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3,078,402
METHOD AND APPARATUS FOR
. BYNCHROMNIZED DRIVES
Gerald E. Mathias, Clavence Township, Erie County,
N.Y., Charles G. Helmick, Jv., Pitishurgh, Pa., and
Robert W. Egglestone, West Hartferd, Conn.,, assignors
to Westinghouse Electrie Corporation, East Pittsburgh,
Pa., a corporation of Penunsylvania
Filed Qct. 20, 1958, Ser. No. 768,194
9 Claims., (CL 318--72)

This invention relates to the control or regulator art
and- has particular. relationship to the control or regula-
tion.of drives which are subjected to heavy loads that may
vary over a wide range during each cycle of operation.
Application Serial No. 670,318, filed July 5, 1957 to Ger-
ald E. Mathias and Robert W. Egglestone for “Syn-
chronized Conveyor Controi” and assigned to Westing-
‘house Electric Corporation is incorporated in this appli-
cation by reference. .

The apparatus to which the invention disclosed in this
application. is particularly applicable is typified by a line
of progressively operating presses which form work, say
metal sheet, into a finished product, for example, a body
part of an automotive vehicle. Such apparatus includes
a'plurality of dies-on each of which the work is subjected
to. pressure exerted by a press. ‘The work after being
_treated -on one die is moved-from this die to a succeed-
ing die and following each movement is subjected to pres-
sare by the press of the new die until after treatment in
the last die of the series, the final product is achieved.
Each press is moved continuously by a.motor driven crank
-mechanism repeatedly  engaging -and forming the work.
As each press engages the work it exerts increasing pres-
sure on the work until the press passes through a dead-
. center. position where it exerts-the .maximum pressure
on-the work.

‘Each press drive is provided with a flywheel which
_stores energy during the part of a cycle during which the
drive is lightly loaded and releases energy during the
-part of the cycle during which the drive is loaded.

The loading imposed on the press drives by the. differ-
-ent presses may be relatively high. For example, in a
~typical situation, the loading may be 1200 inch-tons.
Each press drive. must be -capable of: delivering substan-
tial power,-say of the order of 400 to 1000 horsepower.
It is desirable that the work be produced at a relatively
high speed and the presses must operate- at a -correspond-
ingly high speed.. A speed of 25 strokes or cycles. per

. minute for-each press is typical.

It is desirable that all presses work together in forming
- .the- work -and that the presses be so synchronized that
their compression operations be carried out after the work
has been properly seated on the die .and the mechanism
-for advancing the work has been retracted to its standby
pesition .and it is broadly an-object of this invention to
provide a method and apparatus for accomplishing such
synchronization.

Jn arriving at this invention, it was realized from =2
study of the operation of the apparatus to be controlled
that this apparatus has certain highly unusval operational
features. ~ Each drive passes through a cycle during one
part of which its associated press is compressing or
otherwise drawing, forming, or trimming the work and
during another part of which its associated press is mov-
ing away from the work and the work is being advanced.
‘During the forming part of the cyvcle, the press and. its
drive are heavily loaded and during the work-moving
-part of the cycle, the press and its drive are very lightly
Joaded. . During the loaded part of the cycle, the drive
-may- be constrained to move at a low speed .and during
the unloaded part of the cycle the drive is free to move
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at a relatively high speed, the ratio of the Iatter speed
to the former speed may be of the order of 2 or 3:1.

‘During a complete operation the loading of any press
relative to the others may vary over a wide range. At
the start of an operation, the raw material for the first
work -item is seated on the first die while the others are
unlcaded. One press is at this time heavily loaded while
the other -presses are unloaded. - During the succeeding
cyele two presses are loaded while the others are tun-
loaded. This continues until all the presses are loaded.
With all the presses loaded, the load on the different
drives during the loading part of each of the cycles may
vary widely. One of the presses may be carrying out
a forming or drawing operation and subjecting its drive
to a heavy load while at the same' time another of the
presses may be performing a trimming operation -sub-
jecting its drive to a relatively low load. At the com-
pletion of a series of operations, the presses are gradually
unloaded in the inverse order to their icading during the
start of an operation. ; ' o

Under these variable loading conditions, it is desirable
that .the presses and their drives be.synchronized. Syn-

.chronization by. mechanically linking the drives is not

satisfactory because the linkages are subjected to enor-
mous stresses and difficulty is encountered in providing
adequate linkages which. are capable .of responding with
the speed required to the changes in the loading .of the
drives.

It is then a specific object of this invention to provide
a method and. apparatus for synchronizing a plurality of
mechanically, disconnected drives, which are subjected to
highly variable loads of high magnitude that may. be
different for the different drives. )

Another specific object.of this invention is to provide
apparatus for synchronizing a plurality of drives. which
are not conmected mechanically but which are required
to -operate - together and which are subjected to. highly
variable loads which.may differ for the different drives.

A further specific object of this. invention is to provide
a method and apparatus for coordinating the. speeds and
the positions. of a plurality: of drives subjected .to highly
variable loads so-that the drives operate together in the
desired manner. : ’

An.incidental -object. of this invention is. to .provide a
novel methed of speed control having general applicability
but particularly suitable for the coordination of. the oper-
ation of a plurality of drives which are operated together

-but .which are. subjected. to highly variable large loads

different . for. the different drives.

Another incidental object-of this invention is to provide
a:novel. method. of controlling the speed of a plurality of
drives, the operation of :which is to be synchronized. so

~that they operate together and which are subject. to high-

ly variable large loads: different for the different. drives.

This invention arises from the realjzation that the drives
need not be maintained at the same .speeds. and at the
same relative positions during their entire cycles of oper-
ation. It is. only necessary that the speeds and relative
position of the drives be such that they start the com-
pressing operation together at a prescribed speed and that
they repeatedly reach the starting speed prior to the start
of each of the succeeding compressing operations. - It has
been realized then that the.drives.may be permitted to
reach different speeds.and to become displaced in posi-
tion with reference to each other to a limited extend dur-
ing the loaded part of the cycle provided that they are
reset to operate together at a set speed during the un-
loaded part of the cycle.

In accordance with this invention in.its specific aspects

-the drives include no mechanical interconnection but-are

provided with electrical interconnections. which -permit
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the speeds of all drives to decrease once the speed of at
least one of the drives drops below a predetermined set
magnitude. This limits the position deviations of the
drives from each other. As to the position deviations
which do occur, the electrical intercomnections operate
in dependence upon the position deviation of each drive
from  the avérage position of all of the drives to bring
the drives to the same relative positions. The correc-
tions in speed and position are effected during the un-
Joaded part of the cycle so that the drives are positionally
and in speed together just before the loaded part of the
cycle starts: i

1n accordance with a specific aspect of this invention,
speed control apparatus is provided which includes a
master speed reference for ail of the drives. This speed
reference cooperates with regulators connected to each
of the drives to tend to maintain the speed of each of the
drives at a magnitude corresponding to the reference so
long as the speed of all drives is above a predetermined
magnitude. When the speed of any drive drops below
this predetermined magnitude, 2 poriion of the master
speed reference parameter is absorbed externally to the
regulators so that the regulators all operate to tend to ad-
just the speeds of the drives to a new reference corre-
sponding to the lower speed of the drive which has dropped
to a speed below the predetermined magnitude. When
the speeds of all the drives returns to the predetermined
magnitude, the master speed reference parameter again
becomes effective and the drives are returned to the speed
corresponding to this master reference. For this purpose,
it is important that each of the drives be supzlied with
power and be capable of drawing adequate power for
the necessary acceleration from the lower speeds to the
speed corresponding to the master reference.

In actual practice, the speed of one or more of the
drives drops below the predetermined magnitude during
the loaded part of the cycles. All drives are then per-
mitted to drop to a lower speed by the reduced speed
reference parameter. During the unloaded part of the
cycle adequate power is supplied to the drives to pro-
duce the necessary acceleration to return the drives to
the speed correspending to the master reference. At
the start of the succeeding loaded cycle the drives are
then back to their original speeds.

The novel features considered characteristic of this
invention are disclosed generally above, The invention
itself both as to ifs organization and as to its method of
operation together with additional objects and advantages
thereof will be understood from the following descrip-
tion of a specific embodiment when read in connection
with the accompanying drawings, in which:

FIGURE 1 is a diagrammatic view showing a draw-
ing, blanking or coining press line to which the inven-
tion disclosed herein is applicable;

FIG. 2 is a diagram showing the operation of the
process line illustrated in FIG. 1;

FIG. 3 is a circular diagram showing the angular ex-
tent of the different parts of the cycle of a press of the
apparatus illustrated in FIG. 2;

FIGS. 4A, 4B and 4C together constitute a circuit
diagram of a preferred embodiment of this invention with
which the methed in accordance with this invention may
be conveniently practiced;

FIG. 5 presents vector diagrams corresponding to the
position following elements or syachroties of FIGS. 44,
4B and 4C;

FIG. 6 presents a series of vector diagrams showing
the vector relationships of the potentials derivable from
the position following elements of FIGS. 4A, 4B and
4C;

FIG. 7 presents a series of vector diagrams illustrating
the vector relatjonship between the potentials derivable
from the position following elements when the positions
of certain of these elements are displaced with respect
to the others;
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FIG. 8 presents a series of vector diagrams showing the
potentials derivable from the position following elements -
under the conditions illustrated in FIG. 7;

FIG. O is a circuit diagram illustrating in detail the
speed control system of the apparatus shown in FIGS. -
4A, 4B and 4C; and

FIG. 10 is a circuit diagram of a modification of this -
invention particularly applicable to a two-drive line.

The apperatus showa in FIG. 1 is a press line includ- -
ing a phurality of dies on which work W1, W2 and W3-
is to be formed. The work may be moved onto the lead-
ing die (W1) and off the last die (W4) and from die
to die by retractable fingers 21 carried by, and linked to,
transfer bars 23. The fingers 21 and the bars 23 are
actuated by mechanisms (not shown) which are mechan-
ically tied to the drive for onme of the presses and are
thus synchronized with this one press. The fingers 21
are movable relatively to the bars 23 intc engagement
with the work and the bars 23 are movable to advance the
Sngers 21 with any work they are carrying or to return
the fingers for each now advancing operation.

Bach press (not showz) of the press line is actuated
by a.crank (not shown) which operates continuously as
it is continuously driven by an associated drive. The
cycle of operation of a press (not shown) of the press
line is shown in FIG. 2 and FIG. 3 shows the circular
movement of the driven end of the crank (not shown)
which drives a press in a typical situation. FIG. 3 is
labeled to correspond to FIG. 2 and in addition it in-
cludes the points BDC, the bottom dead center at which
the work is subjected to the highest siresses, and TDC,
top dead center where the press is most remote from the
work.

It is assumed that in FIG. 1 the fingers 21 are in 2
position where they have seated the work WL, W2, W3
on the dies and are about fo be retracted. This corre-
sponds to points A of FIGS. 2 and 3.

The fingers 21 are retracted between A and B of the
cycle and the return of the bars 23 to the back position
is started. During this part of the cycle the presses
move toward the work W1, W2, W3 engaging the work
at a point in the cycle corresponding tc B. Between
parts B and BDC of the cycle the work is formed on
the dies.” Retween BDC and C the presses are retracted.
At point C, the bars 23 are in the extreme retracted po-
sition and the fingsrs 21 are moved out to engage the
work. At point 3, the fingers 21 ave in engagement with
the work. The leading fingers 21 are in engagement
with raw material to be deposited on the leading press;
the fourth set of fingers 21 with W3 which is finished.

stween D and A the work is seated on the successive
dies. While the fingers are moving as described, the
presses are moving from positions corresponding to C
to position A.

The compressing and retraction movements of the
presses takes place during the part of the cycle repre-
sented by the arc BC. In a typical case, the arc BC
subteads an angle of 150°. Thus, the compression part
of the cycle constitutes about 954 of the complete cycle.
The fingers 21 are moving into or cut of engagement
with the work between parts C and D and A and B
of the cycles and during these parts the presses must be
out of the way.

This inventicn arises from the realization that it is
not essential that the presses be so synchronized that
they are together continucusly througout the cycle or
stroke. It is only necessary that the presses be properly
positioned so that the compression part of the cycle
starts when the work is properly ssated. That is, the
presses should be together at instant B. At instant C,
the positions and speeds of the presses may have de-
parted from synchronization to a limited extent. The
departure must not be such that any press is in the path
of the fingers 21 as they start in. The presses are brought
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" back together as the drives move during the unloaded
part of the work cycle between positions C and B.

In practice the bars 23 and fingers 21.are mechani-
cally linked to one of the presses, for example, the cne
corresponding to work W1. The drives for this one press
and the others are linked electrically in such a way as
to permit substantial change in speed and position during
the loaded part of the cycle and correction during the
unloaded part. In a typical situation in which the load-
ing is 1200 inch-tons and the speed of the presses is 25
strokes per minute, the speed may drop as much as 5%
during the loading part of the cycle, and the relative
positions of the drives may change correspondingly. For
the same loading where the rate of operation of the
presses is 12.5 strokes per minute, the speed may drop
as much as 20% and the relative positions depart cor-
respondingly.

The apparatus shown in FIGS. 4A, 4B and 4C with
which the invention is practiced includes a Drive Unit
and a Control Unit. This apparatus is supplied from
conductors L1, L2 and L3 which are energized from a
commercial alternating current supply through the usual
disconnects or circuit breakers (not shown).

The Drive Unit includes drives DR1, DR2 and DR3
each of which has a drive motor M connected to control
a crank (not shown) which drives.the corresponding
press. The Control Unit operates to control the speeds
of the motors M so that the positions of the motors of
the drive units are properly related to the operation of
the fingers 21.

Each drive DR1, DR2 and DR3 includes in addition
to the motor M a generator G for energizing the motor,
a tachometer or pilot generator PG, a speed reference
generator or exciter GS and a magnetic amplifier MA
for controlling the motor M. The motor M has a shunt
field winding 25 which may be energized from a direct-
curreni supply. The supply is indicating only symboli-
cally but usually derives its power from the conductors
L1, L2 and L3 through a rectifier. The positive and
negative terminals of the field supply are connected to
the field winding 25 through a variable resistor 27 which
serves to derive a potential proporticnal to the field cur-
rent. The gemerator G has a series field winding 29
~and a shunt field winding 31. The operation of the
motor M is controlled primarily by controlling the cur-
rent flow through the shunt field winding- 3%. This is
effected by the magnetic amplifier MA. The- pilot gen-
erator PG has a shunt field winding 33 which is supplied
from a direct-current supply. -The speed reference gen-
erator GS also has a shunt field winding 35 which is
supplied from a direct-current supply through a variable

- resistor 37. The resistor 37 serves to set the speed ref-
erence at the desired magnitude.

The magnetic amplifier MA includes an output wind-
ing WO, a pesition control winding WC, a speed refer-
ence winding WSR, a speed winding WS, -2 biasing wind-

- ing WB, a damping winding WD and a current limit
winding WCL. The ouiput winding WO is center tapped.
This winding is supplied from the conduciors L1 and
L2, These conductors are connected to the shunt wind-
ing 31 of gemerator. G through the winding WO and
through rectifiers 41, 43 and 45 which assure that the
current flow through the windings WO is of such po-
larity as to produce a self-biasing effect characteristic of
magnetic amplifier operation, The winding WC is sup-
plied from the Control Unit.

The control of the speeds of the motors M of the
three drives DRI, DR2 and DR3 is interdependent. The
connection of the speed refereince windings WSR and
the speed windings WS of the magnetic amplifiers MA
of the three drives is not individual to any one drive
but involves all drives. This connection is shown in

“FIG. 9. The speed reference winding WSR of each of
the magnetic amplifiers MA is supplied from the gen-
erator GS, in a circuit extending from the positive ter-

6

minal of the generator through a master variable .re-

. sistor. 51 .and associated variable resistor 53 individual

.. generator. to the negative terminal.
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to each .winding, .the winding WSR. to the negative ter-
minal of the exciter GS. The exciter G8 is also.con-

" nected in. a circnit. with each of the pilot .generators

PG. - This. circuit extends from the positive terminal of
the gemerator GS through the variable resistor 51, a
rectifier 55 individual to each generator PG, the pilot
The speed winding
WS of each of the magnetic amplifiers MA is supplied
from. the associated  pilot generator PG in a circuit ex-
tending from .the positive: terminal of the gemerator PG
through a variable resistor 87, the winding WS to the
negative terminal. The rectifiers 55 are so poled that
o long as the .associated pilot generator PG produces a
voltage of a . predetermined magnitude, current flow
through the resistor 51 and through the pilot generator
from the speed reference.GS is blocked. Thus, the full
voltage of the exciter GS is available as a speed refer-
ence.

The ampere. turns produced through WSR by the volt-
age of GS is balanced against the ampere turns pro-

“duced through windings WS by the associated pilot gen-

erator PG. .The. windings WSR and WS are so poled
in each magnetic amplifier that the higher the ampere
turns of WSR, that is, the higher the voltage of GS, the
Ligher the voltage of PG required to counteract the

ampere-turns of WSR. The voltage of PG depends on
- the speed of the asscciated drive M.

Thus, the higher
the voltage supplied from exciter GS the higher the speed
that a. drive. M is permitted to reach. As the total
voltage of the exciter. GS serves to set the speed refer-
ence, .the motors M are permitted to reach the maxi-
mum-speed. The motors M are thus permitted to reach
the maximum speed.so long as all pilot generatcrs PG
Supply a voltage above a predetermined magnitude.
~When any of the motors M drops to a speed such

- that its pilot generator PG puts out a voltage lower than
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the magnitude, current flows through the master resis-
tor 81, the associated rectifier .and the generator. absorb-
ing part of the voltage from the exciter GS available
for speed reference. : The speed reference is thus re-
duced for all motors M and motors are permitted to drop
to a lower speed.

The winding WB is supplied. from a suitable direct
current -source which may be varied to produce the
desired bias. The damping winding WD has the func-
tion of suppressing oscillation of the generator G in
response to surges. ‘This winding is connected in a
circuit- with - the generator G which extends from one
terminal of the winding through a surge suppressing
capacitor 61, the gemerator G, the series field winding
29, a resistor 63 to the other terminal. The current
limiting winding WCL is connected in circuit with the
series field winding 22 of the generator C and a recti-
fier 65. The rectifier- 65 is of the bridge type with two
of its opposite terminals connected across the variable
resistor 27 in series with.the shunt field winding 25 of
the motor M and the other opposite terminals connected.
in series with winding WCL, a resistor 67 and the series
field winding 29. Current can only flow. through the
winding WCL if the potential across the series field
winding 29 exceeds the potential -impressed by.the vari-
able resistor 27. The variable resistor may be so set
that when the current through the series field winding
28 is excessive, current-flows throngh WCL reducing
the current flow through the armature of the generator
G and the series field winding 29.

The magnetic amplifiers MA of the drives DRZ, DR2
and DR3, the generator G and the motors M are con-
trolled in dependence upon the relative positions of the
drives through the windings WC of the magnetic am-
plifiers MA which are conirolled from corresponding
componnets of the Control Unit. The Conirol Unit
inciudes a plurality of synchroties SY31, SY2 and SY3
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which are, in effect, rotary transformers capable of pro-
ducing a position reference signal. Each synchrotie has
a three-phase rotor 71 and a two-phase stator 73. The
brushes of the rotors 7% are connected to conductors
L1, L2 and L3 respectively and are thus supplied with
three-phase potential. Two-phase potential, the com-
ponents of which have phase positions dependent on the
positions of the rotors 71, is then derivable from each
stator 73. Fach synchrotie has two pairs of terminals
75 and 77 and 79 and 81. Single phase alternating po-
tential is derivable from each pair and the potential for
one pair of each syachrotie is displaced in phase by $0°
with respect to the potential of the other pair.

The rotor 71 of SY1 is mechanicailly connected to
the motor M of drive DRI, the rotor of SY2 to the
motor M of DR2 and the rotor of SY3 to the motor M
of DR3. The connection may be directly to the mstor
M in each case or to the crank which drives the asso-
ciated press. The comnection in each case is rigid so
that the rotor of the synchrotie has a positicn corre-
sponding to the position of the crank or to the position
of the corresponding press. !

The Control Unit also includes transfermers 137, 127,
13T and 21T, 22T and 23T. The primary 1ETP of
13T is connected to ome pair of terminals 75—77 of
SY1, the primary 12TP to a corresponding pair 75—77
of SY2 and the primary 13TP to a corresponding pair
7557 of §Y3. Primaries 11TP, 12TF and 13TP then
carry alternating current suppied by the asscciated syn-
chroties respectively and displaced in phase in depend-
ence upon the angular displacements of the rotors of
the associated synchroties {rom initial settings. The pri-
maries 21TP, 22TP and 23TP are similarly connected
to the other pairs of termimals 79—8% of SY1, SYZ
and SY3 respectively. Each transformer 11T, 12T,
137, 21T, 32T, 23T has a pair of secondaries 11TSE
and 11782, 12TS1 and 12782, 13751 and 13782, 21TS1
and 21TS2, 22TS1 and 22752, 23TSL end 23152, re-
speciively.

The Control Unit also includes a pair of transfors
1T and 27. Each of these transformers has three pri-
mary windings 1TPZ, 1TP2 and ITP3 and 2174,
and ZTP3. The windings 1TPL, ¥TP2 apd 1TP3 prefer-
ably have an equal number of turas as do the windings
2TP3, 2792, 2TP3. The primaries 1TPI, ¥TP2 and TIP3
are connected in a series network with corresponding pairs
of the terminals 75 and 77 of SYZ, SY2 and SY3 with
the pairs of terminals 75 and 77 sandwiched between the
primary windings 1TPL, 1TP2 and 1TP3. 'This series net-
work extends from one of the terminals 77 of SY1 through
iTP1, a conductor 83, the terminals T5—77 of 5Y2, a
conductor 85, ITP2, a conductor 87, the terminals 73—77
of §Y3, a conductor 83, 1TP3, to the remaining terminal
7e of SY1. The total potential impressed in series with
the windings 1TP%, 1TP2 and ITP3 of 1T is then equal
to the vectorial sum of the potentials across the sandwiched
terminals of SY1, S¥Y2 and 3Y3. i

The primaries 2TP1,
2TP2 and 2TP3 are similarly connected in a series sand-
wiched circuit with the remaining corresponding terminals
76 and 81 of SY1, SY2 and SY3. The transformer 1T
has a plurality of seccndaries ITSLE, 1TSE2, 1TSZ1,
$TS22, 1TS31 and 17832, The number of turns of these
secondaries is equal to the number of turns on any wind-
ing of 1TPL, 1TP2 or 1TP3. Thus, the potential across
any secondaries $TSE1 through 17832 is eaual to one-
third the potential impressed across the primary windings
ITP1, 1TPZ and 1TP3 or to the average potential across
these windings. Transformer 2T has secondaries 21811,
27512, 27521, 27522, 27831 and 21532 similarly re-
lated to the primaries 2TP1, ZTP2 and 2TP3.

The Conirol Unit includes a plurality of rectifiers of the
bridge type 1IR, E2R, 13R, 14R, 21R, 22R, 23R, 248,
31R, 32R, 33R, 34R. Each rectifier is of the bridge type
and has alernating-current imput terminals and direct-
current output terminals. The secondaries 1TS11 and
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21781 are connected to suppiy the alternating current tei-
minals of 12R with the windings 2T8%1 and 21781 so
connected that the potentials across these windings add
vectorially. In effect then, a potential equal to the vec-
torial sum of the average potential derived from one pair
of terminals 75—77 each of 8Y1, 8Y2 and SY3 and the
potential derived from the other set of terminals 79—8% of
SY1 is impressed on the alternating cuirent terminals of
12R. Similarly, windings 11T8% and 2TSil are con-
nzcted to the alternating current terminals of 1IR in
such a senss that the vectors representing their potentials
are additive, In this case, the potential impressed on the
alternating current terminals of the rectifier 1R is equal to
the vector sum of the average potential derivable from the
pairs of terminals 78—81 of SY%, SY2 and SY3 and the
potential derivable from the pair of terminals 75—77 of
8Y1. The direct current cutput terminals of the recti-
fiers 13R and 12R are connscted {o supply a resistor 161,
The positive terminal of this resistor 181 is connected
to one terminal labeled +A of the winding WC of the
magnetic amplifier MA of drive DRI,

Secondaries 1T812 and 23TS2 are connected to supply
rectifier 23R, In this case, the windings are so connected
that the potential across the alternating current terminals
of 13R is equal to the vectorial difference of the potentials
across AT812 and 21T82. The potential across the alter-
nating current terminals of 13R is thus equal to the vec-
torial difference of the average potential across the cor-
responding pairs of terminzis 75—77 cof $Y¥, SYZ and
8Y3 and the cther palr of terminals 79—8% of §Y1.
Secondaries $ITS2 and 21812 are similarly connected
to 14R. Again the elternating potential across 4R is
equal to the vectorial difference of the potential derivable
from the corresponding pairs of terminals 7%—81 of SY,

SY2 and SY3 and the remaining terminals 7577 of
SY1. The direct curreat terminals of rectifiers 13R and

I4R are connected to supply a resistor 143, the positive
terminals of which is connected to the remairing terminal
of the winding W of DRE which is labeled +B. A
and -+-B are electrically positive relative to conductor 185
connected to the negative ferminals of 11R, 12R, 13R

{R. The polarity and magnitude of the current
flow through WC is dependent on the relative magnitudes
of the potentials across the corresponding resistors 181
and 183,

Rectifiers 22R and 21R, 23R and 248, 32R and 3IR
and 33R and 34R are similarly connected in pairs to sup-
ply resistors 197 and 199, and 111 and 113 respectively,
the positive terminals of which are connected respectively
to the conductors +C and LT of the winding WC of
the magnetic amplifier MA of DR2 and to conductors
B and 4-F of the winding WC of DR3. In each cage,
signals are produced proportional respectively to the sum
of and the difference between the average poiential de-
rived from cne pair of output terminals 75 and 77 or 79
and 81 of the synchroties and the other pair of terminals
7% and 81 or 75 and 77 of one of the synchroties SY2
and SY3 respectively.

The average poteniial derivable from the correspond-
ing pairs of terminals of SV, SY2 and SY3 has a phase
position dependent on the average phase position of the
rotors 74 which, in turn, is dependent on the average posi-
tions of the cranks (not shown). The sums and differ-
ences derived serve to provide an error signal which when
impressed on the corresponding magnetic amplifier MA
so sets the corresponding generator G as to tend to cor-
rect for the deviation in position.

For an understanding of the relationship between the
vectors representing the various potentials and between
the potentials themselves, FIGS. 5, 6, 7 and 8 should be
considered. In FIG. 5 vector diagrams a, b and ¢ present
the potentials impressed on the brushes of the rotors 71
of the synchroties §Y31, §Y2 and SY3 respectively from
the conductors LY, L2 and L3. The corresponding po-
tentials derivable from the secondary terminals 75—77
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and 79—81 -are represented in the vector diagrams d, e
and f. VIITP corresponds to -the' potential derivable
- from one pair of terminals 75—77 of SY1. -This poten-
tial is impressed across the primary 11TP as indicated by
-~ the symbol. V21TP represents--the potential- derivable
from the other set of terminals 7981 and impressed on
-21TP.  The potentials-VIITP and V21TP are in quadra-
ture. -VI2TP,; V22TP, VI3TP and V23TP are similarly
related. - Diagrams d, e and-f represent the initial or stand-

by seitings of the rotors 71 in which V11TP, VI2TP and.

V13TP are in phase and VZITP, V22TP and V23TP are
also in phase.

- In FIG. 6, diagrams g, b and ¢ present the relation-
ship -of ‘the potentials impressed across -the- alternating

current ‘terminals of the various rectifiers 1R through.

34R initially or during standby when the potentials de-
rivable from- corresponding pairs of-terminals 75—77 or
7981 of the synchroties are in phase. In diagram aq,
VIITS1 and V2TS11 are presented vectorially. These

vectors are added and -their sum is Vil. Diagram b.

shows the addition of vectors ViZTS1 and V2TS21 to
-obtain vector V21. V31 is similarly obtained. V1i,
V21 and V31 are in phase. Similarly, vectors V12, V22
and V32 are shown in-diagrams a, b and ¢ of FIG. 6

as the difference between VITS12 and V2ITS2, VITH22.

and V22182, VITS32 and V23TS2. In diagrams d, e
and f, V13, V23 and V33 are similarly derived as vector
sums as are also Vi4, V24 and V34,

The potential between conductor -+A and the nega-

tive conductor 185 is the rectified potential Vi1 or V12.-

-The potential between -B and 185 is the rectifier po-

tential V13 or Vi4. V11 and V12 are equal as are also
V13 and V4. Thus the potential difference between
+-A-and --B presented by the equation in FIG. 6 is
zero. -Similarly the potential difference between 4C and
~+D is zero and the potential difference between +E and
+¥ is -zero. Thus with the synchroties -in phase the
windings 'WC of the magnetic amplifierss MA of each
of the drives DR, DR2, DR3 are not supplied with cur-
rent.

FIG. -7 presents the vector relationships which arise
when there is a phase displacement between the rotors
71 of the synchroties SY1, SYZ and SY3. -This figure is
based -on the assumption that during the operation, the
phase position’ of the cranks have changed so that the
crank of -drive DR1 leads ‘the crank of drive DR2 by
approximately 22%5 electrical - degrees and -the -crank
of ‘drive DR3 lags the crank of DR2 by 224 -electrical
degrees. The phase- relationship of the potentials de-

rivable -from the related pairs of terminals of SYZ%, SY2.

and SY3 is presented in vector diagrams «, b-and c. -The
summation of-the vectors correspeonding to-the potentials
VIITP, -VI2TP, VISTP derivable from corresponding
pairs of terminals 75—77 of the synchroties SY1, SYZ,
SY3 is shown in diagram d. In this case, the vectors are
added to produce a sum equal to- 3VITP. - One-third of
this sum is the average potential VITS which is- the po-
tential across -any of the secondaries of ¥T. Similarly,
VIS is derivable by the summation of the wvectors
V2ITP, V22TP and VZ3TP which are the poten-
tials derivable -from the other -corresponding pairs of
--terminals 79—81 of the synchroties SY1, SY2 and SY3.

FIG. 8 presents a series of vector diagrams similar to
those of -FIG. 6 but with the phase displacement corre-
sponding to FIG. 7, ¢, b and ¢, rather than zero displace-
ment (FIG. 5, d, ¢ and f). - In this case, the vectors rep-
resenting potentials derived from -the transformers 1T
and 2T have a phase and magnitude equal to the average
potentials VITS and VIZTS which are derived in dia-
grams D and E of FIG. 7. Thus, V2TS11 of diagram a,
FIG. 8, has a phase and magnitude equal to V2TS of
diagram e, ‘FIG. 7. Similarly, V1T512 has a phase
and magniiade equal to VITS of diagram d, FIG. 7.
The potentials of the secondaries of transformers 11T,
12F, and 13T, 21T, 22T and 23T are represented by
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vectors which in phase and magnitude are.the same as the

- vectors -representing the - potentials - VIITP,  Vi2TP,

VI3TP, V2ITP, V22TP aud 'V23TP of the correspond-
ing primaries.

The vectorial sum of the various vectors in .diagrams
a, b, ¢, d, e and f of FIG. 8§ are.as represented in: this
view. VI1 and Vi2 are now smaller than V13 and
V14, The difference ‘between the potentials derivable
from the rectifiers 1IR and 22R .and 13R and 14R (re-
sistors 181.and 163) is then a negative potential designated
—Q in FIG. 8. "V21,"V22, V23.and V24 are all equal

- so-that the difference in the potentials derivable from the
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- rectifiers 21R and 22R and 23R and 24R (resistors 187 .and
- 189) respectively, is zero.
-the potentials- derivable from the rectifiers 31R and 32R

Similarly, the difference of

and 33R and 34R (resistors 111 and 113) is a positive
potential designated +Q in FIG, &.

The potential supplied by the. pairs of rectifiers 11R
and 12R, I3R and 14R, 21R and 22R, 23R and: 24R,
3iR and 3ZR and 33R and 34R is a relatively smooth: di-
rect current potential since in each case it is.-derived
by rectifying two-phase. potentials, .the . separate .compo-
nents of which are displaced by 90°. : The relatively
smail ripple does not affect the operaticn of: the appa-
tus.

The potentials- derivable from the -various. resistors
are impressed across the windings WC of the. amplifiers
MA in the drives DRI, DR2 and DR3. The potential im-
pressed across winding WC of DRI has a polarity such
that the current flows from ---B- conductor to --A. con-
ductor and a magnitude proportional to the difference of

-the -absolute magnitudes of the vectors V13,.Vi4 and

Vi1, Vi2. - The winding WC of drive DR2 is supplied
with no curreat through conductors +C and 4D and
the winding WC of drive' DR3 is supplied: with current

llowing from conductor 4-E to conductor +F having a

magnitude proportional to the difference between the ab-
solute magnitudes of the vectors' V31, V32 and V33, V34,
The effect of this current flow through the various wind-
ings WCis to cause drive DRI to rotate slower than drive
DR2 and drive-BR3 to-rotate at a higher speed ‘than
drive DR2 so that ultimately the drives are pulled - into
synchronism. -During this position adjustment the effect
of the speed control components of -the respective - drives
may be such that all drives-are increasing in speed.

In the standby condition of the press line, the presses
will be in the position in which they stopped during:the
prior operation. A press line of the type under considera-
tion here usually includes relays or other like means to
assure that the presses are stopped in an unloaded part
of the cycle or stroke. It may be assumed then'that
the presses are stopped at some point between top-dead
center TDC (FIG. 3) and A. The transfer mechanism
is mechanically tied to one of the presses, for example
to the leading press which operates on work ‘W1 of FiG.
1. With the press stopped between TDC and A the fin-
gers 21 are in.the retracted position.

In standby the .conductors L1, 12 and L3 are con-

.nected through the circuit breakers or disconnects (not
-shown) to the commercial supply buses and are ener-

gized. - The synchroties SY1, SY2 and $Y3 may then
be supplied with three-phase potential and two-phase

-potential may be derivable from their respective stators.

The rotors of these synchroties are positioned together
corresponding to the positions of the associated presses.
‘Potentials derived from corresponding pairs of ferminals
75—77 and -79—81 of the synchroties SY1, SY2 and
SY3 are then in phase. - The drives DR1, DR2 and PR3
are controlled from a starting circuit (not-shown). Such
a circuit would include contactors which would maintain
the drives DR1, DR2 and DR3 deenergized so long as a
starting switch or pushbutton (not shown) is open.

To carry out an operation a stack of the raw material
to-be formed is placed :adjacent to-the leading die in a
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position where the raw material units may be picked up
one by one by the fingers 21. To start the operation
the starting pushbutton (not shown) is closed energizing
the drives DR1, DR2 and DR3. Initially the windings
WC of the magnetic amplifiers MA are not supplied with
current since the secondary potentials VIITP, Vi2TP,
VI3TP and V2iTP, V22TP, V23TP derivable frem ter-
minals 75—77 and T9—81 respectively of SY1, SY2 and
SY3 are in phase. The drives DR, DR2 and DR3 are
controlled by the speed reference GS and since they are
unloaded the motors M soon reach a speed correspond-
ing to this reference. The motors M move the cranks
which, in turn, move the presses. The presses being
unioaded, the movement of the presses is substantially
synchronized. At the point A (FIG. 3) the retraction
of the fingers is started and at point B the fingers are
completely retracted. Since none of the dies carries
material to be formed the presses are unloaded as they
are moved by the cranks from the point corresponding
to B to BDC. The presses then remain in the same rela-
tive positions and continue to the point C.

At the point C, the fingers 21 start to move in. At
this time the bars 23 are in the extreme left-hand posi-
tion with respect to FIG. 1 and the fingers 21 associated
with the leading press move towards the raw material.
At point D the fingers associated with the leading press
are fully engaging the first unit of the raw material.
The movement now continues from D to A. At A the
first unit of raw material is deposited on the leading
press and the retraction of the finger 21 started. At B
the fingers are retracted.

A unit of material Wi is now seated on the leading
die while the other dies continue unloading. As the
motors M continue to rotate the drive DRI is subjected
to a large load which reaches a maximum at botiom
dead center BDC. The other drives are unloaded.

The effect on the drive DRI of the loading of the
leading press is to reduce the speed of the corresponding
motor M substantially. This, in turn, reduces the poten-
tial of the associated pilot generator PG so that current
can flow through the variable resistor 51 and through
the pilot generator PG of drive DRI. A portion of the
potential from exciter GS is then absorbed reducing the
reference speed potential supplied to the reference wind-
ings WSR of all amplifiers MA (FIG. 9). The speeds
of the motors M of drives DR2 and DR3 are then re-
duced substantially but since they are unloaded their
speeds do not reach the low speed of the motor M of
DR1i. The leading press then is displaced in position
with respect to the other presses and the phase of the
potential derived from the synchrotie S§Y1 is correspond-
ingly displaced (lags) with respect to the potentials deriv-
able from SY2 and SY3.

At point BDC, the leading press and drive DR1 is
unloaded. The speed of this press increases correspond-
ingly permitting the speeds of the other presses to in-
crease. Eventually, the speed of the leading press reaches
a magnitude at which the associated pilot generator PG
of drive DR1 produces a potential such as to block
current flow to the variable resistor 1. At this point
the full potential of the speed reference generator GS
takes effect so that the motors M of all drives DRI, DR2
and DR3 are permitted to reach full speed.

While this change of speed cperation is taking piace,
the relative positions of the presses are also being shifted
because of the operation of the Control Unit. Initially
the leading press lags with respect to the presses driven
by drives DR2 and DR3 and thus with respect to the
average position. The current flow through WC of
drive DR1 is then from -+A to -B. Correspondingly
the current flow through the winding WC of drives DR2
and DR3 respectively is from +D to +C and from
4F to +E respectively. The motor M of drive DR1
then is accelerated at a higher rate than the motors of
drives DR2 and DR3 and eventually the presses pull intc

[

10

15

25

40

12
step. The presses are in step before point C is reached
during the succeeding cycle.

As the motors M and the presses continue to move,
the fingers 21 are again injected advancing the partly
formed work W1 on the leading die to the second die
and advancing raw material to the leading die. The
above described process is then again repeated but this
time two of the presses are loaded while the third is
unloaded so that a correspondingly different change in
speed and position takes place.

During the succeeding operation the first leading die
is loaded with raw material, the second die with partly
formed work from the first die and the third die with
the partly formed work from the second die. Now all
three presses are loaded and a corresponding operation
involving the Control Unit and the Drive Unit takes
place. The loading of the three presses may be different
and the speeds and changes of positions introduced by
the different loadings may be different. Whatever the
relationship correction is cffected by the Control Unit
so that the presses are all together at the point C (FIG. 3).

At the end of an operation the leading press is first
unleaded, the second press next and the third press last.
The loading effect on the drives is then the converse to
the effect produced at the start of an eperation.

In FIG. 10 a modification of this invention in accord-
ance with its broader aspects is shown. This view re-
lates to a system for operating omly two press units or
like apparatus. The Drive Unit in this case includes two
drives DR4 and DRS. Each drive DR4 and DRS has
a magaetic amplifier MA? which has two position con-
trol windings WC1 and WC2 in addition to the other
windings of the ampiifiers MA.

The Control Unit in this case includes synchroties SY4
and 5Y5. FEach synchrotie has a rotor 13% to which a
three-phase potential is supplied from the conductors
13, L2 and L3 and a twe-phase stator 133, The poten-
tials from the pairs of terminais of the stator of SY4 are
supplied to transformers 4T and 5T respectively. The
potentials of the synchrotie 8Y5 is correspondingly sup-
plied to transformers 6T and 7T respectively. The sec-
ondaries 4T351 and 6751 supply a rectifier 46R, the direct
current terminals of which are connected between a con-
ductor labeled +H and a common negative conductor
135. Secondaries 3T81 and 7TS1 correspondingly sup-
ply a rectifier 57R which also supplies direct current po-
tential between conductors +H and conductor 835, The
current between conductors -+H and 135 flow through
windings WC2 of the magnetic amplifiers MAL., Second-
aries 4TS2 and 6TS2 and 5TS2 and 7TS2 are similarly
connected to supply direct current between conductors
-G and 135 through rectifiers 64R and 75R. The cur-
rent flow supplied by rectifiers 45R and 57R and 64R
and 75R depends on the relative positions of synchroties
$Y4 and SY5 and eifects an adjustment in the drives DR4
and DR5 so that they become synchronized during the
unloaded part of their strokes or cycles.

To facilitate a complete understanding of the inventicn
disclosed herein, the following summary is presented.

The invention in its specific aspects relates to apparatus
for maintaining the angular position of the cranks of a
plurality of presses within a given angular tolerance. The
presses may be drawing, blanking or coining presses with
each press obtaining energy from a flywheel to supple-
ment the synchrotie torque during the working portion of
the press cycle. It is necessary for the speed of the press
to decrease to release energy from the flywheel during
the working cyele. Due to the press slowdown or speed
regulation the angular velocity of the press crank is not
constant. It is not desirable to have an angular position
reference which has a constant angular displacement.
It is desired to have an angular position reference which
has an angular position time characteristic similar to that
attained om a press actually doing work during its load
cycle. If a given press were to serve as master angular
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. position reference, it would be necessary to choose a press
which is the average of the presses in the.line in the
amount.of speed regulation. - Even with choosing such a
press its position reference would be incorrect when the
-. press line is actually being loaded or unloaded. The press
line is considered being loaded when material is being
fed to.the start of the line with the presses at the.end of
the line having no material, The press line is considered
being unloaded when no material is being fed to presses
: at the start of the.line but material is still being worked
. at the end of the line. To obtain a position reference
- which is not determined by the loading on any single press
. a reference which is.the average instantaneous angular
- position of all units is in accordance with this invention
selected as a reference.. .This position reference signal
is then compared to.the position signal of each press and
. a signal is.sent to the regulator corresponding to each
.. press. indicating whether the press position-involved is
. in phase ahead of, or behind, the position reference.

.- The 1init which is coupled to the press crank shaft con-.

- sists of ‘2 wound rotor.synchrotie which has a three-phase
_primary and a two-phase secondary. FIGS. 4A, 4B and
. 4C. show. the circuit diagram of three such position de-
tection units. SY2, SY2 and SY3. The primary. of each
of . these. units is on the rotor 71 .and. is excited from a
common thres-phase power supply LI, L2 and L3. -The
two-phase secondary is on the stator member 73 in each
. case and has a voltage indueced into it by the rotating field
- of the primary member. - The phase relationship between
the primary and secondary voltages in any synchrotie SY1,
<8Y2 and SY3 or between secondary. voltages of different
units depends upon the rotor position of the synchrotie.
FIG. 5 shows the vector relationship of the primaries
.and secondaries of the synchrotiess SY2, SYZ and SY3
when the synchroties are in the same relative position with
respect to.each other. . Since the primary 71 of each unit
- is excited from a common. three-phase power supply -the
. .primary- vectors are in. phase and -are represented. by
vector.diagrams a,.b and ¢. Vector diagrams d, e and f
correspond to.the stators 73. Since the primary is excited
from-a three-phase power supply tjhe vectors.Vil, V12
--.and V13 are rotating, rotation in.the counterclockwise
.. direction being assumed. The alternating current volt-
-~ ages induced into the two-phase. secondaries: 73 of the
.- synchroties. Y1, SY2 and SY3 are representable by ro-
‘tating vectors which rotate in the counterclockwise direc-
tion. . With the synchroties at.rest the speed of rotation
- of the primary and secondary vectors is equal and if the
power supply is 60 cycles they rotate at. 60-cycle fre-

- quency.

In explaining the operation it is assumed that the
_.synchroties are of the four-pole type having rotating fields
rotating at 1800 r.p.m., and that the synchroties are di-
rectly connected. to the crankshaft of the presses and the
- press crankjshafts have a maximum speed of 25 revolu-
~tions per minute.. It is also assumed-that the direction of
Totation .of the rotors 71 of. these units is counterclock-
« ‘wise. - Since.the rotating field from the rotor 71 of each
synchrotie and . the rotor are rotating in the same direc-
_.tion the speed of rotation of the flux on the statocr mem-
~.ber is 1825 revolutions per minute. - This causes an. in-
-duced frequency of approximately 60.8 cycles per second
to be introduced in the secondary of .each synchrotie.
. The average position reference vector is obtained by
. adding voltage vectors VIITP, VI2TP and VI3TP vec-
.. torially and- dividing by 3. This is accomplished by add-
..ing.these voltages in sandwich series with-three of-the
primary windings 1TP1, 1TP2 and 1TP3. The division
by the factor of 3 is obtain by turns ratio between the
-, prithary and secondary windings of transformers 1TP3,
"ITP2 and 1TP3. Since there are three of these primary
windings, the turns ratio between each of these windings
and each of the secondary windings is equal, Since the
three primary windings are in series in the sandwich
series arrangement the voltage appearing across an indi-
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vidual secondary winding is actually one-third the vector
sam of primary voltages. In FIG. 5 it has been assumed
that the secondary vectors of motors. M .are in phase.
The - secondary voltages derived from 1T, are for.each
secondary equal to VIiTP, VI12TP and VI3TP. The
vector for the secondary veltage 1T is then the average
vector of Vi1TP, VI2TP and ViI3TP. This is a refer-
ence vector.

The same addition is applied to vectors of V21TP,
V22TP and V23TP to arrive at a reference vector corre-
sponding to each of the secondary voltages of 2T. This
is also a reference vector which lags the reference vector
from T by 90 electrical degrees.  Thus assume,

VirsS=ViTSil=ViTS12=ViTS23=ViTS22=
ViTS31=V1T532
V2TS=V3TS11=V2arsi2=V27521—=V2T5%2=
V2TS31=V2T532
Then

VITS__'VHTP%—V‘"'?;’TP—}-VBTP

~and when Vi1TP, V12TP, V13TP are in phase

ViTS=VilTP=VI12TP=V13TP
similarly
V2T8S=V31TP=V22TP=V23TP

To-obtain an electrical signal which indicates the rela-
tive position of each press to the reference vectors a vector
addition method is applied. Input to the regulators shown
on FIGS. 4A, 4B and 4C can be described as push-pull
two-phase signal-error. FIG. 6 shows the vector relation-
ships which exist with the three synchroties in phase and
are. the vector sums of the potentials on transformer sec-
ondaries shown in FIGS. 4A, 4B and 4C. The polarities
of the transformers are indicated in FIGS. 4A, 4B and 4C.
Four rectifiers are used in each of the three position
signal circuits.. Considering the circuit of synchrotie SY1,
rectifiers: 11R, 12R, 13R, 14R are included. Rectifiers
1iR and 12R provide for a two-phase full-wave rectified
signal between A and 165 for one side of the push-pull
signal. Rectifiers 13 and 14 provide a two-phase. full-
wave. rectified .signal for the one half of the push-pull
signal between +B.and 105.. Vector diagram « on FIG.
6 shows the vector addition of V1ITS and V2TSi1 to
obtain V11 which is the voltage applied to rectifier 21R.
Vector. VITS12 and minus V2iTS provides for the vector

-sum of Vi2 which is the voltage applied to rectifier 12R.

Mote that Vil and V12 are 90° apart in time, hence, the
output voltage between -+A and 165 is a full-wave recti-

. fied two-phase potential with the magnitude of the voltage

between -+ A and.-185 proportional to the magnitude of
vectors V11 and V12,
In FIG. 6, d shows the vectors for the voltages appear-

_ing across rectifiers 13R and 14R, with V13 and V14 be-

_ ing the two-phase alternating-current voltage to be recti-
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fied by these two. rectifiers to provide a two-phase full-
wave rectified voltage output between -+-B and 185. Since
the magnitude of vectors V11, Vi2, V13 and V14 are all

.equal the potentional difference between --A.and --B

is zero; hence, no corrective action is sent to the regu-

. latoer for correction of position.
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The vector relationship for DR2 and DR3 are shown
in FIG. 6, b, c, e and f. Since these drives are also as-

sumed to be in.phase they have duplicate outputs with
zero output to amplifiers MA.

In FIG. 7 is shown another condition of the vector rela-
tionships to illustrate the signals. obtained, SY1, 22%5 de-
grees ahead of SY2 and SY3, 225 degrees behind SY2.
The corresponding vectors derived from.the secondaries

- of the synchroties SYZ, SY2 and SY3. are shown in dia-
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grams a, b, ¢, of FIG. 7. FIG. 7, d shows the vector addi-
tion of V11TP, Vi2TP and VI3TP which divided by a
factor 3 gives the average VITS. - The magnitude. of
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vector VITS is now slightly less than the magnitude of
VIITP, VIZTP or VI3TP., This decrease in magnitude
of the vector, however, does not affect the operation of
the circuit since it appears in both phases of the two-
phase circuit by the same amount. The phase relationship
between the voltages for Vil and ViZ2 is still 90° and
since the signal to the regulators is obtained from the
push-pull circuit by comparing the magnitudes of V13,
V12 to the magnitudes of Vi3 and Vi4, both sides of the
push-puil circuit are slightly attenuated by this decrease in
magnitude of V1TS and V2TS and no net result except
for a slight decrease in output signal occurs. In actual
practice, the maximum displacement angle is anticipated
to be approximately 10 electrical degrees instead of 2214
this gives a magnitude of ViTS cf 99% of the magnitude
of V1iTP, VI12TP or Vi3TP. Since the affect of the
smaller magunitude of VITS vector has negligible affect
on the performance of the system for the ease of explana-
tion of the operation no decrease is assumed. The VITS
reference vector is again obtained in the same manner as
the VITS vector (see FIG. 7, ¢). VZTS vector lags VITS
vector by 90 electrical degrees.

FIG. 8 shows the same addition of vectors as is shown
in FIG. 5 except for the ahead of and behind phase posi-
ticns of SY1 and SY3 units. Referring to FIG. 8 a vactor
Vi1 is obtained by the addition of VIiTS1 and V2TSIL
Vector V12 is obtained by the addition of minus V21TS7
and VITS:i2. Note that the Vi1 and V12 vectors are
still 90 degrees apart in time and their magnitudes have
been diminished due to the vecter addition of the differ-
ent angular relationship between the position vectors
VI1ITEL and minus VZITS2 in respect to the reference
vectors ViTS12 and V271511, FIG. 8, d gives the vector
additions of V1TS11, an average, and V21TS1 from which
is obtained vector V13, and of minus V2TS1Z, an
average, and V1ITS2 from which is cbtained vector
Vi4, VI3 and Vid vectors are 90 degrees apart in
time. ‘The rectified voltage at A to 185 is now
prosortional to the magnitude of the Vii and VIZ2
vectors. The rectified voltage at B to 185 is now pro-
porticnal to V13 and V14 vectors which are considerably
larger than the V1%, Vi2 vectors. Therefore, B is at
a higher magaitude than +A and the current signal is
supplied to the drive DR with current flowing from +B
to --A. This signal is of such an affect as to slow down
press drive DR1 to bring its position back to the reference
position.

Since each cof the three press signal arrangements are
identical, a study of drive DR3 of FIG. 8 shows the affect
of any unit being behind the average position. Referring
to FIG. 8, ¢, the magnitude of voltage at +E is propor-
tional to vector V31 and V32 and greater than the mag-
pitude of the voltage at --F which is proportional to
vectors V33 and V34. Since the voltage at -E is greater
than the voltage at --F, current flows from E to F
through the regulator R3 which is in the opposite direc-
tion to the flow obtained for drive DR1 and is now in a
direction such as to increase the speed of the third press.
Since the vectors V21 and V22, and V23 and V24 are
of the same magnitude the same potential exists at +C
and 4D and no corrective action is required for drive
DRZ.

By the use of the two-phase rectified power supplies for
obtaining corrective signals to the drives a direct current
supply with much less ripple than would be obtained with
single phase rectified supplies is obtained. Filters are
necessary to filter the ripple voltage from the signal cur-
rents to the drives DR1, DR2, DR3, but with the greatly
reduced ripple. By using the two-phase systems little
time delay is induced by the filters.

The push-pull arrangement of obtaining signals for J-A
and B, +-Cand +D, and --E and -+F, has an advantage
in that any regulation or change in magnitude of voltage
due to attenuation in adding and averaging reference
vectors or change in voltage due to rotational speed of
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the position detecting synchroties are compensated. The
advantage of connecting the primaries of the transformers
for reference vectors in sandwich series with the various
voltages from the synchroties SYi, SY2 and SY3 allows
2 much greater range in the output voltages of the sec-
ondaries of these synchroties without excesding low volt-
age class of insulation level. It also allows, if required,
with simple switching to eliminate one or more of the
press drives from the line.

In accordance with this invention, an angular position
reference which is dependent upon the average angle of
all units and a position error signal which is proportional
to the actual angular error of each press in respect to the
reference, with the signal being zero for correct position
and of different polarities for ahead and behind positicns
is provided. This arrangement also obtains a signal which
is practically linear with angular error and which is not
affected by change of rectifier resistance since all rectifiers
are operating in a region where their forward resistance
is practically ccnstant because of the phase rectification.

FIG. 10 shows a modification of the invention in ac-
cordance with its broader aspects applicable where only
two presses are required to opsrate. This arrangement
of only two presses does not require the obtaining of the
average reference vectors but compares only the relative
vectors between the two presses. The output arrange-
ment on FIG. 9 is shown as connected to two control
windings WC1 and WC2 of magnetic amplifiers MA1 of
drives DR4 and DRS. In this arrangement the flux addi-
tion of the two windings on each amplifier gives the net
results of the push-pull cutput of 4-G and +H to 135,
In this arrangement the polarities of the conirol windings
of one drive DR4 are reversed with respect to those of
the cther drive DRS such that the current flows from 5 to
6and §to 5 or 7to 8 and 8 to 7 (see FIG. 10).

The press position circuits are shown with three-phase
primary excitation. This excitation may be any poly-
phase number which would produce a rotating field. The
rotating field is shown on the rotor structure; the field may
be appiied to either the stator or the rotor in accordance
with the broader aspects of this invention. The output
of the synchroties SY3, SY2 and SY3 is shown as two-
phase on both FIGS. 4A, 4B, 4C and 10; they could also
be single phase, three-phase, or any other polyphase out-
put. The regulating components shown as magnetic am-
plifiers in FIGS. 4A, 4B, 4C and 10 may be Rototrol units
in accordance with the broader aspects of this invention.
Position reference units which have polyphase output other
than two-phase may in accordance with the broader
aspects of this invention be fed into a transformer arrange-
ment obtaining a two-phase voltage for obtaining and
measuring the position reference and position error quan-
tities.

In FIGS. 4A, 4B, and 4C the error signals are supplied
through A and +-B, +C and 4-D, +E and +F. Since
these are all of positive polarities and are obtained from
rectifiers it is necessary to use loading resistors between
+A and 165 and between --B and 185. In FIG. 10
the outputs of the position error circuit from both sides
of the push-pull arrangement are fed into separate wind-
ings. A magnetic addition of flux occurs in the amplifiers
MA1 of FIG. 10 and the resulting flux developed by the
two windings supplies the error correction signal.

While a preferred embodiment of this invention has
been disclosed herein, many modifications thereof are
feasible. The invention, then, is not to be restricted ex-
cept insofar as is necessitated by the spirit of the prior art.

We claim as our invention:

1. A control system for apparatus for treating work
progressively in a plurality of positions, said apparatus in-
cluding means at each of said positions for treating said
work and drive means connected to each of said treating
means for actuating said treating means, the said control
system including position regulating means connected to
each of said drive means for adjusting the position of the
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associated drive means, means connected to each of said
drive means for deriving a signal dependent on the posi-
tion of the associated drive means, means connected to
said signal deriving means of all of said drive means for
deriving a signal corresponding to the average of the
position dependent signals of all of said drive means,
means connected to each of said position dependent sig-
nal deriving medns and to said averagé signal deriving
means for deriving for each drive méans a signal depend-
ent on the algebraic difference between said average sig-
nal and the position dependent signal for the associated
drive: means; and means connected to each of said regu-
lating medns and to the associated difference signal deriv-
ing mieans for causing said regulating means to set the
dssociated drive means to the position corresponding to
said average signal.

2. In combination a first drive shaft, a second drive
shaft, a third drive shaft, first, second and third means
connected to said first, second and third shafts respec-
tively, for deriving first, second and third signals depend-
ent on the respective positions of said first, second and
third shafts, means connected to said first, second and
third means for deriving a signal dependent on the aver-
age of said first, second and third signals, first, second
and third différential medns connected fo said average
signal deriving means and to said first, second and third
position signal deriving means for deriving first, second
and third error signals dependent on the algebraic dif-
ferences between said average signal and said first, second
and third position signals respectively, first, second and
third regulators connected to said first, second and third
shafts respectively for adjusting the positions of said
shafts, and means connected to said first, second and third
regulators for impressing on said regulators said first,
second and third error signals respectively to cause said
regulators to adjust their respective shafts so as to sup-
press the associated error signals.

3. A control system for apparatus for treating work
progressively in a plurality of positions, said apparatus
including means at each of said positions for treating said
work and drive means connected to each of said freating
means for actuating said treating means, the said control
system including, means connected to each of said drive
means for deriving a signal dependent on the position of
the associated drive means, means connected to said sig-
nal deriving means of all of said drive means for deriving
a signal corresponding to the average of the position
dependent signals of all of said drive means, means con-
nected to each of said position dependent signal deriving
means and to said average signal deriving means for
deriving for each drive means a signal dependent on the
algebraic difference between said average signal and the
position dependent signal for the associated drive means,
and means connected to each of said drive means and
to the associated difference signal deriving means for
setting the associated drive means to the position cor-
responding to said average signal.

4. In combination first, second and third drive shafts,
means connected to said drive shafts for deriving a sig-
nal dependent on the average position of said drive shafts
referred to a starting position of said shafts, first, second
and third differential means connected to said average
signal deriving means and to said first, second and third
shafts respectively for deriving first, second and third
error signals respectively dependent on the algebraic de-
viation of each of said shafts from its said starting posi-
tion, and first, second and third correcting means con-
nected 1o said first, second and third shafts respectively
and to said first, second and third differential means re-
spectively, for correcting the positions of said first, sec-
ond and third shafts so as to suppress its associated error
signal.

5. A control system for apparatus for {reating work
progressively in a plurality of positions during a plurality
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of steps, the said apiparatus including mesns at edch of
said positions for treating said work and drive means con-
nected to said treating means for actuating said {reating
means, cach of said steps consisting of a cycle during one
portion of which said work is treated and each said drive
means is subjected to a high load, said high load being
difféerent for different drive means, and during the fe-
maining portion of which said work is advanced from
ofie sdid position to the succeeding said position, said
drive means being subjected to a low load during said
remiaining portion, the said system comprising méans con-
niected to all said drivé méans for continuously deriving
an average signal dependent of the average relative posi-
tion of all said drive means, means connéected to éach
said drive means and to said average signal producing
means for deriving for each drive means an error sighal
dependent on the deviafion of said last-named drive
means from said average position, and means connected
to each said error signal deriving means and to each said
drive means for continiuously applying the associated
said error sighal to each said drive mieans to correct the
position of said last-named drive mieans so as to suppress
said error signal. '

6. In combination first drive means, second drive
means, méans for producing a spsed reference signal,
first mieans connected to said first drive means and to
said signal producing imeans responsive to said signal for
maintaining the speed of said first drive mieans at a mag-
nitude corresponding to said signal, second means con-
nected to said second drive means and to said signal
producing means responsive to said signal for maintain-
irg the speed of said second drive means at a magnitude
corresponding to said signal, first means connected to said
first drive means, to said signal producing means and to
said first and second signal responsive means for absorb-
ing a part of said signal external to said signal responsive
means when the speed of said first drive means is reduced
below a predetermined magnitude so that said first and
second responsive means react with a signal correspond-
ing to said last-named speed, and second means con-
nected to said second drive means, to said signal produc-
ing means and to said first and second signal responsive
means for absorbing a part of said signal external to
said signal responsive means when the speed of said sec-
ond drive means is reduced below a predetermined mag-
nitude, so that said first and second responsive means
react with a signal corresponding to said last-named speed.

7. In combination first drive means, a first tachometer
connected to said drive means for producing a first poten-
tial corresponding 1o the speed of said drive means, sec-
ond drive means, a second tachometer connected to said
second drive means for producing a second potential cor-
responding to the speed of said second drive means, first
rectifier means, second rectifier means, means producing
a speed reference potential, impedance means, means
connecting in series said reference potential, producing
means, said impedance means, said first rectifier means
and said first tachometer, with said first rectifier means
poled to conduct under said reference potential and to
block under said first potential, means connecting in
series said reference potential producing means, said im-
pedance means, said second rectifier means and said sec-
ond tachometer, with said second rectifier means con-
nected to conduct under said reference potential and to
block under said second potential, first regulator means
including a speed reference winding, a speed signal wind-
ing and an output winding, second regulating means in-
cluding a speed reference winding, a speed signal wind-
ing, and an output winding, means connecting in a first
series circuit said speed reference potential producing
means, said impedance means, and said speed reference
winding of said first regulator means, means connecting
in a second series circuit said speed reference potential
producing means, said impedance means, and said speed
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reference winding of said second regulator, means con-
necting in a third series circuit said first tachometer and
said speed signal winding of said first regulator means,
means connecting in a fourth series circuit said second
tachometer and said speed signal winding of said second
regulator means, the ampere turns through said speed
reference windings in said first and second circuits coun-
teracting the ampere turns through said speed signal
windings in said third and fourth circuits respectively,
means connecting said output winding of said first reg-
ulator to said first drive means in regulating relation-
ship therewith, and means connecting said output wind-
ing of said second regulator to said second drive means
in controlling relationship therewith.

8. In combination first, second and third drive shafts,
speed regulating means connected to said "drive shafts
for maintaining said shafis at a predetermined spee
when all said shafts have a speed not loaded substantially
lower than said speed and for permifting all said shafts
to drop to a lower speed when at least one of said shafts
drops substantially below said predetermined speed,
means connected to said drive shafts for deriving a sig-
nal dependent on the average position of said drive shafts
referred to a starting position of said shafts, first, second
and third differential means connected to said average sig-
nal deriving means and to said first, second and third
shafts respectively for deriving first, second and third er-
ror signals respectively dependent on the algebraic devia-
tion of each of said shafts from its said starting position
when said shafts are operating at said lower speeds, and
first, second and third correcting means connected to
said first, second and third shafts respectively and to said

[>)

10

20

30

29
first, second and third differential means respectively, for
correcting the positions of said first, second and third
shafts so as to suppress its associated error signal while
increasing the speeds of said shafts to said predetermined
speed.

9. In combination first drive means, second drive
means, means for producing a speed reference signal,
first means connected to said first drive means and to said
signal producing means responsive to said signal for
maintaining the speed of said first drive means at a mag-
nitude corresponding to said signal, second means con-
nected to said second drive means and to said signal
producing means responsive to said signal for maintain-
ing the speed of said second drive means at a magnitude
corresponding to said signal, and means connected to
said first drive means, to said signal producing means
and to said first signal responsive means for absorbing
a part of said signal external to said signal responsive
means when the speed of said first drive means is reduced
below a predetermined magnitude so that said first and
second responsive means react with a signal correspond-
ing to said last-named speed.
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