1ﬁpressed by conductor 344 upon the
grid 346 of amplifier tube 348. The output signal froﬁ the
aﬁplifier tube 348 is impressed by conductor 350 upon fhe grid
352 of the amplifier tube 354. The output signal from the
tube 3B4 is imp:essed upon the grid &56 of the coupling ampli-
fiex tube 358, upon the grid 360 of the coupling amplifier
tube 362 and upon the gria 364 of the coupling awuplifier tube

‘-366, as can be seen by reference to Figure 4. The output

signal of tube 366 is prassed through a low pass filter,
indicated:generally‘by the reference numeral 368, which is
designed to permit the Passage of the reference frequency
only, so that the components of the signal comprising the
modplated cayrier waves'are rejected by the filter 368, An
amplified voltage at the frequency of the‘sogppe across main
lines 7 and 8 is communicated~tﬁxough conductor 372 to cén—
ductors 374 and 376, to the grids 164 and 148 of amplifier
tubes 166 and 150, respectively. The amplified reference
frequency therefore is commuhieated to the stator windings
24 and 32 of synchro 28 through transfermer 208, through the

phase shlftzng network. Similaxly, a voltage at the reference

.frequency is 1mprgssed by tube 150 and transformer 222 through

the phase shifting network across the windings 12 and 22 of the
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synchro 26. The voltage which is induced across rotor 40 Ly

the stator windings 24 and 32, has a phase relation with re-
spect to the reference freguency, depending upon the orientation
of the rotor 40 with respect to the stator windings 24 and 32, This
voltage ia fed to the grid 398 of tube 380 from voltage dividing
resistor 382. ITilkewise, the voltage which is induced in the
rotor 36 from the currents flowing through the field windings

12 and 22, which hes a phase relationship with respect to the
reference frequency, depending upon the orientation of the

rotor 36 with respect to the stator windings 12 and 22. The
voltage acxoss 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 qmpliiier
tube 362 is fed by conductor 390 to a band pass filter in-
dicated generally by the reference numeral 392. This filter is
designed to pass freguencies of the carrier wave gensrated by
the oscillator 238, and its asscociated circuit, The output of
the band pasé filter is.impressed across the primary winding
394 of a transformer indicated generally by the reference
nﬁmeral 396. The secondary winding 398 is center tapped to
ground, the ends of the seéondary winding 398 being connected
respectively to the anodes 400 and 402 of a demodulator pube
404, The output of the demodulator tube 404 appears between
the center tap of resistor 406 and ground from which 1t is fed
through a low pass. filter indicated generally by the reference
numeral 408. The filter 408 is designed to reject the carrier
fregquency of oscillator 238 so that the output signal of the
low=pass filter appearing‘across*xesistor 410 is an exact
fﬁnction of the modulation voltage theretofore impressed upon
the cafrier in the making of the record. This modulation
voltage is fed by conductorx 412 to the grid 414 of a tube

4)J6. It will be observed that tube 380 produces a signal as

S . o B R
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a function oi the actual position of the rotor 40 while the
tute 416 produces a signal as a function of the desired
position of the rotor and both these signals are fed to the
vhase detector. The output of tube 380 is impressed across
the primary winding 418 of a transformer, indicated generally
by the reference numeral 420, The coutput of tube 416 is
connected across the priwmary winding 430 of a transforner,
indicatec generally ty the reference numeral 432. The wmid-
ypoint of secondary winding 422 of the transformer 420 is
éonnected 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 tuke 426; the other
end of the mid-tap secondary winding 422 is connected to the
cathode 424 of the tube 426. The anode 438 of tube 426 and
the cathode 440 are connected across a voltage dividing
reslstor 442 so that there is developed across the capacito;
444 a;voitage which is proportional both in magnitudé and
direetion to the.jhase difference between the modulation
voltage as represented by the output of tube 416 and the
reference voltage as represented generally by the position

of the rotor 40 as represented by the output of the tubve 380.
fhe resistor 446 and 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'giid 452 and its grid 456 alternat-
ing voltages which are 90° out of phase with the line voltage.
A8 will be seen by reference to Figure. 2, the primaryrwinding
458 .of the transfoxrmer, indicated generally by the reference
numeral 460, is connected across the main line wires 7 and 8,
The output of the secondary winding 462 is shifted in phase
by & phase shifting network comprising the capacitor 464 and

resigtor 463 and applied by conductor 466 to the grid 456,
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Similarly, the primary winding 468 of a transformer indicated
generally vy the reference numeral 470 is connected across
the main line wires 7 and 8. The output of the secondary
winding 472 of the transformer 470 is applied thrcough a phase
shifting network cowmprising the capacitor 474 and resistor 465
to the grid 452 through the conductor 476. Wher the direct
current voltage from the phase detecting circuit, comprising
tubes 380, 416 and 426, is zero, the voltage dividing resistor
478 is adjusted so that the voltage appearing scross the

lQ primary winding 480 of the output transformer, indicated
geherally by reference 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 othér, 80
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 486 of
the thyratrons 488 and 4%0. The phase of these voltages de~
pends on whether the direct currant voltage applied to the tube
404 was positive or negative; that is to say, whether it leads

20 or lags by 90° with respect to the plate voltages of the |
thyratron tubes 488 and 490. The thyratrons 488 and 490 have
their plates and their cathode structures econnected across the
secondary winding 492 of the transformer 136 through the arma-
ture 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 496 of the trans-
former indicated generally by the refergnce numeral 498, the
primary winding of which, 500, is connected across the main

line wires 7 and 8. These bias voltages are 180° out of phase

30 with‘the voltages applied to the anodes of the thyratrons.
When there is no voltage applied from the transfcocrmer 482
tc the grids of the thyratrons, neither thyratron fires and

the motor 180 is stationary. When positive voltage is applied
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from the phase detector, one thyratron will fire and the motor
will rotate in one direction, If the voltage from the phase
detectoxr is negative, the other thyratron will fire and the
motor will rotate in the opposite direction. The amcunt of
voltage determines the portion of the eycle over which the
thyratron will eonduct and hence governs the motor speed. The
moetor is connected so that its wmotion will move the rotor 40
in a direction which will reduce the veltage applied to the
thyratron motor circuit to zero, and hence position the rotor
of the synchro, and accordingly the position of the rart con~
trolled will vary with the variation in phase difference
between the modulation of the signal fed into tuke 404 with
respect to the reference frequency which is fed into fube
166,

The output of tube 358 in Figure 4 is fed by con-
ductor 502 to a band paés filter indicated generally by the

reference numeral 504, fThis filter is designed to pass only

the modulated carrier of the fregquency generated by the

oscillator 272 and ites associated circuit. The output of

- the tand pass filter 504 1s fed through the transformer in-

dicated éenerally bty the reference numeral 506 to the demod-
ulator tube 508 similar to tube 404. The output of the
demodulator tube 508 appearing between the center tap of
resistor 510 and ground is fed through a low-pass filter,

indicated generally by reference numeral 512, which is

~designed to eliminate‘the-carrier wéve. The modulation

voltage appearing across résistor 514 is fed bty conductor

516 to the grid 518 of the tube 520. The cumulative output

of tubes 386 and 520 is fed to the tulbe 522, similsx to the

tube 426. The outpﬁt of the phase detector appeéring across
the capacitor 524 is proportional Toth in magnitude and direct-
ion to the phase differende tetween the modulation voltage

and the reference voltage fed respectively to the grids 518

and 384 of tubes 520 and 386 of.thé:-phase détéctirig network.
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'The resistor 526 and thie cupacitor 528 form a ripple filter.

The veltage appearing across capacitor 528 ic applied by con-
ductor 530 to the moter contrcl cirecuit comprising tuke 532

and thyratrcns 534 and 536. The tube 532 has alternating
voltages applied to its grids which are 90° out of phase with
the line voltage. The resistor 540 is adjusted so when the
voltage across capacitor 528 is zexo, the vcltage appearing
across the primary winding 542 of the transformer, indicated
generally by the reference numeral 544, will te zero., When-
ever a veltage appears across capacitox 524, one sicde of tube
532 will conduct moxe 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 thyratroﬁs 534
and 536. The phase of these voltages depends on whether the
direct current voltage appliéd to the grid 538 of the tube 538
was positive or negative; that is, 900 leading or lagging with
respect to plate voltages of tubes 534 and 536. Thyratrons 534
and 536 have alternating voltage agplied to their‘plate and
cathode structures from thé secondary winding 546 of thé
transformer 142 through the armature of the motor 172. In
addition to ﬁhe voltages mentioned which are applied to the

gride of the thyratrons from transformer 554, there are bias

voltages applied to the grids $hrough the transformer indicated

generally by the reference numeral 548. These alternating
current bias voltages are 180°% out of rhase with the voltages
applied to the anodes of'the thyratrons: When there is no
voltage applied by the transformer 544 to the grids of the
thyratibns, neither thyratron will fire and the motor 172 is
stationary. When pasitive voltagé'is applied from the phase
detecting network, one thyratron will fire and the motor 172
will rotate in one direction. When the voltage is negative
the motor armature 172 will rotate in the other direction,

The amount of the voltage determines the portion of the eycle
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over which the thyratren 534 or 536 will conduct, and ﬁence

the speed of the motor 172. 1he motor 172 is ccnnected to the
rotox 36 of the synchro 26. The system is such that the motor
172 will revolve in a direction whiech will reduce the voltage
applied to the thyratron motor circuit to zero, and hepce 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 variation in phase difference tetween the wmcdula-
tion of the signal fed into the demodulator tube 508 witk
respect 1o the zeference frequency fed into tube 150.

It will be seen that the carriage mctor will follow
the difference in phase between the wodulation of ite carrier
and the reference freguency fed to tube 166. ILikewise, the
éross feed motor will follow the difference in phase between
the modulation of its carrier and the reference freguency fed
to tuﬁe 160, In this way, the tool is made to follow the
motions producing the original recording and the reproduction
Wiliibe accurate with respect to time and position.

| Referring now to Figure 24 in which are illustrated
the changes necessary to make the circuit shown in Figuré 2
suitable for a main and vewnier channel instead of the two-main
channel system illustrated in that figure, we find the main
differences are:
| (é.)i the eliwination of one;motor control cirhuit‘
comprising tubes 534, 536 and 532 and associated circuitry as
now two channels are required to operate the single motox
control cireuit;
| ' (r) the connection of the vernier synchro to the
same shaft as the maln but through a gear box H;
'(c) the connection of wire 530 to the center tap of

transformer 460 rather than the transformer in the eliminated

thyratrdn control circuit 534, 536, 532 and associated circuitry;
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(d) the additiocn of a limiter tute C and associsted
btatteries A4 and B shunting condenser 488,

The diffevrences in operation are as follows: In
the arrangement previcusly described, the outrut from phase
detector 822 controlled thyratron motor 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 522 which depends
on the pesition of the rotor 26 6f the main synchro is fed
to the center tap of the secondary winding 462 of trans-
formex 460,

The D.C. voltage from phase detector 426 which depends

. -on the position of the roter 40 of the vernier synchxro is

limited by the thermionic tube C and associated tatteries
A and B to a value amall compared to the maximum value of
the output of phase detector 522. This voltage is fed to
the center tap of transformexr 470. N

If the position of the machine part is consideraily
different than that required, the output of phase detector
B22 will be large, the output of phase detector 426 will be
its limited value and hence the output of 622 will control
the motor circuit, the output of 426 will have negligible
éffect‘ahd the;error will ke reduced by thé action{of the
motor in changing the position of rotor 36.

When the part has alﬁost reached the desired position
the output of phase detector BR22 will be small while due
to the gearing up of the vernier synchro the output of
phase deteqtor4426 will ke large.- Hence now phase detector
426 will assume control and due to the compensating action
of the circuit will redude the error in positioning to that
allowed by the vernier or the reciprocal of the gearing up
ratio of ihe error allowed by the main.synchro. The battery

voltages of A and B are adjusted so that the vernier synchro
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takes control when the mickine part assumes a position such

that the vernier synchro error is just less than 180° of the
vernier synchro rotorts proper rotational position.

It should te observed that whkile the thyratron circuits
are shown in the drawings as connected to the constant voltage
cohstant Ifrequency source, Lthat this is not essentizl to the
operation and in practice a separate source may e desirakle,

In the making of the record, the diameter of the stock
following the initial cut is accurately measured. In fabricat-

10 ing 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 ke made through
the differentials 204 and 194, In this manner the lathe may te
adjusted to éut the stock to the same dimensions that exist in
the making of the record.

It will be understood that we have descrited our in-
vention with respect to the contrel of a lathe for purposes
of illustration oniy and not by Way of limitation. Any opera-
tion or series of operations comprising one or a plurality of

20 gimultaneous or succestive motions may be accurately recorded
and accurately reproduced by our method and by means of our
apparatus. The record may be made at a slow speed and may be
played back at a higher speed. The output signals from the
phase detectors may be used to control a plurality of ﬁotbr
contrél circuits connected in parallel, whereby a large number
of machines of like character may be controlled from a single
record., | v | |

Tt will Ye seen-thaﬁ we have accomplished the objects
of our invention. We‘haﬁé provided a method for the automatie

30 control of machine tools or the like and apparatus for carry-
ing out the method in which one or a number of like machine

tools in parallel may be operated from a single record. e
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have provided an improved method and apparatus for recérding

the position and velocity of machine parts and machine tools
electronically, from which record machine partes and machine tocls
uvsed in making the record or like machine parts and machine tcols
may ke operated electronically. We have provided a.method and
apparatus in which a record may e made at a slow epeed, whick
record may bve later used avtomatically to control machine tools
at a higher speed. We have yrovided a metkod and apparatus in
which a machine part oi machine tool may te operated manually
automatically to make a record, which record may be subséquently
employed to operate the machine tool or a plurality of like
machine tools. We have provided an improved method and apparatus
for the operation 0f machines in which sequential operations
differing in time and character may e performed successively
from a single record, In our method, the phase differential

upon a recorded standard signal and an information signal is

used to control one or a piurality of machine tools with accuracy
and precision.

. Tt will be understood that certain features and sub-
combinations are of utility and may be employed without reference
to othex features and sub-combinations. This is centemplated by
and is‘within the scope of the eldims. It is further okvious
that variocus changes may be made in details within the scope
of the claims without departing from the sPiiit of the inven%ion.
It is, fherefore, to e understood that trlis invention is not

to ke limited to the specific details shown and described,

Having thus described our inventicn, we elaim:
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1. In a method of autcmaticalls controlling machinery,
the steps of generating a standard signal of constant frequency
and amplitude, generating a control signal from said standard
signal as a function of the ﬁovement'of a mgchine part and
recording sald control signal,

2, In a method of automatically controlling machinery,
the steps of generating a étandard signal of constant frequency
and amplitude, generatiﬁg a control'signal from said standazrd
signal as a function of the mpvement of a machine part, generat-
ing a carrier signal differing in freguency from said standard
signal, modulating said carrier signal by said control signal
and recording said modulated carrier signal.

3. In a method of automatically controlling machinery,
the steps of generating a standard signal of constant freguency
and amplitude, generating a control signal from said standard
signal as a function of the movement of a machine part, generat-
ing a carxrier signal differing.in frequency from said|standard
signal, modulating said carrier signal by said control signal,
amplifying said modulated carrier signal and recording said
amplified wodulated carrier signal.

4. In a method of automatically controlling machinery,
the steps of generating a standard éignal of constant freguency
and amplitude, generating a control signal from said standard
signal as a function of the movement ¢i a4 machine part, generat-
ing a carrier signal differing in ireauency from sgid standard
signal, modulating said carrier signal by said control signal,
amplifying said modulated carrier signal, and wagnetically
recording said amplified modulated carrier signal upon an
elongated magnetizable metal member.

5. 'In a method of automatically controlling machinery,

the steps of generating a signal as a function of the phase

difference between a control signal and an information signal,




464695

controlling the movement of s machine part in resPonsé to said
phase diiference signal and varying the phase difference tve-
tween said information and control signals in response to the
movement of the machine part being controlled.

6. A method as in Claim 5 in which said eontrol
signal is generated from a record.

7. A method as in Claim 5 in which said information
signal is generated from a recorded standard signal in response
to the movement of a machine part,

8. A method as in Claim 5 in which said control signal
is generated from a record and said information signal is
generated in response to the movement of g machine pdrt frem a
standard signal recorded on the same record.

9. A method of automatically controlling machinery,
including the steps of generating a sténdard signal of constant
freguency and amplitude, generating a control signal from said
standard signal as a function of the movement of a machine part,
generatiné a carrier signal differing in frequency from said
standard signal, modulating said carrier signal by said control
signal, reeording‘said modulated cprrier signal, recording said
standardnsignal on the same record, then generating a composite
smgnal from the record thus made, filtering a reproduced stand-
ard signal Irom the record filtering a reproduced modulated
carriexr 51gnal from the record, demodulatlng the recorded
carrier signal too obtain:a:contxol signal, generating an in-'
formation signal from said recorded stgndard signal as a function
of the position of a machine part’and controiling the movement
of said machine part as a function of the phase differénce be -
tween said cbntrol'signal and said informatibn signal.

10. A method of automatically controlllng machinery
1nclud1ng the sters of generatlng a standard 81enal of constant

frequency amplitude, generating s cohntrol signal from said
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standard signal as a functicn oi the movement oif a 1naxéh,ine
part, generaticg a carrier signal differing in frequency from
saild standard signal, wcdulating said carrier signal Tty caid
control signal, amplifying said modulated carrier signal, amp-
lifying said standard signal, recording toth said amplified'
modulated carrxier signal and said awmplified standard signal
upon a record, then generating a composite signal from said
record, amplifying said composite signal, filtering the stand-
ard signal from said amplified composite signal, genexating

an ﬁnformation signal from said amplified standard signal as

a function of the position of a machine part, filtering a
medulsted carrier signal from said amplified composite signal,
demodulating said modulated carrier signal to obtain a control
signal, generating a governing signal as a function of the ghase
difference between said information signal and said control
signal and moving a machine part in response to said actuating
signgl.

1l. A method as in Claim 10 in which said machine
part is moved by a prime mover and controlling said prime
mover by a thyratron in response to sald actuating signal.

12, In an apparatus for automatically controlling
machinery, the combination including a synchronous generator

having a pair of field coils and a rotor coil, means for

enérgizing‘Said field coils from a constant ffeqﬁency,{conStant
amplitude electric energy source, a phase shifting circuit be-
tween said sburce and said field coils 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 ite position will

‘be a fﬁnction of the position of the machine part, means for

generating' a carrier signal having a frequency diifering from

said constant frequency, constant amplitude source,; a modulating
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6ircuit, means for feeding the ocutput voltage of said rotor
coil to said wodulating circuit, means for feeding the outgut
of said carrier generztor to sazid modulating circuit whereby
to modulate said carrier wave in response to the voltage of
sai& rotor coil, means for amplifying said wmodulated carrier
wave, means for amplifying the signal of said ccnstaint freq-
vency, constant amplitude source and means for magnetically
recording upon a common record voth the amplified constant
frequency, constant amplitude signal and said modulated carrier
signal-.

13. Apparatus as in Claim 12 including in combination
a second synchronous generator having a second pair of field
coils and a second rotor, means for connecting said second
rotor to another machine part of the same machine, a second
carrier generator for generating a carrier wave differing ip
frequency both from said first carrier wave said constant
frequency, constant voltage signal and a second modulator
circuit, means for feeding said second carrier wave to said
second modulatoxr for modulating séid second carrier wave in
response to the signal generated across said second rotor coil
and means for feeding said second modulated carrier wave to
sald amplifiex,

l4. Apparatus as in Qlaim 12 including in cowmbination
a second synchronous generator hav1ng a second pair of field

[

coils and a second rotor, means. for connecting said second
rotor to said same machine part through a connectlon having a
dlfferent mechanical advantage whereby mechanically to amnllfy
the machine part movements, a second asarrier generator for

’ &
generating a carrier wave differing in frquency both from said
constant freguency, constant voltage signal and said first
carriex aignai, 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

. ISR
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coll to sald modulator circuit whereky to produce a seccnd
carrier signal modulated in accordance with the signél in
sald zecond rotor and means for feeding said second modulated
carrier wave to said amplifier.

iB. An auvtomatic centrol for machinery, including
in combination means for generating a signal from a Tecord
having recorded thereon a signal of constant frequency and
constant amplitude and a modulated carrier signal of a freg~
vency differing from said constant frequency, constant amplitude
signal, means for amplifying said reproduced composite signal,
a filter tuned to pass said constant frecuency, constant
amplitude signal, a synchronous generator having = pai; of
field coils and a rotor coil, means Ffor connecting said rotox
coil to a machine part for movement therety, connections for
impressing the ocutput signal of said filterx across said field
coils, a second filter tuned to pass said modulated carrier

signal, a demodulator, means for impressing the output signal

of said second filter upon said democdulator, a pair of ther-
;miq@ic_tubes, means for impressing the signal generated across
said“iotor coil upon the grid of one of said thermionic tukes,
a third filtervdeaigned to reject the carrier signal, means
for impressing the output of said third filter upon the grid
of the other thermionic tube, a phase detecting network, means
for' impressing the‘output signals of said thermionic tdbeé
on the phase detecting network, a prime mover for moving said
machine part, a control circuit for controlling the movement
of gaid prime mover aﬁd means for impressing the output signal
of said phase detecting network upon said control circuit.

l6. Apparatus as in Qlaim 15 in which said connecte -

ions for impressing the output signal of said filter across

Ssaid field coils includes a rhase shifting network adapted

to shift the phase of the voltage across one of said field

14
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coils 90° with respect to the other of said field coils.

17. Apparatus as in Claim 15 in whiech said control
circuit for said primé mover includes a thermionic tute
having a pair of grids ang a pair of anodes, means for im-
pressing a reference signal on one of said grids, means for
impressing the output of saia phase detecting network ugon
the other of said grids.

18. Apparatus‘as in Claim 15 in which said control
circuit for said prime mover includes a tliermionic tube
having a pair of grids and a pair of anodes, means for im~
pressing a 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 comprising an
electric wmotor, a pair of thyratrons having their cathode-
anode structures connected in the armature circuit of said
motor, a transformer 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
trangfoxmér and means for impressing the output of said
seddndary windings upon respective grids of said thyratrons,

19. As an artlcle of manufacture, an elongated
magnetized meﬁql 8trip having magnetically recorded thereon
an amplified signal of constant frequency and constant amplltu&z
"& ¢7; tobéther with a earrier 81gnal of a frequency dlffering from
said constant frequency signal, said carrier signal modulated
as a function of the'm0vements of a machine part.

;{‘20;, In an apparatus for automatically controlling

machinery, the comkbination including a synchronous generator

having field coils and é rotor coil, means for energizing

sald field coils from a cohstant frequency, constant amplitude
electric energy sourée, a phase shifting circuit between saig
source and said field coils whereby to shift the phase of the

voltage in one of said coils with respect to the voltage of

50
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another of said coils, wmeans connecting said rotor coéil to

a wachine part whereby its position will be a function of the
position of the machine part, means for generating a carrier
signal having a' frequency differing from said constant freg~-
uency, constant amplitude source, a modulating circuit, means
for feeding the output voltage of said rotor coil of said
modulating circuit, means for feeding the output of said
carrier generator to said modulatimg circuit wherety to
modulate said carrier wave in response to the voltage of said

rotor coil, means for awplifying said modulated carrier wave,

means for amplifying the signal of said constant frequency,
constant amplitude source and means for recording upon a
commnon record both the amplified constant frequency, constant

amplitude signal and said wodulated carrier signal.
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